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Abstract Under precisely controlled conditions, atomic
gold electrodes with even or odd number of Au atoms per
polyaniline repeat unit (Pt/PANI/Auy for 0 < N < 7) were
prepared. The electrochemical behavior of these new
electrodes is compared with that of macro gold and PANI
coated platinum electrodes by testing electrochemical
oxidation of n-propanol and iso-propanol. This study
allowed us to separate the behavior dominated by that of
macroscopic gold in strongly alkaline medium and by that
of the quantized odd—even effect of atomic gold. Within
this overarching scope, there is a specific oxidation pattern
attributable to the structural differences between the two
isomers of propanol. The significance of this research lies
in the recognition of high specific catalytic activity of
atomic gold, which is at least three orders of magnitude
higher than that of bulk gold for the oxidation of alcohols.
It points to a substantial saving of the precious metal
without the loss of catalytic activity, which is important
in fuel cells and in other energy conversion device
applications.
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1 Introduction

Interest in the electro catalytic oxidation of alcohols has
increased greatly due to their potential application in fuel
cells [1-3]. This oxidation can be catalyzed by a variety of
metals, two of the most active being platinum and gold
[3-7]. These metals can either be used in polycrystalline
form or as large, polydispersed cluster aggregates con-
taining millions of metal atoms. The aim of this paper is to
compare electrochemical behavior of polycrystalline gold
electrodes, polycrystalline platinum electrodes, and Pt
electrodes coated with polyaniline containing defined
atomic Au particles (Pt/PANI/Auy with N = 2-7). The
electrochemistry of electrodes with N = 1 was indistin-
guishable from that of N = 0.

Polyaniline polymerized from an acidic medium has
been used as a support matrix for the insertion of metal
clusters [8, 9]. It is a stable conjugated polymer, which is
unique due to its ionic and electronic conductivity [10, 11].
Electro polymerization of aniline is done typically in acidic
medium and results in the protonated emeraldine (semi-
quinone) form of PANI. The protonated imine functionality
of the PANI has a strong affinity for certain complexed
metal anions. In this paper we utilized the strong com-
plexation of AuCl,~ for step-wise insertion of Au clusters
into the PANI matrix [12]. This redox-driven process can
occur spontaneously, just by dipping the platinum coated
with polyaniline (Pt/PANI) electrode into the solution
containing AuCl, ", resulting in polydispersed gold clus-
ters, imbedded in the PANI matrix. In this reaction, PANI
in its emeraldine form acts as a reducing agent, which
reduces AuCl,~ to metallic gold clusters of various sizes.
Only a limited control over the size of the inserted Au
particles can be achieved by selection of experimental
conditions during this “top—down” deposition [13]. On the
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other hand, in the precisely controlled “bottom—up”
deposition process, metal is inserted in a step-wise atom-
by-atom, defined deposition cycles [14]. The discussion of
this process and the experimental proofs of controlled
atomic size are also included in the original paper [14].

The key point is the size control by the stoichiometry of
the PANI*AuCl,~ complex formation, while the spontane-
ous reduction is suppressed by precise and synchronized
potential control. The result is a PANI matrix containing Auy
clusters with N = 0 and 2-7. The electrochemical behavior
of the electrodes followed the predicted odd—even pattern of
the fluctuation of the HOMO/LUMO gap energy [14].

Electrochemical oxidation of n-propanol (n-PrOH) and
of iso-propanol (i-PrOH) in 1 M KOH has been used as the
probing reaction in order to demonstrate the electrochem-
ical efficiency of various forms of gold. The details of the
alcohol oxidation, identification of the oxidation products,
the effect of carbonate, and the effect of the kind and
concentration of hydroxide have not been investigated. All
experiments were done in the presence of oxygen, unless
stated otherwise. In order to aid visual comparison between
different kinds of electrodes, the concentration of propanol
in 1 M KOH solution was kept constant at 0.5 M. Due to
the fact that adsorption of organic molecules onto platinum
is often irreversible while adsorption onto gold is revers-
ible, the catalytic poisoning effects seen for Pt are not seen
for gold [7].

For electro catalytic oxidation of alcohols on gold, the
rate determining step is the cleavage of the C-H, bond [3].

H,R—OHSH,R—-O~ + H*

The deprotonation of the alcohol occurs at high pH, and
it is dependent on the pK, of the alcohol. Once
deprotonated, the reactivity of the alkoxide intermediate,
H,R-O7, depends on the state of the electrode material
being able to abstract the H,. For primary alcohol (e.g. n-
PrOH) the alkoxide is more active towards the
electrochemical oxidation leading to propionic aldehyde,
which can be further oxidized, while for the secondary
alcohols (e.g. i-PrOH) the final product is the
corresponding ketone (e.g. acetone).

H,R—O SR=0+H," + 2"

Aldehydes are unstable in alkaline solutions, and in the
presence of oxygen, decompose to a variety of products or
react quickly with other acceptors [15].

The main objective of our work was to contrast the
electrochemical behavior of polyaniline supported atomic
gold electrodes with that of the bulk Au electrode. Besides
the odd—even pattern reported earlier, [14] there are unique
aspects of atomic gold electrodes (AGE) that are high-
lighted by differences in oxidation of n-PrOH and i-PrOH,
respectively.

2 Experimental Section
2.1 Chemicals

The following compounds, all ACS grade, were used
during experimentation: HBF, (48 %) from Alfa Aesar,
aniline (99.5 %), n-propanol from Sigma Aldrich, KOH
from EMD, and iso-propanol from J.T. Baker.

2.2 Electrochemical Cell Set-up and Methods

A standard three-electrode cell and CHI 660 potentiostat
(CH Instrument, Inc) were used in all electrochemical
experiments. As working electrodes (WE), platinum or
gold disk electrodes, both with diameter of 1.2 mm
(A = 1.13 x 10~>cm?) from Bioanalytical Systems (BAS)
were used. For preparation of the atomic gold electrodes
(AGE), platinum electrodes deposited on quartz crystals
(A =0.236 sz) obtained from International Crystals
were used. The procedure for the preparation of the defined
atomic gold aggregates in polyaniline films deposited on
platinum crystals Pt/PANI/Au= » _ 7y was described pre-
viously [14].

The counter electrode (CE) was platinum foil. The ref-
erence electrode (REF) was Ag/AgCl in 1 M KCl//1 M
KNOj;. The double-junction in the reference electrode was
used in order to prevent contamination of 1 M KOH
solution with chloride ion. All potentials reported in this
study are referred to this electrode (E = +236 mV versus
SHE). The cyclic voltammograms (CVs) were recorded
with a scan rate of 50 mV s~', unless stated otherwise.
Prior to their use, platinum and gold (BAS) electrodes were
polished with Buehler micro polish IT Al,O5 0.05 microns
and sonicated in water for 6 min. If mechanical polishing
was not adequate, the electrodes were polished electro-
chemically in 1 M H,SO,4 by taking 10 CVs with a scan
rate of 1 V s followed by taking 6 CVs with a scan rate
of 0.05 V s™'. The CVs were always initiated from open
cell potential and recorded within the potential range from
—0.7 to 0.55 V for the BAS electrodes and —0.6 to 0.45 V
for the Pt electrode deposited on quartz crystal.

3 Results
3.1 Odd-Even Electrochemistry

The polyaniline matrix is a necessary component of the AGE
electrodes. In 1 M KOH solution Pt electrode coated with
PANI has its own electrochemical background signature that
resembles the CV of the Pt-bulk electrode (Fig. 1). In that
figure are shown also representative examples of CVs cor-
responding to gold oxide formation and reduction for even
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Fig. 1 Steady-state cyclic voltammograms for (1) Pt/PANI, (2) Pt/
PANI/Auy, and (3) PUYPANI/Aus

number of gold (PANIAu,) and odd number of gold
(PANIAus) in PANI. The reduction of gold oxide in PANT is
taking place in the range from —180 to — 260 mV. Peak
potentials corresponding to the reduction of gold oxide at
AGE:s correspond to that of the bulk gold electrode [16]. The
hints of step-wise Au oxidation are seen only for the AGEs
containing odd-number of Au atoms.

Oxidation of n-PrOH and i-PrOH in 1 M KOH on solid
polycrystalline Au electrode is used as the benchmark. Since
voltammograms for both alcohols contain the same features,
we show only the CVs for n-PrOH (Fig. 2). Its oxidation
potential peak at +0.240 V belongs to oxidation of chemi-
sorbed alkoxide on the Au surface covered with adsorbed
OH™ ions. Formation of gold oxide at potentials more
positive, progressively blocks this reaction. The peak oxi-
dation current is increasing with the increasing number of
cycles until it reaches a stable state [17]. This feature will be
discussed in greater detail later. On the reverse sweep, a new
oxidation peak at +0.08 V appears that is attributed to the
removal of the blocking species produced in the forward scan
[18]. Note the progressive increase of both peaks upon
cycling, highlighted by the upward pointing arrow.

Oxidation of both propanols on AGEs is surveyed in
Fig. 3. The first peak (I) located between —0.1 and —0.2 V
coincides with the oxidation of propanol on Pt electrode
coated with polyaniline (Pt/PANI/Auy—), as shown in the
inserts to Fig. 3. It is necessary to point out, that while
there is only a limited oxidation of propanol on bare Pt
electrode, PANI coating makes it possible. When oxidation
of n-PrOH is taking place at Pt/PANI/Auy-, oxidation
peaks at —0.09 V in a forward scan, and at —0.30 V on the
reverse scan, are seen. In contrast, for i-PrOH only oxi-
dation peak in the forward scan, at —0.13 V, is seen.
Furthermore, for both alcohols, the magnitude of this oxi-
dation peak current at the forward scan remains the same
and it is accompanied by a reduction peak at approx.
—0.13 V (see Fig. 3a, b inserts).
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Fig. 2 Oxidation of 0.5 M n-PrOH, in 1 M KOH recorded at
polycrystalline Au electrode (BAS). Note the progressive increase
of the magnitude of the peak currents, indicated by the vertical
arrows
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Fig. 3 Survey of the steady-state CVs for oxidation of a n-PrOH and
b i-PrOH for Pt/PANI/Auy (2 < N < 7) electrodes. The insets in both
panels correspond to N = 0. The insets are shown at 100 x greater
magnification in order to more clearly display their features. The
numbering of the individual CVs corresponds to the number of
inserted Au atoms. Cyclic voltammograms for odd-numbered Au
atoms are shown as a (3,5,7) group
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Significant differences between voltammograms recor-
ded for PANI/Auy=; _ 7y in Fig. 3a for oxidation of n-PrOH
and Fig. 3b for oxidation of i-PrOH, are evident. The mag-
nitude of the peak (I) current is significantly smaller for
i-PrOH when compared to n-PrOH for the same Auy. The
opposite applies to the peak (II) that is located between 0.2
and 0.4 V. The magnitude of both peaks somewhat increases
in the presence of oxygen, but it is not completely eliminated
by the deaeration of the sample. In other words, while the
mediated oxidation by OH" appears to be responsible for
peak I, that species is not generated exclusively by the
reduction of oxygen. The absence of that peak at solid gold
electrode (Fig. 2) is a strong indication that Pt must be
present for the peak I (at —0.2 V) to appear. The peak II (at
+0.2 V) is due to the direct oxidation of propanols on Au
particles and shows the strong odd—even effect.

In order to obtain more information about the influence
of the gold atomic size and its arrangement, the results
have been summarized and compared to the solid gold
electrode. There are several remarkable differences in these
voltammograms (Fig. 3); first, there are two oxidation
peaks seen on the forward scan and two oxidation peaks
on the reverse scan. They are best identified on CV for
AGE-6. Second, the position of the oxidation peaks (I) and
(II) does depend on the N-number of Au atomic agglom-
erates in the PANI. The corresponding peaks are clearly
separated, by as much as 320 mV for AGE-2, AGE-4, and
AGE-6. Third, the dominating “odd—even” activity pattern
as reported previously, [14] is clearly visible. The different
magnitudes of peak (I) and peak (II) currents as well as the
peak potentials separations for n-PrOH and iso-PrOH
clearly indicate different electrode kinetics and different
oxidation mechanisms. They will be subject to further
studies.

3.2 Dependence on the Scan Rate

Peak current i, for oxidation of n-PrOH at Au bulk elec-
trodes has shown linear dependence on the square root of
the scan rate, v”2, up to 100 mV sfl, but at higher scan
rates, the i, decreased [19]. That behavior has been
attributed to the slow, irreversible charge transfer coupled
with adsorption. A similar scan rate behavior has been
found at AGEs, but with some differences depending on
the N-number of gold atoms. The representative plots of i,
vs v'% show linear behavior for the oxidation of n-PrOH at
PANI/Aug, with the slope for peak I being 3.8 times higher
than for peak II. On the other hand, the scan rate depen-
dence for oxidation of i-PrOH at PANI/Aug is non-linear
for both peaks, and has approximately the same non-linear
trend for the peak I and peak II (Fig. 4). At PANI/Aus
electrodes (not shown), the peak currents are approxi-
mately 20x lower, due to the odd—even effect, but are
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Fig. 4 Dependence of peak current on square root of scan rate for Pt/
PANI/Aug for both alcohols. The range of examined scan rates is
from 5 to 100 mV s™'. The solid lines correspond to peak I, and the
dashed lines to peak II. The icons show the calculated highest
probability of the shape of the Aug clusters [20, 21]

linear for both alcohols. That could be explained by much
lower rate of electron transfer relative to the mass transport
and relative to the rate of desorption of the product. The
icons representing the calculated [20, 21] highest binding
energy (i.e. highest stability) shapes for Aug isomers are
included.

3.3 Electrode Activation

The change of activity of polycrystalline Au electrode upon
oxidation of propanol in 1 M KOH is shown in Fig. 5. In
that experiment, the cycling was interrupted after approx-
imately first 20 cycles (Fig. 5a, point A). After thorough
rinsing, the electrode was stored in D.I. water for 10 min
and the cycling in propanol resumed. Both peaks grew
again (Fig. 5b, point B to point C), but both reached a
slightly lower steady state. After another 10 min interrup-
tion and storage in D.I. water, the third set was recorded
(Fig. 5¢) The peaks grew again from point D to E, but
ended in a lower steady state yet. After that the electrode
was cycled in 2.5 mM Ru(II)/(III) hexamine in 1 M KNOs.
Cycling of the electrode in this redox couple showed a
“normal” cyclic behavior, i.e. steady decrease within the
first 5 cycles until reaching steady state due to formation of
a depletion layer [22]. Immediately after the Ruhex treat-
ment, the same Au electrode resumed the “activation”
behavior in oxidation of propanol (Fig. 5d, points F to G).
The possible explanation of this behavior is as follows.
Oxidation of propanol at Au electrodes in alkaline medium
proceeds through formation of OH' radical as an interme-
diate [19]. It is possible that this species activates the
electrode by increasing the number of active sites. That
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Fig. 5 The activation pattern of polycrystalline Au electrode (BAS). The arrows again indicate the changes from scan 1 to 20. For explanation

of the experimental sequence, please see the text

mechanism would be the opposite of what has been
described in great detail in series of papers, for “deacti-
vation” of Au electrodes with OH' generated by the Fenton
reagent in mildly acidic medium [23]. In that case, the OH
radicals effectively “polished” the Au electrode, removing
asperities that apparently serve as the active centers for
electron transfer involving radical formation. Likewise,
after the “polishing”, the redox behavior of Ru(Il)/Ru(IIT)
couple was not affected.

The final steady-state scans of CV curves for AGEs
(N = 2-7) during propanol oxidation are shown in Fig. 6.
The arrows again indicate the increase/decrease of the peak
currents. It increases in n-PrOH for both peaks from the
first to the 20th scan for the even-AGEs, while it decreases
for the odd-AGEs. The exception is the slight increase for
both peaks observed for AGE-7 in i-PrOH. Note also, that
the position of the peak again does not change, indicating
that the increased value of the peak current reflects only the
change in the number of active sites at which the oxidation
takes place and not in the change of the electrode kinetics.
Thus the behavior of AGE electrodes seems to follow
either the activation or the deactivation path, depending on
the odd-even number of gold atoms. This behavior is
illustrated in greater detail on AGE-4 and AGE-5 respec-
tively, which represents the entire even—odd series. The
rate of oxidation of both propanols at AGE-4 increases

@ Springer

(Fig. 7a, b) while at the AGE-5 it decreases (Fig. 7c, d).
There is also a remarkable difference in the behavior of
AGE-5 with respect to n-PrOH and i-PrOH. Although the
absolute values of the current (for peak at —100 mV) are
again approximately 20x higher for AGE-4 than for
AGE-5, there is a finite oxidation current at the switching
potential (+450 mV) (Fig. 7c, d), indicating that for the
0dd-AGEs there is only a minimal blockage of the elec-
trode at the end of the positive scan. The icons representing
the theoretically calculated shapes of the corresponding
atomic clusters are included in the individual panels of
Fig. 7. Contrary to the reported deactivation of polycrys-
talline Au in acidic medium [23], the exposure of the AGEs
to the Fenton reagent always increased the peak current of
AGESs. At the dimensions involved in AGEs, it is hard to
argue about “annealing of asperities” being responsible for
the “activation” behavior. The observed differences
between the odd and even numbered AGEs suggest that the
“activation/deactivation” phenomenon is related to the
prevailing electronic structure of the active sites.

4 Conclusions

Polycrystalline gold is usually regarded as an “inert”
electrode. Experiments described here and confirmed by
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Fig. 6 The survey presentation of the activation pattern for the AGEs (2 < N < 7) for a n-PrOH and b i-PrOH. Only the final CV’s are shown
and the arrows again indicate the up/down change. The current scales are greater for the even-AGEs in order to facilitate the visual inspection

others indicate that it is anything but “inert”. The AGEs
described in this paper are truly three-dimensional electrodes
in which the Pt substrate, the PANI isolation matrix, and the
inserted atomic gold all play an important role. When pre-
pared in atomic format, the AGEs retain most features of
bulk gold electrochemistry, but add some significant

differences which are related to the odd—even quantum
effects predicted for atomic clusters of metals [20, 21].
There is a catalytic effect for oxidation at both odd and
even numbered atomic agglomerates of gold that is predi-
cated on the presence of Pt substrate. It is significantly
higher for the even-numbered agglomerates. It indicates
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Fig. 7 Comparison of the activation pattern for (rows) Pt/PANI/Au, and Pt/PANI/Aus and for n-PrOH and i-PROH (columns). The differences
are discussed in the text. The inserted icons represent the theoretically predicted highest probability shapes of Au clusters [20, 21]

that PANI in alkaline medium is somewhat conducting and
porous and that a part of electrochemistry takes place at the
Pt surface. The atomic gold acts as a dopant for PANI in
the similar way as the anions do for PANI in acidic med-
ium. The Pt surface contributes to the oxygen reduction
and generation of the OH' radical. The formed OH' is
possibly stabilized by PANI and the ensuing oxidation
takes place at atomic gold according to its odd—even pat-
tern. Under these conditions, it is necessary to compare the
current efficiency on the basis of active Au atoms, rather
than on the usual scale of the geometric area of the elec-
trode. In order to have a rational comparison of perfor-
mance of AGE with macroscopic polycrystalline gold
electrodes, we have arbitrarily chosen 10 pm as the con-
venient minimum thickness of a thin Au electrode prepared
by e.g evaporation, and calculated the number of Au atoms
in such an electrode. The estimated amount of Au in AGE
of the comparable area and at comparable current effi-
ciency is approximately 3 orders of magnitude lower than
for a polycrystalline gold electrode. Besides the major
improvement of economy, AGEs offer also possibility of
enhanced catalytic selectivity due to the shape-related,
quantized odd—even effect.
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