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The effect of electrochemical promotion has already been stud-
ied for more than 60 different catalytic systems. Its origin is electro-
chemically controlled introduction of promoting species on catalyst
surfaces interfaced with solid electrolytes. The promoting mech-
anism is thus similar to classic (chemical) promotion where the
promoting species is added during catalyst preparation or from
the gas phase. In this work simple and rigorous rules are derived
that govern the promotional action, i.e., the catalytic rate depen-
dence on promoter concentration or on work function, ®, of the
catalyst surface. These rules enable one to predict the rate, r, de-
pendence on @ or on promoter concentration on the basis of the
rate dependence on the electron donor (D) or electron acceptor
(A) reactant partial pressures, pp and p,, on the unpromoted cata-
lyst surface. The four main types of promotional behavior, i.e.,
electrophobic (ar/9® > 0), electrophilic (ar/d® < 0), volcano type,
and inverted volcano type, are shown to correspond to strong ad-
sorption of A, strong adsorption of D, strong adsorption of A and
D, and weak adsorption of A and D, respectively. The rules are
in excellent agreement with both the electrochemical and classic
promotion literature and can be summarized by the inequalities
(Ar/3®)p, 00 (3r/0pp)dp, >0 and (3r/dP)p, po (3r/3Pa)@,pp <O,
which dictate that for a reaction involving a strongly adsorbed
electron donor/acceptor reactant, an electropositive (electron
donor)/electronegative (electron acceptor) promoter is to be reco-
mmended.  © 2001 Academic Press

INTRODUCTION

Promoters play a key role in heterogeneous catalysis.
Their use is necessary for the design of successful industrial
catalysts (1). Broadly speaking promoters can be divided
into structural promoters and electronic promoters (1, 2).
In the former case they enhance and stabilize the dispersion
of the active phase on the carrier. In the latter case they
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enhance the catalytic properties of the active phase itself
(1-3). This is due to their ability to modify the chemisorp-
tive properties of the catalyst surface and to affect the
chemisorptive bond strength of reactants and reaction in-
termediates. At the molecular level this results from direct
electrostatic (through the vacuum) and indirect (through
the metal) interactions.

While chemical promotion has been known, studied, and
used for more than a century (2-7), the closely related
phenomenon of electrochemical promotion or nonfaradaic
electrochemical modification of catalytic activity (NEMCA
effect) was first discovered in the eighties (8-15). Work
in this area has been reviewed (16-21). The significance
of electrochemical promotion in electrochemistry (22, 23),
surface science (24), and catalysis (25) has been discussed
by Bockris and Minevski (22) and Lu and Wieckowski (23),
Pritchard (24), and Grzybowska-Swierkosz and Haber (25),
respectively, together with its similarities, but also some
interesting operational differences, with classic (chemical)
promotion (16-21) but also with metal-support interactions
(26-28).

The operational principle of electrochemical promotion
is shown in Fig. 1. On application of electrical current, I,
or potential (+1 V) between the catalyst and a catalyti-
cally inert counterelectrode, also deposited on the solid
electrolyte, ionic species are supplied to the catalyst at a
rate | /nF, where n is the ion charge in the solid electrolyte
support. The electrochemically generated ionically bonded
species (O’ in the case of O>~ conductors such as Y,Os3-
stabilized ZrO, (YSZ) (16-21), Na’* in the case of Na*
conductors such as g”-Al,O3) (29) migrate (backspillover)
over the entire gas-exposed catalyst-electrode surface
and establish an effective double layer at the catalyst/
gas interface (30-33). Each backspillover species is ac-
companied by its compensating (image) charge in the
metal so that the effective double layer is overall neu-
tral, as is the case with every double layer (20, 30-33)

(Fig. 2).
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FIG. 1.
promotion (NEMCA\) studies using an O?~-conducting solid electrolyte.

Principle and basic experimental setup for electrochemical

The presence of the effective double layer at the cata-
lyst/gas interface has been confirmed using a variety
of surface spectroscopic and electrochemical techniques
including X-ray photoelectron spectroscopy (XPS) (34,
35), ultraviolet photoelectron spectroscopy (UPS) (36),
temperature-programmed desorption (TPD) (37), cyclic
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FIG. 2. Schematic representation of a metal catalyst-electrode de-
posited on an O?~-conducting electrolyte and a Na*-conducting solid elec-
trolyte, showing the location of the metal-solid electrolyte double layer
and of the effective double layer created at the metal/gas interface due to
potential-controlled ion migration (backspillover).
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FIG.3. Atomic resolution STM of a part of the surface of a Pt single
crystal, which is interfaced with g”-Al,O3, showing the creation of the ef-
fective double layer at the metal/gas interface. Each sphere on the Pt(111)
terraces is a Na atom. The Na coverage is ~0.01 and the Na atoms form
an (12 x 12) overlayer on the Pt(111) surface. The Na coverage can be
controlled by the applied potential Uwyr (42). Sodium can be totally and
reversibly removed via positive (anodic) potential or current application.
Further experimental details can be found in Ref.(41). Tunneling current
and voltage: | = 10nA,U = —0.16 V.

voltammetry (34, 38) impedance spectroscopy (39, 40),
scanning tunneling microscopy (STM) (41, 42) (Fig. 3), and
work function measurements (10, 30, 33, 36, 43-47) via the
Kelvin probe technique (10, 30, 33, 43-47) or via the elec-
tron cutoff energy in UPS (36). The work function mea-
surements (10, 30, 33, 36, 43-47) have shown that the work
function, ®, of the catalyst surface is related, over wide
and well-defined conditions described below (30, 31, 33),
to the catalyst-working (W) electrode potential, Uwg, with
respect to a reference (R) electrode via the equation

eAUwr = A®. [1]

Thus the work function of the catalyst surface can be
in situ controlled via the applied potential Uyr and thus
electrochemical promotion is, simply, catalysis in the pres-
ence of an electrochemically controllable double layer at
the catalyst/gas interface (21).

The effective double layer affects the binding strength of
chemisorbed reactants and reaction intermediates and thus
affects the catalytic rate inavery pronounced and reversible
manner.
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It should be noted that in general in electrochemistry (20,
21, 48) one has

eAUwr = —Au(= —AEp) = AD +eAv, [2]

where p is the electrochemical potential of electrons in
the catalyst electrode, Er(= 1) is the Fermi level of the
catalyst-electrode, and W is the outer (\Volta) potential of
the metal catalyst-electrode in the gas outside the metal/gas
interface. The latter vanishes (¢ =0, Ay =0) when no net
charge resides at the metal/gas interface (30, 31, 33). This is
the case when an “effective” double layer is present at the
metal/gas interface (21, 30, 31, 33), which as every double
layer is overall neutral, and thus in this case Eq. [2] reduces
to the experimental equation [1]. At the molecular level the
stability of the effective double layer and thus the validity
of Eq. [1] require that the migration (backspillover) of the
promoting ion (O%~, Na’™*) is fast relative to its desorption
or catalytic consumption (31, 49-51). When this condition is
not met (e.g., high T or nonporous electrodes) or also when
the limits of zero or saturation coverage of the promoting
ion are reached (at very positive or negative AUwr) then
deviations from Eq. [1] are observed (31, 49-52) and only
Eq. [2] is satisfied.

Itis important to note that a change in W (corresponding
to the introduction of a net charge at the metal/gas inter-
face) does not cause any measurable change in catalytic
rates (21, 53) as also confirmed by introducing eAWV (thus
(—Ap) changes of up to 10* eV via a van de Graaf ma-
chine on metal catalysts interfaced with solid electrolytes
and observing no change in catalytic rate (21)). This is due
to the very small charge density (surface coverage 10~'—
10~°) required to induce large changes in the outer poten-
tial w of metal particles of micrometer dimensions (53).
Thus it is the change, A®, in work function and not the
change — A in Fermi level that is relevant for describing
electrochemical promotion (21, 53) as experimentally ob-
served (9-21). Thus even when Eg. [1] is not satisfied for
the reasons outlined above and the more general Eq. [2]
is fulfilled one must keep in mind that only the change
A® (and not the eAW term) is relevant to promotion and
catalysis as only A® corresponds to a measurable change
in the coverage of the promoting ions at the metal/gas
interface.

Similarities and Differences between Electrochemical
and Classic Promotion

It should be noted that once the backspillover species
originating from the solid electrolyte have migrated at the
metal/gas interface, they act as normal (chemical) promot-
ers for catalytic reactions. For example, Lambert and co-
workers via elegant use of XPS (35) have shown that the
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state of sodium introduced via evaporation on a Pt surface
interfaced with g”-Al,Os is indistinguishable from Na’+t
introduced on the same Pt surface via negative (cathodic)
potential application.

Thus the only real difference between electrochemical
and classic promotion is that in the former case one can con-
trol in situ the amount of promoter on the catalyst surface.
This implies that if the promoting species has a short life-
time (e.g., 10-10% s) on the catalyst surface (e.g., O>~ orig-
inating from YSZ) (16-21) it can still be used as a pro-
moter since its coverage on the catalyst surface can be
fixed by appropriate setting of the potential Uywr. The
promoting O~ species is thus replenished on the cata-
lyst surface at a rate |1 /2F, where | is the applied current
and F is Faraday’s constant. Thus the promoting species
is generated at the three-phase boundary (tpb) catalyst—
solid electrolyte—gas in an electrocatalytic (faradaic) pro-
cess. At steady state the promoting species, which migrates
(backspillovers) at the metal/gas interface, is consumed
there at a rate | /2F. It therefore acts as a sacrificial pro-
moter (20, 21, 46, 54-56). The difference between electro-
chemical and classic promotion is thus operational and not
functional.

Despite the functional identity of classic and electro-
chemical promotion, the usefulness of the latter is not
to be deemphasized. For example, more than 50 electro-
chemical promotion studies using YSZ or TiO; as the pro-
moter donor on Pt, Rh, Pd, Ag, IrO,, RuO,, Au, and Ni
surfaces (16-21) have revealed the great importance of
0%~ (probably O%7) as an extremely effective promoting
species for most catalytic oxidations. This promoting species
was hitherto unknown from classic (chemical) promotion
studies since its controlled formation on a metal surface
without using an O% -conducting solid electrolyte is very
difficult experimentally and, most importantly, because its
lifetime, 7, on a metal catalyst surface under real oxida-
tion reaction conditions at atmospheric pressure is typically
50-500 s (16-21), i.e., too short for any realistic practical
catalyst application unless it is continuously replenished
on the catalyst surface, as is the case in electrochemical
promotion (NEMCA) studies using O?~ conductors
(Fig. 4).

Another important operational advantage of electro-
chemical promotion is the direct possibility of controlling
in situ the coverage of the promoting species on the cata-
lyst surface (via current, I, or potential, Uygr, control)
(Table 1). This allows for direct examination of the ef-
fect of promoter coverage and of ® on the catalytic re-
action kinetics. Such examples are shown in Figs. 5 and
6 (57-64) for the four main types of experimentally ob-
served catalytic rate, r, versus work function, ®, depen-
dence:

1. Electrophobic (3r /d®)p, p, > 0.
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FIG. 4. Atomic visualization of electrochemical promotion (NEMCA) when using an O?~ conductor during C,H, oxidation on Pt. The O%~ ions
form O%-—s+ backspillover dipoles which migrate (backspillover) at the metal/gas interface, forming an effective double layer which weakens the Pt=0
bond and strengthens the Pt—-C,H, bond, thus enhancing catalytic activity. The lifetime of O°~—§+ on the catalyst surface is A times longer than the

lifetime of Pt=0O (18, 20).

2. Electrophilic (3r /d®)p, p, < 0.

3. Volcano type (r exhibits a maximum with respect to
D).

4. Inverted volcano type (r exhibits a minimum with
respect to @).

Thus although the rules presented here are applicable
to both classic (Fig. 6, Refs. (61-64)) and electrochemical
(Fig. 5, Refs. (57-60)) promotion, their extraction became
possible only due to the systematic r versus @ (as well as
r vs pa and r vs pp at constant ®) studies that electro-

chemical promotion enables one to perform efficiently and
reversibly.

The goal of this work is (a) to classify previous electro-
chemical and classic promotion studies on the basis of the
catalytic rate dependence on work function, ®, or, equiva-
lently, on coverage of the electropositive (electron donor)
or electronegative (electron acceptor) promoter species
in the four main categories shown in Figs. 5 and 6, and
(b) to derive and rationalize the rules that govern which
type of r versus ® dependence a given catalytic reaction
obeys.
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TABLE 1

Relationship between Classic (Chemical) and Electrochemical Promotion

Chemical promotion Electrochemical promotion

Control variables

(Initial) promoter coverage 6p Catalyst potential Uyg or
Fermi level Eg
(eAUwr = —AEF)

Rate, 1/nF, of promoter

supply to catalyst surface
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Effect Change in catalytic rate r
Change in work function ®
Change in adsorption enthalpies |AHj|
Action Addition of electronegative Increase in Uywgr
promoter Decrease in E
Result Ar > 0: Electrophobic reactions
Ar < 0: Electrophilic reactions
AD >0
A|AH;j| > 0: Electron donor adsorbates (D)
AJAH;j| < 0: Electron acceptor adsorbates (A)
Action Addition of electropositive Decrease in Uyr
promoter Increase in Eg
Result Ar < 0: Electrophobic reactions
Ar > 0: Electrophilic reactions
ADP <0

AJAH;j| < 0: Electron donor adsorbates (D)
A|AH;j| > 0: Electron acceptor adsorbates (A)

RESULTS AND DISCUSSION

1. Classification of Electrochemically and Classically
Promoted Catalytic Reactions

Definitions and Some General Characteristics

The magnitude of electrochemical promotion for a given
catalytic reaction is described in the literature (16-21) by
three parameters:

1. The Faradaic efficiency, A, is defined by

A= —r1o)/(I/nF), (3]

where r is the electrochemically promoted catalytic rate,
ro is the unpromoted (open-circuit) catalytic rate, | is the
applied current, n is the charge of the promoting ion, and
F (96,460 C/mol) is Faraday’s constant. A reaction is elec-
trochemically promoted when |A| > 1. For |A] < 1 one has
electrocatalysis.

Values of A as high as 3 x 10° (11, 20) or as low as
—3 x 10* (20) have been measured (Table 2). For oxidation
reactions A > 1implies electrophobic behavior (ar /0®) > 0
and A < —1implies electrophilic behavior (ar /0® < 0). For
hydrogenation reactions using proton conductors the def-
initions are inverted, since proton supply to the catalyst
corresponds to | < 0 and pure electrocatalysis must always
correspond to A =1 (65).

For oxidation reactions on metals supported on O~ con-
ductors, A also expresses the ratio of the lifetimes of the

promoting O?~ species and of normally chemisorbed O on
the catalyst surface (20, 21).
2. The rate enhancement ratio, p, is defined by

o ="r/r. [4]

Values of p as high as 150 (66) or as low as zero (14) (com-
plete catalyst poisoning) have been measured.

3. The promotional index PI; of promoting species, i
(e.g., O°—, Na’*t), is defined by

Pli=——, [5]

where Ar is the promotionally induced rate enhancement
(r —rg), and 6; is the coverage of the promoting species
on the catalyst surface. PI; > 0 corresponds to promotion;
Pl; < 0corresponds to poisoning. Values of Ply,+ up to 6000
and of Plgz- up to 100 have been measured (Table 2).

It should be noted that while A is a parameter relevant
to electrochemical promotion (and to metal-support inter-
actions (26, 27)) the other two parameters, p and Pl;, are
relevant to both electrochemical and classic promotion.

Since the early days of electrochemical promotion (10,
11) it has been shown both experimentally and theoretically
(16) that the order of magnitude of |A], i.e., of the absolute
value of A, for a given catalytic reaction, metal, and solid
electrolyte can be estimated from

|A| & 2Fro/lo, (6]
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FIG.5. Examples of the four types of electrochemical promotion

behavior: (a) purely electrophobic, (b) purely electrophilic, (c) vol-
cano type, (d) inverted volcano type. Effect of catalyst potential Uy,
work function @, change (vs | =0), and dimensionless catalyst potential
M= FAUwgr/RT on the rates of: (a) CH, oxidation on Pt films deposited
on YSZ for high (20:1 and 40:1) CH,-to-O, feed ratios (57); (b) NO re-
duction by C,H,4 on Pt films deposited on YSZ (58); (c) CO oxidation on Pt
films deposited on YSZ (20); and (d) CH3OH oxidative dehydrogenation
to H,CO on Pt films deposited on YSZ (18, 20).

where |y is the exchange current of the metal-solid elec-
trolyte interface, measurable via In | — AUwg (Tafel) plots
(16, 20). However, to date, no predictions whatsoever could
be made about the sign of A or about the magnitude of p
and PI;. This is because Eq. [6] basically reflects that elec-
trochemical promotion is due to electrochemical introduc-
tion of promoters on a catalyst surface (16), while the sign
of A and the magnitude of p and PI; refer to the purely
fundamental aspects of promotion itself.

The prediction of the sign of A for any given catalytic
reaction is one of the main goals of the present work while
the estimation of the magnitude of p and PI; is presented
elsewhere (21, 67).

Reaction Classification

Table 2 (8-21, 29, 38, 53, 57-60, 65-109) classifies prac-
tically all hitherto published electrochemical promotion
studies on the basis of the solid electrolyte support and
corresponding promoting ion used. The table also provides
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the catalyst used, the operating temperature range, and
the measured maximum (A > 1) or minimum (A < —1) A
value, as well as the measured maximum (o > 1) or mini-
mum (p < 1) p and the maximum measured Pl; value. Note
that for the case of nonreacting promoters (e.g., Na*t) no A
values are given in many cases as they are not very useful.
They tend, in principle, to +o0 at steady state. In practice
|A| is finite due to some unavoidable promoter evaporation
and is usually larger than 10° (93).

Table 3 classifies again the published electrochemical
promotion studies of Table 2, which include complete and
partial oxidations, NO reduction studies, catalytic hydro-
genations, dehydrogenations, and isomerizations. This ta-
ble is focused on the purely catalytic (chemical) aspects of
electrochemical promotion and provides three additional
important parameters:

i. The range of pa/pp values used in the investigation,
where pa and pp are the partial pressures of the electron
acceptor (e.g., O,) and electron donor (e.g., hydrocarbon)
reactant used.

ii. The observed kinetic order (positive order, negative
order, or zero order) of the catalytic reaction with respect
to the electron donor (D) and the electron acceptor (A).
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2
"Fa) 1 (b)
0.5
r 0.5 1
o | A
= Cu (111), 340°C ]

Ag (111), 290°C |
p02=19.95 kPa

i pco=3.46 kPa

01k pczH4=2-66 kPa _| 0.1k pH20=‘|.33 kPa 4
2 1 L 1 L 1 L1 | 2 1 L 1 T
0.6 0.4 0.2 0 0 01 02 03
fcs 0g
AD — AD —
10 ¢ _ 2
r(c) ] T=275°C (d)
. d ] 1k pno=0.5 kPa
5r ] F pco=05kPa @
[ 1 ospPeoTE
£ o]
= A
o T=380°C 1 £ |
pno=1kPa =
1 e pC3H6:1.33 kPa ? 0.1 2
0.7 1 ‘ 1 L 1 | 1
0.10 0.05 0 0.10 0.05 0
Na / wt% Na / wt%
FIG.6. Examples of the four types of classic promotion behav-

ior: (a) purely electrophobic, (b) purely electrophilic, (c) volcano type,
(d) inverted volcano type. Effect of decreasing electropositive (a,c,d) or
increasing electronegative (b) promoter coverage and of concomitant A®
change on the rates of: (a) C,H, epoxidation on Cs-promoted Ag(111)
(61); (b) water—gas shift reaction on S-poisoned Cu(111) (2); (c) NO reduc-
tion by C3Hg on Na-promoted Pd supported on 8 mol% Y,Os-stabilized
zirconia (YSZ) (54); and (d) NO reduction of CO on Na-promoted 0.5 wt%
Rh supported on TiO, (4%WO3) (64).
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1. EP studies using YSZ, promoting ion: O?~

Reactants
Electron Electron Amax (>0) or pmax (>1) or
donor (D) acceptor (A) Product Catalyst T (°C) Amin (<0) Pmin (<1) Ploa- Ref.
CoHy 0O, CO; Pt 260-450 3x10° 55 55 (11, 20)
CyHg O, CO; Pt 270-500 300 20 20 (20, 68)
—100 7 —
CH, O, CO; Pt 600-750 5 70 70 (20, 57)
CcO O, CO; Pt 300-550 2 x 10° 3 2 (20, 59)
—500 6 —
CcO O, CO; Pt 468-558 1000 5 5 (20, 69, 70)
CH3;0OH O, H,CO,CO, Pt 300-500 1 x 10* 4,152 3 (20, 60)
CsHg 0O, CO; Pt 350-480 —-3x10° 6 — (20, 71)
CH3;0OH H,CO,CO, CH,4 Pt 400-500 -10 32 — (18, 20, 60)
CoH,y NO CO,CO,, N,, N,O Pt 380-500 —50 7 — (58)
CoHy O, CO; Rh 250-400 5 x 10* 90 90 (20, 72)
H, CO, CH,4, CO Rh 300-450 200 32 2 (20)
CsHg NO, O, N,,N,O,CO, Rh 250-450 1 x 10° 1502 150 (66)
CcO NO, O, N,,N,O,CO, Rh 250-450 20 20* 20 (73)
Cco O, CO; Pd 400-550 1 x 10° 2 1 (18, 20)
H, (ef0) CyHy,CxH, 0, Pd 300-370 10 32 2 (20)
H,S Sy, Ha Pt 600-750 — 11 10 (20, 74)
CH, O, CO; Pd 380-440 2 x10° 90 90 (75)
H, CO, CO Pd 500-590 —50 10 — (18, 20)
CcO NO CO;,N,,N,O Pd 320-480 —700 3 — (76)
Cco N,O COy,N, Pd 440 -20 2 — (76)
CoHy O, C,H40,CO, Ag 320-470 300 302 30 (8, 20, 53, 77, 78)
CsHg O, C3HgO,CO, Ag 320-420 300 22 1 (20, 79)
CH, O, CO;,,CoH,4, CoHg Ag 650-850 5 302 30 (20, 80)
co O, CO; Ag 350-450 20 15 15 (20, 81)
CH3;0H H,CO, CO,CH,4 Ag 550-750 -25 62 — (20, 82)
CH3;0OH O, H,CO, CO, Ag 500 -95 2 — (83)
CH, O, C,H4,C2Hg, CO; Ag 700-750 -1.2 82 — (20, 84, 85)
CcoO O, CO; Ag-Pd 450-500 30 5 4 (86)
CH, H,O CO, CO, Ni 600-900 12 22 — (20, 87)
Cco O, CO; Au 450-600 —60 3 — (20, 84, 85)
CH, 0O, CO; Au 700-750 -3 32 — (20, 84, 85)
CoHy O, CO; 1rO, 350-400 200 6 5 (15, 20, 107)
Cz Hy 02 C02 RU02 240-500 4 %108 115 115 (88)
2. EP studies using F~ conductors
Reactants
Electron Electron Solid Amax (>0) or pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Amin (<0) Omin (<1) Pl Ref.
CcoO O, CO; Pt CaF, 500-700 200 2.5 15 (20, 89)
3. EP studies using mixed conductors
Reactants
Electron Electron Solid Amax (>0)or pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Amin (<0) Pmin (<1) Pl Ref.
CoHy 0O, CO, Pt TiO, (TiOj, 450-600 5 x 10° 20 20 (20, 90)
0?)
CoHy 0O, CO, Pt CeO; (CeO}, 500 —10° 3 — (91)
0?)
CoHy 0O, CO, Pt YZTi 10° 400-475 —250 2 — (92)
CsHg 0O, CO, Pt YZTi 10° 400-500 1000 2.4 — (92)

—1000
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TABLE 2—Continued

4. EP studies using Na* conductors

Reactants
Electron Electron Solid Amax (>0) or Pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Amin (<0) Pmin (<1) Plna+ Ref.
CoHy 0, CO, Pt B”-Al,0O3 180-300 5x 104 0.25 -30 (20, 93)
CcoO O, CO, Pt B"-Al,O3 300-450 1 x 10° 0.3 -30 (20, 29)
—1x10° 8 250
H, CesHs CgH1 Pt B"-Al,O3 100-150 — ~0 -10 (14, 20, 44)
H, C,H; CyHg, CoHg Pt B”-Al,0O3 100-300 — —* — (94)
CoHy NO CO,, N2, N,O Pt B"-Al,O3 280-400 — 00 500 (13, 20)
CcO NO CO,, N2, N,O Pt B”-Al,0O3 320-400 — 13* 200 (95)
CsHg NO CO,, N2, N,O Pt B"-Al,O3 375 — 10 — (96)
H, NO N, N,O Pt B”-Al,03 360-400 — 30 6000 (Cn)
H, C,oHy, CoHy Pd B"-Al,O3 70-100 — 0.13 — (98)
C2H4 CzHe
CoHy O, C,H40, CO, Ag B"-Al,O3 240-280 — — 40 (99)
CcO O, CO, Ag B”-Al, O3 360-420 — 2 — (20)
CoH, O, CO, Pt Na32r25i2P012 430 — 10 300 (100)
5. EP studies using K+ conductors
Reactants
Electron Electron Solid Amax (>0) or pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Anmin (<0) Pmin (<1) Ply+ Ref.
NH; N, H, Fe KoY Zr (POy)3 500-700 — 4.5 — (101)
6. EP studies using H™ conductors
Reactants
Electron Electron Solid Amax(=0)0r  pmax(>1) or
donor (D)  acceptor (A) Product Catalyst electrolyte T (°C) Anmin(<0) Pmin(<1) Ply+ Ref.
CoH, O, CO, Pt CaZrgglng103_4 385-470 -3 x 104 5 — (102)
H, N, NH3 Fe CaZro_glnMOg_a 440 6 12 6 (65)
NH;3 N, H; Fe CaZryglng103 4 530-600 150 3.6 — (101)
CH, C,Hg, CoHy Ag SrCeo,ngbo‘0503 750 — 8* 10 (20, 103)
H, CoH,y C,Hg Ni CsHSO, 150-170 300 2 12 (12, 20)
H, 0, H,O Pt Nafion 25 20 6 5 (20, 104)
1-C4Hg C4Hyp, 2-C4Hg(cis, trans) Pd Nafion 70 —28 40* — (105)
7. EP studies using aqueous alkaline solutions
Reactants
Electron Electron Solid Amax (>0) or pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Amin (<0) Pmin (<1) Plop- Ref.
H, 0O, H,O Pt H,0-0.1 N KOH 25-50 20 6 20 (20, 38)
8. EP studies utilizing molten salts
Reactants
Electron Electron Solid Amax (>0) or pmax (>1) or
donor (D) acceptor (A) Product Catalyst electrolyte T (°C) Amin (<0) Pmin (<1) Ref.
SO, 0O, SO3 Pt V,05-K,SO, 350-450 —100 6 (106)

@ Change in product selectivity observed.
b 4.5 mol% Y,03-10 mol% TiO,-85.5 mol% ZrO,.

iii. The observed global r versus work function ® be-
havior, i.e., purely electrophobic (ar /d®) > 0, purely elec-
trophilic (ar/0®) < 0, volcano type, and inverted volcano
type. The term “global” denotes the behavior observed
over the entire Uyr and thus @ range investigated (typically

® value.

from —1.5to +1.5eV vs open-circuit) as opposed to “local,”
which denotes ther versus ® behavior at a specific Uyr and

A reactant, |, is defined as electron acceptor (A) when it
increases the work function of the surface, i.e.,
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TABLE 3

Classification of Electrochemical Promotion Studies on the Basis of Global r versus ® Behavior

A. Purely electrophobic reactions

Reactants Kinetics (ar /ap)e
(D) (A) Catalyst Solid electrolyte pa/Po T (°C) InD In A Rule Ref.
C,oH, 0, Pt ZrO; (Y,03) 12-16 260-450 + 0 G1 (11, 20)
CyH, 0, Pt B’-Al,05 238 180-300 + 0 G1 (20, 93)
C,oH, 0, Pt TiO, 3.5-12 450-600 + 0 G1 (20, 90)
CyH,y 0O, Rh ZrO; (Y,03) 0.05-2.6 250-400 + 0 Gl (20, 72)
C,oH, 0, Ag ZrO; (Y,03) 0.2-1.1 320-470 + 0 G1 (20, 78)
CoH, 0O, IrO, ZrO; (Y,03) 300 350-400 + 0 G1 (15, 20, 107)
C2H4 02 RUOZ Zr02 (Y203) 155 240-500 + <0 Gl (88)
coO 0O, Pt CaF; 11-17 500-700 + 0 G1 (20, 89)
(0] O, Pd ZrO; (Y,03) 500 400-550 72 ? ? (18, 20)
CH, 0O, Pd ZrO; (Y,03) 0.2-4.8 380-440 + 0 Gl (75)
C3Hg O, Ag ZrO; (Y,03) 20-120 320-420 + <0 Gl (20, 79)
CH, 0O, Ag ZrO; (Y,03) 0.02-2 650-850 + 0 Gl (20, 80)
CsHs H, Pt B"-Al,03 0.02-0.12 100-150 >0 ~0 G1 (14, 20, 44)
CyH; H, Pt B”-Al,0O3 1.7-9 100-300 ? ? ? (94)
H, CO, Rh ZrO, (Y,03) 0.03-0.7 300-450 + 0 G1 (20)
H, CyH,, CoHy Pd B"-Al, 04 0.1-5.9° 70-100 >0 0 G1 (98)
H,S — Pt ZrO, (Y,03) — 600-750 ? ? (20, 74)
CH, — Ag SrCe.95Ybg0503 — 750 ? ? (20, 103)
NH;3 — Fe CaZrpglng103_4 4-12kPa 530-600 + G1 (101)
NH; — Fe KoYZr (POy)s3 4-12kPa 500-700 + Gl (101)
CH,4 H,O Ni ZrO; (Y,03) 0.05-3.5 600-900 + <0 G1 (20, 87)
B. Purely electrophilic reactions
Reactants Kinetics (3r /9p) ¢
(D) (A) Catalyst Solid electrolyte pa/Po T (°C) InD InA Rule Ref.
C2H4 Oz Pt CaZro,gln(),lOg,a 4.8 385-470 — + G2 (102)
CoH, O, Pt CeO, 1.6-3.7 500 — + G2 (91)
C,oH, 0O, Pt YZTil0 3 400-475 ? ? ? 92)
CyH, 0, Ag B-Al,03 0.3-0.4 240-280 - + G2 (99)
(@) 0O, Ag B"-Al,O3 0.1-10 360-420 0 + G2 (20)
CsHs 0, Pt ZrO, (Y,03) 0.9-55 350-480 <0 + G2 (20, 71)
CH3;0OH 0O, Ag ZrO; (Y,03) 0-2 500 ? + G2 (83)
CH, O, Au ZrO; (Y,03) 0.1-0.7 700-750 0 + G2 (20, 84, 85)
H, N> Fe Cazro,glnollog_a 0-3 440 ? ? ? (65)
H, CoH, Ni CsHSO, 1 150-170 ? ? ? (12, 20)
CH3;0OH Pt ZrO; (Y,03) — 400-500 ? ? (18, 20)
CH3;0OH Ag ZrO; (Y,03) 0-6 kPa 550-750 + G2 (20, 82)
C,oH, NO Pt ZrO; (Y,03) 0.2-10 380-500 0 + G2 (58)
CoH, NO Pt B”-Al,0O3 0.1-1.1 280-400 ? ? ? (13, 20)
CcO NO Pt B"-Al,O3 0.3-5 320-400 <0 + G2 (95)
coO NO Pd ZrO; (Y,03) 0.5-6.5 320-480 ~0 + G2 (76, 108)
co N,O Pd ZrO, (Y,03) 2-50 440 - + G2 (76)
1-C4Hs Pd Nafion — 70 ? G2 (105)
C. Volcano-type reactions
Reactants Kinetics (ar/9p)o
(D) (A) Catalyst Solid electrolyte pa/Po T (°C) InD In A Rule Ref.
CoH, O, Pt NazZr,Si,PO;, 1.3-3.8 430 - + G3 (100)
CcO 0O, Pt Zr0O; (Y,03) 0.2-55 468-558 + — G3 (20)
(e{0] O, Pt B"-Al,04 0.5-20 300-450 - + G3 (20, 29)
H, 0O, Pt H,0-0.1 N KOH 0.3-3 25-50 + — G3 (20, 38)
H, 0, Pt Nafion 0.2-5 25 + - G3 (20, 104)
SO, 0O, Pt V,05-K,S,07 1.8 350-450 ? ? ? (106)
CsHs NO Pt B-Al,05 2-70 375 — + G3 (96)
H, NO Pt B"-Al,0O3 0.3-6 360-400 — + G3 97)
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TABLE 3—Continued

D. Inverted volcano-type reactions

Reactants Kinetics (ar /9p)o

(D) (A) Catalyst Solid electrolyte Pa/Po T (°C) InD In A Rule Ref.
CoHy O, Pt TiO, 0.2-0.3° 450-600 + + G4 (20, 90)
CsHg O, Pt YZTil10 5 400-500 ? ? ? 92)
CcoO O, Ag ZrO; (Y,03) 0.6-14 350-450 + + G4 (20, 81)
(ef0] 0, Ag-Pd alloy ZrO; (Y,03) 3.5-12.5 450-500 + + G4 (86)
Cco 0, Au ZrO; (Y,03) 3-53 450-600 + >0 G4 (20, 84, 85)
CyHs O, Pt ZrO; (Y,03) 0.06-7 270-500 + + G4 (20, 68)
CH, O, Pt ZrO; (Y,03) 0.02-7 600-750 + + G4 (20, 57)
CH3;0H O, Pt ZrO; (Y,03) 3-45 300-500 + ? ? (20, 60)
H, CO; Pd ZrO; (Y,03) 0.2-1.1 500-590 + + G4 (18, 20)
CzHs NO, O, Rh Zr0O; (Y,03) 0.08-8¢ 250-450 + NO: + O,: 0 G4 (66)
Cco NO, O, Rh ZrO; (Y,03) 0.33 250-450 + NO:+0;:0 G4 (73)

2(?) No data available.

b pp = PcyH, + PeyHy, -
¢Low pa/pp region.

9 pa/po is the ratio Pno/ PegHg @nd pno/ Peo. The po, range is 0-6 kPa.

a®/00))q_; > 0, [71

and as an electron donor (D) when it decreases the work
function of the surface, i.e.,

9®/d6;)4,, <O. [8]

Table 3 shows that the global r versus ® behavior can of-
ten change from one type to the other even for the same re-
action and metal catalyst on changing the solid electrolyte
support or the gaseous composition. No clear pattern re-
garding the r versus ® behavior has been reported so far,
except some limiting observations, e.g., that C,H,4 oxidation
is always electrophobic at very high pa/po (=po,/Pc,H,)
ratios (109).

On classifying the reactions in this way (Table 3) several
clear patterns and regularities appear.

2. Promotional Rules

The rules of electrochemical promotion follow directly
from Table 3. For example, as shown in Table 3 all purely
electrophobic reactions are positive order in D and zero
or negative order in A. All purely electrophilic reactions
are positive order in A and zero or negative order in D.
Volcano-type reactions are always positive order in one
reactant and purely negative order in the other. Inverted
volcano-type reactions are positive order in both reactants.

Thus the following promotional rules can be formulated:

Electrophobic Reactions

Inspection of Table 3 shows the following rule for elec-
trophobic reactions:

Rule G1: A reaction exhibits purely electrophobic behav-
ior ((ar/9®)pa,po > 0) when the Kinetics are positive order
in the electron donor (D) reactant and negative or zero order
in the electron acceptor (A) reactant.

Table 3 lists 21 purely electrophobic reactions. Sufficient
information (Kinetics) exists for 17 cases. In all 17 cases
rule G1 is confirmed. There are no exceptions. A typical
example from the literature (11, 14) is shown in Fig. 7.

An equivalent formulation of rule G1 is the following:

Rule G1’: A reaction exhibits purely electrophobic behav-
ior ((3r/9®)p.,po > 0) when the electron acceptor reactant
(A) is strongly adsorbed and much more strongly adsorbed
on the catalyst surface than the electron donor reactant (D).

In the context of adsorption equilibrium constants ks and
kp, the latter can be expressed simply as

kapa>1 and Kkapa > kppp = (3r/9®)pa,pp > 0,
[]

where ka and kp are the adsorption equilibrium constants
of A and D on the catalyst surface. The dependence of ka
and kp on work function @ is discussed elsewhere (21, 67).

Electrophilic Reactions

Inspection of Table 3 shows the following rule for elec-
trophilic reactions:



ELECTROCHEMICAL AND CHEMICAL PROMOTION

100*9N4
3.0 20 16 09 O
1 [ | I
® 0.3 | Na doping| Na removal a
= onto Pt | from Pt g
e &
K 3 _
@ A
© 02 /7@ 6
- 4 /7
= ,/‘,j '
© - 7 .
T ,ﬁ///. [
(o . .
9 01 ﬂt/l‘ /6 -
= //E’r./.ox increasing
- ; -
2l 9 PCgHg
0 looct—L—
-0.6 -0.4 -0.2 0

Uwgr/V, Ad/eV

FIG.7. Example of rule G1 (electrophobic behavior): Effect of Na
coverage and concomitant work function change on the rate of CgHg
hydrogenation on Pt deposited on g”-Al,O3; (44). Note that the rate is
positive order in CgHg (D). It is also near zero order in H; (44).

Rule G2: A reaction exhibits purely electrophilic behavior
((r/a®)pa.po < 0) when the Kinetics are positive order in
the electron acceptor (A) reactant and negative or zero order
in the electron donor (D) reactant.

Table 3 lists 18 purely electrophilic reactions. Sufficient
information (Kkinetics) exist in 13 cases. In all 13 cases rule
G2 is confirmed. There are no exceptions. A typical exam-
ple from the electrochemical promotion literature (102) is
shown in Fig. 8.
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An equivalent formulation of rule G2 is the following:

Rule G2’;: A reaction exhibits purely electrophilic behavior
((3r/a®)pa.p < 0) when the electron donor reactant (D) is
strongly adsorbed and much more strongly adsorbed on the
catalyst surface than the electron acceptor reactant (A).

In the context of adsorption equilibrium constants the
latter can be expressed simply as

1k kDpD and kApA < kDpD = (8r/8<1>)pA_pD < 0.
[10]

Volcano-Type Reactions

Inspection of Table 3 shows the following rule for
volcano-type reactions:

Rule G3: A reaction exhibits volcano-type (maximum
type) behavior with respect to ® when the kinetics also ex-
hibit a maximum with respect to A (at fixed pp) and D (at
fixed pa) so that the rate is always positive order in A or D
and at the same time negative (not zero) order in D or A,
respectively.

Thus the following equivalent rule is derived:

Rule G3’: A reaction exhibits volcano-type behavior when
both the electron donor D and electron acceptor A are
strongly adsorbed on the catalyst surface.

Table 3 lists eight volcano-type reactions. Sufficient in-
formation (kinetics) exists in seven cases. In all seven cases
rule G3 is confirmed. There are no exceptions. A typical
example from the literature (38) is shown in Fig. 9.
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FIG.8. Example of rule G2 (electrophilic behavior): Effect of pc,n,(=pp) (a), Po, (=pa) (b), and A® (c) on the rate of C,H, oxidation on Pt

films interfaced with CaZryglng;0s-,, @ HT conductor (102). Note that (c) is obtained under gaseous composition where the rate is positive order in
O, and negative order in C,H, (a,b).
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FIG.9. Example of rule G3 (volcano-type behavior): Effect of py,(=pp) (a), po,(=pa) (b), and potential Uyr and A® (c) on the rate of H,

oxidation on Pt/graphite in aqueous 0.1 M KOH solutions (38). Note that under the py,, po, conditions of (c) the open-circuit rate is positive order
in H, (a) and negative order in O, (b) and that the orders are reversed with the applied positive potential (Uyr = 1.2 V). At this potential the rate

passes through its maximum (volcano) value (c).

In the context of adsorption equilibrium constants the
latter can be expressed as

Or/dD)papp >0, @ < Dy,
kapa,kopp > 1= (0r/d®)pap, =0, @ = D,
@r/0®)papp <0, &> Dy,

[11]

where @y, is the work function value at the rate maximum
(volcano maximum).

Inverted Volcano (Minimum)-Type Reactions

Inspection of Table 3 shows the following rule for in-
verted volcano-type reactions:

Rule G4: A reaction exhibits inverted volcano (minimum
rate) type behavior when the kinetics are positive order in
both the electron acceptor (A) and electron donor (D) reac-
tant.

Table 3 lists 11 inverted volcano reactions. Sufficient
information (kinetics) exists in 9 cases. In all 9 cases rule
G4 is confirmed. There are no exceptions. A typical exam-
ple from the literature (81) is shown in Fig. 10.

An equivalent formulation of rule G4 is the follo-
wing:

Rule G4’; A reaction exhibits inverted volcano-type be-
haviour when both the electron donor D and the electron
acceptor A are weakly adsorbed on the catalyst surface.

In the context of adsorption equilibrium constants, rule
G4’ can be expressed as

@r/o®)papp <0, @ < Py,
kapa,kopp < 1= 3r/d®)p,p, =0, @ = Pp,
@r/o®)papp >0, D> by,

[12]
where @, is the work function value at the rate minimum.

More Complex Examples

The excellent agreement between the above rules and the
classic and electrochemical promotion literature can also
be appreciated from Figs. 11 to 13 which show some more
complex examples that nevertheless can be fully described
by the above rules:

Figure 11 refers to C,H,4 oxidation on Pt/TiO, (90). The
kinetics change dramatically with potential (Figs. 11a, 11b).
For high potential Uygr and thus ® values the rate is posi-
tive order in O, (A) and negative order in C;H, (D). For
low @ values the rate is positive order in C;H, (D) and
even becomes negative order in O, (A) for high po, val-
ues (Fig. 11b). But in all cases the above rules G1 to G4
apply. For example for low po, (=pa) t0 pc,H, (=pp) ratios
(e.9., po, =1.45 kPa, pc,H, =5.6 kPa) the open-circuit rate
is positive order both in A and in D (Figs. 11a, 11b); thus in-
verted volcano behavior is obtained, according to rule G4,
(Fig. 11d). For high po,(=pa) t0 pc,H,(=pp) ratios (e.g.,
Po, =1.45 kPa, pc,n, =0.6 kPa) the open-circuit rate be-
comes near zero order in O, (=A) and positive order in
C,H4(=D) (Figs. 11a, 11b); thus purely electrophobic be-
havior is obtained (rule G1, Fig. 11c).
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FIG. 10. Example of rule G4 (inverted volcano-type behavior): Effect of pco (=pp) (8), Po,(=pa) (b), and A® and dimensionless catalyst potential

T (=FUwr/RT) (c) on the rate of CO oxidation on Ag films deposited on YSZ (81). T = 415°C. (a) po, = 3 kPa: [J, open-circuit; ®, Uyr = 475 mV,
A, Uyr = —1300 mV. (b) pco = 5 kPa: 0, open-circuit; ®, Uyr = 475 mV, A, Uyr = —1300 mV. (¢) po, = 3 kPa, pco = 5 kPa: ®, T = 363°C,
ro=2.7nmol Ofs; 0, T =390°C; ¥, ro = 3.4nmol O/s; V, T = 410°C, ro = 5.5 nmol Ofs.

Figure 12 comes from the classic promotion literature and
refers to CO oxidation on Pt(111) promoted with Li(110).
Aswith every alkali promoter, decreasing Li content on the
catalyst surface corresponds to increasing @ (21, 111). Here
O, is the electron acceptor (A) and CO plays the role of
the electron donor (D). For low pco/ po,(=Po/pPa) ratios
where the rate is positive order in CO the rate is dramat-
ically enhanced with increasing @, i.e., with decreasing Li
coverage (Figs. 12a, 12b; rule G1). For high pco/ po, ratios,
where the rate is negative order in CO, electrophilic behav-
ior is observed for low Li coverages (Figs. 12a, 12b; rule
G2).

The behavior is qualitatively similar for CO oxidation
on Pt deposited on B”-Al,O3, a Na™ conductor and pro-
moter donor, as shown in Fig. 13 which comes from the
electrochemical promotion literature (29). Here when the
rate is negative order in CO(=D) electrophilic behavior
(ar/0® < 0) is obtained (Fig. 13, rule G2). When the rate
is positive order in CO, weak electrophobic behavior is
observed (Fig. 13, rule G1). Note that the rate exhibits
volcano-type behavior with respect to both ® and pco (rule
G3).

Connection between ® and Adsorbate Coverage

The work function ® can be directly related to the cov-
erage, 6;, of the promoting ion via the Helmholtz equation
(20, 112)

e
AP = —N\AHAGi,
€0

[13]

where eis the unit electron charge (1.6 x 10~° C/atom), Ny,
is the surface atom density of the catalyst surface (atom/m?),

g0 = 8.85 x 10712 C?/J-m, and P (C-m) is the dipole mo-
ment of the promoting speciesi. Typically P, is of the order
of 1-5 D (1 D (Debye) = 3.36 x 107%° C.m).

In general P, is coverage-dependent and also the
Helmholtz equation has to be written in its general form

e
AD = S—I\:V' > Pag;, [14]
j

where the summation extends over all adsorbed reactants,
intermediates, and promoters. This is because when the cov-
erage, 6;, of a promoting species, i, is varied in an electro-
chemical (or classical) promotion experiment, it is reason-
able to expect that the coverages of coadsorbed reactants,
0 i, will also change. Since, however, the dipole moment,
P, of electropositive (P, < 0) or electronegative (P, > 0)
promoters, such as Na’* and O?", is typically a factor of
5 larger than the dipole moments of more covalently ad-
sorbed reactants and intermediates (112-115), experiment
has shown that Equation [13] rather than its more general
form [14] can be used to a good approximation (20, 29, 115).

This enables one to formulate the above promotional
rules G1 to G4 (Egs. [9] to [12]) also in terms of promoter
coverage by simply replacing 0® by 96; (for electronegative
promotersi) and by —a6; (for electropositive promotersi).

Local Promotional Rules
When examining the rate dependence on ® atany specific
work function ® value, two possibilities exist:

(3r /0®) pa,pp > O (electrophobic behavior),  [15]
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FIG.11. Example of rules G1 and G4: Effect of pc,n, (=pp) (a),

Po,(=pa) (b), and A® and IT (=FUwr/RT) (c), on the rate of C;H,
oxidation on Pt films deposited on TiO, (90). Numbers (in V) refer to
AUwr, which is a factor of 10 larger than A® (82). (a) po, = 1.45 kPa; @,
+3V;l, 42V, ®, open-circuit; 0, =2 V; O, =3 V. (b) pco = 3kPa; ®, +3
V; ®, open-circuit; O, =3 V. (¢, left) pc,n, = 0.6 kPa; po, = 1.45kPa, rule
G1; (c, right) pc,n, = 5.6 kPa, po, = 1.45 kPa, rule G4.

(or /0®) pa,pp < 0 (electrophilic behavior). [16]

On the basis of the above global promotional rules the
following two very simple local (L) rules can be directly
derived:

Rule L1: When the electron acceptor reactant (A) is more
strongly adsorbed than the electron donor reactant (D) then
the reaction exhibits local electrophobic behavior.

Mathematically this is expressed as

kapa > Kppp = (3r/d®)p, pp > 0. [17]

Rule L2: When the electron acceptor reactant (A) is more
weakly adsorbed than the electron donor reactant (D) then
the reaction exhibits local electrophilic behavior.

Mathematically this is expressed as

kapa < kppp = (3r/0®)p, pp < 0. [18]
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to negative order in CO (rule G3). Based on the data of Ref. (110).

The local rules L1 and L2 can also be expressed in the
following equivalent way:

Rule L1’: When the rate is negative or zero order in the
electron acceptor A and positive order in the electron donor
D then the reaction exhibits electrophobic behavior.

Rule L2: When the rate is positive order in the electron ac-
ceptor A and negative or zero order in the electron donor D
then the reaction exhibits electrophilic behavior.

Rules L1 and L2 (or L1 and L2") are exemplified in
Table 3 and Figs. 7 to 13.

Itis also clear that the global promotional rules G1 to G3
stem directly from rules L1 and L2, so that if rules L1 and
L2 can be rationalized at the molecular level, then rules G1
to G3 can also be rationalized.

Before proceeding with this rationalization at the
molecular level we first present a direct mathematical

20 ‘
2 \\".‘""””'.I,,,i,.’.’m- i 'I’l"l""
2 & m'«",',',;%lmumm'l
o 10 T TR
. e .'~'."",’,"ﬂfm I
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0.8 ' 320
0 5 N
UarV " gg ~ RC
006 o og %
. 0.02
SNa 0
FIG. 13. Examples of rules G1, G2, and G3: Effect of pco (=pp) and

of Na coverage and corresponding Uyr value on the rate of CO oxidation
on Pt films deposited on 8”-Al,Os at fixed po, = 6 kPa (29). Note that
ar/9d always traces dr/dpco for negative, positive, and zero (volcano
peak) values.
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consequence of rules L1 and L2’

(arI) (aprD)(b ~
Pa. Po > Pa ’
PA. Pp Pa @, pp

These surprisingly simple inequalities contain mathemati-
cally not only the local rules L1 and L2 but also the global
rules G1 to G3. This is also clear from Table 3 and from
Figs. 7 to 13.

This is not surprising in view of the fact that rules G1,
G, G2, G2, and G3 and hence L1, L1, L2, and L2, as
well as the practical rules P1 and P2 discussed below, are all
expressions of the same simple idea: In the presence of an
adsorbate that is so strongly adsorbed that it is slowing the
catalytic rate due to site blocking, then the reaction rate can
be increased by decreasing the strength of that adsorption
and hence lowering the coverage.

Inequality [19] dictates that (unless both A and D are
very weakly adsorbed, rule G4) the r versus ® dependence
always follows (has the same sign with) the r versus pp
behavior.

This again can be confirmed from Table 3 and Figs. 7 to 10
as well as from the more complex Figs. 11 to 13 which show
the transition from one global behavior to another as pa
and pp are varied. Note, for example, in Fig. 13 that when
a reaction exhibits a maximum in the r versus pp(=pco)
behavior, it also exhibits a maximum (volcano) in the r
versus ® behavior.

One might rightly ask why this close and preferential
connection exists between the r versus ® and r versus pp
dependencies. The answer is straightforward and has sim-
ply to do with the definitions of ® and Fermi level Eg (or
electrochemical potential of electrons w(=Efg) (20, 112))
which are connected via (20, 33, 112)

[19]

[20]

—u=>o+ev, [21]
where W is the outer (or Volta) potential of the catalyst
surface. For an overall neutral catalyst surface (as is usually
the case, e.g., when it is covered by the effective double
layer, Fig. 2) itis ¥ = 0 (20, 30, 33) and thus

—n==o, —Er=ao. [22]
Consequently the generalized promotional rules [19] and
[20] can also be written as

(8Er|:>p P <8|OrD)E p, =
'A> MD F> PA ’
PA, Pp I EvaD ’

[23]

[24]
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and now one sees from Egs. [23] and [24] that the r versus
Er dependence follows the r versus pa (electron accep-
tor) dependence. So (dr /0 ®) traces (dr /0pp), EQ. [19], and
(or /0 EEg) traces (ar /9pa), EQ. [24].

Contrary to rules G1, G1’, G2, G2/, and G3 (which refer
to strong adsorption of either D or A or both D and A),
rule G4 (as well as rule P3 which follows) refers to the case
of weak adsorption of both D and A in which case both
(or/0opp) and (dr/dpa) are positive. In this case Egs. [19]
and [20] are not valid and are simply replaced by

(®— D) (8_r>
; I PA, P

or, equivalently for an overall neutral surface (20, 30, 33),

ar
(EF — EF,m) (f) > 0.
F/ pa.po

Equation [25] is rule G4 (Fig. 10) and is discussed and ra-
tionalized in Appendix A.

[25]

[26]

Practical Considerations

The above global and local promotional rules suggest, ina
straightforward manner, the following three practical rules
for promoter selection with respect to rate maximization:

Rule P1: If a catalyst surface is covered predominantly by
an electron acceptor adsorbate, then an electron acceptor
(electronegative) promoter is to be recommended.

Rule P2: If a catalyst surface is covered predominantly by
an electron donor adsorbate, then an electron donor (elec-
tropositive) promoter is to be recommended.

Rule P3: If a catalyst surface has very low coverages of both
electron acceptor and electron donor adsorbates, then both
an electron acceptor and electron donor promoter will en-
hance the rate.

Needless to say, the above practical promotional rules
are applicable for modest (e.g., <0.2) coverages of the pro-
moting species so that site blocking by the promoter does
not become the dominant factor limiting the catalytic rate.

3. RATIONALIZATION OF THE PROMOTIONAL RULES

Previous electrochemical promotion studies have used
(9-11, 13-21, 29, 38, 53, 57-60, 65-109) two very simple
qualitative rules to explain all the observed effects of vary-
ing potential Uyr or work function ® on the reaction
kinetics (16-21):

Rule F1: Increasing work function ® (e.g., via addition
of electronegative promoters) strengthens the chemisorptive
bond of electron donor adsorbates (D) and weakens the
chemisorptive bond of electron acceptor adsorbates (A).
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Rule F2: Decreasing work function & (e.g., via addition
of electropositive promoters) weakens the chemisorptive
bond of electron donor adsorbates (D) and strengthens the
chemisorptive bond of electron acceptor adsorbates (A).

These two complementary rules are intuitively obvious;
e.g., can be simply derived by considering the lateral at-
tractive and repulsive interactions of coadsorbed reactants
and promoters (Appendix B). They can explain all the ob-
served promotionally induced kinetics for more than sixty
different catalytic systems (Table 3). As an example these
two rules can explain all the observed changes in kinetics
orders with ® shown in Figs. 8 to 13 in a straightforward
manner.

We are not aware of any exceptions to these rules even in
cases where they lead at a first glance to surprising predic-
tions, e.g., that addition of O>~ on a Rh surface destabilizes
formation of surface Rh,O3 (72) or thatanodic (AUwr > 0)
polarization of Pt both on solid electrolyte surfaces (11, 20)
and in agueous media (38) weakens the Pt=0O chemisorp-
tive bond and leads to massive O, desorption (37, 115) or
that alkali addition on transition metal surfaces enhances
O chemisorption and thus promotes hydrocarbon oxida-
tion under fuel-rich conditions (29, 99). All these predic-
tions have been confirmed experimentally (11, 20, 37, 38,
72, 115) and, for many cases, also theoretically via rigorous
guantum-mechanical calculations using metal clusters (116,
117).

It therefore becomes important to discuss: (a) How the
“fundamental” rules F1 and F2 lead to the experimentally
observed promotional rules L1, L2, and G1-G4. (b) How
the “fundamental” rules F1 and F2 follow from fundamen-
tal first principles.

Derivation of the Experimental Local Rules L1 and L2
from the Fundamental Rules F1 and F2

The two “fundamental” rules F1 and F2 can be expressed

mathematically as
I PA; PD

I PA; P

As shown in Appendix A these two “fundamental” rules
lead directly mathematically to the experimental rules L1
and L2 (Eqgs. [17], [18] and, for low coverages, to rule G4,
Eg. [25]). Henceforth the global rules G1 to G4 are all de-
rived on the basis of the “fundamental” rules F1 and F2.
It should be noted that the two fundamental rules F1
and F2 (Egs. [27] and [28]) are neither mathematically nor
physically identical to the definitions of electron acceptor
and electron donor adsorbates (Egs. [7] and [8]) although
obviously they are related. Mathematically the difference is

[27]

[28]
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FIG. 14. (a) Alkali adsorption on Ru(0001). Effect of work function

change on chemisorptive bond strength; based on the data of Ref. (119). (b)
CO chemisorption on alkali-modified Ru(10 1 0). Effect of work function
change on the adsorption enthalpy of CO. Based on the data of Refs. (120,
121).

in the subscripts (i.e., what is kept constant). Physically the
difference is the following: Equations [7] and [8] are based
on the Helmholz equation [13] and simply describe how &
varies with changing 6 or 6p (keeping all other coverages
constant). Onthe other hand Eqs. [27] and [28] (rules F1and
F2) describe how 64 and 6p vary with changing @ (at fixed
Pa, Pp, i.e., under usual experimental catalytic or electro-
chemical promotion conditions) via, for example addition
of a promoter or potential application in electrochemical
promotion experiments.
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Experimental Confirmation and First Principle programmed desorption (TPD) (2, 37, 115, 116, 118). Here
Rationalization of Rules F1 and F2 (Figs. 14, 15) we show a few such results both from the
classic promotion and from the electrochemical promotion
literature (2, 115, 118-121).
All these results conform nicely to the approximate equa-

The variation in the enthalpy of adsorption of elec-
tron acceptor (e.g., O), electron donor (e.g., CoH,), and
amphoteric (e.g., H, CO) adsorbates with varying promoter

coverage and thus work function ® has been studied ex- tion
perimentally using mostly the technique of temperature- AlAHj| ~ ap, - AD, [29]
Ad/eV
0 04 0.8 1.2
= 3 T T T T T
8 %53
(2) & ¥2ee (b)
> L
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FIG. 15. Oxygen chemisorption on polycrystalline Pt, Ag, and Au films deposited on YSZ at low (6o < 0.1) coverages (115, 118). (a) Redhead plots
obtained at various imposed A® values for O chemisorption on Pt (115). (b) Effect of A® on the adsorption enthalpy of O on Pt, Ag, and Au (118).
(c) Effect of A® on the adsorption enthalpy of O on Pt from the cluster quantum-mechanical calculations of Pacchioni et al. (107). SCF, self-consistent
field. Note that (i) on considering only electrostatic (Stark) effects a straight line is obtained (107) as in Appendix B (ii) the electrostatic (Stark) effect
is dominant, as only minor deviations are obtained on solving the full SCF equations.
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where the parameter ay; (an; ~ 0.2-1) is positive for elec-
tropositive (electron donor) adsorbates and negative for
electronegative (electron acceptor) adsorbates. This cor-
relation is similar in form to that proposed by Boudart
many years ago (122), has a firm electrostatic (Appendix B)
and quantum mechanical (116, 117) basis, and as shown in
Figs. 14 and 15, provides an excellent description for the ad-
sorption of alkalis on Ru(0001) (119), CO on alkali (Na, K,
Cs)-modified Ru(1010) (120, 121), and O on polycrystalline
Pt, Ag, and Au surface interfaced with YSZ and modified
by O?~ (2, 37, 115, 118). We do not imply that equation [29]
is a general fundamental equation, although, as shown in
Fig. 15, the ab initio quantum-mechanical calculations of
Pacchioni and lllas (116, 117) are in excellent agreement
with it and although it can be rigorously derived on the
basis of a simple electrostatic model that accounts only
for through-the-vacuum adsorbate interactions as shown
in Appendix B, which also provides a natural meaning to
the parameter ay; on the basis of the dipole moment P; of
adsorbate j.

But we are also not aware of any published excep-
tions to the physical meaning it conveys, i.e., that the en-
thalpy of adsorption and thus, according to any isotherm,
the coverage of an electron acceptor/donor adsorbate de-
creases/increases with increasing work function ® and thus
decreasing Fermi level Eg.

As shown in Figs. 14 and 15 the experimental oy, values
are ~0.2 for alkalis on Ru(0001) (Fig. 14a), ~—0.2 for CO
on Na-modified Ru(10 1 0) (Fig. 14b, here CO behavesas an
electron acceptor as is very often the case (2)), —1 for O on
Pt and Ag (Fig. 15b), and —4 for O on Au (Fig. 15b). These
values imply dipole moment, P, values on the order of 1-
5 D, in good agreement with the literature (20, 112-114) as
also discussed in Appendix B.

Thus Eg. [29] and the semiquantitative trends it con-
veys can be rationalized on the basis of both lateral coad-
sorbate interactions (Appendix B) and rigorous quantum-
mechanical calculations on clusters (116) (which have
shown that 80% of the repulsive O> -0 interaction is in-
deed an electrostatic (Stark) through-the-vacuum interac-
tion). Qualitatively similar conclusions can be reached also
by the more recent quantum-mechanical calculations of
Koper and van Santen regarding the adsorption of CO on
metal surfaces (123).

CONCLUSIONS

Careful classification and examination of the electro-
chemical promotion and classic promotion literature have
revealed four simple and rigorous experimental rules (G1-
G4) which enable one to predict the rate versus work func-
tion, @, behavior of catalytic reactions (electrophobic, elec-
trophilic, volcano, inverted volcano) on the basis of the rate
dependence on the reactants on the unpromoted surface.
The rate versus ® dependence traces, generally, the rate
versus pp dependence except at very low coverages.
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These experimental “global” rules G1 to G4 lead to three
practical rules, P1 to P3, which dictate the choice of pro-
moter type (electropositive or electronegative) on the ba-
sis of the nature (electron donor or acceptor) of the most
strongly bonded reactant species.

The experimental global rules are intimately based on
two fundamental rules, F1 and F2, dictating the effect of
work function change induced by the promoter on the bind-
ing strength of electron donor and electron acceptor adsor-
bates. These fundamental rules are strongly supported both
by the experimental surface science literature and by rigor-
ous model ab initio quantum-mechanical calculations.

The rules presented here allow one to make some very
clear predictions. Although we have found no exceptions in
more than 60 cases, it will be interesting to compare these
rules with more catalytic systems where the r versus pa,
Pp, and ® dependence is studied in detail.

APPENDIX A

Here we first show that the local rules L1 and L2
(Egs. [19], [20]) and thus also rules G1 to G3 follow from
the “fundamental” rules F1 and F2 (Eqs. [27], [28]). At the
end we also show that rules F1 and F2 also lead to rule G4
as a limiting case of very low coverages of both reactants.

We start from Eqs. [27] and [28] written as pure inequal-

ities:
a0
(—D> > 0, [A1]
I Pa, Po
a0
(—A> <0. [A2]
I Pa, Po
We examine Eq. [Al] and consider two cases:
ar
(—) >0, [A3]
96 Pa, Po
ar
1. <—) <0. [A4]
90 Pa, Pp

Broadly speaking, case | corresponds to low coverage of
D and case Il corresponds to high coverage of D. Thus in

case I,
<8_r> -0, [A5]
apD ([),pA
and in case 11,
a
(—r) <o. [A6]
8pD P, pa
Case I.  On multiplying inequalities [A1] and [A3] one
obtains

[AT]

ar
(—) > 0.
P Pa. Pp
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From [A5] and [A7] it follows that

<8r ) ( or )
= ) s
I PA, Po 9Pp D, pa

which is inequality [19], i.e., Rule L1.

[A8]

Case 1.
obtains

On multiplying inequalities [A1] and [A4] one

ar
<—> < 0.
I Pa, Po

From [A6] and [A9] it follows that

<8r > ( or >
— —_— > 0,
I PA, PD apD ®,pa

which isagain Rule L1". Thusin both cases I and 11, inequal-
ity [A8], i.e., rule L1, has been proven.

The procedure is identical for deriving rule L2/, i.e., in-
equality [20]: We start from inequality [A2] and consider

[A9]

[A8]

two cases:
ar
I (—) > 0, [A10]
I0A PA, Po
ar
. (—) <0. [Al1]
aGA PA, Pp
In case I,
ar
<—> > 0, [A12]
Ipa ®,pp
and in case 11,
ar
(—) < 0. [A13]
apA @, pp
Case I. On multiplying inequalities [A2] and [A10] one
obtains
ar
<—> <0. [Al4]
I Pa, Po
From [A12] and [A14] it follows that
ar ar
<_) (_) <0, [A15]
I PA, PD Ipa @, pp

which is inequality [20], i.e., rule L2'.

Casell.
obtains

Onmultiplying inequalities [A2] and [Al1] one

ar
(—> > 0.
D Pa. Po

[AT]
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From [A13] and [A7] one obtains again

<8r ) ( or )
— — <0,
I PA, PD Ipa @, pp

which is again inequality [20], i.e., rule L.2'.

When both 65 and 6p are low, it can be reasonably
assumed that repulsive lateral interactions between the
adsorbates and the promoter are negligible in comparison
to the attractive ones. This can be easily understood as
follows: Consider a catalyst surface with very low coverages
of Aand D, e.g., very low adsorption equilibrium constants
ka and kp, where an electropositive (or electronegative)
promoter is introduced, also at a low coverage 6p. The
presence of the electropositive (electronegative) promoter
will locally (~6,) enhance the local sticking coefficient,
ks.a (or ksp), of the electron acceptor A (or electron
donor D) reactant very significantly (up to two or three
orders of magnitude (1, 2, 20, 21)) and thus will enhance
significantly the average sticking coefficient of A (or D) on
the catalyst surface. At the same time the average sticking
coefficient of D (or A) will be only marginally affected
since a fraction 1 — 6, ~ 1 of the catalyst surface is still
available for the adsorption of D or A.

Thus, at low coverages, an electropositive (electroneg-
ative) promoter will enhance the sticking coefficient of
the electron acceptor (donor) reactant without practically
changing the sticking coefficient of the electron donor (ac-
ceptor) reactant.

By the same argument one can see that the desorption
rate constants kq o and ky p of A and D will not be signifi-
cantly affected by the presence of the promoter.

Thus the adsorption equilibrium constant of A (or D),
ka = Ks.a/ka.a (Ko = ks.p/kd.p), Will be enhanced but that
of D (or A) will remain practically unaffected. This leads
to the following limiting expression of rules F1 and F2:

[A15]

30

<_D> =0, @3> D, [AL6]
I Pa. Pp
30

(—D> =0, &< b, [A17]
I Pa. Po
30

<—A> <0, ® < O, [A18]
I Pa. Pp
36

<_A) —0, &> op, [A19]
I Pa. Pp

where @, is the work function at the point of zero charge
(pzc) (48). Equations [A16] to [A19] express that, at very
low coverages, the promoter can enhance 64 and 6p only by
enhancing one of the two sticking coefficients as described
above. Since at low coverages,

< or ) 0 ( or ) 0
— > U, — > U,
89A Pa. Pp 89D PA. Po

[A20]
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it follows directly from inequalities [A16] to [A20] that

(a_r) (® — &) > 0.
I PA, P

Thus rule G4, as well as rules L1’ and L2' (and therefore
rules G1 to G3), follows directly from the “fundamental”
rules F1 and F2 (Egs. [27], [28]). Rule G4 is a special case
corresponding to low coverages of both reactants. Repul-
sive lateral interactions that play an important role at high
coverages (rules G1 to G3) here become negligible.

[A21]

APPENDIX B: ELECTROSTATIC INTERACTIONS
OF ADSORBATES IN A DOUBLE LAYER

Here we show that Eq. [29] relating A® and change in
adsorption enthalpy can be derived by simply taking into ac-
count the electrostatic interactions between the adsorbate
and the effective double layer.

We consider the adsorbate shown schematically in
Fig. 16a in the presence of the double layer formed by the
backspillover ions on the catalyst surface. Specific examples

g -

=\l e e - L =

uOG%W

Pt 0% Na® O(ad) C,Ha(ad)

FIG. 16. (a) Schematic representation of an adsorbed molecule with
dipole moment F3j in the effective double layer formed at a metal/gas inter-
face. (b) Schematic of the double layer during C,H,4 oxidation promoted
by O°~ and Na’*.
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of the effective double layer for surfaces promoted by O%~
and Na’* are shown schematically in Fig. 16b. The double
layer is assumed homogeneous with a thickness d and a
uniform field strength E which can be computed from

= (Ad/ed)n, [B1]
where Ad(= & — &) is the work function difference be-
tween that of the actual surface and that of the surface at
its pzc (30, 31, 33, 48), and n is the unit vector normal to the
surface and pointing to the vacuum.

It is clear from electrostatics that the change AH in the
potential energy, and thus internal energy and enthalpy of
the adsorbed molecule, j, with dipole moment I5,-, due to
the presence of the field is

AHJ' :EP]‘; [BZ]

thus

AszAq)-(qj)(Zld)COSa) [B3]

and, therefore, Eq. [29] has been derived, with ay, =
(g;/e)(1/2d) cos w.

An increase in the enthalpy, H, of the adsorbate causes
an equal decrease in its activation energy for desorption,
Eq, i.e., AH = —AEg; thus,

AEgj=—Ad. (qj) (2d> coSs .

Thus for the case of O chemisorbed on Pt where cos w =1,
if one reasonably assumes| = d, then one obtains

[B4]

n: .
AEq = _(§L> AD, AEq = %’A(D, [B5]
where Aj(= n;/e) is the partial charge transfer parameter
of adsorbate j, which is positive for an electron donor and
negative for an electron acceptor.

Equation [B5] is in excellent agreement with experiment
(Fig. 15) and allows one to speculate that the partial charge
transfer g is near —2 for the case of O chemisorption on
Pt. In fact one can speculate that Eq. [B5] can even account
qualitatively for the decrease in the A E versus @ slope from
(—1 to —4) as one goes (Fig. 15b) from Pt and Ag (—1) to
Au (—4) where d can be reasonably expected to be smaller
due to the lower O%~ coverage (115, 118) and, thus, less
“dense” double layer.

ACKNOWLEDGMENTS

We thank BASF, EPRI, DuPont, and the European TMR Programme
for financial support and our three reviewers for several thoughtful com-
ments and suggestions.



10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31

ELECTROCHEMICAL AND CHEMICAL PROMOTION

REFERENCES

. Hegedus, L. L., Aris, R., Bell, A. T., Boudart, M., Chen, N. Y., Gates,

B. C., Haag, W. O, Somorijai, G. A., and Wei, J., in “Catalyst Design:
Progress and Perspectives.” Wiley, New York, 1987.

. Kiskinova, M., in “Poisoning and Promotion in Catalysis Based

on Surface Science Concepts and Experiments,” No. 70. Elsevier,
Amsterdam, 1992.

. Chen, K., Xie, S., Bell, A. T., and Iglesia, E., J. Catal. 195, 244 (2000).
. Goodman, D. W,, Kelley, R. D., Madey, T. E., and Yates, J. T., Jr.,

J. Catal. 63, 226 (1980).

. Somorjai, G. A., in “Chemistry in Two Dimensions: Surfaces.”

Cornell Univ. Press, Ithaca, NY 1981.

. Engel, T, and Ertl, G., in “Chemical Physics of Solid Surfaces and

Heterogeneous Catalysis” (D. A., King and D. P,, Woodruff, Eds.),
No. 4, 1982.

. Norskov, J. K., in “Physics and Chemistry of Alkali Metal Adsorption,

Material Science Monographs” (H. P. Bonzel, A. M. Bradshaw, and
G. Ertl, Eds.), No. 57. Elsevier, Amsterdam, 1989.

. Stoukides, M., and Vayenas, C. G., J. Catal. 70, 137 (1981).
. Vayenas, C. G, Bebelis, S., and Neophytides, S., J. Phys. Chem. 92,

5083 (1988).

Vayenas, C. G., Bebelis, S., and Ladas, S., Nature 343, 625 (1990).
Bebelis, S., and Vayenas, C. G., J. Catal. 118, 125 (1989).

Politova, T. I., Sobyanin, V. A., and Belyaey, V. D., React. Kinet.
Catal. Lett. 41, 321 (1990).

Harkness, 1., and Lambert, R. M., J. Catal. 152, 211 (1995).

Cavalca, C. A, and Haller, G. L., J. Catal. 177, 389 (1998).
Varkaraki, E., Nicole, J,, Plattner, E., Comninellis, C., and Vayenas,
C. G, J. Appl. Electrochem. 25, 978 (1995).

Vayenas, C. G., and Bebelis, S., Catal. Today 51, 581 (1999).
Vayenas, C. G., and Neophytides, S., in “Electrochemical Activa-
tion of Catalysis: In Situ Controlled Promotion of Catalyst Surfaces,”
No. 12, pp. 199-253. Roy. Soc. of Chem., Cambridge, 1996.
Vayenas, C. G., Bebelis, S., Yentekakis, 1. V., and Lintz, H.-G., Catal.
Today 11, 303 (1992).

Vayenas, C. G., and Yentekakis, I. V., in “Electrochemical Modifica-
tion of Catalytic Activity” (G. Ertl, H. Knétzinger, and J. Weitcamp,
Eds.), pp. 1310-1338. VCH, Weinheim, 1997.

Vayenas, C. G,, Jaksic, M. M., Bebelis, S., and Neophytides, S. G,,
in “The Electrochemical Activation of Catalysis” (J. O. M. Bockris,
B. E. Conway, and R. E. White, Eds.), No. 29, pp. 57-202. Kluwer
Academic/Plenum, New York, 1996.

Vayenas, C. G., Bebelis, S., Pliangos, C., Brosda, S., and Tsiplakides,
D., in “The Electrochemical Activation of Catalysis,” in press, Kluwer
Academic/Plenum, New York, 2001.

Bockris, J. O. M., and Minevski, Z. S., Electrochim. Acta 39, 1471
(1994).

Lu, G.-Q., and Wieckowski, A., Curr. Opin. Colloid Interface Sci. 5,
95 (2000).

Pritchard, J., Nature 343, 592 (1990).

Grzybowska-Swierkosz, B., and Haber, J., in “Annual Reports on the
Progress of Chemistry,” No. 91, p. 395. Roy. Soc. of Chem. Cambridge,
1994.

Nicole, J,, Tsiplakides, D., Pliangos, C., Verykios, X. E., Comninellis,
C., and Vayenas, C. G,, J. Catal., in press (2001).

Vayenas, C. G., and Pitselis, G., I&EC Res. 40(82), (2001).
Wieckowski, A., Savinova, E., and Vayenas, C. G, in “Cataly-
sis and Electrocatalysis at Nanoparticles.” 1 Dekker, New York,
2001.

Yentekakis, 1. V., Moggridge, G., Vayenas, C. G., and Lambert, R. M.,
J. Catal. 146, 292 (1994).

Vayenas, C. G., and Tsiplakides, D., Surf. Sci. 467, 23 (2000).
Tsiplakides, D., and Vayenas, C. G., J. Electrochem. Soc. 148, E189
(2001).

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

46.

47.
48.

49.
50.
51.
52.
53.
54.
55.
56.

57.
58.

59.
60.
61.
62.
63.

64.

65.
66.
67.

68.
69.

349

Cavalca, C., Larsen, G., Vayenas, C. G., and Haller, G., J. Phys. Chem.
97, 6115 (1993).

Vayenas, C. G., J. Electroanal. Chem. 486, 85 (2000).

Ladas, S., Kennou, S., Bebelis, S., and Vayenas, C. G., J. Phys. Chem.
97, 8845 (1993).

Palermo, A., Tikhov, M. S, Filkin, N. C., Lambert, R. M., Yentekakis,
I. V., and Vayenas, C. G., Stud. Surf. Sci. Catal. 101, 513 (1996).
Zipprich, W., Wiemhofer, H.-D., Vohrer, U., and Gopel, W., Ber.
Buns. Phys. Chem. 99, 1406 (1995).

Tsiplakides, D., and Vayenas, C. G., J. Catal. 185, 237 (1999).
Neophytides, S., Tsiplakides, D., Stonehart, P, Jaksic, M., and
Vayenas, C. G., Nature 370, 292 (1994); J. Phys. Chem. 100, 14803
(1996).

Kek, D., Mogensen, M., and Pejovnik, S, in “Proceedings, 3rd
International Symposium on Electrocatalysis, Portoroz, Slovenia,”
pp. 257-261, 1999.

Frantzis, A. D., Bebelis, S., and Vayenas, C. G., Solid State lonics
136/137, 863 (2000).

Makri, M., Vayenas, C. G., Bebelis, S., Besocke, K. H., and Cavalca,
C., Surf. Sci. 369, 351 (1996).

Frantzis, A., and Vayenas, C. G., Surf. Sci. (2001).

Ladas, S., Bebelis, S., and Vayenas, C. G., Surf. Sci. 251/252, 1062
(1991).

Cavalca, C. A., Ph.D. thesis, Yale University, 1995.

Poppe, J., Schaak, A., Janek, J., and Imbihl, R., Ber. Buns. Phys.
Chem. 102, 1019 (1998).

Poppe, J., Voelkening, S., Schaak, A., Schuetz, E., Janek, J., and
Imbihl, R., Phys. Chem. Chem. Phys. 1, 5241 (1999).

Nicole, J, Ph.D. thesis, EPFL, Lausanne, 1999.

Bockris, J. O. M., Reddy, A. K. M., and Gamboa-Aldeo, M., in
“Modern Electrochemistry,” No. 2A: Fundamentals of Electrodics,
No. 2B: Electrodics in Chemistry, Engineering, Biology, and Envi-
ronmental Science. Kluwer Academic/Plenum, New York, 2000.
Emery, D. A, Luke, R. J. C., Middleton, P. H., and Metcalfe, I. S,,
J. Electrochem. Soc. 146, 2188 (1999).

Emery, D. A., Middleton, P. H., and Metcalfe, I. S., Surf. Sci. 405, 308
(1998).

Emery, D. A., Middleton, P. H., and Metcalfe, I. S, J. Electrochem.
Soc. 146, 2194 (1999).

Parsons, R., J. Electroanal. Chem. 486, 90 (2000).

Bebelis, S., and Vayenas, C. G., J. Catal. 138, 570 (1992).

Metcalfe, 1., J. Catal. 199, 247 (2001).

Metcalfe, 1., J. Catal. 199, 259 (2001).

Belyaev, V. D., Politova, T. I., and Sobyanin, V. A., Solid State lonics
137/137(721) (2000).

Tsiakaras, P, and Vayenas, C. G., J. Catal. 140, 53 (1993).

Marwood, M., Kaloyannis, A., and Vayenas, C. G., lonics 2, 302
(1996).

Vayenas, C. G., Bebelis, S., Yentekakis, I. V., Tsiakaras, P, and
Karasali, H., Platinum Met. Rev. 34, 122 (1990).

Vayenas, C. G., and Neophytides, S., J. Catal. 127, 645 (1991).
Campbell, C. T., J. Phys. Chem. 89, 5789 (1985).

Campbell, C. T., and Koel, B. E., Surf. Sci. 183, 100 (1987).
Yentekakis, 1. V., Lambert, R. M., Tikhov, M. S., Konsolakis, M., and
Kiousis, V., J. Catal. 176, 8292 (1998).

Alexandrou, F. A., Papadakis, V. G., Verykios, X. E., and Vayenas,
C. G,, in “Proceedings, 4th International Congress on Catalysis and
Automotive Pollution Control,” Vol. 2, pp. 1-16 (1997).

Yiokari, C. G, Pitselis, G. E., Polydoros, D. G., Katsaounis, A. D., and
Vayenas, C. G., J. Phys. Chem. 104, 10600 (2000).

Pliangos, C., Raptis, C., Badas, T., and Vayenas, C. G., Solid State
lonics 136/137, 767 (2000).

Brosda, S., and Vayenas, C. G., J. Catal. (2001).

Kaloyannis, A., and Vayenas, C. G., J. Catal. 171, 148 (1997).
Yentekakis, 1. V., and Vayenas, C. G,, J. Catal. 111, 170 (1988).



350

70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.
81.

82.
83.

84.
85.

86.
87.
88.
89.
90.
91
92.
93.
94,
95.

96.

97.

VAYENAS, BROSDA, AND PLIANGOS

Karasali, H., and Vayenas, C. G., Mater. Sci. Forum 76, 171 (1991).
Kaloyannis, A., and Vayenas, C. G., J. Catal. 182, 37 (1998).
Pliangos, C., Yentekakis, 1. V., Verykios, X. E., and Vayenas, C. G.,
J. Catal. 154, 124 (1995).

Pliangos, C., Raptis, C., Badas, T., and Vayenas, C. G., lonics 6, 119
(2000).

Algahtany, H., Chiang, P. H., Eng, P, Stoukides, M., and Robbat,
A. R, Catal. Lett. 13, 289 (1992).

Giannikos, A., Frantzis, A. D., Pliangos, C., Bebelis, S., and Vayenas,
C. G,, lonics 4, 53 (1998).

Marwood, M., and Vayenas, C. G., J. Catal. 170, 275 (1997).

Bebelis, S., and Vayenas, C. G., J. Catal. 138, 588 (1992).

Karavasilis, C., Bebelis, S., and Vayenas, C. G., J. Catal. 160, 190
(1996).

Stoukides, M., and Vayenas, C. G., J. Electrochem. Soc. 131, 839
(1984).

Tsiakaras, P, and Vayenas, C. G., J. Catal. 144, 333 (1993).
Karavasilis, C., Bebelis, S., and Vayenas, C. G., Mater. Sci. Forum 76,
175 (1991).

Neophytides, S., and Vayenas, C. G., J. Catal. 118, 147 (1989).

Hong, J. K., Oh, I.-H., Hong, S.-A., and Lee, W. Y., J. Catal. 163, 95
(1996).

Mar’ina, O. A., and Sobyanin, V. A, Catal. Lett. 13, 61 (1992).
Mar’ina, O. A., Sobyanin, V. A., Belyaev, V. D., and Parmon, V. N,,
Catal. Today 13, 567 (1992).

Politova, T. I., Gal'vita, G. G., Belyaev, V. D., and Sobyanin, V. A,
Catal. Lett. 44, 75 (1997).

Yentekakis, 1. V., Jiang, Y., Neophytides, S., Bebelis, S., and Vayenas,
C. G, lonics 1, 491 (1995).

Wodiunig, S., and Comninellis, C., J. Eur. Ceram. Soc. 19, 931 (1999).
Yentekakis, 1. V., and Vayenas, C. G,, J. Catal. 149, 238 (1994).
Pliangos, C., Yentekakis, I. V., Ladas, S., and Vayenas, C. G., J. Catal.
159, 189 (1996).

Petrolekas, P. D., Balomenou, S., and Vayenas, C. G., J. Electrochem.
Soc. 145, 1202 (1998).

Beatrice, P., Pliangos, C., Worrell, W. L., and Vayenas, C. G., Solid
State lonics 136/137, 833 (2000).

Vayenas, C. G., Bebelis, S., and Despotopoulou, S., J. Catal. 128, 415
(1991).

Tracey, S., Palermo, A., Vazquez, J. P. H.,and Lambert, R. M., J. Catal.
179, 231 (1998).

Palermo, A., Lambert, R. M., Harkness, I. R., Yentekakis, I. V.,
Mar’ina, O., and Vayenas, C. G., J. Catal. 161, 471 (1996).

Lambert, R. M., Tikhov, M., Palermo, A., Yentekakis, 1. V., and
Vayenas, C. G., lonics 1, 366 (1995).

Mar’ina, O. A., Yentekakis, I. V., Vayenas, C. G., Palermo, A., and
Lambert, R. M., J. Catal. 166, 218 (1997).

98

99

100.

101.
102.

103.

104.

105.

106.

107.

108.

1009.

110.

111

112.

113.
114.

115.

116.

117.
118.

119.
120.
121.
122.
123.

. Giannikos, A., Petrolekas, P., Pliangos, C., Frenzel, A., Vayenas, C. G,
and Putter, H., lonics 4, 161 (1998).

. Karavasilis, C., Bebelis, S., and Vayenas, C. G., J. Catal. 160, 205

(1996).

Petrolekas, P. D., Brosda, S., and Vayenas, C. G., J. Electrochem. Soc.

145, 1469 (1998).

Pitselis, G., Petrolekas, P, and Vayenas, C. G., lonics 3, 110 (1997).

Makri, M., Buekenhoudt, A., Luyten, J,, and Vayenas, C. G., lonics

2,282 (1996).

Chiang, P. H., Eng, D., and Stoukides, M., J. Catal. 139, 683

(1993).

Tsiplakides, D., Neophytides, S., Enea, O., Jaksic, M. M., and Vayenas,

C. G., J. Electrochem. Soc. 144, 2072 (1997).

Ploense, L., Salazar, M., Gurau, B., and Smotkin, E. S., J. Am. Chem.

Soc. 119, 11550 (1997).

Petrushina, I. M., Bandur, V. A., Cappeln, F, and Bjerrum, N. J,

J. Electrochem. Soc. 147, 3010 (2000).

Tsiplakides, D., Nicole, J., Vayenas, C. G., and Comninellis, C.,

J. Electrochem. Soc. 145, 905 (1998).

Haller, G. L., and Kim, S. ACS Petroleum Division Preprints, Sym-

posium in Catalytic Combustion, in “213th National ACS Meeting,

April 13-17, San Francisco, CA, 1997,” pp. 155-158.

Bebelis, S., Makri, M., Buekenhoudt, A., Luyten, J, Brosda, S.,

Petrolekas, P., Pliangos, C., and Vayenas, C. G., Solid State lonics

129, 33 (2000).

Yakovkin, I. N., Chernyi, V. 1., and Naumovetz, A. G,, Surf. Sci. 442,
81 (1999).

Yakovkin, I. N., Chernyi, V. 1., and Naumovetz, A. G., J. Phys. D 32,
841 (1999).

Hoélzl, J., and Schulte, F. K., in “Solid Surface Physics” (G. Hoehler
and E. Niekisch, Eds.), pp. 1-150. Springer-Verlag, Berlin, 1979.
Feibelman, P. J,, and Hamann, D. R., Surf. Sci. 149, 48 (1985).

Lang, N. D., Holloway, S., and Norskov, J. K., J. Chem. Soc. Faraday
Trans. | 83, 1935 (1987).

Neophytides, S., Tsiplakides, D., and Vayenas, C. G., J. Catal. 178, 414
(1998).

Pacchioni, G,, lllas, F., Neophytides, S., and Vayenas, C. G., J. Phys.
Chem. 100, 16653 (1996).

Pacchioni, G., Lomas, J. R., and lllas, F., Mol. Catal. A 119, 263 (1997).
Tsiplakides, D., Neophytides, S., and Vayenas, C. G., lonics 3, 201
(1997).

Rangelov, G., and Surney, L., Surf. Sci. 185, 457 (1987).

Kiskinova, M., Surf. Sci. 182, 150 (1987).

Kiskinova, M., and Tikhov, M., Surf. Sci. 194, 379 (1988).

Boudart, M., J. Am. Chem. Soc. 74, 3556 (1952).

Koper, M. T. M., and van Santen, R. A., J. Electroanal. Chem. 476,
64 (1999).



	INTRODUCTION
	FIG. 1.
	FIG. 2.
	FIG. 3.
	FIG. 4.
	TABLE 1
	FIG. 5.
	FIG. 6.

	RESULTS AND DISCUSSION
	TABLE 2
	TABLE 2—Continued
	TABLE 3
	TABLE 3—Continued
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.
	FIG. 11.
	FIG. 12.
	FIG. 13.

	3. RATIONALIZATION OF THE PROMOTIONAL RULES
	FIG. 14.
	FIG. 15.

	CONCLUSIONS
	APPENDIX A
	APPENDIX B: ELECTROSTATIC INTERACTIONS OF ADSORBATES IN A DOUBLE LAYER
	FIG. 16.

	ACKNOWLEDGMENTS
	REFERENCES

