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Total Inhibition of the Oxygen Reduction Reaction at Au(111) by
Copper Adlayers in Sulfuric Acid Solution
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The influence of an underpotentially deposited adlayer of copper on the oxygen reduction reaction (ORR)
at Au(111) has been studied in a 0.05 M H2SOy4 solution using hanging meniscus rotating disk voltammetry.
The total inhibition of the ORR was found after the formation of the first Cu adlayer. Two possible structures
for the Cu adlayer on Au(111) take into account inhibition of the ORR. The total inhibition observed in the
present study can be explained by a honeycomb (1/3%+/3)R30° structure, rather than a simple (1/3x+/3)R30°
Cu adlayer. A bridging two-site process (disproportionation reaction) is not expected to occur on the honeycomb

Cu adlayer.

The oxygen reduction reaction (ORR) kinetics shows
a pronounced effect on the atomic structure of the elec-
trode surface. The effect of the electrode’s crystal-
lographic orientation on the ORR has recently been
investigated at well-defined Au and Pt single-crystal
electrodes.!™ It is also well-known that foreign metal
adlayers strongly influence the ORR kinetics, as well as
several other electrochemical reactions.>?

Correlations between the surface structure of ad-
layer-modified electrodes and the observed electrocat-
alytic activity are of special importance for understand-
ing the structure-reactivity relationship at the atomic
level. In situ scanning tunneling microscopy (STM),
atomic force microscopy (AFM) and X-ray analysis
are now recognized as being important techniques for
the in situ atomic-level characterization of electrode
surfaces.¥ Chen et al. have recently discussed the cor-
relation between underpotentially deposited (UPD) Bi
on Au(111) and the H,O; reduction.® In our recent
paper, the effect of the Cu UPD on the ORR was dis-
cussed concerning Pt(111) in an aqueous sulfuric acid
solution.®

In this paper we report on the near total inhibition
of the ORR at Au(111) surfaces modified with Cu ad-
layers in a sulfuric acid solution using hanging menis-
cus rotating disk (HMRD) voltammetry. It has re-
cently been reported that the images obtained by in
situ STM and AFM for the first Cu adlayer on Au(111)
in a sulfuric acid solution exhibit the (1/3x+/3)R30° or-
dered structure.”~® The reduction current for oxygen
is greatly suppressed by the formation of the first Cu
UPD. We now propose a possible mechanism for the
inhibition of the ORR at Au(111) in the presence of a
Cu adlayer.

Experimental

Single crystals of Au were prepared at the end of a Au wire
by Clavilier’s method.!®!Y The crystallographic axes were
determined by means of a laser-beam reflection technique.
As a final treatment, well-defined surfaces were exposed by a
flame-anneal quenching technique, as described in previous
literature 81011

HMRD voltammetry using a semi-spherical single-crys-
tal electrode was employed for studying the ORR. A detail
description of this experiment was reported in our recent
paper.?) A linear behavior in Levich plots for the reduction
of hexacyanoferrate(III) was observed at an Au(111) elec-
trode up to a rotation rate of 3000 rpm. However, a slow
rotation rate of 200 rpm was employed in the present HMRD
experiment for the ORR in order to avoid any accumulation
of small amounts of contaminants on the clean surface.!?

All potentials are reported with respect to a reversible
hydrogen electrode (RHE) in a 0.05 M H>SO4 solution (1
M=1 moldm™2). All of the solutions used were prepared
using ultrapure water (Millipore-Q).

Results and Discussion

Figure 1 shows a cyclic voltammogram of a Au(111)
surface obtained in a 0.05 M H2SO, solution. Two sep-
arate peaks for the oxidation of Au(111) are observed
on the anodic scan at 1.4 V and 1.57 V vs. RHE. A re-
duction peak at ca. 1.12 V is observed on the cathodic
scan due to the reduction of oxide layers formed on the
Au(111) surface. A hydrogen evolution reaction com-
mences at potentials more negative than —0.15 V vs.
RHE. A similarly shaped voltammogram was reported
in a previous paper from our laboratory.®
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Fig. 1. A cyclic voltammogram for a Au(111) elec-

trode in a nitrogen saturated 0.05 M H2SOy4 solution.
The scan rate was 50 mVs™?.
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Figure 2-A shows steady- state current- potential
curves at Au(111) obtained by the HMRD experiment
in an oxygen-saturated 0.05 M HySO, solution at a
rotation speed of 200 rpm. The current-potential curves
of a, b, and ¢ in Fig. 2-A were measured by changing
the sensitivity in the current scale, respectively. The
individual points were obtained by sampling the cur-
rent at each potential after a holding period of 15 s so
as to eliminate any effect of the background charging
current. The ORR current commences at ca. 0.7 V vs.
RHE, and gradually increases in the potential region
between 0.7 V and —0.1 V. A steady-state current-po-
tential curve obtained by the HMRD experiment in a
nitrogen-saturated 0.05 M H>SO,4 solution at the same
rotation speed is also shown in Fig. 2-A (solid circles).
No significant current was observed through the entire
potential region between 0.7 V and —0.1 V in a ni-
trogen-saturated solution. An increase in the reduction
current due to hydrogen evolution was observed to com-
mence at potentials more negative than —0.1 V. It has
been observed that the ORR current begins to flow at
0.9 V vs. RHE on a well-defined Pt(111), and reaches a
limiting current of ca. 2 mA cm™2 at 0.5 V vs. RHE un-
der an identical experimental condition with the same
rotation speed.® The observed limiting current of ca. 2
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Fig. 2. (A) Steady-state current—potential curves (a,
b, and c) for the oxygen reduction reaction at Au-
(111) observed with different sensitivities as indicated
in an oxygen saturated 0.05 M H2SOy solution. Ro-
tation speed was 200 rpm. Solid circules indicate a
background current—potential curve in a nitrogen sat-
urated 0.05 M H3SOy4 solution. (B) A current-poten-
tial curve for HoO2 reduction at Au(111) in an nitro-
gen saturated 0.05 M H2SOy4 solution in the presence
of 5 mM H20,. The scan rate was 1 mVs™?.
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mA cm~?2 on the Pt(111) has been explained by a direct
4e~ reduction to form water according to the following
reaction, when it is assumed that the oxygen concen-
tration in the solution is 1.2 mM!® and the diffusion
coeffiecent of oxygen is 2.0x107> cm?s~1:19

Oz +4H' +4e~ — 2H,0 (1)

Although no mass-transport limited ORR current was
clearly observed on Au(111), as shown in Fig. 2-A (curve
a), the ORR current observed at potentials more nega-
tive than 0 V became nearly equal to the limiting value
of ca. 2 mA cm™? for the 4e™ reaction. This observa-
tion strongly suggests that the ORR on a well-defined
Au(111) also proceeds by an overall 4e~ transfer at po-
tentials more negative than 0 V vs. RHE.

Figure 2-B shows a current-potential curve at Au-
(111) in a nitrogen-saturated 0.05 M H3SO4 solution
containing 5 mM H,0, at a scan rate of 1 mVs™!. It
can been seen in Fig. 2-B that the reduction current
of HyO2 commences at ca. 0.3 V, and slowly increases
at more negative potentials. Adzic and co-workers re-
ported that hydrogen peroxide (H20O3) is the final re-
duction product at Au(111) in an alkaline solution.!) We
therefore suppose that the ORR at Au(111) proceeds by
a 2e” transfer to form HyO, at potentials more posi-
tive 0of 0.3 V vs. RHE. At more negative potentials than
0.3 V, the intermediate product (H2O3) can be further
reduced to water, leading to an overall 4e~ transfer re-
action. The reaction mechanism has been described as
follows:®
(one site process)

e~ +HT

e'+H+
—— M+H0: (2)

M + 0=0 —— M-0O
“OH
(bridging two sites process)
. +
M +20=0 =™, M0,

M-0{

—— M +0=0 + H;0; (3)

M

- —
-0 =-O

Reaction (2) is expected to proceed at a single atomic
adsorption site. On the other hand, two nearest-neigh-
bor adsorption sites are necessary for the disproportion-
ation reaction between two adsorbed species (-O2H), as
shown in reaction (3). Previous literature suggests that
the two-site process is favorable on Au electrodes for
the ORR.'®

Figure 3-A shows a cyclic voltammogram for the un-
derpotential deposition of Cu on Au(111l) in 0.05 M
H2SO4 containing 5 mM CuSO4 at a scan rate of 1
mVs~!. Two well-resolved deposition peaks can be
clearly observed at 0.57 V and 0.38 V vs. RHE before
bulk deposition commences at 0.34 V. The first Cu
UPD peak at 0.57 V is narrow with a half-width of 5
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Fig. 3. (A) A cyclic voltamogram for a Au(111) elec-
trode in a 0.05 M H2SOy4 solution in the presence of 5
mM CuSOy4. The scan rate of the electrode potential
was 1 mVs~!. (B) A steady-state voltammogram for
the oxygen reduction at Au(111) in an oxygen satu-
rated 0.05 M H2SOy4 in the presence of (solid circles)
and absence of (open circles) 5 mM CuSO4. Rotation
speed was 200 rpm.

mV. The half-width of the second peak at 0.38 V is 15
mV. The voltammogram shown in Fig. 3-A is similar
to that reported previously.®)

Figure 3-B shows steady- state current- potential
curves obtained by the HMRD voltammetry for the
ORR at Au(111) in an oxygen-saturated 0.05 M H2SOy4
solution in the presence of (solid circles) and the absence
(open circles) of 5 mM CuSOy. The first Cu UPD peak
(ca. 0.57 V) is located near to the onset potential of the
ORR at bare Au(111), as shown in Fig. 2-A. A near to-
tal inhibition in the ORR current can be observed after
the first Cu UPD. The currents observed at 0.5 V vs.
RHE were in the range of 4—8 pAcm™2 in the pres-
ence of a Cu adlayer, compared with 100 A cm~2 at
bare Au(111) electrodes at the same potential. There-
fore, the small limiting current observed in between the
first and second Cu UPD peaks is believed to be due to
surface defects in the Cu adlayers or edge effects at the
HMRD electrode. A further increase in the reduction
current at potentials more negative than 0.4 V (solid
circles in Fig. 3-B) is thought to be due to the bulk de-
position of Cu?* in an oxygen-saturated solution. It is
obvious that a total inhibition of the ORR occurs after
the formation of the first Cu adlayer on Au(111). The
ORR current after the second Cu UPD was difficult
to observed due to the bulk deposition of Cu, as men-
tion above. However, it is reasonably expected that the
ORR should also be inhibited after the second UPD.

Inhibition of the Oxygen Reduction Reaction by Cu UPD
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Note that the near total inhibition of the ORR cur-
rent after the formation of the first Cu adlayer on Au-
(111) is in contrast with the current response observed
after the formation of the first Cu adlayer at Pt(111)
in an oxygen-saturated 0.05 M H2S04.® In the case of
Pt(111), a steady-state ORR current was observed in
the potential region between the first and second UPD
peaks.®) This steady-state current was nearly one half
of the limiting current observed on bare Pt(111) at the
same potential. This significant difference in the inhibi-
tion observed at Cu-modified Au(111) and Pt(111) can
be explained by a difference in reaction pathways for the
ORR.® The ORR on Pt with a Cu adlayer can be pro-
ceeded by a one-site process (Eq. 2) to form HyOs. On
the other hand, the two-site process of Eq. 3 is expected
on Au surfaces, as discussed above.

We previously reported a detailed study of the Cu
UPD process on Au(111) in 0.05 M H2SO4 using in
situ STM. The STM images showed a structure de-
noted by a simple (1/3x+/3)R30°, as described in pre-
vious papers.”® An identical image has also been ob-
served by in situ AFM.” Based on the STM and
AFM observations, it has been assumed that the cor-
rugation observed in images corresponds to individ-
ual copper adatoms (see Fig. 4-A). However, Shi and
Lipkowski have recently proposed a new structure for
Cu adlayers on Au(11l) based on chronocoulomet-
ric measurements.!®'” They proposed that the cop-
per adatoms are packed in the shape of a honeycomb
(v/3x+4/3)R30° structure with the centers of the hon-
eycomb occupied by sulfate ions, as shown in Fig. 4-B.
This model suggests that the ordered structure observed
in the STM™® and AFM® experiments corresponds to

Fig. 4. Schematic representations of two possible sur-
face structures of the Cu adlayer on a Au(111). Open
and solid circles indicate Au and Cu atoms, respec-
tively.
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the images of co-adsorbed sulfate ions.

Although there appears to be some debate concerning
the structure of the Cu adlayer on Au(111) (Fig. 4), the
total inhibition of the ORR observed in this study can
be explained, as follows:

(i) If anions such as sulfate or hydrogensulfate are
more strongly adsorbed on Cu-modified Au(111) than
oxygen molecules, the ORR can not be proceeded on the
Cu-modified Au(111), because of the absence of reaction
sites. The ORR is not expected to occur through Cu
adatoms in the potential region examined here, because
the ORR current found in this study began at potentials
more negative of 0 V vs. RHE in an oxygen-saturated
0.05 M H5SOy4 solution on a pure Cu metal electrode.

(ii) If the co-adsorbed anions can be partially replaced
by oxygen, the adsorbed oxygen species (-O2H) can be
found at the position formerly occupied by the anion.
In the honeycomb structure (Fig. 4-B), however, there
would appear to be no nearest-neighbor adsorption site
available to facilitate the disproportionation reaction
(Eq. 3). The nearest distance between the adsorbed
oxygen species (—O3H) should be ca. 0.5 nm based on
the honeycomb structure. In this case, the ORR can
be totally inhibited by the Cu adlayer. On the other
hand, there is a possibility to form two-nearest neigh-
bor adsorbed oxygen species (-O2H) within the simple
(v/3%x+/3)R30° unit cell, although a simultaneous occu-
pancy by two oxygen molecules at two hollow sites in the
unit cell does not seem likely. However, the total inhi-
bition of the ORR found in this study seems to be more
appropriately explained by the honeycomb (/3x,/3)-
R30° structure proposed by Shi and Lipkowski.!6:17)

Conclusions

The present results demonstrate that the ORR can
be employed as a simple catalytic reaction to provide a
better understanding of how the chemical environment
of the electrode surface affects the reactivity. The ORR
on bare Au(111) in an oxygen-saturated 0.05 M HySO4
solution was investigated by using HMRD voltamme-
try. The reduction current commenced at ca. 0.7 V vs.
RHE, and then gradually increased in negative poten-
tials. The ORR initially involved a 2e~ transfer reac-
tion to form HO, in the potential region between 0.7
V and 0.3 V followed by a further reduction of HyO,
to HoO at potentials more negative than 0.3 V. The
ORR in the presence of the Cu adlayer on Au(111) was
also examined by HMRD voltammetry. After the for-
mation of the first Cu adlayer with the (1/3x/3)R30°
structure, the reduction current was almost totally in-
hibited. The total inhibition of the ORR on Au(111)
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with a Cu adlayer can be explained by either (i) the
blocking of oxygen adsorption sites on Au(111) or (ii)
the inhibition of the disproportionation reaction due to
the formation of a honeycomb structure.
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