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Preface

Of the four chapters presented in this volume two address topics of great technolog-
ical importance, and two concern novel experimental techniques for the study of
electrode surfaces and reaction kinetics.

S. Trasatti provides a detailed review of the advances in the production of cathodes
with favorable characteristics for the manufacture of electrolytic hydrogen. A careful
analysis is given of performance characteristics on the basis of electrode reaction
kinetics and catalysis.

H. Hammou outlines the thermodynamic concepts and rate processes relevant to
solid oxide fuel cells. Recent advances in materials research concerning electrical
properties, and stability at high temperatures, are thoroughly reviewed. The most
promising hardware developments are described, along with problems to be resolved.

G.L. Richmond contributes an authoritative summary of the theory and applica-
tions of second harmonic generation by a laser beam reflected from an electrode sur-
face. This powerful new in-situ technique yields information on the structural and
electronic properties of electrode surfaces.

C. Deslouis and B. Tribollet present the theoretical basis and state of the art of a
novel technique for kinetic analysis, in which the mass transfer rate to a rotating disk
electrode is modulated. The capabilities and limitations of this technique are demon-
strated along with illustrations of typical applications.

Heinz Gerischer
Charles W. Tobias
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2 S. Trasatti

1 Introduction

Electrolytic hydrogen liberation at the cathode is one of the reactions most frequent-
ly occurring in industrial cells. While it is the wanted reaction in water electrolysis
[1—4], hydrogen is formed as a by-product in the chlor-alkali process [5, 6] and in
chlorate production {7], which are among the most intensive electrochemical pro-
cesses. Nevertheless, problems of cathode activation started to be tackled intensively
not earlier than about 15 years ago [8—13]. The reasons for this are to be sought
in the fact that hydrogen evolution is a reaction giving relatively few problems com-
pared to other major industrial processes, such as anodic chlorine and oxygen evolu-
tion; moreover, hydrogen production has not raised any major technological interest
in recent years.

In the case of chlorine evolution the replacement of graphite electrodes with
DSA® (Dimensionally Stable Anodes) was forced by the need to avoid an inefficient
technological situation [14, 15]. In the case of oxygen evolution, its high inefficiency
bears on the whole economy of electrolytic cells quite substantially, very often more
so than the wanted reaction taking place at the cathode of the cell [16]. On the other
hand, corrosion under impressed current poses material problems related to the elec-
trode working as an anode, so that the alleviation of anodic problems is usually given
higher priority in industry.

With the solution of most problems concerning anodes after the introduction of
DSA®, and especially with the advent of membrane technology in the chlor-alkali
industry [17], and with the increasing cost of electric power, the relative inefficiency
of cathodes has remained one of the most outstanding factors of energy dissipation
[18]. In the case of water electrolysis, the high cost of electrolytic hydrogen produc-
tion [19] calls for intensive improvement by working at higher temperatures with
more efficient electrocatalysts [20]. Actually, this is the primary application that
orients research in the direction of improving hydrogen electrocatalysis.

In principle, improving the efficiency of cathodes is not as acute a technological
necessity as that of anodes [21]. Traditional cathodes for industrial applications have
long been iron or mild steel [1, 7, 22]. However, these materials do not withstand the
more severe conditions of high caustic concentration and higher temperature which
derive from the development of most stringent conditions of water electrolysis, and
of membrane cells in the chlor-alkali industry. Under similar circumstances, Ni is
mostly used to replace the above materials [23, 24]. Incidentally, it is to be mentioned
that while most of the fundamental research on metals, especially precious metals, is
based on data for acid solutions, strongly alkaline solutions are technologically more
common (e.g., conventional water electrolysis, chlor-alkali cells, etc.), acid environ-
ments being restricted to a few specific applications (e.g., electrolysis of strong acids
and SPE (solid polymer electrolyte) water electrolysis). Therefore, cathodes for caustic
solutions are more in demand than those for acid solutions. On the other hand, at
the high current densities used as a rule in technological applications, the intense
alkalinization of the cathode solution is a normal occurrence.

It is interesting that Ni is not more active than iron (or mild steel) [25, 26], but
its use is forced by the need for stability. The competition between activity and
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stability, taking into account the economy of the whole process, is the “leit-motiv”
accompanying the application of materials in industry. Lately, the need for health
safety has also become one of the guiding factors in the technological development
[27, 30].

Ni can be taken as the reference material against which all other materials should
be evaluated. On the average, the operating overpotential of untreated Ni electrodes
is about 0.4V at 0.2A cm~? [5]. Beyond Ni, we deal with “activated cathodes”,
which in fact derive from the idea of activated anodes such as the DSA®. By ac-
tivated electrodes we mean that the surface has been subjected to some treatments
aimed at increasing its catalytic activity. This can be a treatment which modifies the
surface structure and the morphology of the base metal, but more often the treat-
ment is aimed at coating the base metal with a more active material [31].

Several reasons are behind the ideas of activation: (i) A thin layer or a
microdeposit of active but expensive materials enables to keep costs down to an ac-
ceptable level; (i) Some materials would be highly resistive if used in bulk form; (iii)
Certain materials are not suitable to prepare solid electrodes and need to be sup-
ported; (iv) The support can be made of materials inert to the working conditions,
so that even a destruction of the active layer won’t produce a collapse of the struc-
ture; (v) An activated electrode offers more flexible mechanical solutions.

A wealth of investigations have been carried out during the past 15 years in the
direction of cathode activation. A number of them remain of exclusive fundamental
interest, while only a few prospective solutions have indeed found practical applica-
tion. The main reason is that cathode activation must be really cost effective to be
applied, since it is not strictly needed to solve major technical problems otherwise
hampering the process (as it is the case with anodes).

The search for new electrode materials is expected to be guided by the fundamen-
tal understanding of the factors governing the activity. In electrochemistry, this
branch of the discipline is known by the name of “electrocatalysis”. Strictly speak-
ing, electrocatalysis is the science devoted to the relationship between the properties
of materials and the electrode reaction rate. The scope of electrocatalysis as a science
is to establish a predictive basis for the design and the optimization of electrocata-
lysts.

In the case of hydrogen evolution, the theory of electrocatalysis on single in-
dividual metals was established about thirty years ago [32, 33]. However, no decisive
advances have been made since then from the point of view of the theory of com-
posite materials. It is probably for this reason that a great deal of applied research
has been conducted thus far following the always convenient approach of “try
and see”. In one case [34], it has been explicitly reported that more than 400 dif-
ferent materials have been tested in a few years with the purpose of finding the best
one.

It is thus evident that a survey of all the work carried out so far on cathode ac-
tivation is necessary to try to organize the matter in a way useful to establish a guide
for more focused future research. It is in fact clear that if the 60’s and the 70’s were
the years of anodes [35], the 80’s and 90’s have been and will be devoted to the devel-
opment of cathodes, including those for oxygen reduction [36, 37] which will not be
considered here.
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The purpose of this chapter is to review the work carried out during the past
10—15 years and to subject to scrutiny the advances really made. The question is
whether these advances can be rationalized in terms of existing theory, or whether
they point the way to new predictive basis to be established in the future. This chapter
is not meant to be a handbook of numerical data. The essential purpose is to give
a broad view of the state of the art of facts, trying to analyze the factors which may
be important in guiding to the development of new cathodes. This chapter is inspired
by technologically oriented concepts rather than by purely fundamental views.
Nevertheless, emphasis will be placed on the relationship between fundamental
knowledge and practical achievements.

1.1 Previous Work

Only two general reviews [38, 39] entirely devoted to the hydrogen evolution reaction
have appeared after the start of the development of cathode activation [40]. In
several other cases, hydrogen evolution has been discussed within the general frame
of electrocatalysis [4, 41 —47] or kinetics of electrode reactions [48, 49]. However, on-
ly one of the two reviews mentioned above discusses electrocatalytic aspects with
literature coverage up to the late 70’s, when the field of cathode activation was at
the beginning of its development.

This chapter will preferentially review the literature of the past 10 to 15 years;
earlier papers will be recalled where necessary for the discussion.

2 Analysis of Major Issues

In this section, some general aspects emerging from the survey of the literature, com-
mon to all classes of electrode materials and essential to properly evaluate the perfor-
mance of cathodes, will be illustrated and discussed.

2.1 Electrocatalysis

The voltage AV applied across an electrolysis cell can be expediently split into several
contributions:

AV=AE+ Y n+AVg, . )

AE is the thermodynamic cell voltage depending on the nature of the electrode reac-
tions, Y # is the total overpotential and represents the surplus of electrical energy
required to drive the process at a practical rate and to overcome mass transfer
resistances. AV, = IR is the ohmic drop in the interelectrode gap, the electrode
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structure and the connecting circuits. It is evident that electrocatalysis, operating on
the part of # that depends on the nature of the electrode material, is just one of the
ways by which the rate of an electrochemical process can be enhanced [50]. Other
means involve engineering aspects relevant to the cell as a whole. Since the aim of
electrocatalysis in industrial applications is to contribute to reducing the voltage AV
applied across an electrolysis cell so as to reduce the operational costs, the concept
of electrocatalysis is broader when applied in the technological field. In a general
sense, a reduction in AV is obtained either by increasing the true surface area, or by
reducing the overpotential. In other words, the evaluation of electrode materials is
accomplished by comparing the apparent current density at a given electrode poten-
tial or, more commonly, by comparing the overpotential at a given apparent current
density. It is evident that an increase in surface area will produce a more favorable
electrode performance as much as a reduction in overpotential. In fact, one of the
procedures adopted in practice to activate a cathode is precisely increasing its surface
area [50, 51].

While the reduction of AV related to an increased surface area has a decisive
practical impact, it is clear that this cannot be strictly considered as an electro-
catalytic effect, unless the variaton of the electrode surface area also involves a
modification of the nature of the surface active sites, which may sometimes be the
case. Two factors have therefore to be considered in evaluating a new material:
geometric factors and electronic factors.

Another point to be considered is what parameters are really important for the
evaluation of the electrocatalytic activity. It is well known that, apart from mass
transfer and ohmic loss problems, the overpotential can be related to the reaction rate
by the (Tafel) equation:

n="bln(/L) @)

where b is the so-called Tafel slope and 1, the exchange current. The exchange cur-
rent density (jy), as a rule based on the geometric (apparent) surface area
(o = 1y/S), is often used to compare the activity of electrodes [33, 52, 53]. However,
since the aim of the use of new materials is to reduce the applied voltage at practical
current densities, the comparison of exchange currents may be often misleading. At
low overpotentials, electrodes with high j, and large Tafel slopes may be more active
than electrodes with low j,, but as a rule they become less active at high overpoten-
tials (Fig. 1). Further, the Tafel slope may increase as the current density is raised,
as a consequence of a modification of the rate determining step and/or of the surface
conditions of the electrode (cf. Section 2.7). In both cases, an electrode very active
at low overpotentials becomes less active at higher overpotentials. Nevertheless, the
(nominal) exchange current extrapolated from the high # range is higher than the j,
obtained from the low overpotential section of the polarization curve. On the other
hand, while the apparent j, is an extensive quantity, i.e., it depends on the extension
of the true surface area, the Tafel slope & is an intensive quantity, i.e., it is not in-
fluenced by the surface area. Thus, if a procedure of electrode activation results in
a change in Tafel slope, electronic factors are certainly responsible for that. However,
if it results in a parallel shift of the Tafel line, it might imply a true change in jj,
but this can only be verified after adequate correction for the real surface area.
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Overpotential, 7

Joi Joii Jo Joz
Current density, log j

Fig. 1. Sketch showing (a) Tafel lines with different slopes and exchange currents for two different
electrocatalysts, and (b) the observable two-section Tafel line in case, e.g., of change in r.d.s. for
a single electrocatalyst.

2.2 Electrocatalytic Activity

Hydrogen evolution is the only reaction for which a complete theory of electro-
catalysis has been developed [33]. The reason is that the reaction proceeds through
a limited number of steps with possibly only one type of intermediate. The theory
predicts that the electrocatalytic activity depends on the heat of adsorption of the
intermediate on the electrode surface in a way giving rise to the well known
“volcano” curve. The prediction has been verified experimentally [54] (Fig.2) and
the volcano curve remains the main predictive basis on which the catalytic activity
is discussed [41, 55].

The volcano curve is based on the performance of simple metals, and the heat
of adsorption is the factor which turns out to be responsible for the change in activi-
ty from metal to metal. However, the difficult issue from a theoretical point of view
is the identification of the properties of metals which govern the magnitude of the
adsorption heat. A number of correlations have been proposed, based on different
electronic or structural properties of metals [S6—65]. The aim has been to establish
a “reactivity scale” from which predictions on the behaviour of unknown materials
could be made. It appears that the correlation between the electron work function
and the activity of metals for hydrogen evolution is very likely to be the most reliable
[54, 66], since it has been verified several times by different authors independently
[57, 62, 67].

The search for correlations has even produced simply statistical approaches based
on a combination of several properties of metals [68, 69]. It has been ascertained that
the electrocatalytic activity of metals is a periodic function of the position of the
metal in the Mendeleev Table [38, 70—72]. A strict correspondence is observed be-
tween two different periods (Fig. 3) indicating that metals in the same group occupy
the same relative position in the various periods [60]. Since all properties of metals
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Fig. 2. Experimental “volcano’shaped curve for hydrogen generation on metals. From ref. 54, by
permission of Elsevier Sequoia.

follow the same pattern [73], correlations with varied properties are not surprising.
The difficult task is to find out which properties may be considered as the primary
factor on which the activity depends.

If correlations do exist for simple metals, predictions are much more difficult for
composite materials. On the other hand, cathode activation has two aims: (i) to
replace active but expensive materials with cheaper ones, and (ii) to enhance the ac-
tivity of cheaper materials so as to approach or even surpass that of the more expen-
sive catalysts. In the case of pure metals there is little hope to find a new material
satisfying the above requirements since in the “volcano” curve each metal has a fixed
position which cannot be changed. Therefore, activation of pure metals can only be
achieved by modifying its structure so as to enhance the surface area (which has
nothing to do with electrocatalysis in a strict sense), and possibly to influence the
mechanism and the energetic state of the intermediate in the wanted direction. This
includes the preparation of rough surfaces but also of dispersed catalysts. Examples
will be discussed later.

From a true catalytic point of view, what is looked for are so-called “synergetic
effects”, i.e., a reciprocal influence between two or more components so as to obtain
a material whose activity exceeds that of the pure components [74]. This usually in-
volves intimate electronic interaction between the various components so that their
electronic structures become profoundly modified. It is well possible that a metal
deprived of part of its valence electrons may behave as the element on its left in the
Periodic Table [75]. However, the theory of “synergetic effects” is still in its infancy
in electrochemistry. Predictions for a bimetallic catalyst with two non-interacting
sites obtained by combining two metals with different adsorption energies are that
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Fig. 3. Correlation between the exchange current for the hydrogen reaction on the metals of the 4th
Period and that on the metals of the 5th Period. After ref. 60, by permission of Plenum Press.

no enhancement of the activity is to be expected [76]. However, theory for interacting
sites is lacking on account of that the nature of the interaction between the sites is
unknown.

Relationships or correlations which can help to guide in the choice of the way
to proceed are rather uncertain. It seems that the only possibility to obtain an
enhancement of the activity is to combine two or more elements giving rise to
synergism. However, linear activity-property correlations gathering all metals in one
group cannot help in this task. In fact, such correlations do not offer any guide to
the prediction of synergistic effects (synergism implies activity above the one ex-
pected from the simple linear combination of the two pure components). If metals
split into different groups giving separate correlations, synergism can be expected if
metals from different groups are combined. For example, d-metals and sp-metals are
grouped in two parallel linear correlations as the activity for hydrogen evolution is
plotted against the work function [54, 66]. A combination of a metal of a group with
a metal of the other group with almost the same catalytic activity may result in an
alloy of intermediate work function. However, there is no easy way to know a priori
how the electron work function varies with composition and if the activity is en-
hanced or depressed at intermediate compositions. This is because the electron work
function does not enter as a primary parameter in the rate equation [66]. In fact,
predictions of this kind have never been attempted.

The heat of adsorption of the intermediate remains the most straightforward
parameter on which we can base our reasoning. Therefore, the “volcano” curve is
the relationship which in principle can guide in making predictions. Miles [72] sug-
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gested in 1975 that a combination of two metals from the two branches of the
volcano curve could result in enhanced activity [9]. But this implies of course that
a direct correlation exists between composition and heat of hydrogen adsorption.
The same approach was suggested by Jaksié¢ [77, 78] who showed that a combination
of Ni or Co with Mo can result in a substantial enhancement of the activity for
hydrogen evolution [79].

Predictions based on the “volcano” curve do not show any general validity since
only a few combinations give more active materials. In particular, it is to be noted
that Ni, Co and Fe appear on the right branch of the volcano curve if the AH 4
measured in the gas phase is used [54]. Thus, they would be on the same branch as
Mo. They appear on the left branch of the curve [66] if the heat of adsorption is
derived in situ from electrochemical measurements [80]. This indicates that these
metals are modified by hydrogen discharge, probably because of hydrogen absorp-
tion which renders the surface adsorption bond weaker. The same possibility has
been pointed out for Pt [81]. Thus, the verification of the prediction based on the
“volcano” curve does not appear to be entirely convincent.

Jaks$i¢ has tried to propose a predictive basis for the hydrogen reaction beyond
the “volcano” curve. The idea is based on Brewer-Engel’s theory [82] for bonding
in metals and intermetallic phases. According to this theory, a maximum in bond
strength and stability of the intermetallic phases is expected as a metal lying at the
beginning of a transition period in the Periodic Table (e.g., Ti or Zr) is combined with

100_ _1850
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1 zZ =z z b4 z =
107" r %)
o
& 7 —1500 o
IE , 3
Q = o
<\ z g
s vAp A ;
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T T T T

T
Ni 10 30 50 70 90 Zr
Atom % Zr

Fig. 4. Activity of various intermetallic phases of Ni and Zr for electrolytic hydrogen evolution. The
phase diagram is also shown. From ref. 83, by permission of Elsevier Sequoia.
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a metal at the end of a transition period (e.g., Ni) [73, 77, 79]. This implies that part
of the electrons of the metal with partly filled d-bands is shared with the metal with
almost empty d-orbitals [73, 83]. According to the theory, this would result in very
stable systems, such as MoCo;, WNi;, MoNi;, LaNis etc. According to Jaksi¢, an
enhanced electrocatalytic activity for hydrogen evolution is consistently observed
with these intermetallic compounds (Fig. 4).

The theory of Brewer-Engel is for bulk solids, while electrocatalysis is governed
by the properties of the surface. On the other hand, correlations between activity and
bulk properties are not uncommon [84—87], as a consequence of the fact that the
surface is the boundary of the bulk of the phase and manifests at least in a relative
scale the properties of the phase itself. It is to be mentioned that an observation cor-
relating the activity for hydrogen evolution with an intermediate phase formation
was made long ago by Ohtani [88]. However, the verification of the theory calls for
a separation of geometric from electronic effects. This aspect is not completely
clarified in every investigation in the literature. It is not uncommon that as the real
surface area is accounted for, the apparent enhancement of the catalytic activity
disappears [89, 90). This was established long ago by Kolotyrkin and Frumkin [91]
for smooth and spongy Pb. This does not imply that this is the case for all systems,
but simply that this kind of ambiguity needs to be removed in many instances.

It thus appears that there may be a basis for some predictions which can guide in
the selection of components for composite materials, but the theoretical basis for dis-
cussions goes always back to the principles of the volcano curve in the sense that a
relative increase or decrease in activity is customarily explained by recurring to the
features of such a curve [92]. Therefore, a theory is needed to describe the dependence
of the adsorption strength of hydrogen on the electronic properties of composite mate-
rials. However, before a sound theory can be proposed, it is necessary that the experi-
mental picture be freed from the many obscurities, ambiguities and irreproducibilities
due to the scarce characterization of the surface of various materials, and to the insuf-
ficient identification of various factors which can influence electrode kinetics.

2.3 Surface Characterization

In the case of solid electrodes, knowledge of the real surface area is a prerequisite.
for the proper evaluation of the activity with respect to other samples from the same
laboratory, or for the comparison of results from different laboratories. It is very dif-
ficult to determine the real surface area because there are no unique techniques ap-
plicable to all materials. When the surface area determination is lacking, an evalua-
tion in terms of synergetic effects can only be ambiguous.

Although many of the results in the literature are still insufficiently characterized
from this point of view, in general the need for a surface area determination is largely
felt. Sometimes BET values are given, but the BET area may not correspond to the
electrochemically active one especially if supported catalysts are used or inert com-
ponents are part of an admixture [93]. Determinations based on capacitance are also
ambiguous [94] because there exists no absolute reference for many materials and
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there is no potential at which the capacitance is the same even among different
crystal faces of a metal [95]. However, relative measurements for different samples
of the same materials are acceptable.

The best approach is normally an in situ determination based on voltammetry
or charging curves, usually within the hydrogen adsorption region [96]. It is of course
necessary to know the actual value of 8y for absolute determinations, but the meth-
od is practicable on a relative basis. The method becomes absolute only in a few
cases, in particular for Pt electrodes [97] for which the catalytic activity per metal
atom, which is the parameter really needed to evaluate electrocatalytic effects, can
be calculated [98]. Sometimes, results are reported relative to the surface area mea-
sured on the basis of the limiting current for a redox reaction [99], but what is ob-
tained is only the macroscopic surface in which asperities of a height higher than
the diffusion layer thickness can only be accounted for.

Whenever composite materials are used, the surface composition becomes an es-
sential parameter to assess the actual electrocatalytic activity. The dominating role of
surface composition in electrocatalysis was stressed by Frumkin et al. long ago [100].
This is especially the case with not well-defined compounds such as sulphides, car-
bides, etc. This task is undoubtedly tougher since the equipment for surface analysis
is not an ordinary tool in electrochemical laboratories. As a matter of fact, the surface
of electrodes remains insufficiently characterized in most instances, so that no more
than a phenomenological observation can be made. In the cases where surface analysis
has been carried out, it has usually opened new horizons to the understanding of the
electrocatalytic action of materials [101, 102]. In some instances, the surface analysis
has been essential to show that synergetic effects were only apparent [103].

Surface characterization includes also the study of the modification of a surface
under cathodic load or after some pretreatments. The presence of residual surface
oxides can explain some observations otherwise inexplicable. Activation in situ
usually results in composite structures which are difficult to identify by X-ray, and
may contain metallic and non-metallic components. Particularly crucial is the case
of the surface structure of glassy metals or amorphous alloys.

The field of cathode activation, as well as that of anode activation, requires the
use of complementary physical techniques to evaluate systems otherwise difficult to
understand. Electrochemical techniques are sufficient to evaluate the kinetic parame-
ters and the state of intermediates, especially if digital acquisition of open-circuit
potential-decay transients, coupled with computer processing of the data, is used
[104—106]. But the chemical and physical characterization of the surface remains
essential. The literature shows that such an approach is becoming more accepted, so
that there are hopes that the real situation of a number of systems will become
clarified in the near future.

2.4 Stability

In a technological perspective, electrocatalytic activity is not the only requirement for
a cathode. The electrode must be stable under the working conditions, i.e, AV should
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not drift with time. In practice, the choice of a material is based on a balance be-
tween activity, overall efficiency and stability. The test of cathode stability is thus an
essential step in applied research [107]. Presently, the problem of the stability of
cathodes appears to be more stringent than for activated anodes [34].

The most outstanding source of instability, which from an academic point of
view may be difficult to realize, is the corrosion that can arise at open circuit when
a cell is shut down for maintenance or other reasons [108]. The cathode can simply
corrode, or can be oxidized. In the latter case, the residual oxide can be deleterious
for the catalytic activity since it may remain unreduced even under cathodic load.
Therefore, cathode materials usually contain additives whose function is to reduce
the consequences of shut-downs [109]. Laboratory experiments should thus include
also this kind of test if a complete analysis of the material is to be done [105, 108,
110]. If the cathode corrodes, some cathodic protection may need to be maintained
during shut-downs [7], which is of course to be accounted for in the evaluation of
the economic efficiency.

Under the term “stability”, modifications that the electrode may undergo during
its performance are also included such as the formation of hydrides as a consequence
of hydrogen penetration into the cathode material [111]. This appears to be a very
general phenomenon [81, 112, 113—116]. In the case of metals the process of
hydrogen dissolution has been shown to depend on crystal structure, the number of
valence electrons, and the atomic volume of metal and hydrogen [117]. “Metalliza-
tion” of the dissolved hydrogen has been pointed out [118]. Hydrides are the
cathodic analogues of oxides. While metals are always covered by oxides during
oxygen evolution, cathodically most of them form hydrides which thus become
mediators of hydrogen evolution. The reason why oxides are active for oxygen evolu-
tion is to be sought in the particularly favorable interaction of intermediates for
oxygen evolution with the oxide surface (16, 119]. Likewise, there is evidence that the
formation of hydrides may be one of the main reasons for the high activity of some
cathode materials [120]. However, in other cases, hydrogen absorption may be
deleterious. This is believed to be the case of Ni and Co, whose overpotential for
hydrogen evolution increases at the beginning of electrolysis [121, 122].

While anodic oxide formation may be precursor to anodic dissolution [123], in
that metal ions become surrounded by a water-like environment which reduces the
energy required for them to leave the lattice, the formation of hydrides can result in
the phenomenon of hydrogen embrittlement [124]. Hydrogen usually penetrates
through the lattice interstices [125] thus causing an expansion of the crystal. Internal
bursts or blisters may result if large amounts of hydrogen collect in localized areas
[126]. The metal may become mechanically fragile and in some cases, such as
LaNis, the structure of the material may literally collapse to a powder [127]. It has
been pointed out that the “explosion” of the material can be prevented by operating
at relatively high temperature and moderate current density so that the internal
fugacity of H, gas (depending on overpotential) is maintained below the equilib-
rium H, pressure [128]. Additives are usually introduced into the cathode material
to reduce the effects of hydrogen embrittlement. For example, Ti, which is largely
used as a support for anodes, has limited uses as cathode or as a support for
cathodes [129] precisely for its tendency to absorb hydrogen with mechanical deterio-
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Fig. 5. Sketch showing the structure of a co-deposit of Raney Ni in a Ni matrix. After ref. 137, by
permission of the International Association for Hydrogen Energy (IAHE).

ration [130-132]. However, the rate of hydrogen absorption can be controlled by
modifying the surface of the metal with foreign metals [133]. With the addition of
0.2% Pd, Ti has been used industrially as a cathode for chlorate cells [134].

Raney metals, in particular Raney Ni, can be pyroforic in air because of the large
amount of H dissolved [135]. Some additives are used to alleviate this problem [136],
although other solutions have also been proposed. For instance, Raney-Ni can be in-
corporated into a Ni matrix so that the heat of H, — O, recombination is dissipated
through the metal [17, 137, 138} (Fig. 5).

Modifications of the chemical nature of the catalyst under cathodic load are also
possible. Sulphides can be reductively dissolved with liberation of H,S [139]. Oxides
can be progressively reduced with loss of the specific activity [140]. In the latter case,
an additive can be used to diminish the rate of reduction. Intermetallic compounds
or alloys may exhibit preferential dissolution of one of the components during
cathodic performances in concentrated alkali [141].

2.5 Methods of Preparation

The method of preparation is the most crucial and usually the least controllable vari-
able, so much that it is usually taken as the last chance to explain any inconsistent
behaviour. Unfortunately, this remains the least understood parameter, but also the
most open one to originality and inventiveness. It is hard to list all methods, also
because in many cases details have been left purposely obscure. However, to a first
approximation, cathodes can be coated with an active layer by (i} electrodeposition
[142], (ii) thermal decomposition [143], (iii) flame and plasma spraying [144 —146],
(iv) in situ activation [147, 148]. Cathodes may also be prepared from the powder
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of the active components by means of a suitable binder [20, 149], or by pressing and
sintering [150]. “Pigmented” surfaces have also been prepared. This can be ac-
complished by dispersing the active component in a Watts (Ni) bath; the electro-
deposited layer will consist of a Ni matrix incorporating the active component [151].
In principle, ion implantation is also expected to result in a “pigmented” surface.

Different methods of preparation usually result in cathodes with different activi-
ty. In some cases, the authors have directly compared different preparation pro-
cedures [141]. However, the same procedure may produce different results in dif-
ferent laboratories. This is not surprising, since this has been the case also with
activated anodes. Only by identifying the factors responsible for the electrocatalytic
activity, and by finding suitable conditions to control them during the preparation,
it will be possible to standardize procedures and perhaps to establish some standards
for reference.

The activity of cathodes may differ also for different activation procedures ap-
plied to the surface. In other words, electrodes as prepared may be inactive, or insuf-
ficiently active, and a sort of efching is needed before they exhibit the expected activi-
ty. The activation usually involves the removal of a passivating layer formed during
the preparation. This is the case of Ti or Zr containing intermetallics [89, 152]. The
surface is initially passive due to a TiO, or ZrO, overlayer, and can be activated by
means of HF. The duration and the procedure of the pretreatment will influence the
final activity by producing a surface of different composition.

In other cases, thermal decomposition is used to prepare the active layer which
is then activated either by a high temperature treatment in H, atmosphere, or by in
situ reduction under cathodic load. It has been reported that for molybdate-activated
cathodes the latter procedure is less satisfactory than the former [153]. Thus, temper-
ature, procedure of preparation and activation are all crucial parameters which can
dramatically influence the final activity.

A further parameter is the nature of the support. In some cases, no effect has
been observed, in other cases the effect of the support is evident, or even essential
as in the case of disperse catalysts. As for the in situ activation achieved by dissolving
the precursor in the working solution, the activity depends not only on the concen-
tration of the species in solution, but also on the potential where activation is per-
formed [147]. In situ activation is very attractive, since no separate coating formation
is needed with all its labour cost. However, its applicability is in practice strongly sub-
jected to the conditions of electrolysis, since precursors might interact with elec-
trolysis products, or they might turn out to be unwanted impurities in the solution
at the outset. Furthermore, while the presence of the precursor in solution can in
principle be a guarantee against the deterioration of the active layer, maintaining its
concentration in solution poses problems.

2.6 Poisoning

While poisoning of anodes is rare in view of the strongly oxidizing conditions ex-
isting on their surface, poisoning of cathodes is routine in technology. When in-
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vestigating new electrode materials, tests of stability in the presence of poisoning im-
purities should always be included.

Organic substances are obvious poisons for hydrogen evolution (inhibitors) [154],
but the most common poisons for industrial cathodes are the metallic species present
in solution as a result of corrosion of the cell hardware and of other components
of the electrochemical reactor. As a matter of fact, the most common impurity is Fe
coming from the steel employed in manufacturing cells, which can be cathodically
deposited on the active layer [34, 155]. Other impurities which have been considered
are Cr, Ni, Hg and Cu [156, 157]. In other cases, and under different conditions,
S [158—-160]) and CO [161] have also been considered as poisons for Pt.

The poisoning effect depends on the nature of the cathode. If the main impurity
is Fe, it is expected to have negligible effects on mild steel, while it can result in activa-
tion with Ni or Ti cathodes [34, 162] (Fig. 6). It may even prevent the large increase
of n with time observed with Ni at least on the laboratory scale [163]. With more

-0.9}

Pt/Pt

>
Y
L
I
x
0!
>
Wwi-12 Fe
Ni
13k
Ti
[l 1 L
0 1 2 3
t/h

Fig. 6. Variation with time of the potential of hydrogen evolving cathodes at 3 kA m™2, 90°C, in
33 wt% NaOH, in the presence of 10 ppm Fe impurities in solution. (— — — —) Reversible potential.

After ref. 162. This paper was orginally presented at the Spring 1984 Meeting of the Electro-
chemical Society, Inc. held in Cincinnati, Ohio.
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active cathodes the presence of Fe is very deleterious. Since it cannot be avoided
under technological conditions, it is necessary to design cathodes which are resistant
to poisoning. Two possibilities are offered. Poisoning is reduced if the cathode sur-
face is very rough and porous (es. Pt black, Raney metals, bonded LaNis, etc.) [149,
162] simply because the active surface is much larger than the diffusion front. This
is also what is observed in the case of organic impurities [164]. The capacity of
porous layers to slow down diffusion phenomena are exploited also in other cases,
such as electrolysis of sea water to H, and O, [165], and chlorate and hypochlorite
reduction [7, 166). However, porosity offers a simple physical barrier whose features
depend on the morphology of the active layer only.

More interesting from a fundamental point of view is the observation that the
efficiency of poisoning depends also on the physical structure of the deposited im-
purity; this is in turn governed by the nature of chemical interaction between the im-
purity and the electrode surface. In other words, a different mechanism of deposition
may result in a structure of the deposit which does not inhibit the active surface
substantially. Thus, in the case of Pt electrodes, it has been observed that if the im-
purity content is around 14 ppm Fe, the cathode may even be activated since small
crystallites of iron are formed [167].

In the case of oxides or sulphides, poisoning has been observed to be very weak
[99, 168]. One reason is that these materials, especially oxides, are usually obtained
as porous layers [169, 170]. But another, more exciting explanation is that metal
deposition on non-metallic surfaces is more difficult than on metals, since the bond
formed between the surface and deposited metal atoms is weaker [168]. Therefore,
no underpotential deposition takes place, which pushes the potential range of im-
purity deposition to more cathodic potentials. If deposition takes place, it occurs at
a high overpotential, and the resulting discharged particles form clusters rather than
monolayers, thus leaving most of the active surface uncovered.

Poisoned cathodes can be recovered by dissolving the deposited iron. While this
cannot be easily carried out in sifu, a combination of in-situ activation with molyb-
date and poisoning by Fe can result in enhanced activity as a result of Fe-Mo interac-
tion on the electrode surface [171].

Other impurities which can be present in industrial solutions are silicates coming
from the dissolution of asbestos in diaphragm cells [34). Although this may no lon-
ger be a problem, since asbestos is being replaced owing to its toxicity, and since
cathode activation is not an economic solution for diaphragm cells in view of the
poorer quality of the alkali produced, it is interesting to note that silicates inhibit
hydrogen discharge on Raney Ni [172]. An inverse linear correlation between log j
and log ¢ (¢ = silicate concentration) has been observed. However, the conclusion is
that the effect does not consist simply of blocking active surface sites, since an in-
crease in the Tafel slope as the silicate concentration is increased is also observed.
Thus, a redistribution of adsorbed hydrogen with different adsorption energies is
probably involved.

Gas bubbles can also deactivate the electrode surface by forming a physical cur-
tain [173, 174]. While bubble movement may enhance in situ mass transfer resulting
in an increase of the current [175-178], the blocking effect of bubbles can distort
measured parameters by introducing a sizable ohmic drop [179— 183]. Bubble effects
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call primarily for engineering solutions, such as adequate electrolyte flow rate and
optimized cell design, but they can also be related, though indirectly, to electro-
catalysis, since the wetting of the surface depends on the electrode material.

2.7 Reaction Mechanism

The mechanism of hydrogen evolution is classically based [33, 184, 185] on a prima-
ry discharge step:

H" (aq)+e—~>Hy (3)
followed by either a recombination reaction:

H,¢+H.«—H, ‘ 4
or an ion+atom reaction (electrochemical desorption):

H,,+H" (ag)+e~H, . )

If the steps are strictly consecutive and one is the rate determining step (r.d.s.),
theory [186] predicts (at 25°C) a Tafel slope of 120 mV for reaction (3), of 30 mV
for reaction (4) and, provided the coverage by the intermediate (H,4) is potential-
dependent (.., 8y is small), 40 mV for reaction (5) being rate determining. If 8y is
high, a limiting current is expected if reaction (4) and a Tafel slope of 120 mV if reac-
tion (5) is rate determining.

The above assumptions have remained unchanged for several decades. This
mechanism has been shown to explain also the dependence of the Peltier effect on
the nature of the metal [187]. The nature of the intermediate has been rarely
disputed. The suggestion [62, 188] that reaction (5) might involve as an intermediate,
(H3 )4, has not received any definite experimental confirmation [53, 189, although
in one case it has been adopted [96]. In the case of alkaline solutions, it has been
claimed [190— 192] that the intermediate of the primary discharge is probably Na,,:

Na; +e—Na,y (6)
followed by:
Na+H,0—»NaOH+H,, , @)

which would replace reaction (3). Reaction (6) is indeed possible because of under-
potential deposition [193], but the deposition potential should depend on the nature
of the cathode surface since it is determined by the difference between the electron
work function of the deposited metal and that of the support [66, 194]. On the other
hand, the presence of alkali metals has been detected on various metals (e.g., Ni) dur-
ing hydrogen discharge in alkaline solution [195, 196]. These adsorbates can be pro-
duced in a side-reaction at higher current densities [195], although adatoms have
been detected at as low overpotentials as 0.1 V [190].

Apart from the case illustrated above, steps different from (3) to (5) have rarely
been suggested, which emphasizes the simplicity usually envisaged in the hydrogen
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reaction. The possibility that the various steps proceed at comparable rates, rather
than with a single r.d.s., has also been suggested and theoretical calculations have
been carried out [197, 198]. This would explain the curvature of the Tafel line ob-
served in some cases [199]. However, a Tafel slope of ca. 60 mV has been sometimes
observed. This is not straightforwardly predicted by steps (3) to (5), unless activated
adsorption according to Temkin’s mechanism is postulated [186]. This is not unlike-
ly, especially with transition metals, but it is difficult to envisage with weakly adsorb-
ing materials. Thus, the possibility of slow surface diffusion (or rearrangement) of
adsorbed intermediates:

H' (aq)+e—H,4 (8a)
Hog—~Hyq (8b)

has been suggested. This would imply that the intermediate produced in step (3) may
not be the catalytically active one. The existence of “inert” and “active” adsorbed
hydrogen has recently been postulated on the basis of IR surface investigations [200].

Tafel slopes different from the usual ones may also result if the r. d.s. proceeds bar-
rierless (i.., with a = 1) (or quasi-barrierless [201]). Thus, hydrogen evolution with
barrierless discharge — step (3) — or barrierless electrochemical desorption — step
(4) — as ther.d.s., is expected to occur with a Tafel slope of 60 and 30 mV, respectively
[202]. This behavior has been reportedly observed with Hg [203] , Bi [204], Ag [205],
and Au [206]. However, such an experimental observation takes place only under very
special conditions and cannot have any relevance to practical electrolysis.

Theoretical developments [207 —209] have also included a comparison between
the intermediate formed in the H, evolution promoted by photoemission, and that
resulting at electrodes [206, 210, 211]. The conclusion has been that the two in-
termediates are in different states, the former corresponding to a hydrated unad-
sorbed hydrogen atom. Potential energy curves have also been derived and the activa-
tion energy of some of the steps calculated [212, 213]. The role of partial charge
transfer has been analyzed [214]. The state of hydration of the proton has some im-
portance in determining the energetics of the whole reaction. In particular, by com-
paring the discharge behavior of the fully protonated HyO; and the H;O* present
in pure CF;SO;H, Conway [215—217] has concluded that the reaction rate, with
allowance for double layer and concentration effects, is one to two orders of
magnitude higher in the former case. The author suggests from these data that fre-
quency factors can be as important as activation energies in determining the rate of
proton transfer from different sources. Many more vibrational and librational modes
are available for HgO, . These studies emphasize the problem of the correct descrip-
tion of the molecular mechanism of activation of the reaction of proton discharge;
other pieces of evidence suggest that they are based on the model of solvent
reorganization rather than on bond stretching [218, 219].

The relevance of a discussion of the reaction mechanism in the context of
cathode activation for technological applications is obvious. Most of the traditional
electrode materials exhibit Tafel slopes close to 120 mV at practical current densities.
This can be interpreted [186] either as a retarded discharge, or as a slow electro-
chemical desorption under conditions close to saturation coverage with adsorbed
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hydrogen. In some cases a lower Tafel slope ranging 40 to 60 mV is observed at lower
overpotentials. This is interpreted as slow electrochemical desorption at low 6y, or
slow discharge under Temkin adsorption conditions. A Tafel slope of 30mV is
seldom observed, mostly with expensive precious metals in acid solutions [38, 168]
(with the notable exception of Re [220]). Incidentally, the exchange current density
of step (3) on Pt in aqueous solution has been recently determined [221], by means
of the galvanostatic transient method, to be 0.42 A cm~? at pH = 0. This is regard-
ed as one of the most rapid elementary reactions.

It is the purpose of electrocatalysis to design materials capable of evolving
hydrogen with low Tafel slopes. Since catalytic metals usually adsorb hydrogen rather
strongly, a Tafel slope of 120 mV is the most probable occurrence at high current den-
sities. Thus, the situation for hydrogen is in principle less favorable than for Cl, and
O, evolution. In the latter cases [16, 222], Tafel slopes of 40 mV (or even less) can
be observed over several decades of current up to ca. 1 A cm~2. This indicates that
a moderate adsorption strength is operative for the intermediates with DSA® elec-
trodes. The same target should be achieved with electrocatalysts for hydrogen evolu-
tion. However, the mechanism giving a 30 mV Tafel slope is not especially favorable,
since it evolves naturally to a limiting current as the overpotential is increased and
the hydrogen coverage rises. If the efficiency of H-H recombination is increased too
much, it is probable that electrochemical desorption becomes the rate determining
step. The task should be to maintain the low slope up to high current densities, which
should be achieved by appropriately modulating the M-H adsorption strength. This
is precisely what is pursued as an elemental electrocatalyst (a metal) is alloyed with
others, or combined with non-metals (as in sulphides, oxides, carbides, etc.). It is
clear that the most important parameter in this discussion is the heat of adsorption
of the intermediate, which in turn will depend on the electronic and structural pro-
perties of the catalyst surface. Unfortunately, the theoretical description of the sur-
face bond is still insufficient for composite materials; it is therefore necessary to
recurr to experimental and conceptual correlations.

Normally, as a metal atom is surrounded by an environment differing from the
bulk metal, its adsorption properties change. This is what happens as a metal hydride
is formed, or as a metal adsorbs hydrogen in solution. The effect of the solvent giving
rise to a lower adsorption strength is well documented [223] and should always be kept
in mind when discussing electrolytic hydrogen evolution. It is at the base of the so-
called hydridic nature of the M-H bond on electrodes as envisaged by Barclay [224]
and verified by the present author [225] on the basis of available data. This opens the
problem of the adsorption heat which should be adopted to build up a “volcano
curve”., Strictly speaking, it should be the adsorption heat in solution as it can be esti-
mated in situ with electrochemical techniques. Adoption of such an adsorption heat
can distort the volcano curve or even reverse one of the branches [225].

Since in most cases adsorption heats are not available experimentally, other pa-
rameters can be correlated with the activity, e.g., the calculated heat of hydride for-
mation. Under similar circumstances a volcano curve can still be obtained for exam-
ple for intermetallic compounds of Ti [53] (Fig. 7), or a linear correlation with the
activation energy can be found [226] (Fig. 8). These correlations still point to the ex-
istence of volcano-shaped relationships with a maximum around an estimated value
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Fig. 7. “Volcano’shaped curve for a series of Ni intermetallic compounds, obtained by plotting the
activity for hydrogen evolution (j; in 9.2 M NaOH at 80 °C) against the calculated enthalpy for the
formation of the related hydride (4H,). (— — — —) Theoretical [17] straight line of (1/2.303 RT)
slope. From ref. 53, by permission of IAHE.

for the M-H interaction [53] of the same order of magnitude as that for the apex
of the volcano curve for metals [33, 54]. Thus, it appears that in order to obtain a
Tafel slope of ca. 40 mV over several current decades, the adsorption of hydrogen on
the catalytic surface should be lower than on such pure metals as Ni or Fe. This seems
to be the case with oxides of Ir and Ru which show very favorable properties also
in the case of hydrogen evolution [227], but not for many intermetallic compounds
or alloys for which the Tafel slope persists around 120 mV although the apparent ex-
change current is substantially higher [228].

2.8 Effect of Temperature

Since hydrogen evolution is an activated reaction, an increase in temperature can on-
ly be kinetically beneficial. However, in many cases the Tafel slope has been observed
not to increase linearly with 7T (i.e.,, R 7/a F) but to increase at a lower rate or even
to remain constant [229—232]. This has stimulated much discussion [233-240]
about the fundamental significance of such an “anomalous” behaviour which has
been interpreted in terms of a partly potential dependent entropy of activation as op-
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Fig. 8. Relationship between the activation energy for hydrogen evolution (1M KOH, 30°C) on
LaM; and the enthalpy of hydride formation calculated by means of equation (12) (later on in Sec-
tion 4.7). The nature of M is specified by the points. After ref. 226, by permission of Elsevier Sequoia.

posed to the classical theory of constancy in AS¥ [241]. A modified quantum
theory of electrochemical proton transfer has been proposed [242] to account for the
“anomalous” temperature effect.

Although anomalous temperature effects involve very basic aspects of elec-
trochemical kinetics, this topic is of relevance also to the practical situation in
technology. In fact, it is necessary to know what one should expect (as a reference
event) as the temperature of the cell is raised, which is always relevant in technology.
Intensive electrolytic processes are not carried out at room temperature, first of all
because, due to the intense heating of the solution by the current, room temperature
in it could be maintained only by removing heat from cell (which would be imprac-
tical), and secondly because such self-heating is exploited to accelerate the reaction
rate by reducing the overpotential. Thus applied studies always report Tafel lines over
a wide temperature range.

The situation does not appear to be settled. Contrary to claims that the classical
Tafel slope is probably an exception rather than a rule [239], the correct increase in
Tafel slope has often been observed [243 —245] also with catalytic metals [246, 247).
Measurements in frozen electrolytes with solid electrodes have not shown [232] any
discontinuity in the dependence of b on T (whatever it may be), while a sharp discon-
tinuity has been observed [234] as the melting temperature of Hg is crossed. On the
other hand, the Tafel slope has been observed even to decrease with temperature [146,
248, 249]. It seems obvious that in such extreme cases a change in mechanism and/or
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in the electrode surface state is probably responsible for the decrease in b. In other
words, the temperature not only raises the reaction rate on account of the activation
energy, but it can also catalyze some modifications in the nature of the surface active
sites. It is here necessary to stress that, for instance, sintering effects of Raney metals
can be induced by an increase in temperature [250]. It is essential to take into account
that an increase in temperature accelerates not only the steps of the hydrogen reac-
tion, but also all other reactions which can proceed in parallel, including surface
segregation in alloys and oxide reduction on passive surfaces.

Krishtalik and co-workers [251, 252] have convincingly shown for a few cases that
if all possible interfering factors, including double layer effects, are avoided (or pro-
perly accounted for) and the experiments are conducted under controlled conditions
of surface purity and stability, the anomalous effect does not appear. This does not
mean that the interpretations offered for the anomalous effect are wrong (some
discussion has indeed been provoked by the existence of different points of view
[239]), but that any explanation should be applied only to data which have been
positively freed from any other spurious effect. In the case of hydrogen evolution on
catalytic metals and alloys, for which experimental evidence exists that the state of
the surface can drift under cathodic conditions, the certainty that it remains the same
at different temperatures has not yet been convincingly reached. This may explain
why the anomalous temperature effect does not show any systematic variation with
the nature of the electrode surface, which should indeed be expected considering that
all other parameters of the hydrogen reaction do show it.

Sometimes very low Tafel slopes are claimed (<15mV) [99, 253]. It seems difficult
to interpret such an observation in terms of a specific mechanism. It is more probable
that anomalously low Tafel slopes are the result of a combined thermal activation of
the reaction and of the electrode surface state, resulting in a reaction rate limited by
the diffusion of molecular hydrogen away from the electrode. Supersaturation of the
electrode ad-layer by the evolved gas can also play a decisive role [254,255]. This
phenomenon has been amply discussed in the case of Cl, evolution on oxide elec-
trodes [256], but the same idea can be applied to the case of H, evolution [257, 258].

3 Factors of Activity Enhancement

In what follows, some of the approaches proposed to enhance the electrocatalytic
activity of cathodes for H, evolution will be scrutinized. Although the investiga-
tions reported are of fundamental interest, they should help to gain insight into the
factors responsible for the activity of industrial electrodes.

3.1 Surface State

A morphological modification of the surface state without addition of foreign mate-
rials can result in an enhancement of the apparent activity of cathodes. This includes
the mere increase in surface area which is normally achieved in practice by sand-
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blasting electrodes [137, 259]. This is as a rule the first operation, both for activated
anodes (support of Ti or Ni) and for activated cathodes (support of Ni or mild steel),
it is done before proceeding to the coating step. Alternatively, as in the case of Ni,
the metal can be co-deposited with ultrafine particles of silicon carbide to form a
rougher composite surface [260]. The idea of roughening the electrode surface to
enhance its activity is an old trick [261].

The effect of roughening is usually reported just to correspond to an increase in
surface area. A thorough investigation [262] of the nature of the active sites on evap-
orated films of Ni has led to conclude that the mechanism does not change, with the
activity being proportional to the number of active sites. However, different observa-
tions have also been made. Mechanically renewed surfaces show an increase in activi-
ty for both catalytic (Ni) [247] and non-catalytic metals (Zn) [263]. The increase in
activity corresponds to a decrease in activation energy, which suggests that the M-H
adsorption bond is modified by the mechanical treatment. In some cases, it has been
reported that for freshly generated surfaces the activity enhancement is not stable.
A decay is observed [264] in the case of Fe—Cr alloys, but the steady state activity
remains higher anyway. It is intriguing that the final enhanced activity is independent
of composition, while on the initial surfaces as well as on the just created surfaces
the activity varies linearly with composition.

Enhancement of the activity of Ag has been observed upon continuous potential
cycling [265], as well as with more complex potential sequences including potential
holding at some cathodic values [266] and pulsating overpotential [267]. The
enhancement cannot be explained only in terms of surface area increase, so that the
creation of especially active Ag sites has been postulated [266].

Coldly worked Ni annealed at different temperatures has not shown [268] any
electrocatalytic effect in acid solution while a drop has been observed in alkali as an-
nealing is carried out above a given temperature. This has been interpreted as a sup-
port to the mechanism in which Na,4 is the intermediate (cf. steps (6) and (7)
above). However, a characterization of the state of the surface, which may differ in
alkalis and in acids, is lacking.

Smooth Pt and Rh electrodes have been compared [105, 269] with electrodepos-
ited layers to investigate the effect of roughness (which may be of the order of 10%).
While electrodeposited Pt absorbs hydrogen and bright Pt does not, no surface area
effect has been observed as for hydrogen evolution. This indicates that the internal
surface (pores) of rough electrodes does not work because of exclusion due to gas
formation. Thus, the porosity of the active layers also needs to be characterized. It
has been shown that in the case of Raney Ni [270] this can be conveniently done by
means of impedance measurements [271].

While no effects of simple roughness (except surface area effects) has been ob-
served for the electrocatalytic activity of Ni, the situation appears to differ with mild
steel for which a decrease in Tafel slope has been observed in the low overpotential
range [272] (Fig. 9). An investigation of the effect of temperature and NaOH concen-
tration has suggested [273] that in fact this may be related to the appearance, at low
overpotential, of surface oxides, whose reduction leads to the break in Tafel line.
Again, these results warn against interpreting certain apparent Tafel slopes only in
terms of kinetic mechanisms.
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Fig. 9. Effect of electrode roughening on hydrogen evolution on mild steel in 10 M NaOH, 75°C.
(1) Smooth electrode; (2) Roughened electrode. After ref. 272, by permission of Pergamon Press.

A relative decrease in Tafel slope has been observed with steel subjected to ther-
mal treatments leading to different microstructures [274]. In this case an effect can
indeed be expected because of the possible formation of different phases or different
proportions (martensite vs ferrite) of phases (Fig. 10). An effect of the size of grains
has been observed on the Tafel slope.

While effects of film thickness have also been reported [275], metal-support in-
teractions seem to be important in governing the properties of the overlayer. For in-
stance, Ni chemically deposited on MgO has shown in particular higher resistance
to oxidation as a consequence of electronic interactions with MgO [276].

It has already been mentioned that one of most used forms of Ni is Raney Ni
which is obtained from Ni-Al or Ni-Zn alloys by leaching Al or Zn in alkaline solu-
tion. However, the properties of the resulting electrocatalyst appear to depend on the
nature of the precursor [135]. Methods of application of the alloys are various [135}].
A particularly convenient one is the so-called LPPS (low pressure plasma spray)
[146]. Raney Ni prepared in this way has shown that lower Tafel slopes can be ob-
tained, thus suggesting a real electrocatalytic effect (Fig. 11). On such highly porous
Ni it is possible that the proportion of particularly active sites (at the edges and
peaks of crystallites [{262] increases considerably. However, the effect of temperature
on the Tafel slope is more than anomalous [248] suggesting indeed some tempera-
ture-induced surface modifications. In fact, recrystallization phenomena are ob-
served which can be minimized by means of small additions of Ti, Mo or Zr. The
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Fig. 10. Effect of the martensitic content of dual phase AISI-SAE 1008 steel on the Tafel slope for
hydrogen evolution. After ref. 274, by permission of the publisher, the Electrochemical Society, Inc.

roughness factor can be as high as 10°. The first commercial electrodes of Raney Ni
have been reported to reduce the hydrogen overpotential by about 0.1V at 0.2 A
cm 2 [277], but much more effective reduction is achieved with specially structured
electrodes (ca. 0.3 V) [34, 137].

Mechanical strain of Pd and Pt has been observed [278] to give rise to overpoten-
tial variations. Such an effect has been studied to gain insight into the factors respon-
sible for the relationship between surface modifications and electrocatalytic activity.
The analysis has shown that, of the various factors scrutinized including the possible
variation in the interatomic distance, the most probable one is a change in ionic
specific adsorption.

Ion implantation is often recommended as an efficient tool to enhance elec-
trocatalysis either by disrupting the surface structure of the catalyst or by placing ac-
tive atoms on an inactive (or less active) matrix. The latter possibility (which links
this section with Section 3.3 devoted to adatoms) offers also a way to the use of ex-
tremely small amounts of active but expensive materials. In order to investigate the
effect of surface damages, self-implantation or ion beam bombardment is the most
appropriate approach. Implantation of Ni on Ni has led to a modest enhancement
of the surface area, but not to electrocatalytic effects [279]. On the other hand, Pt
bombarded with neutrons has shown an increase in the activity for hydrogen evolu-
tion [280]. However, it has been suggested that this is not related to the formation
of surface defects, but rather to the effect of the radioactivity induced on the elec-
trode and on the electrolyte.
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Fig. 11. Raney Ni (3) compared to untreated (1) and sandblasted Ni (2) for hydrogen evolution in
35 wt% NaOH at 90°C. After ref. 137, by permission of IAHE.

Ion implantation of an active metal on an inactive (or less active) support is ob-
viously expected to lead to electrocatalytic effects. This is clearly the case of various
catalytic metals implanted on glassy carbon [281], but the results for Pt-implanted
Fe are less obvious. No effect has been reported in one case [279], some effect in
another case [282], depending on the dose. According to the latter authors, a dose
of 10'® atoms per cm? produce a coverage of about 2% and imparts to Fe an activi-
ty similar to that of smooth Pt. It seems reasonable that in this case the effects are
closely dependent on the dose as well as on the energy of the implanted ions, and
that a comparison between results of different investigations may not be straightfor-
ward. In any case, the implantation of foreign elements couples the field of surface
state modification to the field of application of adatoms (see later).

3.2 Single Crystal Faces

Investigations on single crystal faces are obviously not of direct interest in technol-
ogy, but they are essential to again insight into the role of the surface structure. In
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fact, the nature and structure of surface sites are precisely defined on crystal planes,
while they can be only roughly envisioned on crystallite faces [262].

A large part of the investigations on single crystal faces has been devoted to the
study of the dependence of underpotential hydrogen adsorption on the crystal-
lographic orientation [283 —287]. Irrespective of the possible differences among the
various authors, these studies have clearly indicated that the crystallographic orienta-
tion has a dramatic influence on the forms and the energy states of adsorbed
hydrogen. In particular, as seen in voltammetric curves, at low hydrogen coverage
the energy of interaction on Pt single crystal faces varies in the order
(111)>(100)> (110). However, as the coverage increases, the heat of adsorption
decreases and the difference between the three main faces almost vanishes [288, 289].
Moreover, anions interfere with hydrogen adsorption [290, 291], which might explain
some of the discrepancies often found in the literature.

Investigations of hydrogen evolution on single crystal faces are sparse and almost
entirely by the Soviet school. The literature up to 1984 has been reviewed by the pre-
sent author [292] and need not be reexamined in detail here. The evidence is that
despite major effects at low 6y, the crystallographic orientation has a minor in-
fluence on the electrocatalysis of hydrogen; the variation with the electron work
function, @, or the potential of zero charge, E,_,, of the crystal face is however
negligible compared to the variation over the same range of @ [54] or E; _, [293]
exhibited by a large group of polycrystalline metals (Fig. 12).

Since 1984, only a few additional papers have appeared. These confirm the minor
influence of the crystallographic orientation for Pt [294], Ni [295], and Ag [199]
single crystal faces. Particularly detailed is the investigation carried out by Hamelin
and Weaver [296] who have compared the activity of hydrogen evolution for seven
faces of Au including some of high index. It is intriguing that the activity is higher
in the presence of Li than in the presence of Na in the electrolyte. On the main faces
the activity varies in the sequence (111)<(100)< (110) but altogether the activity
spans a factor of ca. 3.5 fold over a range of E,_ of about 0.3V (Fig. 13). Over
the same range of E, _, for polycrystalline metals the activity is observed to change
by three orders of magnitude [293]. The conclusion of the authors has been that ad-
sorbed hydrogen is stabilized on surfaces of higher step density, i.c., atoms of lower
surface coordination number give stronger M-H bonds. However, this does not seem
to be the conclusion of quantum-chemical calculations of H adsorption on single
crystal faces of Ag [297]. On the other hand, it agrees with the suggestion that sites
for H adsorption on Ni are atoms at the edges or summits of crystallites [262].

Investigations on single crystal faces of Ni have also indicated that well-defined
faces give higher Tafel slope than the polycrystalline surface, and that the adsorption
of hydrogen also depends on the crystal face [295].

Studies on single crystal faces have indicated that, on the whole, the crystal-
lographic orientation has a minor influence on the electrocatalytic activity. Of the
possible explanations which can be offered [292], a reasonable one is that the high
coverage with adsorbed hydrogen far from equilibrium smoothes down the dif-
ferences in AH,y from face to face. Actually, quantum chemical calculations
reproduce more closely the situation at 8;—0, which does not usually correspond
to the real situation under cathodic load. Another possibility is that the hydridic
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Fig. 12. Activity of single crystal faces of a number of metals for electrolytic hydrogen evolution
as a function of the electron work function. (————) Relationship found with polycrystalline
metal surfaces [54]. Adapted (updated) from ref. 292, by permission of Elsevier Sequoia.

nature of the M-H bond on electrodes (i.e., the competition with solvent adsorption)
almost compensates the differences that would exist for the bare metal surface [223].
It is to be stressed that results with single crystals do not disagree with the weak effect
in general observed with various surface treatments. Therefore, electronic factors
seem to prevail over structural factors. Nevertheless, there are indications that very
active sites can be obtained with atoms in a very low coordination state.

3.3 Adatoms

Unlikely ion implantation, adatoms can be deposited in situ on the cathode surface
at underpotential. The mechanism of adsorption, its potential dependence and the
state of the adsorbed atoms has been widely discussed in the literature [66, 193, 194,
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Fig. 13. Activity (measured as electrode potential at a given current density) for hydrogen genera-
tion on various Au single crystal faces as a function of the respective potential of zero charge. Elec-
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tionship found with polycrystalline metals [293]. Adapted from ref. 296, by permission of Elsevier
Sequoia.

298]. In respect to ion implantation, the choice of metals to be deposited in situ is
however, limited to the elements which can be deposited in the underpotential region.
This restricts the choice mostly to post-transition sp-metals.

It is invariably reported that adatoms of Pb, T, Se, Sn, etc. on Au, Pt, Ir or Ag
always give rise to deactivation of the surface for H, evolution [299—303]. The
mechanism has been investigated especially by Motoo et al. [304] who have related
the activity to the structure of the overlayer. Deactivation is mainly attributed to
blocking of the surface active sites, so that it can be followed as a function of surface
coverage by adatoms (Fig. 14). This turns out to provide an elegant approach to iden-
tifying the mechanism of hydrogen evolution [302, 303]. If the rate determining step
involves only one active site, a linear decrease of j with 8y is observed, otherwise
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Fig. 14. Activity of Pt for hydrogen evolution in 1 M HCIO, as a function of the coverage with
underpotential deposited Pb. A change in mechanism with Pb coverage is indicated. After ref. 303,
by permission of Pergamon Press.

the pattern is more complicated, usually with an abrupt drop in activity at 8,;=0.5
if hydrogen atom recombination is the rate determining step [304].

Motoo [305] has also been able to show that an order-disorder transition in the
overlayer can affect the activity of the surface (this may be related to the homogene-
ous adatom surface distribution vs cluster, or island formation), and that the elec-
trocatalytic activity depends solely on the surface structure and not on bulk proper-
ties. The latter point has been demonstrated [306] by noting the similarity in the
behavior of Au on Pt and of Pt on Au. Limited synergetic effects have been observed
in both cases.

The study of inactive adatoms on noble (precious) metals has little impact on the
practical problems of cathode activation for two reasons: (i) deactivation is the more
common occurrence; (ii) adatoms are not stable in the absence of ions in solution
where a finite level of precursors must be maintained, which in fact corresponds to
the approach of in situ activation. The presence of ionic impurities in solution may
pose serious technical problems. Studies of adatoms activation of Raney Ni, a material
of current use in technology, can have a greater practical impact. It is interesting that
the adsorption of Cd or Pb normally results in a sizable enhancement of the catalytic
activity of Raney Ni [307—312]. The Tafel slope of the Raney Ni used by these authors
is reported to decrease to ca. 30 mV as the catalyst is first soaked in a solution of the
nitrates of the above metals [307, 308] (Fig. 15). The electrocatalytic activity is ob-
served to increase slowly with time of adsorption as well as of polarization.



Progress in Cathode Activation 31

-0.1 T—

/
/
/

~~
.\.
02 \'\'
\
'\\
~

L ] ] I
1 15 2 25

fog {j/mA cm2)

Fig. 15. Effect of adatoms on hydrogen evolution (6 M NaOH). (1) Pure Raney Ni; (2) Raney Ni
after dipping in a 0.5M solution of CdSO,. Adapted from ref. 309, by permission of Plenum
Press.

The explanation offered is that the electronic state of Cd or Pb on Ni is different de-
pending on the polarization potential, and reaches steady-state conditions with slow
partial charge transfer from the Ni surface to the ad-ions. The results show that adsorp-
tion of the ad-ions gives rise to displacement of preadsorbed hydrogen [307] with crea-
tion of new adsorption sites of more favorable adsorption energy [310]. This results
in a change of mechanism. It is interesting that in the case of Ti [313] and Sn [314]
adsorbed on Ir the activity continues to increase for some time at constant coverage,
which indicates that the electronic state of the adatoms changes slowly with time com-
pared to the rate of adsorption. It is thought that the modification is in the direction
of slow metallization of ad-ions since the charge originally carried by them is unfavor-
" able to hydrogen ion discharge. On the other hand, it is precisely the removal of elec-
trons from the neighbouring metal atoms the cause of the creation of new active sites.

Results with Raney Ni and Ir show that the presence of adatoms does not exert
only a blocking effect in the case of hydrogen evolution, but that partial charge
transfer is the main mechanism by which new (or different) sites are created [314,
315] (Fig. 16). It is to be mentioned that the nature of the anion is also important
[316] as the electrode is loaded with the precursor by soaking. The maximum effect
has been observed with Cd(NO;), [311], with Pb(NO;), second [308]. Some
evidence that a mechanism involving NO5 reduction may be responsible for the ac-
tivation of Raney Ni has been offered [311]. Using CdSO, no effect has been ob-
served on smooth Ni by other authors [26].
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Fig. 16. Effect of adatoms on hydrogen evolution (0.5 M H,SO,). Dependence of overpotential of
an Ir electrode on the degree of charge transfer (in units of electronic charge) to adsorbed Ti ions.
Figures by the points indicate the adsorption potential. Adapted from ref. 313, by permission of
Plenum Press.

The importance of electronic interaction as the basic mechanism leading to
synergetic effects is also suggested by results showing that the simultaneous under-
potential deposition of Cd and Tl on Ag(111) results in an enhancement of the
hydrogen evolution rate while inhibitory effects are shown by the two kinds of
adatoms separately [317].

3.4 Dispersed Microcrystals

On the way from adatoms to bulk solids there exist two intermediate structures:
microcrystals and thin films. Both can be used to modulate the electrocatalytic prop-
erties with a modest expenditure of active materials.

The form of dispersed catalyst is especially suited for work with precious metals;
no such stringent limitation in the amount of material is needed with other less ex-
pensive materials. On the other hand, finely subdivided catalysts are necessary for
use in the SPE (solid polymer electrolyte) technology [10, 318 —320}. When dealing
with dispersed catalysts, the degree of dispersion (particle size effect) and the nature
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Fig. 17. Activity for hydrogen evolution (0.5 M H,SO,) of Pt microdeposits on unoxidized (@) and
thermally oxidized (M) valve metals (Ti, Ta, Nb, Zr) as a function of particle size (decreasing with
decreasing parameter S,). (— — — —) Pure Pt. Adapted from ref. 326, by permission of Pergamon
Press.

of the support (metal-support interaction) play paramount roles. Intensive studies
have been devoted to the properties of microdeposits of metals notably by Kinoshita
and Stonehart [321—-325], and by Bagotskii, Vassiliev et al. [315, 326—-330].

Details about preparation and characterization of dispersed microcrystals can be
found in review chapters [322] and will not be dealt with here. All investigations in-
dicate that the properties of microcrystals differ considerably from those of bulk
metals (and from those of adatoms and thin films as well) [328], and that they can
also be influenced by the nature and texture of the support. In particular, micro-
deposits of precious metals on various inert supports (Ti, Ta, Zr, Nb, glassy carbon
etc.) exhibit enhanced electrocatalytic effects as evaluated per metal atom, while the
mechanism of H, evolution remains the same [329], and the enhancement increases
as the crystallite size decreases [326, 331] (Fig. 17). However, while this is the case
with Rh, Pt, Os and Ir, Pd shows only an insignificant increase, whereas for Ru even
a drastic decrease is observed [315, 332]. Thus, the effect of crystal size on the
catalytic activity appears to depend on the nature of the catalyst (without any rela-
tion with the crystal structure group) [330].

It is very intriguing that as the particle size decreases below a critical value, its
properties are so modified that new features appear [331]. Thus, the well-known two
forms of hydrogen present on massive Pt become in fact three, and the amount of
the third one increases as the particle size decreases [323]. The well-known ability of
Pd to dissolve large amount of hydrogen disappears as the crystallite size decrease
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below about 2.5 nm [333]. Techniques of observation at high resolution are needed
for these investigations [322]. TEM and STM are particularly suitables.

The electrocatalytic effect of small crystallites is attributed to the metal-support
interaction [326, 330], a well known and widely discussed topic in catalysis [334]. In
particular, since precious metals have high electron work functions, electrons are in-
jected from the support into the crystallites thus modifying considerably the electron
density which becomes a function of the crystal size. The fact that the effect of dif-
ferent supports is not visible [335] can be explained in terms of a large A, so that
the variations between different supports are very small [326]. However, in the case
of carbonaceous supports, different preparations of the support may result in sizable
effects because the morphology of the overlayer can be influenced [336].

As the particle size decreases, the ratio between the number of atoms at the sur-
face to those in the bulk increases with a parallel decrease in the average coordination
number for the metal atom, which is also expected to be a factor of electrocatalysis.
It has been calculated for Pt that the minimum size of a crystallite (cluster) for all
atoms to be on the surface is 4 nm, corresponding to a specific surface area of
280 m? g~ ' [322] (note that this is larger than the critical particle size where absorp-
tion of H atoms disappears on Pd) [333]. It is also interesting that dispersed catalysts
can in turn influence the electronic properties of the support so that an interesting
combination of sites with varied properties can result [330]. At low catalyst loadings,
spillover of intermediates is also possible.

It has already been mentioned that “pigmented” cathodes can be prepared by co-
depositing, for instance, nickel together with small amounts of activating substances
[151]. Such a structure may resemble a dispersed catalyst on an active surface (Ni),
and the particle size can play a role. No detailed studies are presently available in
this direction. “Pigmented” catalysts are suitable for application in chlor-alkali cells
or other technologies. However, dispersed (powdered) catalysts are necessary in the
SPE technology presently available for water electrolysis and, hopefully, soon also
for other processes. In the case of SPE technology, the catalyst must be porous and
therefore dispersed, and the degree of dispersion has to be optimized [337].

3.5 Modified Electrodes

The term “modified electrodes” encompasses a broad variety of electrode materials
obtained by attaching a monomolecular layer of a specific compound on the surface
of a conducting solid [338]. In electrocatalysis, modified electrodes are common in
the field of oxygen reduction, where carbon materials can be modified for example
by attaching layers of macrocycles. Modified electrodes are very common in the field
of molecular or supramolecular electrochemistry, especially in the organic area.
For hydrogen as well as for oxygen evolution, where current densities are very
high, modified electrodes are uncommon. Actually, adatom activated surfaces may
fall into this category although they are not customarily included there, and in any
case the use of the term becomes only a semantic question. To the knowledge of the
present author, only very few investigations have been carried out with classically
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modified electrodes for H, evolution. In particular, cobalt porphyrins have been
suggested as possible active agents for this reaction [339, 340]. The support has been
glassy carbon. However, the H, evolution rate has been found to be very low, while
the stability of the overlayer is insufficient. Nevertheless the catalyst is claimed to be
potentially very active, and if incorporated into Nafion, it can become very stable.
The problem is thus confined to finding a suitable support [340].

The mechanism of action of some Co porphyrins has been investigated [339]. It
has been suggested that Co (1) is responsible for the reduction of water so that a sort
of surface redox catalysis is operative. The principle of the activity is not very dif-
ferent from that of composite solid materials, e.g., oxides. Various solvents have been
tested, and it has been found that the catalyst is especially active in neutral solution
since the redox potential of the Co (II)/Co (I) couple approaches the potential of the
H*/H, couple.

A different kind of modification, which actually links this category of electrodes
with surface alloys (discussed later), is that obtained by depositing a polymeric array
of oxometalates (silicotungstate or phosphosilicomolybdate) on a metallic or non-
metallic support [341—343]. The activation can be accomplished in situ by dissolving
in solution a small amount of H,SiW,,04, or HPW ,0,, (or other derivatives of
the tungstic and molybdic acids) [344, 345] and polarizing cathodically [346]. During
the first moments a drastic enhancement of the H, evolution reaction is observed,
while a film is formed on the electrode surface. Later, oxometalates entrapped in
polymeric matrices have also been used [347—350]. Alternatively, it has been shown
that the above catalyst can be co-deposited with Ni from a Watts bath to form a
“pigmented” surface [352].

In both cases, the enhancement of the electrode activity has been documented
(Fig. 18). However, the characterization of the former electrodes in particular,
although carried out with both electrochemical [352—355] and physical techniques
[356], still appears insufficient. It is likely that Si and W are on the surface, but the
amount of Si is minor, and the state of oxidation of both is unknown. It is not im-
probable that some forms of oxides may be present. Voltammetry shows that the ac-
tive material exhibits a number of redox transitions close to the hydrogen evolution
potential, and it is probably a form a surface redox catalysis which actually takes
place. The active sites are thus provided by the surface redox centers.

The mechanism of hydrogen evolution has been briefly investigated both in acid
[357] and in alkaline solution [358]. The kinetic parameters observed suggest that the
mechanism remains the same in both media. Since the Tafel slope has been found
to be around 120 mV (on glassy carbon as a support), the surface does not appear
to be especially catalytic. The exchange current density is reported to be indeed re-
markably high (about 1072 A cm~2), but due to the high Tafel slope the expected
overpotential cannot be less than 0.25V at 1 A cm 2 even though no further com-
plications should arise. It has been reported [342, 354] that the same catalytic activity
is achieved with different supports. This indicates that no overlayer-support interac-
tion is operating, and that the overlayer is catalytic. However, the electrocatalytic ac-
tivity has been assessed on the basis of the exchange current [342], which does not
account for the fact that at high current density a material with low Tafel slope can
easily surpass these modified electrodes. It is to be mentioned that the in situ
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Fig. 18. Voltammetric curves showing the activation of glassy carbon (— — —) for hydrogen evolu-

tion in 0.5 M H,SO, by in situ modification with a,-P,W,;;M00,K (
permission of Elsevier Sequoia.
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deposited material appears to be stable both in acid and in alkaline solution, which
makes in principle these electrodes interesting especially for hydrogen evolution at
low pH for which the options are very limited (e.g., borides and carbides).

Stability tests have shown [359] that these modified surfaces can be stable for
more than 3000 hours. It is interesting that no deactivation has been observed in the
presence of metallic impurities in solution. An activation of the surface has even
been observed, which is to be related to the decrease in Tafel slope brought about
by the deposition of small metal particles [167]. This is rather a proof that the
original surface is not especially active for H, evolution (cf. Section 4.6).

The “pigmented” electrode has shown a more marked electrocatalytic effect
[351]. The Tafel slope in acid solution decreases substantially with respect to pure
Ni. The decrease in overpotential is substantial even with respect to Pt. SEM analyses
have shown that the surface is very rough and that no apparent damage issues from
a prolonged electrolysis. The considerable roughness of the surface may be the
source of the observed resistance towards the deactivating action of Cd and Hg im-
purities in solution.
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The catalytic activity of these oxometalates is well documented [360, 361]. An in-
active surface of TiO, becomes an efficient catalyst for H, evolution as it is
derivatized with silicotungstic acid [362, 363]. However, while real electrocatalytic ef-
fects seem likely for a pigmented Ni surface in view of the lower Tafel slope observed
(which can also be due to some activation of the Ni itself), these are not completely
established for the surface of pure oxometalates: surface area effects could be entire-
ly responsible for the apparent activation. The real surface state of these electrodes
deserves to be further investigated since these materials might fall into the category
of amorphous phases.

4 Specific Materials

A more specific discussion will now be devoted to classes of materials which have
been used more often in practical applications. Separation into groups has normally
been quite a straightforward operation. Some ambiguity may remain between alloys
and intermetallic compounds. While the metallurgical definition is quite clear, the
assignment of some materials to either group used for electrochemical investigations
can be a perplexing task. As a rule, materials have been classified as intermetallics
as their nature resulted clearly from the context of the given paper. However, while
this is only a problem of classification, a possible misplacement of a material cannot
detract from the validity of the discussion.

The analysis will start with some discussion of Fe and Ni electrodes which are
still the most economic and largely used technological materials.

4.1 Iron and Mild Steel

The hydrogen evolution reaction on pure Fe and on steels has been investigated in
great detail because of its relevance to corrosion problems. No detailed discussion
will be given here. A specific review has recently appeared in the literature [364].

H, evolution can proceed on Fe surfaces both in acidic and in alkaline solution.
However, the metal is more appropriate for alkaline solutions although it cannot
withstand high caustic concentrations and high temperature, The Tafel slope is usual-
ly around 0.12 V [365—368] pointing to either the primary discharge or electro-
chemical desorption as the rate determining step. The coverage with hydrogen
reaches intermediate values [368 —370], but penetration beneath the surface has been
pointed out [371, 372].

No particular difference in mechanism is observed between iron and steels, but
the way Fe is prepared (e.g., its purity) bears on the activity [368, 373]. The discharg-
ing particle is H* in acids and H,O in alkalis. In buffered solutions [374] the acid
component of the buffer probably participates in the reaction mechanism, at least
beyond a critical concentration. The effect of pH has been investigated over the com-
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plete pH range [366, 371]. Both “anomalous” [230] and “normal” [366] effects of
temperature on the Tafel slope have been reported.

The mechanism of hydrogen evolution has been investigated by impedance mea-
surements [371] and hydrogen-tritium kinetic isotope effects [375]. The effect of
halides dissolved in solution has been studied [372, 376]; these ions increase the over-
potential in the sequence Cl— <Br— <I— Adsorption isotherms for halides have been
derived. They conform to the Temkin adsorption model with partial charge transfer.
The lateral interaction between adsorbed particles has been calculated. It is higher for
Br— than for I- and increases with overpotential on account of the weakening in the
metal-halide bond. Thus, halides are substantial poisons for hydrogen evolution on
iron. Poisons also include metal ions such as Cd**, Zn®>*, and Mn** [26].

The mechanism may change from acids to alkalis in some cases [365]. This may
be related to the higher sensivity of the Fe surface to oxidation in alkaline solutions
[365, 367]. Actually, the corrosion of Fe proceeds also under moderate cathodic load
[368]. Impedance measurements have suggested that the classical mechanisms of
hydrogen evolution is probably inadequate to describe the situation on Fe [377]. A
surface diffusion step with spillover of hydrogen to sites with lower M-H energy has
been suggested. Adsorption of CN— interferes with such a diffusion.

A new mechanism has been proposed to account for the role played by surface
oxides [372, 375], where the rate determining step is the reduction of surface oxides:

FeOH+H* +e—Fe+H,0 )

followed by the chemical reduction of water due to the very active bare surface metal
sites:

Fe+H,0—»FeOH+1/2H, . (10)

The inhibiting effect of halides is explained not in terms of an effect on the M-H
bond but rather as an influence on the M-OH bond strength and on the degree of
coverage with oxidized sites. The degree of poisoning depends also on the
mechanical treatment of the surface [372, 373]. On an electropolished electrode the
coverage by hydrogen becomes affected at a higher halide concentration than on a
mechanically renewed surface. On the other hand, electrochemically polished elec-
trodes show a higher overpotential than those mechanically polished.

The metal-water interaction has also been suggested [373] to play a role in deter-
mining the extent and strength of hydrogen adsorption. The metal-water interaction
is potential dependent; in particular it decreases as the potential is made more
cathodic. Thus, pseudo-capacitances were observed at higher overpotential than 0.3V
because of the appearance of a considerable amount of adsorbed hydrogen.

4.2 Nickel

Nickel is certainly the material most widely used for cathodes and activated
cathodes. Various procedures have been suggested to modify the structure of the sur-
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face and its morphology with the aim to increase the surface area and to possibly
enhance the electrocatalytic activity [51].

4.2.1 Smooth Nickel

The mechanism of H, evolution from acids and bases was investigated long ago
[378]. The Tafel slope is invariably around 120 mV while the surface is heavily
covered with adsorbed hydrogen. The r.d.s. is normally the primary discharge of
H* in acids and of H,O in alkaline solution. An alternative mechanism has been
suggested [379] for caustic solutions according to which H,4 is formed from the
chemical reaction of H,O with electrodeposited alkaline metals (cf. steps (6) and (7)
above). Evidence has been provided [190] to support this mechanism, but arguments
against have also been offered [378]. However, the details of the mechanism do not
seem to change the general picture.

The activity of Ni cathodes decreases under prolonged cathodic load [380, 381].
This is primarily due to absorption of hydrogen which can reach quite considerable
concentrations [382]. The diffusivity of H in Ni has been measured [383]. However,
the mechanism does not appear to change on deactivated electrodes [380]. An in-
crease in temperature appears to conform to the kinetic predictions in some cases
[378], but at temperatures above 80 °—100°C, a dramatic activation is observed [380,
384] which must be related to some modifications occurring on the electrode surface.

Oxides are always present on the surface of transition metals in alkaline solution.
At open circuit they are intermediates in the mechanism of corrosion. The resistance
of Ni towards corrosion in base is better than Fe or mild steel, especially at high
caustic concentration and high temperature [23, 24]. The role of surface oxides in
the cathodic range of potentials depends on the conditions of their formation. Thus,
a reducible layer of hydroxide Ni(OH), or even oxohydroxide NiOOH has been
found [385] to be beneficial for the electrocatalytic activity. It has even been claimed
[386] that some good performances are specifically due to the formation of oxide
layers during the preparation (Fig. 19). An activation of the Ni surface by the ap-
plication of anodic current pulses has been reported [387] to be beneficial owing to
the formation of Ni(OH), layers. This has been confirmed by impedance studies of
the mechanism [388].

Surface oxides are easily reducible if formed at low anodic potentials but they
can become deactivating if formed at higher potentials, as during a cell shut-down.
For the latter case, specific remedies have been suggested. For example, if a metal
hydride capable of absorbing large amounts of hydrogen is introduced into the
cathode structure, it can be charged on cathodic load and discharged during shut-
downs thus protecting the Ni surface from anodic oxidation [109, 389, 390]. Due to
the presence of surface oxides which are anyway difficult to reduce quantitatively,
the effect of temperature on the kinetic parameters is difficult to interpretate in terms
of established concepts [391].

The adsorption of H on Ni around the reversible potential can be estimated by
charging curves, potentiodynamic curves, and impedance measurements [96, 382,
392, 393]. The heat of adsorption decreases as the coverage increases, but the
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Fig. 19. Tafel lines for hydrogen evolution in 30 wt% KOH, 80°C, on plasma-sprayed Ni cathode
coatings reduced under H, atmosphere for 30 min at different temperatures. (1) Electrode as
prepared; (2) Reduced at 200, (3) 300, (4) 400, (5) 500 °C. After ref. 386, by permission of Chapman
& Hall.

coverage is close to saturation of E,,. This enables the true surface area to be deter-
mined from the charge spent to ionize the adsorbed hydrogen. A capacitance value
of 260 uF cm ™2 [96] or of 1120 mF cm ™2 [382] (depending on the procedure of
calculation) has been suggested as a basis for surface area determinations. The
amount of adsorbed hydrogen increases with increasing temperature as expected for
an activated process. Comparison between gas phase and solution shows that water
molecules occupy some of the sites otherwise covered by hydrogen [393]. However,
hydrogen preadsorbed in the gas phase is not displaced as the sample is immersed
in solution [394]. This indicates an interaction between two adsorbing sites. However,
the amount of hydrogen adsorbed in solution is lower than in the gas phase [93]
(Fig. 20); this fits in with the predictions based on the position of Ni on the
hydrophilicity scale of metals [223].

The amount of adsorbed hydrogen decreases in the presence of halide ions [395,
396]. This is due to a decrease in the M-H adsorption energy induced by ion-specific
adsorption with partial charge transfer. The decrease in M-H bond strength results
in an increase of overpotential. The effect is lower for Cl~ and higher for I~. How-
ever two joint effects are operative: one due to electronic modifications, and the
other one of an electrostatic nature related to a change in the local electric potential
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Fig. 20. Coverage of Ni with adsorbed hydrogen (1,1") and with adsorbed oxygen (2), in the gas
phase (1') and in alkaline solution (1, 2). (@) Dispersed Ni; (O) Compact Ni. After ref. 93, by per-
mission of Elsevier Sequoia.

(¢p-effect). With CI™, the latter is more important than the former. The reverse is
the case with I~. The overpotential decreases as the acid concentration increases
and the effect is observed to be stronger in HCI than in H,SO, solutions. A ¢-effect
is invoked in this case as well [397]. However, a possible role of the decrease in the
dielectric permittivity of the solution at high ionic concentration has also been
pointed out [398].

4.2.2 Raney Ni

With the aim to enhance the apparent current density of Ni cathodes, several surface
treatments have been proposed to increase the surface area. The simplest procedure,
and therefore the one of routine, consists in sandblasting the surface. The Tafel line
turns out to be shifted towards higher currents without changes in its slope [137].
Sandblasting is a common operation also prior to proceeding to the further activa-
tion of cathodes (or anodes) [259]. The aim is to provide a support of larger surface
area and to ensure better adhesion of the overlayer.

Since improvements achievable with bulky electrodes are limited by the structure
of the electrode itself, sintered, porous, Teflon bonded, or phosphate-bonded Ni
electrodes have been proposed [386, 391, 399, 400]. A mere increase in surface area
is observed without any change in Tafel slope. The same is the case with Ni wiskers
in spite of their very large surface area and small particle size [401, 402]. A decisive
modification of the kinetic pattern is indeed obtained as Raney Ni is used [93, 403]
(see Fig. 11). This form of Ni is well known also in the field of hydrogenation
catalysis. As an electrocatalyst it was proposed by Justi et al. [404] long ago. Raney
Ni is obtained by allowing Ni with a component (usually Al or Zn) which is then
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leached away in caustic solution. The dissolution of the soluble component leaves
a porous structure with a very high surface area and particularly active metal sites
[135, 406}. However, there is evidence that not all of the “inner” surface of Raney
Ni works under intense hydrogen evolution [51, 135]. Moreover, under long-term
cathodic load, the structure of the electrocatalyst may change with extensive sinter-
ing and recrystallization phenomena leading to progressive deactivation [405].

Raney Ni is normally unstable in air immediately after it is charged with
hydrogen. Various remedies have been proposed to alleviate this shortcoming, in-
cluding the co-deposition of pulverized Raney Ni in a Ni matrix which can disperse
the heat produced [137], and the controlled anodic ionization of the adsorbed
hydrogen before the use of the Raney material [135].

Variants of preparation have been proposed [135, 248] including sintering [391]
or co-electrodeposition of the precursors [138, 407], and “aluminization” of the sur-
face of Ni at high temperature whose nature has a definite effect on the resulting
electrocatalytic activity [408]. The main features of Raney Ni have been evaluated,
including the pore size distribution and the real surface area (93, 135]. It has been
found that the composition of the precursor alloys and their particle size have impor-
tant influence on the adsorption properties of the resulting Raney metal, hence on
its electrocatalytic properties [409].

Raney Ni evolves hydrogen exhibiting a two-section Tafel line [93, 248, 406, 408].
At low overpotentials b is around 40—60 mV, at high overpotentials it is close to
120 mV. The Tafel slope of the first section is usually observed to decrease with in-
creasing temperature, which suggests the probable occurrence of a change in the sur-
face state.

Raney Ni with additives is also used [77, 276]. In particular, valve metals are add-
ed to stabilize the catalyst structure [102, 410, 411], thus decreasing the recrystalliza-
tion and sintering which always takes place as the solution temperature is raised [412)
(which points to the high energy state of such an electrode structure). In this respect,
potential cycling has also been observed to be detrimental since it can induce
recrystallization [407]. This is probably the reason why surface oxidation may be
deleterious with Raney structures [390] while it normally results in improved elec-
trocatalytic properties with bulk Ni electrodes [386]. However, after prolonged
cathodic load resulting in deactivation, Raney Ni electrodes can be reactivated (tem-
porarily) by means of anodic sweeps [405].

Various metals can be prepared in Raney form [410, 413, 414]. In particular Co,
Fe and Ni—Co have been compared with Ni. While in one case the presence of Co
has been found detrimental [407], in another synergetic effects have been claimed for
Raney Ni—Co alloys [415]. Alloy compounds will be discussed later on.

More complex structures have been designed to meet special technological re-
quirements. A cathode developed by the Japanese chlorine industry [416] consists of
a layer of Ni electrodeposited on steel, covered by a second layer of Ni co-deposited
from a bath containing dispersed active charcoal, with on top a layer of an elec-
troplated Ni—S alloy to impart better mechanical strength thus avoiding erosion of
the active layer by evolving hydrogen. The sandwich-like sequence is repeated several
times. Although sulfur is partly leached away during cathodic operation, the protec-
ting layer is not destroyed and does not have any adverse effect on the performance.
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This cathode (called TWAC) exhibits a low Tafel slope up to a few kA m ™2 so that
the reduction in overpotential, compared to the traditional cathodes, reaches 0.2 V
at 3 kA m~? which is almost the same as that achieved with a Rh-activated cathode.
The resistance to poisoning by Fe impurities is also improved; this is probably related
to 4its exceptionally high surface area, the roughness factor being of the order of
10%.

4.3 Interstitial Compounds (Carbides)

Ni or steel, although as active in acid as in alkaline solution, are not suitable materi-
als for strongly acid environments, such as water electrolysis by SPE or with a
SO,-depolarized anode, or electrolysis of HCl and H,SO, solutions.

Precious metals are natural candidates under similar circumstances, and carbides
have been proposed to replace the more expensive precious metals [417]. Typical car-
bides are those of W [418, 419], although some Cr [420] and Ti [419, 421] carbides
have also been investigated.

Carbides were first proposed as anodes for H, ionization in electrochemical
power sources [422]. The higher activity of WC with respect to W for H, evolution
was discovered about forty years ago [423], but the first practical proposals for the
use of carbides as cathodes are found only recently under the influence of research
aimed at the development of more efficient water electrolyzers [424]. More recently,
aqueous suspensions of WC have been proposed to catalyze H, formation in the
presence of the reduced form of a redox relay that is continuously generated through
a photochemical reaction [425].

WC is intrinsically not very active since the exchange current for smooth elec-
trodes is of the order of 107% A cm ™2 [423, 426]. Two Tafel slopes are usually ob-
served, ca. 50—60 mV at lower overpotentials, and ca. 120 mV in the high overpoten-
tial region [418, 419, 426, 427]. However, the overpotential for WC is much lower
than for TiC and is stable with time [423]. The activity appears to depend on the
carbon content, increasing with some departure from the stoichiometric ratio [92,
428] (Fig. 21). CryC, and Cr,C, show similar patterns, with the former apparently
slightly more active than the latter [427, 429]. The mechanism proposed is slow dis-
charge or slow electrochemical desorption under Temkin adsorption conditions. The
active sites are suggested to be the metallic atoms. It is interesting to note that a
regular behavior has been observed for the effect of temperature on the Tafel slope
in both sections of the Tafel line [426].

The WC electrode has been suggested [92] to lie on the ascending branch of the
volcano curve. As the carbon content departs from stoichiometry (deficit), the M—H
bond strength increases with a shift of the activity to higher values. However, no
maxima have been observed on the anodic charging curves, which suggests that the
coverage with adsorbed hydrogen is probably low [430]. Anodic ionization of H, is
however preceded by an adsorption step.

Surface oxides play a paramount role in imparting the electrocatalytic activity to
W carbides [92, 426—429]. W is known to be covered by a thin oxide layer which
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Fig. 21. Effect of carbon deficit on hydrogen evolution in 0.5 M H,SO,, 20°C, on W carbides.
(1) WGC; (2) WC,,. After ref. 92, by permission of Plenum Press.

is reduced only with difficulty. If W electrodes are pretreated cathodically they
become more active than WC. Electrodeposited W has been shown to behave similar-
ly to electroplated Ni [431]. Thus, W oxides deactivate the electrode surface for H,
evolution. Carbon stabilizes W towards oxidation; the higher the carbon content the
higher such a stabilization, but the carbon content itself has an adverse effect on the
electrocatalytic activity. As a C deficit is present, not only the susceptibility to anodic
oxidation, but also the electrocatalytic activity increases. Therefore, the departure
from stoichiometry must be limited. However, the stoichiometric surface is more cor-
rodible than the non-stoichiometric surface.

Since WC is intrinsically not very active, special electrode structures have been
aimed at increasing the surface area. In particular, Teflon-bonded WC electrodes
show enhanced activity which, however, depends on the details of preparation [424].
WC prepared by carburizing WO, [432] incorporated into bonded graphite powder
[433] has shown the highest activity (Fig. 22). It has been found [433] that the most
active electrodes consist of an oxide-free layer of hexagonal WC with particle size
ranging 10—20 nm. WC cathodes containing unreacted WO, or other tungsten ox-
ides have been found to be correspondingly less active. Long-term tests have shown
a loss of a few percent of the active layer.

Results concerning other interstitial compounds are sparse. The hydrogen over-
potential on non-stoichiometric TiN, increases with the N content [434]. These ma-
terials are thus less active than pure Ti. The Tafel slope is about 120 mV independent
of N content. Decrease in M—H bond strength with N content has been suggested.
Hydrogen penetration has also been observed.

Nickel boride (Ni,B) has been quoted sometimes as an excellent electrocatalyst
in alkaline solution [3, 10, 400]. However, there exists only one paper describing a
practical stability test [107]. A patent filed in 1974 describes the electroless formation
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Fig. 22. Current-overpotential curves for hydrogen evolution in concentrated H,SO, on differently
prepared WC cathodes. (1) Teflon-bonded powder; (2) Teflon-bonded powder pressed onto glided
Ti; (3, 4) Powder pressed onto graphitic support (in two different conditions). After ref. 432, by
permission of JAHE.,

of Ni,B layers [435]. The structural state of the compound mentioned above has
never been explicitly specified. No further results have apparently been published
since 1982.

Nickel boride with the same composition as the above one has been investigated
in the amorphous state (see Section 4.8). Borides and nitrides of other transition
metals, in particular the valve metals Zr, Nb, Ta, and W, have not shown any in-
teresting activity for hydrogen evolution [436].

4.4 Sulfides

Studies of hydrogen evolution on sulfur activated cathodes appeared for the first
time (but see ref. 74) in the late 70’s in connection with the development of advanced
water electrolyzers [11, 12, 437, 438]. More recently, cathodes of this kind have been
developed for chlor-alkali cells [439]. That sulfur compounds can catalyze hydrogen
evolution has been clearly observed with non-catalytic metals such as Hg [440, 441].

The compound most commonly used is NiS,, whose composition is variable.
But FeS,, CoS,, and NiCoS, (formally NiCo,S,) have also been proposed. Methods
of preparation are varied. They go from electrodeposition in the presence of a sulfur
compound (thiourea, sulfite, etc. [23, 442]), to electroless coating in the presence of
dithionite [443, 444], to “pigmented” electrodes (obtained by electrodepositing NiS,
dispersed in a Ni bath) [151], to sulfidization of the related oxide [445]. As expected,
the activity of the resulting catalyst is largely dependent on such details of the
preparation procedure as composition of the bath, thickness of the active layer,
nature of the support, etc.
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Although these electrodes are customarily referred to as sulfides, they are of a
broadly varied composition; strictly speaking they can even be regarded as amor-
phous materials [442]. In fact, X-ray analysis has shown that NiS, is poorly
crystalline and that some crystallinity is achieved only as the sulfur content is higher
than a critical value (ca. 30%) [439]. The crystalline compound has then be iden-
tified as Ni;S, [446]. Usually, the sulfur content is much lower than the stoichio-
metric one [442, 444, 446, 447], i.e., only a minor part, if any, of the metal can be
really present as a sulfide. The composition can also differ between the bulk and the
surface where there may be a sulfur-rich layer which passivates to some extent the
electrode [139, 448].

The activation of Ni or mild steel with sulfurized layers is well documented [93,
443, 447, 449]. The Tafel slope is usually low, of the order of 40—60 mV, while the
amount of hydrogen adsorbed by the surface increases compared to the non-sulfur-
ized metal. The activity can equal that of Raney Ni, and a Raney Ni electrode ac-
tivated with sulfur can be very active. The activity is largely increased by raising the
temperature [25, 443]. However, the Tafel slope decreases as the temperature rises,
which indicates some other kind of activation.

In the light of common parallelisms between catalysis and electrocatalysis, it is
interesting to note that Co and Mo are used in catalytic processes of hydro-
desulfurization [450]. The activity of sulfide electrodes changes with time [439, 442,
446]. Normally, there is an initial period during which the overpotential decreases,
then it increases again or levels off at a constant activity. The initial improvement
is interpreted in various ways but it is generally attributed to some stabilization of
the electrode surface (Fig. 23). It seems that a hydride phase is formed initially {442].
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Fig. 23. Current-potential (MOE = mercury oxide electrode) curves for hydrogen evolution in
1 M NaOH on an electrolytically prepared NiS, electrode. (1) Initial behaviour; (2) After stabiliza-
tion. After ref. 442, by permission of Pergamon Press.
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This has been proven by showing that anodic activation re-establishes the initial
behaviour. This is also the case with CoS, [451]. However, the composition of the
catalyst changes with time with a constant loss of sulfur [151, 439, 444]. This loss
of sulfur has even been invoked as a possible source of activation since it corresponds
to leaching out of unbonded and passivating sulfur. The loss of sulfur is readily
detected in acid solutions since H,S is evolved, whereas sulfur is leached out as $2~
in alkaline solution [441, 445, 448].

It is interesting that the loss of sulfur does not correspond to a steady decrease
in activity. It is well possible that the leaching of sulfur results in a structure resembl-
ing that of Raney Ni. The kinetic pattern is in fact the same. Some remedies have
been proposed to slow down such a weight loss. For instance, it has been shown [151}
that a small addition of MoS, co-deposited with NiS, in a Ni matrix can apparently
alleviate the problem.

Another source of deactivation is the usual presence of metallic impurities, in
particular Fe, in technical solutions [25, 151, 446]. Fe is deposited on NiS, and can
produce deactivation, but the effect is reduced on account of the larger surface area
and the semimetallic nature of the surface. The addition of MoS, is reported to
result in an improvement in this direction as well. Ni impurities have been found not
to deactivate NiS, electrodes.

NiS, has been observed to behave better than CoS, and FeS,. The decrease in
overpotential can be as high as 0.3 V with respect to Ni [25, 151]. NiCo,S4 (formal
composition) has been found to operate at —0.1 V vs DHE, at a current density of
1 A cm ™2 and has been tested successfully for several thousand hours [444, 452]. At
open circuit a bluish coloration of the solution indicates that some Co is leached out
since it becomes anodic with respect to Ni. A small continuous cathodic protection
would be necessary. Teflon-bonded NiCoS, electrodes have been found to be im-
mune from Fe poisoning; this has been attributed to the precipitation of FeS, on the
electrode surface due to the presence of sulfur in solution leached out from the sur-
face. This condition will not be realized in a continuously flowing solution.

4.5 Oxides

In previous sections it has been mentioned that surface oxides may sometimes
catalyze and sometimes inhibit the hydrogen evolution reaction. As a matter of fact,
DSA-type electrodes developed for Cl, evolution and based on oxide coatings have
been industrially applied to hydrogen evolution in recent times. Patents have been
filed claiming low Tafel slope, insensivity to poisons and long-term stability
[453-455].

Anodic Ni oxides catalyze H, evolution if they are not formed at too high
potentials, otherwise they may depress the activity [93, 385, 449, 456]. Insulating lay-
ers are normally inefficient for hydrogen evolution [457, 458]. It is interesting to note
that semiconductors can reduce the overpotential for hydrogen evolution on Hg and
the effect increases as the semiconductor band gap decreases [459]. This is in line
with the observation that a passivated Nb electrode is not an efficient electrocatalyst
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for H, evolution [460] whereas Sr,NbOj;_s, which is a metallic conductor, evolves
H, with a low Tafel slope [461]. Investigations on Na,WO; were carried out about
20 years ago [462]. These materials showed a dependence of the electrocatalytic ac-
tivity on x with a maximum at about 0.7. The Tafel slope was observed to be 120 mV,
rising to 180 mV at higher current densities. The exchange current was in the range
of 1073 to 10™* A cm 2. However, most of the activity was attributed to traces of
Pt (about 100 ppm) present in the solid [463]. No further developments appear to
have occurred in the direction of the application of these materials as hydrogen
cathodes.

Several studies have addressed the mechanism of hydrogen evolution on passive
metals or bulk semiconducting oxides. Even on Ti the activity improves with the ox-
ygen content as Ti—O alloys are formed. A maximum is observed around 30% ox-
ygen [464]. The Tafel slope is somewhat larger than 120 mV. However, on cathodical-
ly treated TiO, hydrogen can be-evolved with 60 mV slope in the presence of
residual TiO,. An increase in oxide thickness depresses the catalytic activity [465].

The above systems cannot have any impact on the technology of cathode activa-
tion but they are useful for gaining insight into the details of the mechanism [466,
467]. During the cathodic load, hydrogen penetrates into the oxide which is thus pro-
gressively reduced resulting in a variation of its properties. The penetration is likely
to be promoted and assisted by the strong electric field which develops across the
solid phase [468, 469].

The stability of oxides with respect to reduction is often a kinetic problem. In the
case of RuO,, the main component of DSA®, although thermodynamics predicts
that it should not be stable under hydrogen evolution [470], this is not the case.
Under prolonged cathodic load the oxide appears to be stable and no bulk reduction
can be detected [168]. This phenomenon is probably related to the fact that proton
penetration into RuQ, cannot be assisted by any electric field since the oxide is a
metallic conductor [471]. Nevertheless, RuO, can be reduced in a hydrogen at-
mosphere at high temperature [472]. A correlation between the reducibility of metal
oxides in hydrogen and the strength of the oxygen bond in their surface layer has
been proposed [473].

The first investigation of H, evolution on RuQ, was carried out by the present
author about 20 years ago [474]. A Tafel slope of 60 mV was observed indicating
higher activity than Ni and steel, but research in this direction was not pursued fur-
ther over the next fifteen years. More recently, studies have shown that RuO, [168,
227], and also IrO, [475], evolves hydrogen with a Tafel slope of 40 mV from both
acid and alkaline solutions and that the low Tafel slope extends up to current den-
sities of 0.2—0.3 A cm ~2 where a transition to a higher Tafel slope is apparent [476].
It is clear that such an electrode is among the most active materials for H, evolu-
tion. But DSA® are not inexpensive since they contain precious metals and alter-
natives are being investigated. An interesting oxide system is Sr,NbO;_;, a metallic
conductor, which also exibits a Tafel slope of 40 mV (for x>0.95) which extends to
high current densities [461]. The electrocatalyst is suitable for acid solutions and
shows an anodic current after hydrogen evolution which may indicate some hydrogen
absorption. Whether hydrogen is trapped only at the surface is unclear. In the case
of RuO, and IrO, no hydrogen absorption is observed [475, 477].
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The state of the surface is a unique feature of oxide electrodes. The hydration of
surface sites is responsible for a particular mechanism giving a fractional reaction
order with respect to H* which results from a pH dependent electric potential at
the reaction site [478]. A discussion of the structure of the oxide-solution interface
has been given by the present author [479]. Single crystals of IrO, do not show any
tendency to adsorb hydrogen on account of their hydrophobic surface [480], whereas
useful insight into the relationship between nature of active sites and mechanism of
hydrogen evolution can be gained with RuO, single crystals [481]. No kinetic
studies of H, evolution have been carried out thus far on oxide single crystal faces.

Spinels provide another possibility for oxide cathodes [8]. Patents have been filed
covering the thermally prepared spinels of Ni, Co, Fe and Mn [482]. However, very
few details are available. Pure Co;0, is easily reduced cathodically with dramatic
changes of its properties [483]. Additives are necessary to slow down the cathodic
reduction [8]. Studies in the field of catalysis can guide in the search for additives.
Among others, La, Zr and Al are expected to be the most efficient ones [484, 485].
No data are presently available to test this prediction.

By and large, all oxide electrodes need to be stabilized since some reduction takes
always place during long-term use. ZrO, has been proposed as an additive for RuO,
based electrodes [253]. Solid state chemistry investigations suggest that the presence
of small amounts of La,0; together with ZrO, strengthens the action of the latter
[472]. Actually, DSA® never consist of pure RuQO,; they contain valve metal oxides
(usually TiO,) and certain structure stabilizers. The nature of the additives is often
unknown since compositions are developed in industrial laboratories rather than in
academic institutions. For instance, a porous NiO, based electrode has been
developed by Asahi, which is claimed to resist current reversals and high cathodic
currents [140]. The base electrode has been found to drift towards higher overpoten-
tials with the progressive reduction of the oxide. For this reason a more advanced
cathode contains a suitable additive.

Since RuO, and IrO, are usually prepared by thermal decomposition of suitable
precursors on an inert support, the morphology of the active layer is very like that
of a compressed powder [486]. The surface area plays an important role since the
roughness factor can be between 10? and 10°. However, the low Tafel slope observed
is a clear indication of electrocatalytic effects and the high surface area is the factor
which extends the low Tafel slope to much higher current densities. Thus, the com-
bination of these two factors renders these oxides very efficient electrocatalysts for
H, evolution.

The surface area is a function of the temperature of preparation of the oxides
[169, 486]. Thus, the apparent electrocatalytic activity decreases with increasing tem-
perature of calcination (which is usually in the range 350°—500°C) [227, 475]. How-
ever, if the calcination is carried out at too high temperature, the electrode surface
is deactivated probably as a consequence of some dehydration, and the observed
Tafel slope can be very high [487]. The important relationship between the acid-base
properties of an oxide surface in solution and its electrocatalytic properties has been
pointed out by the present author [488].

Phenomena of pore exclusion may occur with gas evolving reactions on very
porous electrodes. This is the case with Raney-Ni electrodes for which a proportional
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increase in activity does not correspond to an increase in porosity [135]. Quite in-
terestingly, no pore exclusion is observed [227, 475} with RuO, and IrO,. The activi-
ty even increases upon hydrogen evolution (self-activation) indicating that surface
reduction promotes the wetting of surface regions otherwise excluded [477]. This has
been attributed to the higher hydrophilic character of a partly reduced oxide surface.
The evolution of gas is thought not to take place directly in the pores, but the internal
walls still work via fast proton transfer along the surface OH groups (something like
a surface Grotthus mechanism).

Since the oxide structure is not reduced, the following mechanism has been pro-
posed [475]:

~M-OH+H" +e » —M-0H, (11a)
l |
| I

—~M-OH,+e—-M-H+OH- (11b)
| |
l

-M-H+H,0» -M-OH+H, . (11¢)

| |

The second reaction is the rate determining step. This mechanism predicts the ob-
served Tafel slope of 40 mV; the fact that the same slope extends to high current den-
sities indicates that the reaction proceeds with low H,4 coverage. The increase in
Tafel slope at even higher current densities may indicate that the first step becomes
rate determining. The same mechanism apparently holds also in alkaline solutions.

An interesting composite activated cathode based on RuO, has been developed
for use in chlor-alkali cells [489]. The cathode consists of a first thermal layer of
RuO, on a Ni support, modified by a second layer made of electroless Ni. This ac-
tivated cathode permits a saving of 250 mV overpotential compared to smooth Ni.
It is intriguing that although observations by SEM show a “cracked-mud” like layer
of Ni, RuO,-like behavior is obtained (Fig. 24). Electroless Ni without RuO, under-
neath does not show activation. It is clear that the electrode works through the
cracks. The modified electrode is much more stable than pure RuO,; it maintains its
performance over long time periods (tests reached almost 2.5 years without any ap-
parent failure), while it is unaffected by Fe impurities in solution.

RuO, has been proposed to “modify” indium tin oxide electrodes used in storage
photoelectrolysis devices [490]. RuO, has been reported to increase the electocatalytic
activity of the system while the optical transparency is not compromised even at rela-
tively high catalyst loads. Acceleration of photocatalytic H, evolution in mixed sol-
vents upon deposition of RuO, on TiO, single crystals has also been reported [491].

RuO, has been found to be an efficient catalyst also for H, evolution assisted by
light [492—495]. A dispersion of RuO, in aqueous solution decomposes water in
the presence of a suitable sensitizer. However, it has been observed [496] that the ac-
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Fig. 24. Current-potential curves for hydrogen evolution in 35 wt% NaOH at 85°C. (1) Electroless
Ni coating; (2) Thermally prepared RuO,; (3) RuO, with electroless Ni coating. After ref. 489, by
permission of Elsevier Sequoia.

tivity of the catalyst depends on the producer, i.e., on the procedure of preparation,
and its efficiency reaches a maximum only after the oxide has been appropriately
prereduced, in line with the mechanism proposed above. Thus, consistent pictures are
obtained from completely independent fields.

Oxide electrodes have been observed to be almost immune from poisoning effects
due to traces of metallic impurities in solution [99]. This is undoubtedly due primar-
ily to the extended surface area. It can be anticipated that the calcination tempera-
ture must have a sizable effect. But in addition, a different mechanism of elec-
trodeposition must be operative. Chemisorption on wet oxides is usually weak
because metal cations are covered by OH groups [479]. As a consequence, under-
potential deposition of metals is not observed on RuQ,, although metal elec-
trodeposition does takes place. However, electrodeposited metals give rise to clusters
or islands and not to a monomolecular layer like on Pt. Therefore, the oxide active
surface remains largely uncovered even if metallic impurities are deposited [168].
Thus, the weak tendency of oxides to adsorb ions, and its dependence on the pH of
the solution is linked to their favorable behavior observed as cathodes in the presence
of metallic impurities.
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It has been suggested [497] that if oxide cathodes are doped with the oxide of
the metal present in solution as an impurity, the electrodes become immune with
respect to that specific impurity. Such a “homeopathic” approach is certainly in-
triguing, but it should be documented with some more evidence that clarifies the
state of the dopant and its role during impurity adsorption.

4.6 Metallic Alloys

Alloying two (or more) metals has long appeared as the most straightforward way
of achieving electrocatalytic activation. The study of solid solutions over the whole
composition range has been often used as a means to gain insight into the relation-
ship between electrocatalytic activity and electronic structure [498]. Interestingly, no
major effects have ever been observed with bulk alloys. Smooth correlations between
activity and composition have mostly been reported [56, 499]. Recent investigations
with Pd-Ag [500—-502] and Pd-Au [503] alloys have shown that a modest activity
maximum probably exists around 60% Pd but this composition does not fit in with
the idea of relevance of the often overemphasized “percentage of d-character” [63],
which is thus ruled out as playing an important role [56, 504].

Studies with adatoms and microcrystals have clearly shown that the electronic
structure of these systems are profoundly different from those of the corresponding
bulk material. Electrocatalytic activation can be expected only as the structure of the
material is substantially changed (cf. Raney metals). The case of DSA® has shown
how widely the properties of a material can be varied as it is obtained in a poorly
crystalline, dispersed, non-stochiometric form.

It is difficult to trace back the origins of cathode activation, since it is certainly
linked to the observation of electrocatalysis by ionic species. However, one of the
first examples of cathode activation for technological applications seems to be the
use of molybdenized graphite to enhance amalgam decomposition in chlor-alkali in-
dustry [504]. It appears that the proposal of Mo-based materials as cathode ac-
tivators has taken origin from that specific case. Thus, Mo-based alloys either elec-
trodeposited [142], or thermally prepared [505], or added in sifu [147, 148], have
constituted the main objective of research during the past fifteen years [13, 34, 145,
402]. The basic promoter is an alloy of Ni and Mo, but variants have been proposed
and tested [506— 509], consisting in additions of small amounts of V, Ti, W, Cd, Re
or, as a third component, Fe, Co, Cr, Cu, etc. In addition to this group of materials,
Ni—Fe [510] and Co—Mo [511] have also been investigated. Actually, Co—Mo has
been among the first systems proposed as a means to further enhance the activity
observed with molybdenized graphite [512, 513].

Various methods have been suggested to deposit a thin active layer of material
on a support. Those most commonly employed are: (i) electroplating; (ii} thermal
decomposition; (iii) in situ formation. “Pigmented” Ni matrixes have also been pro-
posed [508]. As one can expect, a range of activation has been observed; the elec-
trochemical and mechanical stability is also varied. As for the nature of the active
material, it seems clear that Ni—Mo based materials show superior qualities. The
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Fig. 25. Current-potential curves for hydrogen evolution in 5 M KOH at 70°C. (1) 80 mesh Ni
screen coated with thermally prepared Ni+Mo coating; (2) 80 mesh Ni screen. After ref. 505, by
permission of IAHE.

Ni-—Fe alloy is also interesting. However, the activity enhancement has recently been
found to be only due to a larger surface area [514].

Increase in surface area has been invoked to explain the apparent enhanced activi-
ty also in the case of in situ activation with molybdate [515, 516]. Synergetic effects
have been explicitly ruled out. As molybdates are deposited from a technical solu-
tion, a co-deposit of Mo and Fe is in fact formed, but the Tafel slope remains the
same as for pure Ni [147, 517]. The same is the case of Ni—Mo bulk alloys [518].

As Ni—Mo mixed layers are prepared by thermal decomposition of suitable pre-
cursors, clear synergetic effects are observed (with a maximum around 30% at Ni
[73]). The Tafel slope decreases to 40 mV and extends to very high current densities
so that the overpotential has been reported to be only 70—90mV at 1 A cm™2
(Fig. 25), formally implying an exchange current close to 10 mA c¢m ™2, three orders
of magnitude higher than that for bulk Ni. While part of the activity is to be related
to the large surface area, synergetic effects are manifested by the change in the reac-
tion mechanism [5, 153, 505, 519].

A change in mechanism with respect to bulk Ni has been observed also with elec-
trodeposited alloys of Ni—Mo containing only 1% of Cd. Two Tafel slopes are ob-
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Fig. 26. Current-overpotential curves for hydrogen evolution in NaOH solution on (1) Ni and (2, 3)
electrodeposited Ni(79) Mo(20) Cd(1) coatings. Temperature: (1, 2) 25°C; (3) 80°C. (- — — —) Tran-
sition potential. After ref. 521, by permission of IAHE.

served, and the current density where the lower b (ca. 40 mV) changes into the higher
one (close to 120 mV) increases as the temperature is increased (Fig. 26). It is in-
teresting that the measured BET surface area can account for the difference in activi-
ty with respect to Ni in the high overpotential range. Thus, it appears that the reac-
tion step determining the rate on Ni is not catalyzed on Ni—Mo—Cd. Nevertheless,
another parallel step is enhanced. The energetics of H adsorption on Ni and
Ni—Co—Cd is in fact very different. Higher coverages, increasing with temperature,
are observed with the alloy [518, 520—522].

Other additives do not appear to be as decisive. The replacement of Mo with some
Fe does not activate the Ni—Mo alloy. Fe appears to control the pore size distribution
[523, 524]. The addition of 0.1—0.2% of V produces a maximum beneficial effect at
some [Mo]/[V] ratio around 80 [525]. The effect is however modest; nevertheless, bet-
ter performance are claimed for these alloys than for Raney Ni. Investigations of
several co-deposits on mild steel have shown [507] that the electrocatalytic (as well as
the stability) sequence is Ni—Mo > Raney Ni>Ni—Co>Ni—Fe>Ni—Cr>Ni.

In view of the importance of the structure and composition of the active layer,
several investigations have focussed on the optimization of the plating procedure and
on the analysis of the coating. Mechanisms have also been proposed showing that
metallic alloys are formed through steps involving intermediate oxides of Mo [142,
525-5271.
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It seems established that the thermal procedure gives rise to oxides as precursors
of the active alloy [153, 523, 528]. This has been demonstrated in the case of La—Mo
coatings [143]. The precursors can then be reduced in situ or pre-reduced in H, at-
mosphere before use [153, 415, 519]. The latter procedure appears to give more effi-
cient results [153]. Various methods of preparation have been compared by Divisek
et al. [141]. They have shown that the thermal method is superior to electroplting,
but not for the case of Ni—Mo—Cd alloy which seems to possess special properties.

The origin of the activity of Ni—Mo— Cd coatings has been investigated by Con-
way and co-workers using a data acquisition and processing approach which enables
overpotential decays to be investigated in the ms range [104, 521]. X-ray analysis has
shown that the coating is poorly crystalline, very likely amorphous [520]. They have
found that the cathodic behaviour can be explained in terms of the formation of a
hydride phase at low overpotentials [522]. Thus, Cd either imparts to the alloy the
ability of absorbing hydrogen resulting in more favorable surface conditions, or it
modulates the properties of the hydride which also forms on Ni and Ni—Mo. Once
more, the properties of the hydride phase appear to be of outstanding importance
for the electocatalytic activity of cathodes, as much as the properties of the oxide
phase are crucial for anodes [119]. However, lower surface oxides are probably of
some importance also in the case of hydrogen evolution, as discussed in a previous
sections. A hint in this direction can be found also with the Ni—Mo — Cd alloy [520].

The specific role and the fate of Mo in the alloy has been investigated [141]. It
has been found that Mo is not at all stable but tends to be leached out, which would
be the origin of the deactivation observed on cathodic load. The deactivation results
in a progressive increase in the Tafel slope, which cannot be reactivated in situ by ad-
dition of molybdenum salts. On the other hand, that Mo is leachable can be inferred
also from the observation that in situ deposited Co—Mo alloys are quickly dissolved
as the current is interrupted [528, 529]. This seems to indicate a provisory activation
of the cathode by Mo, which cannot be recovered in a simpley way once decayed
[141]. However, this contrasts somewhat with the claim of long term stability and
resistance to cell shut-downs for the thermally prepared Ni—Mo coating [5]. The
structure of the layer may differ depending on the details of the preparation pro-
cedure.

The above coatings have been applied on various substrates including Ni, steel,
Ti and Au. In some cases no effect of the support has been noticed [511, 517] (Fig.
27). In other cases, the effect is evident [79, 530]. Steel is worse than Ni for thermal
coatings [5, 519]. Synergetic effects involving the support are claimed in the case of
in situ activation with Co—Mo coatings [79, 528] (Fig. 28).

Despite the large amount of data collected in this field, options seem to be
restricted to coatings containing Ni or Co, and Mo, with some additives apparently
necessary to impart the wanted properties. It follows that the problem of cathode
activation is only in part a question of synergism, while the microscopic structure
of the catalyst appears to be of greater importance. Thus, Raney Ni still stands out
in the group of possible catalysts [110, 531]. The role of Al (or Zn) does not seem
to be simply that of sacrificial components. Residual Al present in the structure plays
probably a role which can be similar to that of Cd in Ni—Mo. For this reason mixed
Raney metals show great promise [415]. Raney Ni—Co (10%) exhibit a very extended
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Fig. 27. Current-potential curves for hydrogen evolution in 5 M NaCl at 80°C. (1) Ti; (2) Steel; (3)
Ti and steel coated with electroplated Co-Mo alloy. After ref. 511, by permission of Chapman &
Hall.

low Tafel slope section [532] while Raney Ni—Mo seems to be the most stable system
[141]. It is necessary to stress again that for techological applications the elec-
trocatalytic activity is not the only property that requires optimization. Stability can
be by far more crucial. Raney metal structures need to be strengthened without losing
their activity. The presence of foreign components besides Ni appears to improve this
specific aspect both in the case of Co and Mo.

4.7 Intermetallic Compounds

This section differs from the previous one in that the materials considered here are
obtained by combining two (or more) metals in well defined proportions correspond-
ing to the appearance of a new phase. Since the electronic structure of the compo-
nent metals is drastically changed in intermetallic compounds, it is expected that the
mechanism of the hydrogen evolution reaction can change as well. The majority of
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Fig. 28. Synergetic effects with in sifu activated cathodes. Hydrogen evolution in 1 M NaOH on (1)
mild steel, (2) mild steel in the presence of Co(III) in solution, (3) mild steel in the presence of
Mo(V]) in solution, (4, 5) mild steel in the presence of Co(III)+Mo(VI) in solution at (4) 20°C
and (5) 80°C. Adapted from ref. 528.

the materials thus far proposed are intermetallic compounds of Ni with valve metals,
followed by a few intermetallics of Co and Fe. These phases can fall into the group
of those expected to be active according to the approach proposed by Jaksi¢ [77, 79,
83].

Justi et al. were among the first (but see ref. 74) to report investigations of in-
termetallic compounds, such as Ti,Ni and TiNi, for hydrogen generation in strongly
alkaline solutions [533, 534]. Later, Miles [72] tested a number of intermetallic com-
pounds using cyclic voltammetry.

Metallurgical methods are usually needed to prepare intermetallics [535].
Therefore, an extension of the surface area cannot be expected. If there is an increase
in activity this can realistically be attributed to electrocatalytic effects. Since in most
cases the Tafel slope is not lower but actually higher than for Ni [53], the activity
enhancement has to be related to a change in the adsorptive properties of the surface
s0 that both the M —H surface bond strength and the degree of coverage with H are
different. For instance, in the case of TiFe, a lower M—H bond strength and a lower
fy shifts the catalyst to higher activities with respect to Ti since both lie on the
descending branch of the “volcano” curve [536].

The modification of the properties of the surface of intermetallics is usually
related to their capability of absorbing hydrogen with formation of hydride phases
[537, 538]. However, the formation of a hydride is not necessarily a reason for better
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activity [127, 539]. In some cases, hydrides are responsible for a lower activity (cf.
Ni, Co, LaNis, etc.). At the same time, the large amount of hydrogen dissolved in
the bulk of intermetallics is often a reason for mechanical instability. A method to
pulverize LaNis consists precisely of charging and discharging the compound with
hydrogen [127]. Hence, in most cases, massive electrodes cannot be fabricated.

Among the intermetallics of Ni, LaNis is the most promising, hence the most
investigated. Various methods of preparation have been proposed. In one case,
using flash evaporation, thin films have been prepared with thicknesses ranging
100—200 nm. In the specific cases of NiTi and LaNis, surface analysis has revealed
that La and Ti are present on the surface as inert oxides while the active component
is Ni [103].

In other cases [127, 149, 539], powdered LaNis has been Teflon-bonded, or com-
pressed and sintered, or pressed as a coating on a support. The last procedure has
been found to be the most efficient. The presence of small amounts of substitutes
of Ni (Al, Co, Cu) improves the situation. These coated cathodes could be operated
for 7000 h with a number of current interruptions lasting several hours. However, it
has been reported that some erosion of the surface may occur with extensive
roughening and scaling, probably related to hydride formation. Because of surface
segregation of the active components, LaNis cathodes have been defined as stabil-
ized, high surface area Ni electrodes [539].
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Fig. 29. Synergetic effects with intermetallic compounds. Hydrogen evolution in 1 M KOH at 30°C
on (1) Ni, (2) La, and (3) LaNi;. (MOE = mercury oxide electrode). Adapted from ref. 226, by per-
mission of Elsevier Sequoia.
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Fig. 30. Synergetic effects with intermetallic compounds. Hydrogen evolution in 1 M KOH at 25°C
on (1) Raney Ni, (2) LaNis, (3) CeCos, (4) CeCo,Ni, (5) CeCoNi,, and (6) CeNi;. After ref. 541,
by permission of Elsevier Sequoia.

Despite definite evidence pointing to that high surface area may play a major role
[103], some synergetic effects are undisputable [540] (Fig. 29). Comparison of high
temperature prepared and Teflon-bonded LaNis with a series of intermetallics of Ni
and Co with Ce, has shown [541] the same activity for LaNis as that of Raney Ni
(however, the low activity of the Raney Ni reported in this paper is surprising), while
the activity of CeNi; is two orders of magnitude higher. Nevertheless, the Tafel
slope is not lower than 120 mV (Fig. 30). Since only one paper has reported data for
Ce intermetallics, further studies would be welcome in view of these interesting
features.

In NiV intermetallics, Ni has been identified as providing the active sites, and it
has been found that the as-prepared materials are less active because they are partial-
ly passivated by surface oxides. A treatment with HF greatly improves the activity,
which is mainly related to the formation of a surface porous layer enriched with Ni
as proven by AES analysis (Fig. 31). However, when NiV and Raney Ni are com-
pared, for both the activity has been found to vary proportionally to the surface
roughness factor, but the specific activity is much higher for NiV [542]. This in-
dicates that synergetic effects are real in this case; this recalls the observations made
in the cases of Ni—Mo and Ni—Mo-—Cd solid solutions {141, 518].

Real electrocatalytic effects are suggested by the “volcano” curve resulting as the
activity of various Ni intermetallics is plotted against the AH; of the related
hydrides [53] (Fig.7), and by the linear correlation between AH* and A4H; for
another group of intermetallics [226] (Fig. 8). It has been suggested [226] that the
origin of the synergetic effect is to be sought in the heat of formation of the inter-
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Fig. 31. Surface atomic ratio vs bulk atomic ratio for a series of NiV intermetallic alloys. (1) Un-
treated surfaces; (2) HF-treated surfaces. (— — — —) Straight line of unit slope. After ref. 542, by
permission of the Chemical Society of Japan.

metallic phase since the heat of formation of the intermetallic hydrides follows the
Miedema rule of reversed stability [544], which is formulated as follows:

AHi(AB H,,)) = AH;(AH))+ AH;(B,H,))—- AH;(AB,) . (12)

If AH:(AB,) were equal to zero, a mere linear dependence between activity and
composition should be obtained. A corollary of this is that the higher AH;(AB,),
the more marked the synergetic effect, a “rule” which has been enunciated also by
Jaksi¢ [73] with reference to the Brewer-Engel stability theory of intermetallics.
Therefore, some predictive basis for designing new materials can indeed be recog-
nized in the specific field of intermetallics.

Intermetallics of Ni with Sn have been also studied [545, 546]. No synergetic ef-
fects have been recognized in this case. Sn is not a metal falling in the group of those
expected to activate Ni. However, although this is also the case for Zn, it has been
mentioned above that the latter is very likely to play a role in activating Raney Ni.

Since intermetallics show a great capacity of hydrogen dissolution, they are also
used as hydrogen storing materials [547, 548]. Thus, several investigations report the
isotherms of absorption and the phase diagrams of hydrides [128, 537, 541, 549].
The effect of different methods of preparations on the property of absorbing
hydrogen has been explored [550]. The ability to release the absorbed hydrogen has
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been studied by voltammetric curves using Pd plated intermetallics to enhance the
hydrogen ionization current [551]. In view of the fragility of these materials, inter-
metallics microcapsulated into IB metal deposits have been studied as hydrogen stor-
ing devices [552].

FeTi with the addition of 6% Nb, or 10% Mn or Ni, has been studied with respect
to hydrogen absorption [553]. The presence of Nb enhances hydrogen absorption but
the catalytic activity appears to be lower than that of NiTi. Impedance and voltam-
metric measurements have been used. The presence of 10% Mn in FeTi increases its
hydrogen storage capacity slightly, whereas 20% Ni decreases it by ca. 20—30%. The
enthalpies of hydride formation have been determined [537].

In the case of ZrNi and ZrCo intermetallics, the preformed hydrides are seen to
loose hydrogen at open circuit in acid solutions, after which the intermetallic matrix
dissolves [554]. A relatively higher stability of the hydride of ZrCo has been at-
tributed to the presence of higher Co oxides which are more resistant to acids.
Studies of this kind have relevance to the possible open circuit behaviour of cathodes
based on intermetallic compounds.

Some ancillary investigations should also be mentioned. An interesting approach
is the deposition of La on Ni from melts at 953 °C [555]. Several different phases
have been identified, including LaNis. AGY has been determined from these ex-
periments. Fe and Co silicides have been studied as cathodes for H, evolution.
These materials show high resistance to corrosion due to the presence of Si. On the
other hand, the active sites for hydrogen evolution are the metal atoms. No par-
ticularly interesting behavior can be recognized with FeSi, [556]. In the case of CoSi
single crystal faces have also been investigated [557]. The Tafel slope is invariably
close to 120 mV and no sizable influence of the crystal orientation can be recognized,
in agreement with the findings with pure metals. Organic substances (diols) and
chlorides do not deactivate these electrodes, while iodide ions and TEAI greatly in-
hibit the hydrogen evolution reaction. These materials may have some interest as
cathodes for acid solutions (cf. carbides, borides).

4.8 Amorphous Materials

Since the electronic properties of solids depend on the crystal structure, the transition
from the crystalline to the amorphous state is expected to result in some modification
of electronic (and surface) properties. Amorphous materials have first been used in
catalysis [558 —560] where some evidence for higher activity has been obtained [561].
In particular, hydrogenation reactions are catalyzed by this class of materials [562].
Studies on the H recombination reaction are also available [563]. However, the
evidence that the amorphous state is really the origin of enhanced catalytic activity
is not completely clear [562, 564]. These materials have the peculiarity that their sur-
face is relatively homogeneous for a solid and in particular it is free from grain
boundaries [565, 566]. Therefore, they have been suggested [562] as ideal model sur-
faces for studying elementary catalytic reactions, since they can be prepared with
controlled electronic properties and controlled dispersion. Nevertheless, many prob-
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lems have to be faced in the application of amorphous materials, such as (i) their
low surface area, (ii) high price, (iii) the presence of surface inactive oxides, and (iv)
the trend to crystallize at higher temperature or under severe conditions.

Amorphous materials are usually highly corrosion resistant; this quality has first
attracted the attention of electrochemists [567, 568]. Recent reviews are available in
the literature [569, 570]. The idea of applying amorphous materials to hydrogen
cathodes is very recent [571]: most of the papers on this subject have appeared during
the past few years. The hope for good electrocatalytic properties is based on the good
performances observed in specific catalytic processes.

Several materials have been investigated as cathode activators. Among the most
studied systems we find CuTi, CuZr, NiTi, NiZr, FeCo, NiCo. A variety of methods
are available to prepare amorphous alloys [562] and, as expected, the resulting activi-
ty is largely dependent on them. Normally, amorphous phases are obtained by rapid-
ly quenching a melt. The material can thus be obtained in the form of ribbons, but
mechanical alloying by compaction is also possible [572]. The metallic components
are usually alloyed with non-metallic components such as B, Si and P which stabilize
the metastable non-crystalline structures. Electrodeposition is thus also a viable
preparation route [573, 574].

A common observation in most cases is that the surface of amorphous alloys,
especially those containing Ti, Zr and Mo, is largely covered with inactive oxides
which impart low electrocatalytic properties to the material as prepared [562, 569,
575]. Activation is achieved by removing these oxides either by prepolarization or,
more commonly and most efficiently, by leaching in HF [89, 152, 576]. Removal of
the passive layer results in a striking enhancement of the electrocatalytic activity [89],
but surface analysis has shown [89, 577] that this is due to the formation of a very
porous layer of fine particles on the surface (Fig. 32). A Raney type electrode is thus
obtained which explains the high electrocatalytic activity. Therefore, it has been sug-
gested [562, 578] that some amorphous alloys are better as catalyst precursors than
as catalysts themselves. However, it has been pointed out that the amorphous state
appears to favor the formation of such a porous layer which is not effectively formed
if the alloy is in the crystalline state [575].

A second general observation is that amorphous materials usually absorb
hydrogen and this must be taken into account in evaluating the electrocatalytic activi-
ty [579, 580]. In some instances no pulverization of the cathode is observed, but
fragile materials can result [572, 574, 581]. Usually, hydrogen absorption causes
electrocatalytic deactivation [582, 583]. Hydrogen is more absorbed by Ti and Zr
containing alloys than by amorphous metals or by Ni and Co containing alloys.
Impedance, voltammetric and potential decay measurements have been used to
elucidate the mechanism of hydrogen penetration [579, 580, 583—585]. Com-
parison of hydrogen diffusivity into amorphous and crystalline PdGe and PdSi
alloys has revealed that the two amorphous phases do not differ in their behavior
but both differ with respect to the crystalline modifications. This is not surprising
considering that hydrogen migrates through the interstices [124, 586]. In the case of
PdSiCu alloys, the presence of Si and Cu decreases the amount of H absorbed by
Pd, which also decreases upon going from the amorphous to the crystalline state
[5871.
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Fig. 32. Depth profiles of the atomic ratio in the amorphous Cu,3Tigs alloy before (1) and after (2)
treatment with aq. HF. After ref. 89, by permission of Elsevier Sequoia.

Numerous physical techniques have been used to characterize the bulk and the
surface of amorphous phases, including X-ray, AES, SEM, XPS, Mossbauer spec-
troscopy (MOS) and STM. MOS has been able to highlight the state of Fe in a elec-
trodeposited FeP alloy [573]. Three different non-equivalent positions of Fe with dif-
ferent Fe-P distances have been identified. In Feg; P;, 16% of Fe is in the amor-
phous state. This indicates the extent by which the properties of these phases can be
controlled. STM of FeCo alloys has shown that the surface may possess properties
depending on the size of the homogeneous zones (cf. particle size effect) [588].

Results with Ni have shown [589, 590] that the amorphous metal can be more
active than the crystalline material, but the small decrease in Tafel slope for the
amorphous electrode is outweighed by the higher overpotential at low current den-
sities (Fig.33). An increase in temperature raises the Tafel slope substantially,
presumably on account of the incipient crystallization of Ni. Higher adsorption
strength on amorphous Ni is pointed out, while surface diffusion of H,4 is sug-
gested as the possible r.d.s.

Other results point to no electrocatalytic increment with amorphous metals.
Heusler and Huerta [591] have investigated amorphous Co,5B,s and Nig; B,y with
respect to corrosion. For the reaction of hydrogen evolution, in the case of the Co
alloy, Tafel slopes of 120 mV, along with lower exchange currents for the amorphous
material have been reported. Thus, the mechanism is the same as for the crystalline
metal, In the case of the Ni alloy, some decrease in the Tafel slope has been observed
with heat treatment (which promotes crystallization). Similarly, the same Tafel slope
of 120mV and the same exchange current as for pure Fe have been measured with
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Fig. 33. Current-potential curves for hydrogen evolution in { M KOH at 50 °C on (1) polycrystalline
and (2) amorphous Ni (Ni;,sSigB4, Vitrovac 0080). Adapted from ref. 589, by permission of
Pergamon Press.

amorphous FegyB,g [592]. Therefore, the results obtained with amorphous metals
do not appear to offer any decisive improvements. This should not be surprising in
view of the insensitivity usually manifested by the hydrogen evolution reaction to the
surface structure of metals (cf. Sections 3.1, 3.2, 3.4).

In the case of alloys [593, 594], the amorphous alloy of Feg,Co,uB,(Si; has
been identified as among the most active electrocatalysts, with an activity com-
parable to polycrystalline Pt. However, the Tafel slope is always close to or higher
than 120 mV, and it normally increases with temperature [593] so that the latter has
no activating effect on the state of the surface. It has been proposed [594] that the
application of amorphous alloys to both electrodes in a water electrolyzer can reduce
the expenditure of electrical energy by about 6%. However, the polycrystalline
Pt taken as a reference for these studies showed [593] b= 140mV and
Jo= 107*Acm™% At 1 Acm™? this polycristalline Pt exhibits an overpotential of
560 mV. If we compare this activity with that claimed [5, 519], for instance, for ther-
mal Ni—Mo alloys, the expectations for amorphous phases cannot be great.

Similarly, a number of amorphous alloys based on Fe—Zr, Ni—Zr, Co—Zr,
Ni—Nb, have not shown any increase in activity over that expected for the
mechanical mixture of the crystalline components [571]. For Ni—Nb the overpoten-
tial has even increased. Only Cu-Ti alloys have shown apparent synergetic effects,
but the results of Machida et al. [89] (cf. Fig. 32) should also be taken into account.
Jorge et al. [152] have observed higher activity for the amorphous form of Cu-Ti -
alloys, but they have attributed it to the preferential dissolution of Ti in the amor-
phous sample under cathodic load, with formation of a relatively porous Cu layer.
The same effect was obtained more rapidly by means of HF etching [89, 152].
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In the case of PdZr, the behavior of the amorphous state was found to be similar
to that of the crystalline state [576]. Before HF etching, the activity was two orders
of magnitude lower than for Pd. Amorphous FeZr and FeHf were found to absorb
hydrogen with deactivation [584]. The cathodic discharge created surface defects.
FeggCo,9B1pSijg has been observed to be activated by anodic pulsing [578]. Fe; O,
is produced on the surface, and its cathodic reduction, coupled with a mechanism
of dissolution-reprecipitation, gives rise to a porous Fe layer exhibiting a Tafel slope
of 77 mV, which is similar to a Raney metal activation type. Hydrogen absorption
in ZrCoNi phases may have an effect on the phase structure which may undergo
recrystallization phenomena [580]. Amorphous NiNb, NiAl and NiMo have been
found to be less active than NiZr and NiCoZr. After HF treatment, the Tafel slope
is higher than 120 mV. However, the less active phases remain ductile after hydro-
genation, while the others are more sensitive to embrittlement [583].

A series of Pt-Si amorphous alloys has been compared with polycrystalline Pt.
The activity has been found to be always less than the crystalline metal. Although
no grains are present on the amorphous alloy surface, the presence of Si reduces the
M —H adsorption strength which is the reason for the lower activity. Oxidation of
the surface produces SiO,. On oxidized surfaces spillover of hydrogen from Pt to
SiO, has been observed [565].

Conclusions

This chapter has been devised to provide a broad survey of the state of the art of
research and applications in the field of hydrogen cathodes. Analysis of problems
was preferred to mere recipes of preparation and sterile quotations of experimental
parameters. Although the main target has been to illustrate the special demands for
application, the chapter provides in fact an interplay between theory and practice,
emphasizing on one hand the importance of theory in guiding research and develop-
ment, and on the other hand the irreplaceable role of the feedback from experiments
to orient theory.

The range of materials thus far investigated is strikingly broad and the number
of electrocatalysts is astonishingly large. Therefore, only very specific and significant
examples could be discussed in some detail in this chapter. For these reasons, a “Ma-
terials Index” is provided in Table 1, where all composite electrodes mentioned in the
literature have been included. Purposely, in line with the spirit of the chapter, no ex-
perimental parameters are quoted; the reader is simply referred to the original
papers. Considering the outstanding importance of the preparation of the electrode
surface and of the operating conditions on the electrode performances, any quota-
tion of “exchange current” or of “overpotential” would be substantiaily meaningless
if a number of other conditions are not mentioned.

As already anticipated at the beginning of Section 4, the separation of materials
into various classes is believed to be fairly accurate, maybe with the sole exception
of very few cases involving alloys vs intermetallics {or vice versa). In view of the prac-
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Table 1. References for specific materials, temperature effects and electrode stability.

Interstitial compounds

wWC 72, 92, 418, 419, 423, 424, 425, 426, 427, 428, 429, 432, 433

WC; o 92, 419, 428

WTiIC 419

TiC 421

Cr,C, 420, 427, 428

Cr,C,y 420, 427, 428

Ni,B 10, 32, 400, 437

TiN, 434

Sulfides

NiS, 20, 25, 93, 151, 400, 411, 416, 438, 439, 442, 443, 446, 447, 449,
451

CoS, 25, 151, 449, 451

FeS, 25, 151, 441, 445, 448, 508

MoS, 25, 151

Ni,S, 139, 439

NiCo,S, 20, 444, 452

Oxides

St,NbO, _; 461

RuO, 168, 227, 253, 470, 475, 481, 487, 489, 490, 495, 496, 497

IrO, 227, 480

TiO, (or doped TiO,) 464, 467

NiO, 140

LaMoO, 143

Co,0, 8, 482

Composite coatings

NiMo 17, 73, 83, 108, 120, 141, 142, 145, 153, 505, 507, 508, 509, 515,
518, 519, 522, 523, 527, 531

NiMoV 141, 525

NiMoCd 104, 120, 141, 518, 520, 521, 522

NiMoFe 506, 509, 523, 524

MoFe 83, 108, 142, 515, 516, 517, 519

CoMo 78, 79, 83, 147, 511, 519, 526

NiCo 93, 148, 407, 415, 433, 507, 532

MoCo 512, 528, 529, 530

NiFe 93, 249, 507, 510, 514

NiSn 546

NiMoCu 509

NiMoCo 509

NiMoCr 509

NiMn 506

NiFeMoAITi 141

NiZnFe 506

NiMoFeZn 506

FeMoW 73, 83

LaMo 143

NiW 73, 83, 507, 519

NiCr 507
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NiRe
Ni+PW,;(PW,0}7)
PW,,

SiwW,,

PMo,

P,Wg
SiMo,,
P,W,;Mo
CoWw,,
H,W,,

Co porphyrin
NiPt

NiRu

RuRe

CoV

Intermetallic compounds

NiTi;
NiTi

NiTi,
Ni;Ti
NiTi,
Ni,Ti
LaNi;
FeSi, FeSi,
CeNi,
CeNj,Co
CeCo,
CeNiCo,
LaCoq
LaFes

Niv
NiV,,NiV,
LaNi;Co,
LaNi, 5Aly 3
LaNi,Cu
LaNi,Al
LaMm;,
TiFe
TiFeNb
TiCo
TiCo,, TiCo;
CoSi
TiZr,
CoZr
NiZr
ZrNig
NiZr,
NiyZr
Ni;Zr,
NiHf

508
351
341, 355

341, 342, 348, 353, 354, 355, 356, 362, 363

341, 348
341, 355
341, 349
341, 347, 357
341

341, 346
339, 340
99

99

145

39

537

53, 72, 103, 537, 553
72

53, 103, 553

103

553

72, 103, 127, 128, 226, 538, 539, 540, 541, 543, 549, 550, 551, 552

556

541, 549
541, 549
541, 549
541, 549
226, 543
226, 543
519, 542
542

127

127, 149, 539
127, 549
549

540, 551

72, 536, 553
553

72, 553

553

557

572

554

53, 72, 83, 537, 554
83, 537

53, 83, 537
53, 83, 537
53, 83, 537
53
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Ni;Ta
Ni;Hf,
Ni,Ta
Ni;Nb
NiSn

TiCu

CrFe
Mg,Cu
TiAg
Amorphous materials
NiZr

NiNb

NiB

NiP

NiTi
NiSiB
NiAIB
NiCoZr
NiCoSiB
NiCoFeSiB
NiFeB
NiFeMoSiB
NiMoSiB
NiMoCrB
NiMoFeB
NiMoCrSiB
CoZr
CoNb
CoB
CoSiB
CoWP
CoFeMoSiB
FeZr

FeB

FeHf

FeP

FeSiB
FeCoSiB
TiCu
TiNiV
PdZr
PdGe
PdSi
PdNiP
PdSiCu
ZrCu

PtSi

Effect of temperature

569, 570, 571, 572, 575, 577, 581, 582
569, 570, 571, 583
570, 591

570, 574

575, 577, 585

589, 590, 594

583

580; 582

588, 593, 594
588, 593, 594

594

594

583, 590

585

585

579

569, 570, 571

569, 570, 571

570, 591

590

8

594

569, 570, 571, 584
570, 579, 592

584

573

578, 590, 593, 594
578, 588, 593, 594
89, 152, 569, 570, 571, 590
585

576

486

486

590

587

89, 152, 568

565

146, 230, 246, 247, 248, 249, 273, 366, 380, 384, 391, 407, 415, 431,
433, 442, 443, 447, 449, 461, 507, 510, 514, 518, 521, 523, 528, 546,
589, 593, 594
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Table 1 (contined)

Electrode stability 17, 25, 99, 107, 109, 111, 122, 137, 140, 151, 156, 158, 159, 162,
163, 167, 168, 171, 172, 253, 380, 381, 406, 409, 411, 424, 438, 445,
446, 448, 489, 497, 507, 519, 523, 524

tical impact of temperature effects and of long-term stability, these two specific items
have been added by simply quoting the papers in which mention of these factors is
made.

The first firm conclusion resulting from the analysis of the situation is that a
thorough physicochemical characterization of the electrode surface is strictly needed
to be able to assess if and when real progress is being made. This is also necessary
to be able to appreciate which classes of materials are really worth investigating in
depth for applications. Although both geometric (surface area) and electronic
(catalytic) effects result indeed in better performances, it is convenient to identify at
an early stage those options for which electrocatalytic and stability factors combine
with economically practicable solutions. In several cases, the very analysis of the
electrode surface could disclose the geometric effects behind some apparent catalytic
enhancement. Knowledge of the real situation does help to optimize electrodes much
more efficiently. -

Although “synergetic” effects in composite materials have been often claimed,
it appears that most of the progresses have issued from the outstanding role of the
morphological texture and physical structure of active coatings. A typical example
is the case of Raney Ni which (without further activation) is able to reduce the over-
potential by more than 70% at high current densities. In several cases Ni-based com-
posite materials undergo modifications under cathodic load, and what comes up in
the end is nothing but a different (even more active) form of Raney Ni. Most of the
more active cathodes are in fact based on activated, stabilized Raney Ni electrodes,
which combine activating procedures with large surface area substrates.

Some apparently frue synergetic effects have indeed been reported. However,
while any activity enhancement is welcome for practical applications, synergetic ef-
fects have to be carefully confirmed before proceeding along a specific research line.
One undisputable proof of electronic effects is believed to be any modification in the
Tafel slope, although low Tafel slopes can result from solution supersaturation effects
and porous electrode structures as well. The target of “applied” research is indeed
to find a material, or a modification of a given material, exhibiting the lowest Tafel
slope over the widest range of current. However, it is a fact that in most of the cases
the appearance of low Tafel slopes is strongly favored by a high surface area. In other
words, the “less active” material would certainly show the same low Tafel slope as
the “more active” form if it were possible to explore experimentally a wider range
of low current densities. While some hints in this direction can be found in available
data, this concept clearly explains why extrapolated exchange currents may not
possess any definite kinetic meaning. Sometimes theory predicts a lower Tafel slope
at small overpotentials which cannot be observed owing to the undetectable value of
the actual exchange current. It is, however, important to realize that, if surface area
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is so much increased that the low Tafel slope reaches practical current densities, the
overpotential decrease will anyway benefit from both effects. In this respect, it is ex-
pedient to recall that oxide anodes have been principally successful for their extended
surface area and for their stability. The catalytic activity normalized to the unit real
surface area is not higher than for precious metals. Thus, recognition of true elec-
trocatalytic effects is not a problem directly relevant to applications, but it is essential
to bringing theory ahead to be able to efficiently design composite catalysts without
wasting time (and money) in the old-fashioned approach of “try and see”.

Among the various classes of materials, some have not yet kept their early pro-
mise. This is the case of amorphous compounds, whose use is also hampered by the
severe conditions often employed in electrolysis cells. In the case of sulphides it is
not yet clear how much of their activity is due to the chemical composition of the
surface and how much to the structure resulting from the modification of the surface
under cathodic load. In the case of composite materials, it is necessary to take into
account that the surface area is normally higher for multicomponent phases, depen-
ding in particular on the method of preparation.

The above considerations should not sound as pessimistic, but rather as realistic.
They are strictly necessary as conslusions of fundamental value are to be drawn from
results of experiments aimed at practical applications. Well documented great ad-
vances have indeed been made. In some cases a reduction in overpotential close to
90% has been claimed. Whatever the origin, the achievement is undisputable. It is
to be noted that a comparable lowering of overpotential is documented also for ox-
ides.

Some predictions beyond the theory of electrocatalysis for pure metals seem in-
deed possible. It is, however, necessary to stress again that the applicability of a
cathode depends on the impact of many factors, the most outstanding ones being
the intrinsic stability and the resistance to poisoning. This is probably still the weak
point of cathodes. Their life-time appears to be lower than for anodes, although the
deactivation process for cathodes is slower and less abrupt than for anodes.

The field of stability still lacks definite concepts for guiding the search for
stabilizers. Nevertheless, efforts in this direction are many and positive improvements
have been documented. This is the field of “additives” and “dopants”, and therefore
of electronic interactions and chemical shifts. Most of the remedies thus far pro-
posed are not known with certainty because applied to proprietary electrocatalysts.
A careful investigation of their actions would be necessary. In fact, fundamental
research is still mostly aimed at investigating electrocatalytic and mechanistic
aspects.

The field of electrocatalyst poisoning seems less obscure, also because the
physical parameters are probably simpler. Again, a large surface area reduces deac-
tivation primarily because of the large dilution of the impurities on the electrode sur-
face so that a much lower fraction of the active surface is covered by the same
amount of impurities. However, concepts of surface chemistry are also important,
in that the adsorption of impurities may be different on different surfaces. Some
composite materials of large surface area (e.g., oxides) are especially efficient in this
particular respect. Surface science concepts can be of great help in the development
of a strategy of protection from poisoning.
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Finally, it is to be mentioned that research activities in electrochemistry are

becoming more and more interdisciplinary. This should lead in the near future to the
identification of a number of still undefined factors, and to the clarification of
aspects which are still obscure. However, for reasons already discussed in the in-
troduction, and because of the delay in the development of a hydrogen economy
(despite the urgency of replacing fossile fuels as stressed by everyday events), the
possible options offered by research are at present far more numerous than the solu-
tions which have already found technological application.
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1 Introduction

Suggested by Nernst in 1900, the first working fuel cell involving a solid electrolyte
was developed only in 1937 by Baur and Preis [1]. These authors demonstrated the
particular interest of ZrO, based solid solutions, especially in the ZrO,Y,0,
system. Their results were further explained by Wagner [2] who considered the type
of conduction in the electrolytes employed and defined one of the required proper-
ties for their use in fuel cells, i.e. exclusively ionic conduction. In the early 1960’s,
extensive research programs were undertaken on Solid Oxide Fuel Cells (SOFC) us-
ing solid oxide electrolytes and working between 800 and 1000 °C. The reason was
new energy needs, mainly in space, submarine and military uses. Many companies
and institutes all over the world devoted a great deal of their research and develop-
ment efforts to SOFCs. Among them were Westinghouse, Argonne National Labora-
tory and the Batelle Institute in the USA, Brown Boveri and Dornier in West Ger-
many, the Electroanalytical Laboratory in Japan, and the Sverdlovsk Institute in
USSR.

The main characteristics of SOFCs compared to other electrochemical cells are
the high temperature and the thick film technology required. This offers non negligi-
ble advantages in terms of both electrode polarization and ohmic losses mainly in
the electrolyte. Furthermore, catalysts are not always necessary. However, the solid
state components and elevated temperatures impose severe technological constraints
which are to a large extent responsible for the relatively slow development of this type
of fuel cells. Another characteristic of SOFCs is the possibility of using them as high
temperature water electrolysers or as fuel cells without modifying the design.
Phosphoric acid fuel cells and alkaline water electrolysers can be operated in only
one mode because of the special method required for adding or removing the reac-
tants and products when liquid electrolytes are used. As mentioned by Isaacs [3], in
an analysis of four potential fuel cell power plant systems [4, 5] phosphoric acid,
alkaline, molten carbonate and zirconia), SOFCs based on zirconia offer the greatest
advantages in terms of capital investment, electricity costs, and overall system effi-
ciency.

2 Thermodynamic Considerations

2.1 Cell Potential

Schematically speaking an elementary SOFC is composed of a solid oxide elec-
trolyte, an oxygen electrode (cathode) and a fuel electrode (anode), as shown in
Fig. 1. To form a battery, several elementary cells must be connected using an appro-
priate material. A SOFC may be considered as an oxygen concentration cell [6] of
the following type

0,(P.)/Oxide Solid Electrolyte/O,(P,)
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Fig. 1. Schematic representation of an SOFC. From ref. [132].

where P, and P, are the oxygen partial pressures at the cathode and the anode
respectively. The thermodynamic voltage E,,, of this cell is given by the Nernst law

th'——_lné

where R, T and F have their usual meanings. The open cell voltage E;_  is related
to the thermodynamic voltage by the expression

Ei_o=(1-1)Ey

where 1, is the average electronic transference number of the solid electrolyte. The
open cell voltage is rigorously calculated as:

1k
Ei o= El{(l_te)dﬂoz

where u, and y_ are the oxygen chemical potentials at the anode and the cathode,
respectively.

The existence of electronic conductivity in oxide solid electrolytes gives rise to an
exchange current i, and to fuel consumption, even at open circuit. Wagner [7]
established the expression for iy:

Buo,
0x

. 1
= Z;‘ O'e(l—te)
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where o, is the electronic conductivity of the solid electrolyte, Ho, varying con-
tinuously between the cathode/electrolyte interface (x = 0) and the anode/electrolyte
interface (x = L), these interfaces being parallel. In solving the previous equation be-
tween the limit values of uo, at x =0 and x = /, one obtains

) —uf)

iol = (0= 0el) = —

igl = (0.~ 0t Ey
where o, and ¢, are the average values of g, and ¢, respectively. This expression can
be simplified if one considers that the electronic transference number 7, is negligible

in practical working conditions

. _aeElh
lo—-*l_ .

Then, the oxygen flux Jo, through the electrolyte is:

g  G.Ey

.= 4F 4l

Due to the very low dependence of the total conductivity ¢ on the oxygen chemical
potential, one may write

gG.=1t.0 .
The amount of oxygen consumed per second within the cell is given by the equation

dn02 ¢ Eth
dt © 4FR

where R is the internal resistance of the electrolyte. This oxygen transfer phenom-
enon at open circuit is called “electrochemical semi-permeability” [8]. It can be seen
from the previous equations that an increase in the electrolyte conductivity leads to
an increase in fuel losses.

When an electric current / is delivered by an SOFC, the actual operating voltage
V effectively delivered is lower than E;_, and equal to

V(I) = Ei:O—(Re+Rc+Ra)I_ Ha— N

where R., R, and R, indicate electrolyte, cathode and anode ohmic resistances
respectively and #, and #, the anodic and cathodic polarizations. The latter may de-
pend on several parameters such as gas phase composition, nature, microstructure
and conduction type of the electrode material, conductivity of the solid electrolyte,
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contact area between reduction and fuel oxidation is rather complicated because of
the many steps to be considered and the non-reproducibility of experimental results
due to the variation of the electrical and geometrical characteristics of the cell as a
function of current density, temperature and time. Most results concern platinum
electrodes. Prohibitive cost and insufficient long-term stability exclude its use in
commercial SOFCs. Some results available for oxide solid solution electrodes will be
discussed later.

2.2 Efficiency Parameters

Let us consider the combustion reaction of one mole of oxygen at the cell working
temperature 7. We can define:

— the thermodynamic efficiency factor

AG _4FE,,

& = ——
"TAH AH

where AG and AH are the free enthalpy and the enthalpy of the combustion reaction
respectively,

— the voltage efficiency factor

ey = W E,, = actual cell voltage/thermodynamic cell voltage

— the current efficiency factor

& = actual current/current equivalent of reactant molar flow rate

— the electrochemical efficiency factor

&g = &y &y & = dc energy produced by the consumption of one mole of oxygen/
enthalpy chang.

The oxygen consumption corresponds not only to the fuel participating in the
electrochemical reaction but also to cell imperfections, particularly the physical
permeability and the electrochemical semi-permeability of the electrolyte. This effi-
ciency factor can be expressed by the following equation:

eg = VI/AH (I, /4F+v)

where [, is the ionic current passing through the electrolyte and v is the velocity
of the chemical combustion expressed in moles of oxygen per second.
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2.3 Fuel and Oxidant Components

Pure oxygen or air are generally used as the oxidant in SOFCs. The most frequently
considered fuels are H,, CO, coal and light alkanes C, H,, . ,, mainly methane. The
moderate oxidation of alkanes or coal by water vapor or carbon dioxide provides
H, - CO-CO,-H,0 mixtures with various compositions. Then the thermody-
namic cell EMF is a function of fuel gas composition in the close vicinity of the
anode and can be calculated considering the following equilibria:

H,+1/2 O, = H,0

CH,+3/2 O,=CO+2H,0 .
The variation of the standard EMF of these systems versus temperature is plotted
in Fig. 2, showing that high EMF values are reached at low temperature.

EMF calculations were made by Archer and Sverdrup [9] for an O, —H, cell as
a function of anodic gas composition (H,—H,0) expressed by the ng/ny ratio
where ng and ny are the number of oxygen and hydrogen gram-atoms in the gas
phase respectively, i.e.

no = 2noz+nH20

ny = 2nH2+2nH20 .

The results are plotted in Fig. 3 showing a buffer effect around ng/ny = 0.25.
Binder et al. [10] have considered the in situ reforming of alkanes, i.e. the direct

0.6 - co -

02+ y

0 L. I I ! S
0 200 600 1000
Temperature / °C

Fig. 2. Standard EMF for H,, CO and CH,.
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Fig. 3. Thermodynamic EMF dependence on fuel composition. From ref. [8].

utilization of gas mixtures like C,H,, ,—H,0~CO, at the anode. These authors
characterised the fuel gas by the ratio

vC H2n+2

max

VC H2n+2

where ve y,  is the alkane mole number in the mixture and v’ the maxi-
mum alkane role number which corresponds to the total conversion of the fuel. Re-
sults corresponding to C;Hg—H,0, C3Hg—CO, at 1000°C and C;Hz—H,0-CO,
at 811 °C are shown in Fig. 4.

> 1200

k=]

C,Hg - (H,0 + COy)
e §11°C

1100

1000

900

800
C3Hg - CO,
700 1OQOOC L i |
0 02 0,4 0,6 0,8 1

Relative (‘3 Hg content in fuel

Fig. 4. Thermodynamic EMF of an O,/H,—-CO mixture obtained by in situ reformed propane
versus the initial composition of the fuel (see text). From ref. [8].
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Fig. 5. Thermodynamic EMF of an in situ reformed alkane cell versus carbon atom number in the
alkane molecule. From ref. [10].

Binder et al. [10] have also calculated the thermodynamic EMFs corresponding
to various mixtures of alkanes and water vapor as a function of the atom number
n of carbon in the alkane, for a given value of the b parameter. The results corre-
sponding to these calculations are plotted in Fig. 5. It can be seen that at 1000°C
E,;, increases progressively up to propane (n = 3) and then remains practically cons-
tant for the higher values of n.

In actual operation, a progressive fuel exhaust appears in the anodic gaseous mix-
ture running through a series of connected cells, leading to the decrease of the EMF.
Archer et al. [11, 12] have used the E,, = f(ng/ny) diagrams, shown in Fig. 3, to
determine the energy W theoretically recovered within a battery of N elements con-
nected together in series. When this energy is related to one mole of hydrogen, its
value is given by the equation

W=4F Y (Ep) (ng/ ”H)N;](no /Ao

where (E,); is the thermodynamic EMF of the element i and (ng/ny)y and (no/ny)o
are the values of the ratio ng/ny at the entance of the first element and the exit
from the last element. If the number N of elements is large, the previous equation
can be changed as follows

(no /Ry
W=4F | Eud(ng/ny)=4Fa

(ng/ny),

where a is the area of the dashed surface in Fig. 3.
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3 Cell Components and Kinetic Considerations

The constituent materials of an SOFC can be divided into three families:

— electrolytes
— electrode materials
— interconnection materials (ICM).

3.1 Electrolytes

The electrical conductivity of the involved solid electrolytes must be exclusively ionic,
the charge carrier being an ion associated with the oxidant (O,) or the fuel (H,,
hydrocarbons, etc.). Then the choice is reduced to solid electrolytes conducting by
0% or H*. The required properties for these materials, fixed by both electro-
chemical constraints and the high operating temperature, are the following:

— high ionic conductivity (=0.1 Scm ™! at 900°C),

— low electronic transference number (<1073 at 900°C),

— phase stability from room temperature to 1100 °C approximately,

— thermal expansion characteristics compatible with other cell components,

— chemical compatibility with electrode and interconnection materials and with
oxygen and fuel gas as well,

— gas tightness,

— fracture toughness (>400 MPa at room temperature).

To these technological constraints must be added an economic constraint, the
moderate cost of raw materials and fabrication. All these constraints have oriented
most research and development toward oxide-based ceramics.

3.1.1 Oxide Conducting Solid Electrolytes
Solid solutions of this type that have been investigated belong to one of the following
three families:
1. The first category includes fluorite-type solid solutions with the formula
MO, —-M'O or MO, —M450; where MO, is the basic oxide and M'O and M50; the
dopant oxide, with

M =7Zr, Ce

M’ = Ca, Mg

M” = Sc, Y, Rare Earth

The addition of a dopant oxide gives rise to the creation of oxygen vacancies
which are responsible for the ionic conductivity in these materials. Most work
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devoted to SOFCs has used doped zirconias as electrolytes. The salient features of
electrical conductivity of doped zirconia are:

— The conductivity variation curve shows a maximum, the position of which
depends on the type of dopant. This maximum is located at 15 and 9 mol% of
dopant for ZrO, —CaO and ZrO,-Y,0; systems, respectively (see Fig. 6) [13].

— The activation energy which corresponds to the maximum compositions is in the
range 0.8—1.0 €V, as shown in Fig. 7 [14].

— For a given composition and a given charge cation, the conductivity increases as
the radius of the dopant cation approaches that of zirconium. Thus, scandia-
doped zirconia shows the best conductivity (rg+ = 0.81 A and Zz4+ = 0.8 A)in
this family.

— The electrolytic domain extends over several orders of magnitude of oxygen par-
tial pressure, n-type semi-conduction occurring in highly reducing media.

— An aging effect appears in the working temperature range of SOFCs giving rise
to resistivity increase [15]. For example, an increase of 7% is observed for
(ZrOy)p91 — (Y,03)g.00 after annealing for 90 h at 800°C. This phenomenon is
generally attributed to a cation ordering within the zirconia matrix. An exponen-
tial variation of bulk resistivity versus time has been observed for single crystals
and for highly pure polycrystalline specimens [16,17]. For common poly-
crystalline zirconias, a }/t law describes the aging effect which involves the
microstructure of the sample and the impurity content [16, 18]. For technical and
economic reasons, solid solutions (ZrO,),_,(Y,03), with x = 0.08 to 0.1 have
been preferred as solid electrolytes for SOFCs. In this range of composition, as
shown in the phase diagram of the system (see Fig. 8) [19], zirconia crystallizes
within the fluorite structure and is called yttria-stabilized zirconia (YSZ). For
lower yttrium contents (x < 0.05) one obtains the so-called tetragonal poly-
crystalline zirconia (TPZ) which is characterized by better mechanical properties
[20, 21]. It has been demonstrated that TPZ is a pure ionic conductor over a large
range of oxygen partial pressure. No significant influence of the dopant concen-
tration has been established [22, 23]. Its bulk conductivity is close to that ob-
served for YSZ with a rather large grain boundary resistance [23]. This effect is
likely to be due to the very fine microstructure of TPZ, which leads to large con-
tact areas between the grains. This point may be rather detrimental to possible
electrolytic applications of this material, especially at low temperatures. Ishizaki
et al. [24] have studied the effect of Al,O; additions to YSZ on the microstruc-
ture electrical resistivity, mechanical strength and SOFC performance. Alumina
added to YSZ is just a physical mixture as shown in Fig.9. Both electrical
resistivity and mechanical strength increase with increasing alumina content, as
shown in Fig. 10. In view of SOFC performances using this type of electrolyte,
the authors conclude that alumina addition to YSZ could provide a self-sup-
ported SOFC electrolyte.

Another oxide family involving zirconium oxide has been examined as a possible
alternative to YSZ as electrolytes in SOFCs. They are the pyrochlore solid solutions
of the general formula M,Zr,04, where M is a rare-earth metal [25—29]. Zirconium
can be substituted by a transition metal such as titanium. Moon et al. [29] have in- -
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Fig.9. Scanning Electron Micrographs of alumina-added yttria stabilized zirconia. Black grains
have been identified as pure alumina. From ref. [24]. This paper was originally presented at the
Fall 1989 Meeting of the Electrochemical Society held in Hollywood, Florida.
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100 A. Hammou

vestigated the Gd, (Zr,Ti,_,),0, system and have shown that an intrinsic anion
conductor can be obtained for large x values with however low conductivity which
is approximately 1/5 of YSZ at 1000°C.

CeO,-based solid solutions exhibit higher ionic conductivity than in YSZ but
they are partially reduced in the presence of fuel gas. The oxygen partial pressure
domain where the conductivity is purely ionic is very narrow because of the reduc-
tion of cerium cations. For example, it extends from 1 to 1072 at 1000°C for
(Ce0y)p95 — (Y,03)0,05, thus excluding their use as electrolyte [30, 31].

The second family of oxide conducting solid electrolytes involves oxide solid
solutions with a perovskite structure with the general formula ABO;. A is a di- or
trivalent cation with a large ionic radius and B is a tri- or tetravalent cation with a
small ionic radius [32—36]. A and B can be substituted by lower valence cations,
leading to the formation of oxygen vacancies. Electrolytes of this type studied
within the framework SOFCs include the following systems: CaTi;_,Al,O;_g,
CaTi; _,Mg,0;_;, La,_,Ca,AlO;_;, where J is the number of oxide ion vacancies.
According to Takahashi [36], it can be said that CaTi,,Alj30;_s may be a hopeful
material as a new electrolyte for SOFCs.

The third oxide conductor family is composed of a trivalent basic metal oxide
(La,04, Y,0;, Sc,03,...) doped by a divalent metal oxide (CaO, SrO) [37, 38]. The
ionic conductivity of these oxides, measured at 1000°C, are two or three orders of
magnitude lower than for YSZ, except for La,0; —SrO solid solutions. At 900°C,
the (LayOs3)g945 (SrO)goss has slightly lower conductivity than YSZ and a higher
conductivity at low temperature with a relatively low activation energy
(E, = 0.55 eV). Unfortunately, this material cannot be used as electrolyte in SOFCs
since is decomposes in the presence of water vapor or carbon dioxide. To expand the
base of materials exhibiting oxide ion conductivity, Bi,O;-based oxides have been
investigated [39, 49]. The reported conductivities are often several orders of
magnitude higher than in YSZ, at the same temperature. Enhancement of conduc-
tivity is generally attributed to the high polarisability of bismuth ion. One of the best
oxide conductors belongs to this family: the B cubic phase in the system
Bi,0; — PbO, whose conductivity is higher than 1 Scm™! at 600°C with a relatively
low activation energy (0.4—0.5 éV). Here again, these excellent oxide conductors are
characterized by a very narrow electrolytic domain because of the partial reduction
of Bi** at intermediate oxygen partial pressures and moderate temperatures, ex-
cluding their use as electrolytes in SOFCs. Figure 11 gives a compilation of oxide
conductivity versus temperature for selected ceramic electrolytes [50].

3.1.2 Proton Conductor Solid Electrolytes

Forrat et al. [51] suggested the likely existence of protonic conduction in oxide solid
solutions with a perovskite structure in hydrogen atmosphere at high temperature.
This conduction type has been reported in some oxides such as Cu,O [52], ThO,
[53] and LaYO, and SrZrO; based ceramics [54] with some electronic conductivity.
It has to be pointed out that all these oxides exhibit p-type semiconduction at high
oxygen partial presépre, i.e. in air. It seems that protonic conduction in a hydrogen

4
|
|
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Fig. 11. Oxygen ion conductivity versus temperature for selected electrolytes. From ref. [50].

atmosphere appears in the oxides at the expense of electron holes initially present
in the crystals, the possible rection equilibrium being

H,(g)+2h = 2H" .

Oxygen vacancies could play the same role in a water vapor atmosphere giving
rise to the following equilibrium:

H,0(g)+Vg=05+2H .

Recently, Invahara et al. [55-59] found that SrCeO;- and BaCeO;-based
ceramics had appreciable protonic conduction in an atmosphere containing hydro-
gen at high temperature. The materials investigated where trivalent cations such as
Y3*,Sc*t, YB3 are partially substituted for cerium, have a perovskite-type struc-
ture. They exhibit p-type electronic conduction in an atmosphere free from hydrogen
or water vapor. When the ceramics are exposed to hydrogen or water vapor at several
hundreds degrees Celsius, electronic conductivity decreases and simultaneously pro-
tonic conduction appears. Figures 12 and 13 show the Arrhenius plots of the total
conductivity of some proton conductors in hydrogen. On the basis of the results ob-
tained with SrCeq5Ybg 450,975, Bonanos et al. [60] do not completely agree with
the conclusions of Iwahara et al. These authors claim that SrCeyg5Y¢ 0503975 ap-
pears to be predominantly a mixed oxide ion/p-type conductor in air at high temper-
ature, In hydrogen, it retains its oxide ion conductivity; below 600°C an additional
component, believed to be protonic, is acquired, which is coupled to oxide ion trans-
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port. This question has to be investigated to make clear the nature of the site oc-
cupied by the proton and the protonic conduction mechanism.

3.2 Electrode Materials

SOFC performance largely depends on the choice of the electrode material. Selection
criteria of specific electrode materials are related to both intrinsic physical properties
and to microstructures. These criteria can be summarized as follows:

— high electronic conductivity,

— high ionic (oxide) conductivity,

— high catalytic activity for oxygen reduction at the cathode and for fuel oxidation
at the anode, ‘

— chemical compatibility with electrolyte and interconnection materials and with
the working atmosphere,

— no destructive phase transition within the operating temperature range,

— thermal expansion coefficient compatible with other cell components,

— low volatility at the operating temperature,

— ability to be formed into films having sufficient porosity and a good adherence
to the electrolyte.

3.2.1 Cathode Materials

Taking into account the oxidizing character of the cathodic atmosphere, only noble
metals (Pt, Au, Ag) and electronically conducting metal oxides can be considered.
The former may be disregarded because of their prohibitive cost and insufficient
long-term stability due to their volatility at high temperature. Some tests have been
conducted using SnO, doped In,O; which appeared to be a good candidate as a
cathode material [61, 62]. No information however is available regarding long term
electrode performance. Among the most promising metal oxides are the ABO; ox-
ides with a perovskite-type structure, where A and B are rare earth (La, Pr) and tran-
sition (Fe, Ni, Co, Mn, Cr, Cu) metals, respectively [63 —69]. When alkaline earth ca-
tions (mainly Sr*") are partially substituted for rare earth cations, the subsequent
deficit charge is compensated by a valence change of transition metal ions, and under
certain operating conditions, by the creation of oxygen vacancies [70—72].
Yamamoto et al. [73, 74] have published electrode polarization and electrical conduc-
tivity results obtained at 800°C in open air using the perovskite-type oxides
La,_,SryMO; (M =Cr, Mn, Fe, Co) sputtered on YSZ electrolyte. The lowest
cathodic overpotential and the highest conductivity were obtained for the undoped
LaCo0;_; electrode (see Figs. 14 and 15). However, the cathodic overpotential of
all these perovskite-type oxides, though extremely low at 800 °C in air, increases with
increasing annealing time of the cell at 1000°C or higher. This decline in electrode
performance is explained by the chemical reaction of YSZ and electrode materials
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Fig. 14. Temperature dependence of electrical conductivity for sputtered films of perovskite-type
solid solutions. From ref, {73].

at high temperature. X-ray diffraction revealed the formation of La,Zr,0, and/or
Sr,ZrQ,. This causes a serious problem for long-term performance of high temper-
ature SOFCs. To avoid the reaction, it has been suggested that a film of stable oxide
can be inserted between the YSZ and the perovskite electrode material [75]. The pro-
tective film has to be an oxide ion conductor and non-reactive with both YSZ and
the cathode material. It was selected from among the perovskite-type oxide ion con-
ductors to make a good match for the electrodes. The best results in terms of
cathodic overpotential are obtained when a LaygBag;AlO, g5 or Ndy¢Srg;AlO; g5
film is inserted between YSZ and LaCoOs;, as shown in Fig. 16. The variation of
the overpotential at 100 mA/cm? with the annealing period for the half cell
LaCo0;/Lag¢Bag ;AlO, ¢5/YSZ in air at 800 °C is shown in Fig. 17. The overpoten-
tial increases slightly with the annealing time and tends to a constant value. Accord-
ing to the authors, this behaviour may be attributed to the morphological change of
the lanthanum cobaltite electrode.

Based on the selection criteria described above, the La,_,Sr,MnO, based
cathodes seem up to now to be the best materials available. As a consequence, major
research efforts have been devoted to this system. Thermal expansion studies have
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From ref. [75]. Reprinted by permission of the American Ceramic Society.
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Fig. 18. Dopant content x dependence of thermal expansion coefficient of La,_,Sr,MnO, at 800
and 960°C. From ref. [76].

shown a regular increase of the expansion coefficient as a function of strontium con-
tent for x <0.5. This behaviour is illustrated in Fig. 18. Electrical studies carried out
within the same composition range indicate also a regular increase of conductivity
versus x. p-type semiconduction is observed for the low strontium content, up to
x = 0.4 and a metallic-type conductivity is observed for x = 0.5. This composition ex-
hibits the highest conductivity obtained for massive specimens prepared by co-sinter-
ing oxides and carbonates of the constitutive elements.
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potential. From ref. [76].

The electrolytic activity of Sr-doped lanthanum manganites has been evaluated
by Hammouche et al. [71, 76], using pinshaped electrodes. This kind of electrode was
used to overcome difficulties in separating morphology effects from the effects of
the electrode composition itself [77]. Previous studies on platinum electrodes [78]
have shown that under high cathodic polarization the current reaches a limiting value
which is commonly attributed to a limitation of the oxygen supply process to the
electrode reaction zone. A typical example of a steady state current-potential curve
obtained with La,_,Sr,MnO; under 10~ atm is shown in Fig. 19. For comparison,
the curve obtained with a Pt electrode of similar contact area, under the same ex-
perimental conditions, is also plotted in Fig. 19. The essential difference resides in
the existence of two potential regions, noted I and II, for the manganite electrode.
At a low cathodic potential (region I), the current-potential curve is similar to that
of the platinum electrode. The catalytic activity for oxygen reduction is of the same
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order of magnitude. In this potential range the electrode activity increases with the
increase of the strontium content, as shown in Fig. 20. The best performance is ob-
tained for x = 0.5 for which the manganite appears to be better than Pt.

At a high cathodic potential (region II), a sharp transition is observed at the
potential referred to as E,. The authors demonstrate that the sudden increase of the
electrode kinetics could not be attributed to the sole electrochemical reduction of the
electrode material, nor to the electrolyte reduction. They conclude that after the tran-
sition, the main electrode process is still an oxygen electrode reaction with a major
change of mechanism, leading to the onset of an important electrocatalytic effect.
This assertion is sustained by the analysis of:

— the voltammograms

— the transient responses of the electrode to a current or a potential step
— the reoxidation curve after a cathodic polarization

— the isothermal thermogravimetric curve

— the impedance diagrams.

a) Analysis of Voltammograms

Figure 21 shows the voltammogram obtained for the Lag4;Sry37sMnO; electrode in
open air in the potential range +400 mV with a scan rate of 10 mV/s and a starting
potential equal to zero. As usually observed, a hysteresis loop is present and one
observes the classical behavior of electrochemical systems. On the contrary, when the
potential range is + 1200 mV, the current is larger during the backwards scan and the
hysteresis becomes increasingly important as the scan rate decreases. This is consis-
tent with the fact that the current measured in steady-state conditions is systematical-
ly much higher than that observed on the voltammogram plotted under the same ex-
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Fig. 22. Typical transient response of a Lag¢Sry MnO; electrode to: (a) a current step of 400 uA,
(b) a potential step of 350 mV, located in region II. From ref. [76].
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Fig. 23. Transient current versus ¢ ~'“? related to the data shown in Fig. 22a. From ref. [76].

perimental conditions. This behaviour indicates qualitatively that a slow modifica-
tion of the electrode material is responsible for the enhancement of the reduction
kinetics of oxygen. Such a behaviour has been observed within the whole investigated
composition range, with a marked effect for x = 0.5.

b) Analysis of the Response of the Electrode to a Potential
or a Current Step Corresponding to Region II

Typical curves are shown in Fig. 22a and b for current and potential steps respective-
ly. For the short times (t<7t) the electrode behaviour corresponds to the usual
response observed when the rate determining step is due to a concentration polariza-
tion [78]. The variation of the transient current versus |/t is linear, described satis-
factorily by the classical Cottrel-type relation (see Fig. 23). After a certain time which
depends on the experimental conditions, mainly the oxygen partial pressure in the
surrounding atmosphere, a “depolarization” effect is observed: the V (t) curve shows
an overshoot while the I(t) curve shows a net enhancement of current.
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Fig.24. Oxygen content in La,_,Sr,MnO; versus oxygen partial pressure at 1000°C. From
ref. [76,79].

¢) Analysis of the Thermogravimetric Results

Figure 24 shows the variation of the oxygen weight loss as a function of log Po, for
various Sr dopant levels at 960°C [79]. It mainly indicates that:

— little Py dependence is observed at high oxygen partial pressure;

2 . . - 0 - .

— the oxygen weight loss increases with the increase of the Sr dopant level. A similar
behaviour has been observed by Caneiro [80]. The oxygen loss may be explained
by the creation of oxygen vacancies leading to the enhancement of ionic conduc-
tivity in the perovskite material.

d) Analysis of Impedance Diagrams

This investigation has been made for the x = 0.3 composition at 960 °C. The steady
state conditions (points A, B and C), where AC impedance measurements were per-
formed are reported in Fig. 19. Impedance diagrams are plotted in Fig. 25. For small
applied voltages, corresponding to region I, the impedance diagram is a capacitive
semi-circle which increases as the cathodic polarization increases. Diagram A, ob-
tained under equilibrium conditions, is characterized by a large capacitive effect and
a resistive component varying with the oxygen partial pressure as szz. This be-
haviour can be attributed to the dissociative adsorption process of oxygen at the tri-
ple contact point gas-electrode-electrolyte. Diagram B is plotted in the polarization
region II when the current starts to increase significantly. It is particularly character-
ized by a large capacitive loop at low frequencies leading to a negative polarization
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Fig. 25. Impedance diagrams of the electrode O,, Lay;S1r;;Mn0O;/YSZ at 960°C and
1.4-1073 atm. 5 indicates the cathodic polarization. From ref. [76].

resistance. According to this result, the slope of the polarization curve plotted in
Fig. 19 should be negative at point B. The active-passive transition encountered in
metals dissolution gives rise to similar impedance diagrams [81]. For the solid state
cell studied here, this behaviour has been explained by the simultaneous increase of
oxygen vacancy content in the manganite and a rapid decrease of its electrical conduc-
tivity [76]. Diagram C showing two capacitive loops describes the electrode behaviour
at more cathodic overpotentials. The low frequency loop is very similar to that obtain-
ed when a diffusion process is involved. Its magnitude decreases as the electrode
polarization increases but the top frequency remains constant. It was suggested that
this loop could be attributed to the diffusion of oxygen vacancies through the elec-
trode material which became a mixed anionic and electronic conductor at these over-
voltages. Diffusion coefficients of oxygen were then estimated and compared in
Table 1 to those of YSZ and pure LaCoOj;_;. The fact that the diffusion coefficient
is slightly higher for YSZ is advantageous so that no oxide blocking effect can occur
at the electrode-electrolyte interface. At high cathodic polarizations, one can observe
a limiting value of the current density, proportional to szz. This indicates that
atomic oxygen species are involved in the rate-determining step of oxygen reduction.
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Table 1. Oxygen coefficient diffusion in doped lanthanum manganite (x = 0.3) and yttria stabilized
zirconia.

Oxide Do (cm?s™ Y Dygooc (cm?s™1) Reference
Lag ;Sro ;Mn;_; - 3.810°6 76
Lag ,Sry3MnO; 1.04 1076 - 36
[ZrO,]9.9:[Y50515 09 - 1.7107° calculated?

2 Using Nernst-Einstein relation.

According to all these considerations, the oxygen vacancy creation within the
perovskite material at high cathodic polarization can be described by the following
reaction ‘

00 ey + Voren + 2Mnypn edy = V0 edy + OO (eay + 2 My ey + 210

where “ed” and “et” refer to electrode and electrolyte respectively. One can simulta-
neously observe an oxide ion transfer from the electrode to the electrolyte and a
reduction of an equivalent amount of manganese (IV) to manganese (III).

In conclusion, according to the experimental results provided by the different
electrochemical methods and by thermogravimetry, Hammouche et al. [82] suggest
the following mechanism for oxygen reduction on La,_,Sr,MnQ;_; cathode:

— At low cathodic polarization (E>E,), the reactions involved are:

1
5 O3 *8ed) = Ouds(eq)

Oudsiedy t V0 (ery = 210 + 00 (er) T S(ea)

where s is referred to an active site on the electrode surface. The first step cor-
responds in fact to a rapid dissociation of oxygen molecule followed by a slow ad-
sorption of atomic oxygen. The second step which characterizes electron transfer is
assumed to be rapid [83]. The reduction takes place at the triple point contact.

— At high cathodic polarization (E<E,), the electrochemical reaction can be de-
scribed by the following sequence:

1

Y O2g) *+S¢ed) = Oads(ea (0
Oudsiedy T V0 (edy = 2heq + 00 ea) + S(eq) 2

Oz(ed) = O;(nt 3

O + V5 (e = O6en + V0 (eay 4)
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Fig. 26. Diagram of oxygen reduction in solid oxide electrolyte cell with: (a) a pure electronic con-
ductor, (b) a mixed (electronic and ionic) conductor. From ref. [76]}.

where int refers to the interface manganite-zirconia. Reaction 3, corresponding to a
diffusion process, is the limiting step at the vicinity of the transition potential E,.
For the highest cathodic overpotentials, the limiting step reaction to be considered
is the oxygen adsorption on the manganite. The complete results describing the elec-
trochemical behaviour of La,_,Sr,MnO; are schematically drawn in Fig. 26.

3.2.2 Anode Materials

Anode materials must be essentially characterized by chemical stability for the reduc-
ing conditions imposed by the fuel containing atmosphere. Common metals can be
used. Taking into consideration properties such as low volatility, thick porous layer
feasibility and moderate cost, it appears that nickel and cobalt are the best can-
didates. Porous electrode layers, 30 to 100 um thick, have been prepared by plasma
spraying of fine metallic powder [84— 86]. However, there is one obvious disadvan-
tage in such a procedure in that both Ni and Co have thermal expansion coefficients
substantially higher than that of yttria stabilized zirconia. Thus, they tend to detach
from the electrolyte during thermal cycling and modify considerably the anodic
polarization of the electrode. This can be partially overcome by sintering fine grained
cobalt or nickel-yttria stabilised zirconia cermets on the electrolyte surface [87 —89].
Adherence can be improved by roughening the electrolyte surface [84]. Dees et al.
[89] have prepared several Ni/YSZ cermets starting from different ratios of NiO to
zirconia to produce cermet samples ranging from 15 to 50% of Ni volume in the total
solid. The NiO in the initial mixture is reduced to metallic Ni by heating the samples
in a reducing atmosphere of H,, H,O and He at 1000°C. A large increase in porosi-
ty is observed after reduction. Figure 27 shows the change in conductivity at 1000°C
with Ni volume percent for two zirconias which differ in origin and composition.
Analysis of conductivity results reveals that Ni/YSZ cermets behave as electronic
conductors at Ni contents higher than 30% in volume. Below this level, the conduc-
tivity falls to that of the oxide ion conducting zirconia. A jump in conductivity
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Fig. 27. Conductivity of Ni-YSZ cermets versus Ni volume % at 1000 °C. From ref. [89]. Reprinted
by permission of the publisher, The Electrochemical Society, Inc.

Fig. 28. Ni-YSZ cermet resistance versus time during hydrogen reduction at 850 °C. From ref. [90].

higher than three orders in magnitude is observed around this nickel to zirconia ratio.
The fact that the conductivity cermet decreases with increasing temperature between
700°C and 1000°C clearly indicates that charge transport appears within the Ni
metallic phase. Furthermore, an increase in conductivity by more than a factor of
four with particle size of zirconia is observed. It is attributed to the improvement of
Ni particle to particle contact. In a recent paper, Middelton et al. [90] have shown
that the performance of the nickel-zirconia cermet anode is very much dependent on
the microstructure. The investigated samples were prepared by casting a film of
Ni/YSZ mixture on zirconia substrates. After sintering at 1150°C for 2 hours, NiO
was reduced in 10% H, in N,, in the temperature range of 850-1000°C.
Metallographic observations revealed that the reduction of nickel oxide under the
conditions previously described is not complete. Particles larger than 3 pm were
found to retain NiO core. Despite this, the cermet is electronically conducting.
Figure 28 shows the conductivity response of a sample initially maintained in an
argon atmosphere. The conductivity increases from 8.3:1072 to 67 Scm ™' when
hydrogen is introduced within the cell; this behaviour is reversible. Cyclic voltam-
metry measurements revealed that the cermet anode is oxidized at potentials more
positive than —0.3 V at 850°C, resulting in an increase of the cermet resistance.
There is very little in the published literature about the current-voltage characteristics
of H, oxidation on nickel electrodes, especially with cermets at high temperature.
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Fig. 29. Anodic polarization versus current density in metal-YSZ cell at 800 °C. Pt, Au, Ru, Co, Fe,
Ni, Mn, Pd. From ref. [91].

Eguchi et al. [91] have investigated the behaviour of several metals (Ni, Fe, Co, Pt,
etc.) as anodes when using yttria stabilized zirconia as the electrolyte and pure
hydrogen at 1 atm. Anodic polarization curves and electrode resistances were mea-
sured by impedance spectroscopy. As shown in Fig. 29, Ni electrode exhibits the
smallest anodic overpotential. One of the arguments which can explain the relatively
good catalytic activity of nickel anode is the strong adsorption of hydrogen on nicket
[92].

Another way to decrease the anodic overpotential is to intercalate a mixed con-
ductor between the yttria stabilized zirconia electrolyte and the metallic anode. Such
a combination enlarges the reaction area which theoretically lowers the anodic over-
potential. Tedmon et al. [93] pointed out a significant decrease of polarization when
ceria-based solid solutions like (CeQ,)y6 (LaO; 5)94 are used as anode materials for
SOFCs. This effect is generally attributed to the mixed conductivity resulting from
the partial reduction of Ce** to Ce’* in the reducing fuel atmosphere. A similar
behaviour was observed in water vapor electrolysis at high temperature when the sur-
face zirconia electrolyte is doped with ceria [94, 95].

One of the main objective of SOFCs in the future is the use of gaseous mixtures
of CO-H,—H,0 produced by coal gasification plants or by steam reforming a
hydrocarbon fuel, especially methane. Very little data is available about the direct ox-
idation of methane in SOFCs [96, 97]. Steele et al. [97] have recently confirmed the
poor electrocatalytic activity of Pt electrodes for the anodic oxidation of methane
at 800°C. Although nickel fulfills major requirements for anode materials when H,
and CO are employed as fuels, its use for the direct oxidation of methane encourages
carbon deposition., To overcome this problem, alternative anode materials must be
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found. It has been shown that oxides, initially used as automobile exhaust catalysts,
were effective catalysts for the oxidation of methane. The results corresponding to
one of these oxides used as anode are shown in Fig. 30. They clearly indicate more
effective electrocatalysis than platinum. Furthermore, no carbon deposition has been
detected even when the cell had been operated with 100% CH,.

The operating conditions of SOFCs are quite appropriate for the in situ reform-
ing of methane. The water produced at the anode gives rise to the reforming reaction:

CH4+H20 = CO+3H2 .

This reaction is endothermic and therefore could introduce local thermal distur-
bances which can affect the operating conditions of the cell.

Finally, it is well known that sulfur and some sulfur containing compounds act
as poisoning agents for electrode catalysts. The effect of sulfur on the Ni/YSZ anode
resistance was examined by Dees et al. [98] by adding H,S to an H, — H,O fuel mix-
ture. Some increase of the interfacial resistance has been observed but, for concentra-
tions as high as 100 ppm, the loss in the fuel cell performance was not devastating.
However, this behaviour has to be confirmed by long term tests. In any case SOFCs
exhibit a greater tolerance to sulfur than the other types of fuel cells. Desulfurization
of fuel gas to less than 10 ppm is likely to be a requirement for operations at 1000°C
{99, 100].

3.3 Interconnection Materials

Interconnection materials are necessary to combine single cells to form multicell
modules by connecting the anode material of one cell to the cathode material of the
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adjacent cell. They have to meet the following requirements at the operating condi-
tions of SOFCs:

— high electronic conductivity (>2Scm™') with small variation between 1 to
10~ '® atm of oxygen partial pressure at 1000°C,

— negligible ionic conductivity,

— chemical and phase stability in both air and fuel atmospheres up to 1000°C,

— equivalent thermal expansion coefficient similar to that of the cathode and the
anode materials,

— low volatility,

— mechanical strength,

— physical and electrochemical gas tightness,

— good adherence to the electrode materials,

— layer feasibility,

— moderate cost.

Considering all these stringent criteria, the most suitable materials are perovskite-
type ceramics based on LaCrO;,. Pure LaCrO; is excluded for the following reasons:

— its conductivity is rather low, 1 Scm ™! at 1000°C and 10~ '® atm oxygen partial
pressure,

~ it exhibits a phase transition (orthorombic to rhombohedral) at about 240°C,

— its thermal expansion coefficient is lower than that of yttria stabilized zirconia
which is frequently considered as a reference.

A modification of the chemical composition by introducing adequate dopants pro-
vided some improvements. The most used dopants are alkaline earth cations
(Mg?*, Sr*™) and isovalent cations as AP* and Mn’*.

Anderson et al. [101,102] have investigated LagygsMggosCry Al O5. Their
results can be summarized as follows:

— the electrical conductivity decreases substantially when Al is substituted for Cr,
as shown in Fig. 31,

— the thermal expansion coefficient increases with Al content,

— the orthorhombic to rhombohedral transition is lowered to below room tempera-
ture when the Al content exceeds 20%.

More recently, Srilomsak et al. [103] have shown that the addition of 10% of SrO
to LaCrQj; is sufficient to shift the phase transition to below room temperature.
Furthermore, their study indicates that the thermal expansion coefficient within Sr
doped LaCrO; matches that of the electrolyte best for a composition close to 5%
SrO. The most developed interconnection materials belong to the LaCr,_,Mg,0,
system [104]. Exposed to a reducing atmosphere, one observes a decrease of conduc-
tivity probably because of the release of oxygen from the material and the variation
of the Cr(IV)/Cr(lll) ratio. Electrical conductivity values range between 2 and
0.7Scm™! in air and 10 ' atm oxygen partial pressure respectively. The thermal
expansion of Mg-doped LaCrO; is about 13% lower than that of the electrolyte.
Partial substitution of Sr or Ca can provide a better match.
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Fig. 31. Temperature dependence of electrical conductivity of LaggsMgg osCr, _,Al,O;. From ref.
[102].

As interconnection materials must be gas tight under the operating conditions of
SOFCs, particular attention is paid to sinterability and closed porosity. Generally,
the near-full density of chromites is achieved in sintering oxide powders in highly
reducing atmospheres at relatively high temperature (~ 1900 K). These conditions
are not suitable for sintering the SOFCs as a unit because of the instability of Sr-
doped LaMnO, cathode materials. Low densities and substantial open porosity are
obtained for lanthanum chromites when these materials are sintered in air, even at
temperatures above 1900 K. As pointed out by Chick et al. [105] from a fabrication
stand point, lanthanum chromites and lanthanum manganites appear incompatible
if the entire fuel cell components are to be sintered simultaneously as a unit. To
resolve this dilemma, Chick et al. [105] proposed the development of Ca or Sr
substituted LaCrO, powders that can be sintered in air to closed porosity at temper-
atures less than 1823 °K without sintering additives that are likely to diffuse into the
adjacent anode and cathode materials. These authors have prepared the composi-
tion: Lagg,Sr15Crg85Alp1503 by the glycine/nitrate method. Layers up to about
100 pm thick sinter in air to near-full density with closed porosity after 16 hours at
1823 K (see Fig. 32). This composition is considered to be a promising candidate as
an interconnection material, taking into account its relatively high conductivity and
its thermal expansion coefficient which very closely matches that of the zirconia elec-
trolyte.

Similar investigations have been carried out for the system LaCr,_,Mn,O; [106].
A significant improvement in sinterability appears when Mn is substituted for Cr.
For example, densities above 95% of theoretical were achieved at 1475 °C in air for
Lay ¢SryCr3Mng ,0;. Electrical conductivity and Seebeck coefficient results are
interpreted by a small polaron mechanism for all compositions. This is illustrated for
conductivity in Fig. 33. It was also demonstrated that the carrier (electron hole)
mobility rather than carrier concentration governs the electronic transport.
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Fig. 33. Arrhenius plots of conductivity in the system LaCr,_,Mn,O;. From ref. [106].

Several metal alloys have been suggested for use as interconnection materials in
SOFCs. It was discovered that the Ni—Cr alloy Inconel could be used. Metal alloys
generally satisfy to the required conditions for electrical conductivity and gas
tightness. Furthermore, their use is advantageous with regards to their high thermal
conductivity which could help to even out the cell temperature. However, the in-
troduction of alloys creates serious problems in bonding them to ceramics and
because of the mismatch of thermal expansion coefficients. Long duration tests are
to be performed to evaluate their resistance to oxidation, carborization, nitriding gnd
sulfurization. So far, no quantitative results are available to enable valid estimates
of the potential use of metallic alloys in SOFCs.
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4 Technology for SOFC Generators

4.1 Materials Selection

Although active research efforts are still being carried out to find new materials or
to improve the existing ones, there is a general agreement on the use of the following
components:

Electrolyte: (Zr02)0.92 e (Y203)0.08
Cathode: La;_,Sr,MnO; .

The exact dopant contents may change, depending on the fabrication process and
cell configuration. Generally, cathodes with x = 0.16 are used and the porosity
ranges from 30 to 40%.

Anode: Ni/(ZrOZ)O.QZ _(Y203)0.08 cermet
with a volume proportion close to 50%.
Interconnection material: M-doped LaCrO; with M = Mg, Sr.

Arrhenius plots of conductivity for the four components of the elementary cell are
shown in Fig. 34. They indicate that electrolyte and interconnection materials are
responsible of the main part of ohmic losses. Furthermore, both must be gas tight.
Therefore, it is necessary to use them as thin and dense layers with a minimum of
microcracks. It has to be said that in the literature not much attention has been paid
to electrode overpotentials in evaluating polarization losses. These parameters great-
ly depend on composition, porosity and current density. Their study must be
developed in parallel with the physical properties such as electrical conductivity, ther-
mal expansion coefficient, density, atomic diffusion, etc.

4.2 Cell Design and Performances

4.2.1 Tubular Configuration

Historically, two approaches have been successively adopted in the different develop-
ment programs for the fabrication of SOFC modules. The first approach involves
a relatively thick electrolyte, the cell being arranged in a “bell and spigot” tubular
configuration: this technology was adopted initially by Westinghouse and Brown
Boveri [107]. The self supporting criterium dictates a minimum thickness of the elec-
trolyte around 0.4 mm, to achieve the mechanical strength. The high thickness value
leads to an important ohmic loss under typical operating conditions, estimated as
20% of overvoltage losses.

The second approach involves successive deposition of thick (typically
50—-200 um) layers of electrolyte, electrodes and interconnection materials on a
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Fig. 34. Arrhenius plots of conductivity for the four main components in SOFCs. From ref. [132].

porous ceramic support [108]. This technology has been adopted by Westinghouse
in USA and Electrotechnical Laboratory in Japan. Multicell modules with tubular
support or plate-type support have been fabricated. The main weakness of this
technology seems to result from the severe cracks due to the thermal expansion coef-
ficient mismatch between interconnection and electrolyte materials. The need to im-
prove either the interconnection material, the fabrication process or the cell design
is clear. Over the last fifteen years, a major design change has been introduced by
Westinghouse, allowing the fabrication of a simplified assembly suitable for mass
production processes [109]. The structure is shown in Fig. 35, formed by a porous
support tube of calcia stabilized zirconia, closed at one end. The outside diameter
is about 1.5 cm and the length of about 30 cm. The support tube is overlaid with a
0.5—1mm thick porous cathode of Lay¢Sry;MnO;. A gas-tight layer of yttria
stabilized zirconia about 50 um thick covers the cathode, except for a strip about
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Fig. 36. Cross-section perpendicular to cell axes for a multicell SOFC assembly with tubular design
(Westinghouse). From ref, {99]. © 1988 IEEE.

9 mm wide along the active cell length. This cathode strip is covered by a gas-tight
layer about 30 um thick of LaggsMgjsCrO;, the interconnection material. The
anode is formed by a Ni—YSZ cermet of about 60 weight% Ni, covering the whole
electrolyte area, except a narrow zone near the interconnection material to avoid in-
ternal short-circuits. The projected surface area is approximately 110 cm?. Series-
parallel arrangements of these tubular single cells are made by connecting cells with
ductil nickel felt pads. The latter are in permanent contact with the reducing fuel
atmosphere. They are made of nickel fibers sinter-bonded to each other and to the
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Fig. 39. Current-voltage characteristics of the state-of-the-art single cell SOFC. From ref. [99].
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Fig. 40. Efficiency versus power of state-of-the-art SOFC. From ref. [99]. © 1988 IEEE.

nickel metal of the anode and provide a mechanically compliant and low electrical
resistance connection between single cells. Bundling single SOFCs together is
schematically shown in Fig. 36. In the adopted configuration, air and fuel flow in
the same direction, air being injected by a tube inserted into the tubular fuel cell.
This makes it easy to burn the depleted fuel gas by the oxygen-depleted air at the
open end of tube. The design concept of a generator module is schematically il-
lustrated in Fig. 37. A photograph of a 5 kW test generator built with 324 cells is
shown in Fig. 38. Brown [100] has presented a complete set of results concerning
single and multicell tubular state-of-the-art SOFCs. Figure 39 shows the current-
voltage characteristics of a single cell working under the defined conditions shown.
A power density of 0.16 W/cm? is obtained at 250 mA/cm? which is considered as
the typical design point for use of this cell in a generator. Efficiency results for a dif-
ferent single cell are shown in Fig. 40. They mainly indicate the difference in perfor-
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Fig. 41. Cross-section of thin film fuel cell batteries with plate type porous ceramic support. From
ref. [110].

mance between air and oxygen, especially at high power values, and a rather low effi-
ciency of about 31% at peak power.

4.2.2 The Self Sustaining Plate Design

The self sustaining plate design is shown in Fig. 41. Its concept is analogous to that
of the tubular design, a porous support plate being substituted for the porous sup-
port tube [110]. Tubes with semi-circular cross-section extend along one plate axis.
The same deposition techniques of the active components of SOFCs can also be
used. The electrodes/electrolyte combination on each groove acts as a single fuel cell.
Connecting these cells in series and combining two plates to form tubular-shaped
twin cells lead to a block of two series-connected cell rows. No known performance
data has been published for this configuration.

4.2.3 Monolithic Concepts

The active surface to volume ratio of the tubular arrangements previously described
is approximately 1 cm?/1 cm3. This parameter could be increased with correspond-
ing increases in both volume power density and area power density. New concepts
for solid state electrochemical reactors have been proposed based on more or less
planar cell structures which can be integrated to make blocks.

a) Monolithic Modules Design

The concept of monolithic module design is associated with Argonne National Lab-
oratories [111, 112]. Power density of about 8 kW/kg or 4 kW/1 and fuel efficiency
over 50% are expected to be achieved with monolithic SOFCs. The monolithic struc-
ture started with a co-flow version where the cell consists of a honeycomb-like array
of adjacent fuel and oxidant channels that look like corrugated paperboard, as
shown in Fig. 42. Multilayer laminates of the active cell components (anode-elec-
trolyte-cathode) are appropriately corrugated and stacked alternatively between flat
multilayer laminates in the following sequence: anode- interconnection material-
cathode. Tape casting [111] and hot-roll calendering [113, 114] are used to fabricate
the monolithic structure. A cross-flow version where oxidant and fuel channels are
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Fig. 42. Coflow monolithic SOFC. From ref. [114].
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Fig. 43, Crossflow monolithic SOFC. From ref. [114]. This paper was originally presented at the
Fall 1989 Mecting of The Electrochemical Society held in Hollywood, Florida.

formed from corrugated anode and cathode layers respectively is represented in
Fig. 43. It can be seen that the two laminated structures previously described for
the co-flow version are flat and stacked alternatively between the corrugated anode
and cathode layers. Green components are co-fired at temperatures of about
1300—1400°C to sinter the materials and create permanent bonds at the contact
points. Figure 44 shows that current densities of 1 A/ecm? can be achieved with
single cells operating at 1000 °C using H, as fuel and air as oxidant at a cell poten-
tial of about 0.6 V. The percentage of fuel utilization was not reported for this re-
markable performance. A 600 hour test on an early four cell stack at about 0.5 V and
50 mA/cm? has also been reported [100]. Although satisfactory improvements have
been observed for multicell stacks, as can be seen in Fig. 45, their performance re-
mains significantly lower than that of a single cell. According to Myles and
‘McPheeters [115], this is mainly due to interactions among the material during the
co-sintering process. The sintering aids introduced to assist densification of the inter-
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Fig. 46. “Honeycomb” design for SOFCs. From ref. [132].

connection material migrate throughout the monolithic structure and affect the
other materials, particularly the cathode. The performance of monolithic SOFCs
needs to be greatly improved to compete with tubular ones.

b) Honeycomb Design

The fact that yttria stabilized zirconia can be fabricated into flow-through honey-
comb catalyst support, e.g. in automobile exhaust emission control systems, has led
Steele [116] to suggest that SOFC systems could use this configuration. A slight
modification must be introduced so that adjoining channels are accessible only from
opposite ends, as shown in Fig.46. The oxidant channels are lined with porous
cathode materials, fuel channels with porous anode material. The thin and im-
permeable wall of the solid electrolyte functions as both a structural and active com-
ponent of the fuel cell. An active surface area to volume ratio as high as 10 cm?/cm’
can be achieved with the honeycomb configuration. Calculations made with a single
cell 3 cm %20 cm with 240 channels 0.5x 0.5 cm each, a wall thickness of 300 um and
a channel depth of 1.15cm result in an active area of 480cm?. Assuming a
moderate current density of 200 ma/cm?, the current amounts to 96 A. Although
the honeycomb configuration looks very attractive, severe technological problems
make it difficult to produce massively for SOFCs. Among the most critical are the
deposition of the electrode material, the thermal management of the cell in opera-
tion and the manifold system to feed the gases to the end of each relevant channel.

4.2.4 The Bipolar Plate Design

The bipolar plate design is illustrated in Fig. 47. It consists of a cross-flow arrange-
ment where the gas-tight separation is achieved by dense ceramic or metallic plates
with grooves for air and fuel supply to the appropriate electrodes. A porous cathode,
a dense and thin electrolyte and a porous anode form a composite flat layer placed
at the top of the interconnected grooves. The deposition of the porous electrodes can
be achieved by mass production methods. Moreover, the bipolar plate configuration
technology makes it possible to check for defaults, independently and prior to
assembly of the interconnection plate and the anode-electrolyte-cathode structure.
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Fig. 47. Bipolar plate design of SOFC. From ref. [132].

However, these advantages may be offset by the use of high temperature seals and
the fact that the components will be subject to more stress. Besides mechanical stress
due to seals, thermal stresses may appear because of temperature gradients and cycl-
ing. Few results related to the performance of this type of SOFCs have been pub-
lished. An area power density of 0.12 W/cm? has been reported without any
specification of oxidant and fuel composition and utilization [117].

4.3 Manufacturing Processes

Gas-phase or wet-type processes are usually adopted for the manufacturing of the
layers. The gas phase route includes:

— chemical vapour deposition (CVD) and electrochemical vapour deposition (EVD)
[118-122],

— plasma spraying [110],

— laser evaporation [123],

— radio frequency sputtering [124],

— electron beam evaporation [125].

4.3.1 The CVD-EVD Technique

The CVD-EVD technique was introduced and developed by Westinghouse, after its
conception in 1970 by Isenberg {126]. It has demonstrated the ability to reproducibly
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Fig. 48. Principle of electrochemical vapour deposition. From ref. [121].

deposit relatively thin films of numerous solid electrolytes and interconnection mate-
rials on porous supports. This technique will be described here with some details of
the manufacturing of gas-tight layers of YSZ in the tubular cell. Its principle is de-
scribed in Fig. 48. The first stage of this technique is a conventional CVD reaction.
To deposit electrolyte films, ZrCl, and YCl; are volatilized in a predetermined ratio
and passed over the outer surface of the porous air electrode which covers the calcia
stabilized zirconia support tube. The oxygen partial pressure in the gas mixture is
about 10" atm. A stream of water vapour, containing in some cases oxygen at a
partial pressure of about 10 ™% atm, is passed inside the support tube. Molecular dif-
fusion through the porous support tube and air cathode material gives rise to the
following reactions:

2MCl; +yH,0 = 2MO,,, +2yHCI
4MCl,+y0O,; =4MO,,;+2yCl,

where M is a metallic cation (M = Zr, Y) and y the valency associated with M.
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Fig. 49. Square of electrolyte film thickness versus deposition time at 1475 K. From ref. [121]. This
paper was originally presented at the Fall 1989 Meeting of The Electrochemical Society held in
Hollywood, Florida.

Yttria stabilized zirconia formed by this reaction fills the air electrode pores. The
dynamics of this CVD stage has been modeled by Carolan and Michaels [120], who
observed that films produced in this manner penetrate the substrate no more than
2-3 pore diameters from the chloride face of the substrate. It has also been shown
that the penetration depth is independent of water concentration. The second step
of this method is the EVD step. Once pore closure is achieved, the reactants are not
longer in contact. Electrochemical semipermeability related to the existence of small
electronic conductivity and large gradient of oxygen partial pressure leads to oxygen
transport from the steam side to the chloride side through the deposited electrolyte.
The electrochemical reactions involved are:

MCI, +y/20%*" = MO,, +y/2Cl, +ye
at the chloride side and

H,0+2¢e =0 +H,

1/20,42e = 0%~

at the steam side.

Kinetic studies of EVD [121] indicate that the electrolyte layer growth is parabolic
with time, as shown in Fig. 49, and the diffusion of both electrons and holes is the
limiting step of such electrochemical reactions [122]. The CVD-EVD technique pro-
duces fine-grained films of electrolyte with 40— 50 um thickness.

4.3.2 Wet-type Method for Layer Fabrication

In this process, the component powders are first prepared by conventional powder
processing, such as co-precipitation, sol-gel, spray-drying and freeze-drying. Binders,
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plasticizers and organic solvents are introduced to form the green sheet. Numerous
processes have been developed for green sheet manufacturing, including extrusion
moulding, doctor blade method and calendering technique. The wet-type method
has been mainly adopted for the monolithic SOFC structure [115]. The main
challenge in manufacturing such structures is to match the sintering shrinkages of
the four components: the cathode material, strontium-doped lanthanum manganite,
the electrolyte, yttria stabilized zirconia, the anode material, nickel-zirconia cermet
and the interconnection material, strontium-doped lanthanum chromite. Shrinkages
occur during organic additive burnout around 500 °C and sintering around 1400°C.
It seems that the matching of shrinkages has been accomplished satisfactorily for the
monolithic structure [127], resulting in a significant decrease in cracks and cross-
leakage.

S Long Term Behaviour

Working life is an essential criterion for materials selection and cell design for
SOFCs. Economic studies based on electricity cost fix a minimum working life at
30000 hours. According to Rohr [107], a period of five to ten years is required for
an economically feasible SOFC generator. When working at high temperature, SOFC
components are subjected to aging effects. This gradually leads to an increase in
resistivity due to the formation of superstructures within the electrolyte and the pre-
cipitation of new phases, mainly at grain boundary regions. The interface reactions
between the cell components are affected by cation interdiffusion leading to the for-
mation of intermediate new phases whose physical and electrochemical properties
are still unknown. Figure 50 shows the performance stability of a tubular-design cell
working at 950°C with 250 mA/cm? and 85% H, fuel and 25% air consumption

1.00 LN S RO S S A L A S AL AR AL R
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0.80 - __ Cell Voltage 1 .
070 | 1 2
P A —
2 050 . oonopear] B
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Fig. 50. SOFC voltage versus time at 950°C, 250 mA/cm?, 85% fuel utilization and 25% air
utilization. From ref. {128]. This paper was originally presented at the Fall 1989 Meeting of The
Electrochemical Society held in Hollywood, Florida.
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[128]. A constant value of the cell voltage is observed over 6000 hours. Life tests with
self-sustaining type cells have shown that open-circuit voltage and power density re-
main practically constant over a period of more than three years. This is illustrated
in Fig. 51. Several cyclings between 1000 °C and room temperature did not affect the
performance [107]. On the basis of these results, one may conclude that the tubular
concept fulfills the life time requirement quite well.

6 Conclusion

After thirty years of basic research, it was demonstrated that SOFCs potentially have
many significant advantages over traditional generators of electricity and other types
of fuel cells. These advantages are essentially related to the high operating tempera-
ture and to the solid state of the cell components, mainly the electrolyte. They can
be summarized as follows:

- high efficiency can be achieved even at reduced loads, in small as well as large
units,

- the use of expensive catalysts such as platinum and ruthenium is not necessary,

- the high quality of exhaust heat at relatively high temperatures (600— 1000 °C),
after burning the depleted fuel gas, increases the overall efficiency,

— there are no constraints on carbon monoxide in the fuel,

— electrolyte loss maintenance as well as electrode corrosion are eliminated,

— tolerance to impurities like sulfur in fuel increases the cell’s life time and reduces
the fuel clean-up cost.

In addition to these characteristics, SOFCs can operate as water vapor electrolysers
to produce hydrogen of high quality. Finally, the technology developed for SOFC
systems can be applied to the co-generation of electricity and chemicals with high
efficiency [129, 130].
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Fig. 52. US R & D expenditures on SOFCs. From ref. [131].

In spite of all these attractive features, improvements must be made in both com-
ponents and technology. Cathode, electrolyte and interconnection materials which
are responsible of the major part of the voltage losses must be improved in terms
of electrical conductivity and electrode polarization. Thermal shock resistance and
fracture toughness must be increased to reduce cracks which appear during fabrica-
tion and thermal cycling, particularly in monolithic designs. Long time tests, for
periods exceeding 40000 hours, are to be performed under practical operating condi-
tions to evaluate more precisely the deleterious effect of cation interdiffusion be-
tween adjacent components.

Considering that an SOFC is basically a ceramic assembly, one may be optimistic,
taking into account the recent developments in ceramic technology. For example, the
deposition techniques of thick, thin or multilayers that have been developed in
microelectronics technology can be applied. The development of structural ceramics
and the recent discovery of high temperature oxide superconductors promises rapid
progress in preparing and manufacturing ceramic oxides.

The financial support provided to fuel cell development over the last three years
in the USA is shown in Fig. 52 [131]. It indicates that one may be optimistic for the
future of SOFCs with regard to their technical aspects. Performance and cost of the
modules developed by Westinghouse make it possible to evaluate accurately the real
cost of the electricity supplied by this type of generator. It is now time to find com-
mercial markets for them. A definitive answer to this question will very likely be
given in the mid 1990s and will determine the commercialization of SOFCs.
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1 Introduction

Over the past decade there has been a growing interest among electrochemists in ob-
taining a more microscopic picture of the electrochemical interface. To achieve this
goal, new techniques are being developed which go beyond simple current-voltage
measurements and directly probe double layer properties. On the solution side of the
interface, one would like to measure the structure and orientation of molecular ad-
sorbates, to understand the effect of potential bias on these molecular properties and
to correlate these adsorbate properties with reactivity. Surface-enhanced Raman
spectroscopy (SERS) was the one of the first techniques to provide such information
for roughened electrode surfaces [1]. Other spectroscopic techniques [2, 3] have since
arisen which are providing a compatible data base on a variety of smooth and
roughened substrates. Of equal importance with understanding adsorbate properties
is the characterization of electrode surface properties in situ. Although there are a
battery of techniques available for studying surfaces in ultra high vacuum (UHV),
the tools available for making analogous surface measurements in solution are few.
At present, little is known about the electronic structure of the immersed electrode
surface, the existence of surface states or the effect of applied potential on the energy
of such states. For single crystal electrode surfaces, simple techniques for measuring
surface morphology are needed so that one can understand how adsorption and
potential bias can stabilize or destabilize the atomic surface structure. Similarly, one
would like to measure the structure and order of foreign metal atoms electro-
deposited on the surface and how their presence alters the reactivity and electronic
properties of the surface. X-ray grazing incidence [4] and scanning tunnelling
microscopy [5] are two new in-situ techniques which show promise in measuring sur-
face and overlayer properties. Another new technique, surface second harmonic
generation (SHG), is a potential candidate for measuring surface ordering. It has
also been found to be very sensitive to surface electronic properties and, for special
cases, molecular properties.

Whereas all of these emerging techmques offer exciting opportunities for studies
in the future, most noted above are currently in a relatively early stage of develop-
ment both in theory and in general applicability. Optical second harmonic genera-
tion is no exception, although progress in the past decade has been substantial as the
unique properties of this nonlinear optical method have been exploited in a number
of applications [6, 7]. This review is written to provide a summary of the current state
of the field of surface SHG as applied to studying single crystal electrode surfaces.
Although most of the work described has been performed with the electrode in solu-
tion, the results have direct bearing on studies of metallic surfaces which are being
examined in other environments including UHV.

The type of optical second harmonic generation familiar to most scientists is the
conversion of infrared frequencies into visible frequencies via the doubling crystal
positioned at the end of the laser cavity. In order for this conversion to occur, the
doubling media must be noncentrosymmetric. In fact, much of the research today
in second harmonic generation is in the development of new noncentrosymmetric
materials which are very efficient at making this conversion when the light is passed
through the bulk of the material. In surface second harmonic generation, one is in-
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terested in the SH-light generated at the surface of the medium. The surface in-
herently provides the broken symmetry necessary for generating the doubled incident
frequency. If the medium is centrosymmetric, the surface SHG should be significant
relative to the bulk contribution. Numerous studies have appeared which exploit the
unique aspect of this nonlinear optical process to study a variety of semiconductor,
liquid, polymeric and metallic surfaces [6, 7].

In studies of electrode surfaces, the incident light from the laser is coupled
through a window on the electrochemical cell and illuminates the surface. The SH
signal is then collected near the reflected angle as the potential is varied across the
double layer. For the metallic systems studied in simple electrolytes, the SH response
from the metal has been found to dominate over the contribution from the adjacent
solution. As will be discussed, the SH response is highly sensitive to changes in sur-
face morphology, surface composition and surface electronic properties as varied by
the potential bias. When a single crystal electrode is used, one can not only examine
the change in the magnitude of the SH response with applied electric field, but by
selecting various optical polarization geometries one can derive detailed information
about the nonlinear polarizability of the surface and the symmetry of the surface.
By varying the wavelength, one has the option to map surface states and study their
bias potential dependence. Phase measurements provide important complementary
information to amplitude data, enabling optical resonances to be identified.

The review will begin with a brief description of the progress in the field over the
past three decades and will provide a perspective of how the electrochemical mea-
surements have developed in this growing field. This will be followed by a theoretical
section which provides some general theoretical principles behind the technique. A
description of some of the new microscopic approaches to modelling the nonlinear
source currents from metal surfaces will also be presented. An experimental tech-
nique section will describe the details involved in making a variety of surface SH
measurements. A summary of the results of experimental studies conducted in the
past few years on single crystal electrode surfaces in solution will follow. The discus-
sion will draw upon related work performed in UHV and studies on polycrystalline
surfaces where comparisons are appropriate. For a more comprehensive discussion
of these later two topics, the reader is referred to several other recent reviews [7, 9].

2 Historical Perspective

Directly following the development of the optical laser, in 1961 Frankel et al. [10]
reported the first observation of optical harmonics. In these experiments, the output
from a pulsed ruby laser at 6943 A was passed through crystalline quartz and the
second harmonic light at 3472 A was recorded on a spectrographic plate. Interest in
surface SHG arose largely from the publication of Bloembergen and Pershan [11]
which laid the theoretical foundation for this field. In this publication, Maxwell’s
equations for a nonlinear dielectric were solved given the boundary conditions of a
plane interface between a linear and nonlinear medium. Implications of the
nonlinear boundary theory for experimental systems and devices was noted. Ex-
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perimental substantiation for their theoretical predictions came in the work of Ducu-
ing and Bloembergen in which semiconducting mirrors of tellurium, GaAs and InSb
were examined with a ruby laser [12].

Several studies in the 1960s followed which examined the SH response from
metallic surfaces. These initial studies were generally focused on understanding the
source of the nonlinear polarizability from metals. The first experimental observa-
tion of nonlinear optics from a surface was reported by Brown, Parks and Sleeper
who examined the SH response from silver [13]. They concluded that, since the
substrate was centrosymmetric, the observed harmonic generation must be from the
boundary region where symmetry is lacking. Furthermore, their polarization experi-
ments suggested that the observed SH intensity arose from an electric quadrupole
type source. In a related theoretical study, Jha [14] attributed the nonlinear polariza-
tion source to the conduction electrons and noted the importance of surface terms
which arise from the discontinuity of the normal component of the electric field at
the boundary. This was followed by a further examination of silver by Brown and
Parks [15]. Their work lended support for the dominance of the conduction electron
plasma in the SH response. They also provided evidence for the existence of a bulk
magnetic dipole source term which had been predicted by Jha [16].

Several other studies noted the importance of bound electrons to the surface
nonlinear polarizability. Bloembergen and Shen [17] concluded that the second har-
monic radiation observed from a silver surface irradiated at optical frequencies has as
its origin the nonlinearity of bound electrons in the ion cores of a monolayer surface
layer rather than the plasma electrons. The paper of Bloembergen et al. [18] also
asserted that the core electrons were important at optical frequencies by demonstrating
the similarity in the SH response from Ag, Au and Cu, to that of Si and Ge, where
core electrons are dominant. They provided wavelength dependent data which in-
dicated that the interband contributions are comparable to the plasma or intraband
contributions, in agreement with general theoretical considerations for these metals.
A later paper by Bloembergen et al. [19] derived expressions for the intensity and
polarization of the reflected harmonic radiation as a function of the angle of incidence
and the polarization of the incident laser beam. It was concluded therein that the sur-
face contribution was of a quadrupole nature and that this quadrupole term should
dominate over the bulk magnetic dipole term which arises from a classical Lorentz
force on the conduction electrons. This work also predicted that for high refractive in-
dex materials, the SH response should be strong yet insensitive to surface con-
taminants or adsorbed layers. Important for later single crystal work to be discussed,
they predicted that the SH signal from cubic crystals should be independent of crystal
orientation. Sonnenberg and Heffner [20] followed with a measurement of the SH in-
tensity as a function of angle of incidence for silver surfaces and found that ex-
perimental agreement with theory was only achieved if both bound and free-electron
effects were considered. Other studies of significance in this decade include the work
of Krivoschekov and Stroganov [21, 22] on silver thin films, and Jha and Warke [23]
who showed that the general expression for the nonlinear polarization may be approx-
imated in terms of the complex dielectric constants in the long wavelength limit.

Two studies of SHG from a metal in contact with molecular adsorbates appeared
in 1967 and 1968, respectively. In the first work, a silver electrode in a simple
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aqueous salt solution was examined by SHG as a function of applied voltage [24].
The nonlinear response was found to vary in a quadratic manner relative to the
applied voltage. The experiment was relatively crude from an electrochemical
‘standpoint but the work clearly demonstrated the sensitivity of SHG to faradaic pro-
cesses. Brown and Matsuoka [25] reported the effects of molecular adsorbates on the
SH response from silver surfaces examined in vacuum conditions and concluded
that, contrary to the results of all prior theoretical and experimental work, adsor-
bates dramatically reduced the SH response over that observed for atomically clean
silver.

As can be seen from the above summary, by the end of the 1960s, the relative
importance of interband and intraband contributions to the nonlinear polarizability
from Ag and other metal surfaces was controversial. Unfortunately, inadequate
sophistication in surface preparation during this and much of the next decade made
it difficult to test the theories and also led to much disagreement among groups
about whether SHG was sensitive to surface details. ’

One of the most important theoretical contributions of the 1970s was the work
of Rudnick and Stern [26] which considered the microscopic sources of second har-
monic production at metal surfaces and predicted sensitivity to surface effects. This
work was a significant departure from previous theories which only considered
quadrupole-type contributions from the rapid variation of the normal component
of the electric field at the surface. Rudnick and Stern found that currents produced
from the breaking of the inversion symmetry at the cubic metal surface were of equal
magnitude and must be considered. Using a free electron model, they calculated the
surface and bulk currents for second harmonic generation and introduced two
phenomenological parameters, “a” and “b”, to describe the effects of the surface
details on the perpendicular and parallel surface nonlinear currents. In related
theoretical work, Bower [27] extended the early quantum mechanical calculation of
Jha [23] to include interband transitions near their resonances as well as the effects
of surface states. ,

During this time period, several groups investigated the SH response from
metallic films using attenuated total reflection techniques (ATR) in which the
nonlinear response is enhanced by coupling into surface plasmons (or polaritons)
[28—38]. Simon et al. [28] were the first to demonstrate this effect.

At the beginning of the 1980s, studies on surface SHG began to go beyond the
very fundamental studies which were directed towards understanding the source of
the nonlinear polarizability, to studies which examined the sensitivity of SHG to sur-
face effects. This change in emphasis was largely a result of pioneering studies by
Shen and coworkers in 1981 [39—41] in which large enhancements in the SH
response from a silver surface were observed during an oxidation/reduction cycle
(ORC). The enhancement observed seemed to be similar to the surface-enhanced
Raman effect discovered several years earlier. Consequently, much of the initial work
in the electrochemical area was directed towards understanding the SH response dur-
ing an oxidation/reduction cycle [40—53]. Large enhancements in the SH response
from silver were observed during an ORC in simple salt solutions. This enhancement
was found to occur with and without the presence of an organic adsorbate such as
pyridine. It soon became apparent that, whereas SERS could be described in terms
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of both a chemical and an electromagnetic mechanism [1], the SHG enhancement
appeared to be predominantly electromagnetic in nature [41].

Following these studies were a series of works which examined the SH response
from polycrystalline and crystalline silver electrode surfaces biased within the ideally
polarizable region [42 44, 54—64]. These studies showed the sensitivity of SHG to
adsorption of ions to the electrode surface. More importantly, they showed that the
sensitivity arose from the changes in the optical properties of the electrode surface
itself, and not from the optical properties of the ionic and simple molecular species
at the surface. Conversely, the SH response from an adsorbate, such as a dye
molecule, can become an important factor if either the fundamental or SH photon
energy is resonant with electronic transitions in the adsorbate [65, 66]. For more
details on these SH studies of both ORC effects and adsorption phenomena on
polycrystalline substrates, the reader is referred to Refs. 7 and 9.

In the past few years, the electrochemical studies have become more sophisticated
in both the optical analysis and the experimental parameters measured. A particular
area of growth has been the examination of SHG from single crystal electrode sur-
faces. Following the results of several studies [67— 73] on Si single crystals in which
the variation of the SH response with rotation about the surface normal was used
to measure the surface symmetry and order, Richmond and coworkers performed
related studies on metal single crystal electrodes with the goal of using this rotational
anisotropy to monitor surface symmetry and order in solution [74—76]. For Ag(111),
they found an observable anisotropy in the SH response with rotation which cor-
related directly with the symmetry of the surface [74, 75]. The appearance of
anisotropy from this crystal is nevertheless surprising since the fundamental and har-
monic frequencies used were too low to couple to interband transitions in the metal.
However, the observed anisotropy from Ag(111) is clearly different than what was
reported by Tom and Aumiller for Cu(111) in UHV using similar frequencies [77].
In the copper study, Tom and Aumiller attributed the anisotropy to a resonance be-
tween the energy of the harmonic fields and the bulk interband transitions of Cu.

Since that time, numerous experiments on single crystal metal surfaces have been
performed in the electrochemical environment and in UHV. How this field has pro-
gressed in recent years will be discussed in the following sections. This review will
focus on the progress made in the electrochemical area and note the parallel work
performed in UHV where appropriate.

3 Theoretical Considerations

Although a theoretical description of second harmonic generation from bulk media
is relatively well developed, progress in modeling the surface nonlinear response lags
far behind. The difficulty lies in describing the source of the nonlinear polarization
at the interface. Once the source is determined, the fields generated by the source can
be found. Bloembergen and Pershan in 1962 were the first to solve the problem for
a generalized dipole source at an interface [11]. Bloembergen et al. [19] and later
Shen [78] updated this work in a manner analogous to classical electrodynamics in
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linear media. Even though numerous microscopic approaches have been attempted
for a range of media, the success has been limited due to the difficulty of the task.
This is particularly true for metallic surfaces which have generally been treated with
a jellium model.

The approach taken in the following section is to give a brief overview of the con-
cepts used to describe theoretically SHG in reflection from an interface. It will begin
with the general solution as developed by Shen [78] and Heinz [79]. This will be
followed by extensions of the generalized theory to cubic media, of particular impor-
tance to much of the experimental work to be discussed. The section will conclude
with a general overview of various theoretical models recently used to describe metallic
interfaces on a microscopic level. Several of these studies will be discussed further in
the experimental section where comparison with experiment is appropriate.

3.1 General Theory for Surface Second Harmonic Generation

Figure 3.1 shows a simplified picture of an interface. It consists of a multilayer
geometry where the surface layer of thickness d lies between two centrosymmetric
media (1 and 2) which have two different linear dielectric constants &; and &,
respectively. When a monochromatic plane wave at frequency w is incident from
medium 1, it induces a nonlinear source polarization in the surface layer and in the
bulk of medium 2. This source polarization then radiates, and harmonic waves at
2w emanate from the boundary in both the reflected and transmitted directions. In
this model, medium 1 is assumed to be linear.

The discontinuity of the interface leads to two contributions to the second order
nonlinear polarizability, the electric dipole effect due to the structural discontinuity
and the quadrupole type contribution arising from the large electric field gradient
at the surface. Under the electric dipole approximation, the nonlinear susceptibility
of the centrosymmetric bulk medium 2 is zero. If the higher order magnetic dipole

2w €2
2w
medium | L1 medium 2
el 92
w —» d f=—

0 2

Fig. 3.1. Second harmonic generation from an interface between two isotropic media. The z direc-
tion is taken as zero at the interface between the media and is positive going into medium 2. After
Ref. 78.
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and electric quadrupole source terms are considered, the contribution from the bulk
is nonzero. Once the form of the nonlinear polarization for these surface and bulk
contributions can be determined, the radiated SH fields are found by solving the
wave equation.

The standard method of treating the electric dipole contribution from the surface
region is to view the nonlinear polarization as a dipole sheet which can be described
by the surface susceptibility tensor, x‘?. This is equivalent to considering the three
layer system shown in Fig. 3.1 with the dipole sheet placed just below the surface at
z=0" and allowing the surface layer thickness, d, to approach zero. The surface
contribution to the polarization can then be written as

P.Qw)=x?6z):E(w)EW) (3.1)

where §(z) is a J-function at z=07.
The contributions from the bulk, or nonlocal response, of the medium are pro-
portional to the first spatial derivative of the field:

PRw)=QQw):E(w)VE(w) 3.2)

where Q is a fourth rank tensor of multipole terms. Symmetry dictates the number
of independent nonzero tensor elements. For isotropic media there are four non-
vanishing tensor elements, three of which are independent. Using the notation of
Bloembergen et al [19], the ith component of the induced second order polarization
may then be written:

PiQw) = (6- -2 [E(w) VIEi(w)+BE;(w) [V-E(@)]+ yVi[E(w) E(@)] .
3.3)

The coefficients J, B, and y relate to the independent tensor elements, and are fre-
quency-dependent material parameters. For cubic media, all four nonvanishing ten-
sor elements are independent and another term, {E;(w)V;E;(w), appears in this ex-
pression. This additional term gives rise to an anisotropy in the SH radiation and
will be discussed in more detail later in this review.

By application of Maxwell’s equations, the expression in Eq. (3.3) can be
transformed to give:

PQRw)=0-PHIE(w) VIE(w)+BE(w)[V-E(w)+Riw/c)y[E(w)XB(w)] .
34

The first two terms are electric quadrupole in character while the last term is
magnetic dipolar. Under excitation by a single plane wave, the first term vanishes.
In a homogeneous medium the second term vanishes by Gauss’ Law. The third term
describes the induced polarization which is along the propagation direction. It can
only radiate at the discontinuity of the surface. The full expression for the second-
order nonlinear polarization in an isotropic medium is then written as the sum of
the surface and bulk polarizations [78]:
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P, ef(Qw) = (6—B) [E(w) - VIE(w)+ BE(w) [V -E(w)]+2iw/c)y [E(w)XB(w)]
+xP6@):E(w)E(w) . (3.5)

This expression can then be used to obtain the radiated SH fields by solving the wave
equation [19}:

VXVXE,—(4w?/c)eRw)E, = (1610 /cH PN Qw) (3.6)

given the new boundary conditions imposed by the presence of the dipole layer.
PN (2w) has the form given by P(2w) in Eq. (3.5).

The intensity of the reflected second harmonic signal from excitation by a plane
wave of frequency w and polarization ¢(w) is then found to be [78 —80]:

3273 w? sec’ B,
IQw) = <c361 @) (2;)> leQw) 1 e(@)e(@)| (@) . 3.7

In this equation, 8,,, represents the angle of the radiated SH light with respect to
the surface normal, I(w) is the pump intensity, and e(2w) is the polarization at the
SH frequency. The vectors e{w) and e(2 w) are related to the unit polarization vec-
tors &(w) and é(2w) in medium 2 by Fresnel coefficients. The effective surface
nonlinear susceptibility Xg,zgff incorporates the surface nonlinear susceptibility x?
and the bulk magnetic dipole contributions to the nonlinearity. The result simplifies
since, for isotropic media, there are only three nonzero independent elements of

2 2 2 2 2 :
x®. These are 2y, % = x By and zCh, where i = 1,

3.2 SHG from Cubic Media

A large portion of the SH studies on single crystal electrode surfaces has involved
measuring the anisotropy in the SH response as the crystal is rotated 360° about the
surface normal, or alternatively, as the polarization of the normal incidence beam
is rotated. Early studies of Bloembergen and coworkers [19] suggested that the SH
response from the surface of a cubic medium is independent of crystal face or orien-
tation. Later experiments by Guidotti et al. [81] showing SH rotational anisotropy
from Si(111) and Ge(111) in air disputed this previous work. This rotational
anisotropy was confirmed by Tom, Heinz and Shen for Si(111) using 532 nm excita-
tion and a 10 nsec laser pulse [68]. As an example, Fig. 3.2a shows the variation in
the s-polarized SH intensity upon excitation with p-polarized 532 = nm light. The
SH output, I({|, L), was monitored as the Si(111) sample was rotated about the sur-
face normal. The notation used, I(||, L), refers to p(||) and s(L) polarized (fun-
damental, SH) light. For I(||, ||), anisotropic patterns with threefold and fourfold
symmetry were observed from Si(111) (Fig. 3.2b) and Si(100), respectively [68]. The
data was fit to a theoretical model in which the symmetry of the crystal and its sur-
face governs the observed anisotropy. The nonlinear response is attributed to the sur-
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Fig. 3.2. SH rotational anisotropy from a Si(i11) surface in air. Excitation was with p-polarized
532 nm light from a Q-switched Nd: YAG laser incident at 45° from the surface normal. The rota-
tion angle lies between the x axis in the plane of incidence and the [100] projection axis on the sur-
face. (a) S-polarized SH data (solid line) and theoretical fit (dashed line) to Eq. (3-10) (with A = 0).
(b) P-polarized SH data and theoretical fit to Eq. (3-10) (with B = —A). From Ref. 67 and also
shown in Ref. 68 with a different definition of the angle of rotation.

face electric dipole and bulk electric quadrupole and magnetic dipole contributions
in the quiescent crystal. This model, described in more detail below, is an extension
of the theory of Shen [78] outlined above for the special case of cubic media under
single plane wave excitation.

The model ascribes the effective polarization (P .+ (2w)) of Eq. (3-5) to a linear
combination of the bulk nonlinear polarization (P;(2w)) of Eq. (3.3) and a surface
nonlinear polarization PN(2w). For a cubic medium excited by a single beam of
frequency w, the bulk nonlinear polarization induced by (w) becomes

PiQ2w) = yVi[E(w) E(w)l+ (Ej(w) VEi(w) (3.8

where y and ({ are frequency dependent material parameters and i refers to the crystal
principal axes. The first term is isotropic with respect to crystal orientation and the
second is anisotropic. Both terms arise from the induced quadrupole and magnetic
dipole moments in the bulk. The surface electric dipole term which is caused by the
broken inversion symmetry of the boundary region gives rise to a nonlinear polariza-
tion PY(2w), such that
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P¥Qw)=x?:E(w)Ew) (3.9)

In this model, the structural symmetry of the boundary region is reflected in the
form and magnitude of the tensor elements of the surface nonlinear susceptibility,
x?, and the bulk anisotropic susceptibility, {. For 1.06 um excitation, the penetra-
tion depth of E(w) is about 100 A. The surface electric dipole contribution is
thought to arise from the first 10 A. The electric quadrupole allowed contribution
to E(2w) from the decaying incident field is attenuated by e 2 relative to the sur-
face dipole contribution. Consequently, the symmetry of the SH response should
reflect the symmetry of at least the first two topmost layers. For a perfectly ter-
minated (111) surface, the observed symmetry should be reduced from the 6 m sym-
metry of the topmost layer to 3 m symmetry as additional layers are included. This
is consistent with the observations for the centrosymmetric Si(111) surface response
shown in Fig. 3.2 [67, 68]. ‘

Looking more closely at the various tensor elements for a surface with 3 m sym-
metry, four independent tensor elements result. Three tensor elements are isotropic
and the y is anisotropic where the £ axis is defined as the projection of the [100]
crystal axis on the surface. More details regarding the general solutions for the s- and
p-polarized SH electric fields using Eqs. (3.8) and (3.9) can be found in Ref. 67.

In recent years, most rotational anisotropic data for both metals and semicon-
ductors have been discussed in light of Tom’s model [67, 68] and from the theory
of Shen [78]. No assumption is made about the microscopic origin of the bulk and
surface nonlinear polarization. This phenomenological model predicts a simple
functional dependence of the SH intensity on the angle of rotation of the sample
about the surface normal

IQw) = |A+Bf(y)|? (3.10)

The definition of  is arbitrary and varies between researchers although it is usually
taken as the angle between an axis in the laboratory frame, such as parallel or
perpendicular to the plane of incidence, and a mirror plane or crystal axis direction
in the surface. (This angle is labelled in Fig.4.2b as @.) The function f(y) in
Eq. (3.10) then reflects the 2 mm, 3 m, and 4 mm symmetry of the (110), (111), and
(100) surfaces, respectively. The constants A and B represent the isotropic and aniso-
tropic contributions to the SH intensity which depend on the crystal, the experimen-
tal geometry, the frequencies used and the fundamental and SH polarizations. The
data is then fit to this functional form and relative magnitudes for the phenomeno-
logical constants, A and B, determined.

When the data in Fig.3.2 are fit to Eq.(3.10), the results yield A =0 and
f(y) = sin 3y for I(]|, L) [67, 68]. Using p-polarized input and output, the data fits
to |[A/B| = 1 and f(y) = cos 3y for I(|], ||). With appropriate choices of the input
and output polarizations and separate SH phase measurements, combinations of the
four independent surface susceptibility elements and the bulk susceptibilities y and
{ contributing to A and B for this system were also determined. There is inherent
difficulty in separating the bulk surface susceptibilities such that the bulk suscep-
tibility y is always measured in a linear combination with a surface susceptibility ele-
ment for any experimental geometry [82—84].
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In similar work, Sipe, Moss and Van Driel [84] determined a functional form of
the rotational anisotropy for cubic centrosymmetric media. Their derived expres-
sions for the total reflected p- and s-polarized SH fields from perfectly terminated
(111) and (100) crystals under p- and s-polarized excitation take the form

EC(|, 1D oca||,”+c(|"rf)||cos(m¢) , (3.11)
EC9( L, ||) ca, | +c™) cos (mp) , (.12)
E2)(||, 1) « b, sin(mg) , (3.13)
E? (1, 1) b, sin(mo) , (3.14)

where m = 4 and m = 3 for the (100) and (111) surfaces respectively. For the (110)
surface, the p- and s-polarized SH fields take the form

E(z‘“’(| LD xa+c®cos 2¢)+c@cos (49) (3.15)

EC) (||, L) xbPsin 2¢)+bWsin (49¢) . (3.16)
The isotropic coefficient and the anisotropic coefficients #™ and ¢™ can have
both bulk and surface contributions and depend on crystal symmetry. The linear and
nonlinear dielectric constants of the material, as well as the appropriate Fresnel fac-
tors at w and 2w, are incorporated into the constants a, 5™ and ¢™. Table 3.1
shows the susceptibilities contained in each of these constants. The models of Tom

Table 3.1. Composition of the parameters, a, b, and c in terms of the surface and bulk susceptibili-
ty elements. P-polarized () or s-polarized { ¢ ) fundamental field. i = (x,»)

(1 1 1) 3m Xzzz Xzii Xizi Xxxx C
a .. o ...... ., S .0 €, 0 .....
LI ., 0 O, 0 . .
b i *,0 O, 0 i ..
(110) mm?2 Koz Xoxx Xayy Xz Xyzy ¢ Y
a . . ... *,0 ., 0 . ... o ... €, 0 ... ., 0
@ e, 0 o ... o ...... o ...... €, 0 .....
SO e *, 0 ...
bD s * ... o ...... *, 0 ...
B e i i €, 0 ...
(100) 4mm Koz Loxx - ¢
a e * ... ., 0 o ... ., 0 *,0
T €,0 . .
bW i €, 0 .. ...
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[68] and Sipe [84] are equivalent given that y = ¢. The coefficients a, 5™ and ¢™
are defined somewhat differently in each model although the relationship between
these constants and A and B in Eq. (3.10) is apparent by inspection.

3.3 SHG from Metallic Surfaces

When modelling the nonlinear response from a metal surface, two source currents
are involved. The first and most difficult to describe is the source current from the
surface which extends only a few angstroms into the metal. This surface current has
components parallel and perpendicular to the surface. The latter is most sensitive to
the details of the surface but is also the most difficult to calculate because of the
discontinuity at the interface and the rapidly varying normal component of the elec-
tric field there. The bulk current is the second and is calculated to extend on the order
of the optical skin depth into the metal.

Ideally, one would like to employ models which explicitly contain information
about the electronic structure of the metal and its surface. Although this is a relative-
ly difficult task, progress in this direction is being made as described below. The
isotropic free-electron gas has been the simplest and most common approach to
treating the nonlinear polarizability of the metal surface. Interband effects are ig-
nored by assuming that the excitation energies are well below such resonances. Both
classical and quantum mechanical methods have been used [14, 16, 19, 23, 26, 27,
85]. The first attempt at applying quantum mechanics to account for surface elec-
‘tronic structure was done in the cornerstone work of Rudnick and Stern [26]. They
showed that their model correctly calculated the parallel current but it failed for the
normal component. A new expression was then derived which used a half-infinite
medium with a current sheet placed at the surface. They also introduced two ad-
justable parameters, a and b, to estimate the effects of real surface conditions on the
size of the perpendicular and parallel source currents. These phenomenological con-
stants were reported to be on the order of unity.

More recently, a hydrodynamic model has been used to model the electron gas
by several groups [31, 86—88]. In this model the electrons are no longer treated as
noninteracting and collective electron motions are considered. This model is relative-
ly simple and yet provides a direct link between SHG and media properties such as
electron density and surface potential barrier. In the work of Sipe et al. [31], values
for the a and b parameters of Rudnick and Stern have been calculated. For the
parameter b, a value of —1 has been obtained whereas the parametér a ranges from
+2to —2. Corvi and Schaich [87] presented both formal and numerical results for
the efficiency of second harmonic generation in a simple reflection geometry. Their
theory used the full set of Maxwell equations in combination with the hydrodynamic
model to determine the electromagnetic fields. In more recent work, Schaich and
Liebsch [88] have extended this work and have shown that similar results can be ob-
tained from an analysis in which the speed of light is at times formally allowed to
be infinite. All of the above studies using the hydrodynamic model show that the a
parameter for the longitudinal SH response may have some interesting variations at
excitation frequencies near or below the bulk plasma frequency.
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Several other studies have appeared that are worthy of note. In a series of works
by Keller [89—94] and Apell [95], the nonlocal nonlinear response for free-elec-
tron-like metals have been examined using various theoretical approaches which are
basically extensions of linear theories on the optical response of metals. The results
[92] reduce to those obtained by Rudnick and Stern [26] using a similar approach
when the free-electron gas is considered to be homogeneous.

Whereas both the free-electron model and the hydrodynamic model are valuable
as a starting point, they unfortunately are too crude to give a quantitative description
of the dynamics of electrons near a surface [26, 31, 87]. One of the flaws in both
models is that the electron distribution is treated as a step function which is constant
at the surface and then falls abruptly to zero. In a departure from this model, Weber
and Liebsch [96, 97] have used a jellium model treated within a local-density-func-
tional approximation to determine second order induced charge densities at a metal
surface in the low frequency limit. The approach is quantum mechanical and takes
the smoothness of the electronic density profile in the vicinity of the surface and the
nonlocal nature of the response into account. Their results indicate that the
longitudinal SH current is located predominantly in the exponential tail of the
equilibrium electron density in the vacuum and therefore should lead to the SH
signal being highly sensitive to surface conditions. The values calculated for the
parameter a range from —28 to —7, values which are significantly different than
what is predicted by models based on a single step density profile. Weber and Liebsch
[98] have also applied this method to understanding the experimentally observed
changes in the intensity of second harmonic radiation caused by adsorption of alkali
metal overlayers on a metal substrate [99]. In general they find that the second har-
monic intensity is strongly enhanced at low coverages and then decreases again as
one monolayer is completed. Where this maxima occurs appears to coincide with the
point at which the work function is at a minimum.

The frequency dependence of SHG at simple metal surface has been the focus
of a recent theoretical study of Liebsch [100]. Time-dependent density functional
theory was used in these calculations. The results suggest that the perpendicular sur-
face contribution to the second harmonic current is found to be significantly larger
than had been assumed previously. He also concludes that for 2 w close to the thresh-
old for electron emission, the self-consistently screened nonlinear electronic response
becomes resonantly enhanced, analogous to local field enhancement in the linear
response near the bulk plasma frequency.

Of relevance to electrochemical measurements, Liebsch and coworkers [101] have
applied the density functional method to the metal/electrolyte interface and have
compared the results with the potential and angular dependence of the light from
a Ag(111) surface. The model is similar to the one used for a clean metal surface
with the addition of a uniform static electric field oriented perpendicular to the sur-
face. Interband transitions are neglected for simplicity. The experimental and
theoretical results show good correspondence for negative and small positive surface
charges but show a large deviation at larger positive charges.

Another study pertinent to electrochemical measurements is the work of Aers and
Inglesfield for Ag(100) [102]. This theoretical study examines the screening of an
electric field at the surface. The calculation employs a surface embedded Green func-
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tion method in which the Schroedinger equation is solved explicitly in the true sur-
face region. Although it is primarily directed towards linear electroreflectance, the
changing profile of the screening charge with electric field is a nonlinear effect. With
a low-frequency field it contributes to the longitudinal second order current normal
to the surface. The center of gravity shifts with applied field are calculated and found
to be a factor of 3 smaller than the jellium calculations indicate. The Stark shift of
surface states in the applied field is also determined but the shifts are found to be
too small to explain the spectral shifts in the previous electroreflectance work
[103—-106]. The study opens the way for further calculations of the nonlinear
response from a metal surface which are more microscopic in nature.

Several other quantum mechanical studies have also appeared. Hu [107] has used
a quantum mechanical approach in which the metal surface is described by a jellium
model. The explicit form of the nonlinear current was derived for the high-frequency
regime. Chizmeshya and Zaremba [108] have used a generalized Thomas-Fermi
(GTF) model to calculate the linear and quadratic responses of a metal surface to
an applied electric field. Their results for the normal component of the second har-
monic polarization (the a parameter) are found to agree quantitatively with the
results of the density functional theory approach [96, 97]. The authors note that the
failure of previous hydrodynamic approaches was due to an unrealistic choice of the
equilibrium electron density distribution in the boundary region. By using a correct
description of ground-state properties, they suggest that their GTF approach may be
extended to provide a hydrodynamic description with results similar to those
obtained in a fully quantum mechanical approach.

4 Experimental Method
4.1 General Optical Considerations

The conventional geometry for measuring SHG from an electrode surface is shown
in Fig. 4.1, Either a pulsed and Q-switched laser, or a mode-locked laser with [45]
or without [54] Q-switching, are generally used as a probe source. Although a con-
tinuous wave (cw) laser can be employed, the high peak powers of a pulsed laser
results in a higher conversion efficiency for the average incident power. Most ex-
periments to date have been done with a Nd : YAG laser which operates on either the
fundamental output at 1064 nm (SH at 532 nm), or the doubled fundamental at
532 nm (SH at 266 nm). If tunability of the incident beam is desired, a dye laser or
other tunable source coupled to the pump Nd: YAG laser can be used. The polariza-
tion of the incident beam can be selected by use of a polarization cube placed in the
beam path and prior to the electrochemical cell. Good quality polarization cubes
with discrimination factors of 10* are recommended to avoid polarization mixing
under conditions of low signal levels. The beam is then passed through the window
of the electrochemical cell and gently focussed on the electrode surface. Caution
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Fig. 4.1. Schematic diagram of the second harmonic generation experimental apparatus with the
sample in the reflection geometry. The polarization analyzers are set to transmit p-polarized light
at the frequency labeled in the figure. The (w/2w) filters transmit the (fundamental/harmonic)
light while blocking the (harmonic/fundamental) light. For phase measurements, a quartz plate is
mounted on a translation stage for movement towards the sample at a distance L.

must be practiced to avoid surface ablation due to either tight focussing of, or hot
spots in, the incident beam. This is particularly a problem when the incident photons
are resonant with the optical properties of the electrode surface. Visible 'damage on
the crystal face by inspection under a microscope, or the observation of luminescence
accompanying the SH output, are two signs of such damage.

The SH light at frequency 2w is generated at the surface at an angle near the
specular reflection. The exact angle is determined by the frequency dependent
Fresnel factors. The harmonic beam is first analyzed for polarization, filtered to
eliminate the scattered fundamental and sent through a monochromator for verifica-
tion before detection using a photomultiplier tube. The monochromator is not essen-
tial but is a valuable diagnostic. Gated electronics are generally used for detection
with the low repetition rate lasers whereas photon counting is more appropriate for
the higher repetition rate mode-locked lasers. As an example of the signal level ex-
pected, according to Eq. (3.7), using a 10 Hz Q-switched Nd: YAG laser operating at
20 mJ incident pulse, a sample with |x(2)| =10"" esu would yield 10* photons/
pulse of 532 nm light [78]. The signal should show a quadratic dependence on the
incident power. Normalization of the SH signal against power fluctuations can be
achieved by sending a portion of the fundamental beam into a doubling medium and
detecting the light in a reference channel.

A complementary approach to the standard reflection geometry described above
uses the attenuated total reflection (ATR) geometry which couples surface plasmon
waves to the incident electric field and enhances the SH production. Two configura-
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tions are possible, the Otto configuration and the Kretschmann method [36]. The in-
cident light launches a surface polariton when the component of the incident wave
vector along the surface equals that of the surface polariton. The large enhancement
of the surface electromagnetic fields associated with surface plasmons is well suited
for nonlinear optics {109].

The ATR geometry has been employed in numerous alkali and noble metal thin
film studies [28—38, 55, 110—112]. For a more comprehensive review of ATR ex-
periments, consult Ref. 36. A waveguide structure has also been proposed that uses
phase matching of the interacting waves and leads to a predicted surface SHG
enhancement of five orders of magnitude [113]. Enhancements of several orders of
magnitude due to coupling to the long range surface plasmon mode has been
predicted [114] and observed [115].

4.1.1 Time Resolved Measurements

The most convenient means of making time-resolved SH measurements on metallic
surfaces is to use a cw laser as a continuous monitor of the surface during a transient
event. Unfortunately, in the absence of optical enhancements, the signal levels are
so low for most electrochemical systems that this route is unattractive. A more viable
alternative is to use a ¢w mode-locked laser which offers the necessary high peak
powers and the high repetition rate. The experimental time resolution is typically
12 nsec, which is the time between pulses. A Q-switched Nd: YAG provides 30 to
100 msec resolution unless the repetition rate is externally controlled. The elec-
trochemical experiments done to date have involved the application of a fast poten-
tial step with the surface response to this perturbation followed by SHG [54, 55, 116,
117]. Since the optical technique is instantaneous in nature, one has the potential to
obtain a clearer picture than that obtained by the current transient. The experiments
have also been applied to multistep processes which are difficult to understand by
simple current analysis [54, 117].

Measurements of dynamics in the subnanosecond regime are possible using
pump-SH probe experiments where an initial pulse causes either a photo- or thermal
excitation of the sample and the SH probe beam monitors the transient surface prop-
erties [69, 72, 73, 118 —120]. Although experiments of this type have yet to be report-
ed for an electrochemical system, experiments on Si samples excited under ambient
and vacuum conditions have been published [69, 72, 73, 120].

4.1.2 Rotational Anisotropy Measurements

Of particular value to the study of single crystal electrodes in solution are ex-
periments which measure the variation in SH response as the surface is rotated
azimuthally about the surface normal (Fig. 4.2). In this experiment the incoming
beam has a fixed polarization and the outgoing SH beam is monitored for the two
different polarizations, s and p. The modulation in the SH intensity as the angle be-
tween the plane of incidence and a crystal axis or direction is changed is referred to
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Fig. 4.2. Diagrammatic representation of the experimental crystal and beam geometries for
p-polarized radiation incident upon the (111) crystal face as viewed (a) from the side and (b) from
the top including the second atomic plane (#). The crystal coordinates are labeled x, y, z with the
z direction along the [211] crystal direction. The beam coordinates are labeled s, k, z. From
Ref. 122.

as rotational anisotropy. An alternate means of obtaining the same information is
to fix the electrode surface and illuminate the sample at normal incidence (e.g.
Ref. 71). The polarization of the incoming beams is rotated and the SH light
generated is analyzed along two orthogonal directions. In both experiments it is
necessary to know the absolute orientation of the crystal axes as can be determined
by various surface techniques. The utility of using such rotational anisotropy ex-
periments to explore surface symmetry and order will be discussed in detail later. In
theory, one has the possibility of also monitoring adsorbate surface order by such
a method. In the absence of optical resonances with the molecular adsorbate, the
metal surface response often dominates over that of the molecular adsorbate and
thus one merely monitors the perturbation of the electronic properties of the surface
upon adsorption rather than the molecular overlayer itself.

In the above experiments in which an electrode surface is examined, the electrode
potential is fixed as the electrode surface is rotated and the SH anisotropy recorded.
In a useful variation of this procedure, one can fix the angle of rotation and measure
the SH response as a function of potential. Since the absolute orientation of the
crystal is known, information can be derived about the various tensor elements de-
scribing the nonlinear polarizability from these crystalline surfaces. By fixing the
angle and applying a transient potential pulse, one can perform time resolved mea-
surements and watch the evolution of various adsorption and deposition processes
along specific crystal axes.

In the Richmond laboratory, the single crystal disc electrode is mounted on the
end of a hollow Kel-F shaft which extends outside of the electrochemical cell. The
shaft is connected to a stepping motor and is interfaced to a computer. All parts of
the electrochemical cell are constructed from either Kel-F, teflon, or high density
polyethylene. The edges and back of the electrode are sealed from contact with the
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solution by a mask fabricated from Kel-F. An optical window is securely sealed to
the front of the cell. The choice of material for the window is dependent upon the
wavelengths used in the experiments. The reference electrode is contained in a
separate compartment and is connected to the cell through a salt bridge. The counter
electrode is a Pt ring. Prior to running an experiment, the cell and all flow tubes are
cleaned with Nochromix in sulfuric acid and rinsed extensively with ultrapure water.
The cell is operated in a flow geometry with the aid of a peristaltic pump. The solu-
tion is purged with nitrogen which is scrubbed free of O, prior to performing the
experiments. In addition, freshly purged electrolyte flows through the cell at a slow
rate (1 ml/min) to retard diffusion of oxygen into the cell. All electropolishing and
subsequent mounting of the electrode in the cell are performed in an oxygen free
glove box.

4.1.3 Phase Measurements

In the experiments described above, the variation of the amplitude of the harmonic
fields is monitored as a function of various parameters. The surface nonlinear
response, described by ¥ @ is, in the case of adsorbing media, a complex quantity.
Hence, the phase of the nonlinear reflectance is related to the magnitude of 2.
When resonant optical transitions are involved, phase measurements can provide
valuable complementary information to observed amplitude changes in the har-
monic field. The phase measurements that have been performed in an electro-
chemical cell have used an interferometric geometry [121]. As shown in Fig. 4.1, a
quartz plate is placed within the beam path close to the sample. The SH field
generated at the quartz plate reflects off the electrode surface and interferes with the
harmonic field generated at the electrode surface. The plate is then translated along
the beam path a distance L, and the SH interference pattern monitored. The experi-
ment is then repeated after an alteration of the electrode surface and compares the
two waveforms. The relative phase shift due to the surface perturbation is then mea-
sured. By knowing the absolute orientation of the crystal relative to rotation of the
azimuthal angle, one can monitor the relative phase shift in particular tensor
elements which describe the polarizability from the surface. These phase measure-
ment experiments are particularly valuable in detecting changes in surface electronic
properties as a function of adsorption, potential variation or overlayer depositions.

4.2 Electrochemical Considerations

As with all surface analytical methods, surface preparation is critical to obtaining
reproducible SHG from metallic surfaces and single crystals in particular. For sur-
faces prepared in UHV and then transferred to an electrochemical cell, sputtering
and heating or annealing followed by Auger analysis of impurities should proceed
inert transfer. Low energy electron diffraction (LEED) can also be used to check sur-
face order. Metal electrode surfaces, particularly for the rotational anisotropy ex-
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periments, should be cut with an accuracy of < 1° in order to minimize polarization
mixing. If UHV preparation is not performed, Laue backscattering is a good way
to obtain the orientation of the principal axes and to have an additional, albeit
qualitative, check of the maintenance of crystallinity after surface polishing.
Mechanical polishing and, in most cases, electrochemical polishing to remove the
damage layer and oxides, should be performed. Metal electrodes subject to oxidation
should be prepared in an inert atmosphere and placed in a purged spectroelec-
trochemical cell. Extreme care must be practiced to remove all impurities, particular-
ly trace residues from the electropolishing solutions. The SH response from the elec-
trode surface is highly sensitive to submonolayer levels of impurities that can alter
the electronic (optical) properties of the surface.

S Experimental Results for Single Crystal
Electrode Surfaces

5.1 Ag(11), Ag(110), and Ag(100)

5.1.1 Rotational Anisotropy Measurements

The first studies to be described examine the variation in the optical nonlinearity
from single crystal metal surfaces as the crystal axis is rotated relative to the incident
beam. Referred to as “rotational anisotropy”, this behavior was first observed for
Si(111) and Ge(111) single crystals [81]. Fig. 3.2 shows the results for Si(111) in air
as obtained in a later study by Tom, Heinz and Shen [68]. Rotational anisotropy in
the SH response is somewhat intuitive for semiconductors if one assumes that the
electrons, which are polarized by the incident beam, reside in localized orbitals which
are directionally aligned with the atoms in the crystal. For metals, the variation of
SH intensity with azimuthal rotation is not as intuitive since one has generally viewed
the source of the SH response from a metal to be free electron-like in character. Such
behavior would lead to an isotropic response. As the energy of w and 2w approach
the energy of electronic states of the metal and the light couples to these states in
the metal, the response would more likely display anisotropy with rotation. Tom and
Aumiller [77] were the first to demonstrate this effect for a metal in their studies of
Cu(111) examined in UHV. They attributed the observed rotational anisotropy to in-
terband transitions, or more specifically, a resonance between the nonlinear response
at 2w (532nm, 2.3¢V) and the d bands of copper near 2.0€V. The rotational
anisotropy from a Ag(111) surface in solution was subsequently reported [74, 122].
This work is significant since bulk interband transitions can not be invoked to
describe the anisotropy. The energy of the 1064 nm (1.1 V) incident and the 532 nm
(2.3eV) SH photons lie far below the bulk d bands of Ag at 3.8 ¢eV. How this
anisotropy has been examined in the electrochemical cell, what impact the results
have on our understanding of the nonlinear polarizability from metal surfaces, and
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Fig.5.1. Second harmonic intensity as a function of angle of rotation for Ag(111) in 0.25M
NaClO,, pH = 5.0 at —0.72V vs. Ag/AgCl (PZC) with p-polarized 1064 nm illumination. Angle
of incidence () is 10°. The solid lines are fits to the data generated from the theoretical expres-
sions given in the text (Eqgs.(3-11) and (3-13)). (a) p-polarized SH intensity, a/c® = 1.2¢'
(b) s-polarized SH intensity. The constant b is taken to be unity. From Ref. 124.

what these rotational anisotropy experiments can tell us about the structure of metal
single crystal surfaces in solution are the subjects of this section.

Figure 5.1 shows the SH rotational anisotropy obtained from Ag(111) biased in
NaClO, which was first reported by Richmond and coworkers [74, 123]. A more
complete presentation of the results later appeared [122, 124]. The incoming beam
is 1064 nm light of p-polarization which is incident on the sample at an angle of 45°.
Fig. 5.1a and b correspond to the p- and s-polarized SH output, respectively. The
3-fold symmetry of the SH rotational plots clearly reflect the symmetry of the bulk
crystal structure reduced at the boundary by the removal of the inversion symmetry
(C;v). The p-polarized results show a maximum when the electric field vector of the
incident light, E(w), is parallel to the [211] direction and a mimimum when E(w)
is parallel to the [112] direction. Fitting the data in Fig.S5.1a to Eq.(3.11), the
authors find a phase shift of n/2 between the a and ¢ terms (see Fig. 5.1 caption).
The s-polarized data (Fig. 5.1b) shows a good fit to the theoretical form given in
Eq. (3.13). The authors suggest that the observation of any nonzero signal at the
minima in the s-polarized output may be due to experimental factors such as surface
roughness. An applied potential near the potential or zero charge (PZC) at —0.72V
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Fig. 5.2. Second harmonic intensity at 532 nm as a function of angle of rotation for Ag(110) in
025M Na,SO,, pH=5.8 at —0.2V vs. Ag/AgCl. A p-polarized 1064 nm pump beam at a
v = 31° incident angle was used. (a) p-polarized SH intensity. The theoretical curve (solid line) is
generated from Eq. (3-15) in the text by setting @ = 3.1, ¢® = —0.83, and ¢ = 0.08. (b) s-polariz-
ed SH intensity. From Ref. 122.

was selected for these experiments to minimize the effect of the surface dc electric
field on the SH response.

Rotational anisotropy has also observed at this wavelength for the Ag(110) sur-
face examined under similar electrochemical conditions [122}. Fig. 5.2a and b corres-
pond to the respective p- and s-polarized 532 nm SH response using an incident
beam of p-polarization. Negligible anisotropy in the SH signal is observed for the
s-polarized output within the sensitivity of this experiment. The p-polarized output
(Fig. 5.2a) fits the theoretical form of Eq. (3.15) with several results of significance.
Similar to Ag(111), a phase shift is observed between the isotropic coefficient, a, and
the anisotropic coefficient, ¢‘?. The relative magnitude of the ¢¥ term is found to
be small and nonzero. The authors note that the relatively small magnitude of the
c¥ term, which contains only bulk factors, is suggestive of the dominance of the
surface contribution over the bulk.

Bulk interband transitions are not expected to contribute appreciably to the
nonlinear response at the wavelengths discussed above. However, the results
presented in these early studies by this group [74, 122, 123] clearly indicate that the
anisotropic susceptibilities of Ag(111) and Ag(110) do not vanish even though the
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d bands for silver lie energetically higher than either the probe or SH photons.
Several explanations for the observed behavior were offered [122]. Either the
anisotropy indicates a deviation of the conduction band electrons from Drude-like
behavior, or, surface states, possibly created by the double layer, exist and are reso-
nant with the incident or outgoing beams. The authors discount the possibility that
oxides were responsible for the anisotropy based on experimental tests and observa-
tions [122].

To verify the anisotropy observed on the silver surface and to attempt to under-
stand the effect of the electrochemical solution on the surface electronic and struc-
tural properties, Bradley et al. [124] have examined the SH response from a Ag(111)
surface in UHV. The experiments on this crystal were then repeated after an inert
transfer to the electrochemical cell. The SH experiments performed in the elec-
trochemical cell were again conducted at the PZC to minimize the effect of the dc
electric field on the surface properties. Fig. 5.3a and b show the results for the crystal
examined in UHV for p- and s-polarized output at 532 nm. The solution data is con-
sistent with the previous in-situ results of Koos et al. [122] shown in Fig. 5.1. More
importantly, when the fits to the UHV data are compared to the subsequent results
performed in solution, nearly identical values for the relative magnitudes of the a
and ¢ coefficients are found (see Fig. 5.5 for comparison). Bradley et al. [124]
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Fig. 5.3. SH rotational anisotropy from clean Ag(111) in UHV at 3X 10719 torr under p-polarized
excitation at 1064 nm. The open circles represent the p-polarized (a) and s-polarized (b) SH data.
Theoretical fits using Eqs. (3-11) and (3-13) are indicated with the solid line. From Ref. 124.
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Fig. 5.4. p-polarized (a, b) and s-polarized (c,d) 532 nm SH intensity as a function of angle of rota-
tion for an electrochemically roughened Ag(111) electrode. The data in (a) and (c) are for the
unroughened surface; (b) and (d) were taken after several ORC’s in a KBr solution. From Ref. 125.

conclude that the alteration of the surface optical dielectric properties at 1064 nm
(532 nm SH) due to the presence of the water layer is negligible and that the SH mea-
surements in solution are a good approximation of the properties of the surface
prepared and analyzed in UHV [124].

The UHV results confirm the anisotropy from Ag but also raise the issue of the
degree of sensitivity of SHG to defects and imperfections on the surface of the silver
crystal. Although quantitative measurements of these effects have not been per-
formed, the effects of surface roughening have been examined in both environments
[124, 125]. In the solution, the roughening experiments were conducted by monitor-
ing the rotational anisotropy after successive oxidation/reduction cycles [125].
Fig. 5.4 shows the results obtained for p-polarized excitation and p-polarized SHG
(Fig. 5.4a and b) and s-polarized SH light (Fig. 5.4¢ and d). With successive ORCs
in KBr the p-polarized output becomes progressively isotropic in nature. The effect
on the anisotropy is observable in the p-polarized output after several monolayers
of surface oxidation whereas the s-polarized output requires more vigorous oxida-
tion. After oxidation and reduction of 15—20 monolayers of oxidation, the isotropic
response shown in Fig. 5.4b for the p-polarized output is obtained. Fig. 5.4d shows
the response from the s-polarized output after this amount of roughening. The
isotropic a coefficient is most affected by the roughening which is consistent with
the fact that the a coefficient contains tensor elements (Table 3.1) which have com-
ponents normal to the surface (i.e. X, Xz and ;). The s-polarized SH response
eventually becomes isotropic but the surface requires a more rigorous roughening
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procedure, corresponding to 20— 30 monolayers of oxidation and reduction in KBr.
Both the anisotropic coefficients ¢® (Eq. 3.11) and »® (Eq. 3.13) contain tensor
element x,. which lies within the plane of the surface and does not appear to be
as surface sensitive as @. In the UHV experiments [124], when surface order is inten-
tionally disrupted by ion sputtering, a decrease in the overall SH response is ob-
served. The maxima and minima in the rotational scans become irregular in form
and periodicity. Subsequent annealing of the crystal followed by slow cooling
restores the originally observed anisotropy and the intensity increases.

In the studies discussed thus far, the potential has been maintained at the PZC
in order to minimize the additional dc electric field contribution to the polarizability
which can arise through the third order polarizability x(3) [24, 126] where

Py Qw) = xVE4E(w)E(w) . (5.1

In general, 1(3) is several orders of magnitude smaller than x(z) [78]. However, this
contribution can be comparable to the second-order response when the dc field is
large (ie. 10*—10° V/cm) as is the case for a metal electrode in solution held at a
bias on either side of the PZC. The SH fields can be viewed as arising from a sum
frequency mixing process where two incident ac fields at frequency w are mixed with
a dc field at frequency w = 0 to produce a reflected and transmitted wave at frequen-
cy 2w.

This additional contribution was first noted by Lee et al. [24] for polycrystalline
silver and examined in more detail later by several groups on polycrystalline silver
[44, 54, 58 — 60}, single crystal bulk silver electrodes [7, 42, 43, 56, 127], and on thin
silver films [55, 57, 101, 128]. For the early single crystal work [42, 43, 56] the studies
were performed at a fixed electrode geometry with the crystal axis direction unknown
relative to the incident beam.

How this additional field will alter the magnitude of the various tensor elements
and the form of the rotational anisotropy has been examined by Koos et al. [122].
x® has the properties of a fourth-rank tensor such that the third order polarization
has the form

PiQw) = x5y E;EE, where E;=E, . (5.2)

Making the appropriate transformations from surface to beam coordinates, Koos et
al. [122] note that xi(j3121 has the same form as the second-order surface tensor xszlz as
a result of the applied field being parallel to the surface normal. Because the field
is localized at the surface, the ¥ effect should mimic the dipolar surface response
with an effective susceptibility of

x3= xR+ xHUEA=0) (5.3)

where there is a one-to-one correspondence between the elements of 1@ and x®.
As a result, the application of an applied field should not be expected to change the
symmetry observed in the rotational anisotropy, but the magnitude of the individual
tensor elements, ¥ ® and x¥, may vary with potential. The phase of the tensor
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Fig. 5.5. Second harmonic intensity, /, ,, as a function of angle of rotation for Ag(111) in 0.25 M
Na,SO,, pH = 5.0. An excitation wavelength of 1064 nm at an angle of incidence () of 45° was
used. Lower trace: at —0.7V (PZC), c¢¥/a = 1.2 Upper trace: at —0.2V (vs. Ag/AgCl),
c®/a =0.8¢®". The solid lines are fits to the data generated from the theoretical expressions
given in the text (Eq. (3.11)). From Ref. 174 and similar to that obtained in Ref. 122.

elements may also change if a potential dependent optical resonance at the surface
is involved.

The experimental results for the potential dependence of the SHG from Ag(111)
are consistent with this analysis [122]. As shown in Fig. 5.5 for the p-polarized input
and output polarizations, the symmetry of the rotational anisotropy for Ag(111) in
Na,SOy, is preserved as the potential is ramped from near the PZC at —0.7 V to the
point where the surface has a large dc field at —0.2 V. However, the amplitude is
clearly potential dependent as indicated by the change in the values for ¢®/a de-
rived from the fit of Eq. (3.11) to the data. I ; gives little or no change in amplitude
with positive bias. Earlier experiments from this group had shown a much stronger
potential effect for I, , that appeared after the electrode was biased at the PZC for
several hours [125]. The initial 6 maxima and minima pattern was found to convert
to 3 maxima and minima with a nearly zero baseline. This was later attributed to
traces of organic impurity (@ < 1 ML) that concentrates at the surface after extended
potential bias (hours). Additional investigations into this effect showed that the
change to a seemingly more “ordered” anisotropy pattern is merely a reflection of
the changing electronic properties of the surface upon adsorption and not on the
ordering of the molecular overlayer. A similar conclusion about the dominance of
the metal in the presence of simple adsorbates has come from UHV studies by Hall
and coworkers [8].

Further analysis of the SH potential dependence with 1064 nm excitation has been
performed on these two electrode surfaces at fixed azimuthal angles of 30° for
Ag(111), and 45° for Ag(110) {122]. With the appropriate choice of input and output
polarizations, this allows the separation of the potential dependent behavior of the
isotropic and anisotropic susceptibilities. The results are shown in Fig.5.6a and b
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Fig. 5.6. p-polarized (upper) and s-polarized (lower) second harmonic intensity as a function of ap-
plied voltage for silver single crystals in 0.25 M Na,SO,, pH = 3.5. An excitation wavelength of
1064 nm and an incident angle of 45° was used. (a) Ag(111), & = 30°; (b) Ag(110), & = 45°. From
Ref. 122.

where the potential dependence in the p-polarized (isotropic) and s-polarized (aniso-
tropic) SH responses from Ag(111) and Ag(110) are shown. In the case of Ag(111)
at an incident angle of 31°, a 30% increase in both the isotropic and anisotropic
susceptibilities is observed (Fig. 5.6a). When the incident angle is varied, the change
in the relative magnitude of the ratio of ¢®/a correlates with the angular depen-
dence in the Fresnel coefficients. For the Ag(110) crystal (Fig. 5.6b), a 3.2 fold in-
crease is seen in the isotropic response with no discernible effect on the anisotropic
response. The authors note that reports of the relative change in SH amplitude with
potential must be viewed with caution since the measurement is very sensitive to
slight surface alterations such as surface roughness.

The potential dependence of silver evaporated films in electrolyte solution has
been examined recently by Guyot-Sionnest et al. [101] as a function of angle of in-
cidence. Although the SH variation with potential reported here has been previously
examined in numerous studies [see Ref. 7], this work is a more extensive experimental
and theoretical treatment of simple intensity changes from silver films. The films
were assumed to be predominantly (111) orientated with unknown crystal orienta-
tion relative to the incident beam. Although no rotational anisotropy was measured,
results pertinent to this summary were obtained. Fig. 5.7 shows the angular scans of
the square root of the normalized SH response as a function of incident angle. The
four curves represent different potentials examined. In accordance with previous
work [7, 43, 55], they found that the surface contribution to the harmonic polariza-
tion is significant. Microscopic calculations based on the time-dependent density
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Fig.5.7. R"? = IQw)"?/I(w) as a function of the angle of incidence for Ag(111) at 1064 nm for
various potentials. The lines are fits as described in the text. Filled squares, 0 V (vs. SCE); open
squares, —0.4 V; filled diamonds, —1 V; open diamonds, —1.3 V. Inset: The variation of Re a(w)
with potential. From Ref. 101.

functional approach applied to a jellium model shows qualitative agreement with the
data as indicated by inspection of the data and fits in Fig. 5.7.

In much of the above analysis, the relative magnitude of the surface and bulk
contribution to the nonlinear response has not been addressed in any detail. As
noted in Section 3.1, in addition to the surface dipole terms of Eq. (3.9), there are
also nonlocal electric-quadrupole-type nonlinearities arising from the bulk medium.
The effective polarization is made of a combination of surface nonlinear polariza-
tion, P 2w) (Eq. (3.9)), and bulk nonlinear polarization (Eq. (3.8)) which con-
tains bulk terms y and {. The bulk term y is isotropic with respect to crystal rotation.
Since it appears in linear combination with surface terms (e.g. Eq. (3.5)), its separate
determination is not possible under most circumstances {83, 129, 130, 131]. It mimics
a surface contribution but its magnitude depends only upon the dielectric properties
of the bulk phases. For a nonlinear medium with a high index of refraction, this con-
tribution is expected to be small since the ratio of the surface contribution to that
from y is always larger than xgé&,(2w)/y. The magnitude of the contribution from
{ depends upon the orientation of the crystal and can be measured separately under
conditions where the anisotropic contribution of y, vanishes.

Estimates of the relative surface/bulk response have recently been made for
Ag(100) and Ag(110) [131]. For a (110) surface, the bulk term { can be isolated in
the anisotropic response using appropriate polarizations. For example, the
anisotropic coefficient, ¢ in the expression for the p-polarized response from a
(110) crystal is comprised solely of bulk terms (Table 3.1). By measuring I$ ;¥ and
fitting the data, the value for ¢ is found to be small relative to the magnitude of
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D which contains both surface and bulk terms. In a related experiment [131], I}, “00)
and ISSO) were measured as a function of rotation angle. For the (100) crystal face,
the SH fields take the form of Egs. (3.11)—(3.14) with m = 4. Referring to Table 3.1,
the only contribution to ¢ and 5™ is from ¢, the bulk anisotropic response.
Therefore, if any anisotropy in the signal is measured from the signal in 7 g(S)O) or
I g};"’), the signal must arise solely from the bulk. The authors find that using the ex-
perimental set-up and surface preparation conditions of previous studies [e.g. 74,
122], no anisotropic response above the background for these measurements can be
observed. However, with more elaborate surface preparation and improvement in
their optics, they have measured a very weak anisotropy in 7, “00) A fit to the data
estimates a/c® = 0.028 (+0.003) where, again, ¢ contains only the bulk suscep-
tibility, {. The authors caution that the situation may be different for other surfaces
(e.g. the (111) face) due to the linear Fresnel coefficients which scale with the suscep-
tibilities.

5.1.2 Wavelength Dependent Studies

All of the studies discussed above for silver have been done with an incident beam
of 1064 nm. These studies have proven that the anisotropy in the nonlinear
polarizability from the silver surface is not purely free-electron-like at these
wavelengths, that the anisotropy can be correlated with surface symmetry, and that
the SH response measured in situ is nearly identical to that measured in UHV. The
issue of the sensitivity of the rotational anisotropy to surface electronic properties
has been the topic of very recent work which has been conducted by variation of the
incident wavelengths to where optical resonances in the bulk or surface electronic
structure can be accessed.

The first studies to demonstrate the effect of optical resonance on the rotational
anisotropy from a native metal were reported for Ag(111) and Ag(110) in solution
[132], and Ag(111) in UHV [124]. Both sets of experiments were performed with in-
cident 532 nm light and the SH photons collected at 266 nm. Fig. 5.8a and b show
the p- and s-polarized SH response from a Ag(111) electrode biased in solution at
the PZC using an incident beam of p-polarized 532 nm photons [132]. The SH
response at 266 nm for the two different output polarizations clearly reflects the
C,, symmetry of the surface. The p-polarized output (Fig. 5.8a) is significantly dif-
ferent than what is obtained at the longer wavelength (see Fig. 5 .1a). Relative to the
532 nm SH response where the ratio ¢®/a is found to be 1. 2t , at 266 nm a value
of 0.7 is observed. The authors conclude that at the higher 1n01dent energy, the phase
shift in the parameter ¢®®/a as the wavelength varies is indicative of a resonance
process where 2w accesses interband transitions in the metal [132]. At 1064 nm ex-
citation, both the fundamental and the second harmonic photon energies are well
below the silver bulk interband transitions (3.8 €V) while at 532 nm excitation, the SH
photon energy is 4.66 €V, well above the interband transition energy. In earlier work
[75] the importance of interband transitions was proposed to explain the difference
in rotational anisotropy at 1064 nm (SH 532 nm) between Ag(111), and the two
other noble metals examined at the same wavelength, Cu(111) [77, 133} and Au(111)
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Fig. 5.8. Second harmonic intensity at 532 nm as a function of angle of rotation for Ag(111). An
angle of incidence (y) of 45° was used with p-polarized incident radiation. The solid lines are fits
to the data generated from the theoretical expressions given in the text (Egs. (3.11) and (3.13)).
(a) p-polarized SH response for Ag(111) biased in 0.25M Na,SO, (pH = 5.0) near the PZC,
c¢®/a =1.2(x0.1). (b) s-polarized (SH) response from Ag(111) biased in 0.25M Na,SO,,
(pH = 5.0) near the PZC. (c) p-polarized SH response from Ag(111) in UHYV, ¢®/a = 1.0(+0.1).
(d) s-polarized SH response from Ag(111) in UHV. The constant b® for (b) and (d) is taken to
be unity. From Ref. 132.

[134]. The d bands of the latter two are in resonance with the 532 nm SH photons.
These results are the first experimental evidence to support this early hypothesis.

Pertinent to this discussion is the examination of the rotational anisotropy from
Ag(111) examined in UHV with 532 nm excitation by Bradley et al. [124]. The results
are shown in Fig. 5.8¢ and d and can be compared with those measured in solution
on the same crystal in solution (Fig. 5.8a and b). As with the longer wavelengths
studied in both environments, the rotational anisotropy observed in UHV at 266 nm
is nearly identical to that obtained in solution both in the magnitude and the phase
of the coefficients used to fit the data (see figure caption).

In light of these wavelength dependent effects described above, Richmond and
coworkers have recently completed a more extensive wavelength dependent study of
the rotational anisotropy on Ag(111) [136, 137]. One set of experiments has involved
the use of photons of lower energy in the infrared in an attempt to see if the rota-
tional anisotropy would change as the incident and SH photons are more energetical-
ly removed from surface or bulk resonances [136]. They used the 1.53 um output
from an optical parametric oscillator which was pumped by the 1064 nm output of
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Fig. 5.9. p-polarized second harmonic intensity as a function of angle of rotation for Ag(111) in
0.25 M Na,SO, in D,0. Data was taken with p-polarized 1.53 pm illumination. Angle of incidence
(w) was 45°, The solid lines are fits to the data generated from the theoretical expressions given
in the text (Eq. (3.11)). From Ref. 136.

a 10 Hz Nd: YAG laser. To avoid absorption of the infrared light by the aqueous elec-
trolyte solution, D,O was used as the solvent. The results are shown in Fig. 5.9 for
the p-polarized SH response from Ag(111) at 765 nm. The surface was biased at the
PZC. Rotational anisotropy continues to be observed at this longer wavelength. The
data collected was found to be remarkably similar to the results at 1064 nm in both
form and fit to the theory. The readily observable anisotropy at incident wavelengths
as long as 1530 nm is not easy to explain in terms of the known electronic band struc-
ture of silver and certainly is in contradiction with describing silver as a free electron
gas even at these infrared wavelengths. While one can not @ priori discount the
possibility that the anisotropy observed at 1530 nm is due to the presence of the
dipole layer, the striking similarity in the SH response from Ag(111) in solution and
in UHV at other excitation wavelengths, including 1064 nm, leads the authors to
believe that this anisotropy would also be present in UHV at 1530 nm in UHV. The
persistence of SH anisotropy for Ag(111) at infrared wavelengths strongly suggests
that theoretical approaches which go beyond the jellium model are needed. Although
a simple surface charge density model [55, 56], which also presumes free electron
behavior, can qualitatively fit the potential dependence (see below) of the SH
response, it remains only an approximation of the behavior at best.

A second set of wavelength dependent measurements from Ag(111) have recently
been reported by Georgiadis and Richmond [137]. These experiments have involved
the collection of SH rotational anisotropy scans from Ag(111) at three fixed incident
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Fig. 5.10. p-polarized SH intensity as a function of azimuthal angle of rotation for Ag(111) in
0.1 NaClO, under p-polarized excitation at the wavelengths indicated. See Table 5.1 for fits to the
data (solid lines). From Ref. 137.

wavelengths in the visible (560 nm, 610 nm and 640 nm) in addition to repeating the
1064 nm and 532 nm incident work. These wavelengths were chosen to determine
if the SH photons generated at 320 nm (3.87 €V), 305 nm (4.06 &V) and 280 nm
(4.42 V), would show a progressive trend of coupling to surface resonances with in-
creasing photon energy. Figure 5.10 shows the dramatic variation in the rotational
anisotropy in the p-polarized intensity as the excitation wavelength is varied. All
measurements were made at the PZC. The 3m symmetry is retained throughout and,
as with previous wavelengths discussed, the data fit well to the functional form of
Eq. (3.11). The results indicate that as the incident wavelength is shortened, the rota-
tional anisotropy scans, and the derived values for the isotropic and anisotropic coef-
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Fig. 5.11. Second harmonic intensity as a function of angle of rotation for Ag(110) in 0.25M
Na,SO,, pH = 5.0 near the PZC. A p-polarized 532 nm excitation beam was used at an incident
angle () of 45°. The solid lines are fits to the data generated from the theoretical expressions given
in the text (Egs. (3.15 and 3.16)). (a) p-polarized SH intensity from Ag(110) with a/c® = —6.8;
a/c® = —15. (b) s-polarized SH intensity from Ag(110) with 5@/b® = —24. From Ref. 132.

ficients, show a progressive change from that observed at 1064 nm (Fig. 5.1a) to that
measured at 532 nm (Fig. 5.8a). Table 5.1 summarizes the values derived from the fits
to the data and shows that the magnitude of the ratio ¢®/a changes with incident
photon energy, indicating different contributions from the in-plane anisotropic
response relative to the isotropic response. More importantly, the phase difference
between ¢ and a also varies as a function of photon energy, approaching 90° at
the long wavelength limit. The convergence of ¢®/a to 90° is consistent with
calculations of this ratio using the appropriate values for the linear Fresnel coeffi-
cients in the long wavelenght limit. The change in the phase between these coeffi-
cients at the shorter wavelengths is an indication that the SH susceptibility tensor,
%) passes into resonance as the SH frequency approaches electronic transition of
the metal. While for a single susceptibility element this might be expected to result
in as much as a 180° phase shift as a resonance is approached, the situation is more
complicated for a ratio containing a number of elements in the numerator and
denominator as in the case of ¢®/a. In an extension of this study, Bradley et al.
[135] have examined the rotational anisotropy from Ag(111) in UHYV at the same
wavelengths as the solution data. The anisotropies observed are nearly identical to
those obtained in solution at the PZC.

These wavelength dependent effects are consistent with increased optical cou-
pling to surface resonances with increasing photon energy. Georgiadis and Rich-
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Table 5.1. Wavelength dependence of the rotational anisotropy from
Ag(111) electrodes held at the PZC. Aqueous electrolyte (either
0.25 M Na,S0O,) was used for all experiments. D,O was used as a sol-
vent for the 1.53 pm experiment. From Ref. 137. Fitting parameters
from Eq. (3.11).

SH Photon Energy Aoxe Fitting parameters
V) (nm) c®/q

4.60 532 0.7

4.43 560 1.0

4.06 610 1.85¢!1%°

3.87 640 5.4

2.33 1064 1.2 ¢865°

1.62 1530 1.2 €1%00)°

mond also find that there is an abrupt change in the rotational anisotropy patterns
and the magnitude and phase of ¢®/a, in the region between 610 to 640 nm, a
change of only 0.2 ¢V in the SH photon energy. They attribute this to additional
structure such as a surface state. This is based on the expectation that transitions in-
volving surface bands would be broader in energy than electronic transitions involv-
ing only surface electronic states. When the SH response is measured as a function
of wavelength with a fixed azimuthal angle, a peak is observed near 3.85¢V
(Aexe = 640 nm) which is potential dependent. When the identical measurement is
performed in UHYV, the peak is also readily observable [135]. Georgiadis and Rich-
mond [137] discuss these resonances in terms of the electronic band structure of
Ag(111) and possible surface states near the interband threshold, which has an onset
at about 3.9 V.

Wavelength dependent studies have also been performed on Ag(110) at 532 nm
incident wavelengths [132] and at intermediate wavelengths [138] and the results
compared with the data at 1064 nm. The SH response at 532 nm is shown in Fig. 5.11
a and b for p- und s-polarized output, respectively [132]. Similar to the (111) surface,
as the incident wavelength is lowered, there is a noticeable difference in the rotational
anisotropy for the p-polarized output. Furthermore, comparison of the values of the
coefficients derived from fitting the data to Eq. (3.15) shows that a phase shift has
occurred between the isotropic (@) and anisotropic (¢‘¥) coefficient with increased
incident energy. The form of the rotational anisotropy for the s-polarized data is in-
variant at both wavelengths although the relative magnitudes of the SH response at
532 nm and 266 nm were not measured. At intermediate wavelengths, the rotational
anisotropy scans show a progression suggestive of increased coupling to electronic
resonances as the incident energy is increased [137]. Hicks et al. [139] have measured
a sharp resonance in the SH response at about 320 nm for Ag(110) in UHV which
they attribute to the Ag interband transition.

As described above, there is a strong wavelength dependence in the SH response
from Ag(111) and Ag(110) in the visible region when the surface is biased at the
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Fig. 5.12. Comparison of the potential dependénce in isotropic (a) and anisotropic (b) components
to the second harmonic intensity from Ag(111) at the indicated incident wavelengths. The solution
was 0.25 M Na,SO, at a pH of 3.5. An incident angle of 45° was used. From Ref. 132 and 137.

PZC. The effect of applied potential on the SH response has also been found to be
very wavelength dependent. Richmond and coworkers have examined how this poten-
tial dependence in the SH response from Ag(111) [132, 137] and Ag(110) [132, 138]
varies as the energy of the incident beam is increased. As the incident wavelength
is changed, the rotational anisotropy with p-in and p-out polarizations show a
dramatic variation as the voltage is biased by several hundred millivolts around the
PZC. For example, with 610 nm excitation, the ratio changes from c®/a=18¢%"
(=02V)to c®/a=1.1 ¢3% (~1.2 V). These changes can more easily be monitored
by fixing the rotational angle to isolate the respective anisotropic and isotropic
response and varying the potential. Fig. 5.12 shows this large variation in the poten-
tial dependence in the SH response from Ag(111) as the incident wavelength is
altered. The data has been collected at the appropriate angles to isolate the potential
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dependence in the isotropic (Fig. 5.12a) and the anisotropic (Fig. 5.12b) contribu-
tions to the overall response. At the longest wavelengths (1530 nm and 1064 nm), well
below the interband threshold, the isotropic response shows the behavior which is
consistent with nonresonant coupling of the optical field to the static applied field
at the surface which increases as the surface becomes more positively charged. At
the highest excitation energy the potential dependence deviates very strongly from
such behavior, showing an overall decrease with positive charging. For intermediate
energies, at 640 nm, the potential dependence is qualitatively similar to the behavior
observed in the infrared, while at 610 nm and 560 nm excitation (not shown), the
potential dependence resembles the behavior observed for 532 nm excitation.

The anisotropic contribution to the response with 1064 nm excitation is consis-
tent with previous studies and the expectation that y,,, does not couple with the dc
field in the z direction. For visible wavelength excitation, however, a significant
potential dependence is observed. Although the potential dependence is qualitatively
similar at these visible wavelengths, the relative magnitude of the isotropic and
anisotropic response changes from 10: 1 for 640 nm to 0.5: 1 for 532 nm. Variation
in magnitude of the anisotropic response with applied potential is suggestive of a
resonant contribution arising from y,,,. These striking changes in both the iso-
tropic and anisotropic response when the excitation wavelength is varied from
640 nm to 610 nm provides further evidence for the existence of a surface state in this
region, a surface state which shifts in energy with potential.

Georgiadias and Richmond [137] have also performed phase measurements of
the isotropic and anisotropic components of the response to verify the potential
dependence of these resonances. For 1064 nm excitation they observe no significant
phase shift in either the isostropic or anisotropic contribution to response as the
potential is varied between —1.2'V and —0.2 V vs Ag/AgCl. This is consistent with
what was observed in the potential dependence of the anisotropy for 1064 nm excita-
tion in which there is almost no change in the imaginary component of the fitting
parameter ¢®/a as a function of potential (see Fig. 5.5). For 532 nm excitation, a
potential induced phase shift in both the anisotropic and isotropic components is ob-
served, again consistent with the large change in ¢®/a as the potential is varied.

Similar potential-dependent experiments were performed on Ag(110) at various
visible wavelengths. Unlike the results at 1064 nm (Fig. 5.6b), where the isotropic
response is at a minimum at the PZC, a maximum in both the isotropic and
anisotropic response is observed near the PZC followed by a rapid decline as the sur-
face is charged positively. Although the analysis is somewhat more complicated for
the Ag(110) due to additional parameters in the fit relative to Ag(111), the results
are qualitatively similar to Ag(111) in that one observes increased coupling to sur-
face resonances with increased photon energy. These resonances are also potential
dependent.

Strongly potential dependent spectral features observed in the optical linear elec-
troreflectance spectroscopy of various single crystal noble metal electrodes have been
attributed to Stark shifts in surface states [105, 106, 140]. For the Ag(111)/electrolyte
interface, an energy state is presumed to shift from about 5 €V at ~0.20 V bias poten-
tial to about 4 eV at —0.80 V. An analogous explanation is suggested to account for
the behavior of Ag(110), which is reported to have two surface states [105, 140] in
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the range of these experiments. These electronic states are not accessed at 1064 nm
where the potential dependence is different and more reflective of the free-electron
character of the metal. However, they suggest that a more complete theoretical treat-
ment beyond the simple jellium or surface charge density model is needed which con-
siders the effect of applied fields on the surface electronic band structure of the
metal interface such as that recently reported by Aers and Ingelsfeld for Ag(001) at
the vacuum interface [102].

Guyot-Sionnest and Tadjeddine have published related work on silver electrode
surfaces [128]. The work was performed on silver evaporated films which are
presumed to be of predominantly (111) orientation and the data was collected at a
fixed and undefined crystal orientation. They also find that there is a distinct dif-
ference in the potential dependence in the overall magnitude of the SH response
under unspecified polarization conditions for their Ag samples at 1064 nm and
532 nm incident wavelengths. They conclude that the response is free-electron in
nature at the longer wavelength but that the nonlinear susceptibility of the d-elec-
trons is dominant for the shorter wavelengths [128].

5.1.3 Underpotential Deposition Systems

Underpotential deposition (UPD) is the electrochemical adsorption and (partial)
reduction of a submonolayer or monolayer of cations on a foreign metal substrate
at potentials more positive than the reversible potential of the deposited metal [141].
The UPD phenomenon is used in many fundamental and applied studies because it
offers a means of controlling coverages during electrodeposition in a very concise
manner. Until recently, most of the information obtained about the structure of the
overlayers deposited on single crystal surfaces has come from indirect means such
as current-voltage analysis or by analysis of the deposited films after transfer to a
UHYV chamber [141].

Several studies have recently appeared which combine UPD and SHG on single
crystal Ag, Cu (Section 5.2.3) and Au (Section 5.3.3). Ideally, one would like to be
able to characterize the physical structure, the electronic properties and the growth
dynamics of the interfacial region by SHG as deposition occurs. On the more fun-
damental side, one would like to gain further insight into the nonlinear polarizability
at metal surfaces by taking advantage of the unique alterations in the surface proper-
ties that can be done easily by UPD. All of these issues have been addressed in the
studies described below.

When an adsorbate is present at the surface of a metal, the interfacial region can
be viewed as having an effective nonlinear susceptibility, x} where

xG=xP+x2©)+xP@©) . (5.4)

In this expression, an corresponds to the underlying metal substrate, X(Z) (®) repre-
sents the adsorbate susceptibility and x,z) (@) refers to the interaction region where
bonding between the substrate and adsorbate exists. If there is a strong interaction
between the substrate and adsorbate, and x(z):at xgz), one would expect to see
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changes in the SH response corresponding to the interfacial region as the deposition
begins. If one tunes to a frequency in resonance with the electronic properties of this
interaction region, one might be able to map out interfacial states. A recent study
has demonstrated this very convincingly for CaF, on Si(111) [142, 143]. For ad-
sorption of simple molecules and ions on metal surfaces where xﬁﬁ) is generally
greater than xf), the change in SHG upon adsorption can again be viewed as the
adsorption causing a perturbation of the native metal, described in terms of xi(z).
When foreign metals are adsorbed, one might expect that at coverages less than
a monolayer, x? or x®, would dominate. The interesting aspect of UPD systems
is the relatively strong metallic bond that forms between the adatom and the
substrate. This strong adsorption in fact plays an important role in electrochemical
deposition since the work function change that this imparts on the surface region
prohibits further adsorption without excursion to more reductive potentials. As
deposition proceeds, one should eventually reach the point at which the overlayer
takes on bulk properties and x? would start to be a factor. Ideally, if the optical
properties of these regions corresponding to xgz), xﬁrz,) and xi(z) are distinct, one
could probe particular portions of the interface by simple wavelength variation.
In the one of the first nonlinear optical studies of UPD, Koos et al. examined
the deposition of Pb and Tl on Ag(111) and Ag(110) [122, 144]. Fig.5.13a and b
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Fig. 5.13. SH intensity at 532 nm as a function of angle of rotation for Ag(111) in NaClO, con-
taining Pb2* at a lead coverage of one monolayer, E = —0.46 V (vs. Ag/AgCl). Solid lines are fits
to the data using Eqs. (3.11) and (3.15) found in the text. (a) p-polarized SH, ¢®/a = —0.37.
(b) s-polarized SH, 5*® = 0.65. From Ref. 122.
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shows the respective p- and s-polarized SH response at 532 nm during deposition of
Pb?" on Ag(111). The corresponding CV shows a sharp peak corresponding to one
monolayer as measured by integration of the current under the peak. The sharpness
of the CV is generally assumed to be indicative of an ordered (111) substrate surface
[141]. Prior to deposition, the native Ag(111) surface was found to give an
anisotropy pattern similar to that shown in Fig. 5.1. A significant change in the p-
polarized nonlinear response is observed upon adsorption. A change in the
magnitude of the SH response had previously been observed on silver films [55]. The
data in Fig. 5.13 indicates that the interfacial region retains 3 m symmetry upon
deposition. When the p-polarized data is fit to Eq. (3.11), the ratio of ¢®/a has
undergone a phase shift relative to the native surface. The s-polarized data shows a
minor change in intensity only. An optical resonance between 2w and electronic
states of the Ag/Pb interface is presumed to be responsible for this phase shift.
Thallium deposition proceeds in a more complex manner but leads to some very
interesting SH results [122]. The CV for the system is shown in Fig. 5.14 with the
corresponding SH response during the various stages of deposition shown in
Fig. 5.15a—e. The first three deposition peaks in the CV (A;—A;) are assumed by
previous studies to correspond to the sequential formation of two intertwined
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Fig. 5.14. Cyclic voltammogram for Ag(i11) in 0.25M Na,SO, and 5mM T1,SO,, pH = 3.2,
sweep rate = 10 mV/s. From Ref. 122.
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Fig. 5.15. Dependence on Tl coverage (©) of the p-polarized SH intensity as a function of angle
of rotation for Ag(111) electrode in 1.0 mM T1,S0,/0.25 M Na,SO, at: (a) 0.00 V (vs. Ag/AgCl);
(b) —0.52V (A)); (c) —0.57V (Ay); (d) —0.67V (A,); (e) —0.85V (Ay; (f) —0.90 V (bulk region).
From Ref. 144,

p(3x}3)R 30° overlayers that are subsequently filled in to form a complete
monolayer before bulk deposition occurs [4]. A second monolayer (A,) is also
formed before bulk deposition occurs (—0.8 V vs. Ag/AgCl). Deposition of the first
monolayer modifies the p-polarized response observed in the rotational scan in the
same way as lead. The 3 m symmetry expected from the (111) surface is retained, and
a phase shift is introduced between a and ¢®. Upon adsorption of the second
monolayer, the relative magnitudes of the susceptibility elements change from
[¢®/a| <1 to |¢®/a| >1 and the intensity levels are enhanced significantly.

Although the rotational anisotropy scans are informative, considerably more in-
formation can be obtained by separate determination of changes in the isotropic and
anisotropic components of the surface susceptibility tensor as done by Koos et al.
[122]. The experiments consist of monitoring the SH intensity at a fixed angle of
@ = 30° where Ifg,oc |a|* and Iggoc |b@|2. The results shown in Fig.5.16 are
displayed in terms of thallium coverage. The data has been fitted to a simple linear
Langmuir isotherm model of Heinz [79] where the adsorbate contribution to x®
varies linearly with coverage such that
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Fig. 5.16. Second harmonic response for Ag(111) (a,b) and Ag(110) (c,d) in 5mM TL,SO, as a
function of thallium coverage (®). Incident wavelength = 1064 nm. (a) p-polarized signal at
@ =30° where /5%« [a]? (Eq. (3.11)); (b) s-polarized signal at @ =30° where ISHoc |52
(Eq. (3.13)); (c) p-polarized signal at @ = 45° where IS" « |a|?; (d) s-polarized signal at @ = 45°
where ISH o 6@+ p®|2, The solid lines are fits to the data using a Langmuir model. From
Ref. 122.

xG=x@+226), . (5.5)

Due to the strong bond between the metal and adatom for UPD systems, a more ap-
propriate model at the low coverage might be ng> = x§2). At higher coverages of
®> 1, a third susceptibility was added to account for changes in the adsorption site
due to adatom interactions which change the optical response of the interface, or,

xG=xP+x206,+x2©,-0) . (5.6)

The ratio of susceptibilities and their phase differences are used as fitting parame-
ters.

For the isotropic response, discrete changes are observed up to approximately one
monolayer whereas further adsorption has no effect. This might be viewed
simplistically as the localization of electrons as the electronegative thallium atoms
bond to the silver surface. According to the best fitting parameters, y? makes a sig-
nificant contribution at coverages up to 0.87 ML with x?/x? = 0.94. An abrupt
change in the isotropic response is then observed between 0.87 and 1.0 ML. For the
anisotropic response, a large change occurs upon formation of the second
monolayer. The authors [122] attribute this large change to a resonance between
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Fig. 5.17. Changes in the SH intensity (solid line), phase (broken line), and cathodic charge passed
(open circles) as a function of applied bias potential. Ag(110) in 0.25 M Na,SO,, 5mM TL,SO,,
pH = 3.0. Incident wavelength = 1064 nm. From Ref. 146.

either w and 2 w with eigenstates in the overlayer, which beyond one monolayer ap-
proaches three-dimensional bulk thallium structure. Bulk interband transitions are
predicted by theory and observed experimentally for thallium in this wavelength
region [145]. A similar analysis beyond two monolayers of deposited T1 was not per-
formed.

The electrodeposition of thallium on Ag(110) is similar to that which takes place
on the (111) face of silver [122]. The voltammogram shows well-defined structure in
the formation of the first monolayer, and further deposition occurs before formation
of the bulk deposit. Fig.5.16¢ and d display the results for the isotropic and
anisotropic response respectively. The magnitude and phase of |ar|2 were modeled
by a constant contribution from the adatoms throughout the adsorption process (Eq.
(5.4)). Values of ng)/ x}ﬁ) = 0.94 and a phase shift of 131° were obtained. As with
Ag(111), an enhancement in the anisotropic response was observed beyond 1
monolayer and was attributed to a similar resonance effect.

The model used to describe this data is a good starting point but a more accurate
means of measuring the relative substrate/adatom interaction is to combine the
results with a direct phase measurement during the deposition. This type of a mea-
surement was performed recently by Koos and Richmond for T1/Ag(110) [146] in an
experimental geometry described in Section 4.3. Fig.5.17 shows changes in the
relative phase of the isotropic SH response, as well as the SH intensity and cathodic
charge passed, as thallium is plated onto the Ag(110) by varying the bias potential.
The sensitivity of phase measurement to the deposition process as opposed to charg-
ing effects is evident in the figure. A complete picture of the nonlinear response can
be gained by presenting the phase and intensity data in a phasor plot which is shown
in Fig. 5.18. In this representation, the square root of the SH intensity corresponds
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Fig. 5.18. Phasor diagram for the components of the SH polarizability as a function of thallium
coverage (©) on Ag(110) where ae'? =%, _ . 5, F,x}) and F,, are the Fresnel coefficients. Inci-
dent wavelength = 1064 nm. Solid lines are vectors representing ]/IS_H, and phase, 4¢,, for cover-
ages of ® =0, 1 ML and 2 ML. Broken lines are vectors representing the adsorbate contribution
to /Igy and phase, Ag,, at coverages of ® =1 ML and 2 ML. Data at intermediate coverages
are represented by the filled circles. From Ref. 146.

to the length of a vector whose orientation is determined by the measured phase. The
zero of the angular scale is arbitrarily defined as the phase measured for the native
surface. While intensity changes can be adequately modeled by coverage dependence
in a single component of xng} (Fig. 5.16a), the phasor plot shows that at higher
coverages an additional component is involved [146].

Thallium deposition on Ag(111) has also been studied by Miragliotta and Furtak
using a continuous wave Nd: YAG laser [145]. In this study and a related study of
the UPD of Zn and Cd on Ag(111) [147], the anisotropy from the native substrate
surface was not observable. However, the sensitivity to the deposition in all cases is
evident. For thallium deposition, the intensity in the SH response is significantly
enhanced at 2 ML as mentioned previously [122, 147]. A 3m rotational symmetry
is observed in the SH response. By using a thin-layer cell, they were able to extend
the deposition in a controlled manner to up to 4.1 monolayers. The symmetry ob-
served was similar to that obtained at the lower coverage. They propose that Tl grows
with a coincidence lattice that is (6 x 6)-25 for all coverages. Significant to this and
the previous analysis was the report of reflectivity measurements during deposition.
A peak at 1.5 eV was observed upon formation of 1 ML of thallium on the surface
[145].

Several other studies have appeared for Tl deposition on polycrystalline Ag which
are pertinent to this discussion. The work of Furtak et al. [148] shows the sensitivity
to the deposition of thallium on mechanically polished silver surfaces. They attribute
a decrease in observed intensity prior to Tl deposition to a physisorbed state of Tl
on the silver surface. In another study, Robinson and Richmond [54] performed
time-resolved measurements on the deposition of Tl on electrochemically polished
polycrystalline silver. Sharper UPD peaks were observed in this study compared to
the previous work. The interesting aspect of this work was the sequential nature by
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which the deposition occurs following a fast potential step into the UPD region. The
kinetics of growth of the first A; and A, peaks of Fig. 5.14 were modelled and the
kinetic results compared to their current transient analysis. It is most likely that a
similar sequential growth also occurs on single crystal silver surfaces and would be
interesting to examine in angularly resolved studies similar to those discussed later
for Cu(111).

The UPD of Cd [147] and Zn [145, 147] on Ag(111) were also examined by Fur-
tak and coworkers using a cw laser. Both metal adsorbates were found to produce
significant increases in the SH response upon adsorption. For Zn, where the sym-
metry of the SH pattern is of Cs, initially, the symmetry is found to change to
twofold with further coverage. The results are consistent with an epitaxial 8.6% ex-
panded hexagonal monolayer for Zn, followed by a return to the Zn lattice constant
at higher coverage. The enhancement is attributed to resonance with interband tran-
sitions which occur in crystal zinc. For Cd, they have reported resonant SHG from
Cd as the monolayer is formed in a three-step process. Each step is presumed to be
associated with one-third of a monolayer having (3% }3)R 30° symmetry. The
overlayer is assumed to be epitaxial and buckled below two monolayers. Above two
monolayers the entire overlayer appears to become incommensurate and close
packed.

5.2 Cu(11) and Cu(100)

5.2.1 Rotational Anisotropy Measurements

The SH response from Cu(111) has been examined in two studies, one in UHV and
one in the electrochemical cell. The study by Tom and Aumiller [77] was the first to
demonstrate rotational anisotropy from a metallic surface. The study involved excita-
tion at 1064 nm with the SH response monitored at 532 nm. The anisotropy has been
attributed to the excitation of interband transitions since the energy of the SH
photons (2.3 €V) is large enough to promote d electrons into the sp conduction bands.
Similar SH experiments on Cu(111) measured in the electrochemical cell were later
reported [133]. Fig. 5.19 shows the variation in the p- and s-polarized second har-
monic intensities upon excitation with 1064 nm. The 1064 nm data correlates well
with that observed in UHV [77]. Although the fits give a ratio of a/c® which is
slightly higher than that obtained in vacuum, the anisotropy is qualitatively the same.
Shannon et al. [133] attribute the difference in the ratio to sample preparation and
experimental geometry, both of which would affect the isotropic coefficient a. The
same measurements were recently performed in solution with 532 nm excitation
[149]. The results show that there is little variation in the anisotropy as the
wavelength is shortened. Based on the conclusions at 1064 nm, one would expect that
resonance effects would be even stronger at the shorter wavelengths since both the
fundamental and the SH fields can couple to electronic bands in the metal. This is
in contrast with the Ag(111) results where there was a distinct difference between the
1064 nm and 532 nm data. Recall from above that the anisotropy observed for
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Fig. 5.19. Second harmonic intensity (p-polarized input) as a function of angle of rotation for a
Cu(111) electrode in 0.25 M Na,SO, solution at open circuit. Incident wavelength = 1064 nm. The
solid lines are fits to the data using Eqgs. (3.11) and (3.13); (&) p-polarized SH intensity at 532 nm,
¢®/a = —0.50 and (b) s-polarized SH intensity at 532 nm. From Ref. 133.

Ag(111) with 532 nm (Fig. 5.11) where interband transitions were proposed to play
an important role, is similar to that obtained for Cu(111) at both wavelengths.

The potential dependence of the SH response from Cu(111) electrode has also
been examined [133]. The symmetry in the anisotropy is found to be invariant with
potential in agreement with what is expected theoretically for an applied field
parallel to the surface normal, assuming that no potential induced morphological
changes in the surface occur [122]. In addition, no significant changes in either the
p- or s-polarized SH intensity are observed as the potential is varied between the
anodic limit at —0.2 V (also the PZC) and the cathodic limit at —0.8 V. The authors
believe that this constancy in the response indicates that the electron density is not
significantly altered with potential variation. They cite previous ATR and elec-
troreflectance studies which found this invariance with potential in this region [150].
Note that the double layer charging region resides primarily negative to the PZC for
Cu(111) whereas the strong potential dependence observed for Ag(111) (0.0V to
—1.0 V) was found positive to the PZC (—0.79 V). Sampling the SH response for Cu
when the electrode is positively charged is difficult due to the onset of oxidation
which occurs just positive of the PZC.

The nonlocal response from Cu was examined for Cu (100) in experiments similar
to those described for Ag(100) above [131]. The s-polarized SH intensities from
either p- or s-polarized excitation at 1064 nm showed very low signal levels. Any
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response above the background did not vary periodically as the crystal was rotated.
The authors concluded that the data is consistent with a dominance of the surface
terms over the bulk at this incident and SH wavelength.

5.2.2 Underpotential Deposition

The underpotential deposition of Tl on Cu(111) has been examined by Shannon et
al. [133] under static conditions, and Richmond and Robinson in the time domain
[117]. A large mismatch between the copper and the thallium lattice constants makes
it an interesting case for comparison with the T1/Ag(111) SH study described above
[122] where the lattice constants are more closely matched and the overlayer has been
shown to form in an ordered manner. From strictly geometrical considerations, the
silver lattice is able to accommodate a thallium overlayer without buckling. On the
copper substrate, a close-packed thallium overlayer must be either buckled or rotated
with respect to the substrate lattice.

The SH analysis of the copper system is a bit more complicated from several
perspectives. The electrochemistry is not as well known for copper and trace
amounts of oxygen can disrupt the deposition process [151]. The integrated deposi-
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Fig. 5.20. p-polarized (a,c) and s-polarized (b,d) SH intensity vs. angle of rotation for one and
two monolayers of thallium deposited on Cu(111). Incident wavelength = 1064 nm. Theoretical
curves (solid lines) are generated by using Egs. (3.11) and (3.13). (a) ¢®/a = ~0.9¢®* and
(© ¢¥/a =1.15¢*". From Ref. 133.
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tion currents in this study for the various peaks in the UPD curves can not be easily
correlated with any kind of an ordered overlayer on the underlying substrate. The
stripping CV curves are found to be considerably different than the deposition
results. Minor changes in the voltammetric data were observed when the electrode
was held at a bias potential where one or two monolayers of thallium were present
on the electrode surface for several minutes. Such behavior is indicative of surface
reconstructions or structural transformations [141]. Although conclusions about
overlayer properties based on CV curves should be viewed with caution, the elec-
trochemical results reinforce the idea that the thallium grows in an incommensurate,
or possibly disordered, manner in this study [133].

The rotational anisotropy in the SH response observed for Tl coverages of one
and two monolayers on Cu(111) is shown in Fig. 5.20a~d [133]. The p-polarized SH
response is clearly sensitive to the various stages of deposition as is determined by
the changing intensity patterns. Although the patterns for the p-polarized data
become irregular in form with increasing deposition, the 3-fold symmetry is retained.
The analysis also included measurements of the relative changes in the isotropic and
anisotropic contributions to the polarizability by judicious choice of azimuthal
angles which simplify the sinusoidal functions. Any possible changes in the
anisotropic coefficients were found to be within the S/N for these experiments. If
the lateral interactions between Tl atoms became significant, this would be expected
to appear in changes in the anisotropic coefficients. In contrast with Tl on Ag(111)
[122], no enhancement was observed in the anisotropic response corresponding to
a development of a distinct thallium overlayer. The changes in the isotropic response
observed with coverage were confirmed to be responsible for the varying anisotropy
in the p-polarized output of Fig. 5.20a and c.

5.2.3 Time Resolved Measurements

A later study of thallium deposition on Cu(111) has been performed by Robinson
and Richmond [117] with the intention of monitoring the growth of the overlayer
in the time domain. The experiments involved measuring the rotational anisotropy
at various stages of deposition, followed by monitoring the time evolution of the
deposition at a fixed rotation angle. A Nd: YAG mode-locked laser was used in these
studies. Appropriate angles were chosen to allow the separate isotropic and aniso-
tropic temporal SH responses to be monitored. The static rotational anisotropic
response from the native Cu(111) surface was qualitatively similar to that obtained
by Shannon et al. [133]. The 3m symmetry was retained throughout the deposition,
However, in the later study, variations in the anisotropic component (I, ;) were ob-
served as the thallium was deposited up to 2 ML. There was also no evidence of a
disordered overlayer as was seen in the previous work [133]. Robinson and Richmond
[117] suggest that these differences between the two studies could be due to several
factors, the most likely being either different surface preparations or the presence
of trace amounts of oxygen in the initial study which is known to disrupt the deposi-
tion process [151]. It is interesting to compare these two studies with the x-ray scat-
tering work of Materlik et al. [151] in which TI adsorption on Cu(111) has been ex-
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Fig. 5.21. Transient SH response of a Cu(111) electrode during thallium underpotential deposition.
Incident wavelength = 1064 nm. (a) Isotropic SH signal, 7, ,(¢). The solid line is a single exponen-
tial fit to the entire transient with time constant, 7 = 10.7+0.3 msec. (b) Anisotropic SH signal,
I, ((1). The intensity scale is 2X more sensitive than in (a). From Ref. 117.

amined using x-ray standing waves. They performed this experiment under oxygen-
free and oxygen-rich solution conditions. In the absence of oxygen, they found that
Tl adsorption takes place at twofold sites together with a contraction of the Tl radius
by 3% relative to the oxygen-containing electrolyte. Adsorption of thallium in the
presence of oxygen was concluded to occur at threefold sites. Although the effect of
oxygen on the position of the topmost Cu layer is controversial, an inward shift of
the Cu layer by about 0.3 A has been deduced from other scattering data [152].
Theoretical calculations suggest that the oxygen atoms build in below the top layer,
thereby pushing the Cu atoms out of the surface and opening a larger threefold hole
for the TI atom binding [153]. No conclusions regarding the lateral structure of the
overlayer could be deduced from this x-ray scattering data.

The results for the time-resolved measurements of Richmond and Robinson for
TI adsorption on Cu(111) are shown in Figs. 5.21 and 5.22 [117]. Fig. 5.21 shows the
time dependent SH response of a Cu(111) electrode as thallium is deposited to a
coverage of 0.87 ML. The plane of incidence is fixed at 30 degrees with respect to
the [211] crystal direction and the 1064 nm incident laser beam. The response time
of the cell was 2 msec. Fig. 5.21 a shows the transient behavior of the isotropic con-
tribution to the SH response, I, ,(¢) [a®(2)). Fig. 5.21b contains the correspond-
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Fig. 5.22. The variation in 7 for fits to various J, ,(¢) signals obtained for potential steps cathodic
{overpotential, 4 £> 0) and anodic of the potential of the peak current for single monolayer forma-
tion. The error bars for data at 4 E<80mV are two standard deviations. The error bars at
AE =235 and 245 mV are the range of t that fit different time segments of the decaying signal.
From Ref. 117.

ing time dependent anisotropic contribution, I, ((¢) o (6@ ()]%. For the potential
step from —0.20 V to —0.55 V shown, both the isotropic and the anisotropic com-
ponents of x® initially decrease and reach a minimum near 30 msec, where the
coverage is about 2/3 ML. Further thallium deposition, as evidenced by the current
transients obtained concurrently (not shown), produces no change in 7, ,(¢) whereas

I, <(¢) increases. These SH results demonstrate that the completion of the overlayer
at coverages exceeding 2/3 ML affects only the anisotropic elements of x@

Although both SH transients in Fig. 5.21 fall to a minimum at about the same
time, their form is quite different and qualitative comparisons are useful. The
isotropic contribution, I, ,(¢), decays as a single exponential, in agreement with
previous measurements of submonolayer thallium deposition on polycrystalline elec-
trodes [54]. The solid line in Fig. 5.21a is an exponential fit with 7 = 10.7 msec. The
exponential form suggests that the deposition occurs by an absorption, rather than
a nucleation, mechanism [154]. The transient anisotropic response is not as simple.
In fact, the initial fall in 7, ((¢) in Fig. 5.21b is not a simple decaying exponential.
The differing time dependencies for the isotropic and anisotropic responses suggests
that ¢, the bulk anisotropic susceptibility element which is the only common ele-
ment, is not the main source of the nonlinear response in either case.

Robinson and Richmond [117] also found that the time constant for adsorption
of the first thallium overlayer depends on the final potential, E;, of the potential
step. They investigated the effect of underpotential and overpotential steps on the
best fit values of t for exponential fits to I, ,(¢). The under- and overpotentials,
AE, are defined with respect to the maximum of the current peak, E,, in the CVs
for the first monolayer deposition. Fig. 5.22 displays the results for seven different
potential steps. The time required to form the deposit increases at anodic potentials
(AE<O0) closest to E;, indicating that more time is required to deposit successively
larger coverages. The form of the data suggests that 7 would reach a maximum near
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AE = 0. In the overpotential region, where the final coverage should be independent
of E;, the overlayer is formed faster as the overpotential increases. The result sug-
gests that activation energy is supplied by the overpotential. Similar results were re-
ported in related SHG measurements of the UPD Kkinetics of thallium deposition on
polycrystalline electrodes within the overpotential region [54].

5.3 Au(111), Au(110), and Au(100)

5.3.1 Rotational Anisotropy Measurements

Several studies have appeared which examine the SH response from bulk single
crystals of gold under potential control. The first study reported was that of Koos
[134] in which both the native and underpotential deposition of thallium was
studied. This was later examined in more detail for a series of different metals on
Au(111) [155]. Fig. 5.23 shows the SH intensity from Au(111) in HClO, as a func-
tion of the azimuthal angle &@. The SH response using a 1064 nm incident beam was
collected for p-polarized input and p- and s-polarized output (Fig. 5.23a and c¢) and
s-polarized input and p-polarized output (Fig. 5.23b). The responses are consistent
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Fig. 5.23. Second harmonic intensity at 532 nm for Au(111) as a function of rotation angle, é. Inci-
dent wavelength = 1064 nm. The electrode was in 0.01 M HCIO, and biased at +0.8 V (vs. SCE).
The solid lines are fits to the data using Eq. (3.10)—(3.14) in the text: (a) p-pol SH, p-pol excitation,
c®/a = 1.0%""; (b) p-pol SH, s-pol excitation; (c) s-pol SH, p-pol excitation, @ = 0. From Ref. 121
and 155.
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with a surface of 3m symmetry and can be fit well the theoretical expressions of
Eq. (3.11)—(3.14). The observed anisotropy is somewhat intermediate between that
obtained for Ag(111) and Cu(111). This suggests a contribution from interband
transitions, although anisotropy experiments need to be performed on either side of
this wavelength to understand the observed resonance effect more directly. For gold,
the d-bands are at 2.5 eV, close to the 2.3eV SH field. These scans were taken at
+0.8 V, positive of the PZC which occurs at 0.23 V (vs. SCE) in ClO, media. The
p-polarized SHG shows a strong potential dependence which increases as the surface
is biased positive of the PZC. The symmetry of the surface was preserved in these
studies as the potential was varied within the double layer charging region.

Both the Au(100) and the Au(111) surfaces were examined in studies aimed at
measuring the relative surface/bulk response from gold surfaces [131]. For the
Au (100) surface and a p-polarized incident pulse at 1064 nm, anisotropy in the p-
and s-polarized responses were found to be minimal. The potential dependence for
this surface was also examined. The p-polarized response was found to increase by
a factor of 4 when the voltage was swept positive of the PZC from —0.1 Vto +0.8 V.
The s-polarized response which was very small and isotropic showed no change with
bias voltage. All of the data from this surface is consistent with a dominance of the
surface response relative to the bulk.

The potential dependence of Au films evaporated on mica substrates have recent-
ly been investigated by Guyot-Sionnest and Tadjeddine [128]. The films were as-
sumed to be of predominantly (111) orientation and were performed without regard
to the crystal axis orientation relative to the incident beam. In these studies, the
potential dependence of the gold films was examined at two incident wavelengths,
1064 nm and 532 nm, and fit to a surface charge density model [7]. They found that
at the longer wavelengths, the surface acted in accordance with a free electron model,
or surface charge density model, whereas at 532 nm incidence, the model does not
reproduce the data. They attributed this deviation at the shorter wavelengths to the
importance of resonant coupling to the d-bands of Au.

5.3.2 Surface Reconstruction Measurements

In the first study of its kind, second harmonic generation has been used to study
potential induced reconstruction on Au(111) and Au(100) by Kolb and coworkers
[156]. These surfaces have been known to reconstruct in UHV when they are clean
[153, 157]. Surface reconstruction occurs when the surface atoms of a solid rearrange
themselves in a structure different from that expected from simple termination of the
bulk lattice. Various studies by cyclic voltammetry, electroreflectance spectroscopy
and ex situ electron diffraction have suggested that flame-treated crystals form stable
reconstructions in solution. Unfortunately, due to the lack of in situ probes, very lit-
tle direct evidence for this reconstruction has been available.

In the work by Kolb and coworkers [156], a change in the symmetry in the SH
anisotropy has been observed for both of these crystals in regions where previous
studies have suggested that the reconstruction occurs. Fig. 5.24 shows the rotational
anisotropy that they obtained for Au(111) at two different electrode potentials.
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Fig. 5.24. Second harmonic intensity at 532 nm as a function of angle of rotation for Au(111) in
0.01 M H,S0, at (a) —0.1 V and (b) +0.7 V vs. SCE. s-polarized excitation and s-polarized SHG
detection in both cases. For comparison purposes the calculated polar plots of the rotational
anisotropies for s/s-polarization of a threefold symmetry surface with (a) and without (b) a onefold
symmetry superimposed are also shown. From Ref. 156.

Fig. 5.24a corresponds to a freshly prepared (flame-treated) surface which was im-
mersed at —0.4 V (vs. SCE) and then potentiostated at —0.1 V. Under these condi-
tions, the Au(111) has been presumed to be reconstructed into the (1 x23) structure
where the surface atoms show a 4% compression in the [110] direction. The pattern
appears to be onefold in symmetry with two dominant peaks at 90° and 270° with
the other four peaks markedly reduced in intensity. The authors fit the data to a mix-
ture of one-fold and threefold symmetry elements. The observations are distinctly
different when the electrode is ramped negatively. The data in Fig. 5.24b was collect-
ed after the electrode in the above figure was biased at +0.7 V. In the figure, the
threefold symmetry of the unreconstructed Au(111)-(1 x 1) surface is observed. Both
sets of data were collected with s-polarized incident light at 1064 nm and the s-
polarized output at 532 nm. Transient SH signals collected at an azimuthal angle of
90° indicate that the lifting and reestablishment of the reconstruction followed first
order kinetics with respective decay times of 22.7 s and 15.3 s. This reconstruction
was not observed by Richmond and coworkers [134, 155], where the samples were not
cleaned in UHV by alternating cycles of ion-bombardment and annealing. Such a
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preparation appears essential to obtaining the reconstructions observed in these
studies.

The more in depth analysis of the SH reconstruction data of Kolb and coworkers
[156] on Au(111) has recently been performed by Lupke et al. [158]. In this work,
the second order susceptibility tensor has been split into contributions due to 1-fold,
2-fold, 3-fold and o-fold axes for a surface of C, symmetry. Their results suggest
that the SH rotational patterns cannot be completely analyzed by theoretical models
without knowledge of the distribution of domains present in the reconstruction of
the surface. They also conclude that rotation axes of lower symmetry create addi-
tional contributions via “overtones” or “harmonics”. Their symmetry analysis of the
SH rotational patterns from Au(111) reveals contributions from a 3-fold axis with
a regular (1x 1) structure and simultaneously from a 1-fold and a 2-fold axis due to
the (1x23) reconstruction.

Au (100) offers another interesting case for reconstruction [156]. Previous studies
on this electrode surface with LEED and RHEED have shown that the reconstructed
Au (100)-(5x20) surface is stable in a potential range where no anion adsorption is
present [104]. In the presence of anions, the reconstruction is presumed to be lifted
to a (1x1) structure. However, at negative potentials, the (5 x20) structure is regen-
erated. The authors observed a difference in the SH rotational anisotropy at these
two potentials and attributed it to the reconstruction and lifting of the reconstruc-
tion [156].

5.3.3 Underpotential Deposition

The first SH study of underpotential deposition of a foreign metal on Au has been
done by Koos for thallium on Au(111) [134]. The rotational anisotropy during
deposition is found to be very sensitive to deposition of the overlayer. Using p-
polarized 1064 nm incident light and detecting the s-polarized harmonic, Koos has
found that the anisotropy which appeared with 3m symmetry initially is reduced
after UPD of one monolayer. With the continued deposition to two monolayers, the
anisotropic response increases to a level approximately equal to that of the adsor-
bate-free surface. The author suggested that the decrease in the anisotropic response
is due to a lack of long range order upon the formation of an incommensurate
overlayer.

This system has been examined in more detail in the first studies performed on
metal surfaces in which changes in the phase of the SH response are explicitly ex-
amined. Since the previous studies showed that the anisotropic response is strongly
affected by the overlayer, phase shifts in the anisotropic terms was specifically sought
[146]. The experiment involved examining the s-polarized response from this (111)
surface which allows isolation of the term c(x@, —a(), where a and ¢ represent
Fresnel factors and { is the nonlocal bulk response. The x direction is in the piane
of the surface along the [211] crystallographic axis. The phase was then measured
by the interference method discussed in section 4.1.3. Fig. 5.25 shows the intensity
and the phase of c(xg()x—a{ ) as a function of coverage. A 1064 nm p-polarized inci-
dent beam was used. The charge deposition measured in the first set of UPD peaks
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Fig. 5.25. s-polarized SH intensity (®) and phase (©) for Au(111) as a function of thallium
coverage (@) in monolayers. The inserts in the upper part of the figure represent the actual phase
data for coverages of @ =0.0, 1.0, 1.5 monolayers labeled a, b, and ¢, respectively. Incident
wavelength = 1064 nm. The solid and dotted lines represent fits to the data (see text). From
Ref. 121.

was 183 uC/cm?®. It was assumed that this corresponded to the formation of a
monolayer. Examples of the phase data for three coverages are shown at the top of
the figure. The solid lines are the sinusoidal fits to the form of the interference of
the two plane waves.

The results show that as the magnitude of the SH response decreases and passes
through a minimum at @ = 0.6 ML, the relative phase of c(y3,—a{) is seen to
shift 180°C relative to that from the native surface. The authors attribute the initial
phase shift to a possible flipping of the dipole at the surface. As the second layer
forms, an increase in magnitude is observed as is a phase shift of —258°. A similar
intensity increase was reported for Tl on Ag(111) (above) when coverages exceeded
1 ML [122]. The measured phase changes show that perturbations to the nonlinear
optical properties of the interface at coverages less than a monolayer are strikingly
different from those affected by further deposition. This is not obvious if only inten-
sity measurements are made.

A more recent study has examined the SH response from a Au(111) electrode
during UPD of a variety of metals, Ag, Cu, Pb, Tl and Sb [155]. In situ x-ray diffrac-
tion techniques have examined Ag, Cu and Pb on this substrate [159—161]. Silver
is shown to form an epitaxial overlayer with Ag atoms sitting in 3-fold hollow sites
forming a (1 x 1) commensurate overlayer. The lattice mismatch between lead and the
substrate is shown to prevent formation of a commensurate overlayer but forms a
hexagonal close-packed overlayer contracted by 0.7% from bulk lead. Although TI
and Sb on Au(111) have not been examined by x-ray diffraction, a close packed struc-
ture would necessitate an incommensurate overlayer due to the lattice mismatch.
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Fig. 5.26. Potentiodynamic desorption spectra for the deposition of Cu (—e—), Ag (---) Sb
(——-), Pb ( ), and Tl (- —-- ) on Au(111). The electrode was in 0.01 M HCIO,, with

10 mM Me**. Sweep rate of 10 mV/s for Cu, Ag, Sb and Tl and 5 mV/s for Pb. From Ref. 155.

The stripping voltammetry and the SH response for each adatom is shown in
Figs. 5.26 and 5.27, respectively. The electrochemical results of Fig. 5.26 are in good
agreement with earlier reported voltammetry [162]. Fig. 5.27a and b shows changes
in the total surface isotropic response, 1, ,, and the term y,,, respectively, during
the deposition of each of the metal overlayers. The greatest change shown in both
the isotropic intensity and the term y,,, occurs for Sb, Tl and Pb. This change
occurs in coverages greater than @ = 0.4 ML. Silver, copper and lead deposition
produce only small changes in the total isotropic signal.

When anisotropic response is monitored as a function of deposition (Fig. 5.27¢),
the 3m symmetry is found to be retained for all of the metal overlayer/Au(111)
systems even though there is a significant mismatch in the lattice parameters for the
larger adatoms, thallium, antimony, and lead [155]. When these three larger adatoms
are deposited, a corresponding decrease in the anisotropic term is found which is not
seen for the other adatoms. The authors concluded from these results that local site
symmetry is dictating the symmetry of the SH response. This questions the earlier
conclusion that the anisotropic SH response represents the longer range order of the
adsorbate/substrate interface. They suggest that the SH response at low coverages
may be sensitive to the interaction of the individual atoms with the substrate and
hence does not provide information about the overall structure of the overlayer as
earlier proposed.
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5.4 Other Metals

As shown above, most of the work to date on SH studies of electrode surfaces has
been on noble metals. This is not to suggest that the technique is restricted to these
surfaces alone. In fact a wide variety of other metals and semiconductors produce
measureable SH signals [163]. There have been a number of metallic single crystal
surfaces studied in UHV including Ni(111) [8, 164—166], Pt(111) {8, 165], Rh(111)
[167—-169], and, Al(111) and (110) [170]. A few of these studies have involved rota-
tion of the crystal surface about the surface normal [166]. Of pertinence to elec-
trochemical studies, two recent papers have appeared, one on Pt(111) [171] and the
other on Fe(110) [172]. Both have involved measuring the rotational anisotropy from
the metal surface.
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Lynch and Corn have reported the measurement of rotational anisotropy from
a Pt(111) electrode surface [171]. Pt(111) has been studied extensively by Hubbard
and coworkers by immersion studies [173]. In these previous studies, it has been
found that flame annealing procedures can produce a single crystal surface which
has identical electrochemical behavior as a Pt(111) crystal prepared in UHV.,
Through UHV-transfer studies, they have demonstrated that the immersed surface
retains this order in solution. Lynch and Corn have measured the Pt(111) SH rota-
tional anisotropy in solution and have found it to have a surface symmetry of either
Cy, or C;. The Pt(111) electrodes were transferred to solution with an iodine
overlayer and cleaned through an iodine-CO exchange reaction and subsequent CO
oxidation electrochemistry. They concluded that oxidation of the CO monolayer
creates a well-ordered Pt(111) surface with a potential dependent SH response that
suggests the presence of an adsorbed hydrogen species over a range of potentials. In
contrast to the noble metals discussed above, in the potential regions examined in
these studies, adsorbates other than the solvent are always present at the surface of
Pt(111). Previous studies of SHG from Pt(111) in UHV have shown the strong sen-
sitivity of SHG to adsorbates such as CO, O, and H, on the surface [166]. In addi-
tion, a striking frequency dependence of the SH response is observed suggesting the
participation of surface states or resonant effects associated with interband transi-
tions [166].

Over the past several years, Gruen and coworkers have examined the SH response
from iron electrodes in alkaline solutions [45, 53, 172]. In their work on polycrystal-
line iron, they concluded that the potential dependent SH response which was ob-
served during surface oxidation could be attributed to two intermediate phases on
the electrode surface between the passive film at oxidative potentials and the reduced
metal at hydrogen evolution potentials [53]. They have recently extended this work
to Fe(110). In this study [172], they examined the SH rotational anisotropy from this
crystal under ambient conditions. They found that the experiments reveal the
presence of both twofold and threefold symmetric species at the metal/oxide inter-
face. When their data is fit to the theory of Tom et al. [68], they conclude that the
measured three-fold symmetric oxide is found to be tilted by 5° from the Fe(110)
plane. The two-fold symmetric structure is aligned with the Fe(110) surface.

6 Summary and Conclusions

Over the past decade there have been extensive advances in the understanding of op-
tical surface SHG. During this time there has been nearly a tenfold increase in the
number of papers published in this area. Parallel to the progress made in our
understanding of this nonlinear process on a fundamental level has been the growing
application of the method to a variety of interfaces including metals, semiconduc-
tors, liquids and polymers [6]. This review has summarized the progress of surface
SHG as applied to metals, and more specifically, metals in an electrochemical envi-
ronment.
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Although there is much fundamental work remaining to be done before surface
SHG can be used in a purely analytical sense, the potential for obtaining unique in-
formation about the electrochemical interface is already apparent. One area which
holds particular promise is in the measurement of the electronic properties of the
electrode surface by wavelength dependent SH studies. Identification of surface
states and their potential dependence by resonant SHG is one example where the
technique could be very valuable. Recent work from this laboratory has demonstrat-
ed this for Ag(111) and Ag(110) [137]. The unique advantage that one has over other
optical or electron techniques for making such measurements in solution or in other
environments is the inherent surface specificity. Under conditions where the metal
nonlinear response dominates over the adsorbing molecular layer, one can study how
these electronic properties are altered by the presence of the adsorbate. Surface
physical structure and chemical reactivity is usually governed by the electronic prop-
erties of the surface but little is known about this correlation in solution because of
the paucity of in situ techniques for making such measurements.

A second area where SHG has particular potential for providing unique informa-
tion is in the time domain. Depending upon the capabilities of the laser used, one
has the potential to perform pump probe measurements down to fractions of a
picosecond. Where this might be applicable for electrochemical studies is in the
study of photoinduced effects and carrier dynamics at the semiconductor/liquid in-
terface. Under the appropriate polarization and wavelength conditions, one has the
advantage over other optical transient techniques, such as luminescence or reflectivi-
ty, of being surface specific. As described above, SHG has been shown in previous
studies to be very sensitive to surface charge density on both metal and semiconduc-
tor surfaces. One has the advantage over current transient measurements in not being
hampered by time constants in the circuitry.

Studies have shown how SHG has been used to verify reconstruction of surfaces
in solution via changes in the rotational symmetry. In this area SHG can provide
complementary information to STM or x-ray -grazing incidence measurements with
SH studies being more generally applicable. "'Whereas the reconstruction seen for
Au(111) is quite striking, it is difficult to obtain a quantitative measure of the degree
of reconstruction [158]. Also, changes in the geometrical structure of the surface can
be accompanied by changes in the electronic properties which can alter not only the
relative intensity but also the phase of the SH response. Performing these ex-
periments at several wavelengths and making phase measurements should help
decouple these effects.

For monitoring thin film growth of metals on metals or semiconductors, the SH
method provides complementary information to STM or x-ray grazing incidence
measurements if one is interested in the geometrical structure of the overlayer. SHG
is somewhat more versatile in that it can be applied to nearly any metal or semicon-
ductor surface; however, one must again be aware that optical resonance effects can
play a role in the changing rotational anisotropy patterns. For semiconductors, the
bulk may have a significant SH response and therefore must be considered. Both
x-ray scattering and SHG probe macroscopic behavior whereas STM gives a
microscopic picture of the geometric properties of the surface. All three techniques
currently suffer from the lack of a full understanding of fundamental issues behind
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each method. Where SHG has an advantage is in being able to probe electronic prop-
erties of the overlayer, and, possibly the buried interfacial region as has been done
by Heinz and coworkers for the CaF,/Si(111) interface [142, 143]. Another advan-
tage is the use of SHG to monitor thin film growth dynamics as has been shown with
studies described from this laboratory by Robinson et al. [54, 116].

For organic thin films on metals, one might be able to monitor the order of the
underlying substrate if the metallic response dominates over the overlayer nonlineari-
ty. One generally assumes that the overlayer does not perturb the underlying surface
of the substrate but there are currently no other direct experimental probes to verify
this. As with the reconstruction data, it is always important to consider how the elec-
tronic properties of the surface may be altered by the overlayer in addition to the
geometrical structure as measured by the symmetry of the response.

Nearly all of the studies described in this review have focussed on the properties
of the electrode surface because of the fact that the response from the highly conduc-
tive metal generally dominates over that of the adjacent water layer or the ions or
molecules which reside therein. The exception is the use of model systems such as
dyes adsorbed at the surface where optical resonance effects are large and the elec-
tronic structure of the adsorbed molecular can be probed. Obtaining an infrared
vibrational spectrum of an adsorbed molecule by resonant SHG is possible, but dif-
ficult. The better alternative is to use a related nonlinear optical method, sum-dif-
ference frequency generation. In these experiments, two different incident frequen-
cies lead to a nonlinear polarization at the interface at the sum and difference fre-
quencies of the incoming beams. One of the incident beams is from a tunable in-
frared source with frequencies corresponding to vibrational modes of the adsorbate.
The second is a fixed visible frequency. As the infrared beam tunes to a resonance
in the molecule, enhancement in the SF response is observed. The overall result is
the measurement of the infrared spectrum of the molecule with detection at visible
frequencies. A number of studies have appeared which have demonstrated the
feasibility of this technique on surfaces in UHV and for surfaces in the presence of
a nonaqueous solvent [6, 8]. Since like SHG, this is a second order optical effect, it
therefore inherently interface specific. However, one still has to worry about the ab-
sorption of the incident infrared beam by the solvent prior to illumination of the sur-
face. To minimize this one can use a thin layer cell, a transparent electrode and cou-
ple through the back side of the electrode, or use nonadsorbing solvents.
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1 Introduction
1.1 Foreword

During the past thirty years, the study of interfacial kinetics has been greatly improv-
ed by use of transient techniques. They basically imply the controlled perturbation
with time of an electrical quantity (potential or current) at the electrochemical inter-
face and the response analysis of the other electrical quantity. Among the different
existing techniques, the electrochemical impedance spectroscopy (EIS) [1—3] oc-
cupies an outstanding place mainly because the frequency analysis of the system
response, performed in a wide frequency range, provides a deep insight into the dif-
ferent elementary steps. Though the current for most of the electrochemical systems
primarily depends on potential, other physical quantities such as pressure, tempera-
ture or fluid flow can also affect its value and therefore may be used as perturba-
tions. The influence of flow on the current was the starting idea of the hydrodynamic
modulated rotating disk electrode technique (HMRDE) proposed at the beginning
of the seventies by Bruckenstein et al. [4—6]. Very early, these authors suggested to
apply sinusoidal hydrodynamic modulations (SHM) and derived the first theoretical
analysis of the problem [7] by considering the response of the mass transfer rate to
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a modulation of the angular velocity of a rotating disk electrode such that
2 =02 (1+¢ecos wt).

The fact of modulating the square root of Q was naturally supported by the
results of the Levich theory in steady-state conditions [8]. With the increasing devel-
opment of impedance techniques, aided by a sophisticated instrumentation [2], the
authors of the present work promoted the use of impedance concept for this type
of perturbation and introduced the so-called electrohydrodynamic (EHD) im-
pedance [9, 10]. A parallel approach has been also investigated by use of velocity
steps in both theoretical and experimental studies [5, 11, 12]. More recently, Schwartz
et al. considered the case of hydrodynamic modulations of large amplitude for in-
creasing the sensitivity of the current response and also for studying additional terms
arisen with non linearities [13—15].

Another variant devised by Martem’Yanov et al. [16] ensures strong electrolyte
stirring for generating turbulent fluctuations in solution. Assuming a pseudo
hydrodynamical white noise, the responding current can be analyzed in the frequency
domain to provide the same information as that obtained from any of the techniques
mentioned above.

Since most electrode processes are non-linear, this requires the use low level
signals for a linear analysis, and though all types of perturbation are equivalent from
the viewpoint of signal processing, harmonic analysis provides the best compromise
between the time of measurement and the accuracy [17].

At present flow modulation techniques have received many improvements from
both the theoretical or instrumental sides. In addition, many applications have dem-
onstrated their specific interest. However, though several review articles or
monographs devoted as a whole or in part to hydrodynamic methods in Elec-
trochemistry appeared in recent years [18—28], no complete presentation about the
state of the art concerning flow modulation techniques has been given so far. This
work is precisely aimed at reaching this goal. More emphasis will be put in the
theoretical presentation on the EHD impedance technique, showing that not only a
better knowledge of mass transport characteristics can be obtained but also a de-
tailed analysis of electrode processes is possible. Therefore the EHD impedance will
appear as a companion of the classical electrochemical impedance technique.

1.2 Symbolic Notation

A time-dependent quantity X (¢) responding to the sine wave modulation of some
low level perturbation dY cos w? and frequency w/2m, is generally written in linear
conditions as:

X(@)=X+dXcos (wt+y)

The resulting impedance is defined as the complex quantity d—)—( exp iw. y is the
phase shift between Y and X signals. dy
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An alternative treatment consists in using the complex notation:
X*(t)=X+dX* with dX*=Xexpiwt

X is a complex quantity which contains amplitude dX and phase shift w.
X¥=dX-expiy

As ttle phase reference is taken with respect to that of the perturbation, then Y=4dY.
X also represents the Fourier transform of X *(¢). Therefore the impedance can
also be defined as X/Y.

1.3 Relation between Impedances

When the current at a rotating disk electrode (RDE) depends partly on mass trans-
port, the instantaneous state of the electrochemical system can be characterized by
an implicit functional relationship such as:

FU(@),E),Q2() =0 (1-1)

In a particular case of a sine wave modulation of low amplitude, a similar rela-
tion can be written with the complex quantities. Differentiating Eq. (1-1) for each
frequency and considering the fact that I* E* or 2* are independent variables two
by two, one obtains: :

* *
dr* = 01 dE*+ o1 dex* (1-2)
OE*/ AQ* /¢
* *
dE* = OF dar+*+ OF do* (1-3)
or* /o 0Q*/,
and then:

<6E*> =_<6E*> <ag*> (1-4)
ar+ /, a0+/, \ a1+ /),

dE*\ _ dE*
ar* ), dI*

is the usual ac impedance Z,.
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Therefore, two other new quantities are introduced:

E
—| is the electrohydrodynamical (EHD) impedance under galvanostatic control
I

denoted Zgyp . In the same way:

I

5 = Zgyp,p is the EHD impedance under potentiostatic control.

E
For simplifying the notations, impedances in the following will be written

without vertical bars and the subscript defining the fixed variable.

Eq. (1-4) shows that only two quantities are needed, the third one being determin-
ed from the two first. Eq. (1-4) was directly verified by measuring Z,., Zgyp ¢ and
Zgyp,p With the ferri/ferrocyanide system in KCI(M) at the half-wave potential [29].
Experimental Z,, values were shown to be in good agreement with the calculated
ones deduced from experimental Zgyp g and Zgyp p values, and application of
Eq. (1-4) written as: Z,. = —Zgyp ¢/ Zgup,p (see Fig. 1-1).

From Eq. (1-2) one can still write:

+Zgup,p? (1-5)

Obtaining Eq. (1-5) in an explicit form provides a complete solution. This result
can be properly achieved by splitting the problem in elementary steps which can be
separately considered [11, 30] as schematized below:

¢(0)
~ aé E
(9 —1> a; —L — —3> -
ay 0 I
5-:04- '(x“/"’;‘“x
o
&
<02
Z
g
-
[ 1
0 0.2 0.4 0.6 0.8 1.0
REAL PART

Fig. 1.1. Electrochemical impedance (x) obtained from Eq. (1-4) with the experimental measure-
ments of Zgyp  and Zpyp p. Electrochemical impedance (O) directly measured at the half wave
potential. Curve in full line represents the theoretical variation. The coordinates are normalized by
the electrochemical impedance value at zero frequency Z, (0). The parameter is the dimensionless
frequency pSc'/3. After [29].
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— Step 1 is purely hydrodynamic and relates the perturbation € to the velocity near
the wall which is the only relevant quantity for the mass transfer response. @; are
either wall velocity gradients or coefficients involved in the velocity expansion
near the wall. This step requires the use of Navier-Stokes equations and will be
treated in Chapter 2.

— Step 2 regards the mass transfer problem and needs to solve the mass balance
equation, in order to obtain the concentration field and in particular the concen-
tration and the concentration gradient at the electrode. This is the topic of
Chapter 3.

— Step 3 which addresses the kinetic problem is performed to test the electrode pro-
cess mechanism under study. The general procedure for achieving this task is
detailed in Chapter 4.

A consequence of these elementary steps is that the observable quantities 774 or
E/$ can be generally written as the product of three elementary transfer functions,
except for some cases where, for example, the problem is depending upon two veloci-
ty components.

2 Periodic Flow at a Rotating Disk

A periodic flow generated by small oscillations of a body in a fluid at rest involves
non-linearities either in the mass transport problem or in the secondary flow, and
is therefore out of range of this presentation.

The steady flow field created by an infinite disk rotating at a constant angular
velocity in a fluid with constant physical properties was first studied by Von Karman
[31].

The solution was sought by a separation of variables using an axial dimensionless
distance y = y J /v which transforms the fluid velocity vector as follows:

B, =rQF(x), G,=rOG(), B8, =VvOH()

The overbar designates the steady-state values.
Hence, the time independent Navier-Stokes equations are put in form of three
coupled, nonlinear, ordinary differential equations, functions of # only:

2F+H' =0 (2-1)
F°P—G’+HF-F'=0 (2-2)
2FG+HG -G" =0 (2-3)

Not listed in the set of Eqs. (2-1, 2-3) is the axial component of momentum which
provides an additional equation for the hydrodynamic pressure that can be
calculated once H is determined.
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The boundary conditions are:

F(0)=H(0) =0
G(0) =1
F(%)=G()=0

For the unsteady situation, the instantaneous value 2 is defined by:
Q=0+RefQexpiwt] with Q=AQ

w/27 is the modulation frequency.

Large amplitude modulations induced a nonlinear flow response which has been
studied by few authors [15, 32].

The impedance concept is developed here following the work of Tribollet and
Newman [30], which means that the system response is linear and corresponds to low
amplitude modulation (AQ<9Q).

Therefore:

Y. =r FQ()+%Re{f(X) exp iwt}] (2-4)
Yo =rQ G(x)+%Re{g(x) exp iwt}] (2-5)
g, =rQ H(x)+%Re{ﬁ(x) expia)t}] (2-6)

where f, g, and h are complex functions.

The equation of continuity and the unsteady Navier-Stokes equations are
linearized, i.e. the quadratic terms, proportional to (A€Q/ Q) are neglected.

The resulting equations may be written:

2f+h'=0 (2-7)
ifp+2Ff-2Gg+HF+Fh=1 (2-8)
igp+2Gi+2F§+hG +Hg =g 29

where p = w/Q is the dimensionless modulation frequency.
The boundary conditions are:

foy=h©=0
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Table 2-1. Values of d—f and of ﬁ versus the dimensionless frequency.
dxlo dxlo

P fi f g g
0.0631 0.7652 -0.0130 —0.9241 —0.0233
0.1000 0.7650 —0.0206 —0.9241 —0.0368
0.1585 0.7645 —0.0329 —0.9243 —0.0583
0.2512 0.7630 —0.0527 —0.9244 —0.0922
0.3981 0.7579 —0.0849 —0.9241 —0.1467
0.6310 0.7410 —0.1356 —0.9243 -0.2371
1.0000 0.6943 —0.2035 -0.9367 —0.3899
1.5849 0.6020 —0.2642 —0.9993 —0.6280
2.5119 0.4832 —-0.2842 —1.1573 —0.9388
3.9811 0.3748 —0.2652 —1.4193 —1.2969
6.3095 0.2906 —0.2297 —1.7770 —1.7067
10.0000 0.2272 —-0.1922 —2.2359 —2.1933

Each complex function may be written as the sum of a real function (index 1)
and an imaginary function (index 2). The set of the three coupled Egs. (2-7), (2-8),
(2-9) becomes then a set of six coupled linear ordinary differential equations.

By using Newman’s method [33, 34], the solution of the set of six equations is
derived for each dimensionless frequency.

Cochran [35] has shown that the system of Egs. (2-1), (2-2, (2-3) can be satisfied
by two sets of series expansions for small and large values of #. The series solutions
for small values of y are especially relevant to the mass transfer problem. In par-
ticular the derivatives at y = 0, obtained from Egs. (2-7), (2-8), (2-9) and given in
Table 2-1 are essential in order to determine the first coefficients of the series expan-
sions. The other coefficients are deduced from the first one by using the set of Egs.
(2-7), (2-9). In particular:

3
H= —0.51023 x”% (2-10)

= —Fo) i’ @11)

As the frequency modulation tends towards zero, r~f~1 tends towards the
derivative of ¢, with respect to Q (see Eq. (2-4)) and f; tends towards zero.

Therefore, f(0) =§ El = (.765345 and in the same way §'(0) = é G

~0.923883. 2 dxlo 2 dx o

With an axisymmetric electrode (like a disk or ring) only &, and/or ¥, are in-
volved in the mass balance equation. Hence, according to Eq. (2-4) or (2-11) only
the f variations are useful for mass transfer measurements.
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But for a nonaxisymmetric electrode (like a microelectrode off the rotation axis),
the velocity component parallel to the wall ¢, = V92 + 195 appears also in the mass

balance equation, and % is proportional to VfF'+¢g'G".
X |o
By using the result of Sparrow and Gregg [36] who solved the unsteady flow
problem, the low frequency expressions of f* and g’ can be obtained following our
notation:

f' = (0.765345-0.023112 p?)—0.204835 pi (2-12)
g = (—0.923883—0.021185 p2)—0.36922 pi (2-13)

For the high frequencies, Sharma [37] obtained an asymptotic solution which can
also be expressed in terms of {' and §"

(@-14)

s L <_1_m>
V2r \V2p »

. p . p 30510
= — 2 £g_- - 2-15
£ \/; l<\/; 2 p > @15)

The expressions (2-12) and (2-13) may be used with an accuracy better than 1% for
p=<0.1.

The expressions (2-14) and (2-15) may be used with an accuracy better than 1%
for p=1.

3 Mass Transport on a Uniformly Accessible
Electrode

The method was first introduced by Bruckenstein et al. at the beginning of the seven-
ties [4].

Tokuda et al. 1975 [7], considered first the response of the limiting current to a
modulation of the square root of the rotation speed. In their calculation, they took
into account the second harmonic of the response, but gave the solution only for the
first one in a limiting range of p and for discrete Sc values. This pioneering work
is at the origin of all the other theoretical treatments.

Deslouis et al. [9] in 1977 measured experimentally with a high performance ap-
paratus the response of the limiting current in a large frequency domain and for a
large range of Schmidt number. In particular, they showed experimentally that the
phase shift tends towards 180° in the high frequency range.



216 C. Deslouis and B. Tribollet

Later, Albery et al. 1979 [11] presented a theoretical treatment for both poten-
tiostatic and galvanostatic regulations. These solutions are given as series expan-
sions.

Deslouis et al. [10, 38], at the beginning of the eighties gave an analytical treat-
ment for both potentiostatic and galvanostatic regulations by using Airy functions.

In 1983, Tribollet and Newman [30] derived a quantitative treatment by consider-
ing the hydrodynamic and mass transport problems together. They also found a rela-
tion linking the fluctuating concentration and its gradient at the interface, for use
in kinetic studies.

3.1 Theoretical Analysis on Rotating Disk Electrode

The concentration distribution in the diffusion layer is governed by the one-dimen-
sional unsteady equation of convective diffusion:

2
dc +9, %z 6_c2 (3-1)
8t 8y oy

The expansmn of ¥, is obtained from Eqs. (2-10) and (2-11) and is limited to the
first term in 2. The effect of the second term which appears as a Schmidt number
correction will be evaluated in the next paragraph.

By putting: ¢ = ¢+Re{Cexpiwt} and by using the dimensionless variables and
parameters:

a=0.51023
3D 1/3
o= <—> v/ Q2
av
=¥ _05545¢"y
5

52 1/3
£=""_=3258pSc
5 p

where Sc¢ =% is the Schmidt number

The equivalent Nernst diffusion layer thickness is I'(4/3) times &.
Eq. (3-1) becomes:

d%¢ dé A
— +3pr——jfe= =
d ¢ 0

3f'(p) »dc
- (3-2)
n dn
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where
E = .C.Iﬁ.:c_(oz exp — ’73
dn I'(4/3)

¢, being the concentration in the bulk and c(0) the concentration at the inter-
facel._/et 6,(x) be a solution of the homogeneous Eq. (3-2) satisfying the boundary
conditions:

6,70 n—o o
and

00_’1 I]=O

Integration gives:

. Texp—n" AQ dé| , Tex
C=K200+K190§——pz——’,1—d’7'——_— 0§ = ',7
o 05(n") L dniy o (’1)
n3f
[ [ 2B 20y ] dn’ (33)
0

Where K, and K, are two integration constants. K, can be identified with ¢(0), the
value of the concentration at # = 0. K, can be obtained from the boundary condi-
tion at infinity:

AQ dé 3f(p

| =— —

200dn (3-4)
dn

WO Wlth WO = 5
0

0

The general result is a relationship between the concentration and the concentra-
tion derivative, both evaluated at the electrode interface:

dé _¢ 0 AQ d¢
Ll =Og0+22 % w, (-5)
dy|o J Q dy|,
where
, dé,
85(0) = =2
dn |

The numerical calculation of W, requires the calculation of the homogeneous
solution @, which is necessary for the determination of the diffusion (or convective
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3 @
Table 3-1. Variation of Z, = = § n26,dn

a0

———— | versus pSc
0.6533

1/3

Coefficients for the Schmidt number correction corresponding to Eq. (3-16).

1/3

pSc Re (Zc) Im (Zc) ty ty ts tg
0.0 1.0 0.0 1.1921 0.0000 -0.9124 0.0000
0.1000 0.9970 —0.0607 1.1830 -0.1270 —0.9091 0.0624
0.1585 0.9925 —0.0958 1.1693 ~0.2000 —0.9042 0.0985
0.2512 0.9812 -0.1505 1.1355 —0.3118 —0.8921 0.1546
0.3981 0.9536 ~0.2334 1.0543 —0.4742 —0.8624 0.2394
0.6310 0.8889 —-0.3507 0.8719 —0.6792 —0.7930 0.3584
1.0000 0.7508 —0.4904 0.5211 —0.8481 —0.6457 0.4967
1.5849 0.5090 —0.5929 0.0384 —0.793 —0.3912 0.5869
2.5119 0.2113 -0.5633 —-0.2916 —0.4337 —0.0897 0.5269
3.9811 —0.0055 ~0.3943 —-0.2581 —-0.0636 0.1016 0.3216
6.3095 —0.0740 —0.2069 —0.0860 0511 0.1205 0.1236
10.0000 -0.0590 —0.0918 -0.0082 0.0259 0.0666 0.0299
15.8488 -0.0333 —0.0403 0.0013 0.0054 0.0272 0.0053
25.1187 —0.0171 —-0.0186 0.0005 0.0009 0.0104 0.0009
39.8104 —0.0086 —0.0090 0.0001 0.0001 0.0040 0.0002
63.0952 —0.0043 —0.0044 0.0000 0.0000 0.0016 0.0000
100.0000 —-0.0022 —~0.0022 0.0000 0.0000 0.0006 0.0000
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Fig. 3-1. Variation of W, versus the dimensionless frequency p for different Sc values. In the high
frequency range the amplitude is proportional to p ~2.
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Warburg) impedance, where potential or current is modulated instead of rotation
speed.
W, can be written as:

f)
Wo=0.5ZypZ. where Zyp=—-
0 HD " Z¢ HD 70
3 s 2‘9od’7
and Z,=2% — with Z,—»1 . (3-6)
0.6533 w0

The hydrodynamic transfer function Zyp can be obtained from Table 2-1 and
Egs. (2-12) and (2-14). The transfer function corresponding to mass transport, Z,
is given in Table 3-1 for 0.1 < pSc“ 3<100. For pSc'’? larger than 60, the asymp-
totic value of Z_ can be analytically derived [39] (see Section 3.1).

The variation of W, is plotted on Fig. 3-1 versus the dimensionless frequency p
for different Sc values.

3.2 Asymptotic Solution in High Frequency Range

Since the frequency is large, the distance over which a concentration wave proceeds
is small, then exp (— ) can be considered as equal to one and the velocity modula-
tion being rapidly damped close to the wall, the convective term can be disregarded
in the homogeneous part of Eq. (3-2) which becomes:

<_1_2_6_ ire_ 023w ,de

3-7)
dn Q a dn g (

172

The solution of the homogeneous equation is § = exp (—(i¢) "“#n) and the solu-

tion of Eq. (3-7) may be written as:

n J ~
&=0(n) [ie‘z(x')[ SAQ“:”) "ze(n")d‘s—C dﬂ”+K1] dn'+c~(0)](3-8)

0 0 Hio
where
K, =22 3@) de Tnzﬁ(n)dn
! Q a d"] 00
and
dé {7 d 6
d| A2 fp)de| 6 39)
dyfo £ a dy{o@&)
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18 3.061
(i€)3/2 (ipSC1/3)3/2

(3-10)

o=

3.3 Schmidt Number Correction

The development of ¥, is now limited to the first two terms: Eq. (3-1) becomes:

d2~ 2~ 7
_§+ 32 de jean AS 3f () 213173 de
dy S dn o\ a se dn

1/3
B- <i4> G-11)
a

Following the same procedure, an equation similar to Eq. (3-4) is obtained but
where 0 and W are depending on Schmidt number:

oo & 3
W= | <3f(p);72—2B’7 > odn (3-12)

0 a SC1/3

As proposed by Levart and Schuhmann {40], 8 was expressed as a series expan-
sion in S¢~!/3

001,56.8) = Bo(n, )+ L s . (3-13)

where 6 is the solution of:

2~ ~
i—+3:7 d——léc— (3-14)
dn? dn

as mentioned previously and 6, is the solution of:

2
dé

d—+3r] ——1£c 3d0°

dn? dn dn

(3-15)

Finally W becomes:

1
W=05ZupZ+ 7 F(p) (6 +itg)+ts+ity] (3-16)
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where

3 o0
ty = Sn el)dn , 4= { #%Im{6,)dn
0

0.6533a o 0.6533a
ef{fdn , ts= Im {Bp)d
5= 06533{ oldn > ts 06533%'7 ol

Im denoted the imaginary part of a complex quantity. 3,1, s, fs are given in Table
3-1.

We verify that for pSc'/3 =

0, the correction term is zero and W = 0.5.

4 Influence of Overall Kinetics

In the previous section, the velocity and concentration distributions have been
established and two transfer functions were considered. The explicit form of the third
function which relates the fluctuating interfacial concentration or concentration gra-
dient to the potential or the current at the interface, requires to make clear the kinetic
mechanism composed of elementary steps with at least one of them being in part
or wholly mass transport controlled.

This section will demonstrate the advantage of treating the modulation flow
problem in terms of impedance.

4.1 Analysis

We shall now describe the general procedure for getting Eq. (1-5) linking 7, £ and £2.
To start with, it is necessary to consider the simplest equivalent circuit with the
unique assumption of faradaic and capacitive branches (Fig. 4-1).
The following relations link the observable 7, £ to the quantities U and T

I=L+Ch— av i(—] =iwU in sine wave regime (4-1)
dr dt
E=RgI+U 4-2)

U is the overpotential at the metal/electrolyte interface.

To this set of equations, we add Eq. (3-5) linking the complex concentration and
concentration gradient at the electrode.

Now, the relevant kinetic mechanism will lead to a kinetic equation of the general
shape:

Iy = £(U,¢(0),0;, . ..) (4-3)
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Solution |__/

Ref

N\

Fig. 4-1. Equivalent electrical circuit.

where ©; terms represent the possible coverage fractions by intermediate species j
adsorbed at the electrode.

For species i, whose kinetic is partly or wholly mass transport controlled, one
has:

p| ~Sig (4-4)
Oy|g nF

where s; are the stoechiometric coefficients of the electrochemical reaction and 7 is
a partial current appearing in the mechanism.

It is, of course, impossible to provide an exhaustive catalog containing the EHD
impedance expressions with all possible mechanisms. We will, only, in the next sec-
tion illustrate the general procedure to follow, by some examples.

4.2 Reversible Redox Reaction in Mixed Kinetics

This is the simplest case which involves that partial current ; in Eq. (4-4) identifies
itself with the overall faradaic current fp. The faradaic current is ruled out by a
Butler-Volmer kinetics:

L=1, | @©Qep (%l ) Gea@ o ( _%Fy, 4-5)
Coxeo RT Credoo RT

where symbols in Eq. (4-5) have their usual meaning, index i of Eq. (4-3) stands for
ox and red in Eq. (4-5).
From Eq. (4-3):

- of
U+ Y

0) (4-6)
o 70600

U,¢(0)

iF:—

oU
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with

E R ',
GU Ci(o)

R, is the usual charge transfer resistance.

By subsequent use of Eqgs. (3-5) and (4-4) one substitutes % — hence Iz —
and 9 to &(0). oy
Therefore Eq. (4-6) becomes:

U= (Rt+ZD)IF+"Q IR, y Widi s (4-7)
Q nF BC (O) UC(O)H (0) D
4;;
R Y (4-8)
i Oc (O) U,cj(0) nFD B (O)

Zp is the convective diffusion impedance with its dimensionless form —1/6{(0)
[41].

Considering now Eqs. (4-1) and (4-2), one obtains the relation between observ-
able quantities corresponding to the general form of Eq. (1-5):

- - 0 1 [ f W6, s;
E=2,I+ 9_ ' IR y _Of Widi s (4-9)
2 1+16()CD(R1+ZD) nF i 86‘1(0) U,Cj(o) 0:(0) Di
where
R+Z
Z,.=Rg+ b (4-10)

{+iwCp (R, +Zp)

Z,. represents the ac impedance of the usual Randles equivalent circuit.

With the simplifying assumption that the overpotential is large and mainly con-
centration-controlled and that the current is defined by the gradient of one species,
the potentiostatic impedance can be expressed as:

I z i
= 0.5 = ZypZ. =2 (4-11)
Q Zac 1+1wCD(R[+ZD)

il ~

when w—0, I8 tends to 0.5 I/Q as the derivative of the Levich current versus Q.
The EHD impedance appears clearly as the product of three transfer fonctions:
hydrodynamical Zyp, mass transport Z. and kinetic Zp/Z,. [1+iw Cp (R, +Zp)].
In addition, by assuming purely diffusion control (i.e. at the diffusion plateau),
Rg and R, < |Zp| whatever w, and by assuming Rg Cp<1, hence Zy/Z,.~1, Eq.
(4-11) becomes
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(4-12)

Thus, under limiting current conditions, the measured quantity /€ has the same
properties as W, in particular, the reducibility versus p, because é=0, as ¢=0.

4.3 Heterogeneous Reaction with Adsorption

This mechanism involves the adsorption of an intermediate species. Consider indeed
the two electrochemical elementary steps:

A Kay X+e~
‘ 4-13)

K _
X 2 P+e
Species A arrives at the interface by convective diffusion, adsorbs and reacts, pro-

ducing species P (see Fig. 4-2).

N

‘ - -
e e 10

-

| P

2]

—
3 -

Fig. 4-2. Model of exchange of two electrons with adsorption of an intermediate species X.

The impedance expression is calculated with the following assumptions:
(i) Adsorption of reaction intermediate X obeys a Langmuir isotherm and is char-
acterized by a surface coverage ©. Areas @ and 1— @ are macroscopically dis-

tributed.
(ii) Reactions are governed by heterogeneous kinetics and reaction rates are ex-
ponentially potential dependent, following a Tafel’s law instead of Butler-

Volmer, corresponding then to irreversible conditions:

K, =k;exp bin
(iii) Maximum number of available sites per surface unit for adsorbate X is charac-
terized by a coefficient B depending on the substrate nature.

Mass and charge balances give:

899~ Kycall—0)—K, 0B,
(4-14)

Iy = FiKaca(1- @)+ K, OB }
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Solution of these equations for % = 0 leads, after elimination of @, to the

equation of the steady-state current voltage curve:

Kaca

O=_—AA (4-15)
KBy +Kaca

I = LKXCABL (4-16)
Kyca+K, By

Under a flow mgdulation 9f amplitude & and frequency w/2 7, subsequent com-
plex responses Ir, U, ¢, and © take place, determined by linearized Eq. (4-14):

(KACA+ K, B +iwB) O = (a1 —O)DAKA—BObKJU+KA(1-B)Es  (4-17)

L ={CAa(1=O)bsAKA+ OB b KJU+ (K B—KpCh)O+K\(1—O)ép (4-18)
and also
I =nFD, 2% (4-19)
9y |o

If we consider the general Eq. (4-18), one can eliminate Z&, éx, © and O and
y

obtain the following relation:

fF=_‘7+£< W (KXBL+KAcA)(KAcA+KxﬁL+in)_1>Q- @20
Zac Q [DAHI(O)]/é KAKXBL(ZKXBL+inL)
with

(KB + Kaca) (K Br +Kscp+iwBy) - "KAK( B QKB +iwBy)

D, 0'(0)
KpcAK BLR2DAKBL+2b,Kpca+(bs+by)iwBy

(4-21)

This expression of Z,. was earlier proposed by Epelboin et al. [42] and the rele-
vant impedance diagrams, when assuming an infinitely fast diffusion process, con-
tain a low frequency loop of either capacitive or inductive nature, depending on the
values assigned to the different kinetics constants.

It is worth noting that even in a situation where the interface overpotential U is
zero, the EHD impedance 7/ contains the relaxation effect of adsorbed species
X.

By use of Eqgs. (4-21) and (4-2), the general relation between the observables can
be obtained:
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i=£+za°_RE£_ W . Q (422
Zoe  Zae Q DAO'OK(BL+Kach)(Kaca+KiBr+iowp) |
SKAKBLQKBL+iwBy)

where Z,. contains Rg and Cp, as shown in Fig. (4-1).

I E
From Eq. (4-22), the impedances 5 or 5 can be easily deduced.

4.4 Alternative Treatment of Martem’Yanov and Grafov

In a recent work [43], Martem’Yanov and Grafov, envisaged also the effect of
hydrodynamic fluctuations on the electrochemical current, proposing to call it a
hydroelectrochemical impedance, with the same definitions as those given above (see
Section 1.3). Their approach is basically the same as that described in Section 1.3 in
that they consider the hydrodynamic and electrical perturbations from a unified
position. More precisely, for the kinetic situation described in Section 4.2 they show
that an equation such as Eq. (4-7), obtained in a simplified version (i.e. no convective
diffusion and a qualitative analysis of the fluctuating flow field) can be written as

R+ Zy +Z ) I = U+ W, + W, (4-23)

By doing so, they introduced in the electrical circuit explicit hydrodynamic cur-
rent generators $ or additional tension generators w; which are placed either in
parallel or in series to the relevant Warburg impedances Z, or Z,, for each form
of the redox couple. One has:

W= Z,7 and 7 =(—1)nFDkd, (4-24)

with the notation of Chapter 3:

I_0
Q Q
U represents the flow modulation intensity in the y direction, equal to
- . 0
v=-f(0,p) S (4-26)

Thus, the only limitation when using this technique is that one needs to know
explicitely the decomposition in single elements required by the use of an equivalent
electrical circuit, which is not always possible.
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5 Characterization of the Interface with an
Additional 2-D or 3-D Insulating Phase

Uniform accessibility and reactivity of the electrode interface are the main hypothe-
ses for developing the EHD impedance theory. However, in many cases a real inter-
face deviates from this ideal picture due for example either to incomplete monolayer
adsorption leading to the concept of partial blocking (2D adsorption) or to the for-
mation of layers of finite thickness (3D phenomena).

These effects do not involve the interfacial kinetics on bare portions of the metal
which, for simplification, will be assumed to be inherently fast. The changes will af-
fect only the local mass transport conditions towards the reaction sites.

Before presenting some applications of practical interest, the theoretical EHD
impedance for partially blocked electrodes and for electrodes coated by a porous lay-
er will be analyzed.

5.1 Partially Blocked Electrodes

The first theoretical analysis of this problem was proposed by Landsberg et al.
144 —46) following a concept developed in electrical engineering and formely used by
Smythe [47]. The calculation was carried out for an interface composed of purely
insulating and purely conducting areas, the latter being small disks of diameter 4 ar-
ranged in a two-dimensional periodic array.

The first contribution, which led to an approximate analytical solution, was then
improved in further studies by Levart et al. [48]. For moderate blocked ratio values
(0.5< ¥< 1), (¥ blocked fraction of the surface), some contributions, such as that
of Filinovsky [49], attempted to consider the convective terms for two-dimensional
concentration fields but disregarded the diffusion terms in direction parallel to the
electrode plane.

It turns out that the information issued from the steady-state technique can not
be unambiguously unravelled in general, and that a comprehensive description of the
topography leading to a defined (¥, d) couple is questionable. In fact, all the predic-
tions put forward could be summarized for moderate Q2 by a relation of the form:

I;'=c2 "¢ c, (5-1)

where C, and C, related to the blocking ratio ¥ and to the characteristic site dimen-
sion d.

A first problem is that, there is not a one-to-one relation between the measured
(Cy, C5) and (¥, d) couples. Secondly, equation such as (5-1) can be found for other
processes, for example diffusion through a porous layer [50] and coupling with a
preceding chemical reaction of first order [51].

To overcome these drawbacks, Landsberg and Thiele [44] recommended, in 1966
the use of transient techniques. Recently, these techniques, such as chronopoten-
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tiometry and amperometry [52], linear potential sweep and cyclic voltammetry [53],
ac impedance [54] and EHD impedance [55] have been applied with increasing fre-
quency.

In some applications where adsorption is involved, the blocking ratioc ¥ can de-
pend on the overpotential. The EHD impedance technique under potentiostatic con-
ditions seems therefore the most appropriate technique.

A thorough numerical integration of the complete mass balance equation was
developed for predicting the transient mass flux on a unique small active microelec-
trode placed in the trailing region of a large electrode [S6)]. It has the advantage of
offering a validation of the theory with an easy-to-build experimental model.

5.1.1 Statement of the Problem

A unique small active site close to a uniformly accessible rotating disk electrode is
considered in this derivation. For the sake of simplification, the geometry of the ac-
tive site is rectangular with its length perpendicular to the streamline of the flow
(Fig. 5-1). By neglecting diffusion in the z direction, the mathematical problem is
locally reduced to two dimensions, and the complete mass balance equation is for-
mulated as follows:

2 2
§5+z9x%+l9yz=p —8—52-+352 (5-2)
ot 0x ay dy° ox

The series expansions of the velocity components ¥, and ¥, are limited to the first
term only (see Chapter 2)

O, =Vi+¥i=a(nt)y

¥, =y (t)y*

Streamline
of the flow

Fig. 5-1. Coordinate system for integration of Eq. (5-2). Flux is calculated for the rectangular active
site in the vicinity of a RDE.
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where r is the disk radius and under stationary conditions & = 0.8 723?v =2 and
7= —051023Q%2p 12,

a) Steady-state Solutions

Integration of non-stationary mass balance equation requires that the steady-state
concentration distribution ¢ be known. This is achieved by solving the steady-state
part of Eq. (5-2).

The details of the numerical calculation based on the Newman’s method are
given in [56].

The steady-state iso-concentration lines, deduced from the numerical treatment
are plotted in Fig. 5-2. The effect of the x diffusion term (8*¢/8x?) of Eq. (5-2) is
important at the leading edge of the microelectrode: when this term is dropped, all
the isoconcentration lines start from this same point.

In Fig. 5-2 is displayed the effect of two neighbouring microelectrodes. Such an
arrangement would describe locally a periodical distribution of active and passive
sites with an active fraction of the whole area of 43%.

It appears that the concentration profiles of the two leading edges coincide rea-
sonably well and one may assume that the memory effect on the concentration distri-
bution is lost over one or few active sites. This last result hence justifies the procedure
of considering one site located in the wake of a macroelectrode.

372

NORMAL DISTANCE TO THE WALL /um

LONGITUDINAL DISTANCE x /um

Fig. 5-2. Concentration field over the outer edge of a disk and over two controlled microelectrodes
for a gap of 57 pm and two microelectrodes of 43 pm. From [56].

b) Unsteady-state Solutions (EHD Impedance)

Integration of nonsteady part of Eq. (5-2), was performed, the fluctuating concen-
tration being split, at each mesh point, into a real and an imaginary part:
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Fig. 5-3. Numerical integration of the complete mass balance Eq. (5-2) for a uniform disk electrode,
an isolated microelectrode and two microelectrodes of same dimension but with two different gaps:
[ CR— Yg =40 pum, (——-) g =225 um.

¢=Re (¢)+iIm ()

The calculated impedance I/ is represented in Fig. 5-3. The curves in solid line
correspond to the behaviour previously calculated for the rotating disk electrode (see
Section 3.1) and in reference [57], for the isolated microelectrode. The different
curves in dots and dashes were obtained for the microelectrode in the wake of the
large electrode. The first two curves (solid line) show only a monotonic decrease with
increasing frequency. The controlled microelectrode curves display, at variance, non-
monotonic evolutions with two characteristic frequency domains:

1. At low frequencies, it approaches the macroelectrode behaviour. Indeed the
steady-state solution shows that the microelectrode can be considered as a simple
extension of the macroelectrode. In this quasi steady-state regime, the frequency
is small enough to allow the concentration wave to propagate over the whole dif-
fusion layer thickness.

2. At high frequencies, the curves are close to those of the isolated microelectrode
in normalized amplitude and the phase shift can be 27 higher for the controlled
microelectrode with respect to the isolated one. At these frequencies, indeed the
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concentration perturbation concerns only the first isoconcentration lines which
exhibit close to the leading edge the same curvature as that found with an isolated
microelectrode.

The first frequency response of the function I7€ (disk response) follows an
asymptotic power law dependence |7/2| o«p =2 and the second response (controlled
isolated microelectrode |I/3|ocp™'"2,

Two cut-off frequencies p* can be defined as the intercept of the horizontal LF
behavior (A (p)/A(0) = 1) and the “relevant” HF behavior (disk p{ or controlled
microelectrode p ).

From Section 3.1, one can write

24=pg Sc'/? (5-3)
and from [57]

0.79 = (0.963/2m)ps Sc'*(d/R)"” (5-4)

Rearranging Egs. (5-3) and (5-4) finally yields:

pd/pd =21 (R/d)3

An alternative presentation is to give dimension 4 versus the frequency lag which
is the experimental quantity measured:

d=21"R@pt/pi) > (5-5)

Fig. 5-4. Photograph of the experimental disk electrode and controlled microelectrode. d = 105 um
the estimated gap value is 40 pm.
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5.1.2 Confirmation with an Experimental Model

The electrode arrangement and dimensions are displayed in Fig.5-4. The two
rotating electric contacts (disk and microelectrode) are ensured by two mercury con-
tactors [58], allowing the EHD impedance to be measured under satisfactory signal-
to-noise conditions. The system Fe (CN)%‘/ Fe(CN),~ in the reduction direction was
used.

The general aspect of these EHD impedance diagrams reproduces the theoretical
variations depicted in Fig. 5-3. By applying the p /p{ criterion (Eq. 5-5), one finds
a value of the microelectrode diameter which falls within the range of 100— 150 um.
This gives a reasonable estimate of the actual diameter value of 105 um.

The phase shifts are wholly reducible versus p and are displayed in Fig. 5-5. The
response of the controlled microelectrode increases monotonically with the frequen-
cy and equals the ©t/4 limiting value of the isolated microelectrode [57] increased by
27, a case theoretically predicted for a small gap.

A(p)/A(o)

o
S o0 ] | 1 1 1 & 1|
<

SHIFT
+

200+

100 +
+a°
+Ho

PHASE

Qo este ©
deeld® 4 4 olelet | |
002004 01 02 04 1 2 4 10 20 40
DIMENSIONLESS FREQUENCY P

Fig. 5-5. Experimental EHD impedance in Bode coordinates for the microelectrode shown in
Fig. 5-4. (@) Isolated microelectrode, (+) controlled microelectrode, (©) disk electrode.
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5.2 Coated Disk Electrode

Porous nonreacting layers covering reacting metallic interfaces may slow down the
mass transfer rate of diffusing species. This decrease includes the effect of the dif-
fusivity Dy, as well as that of the layer thickness Jg; steady-state techniques yield
only the ratio Dg/dg [59].

5.2.1 Theoretical Analysis

The system under investigation is schematized in Fig. 5-6. The concentration gra-
dient is distributed between the fluid and the porous layer. In addition, the metal lay-
er interface is assumed to be uniformly reactive.

Two mass balance equations can be written:

i) In the porous layer, the concentration distribution c; is only determined by mo-
lecular diffusion:

6(‘1 82C1

— =Dg— (5-6)

ar Fay?

ii) In the fluid, the concentration distribution ¢, is governed by convective diffu-
sion:

2

00 _ poa_, 0o 5

ot dys A

For simplicity, the origin of the coordinate y is taken at the metal/layer interface

and that of y; at the layer/fluid interface (y; = y— dg). ¢y, ¢, and ¥, contain a steady-

state component and a sinusoidal time dependent component of small amplitude
when the angular velocity of the disk is modulated.

METAL ..y POROUS | ¢ yip

L AYER
7/, .
molecular |[convective
41 ditfusion | dittusion
e
< E;_.__.....7,_—.___
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o
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F

Fig. 5-6. Concentration distribution versus the axial coordinate in the presence of a porous layer.
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Associated with Egs. (5-6) and (5-7), are the boundary conditions which express

the continuity of the concentration fields and of the fluxes for the steady-state as
well as for the time dependent quantities:

— for y=0r(;=0) ¢ (o) =c,(0)

.2 _ poa

dy oy
—for y=0 ¥,=0
— for y;=® c¢;—c, (then &—c, and é—0)
Finally the diffusing species are consumed at the metal-porous layer interface in
a very fast electrochemical reaction. For simplification, diffusion control will be
assumed (i.e. ¢;(0) = 0).

It is now convenient to split up Egs. (5-6) and (5-7) into their steady-state and
fluctuating components to get the corresponding solutions.

a) Steady-state Solutions

Eq. (5-6) is reduced to the simple form:

62(,'1 _

0 5-8
o (5-8)

which leads to

a()=Qy (5-9)

The constant Q will be determined with the boundary conditions at y = g and
y=0

Q- 0r = 6;(0)

Q-Dg=D %@ I' (4/3) (Nernst approximation) (5-10)

Therefore the steady-state flux is given by:
=
J 1)
- L
DI'(4/3) Dy

J= (5-11)
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Or by considering the reciprocal quantities, as is usually done for processes oc-
curring in series:

J =T +75 (5-12)

The physical meaning of the quantities appearing in Eq. (5-12) is obvious:
J. = ¢, DI'(4/3)/6 is the limiting diffusion flux at £ on the metallic surface, free
from porous layer and Jg,_, o, = €, Dp/dy is the limiting flux when the entire concen-
tration gradient is located within the porous layer, i.e, when Q— oo,

The interest of using reciprocal values as in Eq. {5-12) is that an experimental plot
of J7'vs © ~'/2 must be a straight line parallel to the Levich linear variation, which
passes through the.origin. The ordinate value of the intercept of this straight line at
Q2 =0is J5L, and hence provides the layer permeability Dg/dp.

b) Unsteady-state Solutions

In the porous layer, the fluctuating part of Eq. (5-6) may be written as:

2 n .
LT (5-13)

The solution contains two constants M and N

R 1/2 1 1/2
1
& = Mexp {D—yz} +Nexp — gﬁyz} (5-14)
F

F

At the fluid-porous layer interface (y; = 0), the relationship (3-5) can be applied
since there is no additional process in the fluid:

% =_2@9'(0)+A__Q gﬁ (5-15)
Oty =0 o Q dy|, -0

Then, from the boundary conditions at y = dg, Eq. (5-15) becomes

8¢ _Drdd) 400, (0)+ AL DF dei| o (5-16)
0yt |y -0 D Byl J D dy|,

Using Eq. (5-14) and the different boundary conditions, the constants M and N
may be eliminated and Eq. (5-16) becomes:
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52
where &p = i —

F

It may be easily verified that when the layer effect is gradually decreased (i.e.
dr—0 and Dg— D) one finds again the relation (3-5).

The EHD impedances corresponding to a constant concentration (¢;(0) =0)
were simulated and the results were compared to those valid for a bare electrode.

In Fig. 5-7, the amplitude and phase shift corresponding to Eq. (5-17) for dif-
ferent angular velocities show that in contrast with the simple behavior of a bare
electrode, the data are no longer reducible by the dimensionless frequency p. In fact
98¢

5 /A Q contains W and (~'/6’(0)) which depend on p, for a given Schmidt num-
Yo

REDUCED AMPLITUDE

PHASE SHIFT(DEGREE)

107 10°? 10 10° 10’
DIMENSIONLESS FREQUENCY

Fig. 5-7. From Eq. (5-17), EHD impedance versus the dimensionless frequency p for different ro-
tation speeds (—— — 10.47rd's™!, —-—-— 65.4rd-s™!, -+---- 262rd-s™h.
Dp/dg=5-10"%cm-s!, 6/Dg = 15, Sc=10°. W is the EHD impedance on a bare electrode.
After [59].
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ber, but it is also a function of &g. And so, an increase of Q produces a shift of the
Bode diagrams toward smaller p values, other parameters being kept constant.

Thus, frequency analysis provides the diffusion time constant 5%/DF. Combin-
ing that value with the steady state determination of Dy/df yields a separate esti-
mate of dr and Dy.

6 Applications
6.1 Measurement of Molecular Diffusion Coefficients

The measurement of a molecular diffusion coefficient D by electrochemical tech-
niques is generally done with a rotating disk electrode in the limiting diffusion cur-
rent condition and application of the Levich’s equation [8].

However, using this technique for measuring the diffusion coefficient requires an
accurate knowledge of the electrode area A, the bulk concentration ¢, of the dif-
fusing species, the number n of electrons transferred in the reaction, and the
kinematic viscosity v of the electrolyte. Errors in measuring these quantities can
cause a substantial error in determining D.

Transient methods nearly overcome this disadvantage and measure directly the
Schmidt number v/D so that the only unknown parameter is the kinematic viscosity
v. This is true for the flow modulation technique (EHD, HMRDE, velocity steps)
and for the ac electrochemical impedance method [1,60] which lead both to a
dependence on Sc 1‘/ 3 of the transient data. However, in order to obtain a detectable
alternating current at moderate or low frequencies, the ac measurement must be
made on the slope below the limiting plateau. In this instance, the concentration and
the surface overpotential are depending on 7 the radial coordinate over the surface
of the electrode [33]. This complexity is not reflected in the boundary conditions im-
posed for the calculation of the diffusion impedance, and has not been so far con-
sidered for a quantitative analysis under transient conditions. In addition, surface
relaxation of adsorbed species can be triggered by the potential modulation and give
rise to a capacitive coupling, able to shift the apparent diffusion time constant and
hence alter the Sc determination. From the very beginning, flow modulation tech-
niques were claimed to be the appropriate tool to this end because the measurements
are performed in the plateau conditions. Different versions of the flow modulation
technique have been used:

6.1.1 Angular Velocity Steps

S. Brukenstein et al. proposed in 1973 [5] this technique as an alternative to the sine-
wave modulation technique. Their approach was based on the Benton’s analysis of
fluid flow near an impulsively started disk from rest [61]. They assumed that the
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solution to this problem could also apply to a small velocity step between £, and
Q,, both different from zero.

The solution to the time dependent Eq. (3-1) was derived by use of the method
of Moments with the main assumption of the existence of a time dependent Nernst
layer.

They established the following relationships between the angular phase @ = Q,¢
and the potential current Y = (I);, ./ (I):

@ =F(Y)-F(L) (6-1)

L being the ratio of the steady currents for Q = Q, and Q = Q,, respectively:

43
By = 13128 {_ =4 <21+1>} 62

3Q (2 (1—/1)3

with Q = 0.8058 Sc '/,

V3

-1

0 04 08 12 16 20 24 2.3 32 36
Q ¢, RADIANS

Fig. 6-1. Comparison of normalized theoretical and experimental Levich-Levich curves for Fe**,
Hg%*, and Ag™* reductions. Solid curves are computer calculated. Experimental points are plotted
as Y™ 'vs. Q- & for normalization (see text) and have been shifted horizontally by Q- A®. Values
of L, final speed 2,, (D/v)"?, and Q:A® are as follows:

species L* Q, D/ QAP
(rad/sec) (rad)

0 Hg?* 2.118 114.26 0.102 —0.18

A Ag* 2.148 113.42 0.121 —0.04

e Fei* 2151 114.03 0.079 —-0.18
o Feé+ 2.151  114.03 0.079 0.0

* calculated from 71, _ /1, _,.

The respective solutions and disk surfaces were: 4 mM Hg%’r in 1 M HCIO, (amalgamated gold),
2mM Ag* in 1 MHCIO, (Pt), and 2.t7mM Fe** in 1 M H,SO, (Pt). From [5].
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Fig. 6-2. Fractional change in current with dimensionless time 7 for a step to higher rotation rate,
calculated as an expansion of exponentials by the collocation technique. From the bottom to the
top curve 2, 4, 6, 8 and 10 exponential terms were utilized in the calculation with Sc¢ = 1500 and
£ =0.3. After [12]. ‘

Comparison between different redox couples are best made by plotting ¥~ ! ver-
sus Q & since, only one curve is obtained at the same L value. This is illustrated in
Fig. 6-1 for Hg3", Ag*, Fe**.

This technique was further improved by Albery et al. [11] and later by Blauch
and Anson [12] who used the orthogonal collocation technique for numerical resolu-
tion of Eq. (3-1). In this last case, the effects of hydrodynamic relaxation and of im-
perfect motor response were taken into account, but the unsteady hydrodynamic
flow was basically that described by Sparrow and Gregg [36].

The fractional change in current f(7) (= Y(z)) was obtained theoretically for dif-
ferent number of exponential terms in orthogonal collocation; four terms were
enough (see Fig. 6-2) for ensuring good accuracy when the rotation rate is stepped
to either lower or higher values.

Experimentally, they measured for Fe(CN)g~ in 1M KCI solution at 25°C a
Schmidt number Sc = 1260+40.

6.1.2 EHD Impedance Determination

It follows from the Section 3-1 that the potentiostatic EHD impedance 174 is depen-
ding only on pSc'’® with an additional Schmidt number correction. Even, in the
range Sc~ 1000 this correction is necessary because the error on Sc is approximately
three times that on Sc'? directly measured.

No other approximation was made and, in particular, the hydrodynamic transfer
function was quantitatively calculated (see Chapter 2). In [62] measurements were done
with the same system as that of Blauch and Anson [12]. The results obtained for
0.l Hz=w/2n <10 Hz and Q2 = 400 rpm were used to fit the theoretical response (see
Section 3.1) and determine Sc. The agreement shown in Fig. 6-3 is very satisfactory.
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Fig. 6-3. Magnitude (left scale) and phase (right scale) of EHD impedance (at 400 rpm and
0.0 V/SCE) vs. log frequency. The dots are the measured values, and the curve is the best theoretical
fit of Eq. (3-16). From [62].

The Schmidt numbers for ferri and ferrocyanide were respectively
Sctori = 1153£35 5 SCpepro = 125221

This last value compares very well to that given by Blauch and Anson [12].

An extension of this application was proposed by Deslouis and Tribollet to the
diffusivity measurement in non-Newtonian fluids [63, 64]. They considered a power-
law fluid characterized by a rheological law:

7= K@Y, /0y)" (6-3)
7 is the shearing stress, K the consistency and » the fluidity index.
It was shown that the mass transfer problem is identical to that for a newtonian

fluid when adequate dimensionless quantities are used. In particular, a generalized
dimensionless frequency £ can be defined:

é =pSC1/3 Renfl/(3n+1) (6_4)
where Sc and Re are generalized Schmidt and Reynolds numbers with:

:Kan1 RZQ?,*nQ

Sc and Re=
oD

Impedance data plotted in such coordinates in the case of solutions of ferri/ferro-
cyanide with KC1(M) in polyethylene oxide of various concentrations display a very
good reducibility (Fig. 6-4) versus the reduced frequency. This allowed to show that for
those solutions, the diffusivity of small species remains unchanged even for highly vis-



A

AQ)
1

0.8
0.6
04
0.2

0

Flow Modulation Techniques

0

140 v a g

120 V‘AWJB '.%
183 W&Wmﬂ B‘P‘?
80 o,

R
| 60 »
40 gf 8
0 Y&' %o
.20
0® “Z‘o'(’.ﬂ! L : D%‘%thnm .
0.1 10 100

1 1, 1n-1
pSC 3 Rel 1

241

Fig. 6-4. Reduced amplitude A/A (0) and phase shift § of the EHD impedance I/ as functions of
the reduced frequency pSc'/? Re®~1/3@+D_ After [63].

Symbols concen./ n K 10° D/ Sc Re @/cm  Q/rpm
ppm cm?s ™!
o) 500 0.966 0.0196 0.75 2226 230 0.5 600
v 1000 0.918 0.063 0.75 3435 150 0.5 600
° 1500 0.895 0.037 0.75 5332 96.2 0.5 600
v 2000 0.88 0.08 0.75 6363 80.7 0.5 600
A 3000 0.82 0.2 0.75 12408 41.37 0.5 600
A 4000 0.75 0.52 0.75 23860 21.5 0.5 600
] 5000 0.7 0.7 0.5 49772 31.6 1 300
O 7000 0.63 2.25 0.3 137000 12.5 1 300

cous solutions. Also due to this high viscosity, the influence of tpe hydrodynamic
transfer function was negligible, and the limiting phase shift of 7/ was rather close
to 135° (Fig. 6-4).

6.1.3 EHD Impedance in the Low Frequency Range

This method, first proposed by Smyrl [65] to determine the Schmidt number from
ac impedance measurements, was furtherly extended by Tribollet et al. [66] to the
EHD impedance. By taking a Taylor expansion of W to the first order, they showed

that the slope s =

d(Re (W)
d@Im (W)),-o

In potentiostatic mode one has:

0.4989 Sc?/? +(0.432—5)Sc'*-0.191 = 0

provides an intrinsic determination of Sc.

(6-5)
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In galvanostatic mode, a slope s; is defined as:

o _ dRe(C/g Q)WY
" d@Im(("'/6'0) W)

and:
1.3202 S¢?3 +(0.9405—5,)Sc '3 +0.531 = 0 (6-6)

The flow modulation technique, in general, appears therefore very well suited for
this specific purpose of quantitative diffusivity measurement. However, it also
reveals any deviation from a purely diffusion controlled kinetics more clearly than
do steady state measurements when, for example, a slow series process is concealed
in an apparent diffusion plateau.

6.2 Analytical Chemistry
6.2.1 Submicromolar Trace Analysis with HMRDE

The development of a sophisticated form of dropping mercury electrode (DME)
polarography in analytical chemistry has extended its sensitivity to micromolar and
submicromolar levels. When there is minimal interference from surface and support-
ing electrolyte redox processes, direct voltammetry at a RDE is generally capable of
equaling or bettering the sensitivity of refined polarographic methods. In the past,
complications associated with solid electrode surfaces (adsorption of pollutants, . . .)
have restrained the realization of these analytical potentialities. At the beginning of
the seventies, Miller and Bruckenstein demonstrated [67, 68], though the technique
had not reached at that time a quantitative state of development, that the use of
HMRDE can frequently overcome those surface processes and thereby extract usable
voltammetric waves. They also assumed that the HMRDE with phase sensitive detec-
tion of the convective-diffusion component of the disk current, eliminates the charg-
ing current associated with the conventional scanning mode of dc voltammetry.

The method consists in imposing a modulation of the form Q!%= Q" 24
o172

T sin w' at a constant (and low) frequency while performing a voltage scanning.

The sinusoidal component of the convective diffusion current is recovered from the
to_tal current by synchronous phase sensitive detection to yield its peak to peak value
|1| such that:

=~

' 3 !‘51/2
o2 (6-7)

N||

The elimination of double layer charging components, as stated by Bruckenstein
et al., results firstly from an almost constant charging current in a linear potential
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Fig. 6-5. RDE and HMRDE cathodic scans of nitrobenzene in 0.01 M HCIO, at an amalgamated
gold rotating disk. All A traces are RDE curves, all B traces are HMRDE curves. A, B are residual
currents; A5, B5 are for 5.0x 1078 M; and A50, B50 are for 49.2x10~8 M. Scan rate for A, B, BS
is 1 mV/s; for A50, B50, 3 mV/s. Current sensitivities indicated by markers. Upper potential scale
refers to B traces, lower to A. Zero current of A on right ordinate, zero current of B is upper
abscissa. Modulation and speed conditions: 22 = 60 rpm'/?, AQ"? = 6 rpm'/?, f =3 Hz. Aver-
aging time constant is 10s for A, B, AS, BS5, and 3 s for A50, B50. From [67].

scan due to a slowly charging differential double layer value with potential. Second,
another charging current component arises because of uncompensated ohmic poten-
tial drop (see Eq. (4-9) in Section 4.1). The latter is also eliminated by phase sensitive
detection as being n/2 out of phase with I.

A more refined analysis based on the developments of the theoretical part
Chapter 4, shows that these statements are correct in a first approximation when the
following conditions are realized:

(i) p<1 (quasi steady state) which imposes also slow scan rates.
(ii) The kinetics is diffusion controlled (Eq. (4-12) of Chapter 4). In fact, in mixed
kinetics conditions, general Eq. (4-9) shows that the separation is not so obvious.

From comparison between I/E and |I|/E scans for different electrochemical
systems, the above base assumptions were proved well founded [67, 68].

As a first example, curves in Fig. 6-5 reproduce RDE and HMRDE experiments
for nitrobenzene on an amalgamated gold electrode at the same nitrobenzene con-
centrations.

Clearly, the HMRDE curve gives a cleaner polarographic wave than does the
RDE, the latter showing, in particular, a larger slope in the region of the limiting
current, an effect directly connected to the double layer charging.

This leads to a detection limit of nitrobenzene of about 2-107° M, that is 10
times lower than the usual value with the RDE method.

The second example illustrating the advantage of a flow modulation technique
concerns the platinum electrode, for which reduction or oxidation processes of the
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Fig. 6-6. RDE and HMRDE curves for quinhydrone at platinum. Curve A, RDE traces for cyclic
potential scan of 1.00 uM quinhydrone in 0.02M H,SO, at platinum disk electrode. Curve B,
HMRDE traces for the solution in curve A. Curve B, HMRDE residual in 0.02 M H,SO,. Condi-
tions: 22 = 60 rpm'/2. AQ"Y? = 6 rpm!’2, f = 3 Hz, scan rate is 5 mV/s, averaging time constant
is 3s. From [67].

surface may severely interfere, which was not the case for amalgamated gold. In
Fig. 6-6, RDE curves for quinhydrone oxidation exhibit a large hysteresis which
almost vanishes in the HMRDE curves. In RDE curves, the major part of the current
is not diffusion controlled.

As pointed out by Miller and Bruckenstein [67], performing HMRDE method
with small sample volumes of solution without meaningful deviation from theory,
really makes competitive the flow modulation technique with modern DME tech-
niques in both trace and microanalysis.

6.2.2 Application of HMRDE to Kinetics Diagnostics

Very early, Miller and Bruckenstein [6] had felt that for an electrochemical system
under mixed kinetic control, HMRDE was able to derive information about the
kinetic parameters and give more valuable interpretation than by conventional RDE
technique. At that time, they developed a theoretical analysis, restricted to quasi
steady state, and which is now presented in a more quantitative way and over a large
frequency domain with the formalism of EHD impedance (see Chapter 4).

However, their simplified analysis offers the interest of a fast criterion about the
kinetics control. They considered a Butler-Volmer equation such as Eq. (4-5) where
Q and the limiting currents explicitly appear, and expressed the derivative of this
steady current with respect to © (which represents, in fact, the zero frequency limit
of the EHD impedance).
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Then one has:

172
4 d? 2 kE— 172 (6-8)
I QY (kg+Q
with
exp [ —< exp 4.tV
k ko + RT (6-9)
E= _ -
0.62v "¢ |. D’ 2

Therefore 9{ = {_
I 1

p—0
For any couple with reasonably symmetrical parameters (a,~ o ), kg will be a
minimum for E around E°. Then, three limiting cases can be envisaged:
(i) For limiting diffusion current conditions:
I o

T (6-10)

(ii) If ky>1 then kE>Q“ 2 and Eq. (6-10) applies without subscript L everywhere.
Then, normalized plots I/I; and I/]; versus E would superimpose (reversible
reaction).

(iii) For totally irreversible reaction one has:

dq/n2=I/1 4 (6-11)
since the equation for the irreversible wave of the Ox/Red couple is given by:
E=E,,xRT/aFn[(./I)-1] (6-12)
It results that:
E'?2_FET = +0.02265/a volts (6-13)
where E%? is the HMRDE half-wave potential.
The shift in potential is about 45 mV when o = 1/2. The various relationships
that exist between the RDE and HMRDE curves for the completely reversible and
irreversible extremes are summarized in Fig. 6-7.

Those predictions were improved later [69] and have been verified for the case
of the totally irreversible limit, using the Pd/Pd (II) couple, for the case of fast elec-
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Fig. 6-7. Normalized current plots of I/I; and AI/Al; vs. potential for the cases of a reversible
one-electron reaction and an irreversible reaction with an a of one. From {6}].

tron transfer, using the Fe(CN)2™ /Fe (CN)g' couple at gold in 1 M KCl, and for the
case of mixed kinetics and convective diffusion control using the Fe** /Fe?* couple
at gold in 1 M HCIL With this last system, values of ;= 5.6 10~ *cm-s™' and
o ~0.48 have been obtained [70].

After this preliminary approach, further improvements, either used concurrently
or separately, were recently proposed for a better sensitivity and enhanced facility in
the data treatment. Such was the rapid potential scan with HMRDE.

As to the rejection of charging and interfacial current contributions, Rosamilia
and Miller [71, 72] were able to extend the scan rate: this required also to increase
the modulation frequency but ensuring always p < 1. Also the determination of ||
involves one band passfilter, one RC filter, and a full wave rectifier which leads to
a lag in the |T|/E curve relative to that of the corresponding I7E curve.

As an example, this procedure was applied to dopamine oxidation (Fig. 6-8) with
a scan rate of 80 mV/s and w/2n = 15 Hz.

A second improvement was also proposed with the use of derivative mode of
HMRDE [73]. Indeed, as for any classical polarographic method, a derivation of the
|T] signal with respect to E can be envisaged to provide peak current outputs for
clearer separation of successive components in solution. The relationships between
LT | and E have been given earlier for mixed mass transfer-charge transfer case (see
Eqg. (6-8)) and the relevant relations in the derivative mode can be deduced for the
reversible or for the irreversible cases respectively.

6.3 Corrosion

One of the earlier application of the EHD impedance method was aimed at finding
the mechanisms of corrosion and in particular to evaluate the role of developing lay-
ers of insoluble corrosion products which are known to be formed at neutral pH.
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Fig. 6-8. Average current (/) and modulated current (Ai) versus potential for 10~> M dopamine at
carbon electrode. Scan rate 80 mV/s AQ'2 =42, Q12 =60, f= 15 Hz, 2% ripple. From [71].

The role of those layers on the course of corrosion is essential since the main
cathodic process involved is the reduction of dissolved oxygen which is at least
partly diffusion controlled at usual corrosion potentials. Thus, the existence of
an additional solid phase at the electrode generally decreases the diffusion rate
of oxygen and therefore modifies the corrosion potential and the corrosion rate
as well.

Several systems have been considered in former works but all theoretical treat-
ment of the effects analyzed in Chapter 5 and relevant to this topics were not avail-
able in that period, so that only qualitative analysis were used for identifying the
concerned mechanism.

Partial blocking effect was first identified for pure iron in contact with aerated
sulphuric acid medium [55]. Corrosion of carbon steel in sodium chloride media
clearly showed the porous layer effect (see Section 5.2) [74]. The same effect was
found for zinc corrosion in sodium sulphate [75] and the properties of the layer
which was demonstrated to be formed of an oxide/hydroxide mixture were further
used for building a general kinetic model of anodic dissolution [76], usable for mea-
surement of the corrosion rate from impedance data.

Recently, an exhaustive study of copper in sodium chloride medium was carried
out on the basis of porous layer and partial blocking effects involving Cu,O and
CuCl and also a kinetic model of dissolution was proposed, following the procedure
of Chapter 4 [77].

Corrosion inhibition by organic compounds was also investigated and either 2-D
adsorption [78] or more often 3-D adsorption, particularly with film forming com-
pounds [79—81], or both effects [82] were observed.
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6.4 Electrocrystallization [83]

Electrodeposition of metals is very often evolving under mixed kinetic conditions
which deeply influence the resulting structure and aspect of the surface. The fol-
lowing example shows how the EHD technique gives an in-situ information about
some geometrical characteristics of the growing electrodeposit in the case of tel-
lurium.

Tellurium is a constituent common to several definite compounds having
semiconducting properties which can be obtained by electrolytic deposition (e.g.
CdTe, ZnTg, . . .). The low solubility of tellurium oxide in acidic aqueous solutions
explains why its kinetics of electrodeposition, in the binary of tertiary alloys involv-
ed, is mainly controlled by mass transport.

Tellurium was deposited under the same conditions as those used for cadmium
telluride, ie. from an aqueous solution of 0.2M K,SO, saturated with TeO,. The
pH was adjusted to 2.2, and the temperature maintained at 85°C.

The EHD measurements were performed at constant potential (—0.7 V/SSE) at
the beginning of or just below the diffusion plateau and are presented in Fig. 6-9.
These diagrams reveal two limiting behaviors according to the angular velocity
range:
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Fig.6-9. (@) corresponds to the S.E.M. micrograph (a) obtained at £ =1200rpm and
E = -0.7V/SSE. (0) corresponds to the SEM micrograph (b) obtained at € = 64 rpm and
E =0.675 V/SSE. From [83].
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i) At higher values (Q = 600, 900, 1200 rpm), the data fall on a single dashed curve
corresponding to a fitted Schmidt number of 125. This unusually low value results
from the high temperature. The system can then be considered as ideal, i.e. the
interface is uniformly accessible from the view point of mass transport. This
result is confirmed by the morphological aspect of the interface depicted in the
Fig. 6-9a, characterized by a regular and short cut “lawn” where the elementary
structures have lateral dimensions of about 50 nm. No larger scale structures ap-
pear.

From these data, the molecular diffusion coefficient of HTeO; , taking into
account a kinematic viscosity of 0.3310 ?cm?-s™' was calculated as
D=2610" cm? s,

ii) At lower values (Q = 60, 120 rpm) the phase shifts and amplitudes follow the
theoretical disk response only in the low frequency domain (ie. for p<1). At
higher frequencies a significant divergence is observed, the properties of this new
behaviour being very similar to those of a partial blocking of the interface. From
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Fig. 6-10. Scheme of current and concentration distribution around the tips of growing dendrites.
From [84].
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the pJ/p{ value deduced by considering the diagrams in Fig. 6-9, an average
characteristic size around 40 um can be estimated by use of Eq. (5-5). The deposit
aspect in these conditions (Fig. 6-9b) shows the same microstructure as those of
Fig. 6-9a. However, in addition, macrostructures with a “bush-like” shape now
emerge and display an average characteristic dimension of about 40 um.

The analysis of these measurements obtained on a 3-D system (dendritic growth)
by applying a theoretical treatment elaborated for a 2-D geometry was justified in
[84] as follows: in all cases the dendrite height is small with respect to the
hydrodynamic boundary layer. Secondly, it is known that the dendritic growth is pri-
marily limited at the very tips where the current density is large and mass transport
controlled. On the contrary, between dendrites there are dead zones where the local
mass flux is negligible. Then, one may represent a plane P, parallel to the interface
and crossing the dendrite tips, which acts as a reference plane for the flow and the
electrical current and has the same boundary conditions as a partially blocked area.
The aspect of the isoconcentration lines given in Fig. 6-10 is similar to those in
Fig. 5-2.

6.5 Modified Electrodes

6.5.1 Theory of EHD Impedances for a Mediated Reaction
on a Redox Polymer Modified Electrode [85]

a) Steady-state Solutions

A redox polymer can be described as immobile redox centers covalently bound to
an insulating polymer network and capable of performing a change of oxidation
state between an oxidized (Q) and a reduced (P) form: Q+e~ 2 P.

The presence of a redox substrate, causing the steady-state current to be non-zero,
greatly increases the complexity of the problem because the electron transfer between
the polymer and the substrate may take place either at the polymer solution interface
or in the polymer layer. The model presented below corresponds to the limiting situa-
tion where the reaction site is the polymer-electrolyte interface and is based on the
EHD method. The HMRDE variant defined by Bruckenstein et al., involving
modulation of the angular velocity at a single frequency and detection of the
modulated current during a potential sweep, has been applied recently by Cassidy
and Vos [86, 87] to the study of redox polymer modified electrodes, with the aim
of enhancing the response of the soluble redox couple in solution with respect to that
of the redox couple confined to the polymer film. However, their analysis of the data
was performed with the theory established for a bare electrode.

The model was developed with the following hypothesis (Scheme in Fig. 6-11): At
the metal polymer-interface (y = 0), we assume a Butler-Volmer kinetics for the
polymer confined redox couple P/Q.
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Fig. 6-11. Scheme of the modified electrode (polymer film thickness ¢) in contact with a solution
containing a redox substrate. J is the Nernst layer thickness defined for a rotating disc electrode.
From [85].

o o F o —(l—apF
I=cp(Oki exp | —=E ) —co(0kp exp | ————E 6-14
p(0) k1 p<RT > Q(0) Ky p< RT > (6-14)

Within the polymer layer we assume “Fickian diffusion of electrons” which
results in an apparent diffusion of immobile P and Q centers with the same diffusivi-
ty DE.

Yy
oc e
o oy 19

cp()+eqr) =cr

At the polymer-electrolyte interface (y = ®), where no penetration of the
substrate is assumed to occur, we split the usual mediation reaction
Q+Red 2 P+Ox into two half-reactions: Q+e” 2P and Ox+e~ 2 Red, where
electrons appears explicitly, in order to use the formalism of electrochemical kinetics.

For the P/Q couple:

o a,FE. o ~(1—-ayFE,
—I, = cp(D)kyex 222 ) o (D) exp | ——2—2 6-17
s =cp(P)kp, P( RT> (D) Ky p< RT (6-17)

where E,, the polymer potential in y = @ is generally different from E and is not
measurable. The current I, due to the redox couple in solution is identical to I under
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steady-state conditions but not under transient conditions d# I, the difference
arising from the charging current due to counterions crossing the polymer/solution
interface and not considered in the model).

For the Red/Ox couple, we assume that both species are transported in solution
by a convective diffusion process:

I, = {(E,, )

This relation represents implicitly the E— I characteristics for the substrate redox
processes occurring at an ideally active electrode.

b) Unsteady-state Solutions
Following the usual way for impedance calculation from Eqn. (6-14) we may write:
I=4,60)+R'E (6-18)

Where R, the charge-transfer resistance of the P/Q redox system at the metal-
polymer interface, is

R ' = (F/RT){a, k¢ ¢p(0)exp (a, FE/RT)
+(1—ay)kyy co0) exp—[(1—a,) FE)/RT (6-19)

A, = k;, exp [a, FE/RT)+ky, exp—[(1—a;)F1E/RT) (6-20)
At the polymer-solution on the polymer side, one has, following Eq. (6-17)
—I= A, (P)+R'E, (6-21)

R, is the charge-transfer resistance of the P/Q redox system at the polymer-
solution interface and has the same definition as in Eq. (6-19) by replacing the
subscript 1 by 2 and the location “0” by “®”. A, has the same definition as in Eq.
(6-20) by replacing the subscript 1 by 2.

This kinetic current balances a diffusion flux in the polymer:

I,=FDg—= (6-22)

On the solution side, this current is equal to the one due to the redox substrate
which can be written explicitly as:

I,=E)/Z+Zeypp @ (6-23)
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Z, is the faradaic impedance due to the substrate; for a redox system it consists
of a series combination of a charge-transfer resistance R, and a convective diffu-
sion impedance Zps (Z; = R, +Zps).

Ry 1
Zps = - 6-24
o8 r(4/3)< 9'(0)) (29

Zgyp,p is the EHD impedance of the substrate under potentiostatic conditions,
ie. when E, = 0, and measured without polymer layer.
The solution of Egs. (6-15) and (6-16) with & () +éq(v) = 0 yields:

Gp(y) = Mexp Gwy*/Dg)"* + Nexp—(jawy?/Dg)'"? (6-25)

where M and N are integration constants.

By eliminating E, between Egs. (6-21) and (6-23) and considering Eq. (6-22) we
obtain the boundary condition y = @.

Writting at the metal-polymer interface that the current 7 balances a diffusion
flux:

I=FDg=P (6-26)

we obtain the second boundary condition at y = 0 and we are able to calculate M
and N and then the desired general expression:

I=E/Z, +Zpp @2 , (6-27)

with

A]R“ 1 ¢ tanhéi/z
Ry+Z)+— [ — ) 2=l
A (tZ s) C

R D 1/2
Zp= Rp+ Ry + 22 E ! (6-28)

Dg
1+Cp | —= “(R +Z)&EV? tanh £172
LF <¢2> 4R, 2tZ)E4

ARy 172 Dg\ ARy,
V4 = Z V4 cosh & (Rg+R 1+C
EHD R, EHD, P { g+R1) wF | 52 4R,

‘(R +Z)E ! tanh ci”)] AR Ry +2)
2432

1 @2 tanh a1 172
CLF <—— —_i v (6-29)
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¢) Discussion

First of all, it is interesting to check the validity of Eq. (6-28) yielding £/7 in the con-
ditions investigated earlier by Gabrielli et al. [88], i.e. without a redox substrate: then
Z,— o and Eq. (6-28) becomes

1 ¢° 1
Zo=Rg+R+— % (6-30)

Cir Dg £{*tanh ¢}”?

which is identical to the expression found in [88]:

Another analogy can be realized in the high frequency range even if now the
redox substrate concentration is not zero. Indeed when w (or &)~ o, Eq. (6.28} is
equivalent to

1 @2 1

Zac(f1—’°°)‘*RE+Rz+C—LF 17}3 ? (6-31)
which is the limit of Eq. (6-30) when &, — co.

The EHD impedance, defined in Eq. (6-29), takes a very simple form when the
steady-state current I, is diffusion-controlled, ie. at the diffusion plateau, and is
generally analyzed under those conditions when possible.

As a matter of fact, at the diffusion plateau, on the one hand, Zg becomes in-
finite, and on the other, Zgyp p is proportional to W (see Section 4.2), so that one
has:

w

(6-32)
cosh &}72{1 +(Rg+R) C g (Dg/ @) &) ? tanh £12

ZEHD =

bll ]

As previously mentioned, W which is the major term of the response and is found
on a uniformly reactive interface without a polymer layer, is expressed as a function
of pSc'?. The two other contributions to Zgyp, ie. & (or #%/Dg) and (Rg+R)
C r, are closely coupled for significant values of &;. They obviously cause a lack of
reducibility vs pSc'’? of the overall impedance, as displayed in Fig. 6-12 by curves
2 and 4 plotted in Bode coordinates and corresponding to 2 = 2400 and 120 rpm
respectively for ¢2/DE =10"%s. However, these two contributions vary with ® in
rather different ways:

a) When ©2/Dy, is large, the main contribution is due to cosh & 172 and a monotonic

and diverging increase of the phase shift (toward negative values) is observed when
the frequency increases. This is demonstrated in curve t of Fig. 6-12.
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Fig. 6-12. Potentiostatic EHD impedance at the diffusion plateau in Bode coordinates calculated
according to Eq. (6-32). Rg=5Qcm, R =0, CLp = 10"2Fem ™2, @ = 2400 rpm; ¢%/Dg = 1 5 (1);
10725 (2 107°s (3). @ = 120 rpm, p2/D = 10~ 25 (4). The dashed curve is the response without
a polymer film. From [85].

b) On the contrary, for very small values of d52/DE (107 %s in the simulation), &, re-
mains close to zero and therefore Eq. (6-32) is reduced to

I
ZEHD"'B W[1 +1(DCLF(RE +Rt)] (6‘33)

Thus, when w increases, the phase shift increases faster than for W, attaining

asymptotic value of 3% ie. g higher than that of W. This trend is observed be-

tween the phase shifts of curve 3 and the dashed curve.

2
c) Finally, when %—)0 then &, — 0 in the whole frequency range, Eq. (6-32) can
E
be replaced by an expansion of the different functions around zero. One has

cosh &12~14¢,/2
and

tanh &{2~ 12 (1-£,/3)
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Then by neglecting terms of the second order in w, one finds

I w

Zeup~—
EHD 141 @’ (Re+R)C
tiw | —+Rg+
2D BTTLE

E

(6-34)

and therefore, a simple frequency analysis is not enough to evaluate the relative im-
portance of the two effects.

Below are reported comparisons of the model with some experimental systems.
We consider successively the behaviour of a highly conductive polymer like polyani-
line in contact with solutions containing redox couples (Fe (CN6)3_ /Fe(CNg*™) and
the oxidation of hydroquinone (HQ) mediated by a moderately conductive polymer
(pECBZ) film.

6.5.2 Redox Processes at Polyaniline-coated Electrodes

For a conductive polymer the description of charge transport in terms of “Fickian
diffusion of electrons” is not fully satisfactory, since it implies that electrons can on-
ly be transported by hopping from reduced centres to oxidized ones in a self-ex-
change process, Q+e~ 2 P, driven by concentration gradients [89]. Conductive
polymers are characterized over conjugated domains generally smaller than the film
thickness by free intramolecular electron transport, while hopping processes ensure
intermolecular and interparticle transport [90]. Therefore, straightforward applica-
tion of the model developed for redox polymers to conductive ones is questionable.
However, this inadequacy of the model might appear only if the transport of charge
is accessible experimentally, ie. not infinitely fast on the time scale of the ex-
periments. Conversely, if charge transport is very fast, whatever its mechanism, it will
not be detectable. Polyaniline is likely to correspond to the latter situation. Indeed,
if we tentatively use the relation o = Dgo (where g is the redox capacitance and ¢
is the conductivity) derived for redox polymers [91] for estimating the Dy value of
polyaniline, we obtain a value of ~3-10"3cm?s™' in the range of potentials and
pHs where it is conductive (6=1Q "'em™! [92}). Therefore, for films <3500 nm
thick, (152/DE is <107%s. Thus, in the range of frequencies used in our experiments
no effect of charge transport in the film must be detectable and only the capacitive
effects will appear and the simplified expression (6-33) can be used.

On both Pt and polyaniline-coated electrodes, diffusion-limited currents are ob-
served at E<250 mV for Fe(CN);™ reduction, and at £>500 mV for Fe (CN)‘;‘ 0X-
idation. Potentiostatic EHD impedance was measured on both diffusion plateaux
(50 mV and 550 mV), using Pt electrodes coated with polyaniline films of various
thickness: 50 and 130 nm. As an example, the results obtained on the cathodic
plateau are shown in Fig. 6-13; those observed on the anodic plateau were very
similar [93].

All experimental diagrams were fitted with Eq. (6-33) using the product
(Rg+R,) CiF as the sole adjustable parameter. The results of the fitting are sum-
marized in Table 6-1 and the fitted curves are shown in Fig. 6-13 as dashed lines.
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Fig. 6-13. Potentiostatic EHD impedance plots for a 130 nm thick film. (0) 120 rpm; (x) 900 rpm;
(®) 2400 rpm. From [93].

Table 6-1. Potentiostatic EHD impedance experiments on diffusion
plateaux. From [93].

Thickness/nm  E/mV (vs. SCE) @Q/rpm  103C ¢ (R,, +Rp)/s

50 50 120 7.3
50 50 900 3.0
50 50 2400 2.3
50 550 120 10.0
50 550 900 2.7
50 550 2400 3.6
130 50 120 4.6
130 50 900 6.1
130 50 2400 6.3
130 550 120 4.3
130 550 900 7.5
130 550 2400 8.0

The terms iw Cpp(Rg+R)) in the denominator of the potentiostatic EHD ex-
pression (6-33) explain why all the experimental diagrams are shifted towards lower
D values with respect to the one obtained on a uniformly accessible Pt electrode,
which matches the theoretical predictions and is independent of Q. The non-
reducibility of the experimental diagrams is caused by the existence of a modulated
current due to charging and discharging of the polymer redox capacitance. Since this
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capacitive modulated current is independent of £, curves obtained at higher © are
found at lower p (for the same film thickness). For low ©, the experimental curves
are close to the one obtained in the absence of polyaniline and therefore the
(Rg+ R, ) Cyr value, which is a corrective term describing the deviation from W, is
poorly defined. The best precision is obtained at high @, where (Rg+R,;)Cir
becomes almost independent of it.

Eq. (6-29) provides a linear variation of (Rg+ R;;)Cpr with the polymer film
thickness @. If only the data obtained at Q2 =2400 are considered, such a
dependence is followed very strictly. Taking into account that for polyaniline, R,,
is negligible with respect to Rg, and Rg = 6.5 Q in our experiments, C;r for a film
50 nm thick becomes 2.9 mF cm ™2 at E=550mV and 1.8 mF-cm™2 at 50 mV, in
good agreement with independent ac impedance measurements. In this particular
case, like the double layer capacitance Cp for ordinary electrodes, the redox
capacitance Cyy may be considered in parallel with the faradaic impedance, which
in the present case, is that of the redox system in solution.

6.5.3 Mediated Oxidation of Hydroquinone on Poly (N-Ethylcarbazole)
(PECBZ) [94]

It must be expected that a polymer material having a much lower conductivity than
polyaniline will give impedance responses revealing the effect of the three time con-
stants obtained in the model. The system investigated was chosen for this rea-
son since pECBZ conductivity and redox capacity [94] correspond to Dg =
1077 cm?-s~! and therefore, for the same layer thickness (500 nm), the diffusion
time constant would be 0.025 s. “Electron diffusion” should therefore be detectable
in the a.c. and even in the EHD frequency domain.

EHD impedances have been measured on the diffusion plateau at 0.7 V/SCE.
The mass transport time constant of the redox couple in solution, which is one of
the terms implied in the impedance expression is independent of the interface nature.
The Schmidt number Sc was first determined on a bare electrode, and this value of
1540 is further used as a fixed parameter in the analysis of the diagrams obtained
on pECBZ films at different Q2 (Fig. 6-14). The different diagrams are analyzed in
the light of the theoretical model predicted by expression (6-34).

The fitted parameters are the amplitude at zero frequency (I/2 ), the diffusion
time constant through the film ¢2/DE, and the capacitive time constant
(Rg+ R, ) Cy ¢ (Table 6-2).

The I/2Q value varies as expected, proportionally to @ ~!/2. The product
(Rg+R,;) Cyr is independent of the main rotation speed Q for each thickness, and
nearly proportional to ¢: the latter result is consistent with the constant value of Rg
and of R,; which only depends on the active area and on the potential.

Finally, very small values were obtained for ¢2/Dg. They were not reliable be-
cause the available frequency range covered by the EHD measurements is too narrow
(mechanical modulation frequencies cannot exceed some tens of Hz). Indeed,
following the simulations of EHD diagrams performed in [85], ¢2/DE cannot be
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Fig. 6-14. Potentiostatic EHD impedance plots, in Bode representation (reduced amplitude
A@Sc'’®/A4(0) and phase shift, versus dimensionless frequency pSc'’?) for the oxidation of
hydroguinone on a 360 nm thick poly(N-ethylcarbazole) film at F = 0.7 V (diffusion plateau).
Q=120 rpm (@); 900 rpm (+); 2400 rpm (x); (- — —) fitting with Eq. (6-34), for the different
velocities. Dashed line corresponds to theory on a bare electrode for Sc = 1540. From [94].

Table 6-2. Potentiostatic EHD impedance results at
E = 0.7 V (diffusion plateau). Sc was fixed at 1540.
From [94].

¢,nm  Q,rpm. 720, pC  (Rg+R,)Cyip S

120 900 1.07 2.02x1073
120 2400 0.644 1.83x 1073
360 120 3.16 7.04x 1073
360 900 1.13 8.60x 1073
360 2400 0.676 7.15x1073

estimated if it is lower than 10 2s, and in this instance the simplified expression
(6-33) can be used.

In the high frequency range, the approximation is of the order £,/6 which cor-
responds to a deviation of the phase angle of around 5° for 10 Hz.

In these diagrams, the main effect of the polymer film is to introduce a phase
shift due to C; p(Rg+ R,;). The quality of the data fitting is illustrated by Fig. 6-14



260 C. Deslouis and B. Tribollet

for a thickness of 360 nm. The excellent agreement in the whole frequency range at
all velocities gives an indirect indication that the pECBZ interface behaves an ideal
surface for electron exchange of the HQ/Q system and that it offers, in particular,
a uniform reactivity.

Similar behavior was obtained with other systems such as Ru?*/Ru’ in polyvinyl-
pyridine or polyhydroxyphenazine on glassy carbon electrodes [95].

6.6 Miscellaneous

As mentioned at the beginning of this review, most electrochemical systems are at
least partly diffusion controlled and flow modulation techniques in general can be
applied. Thus, to the list of applications analyzed in detail here, it is interesting to
quote other fields of interest which illustrate different possibilities of this technique.
Among them, mass transport in biological suspensions with rheological information
[96], analysis of passive layers [97], effect of magnetic field on mass transport [98]
and photoelectrochemical cells under mass and light flux modulation [99, 100] were
studied.

Recently, Schwartz et al. [13—15], treated the nonlinear hydrodynamic problem
involving large amplitude modulations of the angular velocity.

They proposed hence to apply this technique for improving the electrodeposition
of composition modulated alloys (CMA) [101]. They showed that combining poten-
tial and flow modulations it is possible to control the symmetry of concentration dis-
tribution of the element in the alloy which is electrodeposited under mass transport
conditions [102].

One outstanding feature of the technique which deserves a particular emphasis
is that mass transport properties coupled with interfacial kinetics can be analyzed
without (or with a minimal) perturbation of the interface potential, particularly for
systems presenting locally high nonlinearities.

7 Experimental Set-up

According to the variant of the flow modulation technique envisioned for applica-
tion (HMRDE, EHD, .. .), appropriate modulation signals and relevant instrumen-
tation must be used (phase detection, harmonic analysis).

An example of the experimental set up for HMRDE measurements with phase
detection is described by Miller and Bruckenstein in [103].

In fact, the crucial point in the set-up, common to all variants, is the elec-
tromechanical part which must deliver at the output (i.e. at the RDE) a noise free
modulation of the angular velocity: indeed, regarding the theoretical requirements
for some applications (e.g. partial blocked electrodes), well performing motors and
servosystems are necessary.
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Fig. 7-1. Experimental set-up.

As an example, we present below a typical experimental arrangement suited for
EHD measurements in a wide frequency range, with a frequency response analyzer
as for any impedance measurement.

The analysis of the EHD impedance is done in the framework of a linear theory
(AQ< Q). A typical modulation level of 10% is used; then the amplitude response
of a Levich current in the low frequency range, is about 5% of the value of the dc
current (I ©Q'?). In the high frequency range, the amplitude of the response
decreases rapidly. Generally, the amplitude of the EHD impedance is analyzed over
three decades, so the minimum amplitude to be measured is about 5- 1073 times the
value of the dc current. It is clear that this measurement must be performed with
a high performance apparatus which provides a very good signal to noise ratio.

The experimental set-up is shown in Fig. 7-1: an electrochemical interface with
low level noise and a transfer function analyzer (TFA) were used for measurements
of the EHD impedance. A matched two-channels 24 db/octave low pass filter (F) was
used to remove HF noise and the ripple due to electric network supply, this analog
filtering allows the TFA to operate with an increased sensitivity. These instruments
were controlled by a computer, which recorded the data.

The signal/noise ratio of the current channel can be improved by amplifying the
signal, the minimum amplification being imposed by the range of TFA (generally
larger than 10 mV).

The disk is rotated by a low inertia motor with a tachometer mounted on its
shaft. The response of the motor to modulation of its speed is flat within =1 db up
to 100 Hz, and the average speed is reproducible within 1 or 2 parts in 10000 from
day to day, independent of the temperature of the motor and its control electronics.
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This reproducibility is important for a high accuracy in measuring diffusivity (see
Section 6.1.2).

The rotating disk is secured to the motor shaft with a collet, which ensures an

eccentricity of less than 4%. The mercury contactor which allows the current to be

m

easured, has a very low contact resistance due to its large wetted area (~cm?) and

so provides a cleaner signal than usual solid-solid contactors.
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ac impedance see electrochemical
impedance

activation energy 18, 19, 21, 23

active sites 23, 28, 31, 35, 43, 61

adatoms 28f

adsorption 224

adsorption on electrodes

- hydrogen 6f, 19, 27, 30, 39

- water 19, 38, 40

Ag(100) 160

Ag(110) 160

Ag(11l) 160

amorphous materials 61f

analytical chemistry 242

- dropping mercury electrode 242

- trace analysis 242

- voltammetry 242

anode materials 115

- carbon deposition 115

- Ni/YSZ 116, 122

- mnickel-zirconia cermet 113f, 132

- sulfur 116, 133

attenuated total reflection (ATR) 145,
156f

Au 27

Au(100) 190

Au(110) 190

Au(l11l) 190

axisymmetric electrode 214

barrierless discharge 18
biological suspensions 260
bipolar plate design 128f
borides 44

Butler-Volmer equation 244
Butler-Volmer kinetics 222ff, 250

carbides 43f

cathode activation 2f, 18, 52

- additives 12, 42, 54, 70

- in situ activation 14, 16, 30, 53
- materials index 65ff

- plasma spray 40
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- preparation 13f

- reviews 4

- surface characterization 10f

cathode materials

- LaCoO; 103ff, 111

- noble metals 103

- perovskite 103f

CeO, see ceria

ceria 100

charge transfer resistance 223, 252f

charge transport 256

chemical vapor deposition (CVD) 129ff

co-generation 133

collocation technique 239

companies and institutes

- Argonne National Laboratory 88

- Batelle Institute 88

- Brown Boveri 88

- Dornier 88

- Electroanalytical Laboratory 88

- Sverdlovsk Institute 88

- Westinghouse 88, 134

composition modulated alloys 260

conductive polymer

- poly(N-Ethylcarbazole) 258

- polyaniline 256ff

conductivity

- electronic conductivity 89f, 103, 131

- electronic transference number 89f, 95

- ionic conductivity 95, 103

convective diffusion 233, 242, 252

convective diffusion impedance 223, 253

convective Warburg impedance see
convective diffusion impedance

corrosion 246f

- anodic dissolution 247

- carbon steel 247

- copper 247

potentials 247

sodium chloride 247

sodium sulphate 247

sulphuric acid 247

zinc 247
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corrosion inhibition

- film forming compounds 247

- organic compounds 247
counterions 252

coverage, intermediate 222 ff

CVD see chemical vapor deposition

dendritic growth 250

density functional theory 154, 168f
diffusion coefficient 237, 249
diffusion impedance 237

diffusion layer 230

diffusion process 225

diffusion time constant 237
dimensionless frequency 214, 219, 236
dispersed microcrystals 32f

D,O 171

dopamine 246

double layer 242f

efficiency

- current efficiency factor 91

- electrochemical efficiency factor 91

- thermodynamic efficiency factor 91

- voltage efficiency factor 91

EHD impedance see electrohydrodynamic
impedance

EIS see electrochemical impedance
spectroscopy

electric dipole 150f

- contribution 147, 148f

electrocatalysis of hydrogen evolution
1£f

- Brewer-Engel theory 9, 60

- correlations 6f, 19, 48, 52, 59.

- fundamental parameters 4f

- role of surface oxides 38f, 43, 47, 55,
59, 62

- synergetic effects
64, 69

- “volcano” curve 6f, 19, 43, 57, 59

electrochemical cell 143, 158

electrochemical impedance spectroscopy
208f, 211, 237

electrocrystallization

- cadmium telluride 248

- tellurium 248

- tellurium oxide 248

electrode process 212

electrohydrodynamic impedance 209, 211

electrolyte 88

- bismuth oxide 100

- oxygen vacancy 95f

7, 11, 30, 32, 53, 55,

- proton conductor 100ff

- solid oxide electrolyte 88
electron diffusion 258

electron hopping 256
equivalent circuit 221f
equivalent electrical circuit 226
exchange current 5, 19, 43

Fe(CN)? ~/Fe(CN)4-  see ferri/ferrocyanide

ferri/ferrocyanide 240

free electron model 153, 154, 1711, 1771,
191f

Fresnel coefficients
1731, 183f

frozen electrolyte 21

149, 1521, 167, 169f,

- fuel components 95

- alkane 92ff, 94

- carbon monoxide 92
-CO 92, 115

- coal gasification 115
-H, 92

- hydrogen 92

- methane 92, 115

- reforming 115

gas bubbles 16
germanium 144, 149f, 160f

heterogeneous kinetics 224

HMRDE see hydrodynamic modulated
rotating disk electrode

hydrodynamic fluctuations 226

hydrodynamic model 153 ff

hydrodynamic modulated rotating disk
electrode 208

hydrodynamic transfer function 219, 239,
241

hydrogen

- absorption 9, 12, 39, 48, 61f, 65

- adsorption 6f, 19, 27, 30, 39

- embrittlement 12

- spillover 38, 65

hydrogen adsorption

- effect of solvent

hydrogen evolution

- effect of temperature 20f, 38

- electrocatalysis 4 ff

- impedance 23, 39, 62

- intermediate 17f

- materials 37ff

~ mechanism 17f, 38, 50

- single crystals 26f, 49

hydroquinone 256 ff

19, 38, 40



impedance 23, 38

instrumentation 260 ff

- low inertia motor 261

~ mercury contactor 262

- solid-solid contactor 262

- transfer function analyzer 261

interband transitions 160, 162, 169f,
1741, 182, 185f

interconnection materials 95

- LaCrO; 117

- LaCr,_,Mg,0O; 117

- lanthanum chromite 132

- metal alloys 119

- requirements 117

interface 147

intermetallic compounds 9, 19, 56f

ion implantation 13, 25f

ion specific adsorption 25, 38, 40

II'OZ 48

iron 37f

irreversible reaction 245

kinematic viscosity 237, 249

LaCoO; 117

LaCrO; 117

LaCr,_,Mg,0O; 117

Langmuir isotherm 224

Langmuir isotherm model 180

LaNi; 12, 58f

lanthanum manganite

~ cathodic polarization 107, 112

- conductivity-type 106

- impedance diagrams 110

- thermogravimetry 110

- transient response 109

- voltammetry 108

La; _,Sr,MnO; 112 see lanthanum
manganite

layer permeability 235

light flux modulation 260

limiting current 224, 237

long term behaviour 132f

magnetic field 260

manufacturing processes

- chemical vapour deposition 129ff

- electrochemical vapour deposition
129 ff

~ wet-type method 131f

mass balance equation 212, 214f, 228f

materials for H, evolution 37ff
mediation reaction 251

Index 267

metal alloys 52f
metal-support interaction 33f
method of Moments 238
microelectrode 228, 232f
miedema rule 60

mixed kinetics 222

modified electrode 34f

- redox polymer 250
monolithic modules

- Argonne National Laboratory 125
- honeycomb design 128

- monolithic structure 125f
- performance 126ff

Navier-Stokes equations 212f
Nernst diffusion layer 216

Nernst layer 238

Newtonian fluid 240

nickel 3, 15, 39f, 64

NiO, cathode 49

nickel-zirconia cermet 113f, 132
nitrobenzene 243

nonaxisymmetric electrode 215
nonlinear flow 213

nonlocal response 148

- bulk response from Cu 185f

- bulk response from Ag 168f

- bulk response from Au 191f

- bulk surface susceptibilities 151
- magnetic dipole contribution 150
- nonlinear response 154f

- quadrupole contribution 147, 148f, 150
non-Newtonian fluid 240

Ohmic drop 4, 16

optical resonance 169, 173f, 174, 181f
overpotential 4f

oxides 47f

oxometalates 35f

partial blocking 227, 247, 249

partial charge transfer 18, 31, 38, 40
particle size effect 32f, 41

passive layer 260

pECBZ see poly(N-ethylcarbazol)
periodic flow 212

phase measurement 159

phase shift 159, 161f, 173f, 176f, 182f
phenomenological model 151
photoelectrochemical cell 260
pigmented surface 13, 34f, 45, 52
platinum elctrode 243

poisoning of cathodes 14f, 38, 43, 51, 70



268 Index

polyethylene oxide 240
polyhydroxyphenazine 260
polymer film 250f
poly(N-ethylcarbazol) 258

pores 23f, 42, 49, 54

porous layer 227

- coated electrode 233ff

potential induced reconstruction 191
potential of zero charge 27
power-law fluid 240

quinhydrone 244

Randles equivalent circuit 223

Raney Ni 12, 16 23f, 30, 41f, 47, 55, 59

RDE see rotating disk electrode

recrystallization 22, 24, 42, 63

redox capacitance 256ff

redox reaction 222

redox substrate 250f

Reynolds number 240

rotating disk electrode 209, 216, 228 ff,
237

RuO,

~ H, evolution 48, 50

~ single crystal 49

~ surface hydration 49

sandblasting 23, 26, 41

scanning tunnelling microscopy 142

SHM see sinusoidal hydrodynamic

modulations

shut-down 12, 39, 55

silicium single crystals 146f

silicium 144, 149f, 151, 160f, 178

sine-wave modulation technique 237

single crystals

- metals 26f

- oxides 49

sinusoidal hydrodynamic modulations 208

solid polymer electroiyte (SPE) 2, 32, 34,
43

stability cathodes

- oxides 48, 51

steel 22, 37f, 56, 57

sulfides 43f

sum-difference frequency generation 199

surface analysis 11, 58, 60, 62f

surface area 5, 10, 22, 40-42, 53, 70

surface enhanced Raman spectroscopy
(SERS) 142, 145f

surface preparation 159

surface resonances 172f

111, 14, 65, 70

surface roughening 164
surface states 143, 163, 173f, 176f
surface structure of cathodes 22f

Tafel slope 5, 17f, 22, 25

teflon-bonded electrodes 41, 44, 47, 58f

tetragonal polycrystalline zirconia 96

thermal expansion 103ff, 113

thermodynamics

- electrochemical semi-permeability 90,
131

- electromotive force (EMF) 92ff

- open cell voltage 89

- reforming 92

- thermodynamic voltage 89

third order polarizability 165

Ti 12, 15, 56

time resolved measurements
188f

TPZ see tetragonal polycristalline zirconia

tubular configuration

- current-voltage characteristics 124

- efficiency 1241

- generator module 124

- stabilized zirconia support tube 130

- support tube 121

- Westinghouse 121 ff

TWAC cathode 42

157, 187,

UHY studies

- Ag(110) 174f

- Ag(l1l) 163, 170f, 173f

- Al(110) 196

- Al(111) 196

~ Cu(100) 184f

- Cu(11l) 184f

- Fe(110) 196

- Ni(111) 196

- Pt(111) 196f

- Rh(111) 196

underpotential deposition (UPD) 16f,
291, 51, 177

- Ag on Au(11l) 194

- Cd on Ag(111) 184

- Cu on Au(111) 194

- Pb on Ag(110) 178

- Pb on Ag(1ll) 178

- Pb on Au(11l) 194

- Sb on Au(11l) 194

- Tl on Ag(110) 178, 182

- Tl on Ag(111) 178, 183

- Tl on Ag(pc)y 183

- Tl on Au(111) 193f
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- Tl on Cu(11l) 186ff - calcia 130
- Zn on Ag(111) 184 - fluorite 95ff
uniformly accessible electrode 215 - grain boundary resistance 96
- pyrochlore solid solutions 96
velocity modulation 219 - tetragonal polycrystalline zirconia 96
velocity steps 209, 237 - YSZ 103, 111, 130
“volcano” curve H, electrocatalysis 6f, - yttria-stabilized zirconia 96 ff, 1121, 1185,
19, 43, 57, 59 121, 128, 132
- ZrO, 88
work function 6, 8, 17, 27 - Zr0,-Ca0 96
- ZrOZ‘Y2O3 88, 96
X-ray grazing incidence 142, 198 Zr0O, see zirconia
. Zr0,Ca0 130
zirconia Zr0,Y,0; 96ff, 112f, 115, 121, 128,

- aging effect 96 ' 132
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