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Ethanol oxidation was studied on single-crystal Au(111) electrodes that were modified by platinum, palla-
dium, and cadmium metal ad-layers. The metal ad-layer modification was carried out by the underpotential
deposition process, in which controlled amounts of Pt, Pd, and Cd were electrodeposited onto the substrate
as submonolayer or monolayer coverage. The activity of the metal ad-layer modified Au(111) electrodes
toward ethanol oxidation was studied in alkaline media, and recorded voltammograms were compared to
those of bare single crystal Au(111) and polycrystalline gold and platinum disk electrodes. In terms of
the desired shift in reduction potential and increased current density, the best electrocatalytic activity was
obtained with a 30-s electrodeposited Pt ad-layer modified Au(111) electrode.
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Introduction

Recently, a great deal attention has been paid to the electrochemical oxidation of small organic molecules for
direct alcohol fuel cells. ' Compared to other small organic molecules and especially to methanol, ethanol has
been used more extensively as an alternative fuel in direct alcohol fuel cells since it is less toxic and has low
volatility together with a higher energy density (8.01 kWh/kg versus 6.09 kWh/kg). It can easily be formed in

huge quantities by the fermentation of sugar containing raw materials and biomass. 36
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On the other hand, the electrochemical reactivity of ethanol is slightly lower than that of methanol. It is
necessary to achieve its complete oxidation to CO5 with 12 electrons per molecule for maximum energy recovery
from ethanol. Nevertheless, breaking the C-C bond is difficult to promote by electrochemical means. Partial
oxidation of ethanol can lead to the formation of acetaldehyde, acetic acid, or carbon monoxide, which can
be easily adsorbed on the electrode surface and decrease its catalytic activity towards ethanol oxidation.” 13
Therefore, many new kinds of catalysts have been developed toward ethanol oxidation at low potentials, such as

Pd, Pt, and Au, and their metallic nanoparticles*~17 18-20

and alloys prepared with other transition metals,
which have higher electrocatalytic activity toward the oxidation of ethanol.

Platinum alloy catalysts such as Pt-Ru-Mo/C?2!, Pt-Mo??, Pt-Ru/C??, PtSn/C?*, and Pt-ZrO, /C%
have been used for the electrooxidation of ethanol. On the other hand, the oxidation of ethanol on a bulk Pt
electrode is followed by the formation of CH, O-like intermediates that are strongly adsorbed on the catalyst
surface. These formations considerably reduce the electroactivity of ethanol. Electrochemical experiments
have shown that carbon dioxide, acetaldehyde, and acetic acid are produced in the oxidation of ethanol
on polycrystalline platinum electrodes.?672% To overcome these problems, preparation of new Pt-containing
modified electrodes has been proposed. 2223

Alternatively, gold is considered a poor electrocatalyst toward ethanol oxidation, especially in acidic
solutions, but its electrocatalytic activity toward electrooxidation of many organic compounds was found to be
larger in an alkaline medium.?? Since underpotential deposition of ad-metals on the gold electrode surface offers
a unique property as an electrocatalyst, the ad-metal modified gold electrodes as monolayers or submonolayers
offer different catalytic activity resulting from both the substrate and the deposited metal. These ad-atom

modified electrodes have been applied to electrochemical reactions of a variety of compounds, such as glucose, 3°

methanol, 31733 formic acid,3* carbon monoxide,3°~37 oxygen, 3%:3° ].40

and ethano
In the present work, gold single-crystal electrodes modified with a variety of metal ad-layers, including
Pt4l Pd,4243 Cd,** Cu,3°=%% and Ag?® were prepared by using reported UPD systems for gold electrodes.

The electrocatalytic activities of each electrode on ethanol oxidation were also compared in alkaline media.

Experimental

Au(111) single-crystal electrodes were prepared with Au wire (99.99% in purity; Tanaka Kikinzoku Kogyo Co.,
Ltd.) using the flame annealing-quenching method as described elsewhere in detail and references therein.*”
The quality of the single-crystal plane was verified by measuring the cyclic voltammogram in a 0.1 M HoSO4
solution.*® The electrolytes were prepared from ultrapure grade NaOH, HSO 4, and HCIO4 (Merck) reagents.
PdSO4 (99.5%), CdSO4.5H20 (99.5%), and K2 PtClg (99.9%) were purchased from Sigma and used to prepare
solutions for the underpotential deposition (UPD) experiments. HyOo (30%-35%, Merck) was also used.
All solutions were prepared using ultrapure water supplied from a Milli-Q purification system (18.2 M /cm,
Millipore).

Voltammograms were recorded by using either an IviumStat potentiostat or a BAS 100B/W voltammetric
analyzer (Bioanalytical Systems, Inc.). Pd ad-layer modified Au(111) electrodes were obtained in a 0.2 mM
PdSO4 + 0.1 M H5SOy4 solution by following the procedure recorded in the literature. 4243

Cd ad-layers were deposited onto the Au(111) surface in a 1.0 mM CdSO4 + 0.1 M HoSO4 solution; the
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potential scanning was immediately started after immersion of the electrode from 0.0 mV (vs. Pt plate) with a
scan rate of 5 mV /s. Scanning was terminated with the deposition of 1/5 ML and 1/1 ML of Cd ad-layer and
bulk Cd at approximately -690 mV, -1380 mV, and -1500 mV vs. Pt plate, respectively. 44

The Pt ad-atom modified Au(111) electrode was prepared by the reduction of K3 PtClg on the Au(111)
electrode surface at -400 mV before bulk deposition potential for several deposition times, such as 15, 30, 60, and
90 s. The extent of Pt coverage was maintained by controlling the time elapsed for chemical or electrochemical
processes, and then cyclic voltammograms were monitored in deaerated HySO4 media. 8

All ad-layer modified electrodes were rinsed thoroughly with ultrapure water (Milli-Q, 18.2 M2 /cm) prior
to being transferred to another electrochemical cell filled with an ethanol-containing solution. Voltammograms
were measured at a scan rate of 50 mV/s using Ag/AgCl (saturated KCIl) and the Pt plate as reference and
counter electrodes, respectively. The experiments in an ethanol-free solution were carried out under a high

purity No gas atmosphere.

Results and discussion

Underpotential deposition of Pd and Cd and electrodeposition of Pt on a single-
crystal Au(111) electrode

Initial studies were conducted to control the performance of prepared Au(111) electrodes in terms of their
electrochemical signal. In the first step, single-crystal electrodes were electrochemically characterized by cycling
the potential in the range of -800 to 350 mV in 0.1 M HySO4. The cycling was then repeated in the presence
of reagents like CdSO,4, PdSOy4, and solutions for observing the effect of modification on catalytic activity.
Obtained voltammograms were in good agreement with those in the reported works that contained Cd and Pd
ad-layers. 4244 To test the Pt ad-layer modified Au(111), the cycling was repeated in the presence of PtClgf;

the resulting voltammograms were in good agreement with those in the reported works for Pt ad-layers. 4!

Ethanol oxidation at modified Au(111) electrodes

The Au(111) electrode surface was modified as a submonolayer by different types of ad-layers to improve the
electrocatalytic activity of the bare Au(111) single-crystal electrode for ethanol oxidation of the electrocatalytic
activity of the Au(111) electrode.

Pd ad-layer modified Au(111) electrode

The oxidation peaks of ethanol at bare Au(111), Au disk, polycrystalline Pd disk, and Pd ad-layer modified
Au(111) single-crystal electrodes were recorded in 1.0 M NaOH solution, including 1.0 M ethanol (Figure 1).
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Figure 1. Cyclic voltammograms of bare and Pd ad-layer modified Au(111) electrodes prepared in different ratios 1/5,
2/5,1/1 ML, Pd disc and Au disc electrode in a 1.0 M ethanol at 1.0 M NaOH solution at a scan rate of 50 mV/s.

The ethanol oxidation peak potential in alkaline media was observed at 130 mV for the bare Au(111)
electrode. On the other hand, with Pd ad-atom modified electrodes, with a different coverage ratio, the most
negative potential was observed at about -200 mV for the 2/5 ML and 1/1 ML Pd ad-atom modified Au(111)
electrode. It was observed that the anodic current for ethanol oxidation did not increase with Pd modification.
The electrooxidation on Pd ad-layer Au(111) and other electrodes was characterized by 2 well-defined current
peaks on the forward and reverse scans. In the forward scan, the oxidation peak corresponded to the oxidation
of freshly chemisorbed species coming from ethanol adsorption. The reverse scan peak was primarily associated
with the removal of carbonaceous species that were not completely oxidized in the forward scan rather than
the oxidation of freshly chemisorbed species.*?*% The magnitude of the forward peak current indicated the

electrocatalytic activity of the modified electrodes.

Cd ad-layer modified Au(111) electrode

To investigate the electrocatalytic activity of the Cd ad-layer, the Au(111) surface was modified with 1/5 ML,
1/1 ML, and 2/1 ML Cd by the underpotential deposition technique. However, the Cd ad-layer modified
Au(111) electrodes did not show electrocatalytic activity for ethanol oxidation, because ethanol oxidation on
the Cd ad-layer modified electrodes was observed at almost the same potential and had approximately the same
peak current compared with the bare Au(111) electrode. As can be seen from the inset of Figure 2, ethanol
oxidation did not occur upon bulk deposition of Cd on the Au(111) electrode. This indicates that Cd cannot

catalyze the ethanol oxidation reaction.
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Figure 2. Cyclic voltammograms of bare and Cd ad-layer modified Au(111) electrodes prepared in different ratios 1/5,
1/1 and 2/1 ML, Cd bulk and Au disc electrode in a 1.0 M ethanol at 1.0 M NaOH solution at a scan rate of 50 mV//s.

Pt ad-layer modified Au(111) electrode

The voltammetric behavior of the modified electrodes, Au(111) and Au disk electrodes, in comparison to the
bare Pt, can be seen in Figure 3. The reduction peak of platinum was located at 350 mV on the Pt disk electrode,
whereas surface oxide was reduced at 880 mV on the bare Au(111) electrode. Pt ad-atom modified electrodes
with various deposition times were prepared by using electrochemical deposition. The linear voltammetric
behavior of Pt ad-layer modified Au(111) electrodes displayed some similarities with those of bulk Au(111) and
Pt polycrystalline electrodes. As can be seen from Figure 3, the voltammograms exhibited reduction peaks of
gold and platinum oxides, indicating that the Au(111) surface was not fully covered by platinum ad-atoms, even
after 90 s of deposition. The coverage ratios of the gold surface by Pt ad-atoms electrochemically deposited at
-400 mV for 30, 60, and 90 s were calculated from the charge values to be 0.48, 0.64, and 0.90 ML, respectively.
The voltammetric behavior of this modified electrode with submonolayer coverage differed from both Pt disk
and Au(111) electrodes and, therefore, they can be considered for use in catalytic reactions.

The ethanol oxidation was studied by using Pt ad-atom modified Au(111) electrodes, which were elec-
trochemically deposited at -400 mV for different deposition times in an acidic solution. Figure 4 shows the
overlaid cyclic voltammograms of ethanol on bare Au(111), polycrystalline Au disk, polycrystalline Pt disk, and
Pt ad-atom modified Au(111) electrodes for evaluation in the same potential range. The ethanol oxidation peak
potential occurred at about 130 mV in alkaline media. On the other hand, the oxidation peak was observed at
-110 mV for the polycrystalline Pt electrode, indicating a fast electron transfer. In terms of peak shape and
location, the performance of the Pt ad-layer modified Au(111) electrode toward ethanol oxidation was found
to be very effective compared to the bare electrodes. The most promising response was obtained with the 30-s
electrochemically deposited Pt ad-layer modified Au(111) electrode. Significant current enhancement as a peak
rise of about 1.5 times that of bare Au(111) and 7.3 times that of Pt disk electrodes was observed, while the
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peak potential shifted about 270 mV and 20 mV in negative directions, respectively. Improved peak charac-
teristics imply that faster electron transfer can be achieved through a bimetallic surface prepared in controlled
composition, simply by adjusting the deposition time on Au(111). The Pt ad-layer modified Au(111) electrode
surface not only supplied a superior electrical contact, but also accelerated electron transfer, as proven by the

increase in peak current and the positive shift in the peak potential.
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Figure 3. Linear sweep voltammetric behavior of Pt disk, Au(111) and Pt ad-atoms modified Au(111) electrodes in

deaerated Ho SO 4 solution.
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Figure 4. Cyclic voltammograms of 1.0 M ethanol oxidation in 1.0 M NaOH on bare Au(111), Pt disk and Pt ad-atom
modified Au(111) electrode prepared with different deposition time.

354



Electrocatalytic oxidation of ethanol on various..., Z. DURSUN, et al.

Figure 5 shows the comparison of Pd, Cd, and Pt ad-layer modified electrodes for ethanol oxidation in 1.0
M NaOH. Among them, Pt was the best catalyst material. Therefore, the kinetics of ethanol electrooxidation
was studied at a 30-s Pt ad-layer modified Au(111) electrode. The effects of NaOH concentration, ethanol

concentration, and scan rate on ethanol oxidation were investigated by cyclic voltammetry.
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Figure 5. Comparative cyclic voltammograms of ethanol oxidation on the bare Au(111), Pt, Pd and Cd ad-atoms

modified Au(111) electrodes.

It is known that different pH values affect the electrooxidation of ethanol on Pt ad-layer Au(111)
electrodes. For this reason, the influence of NaOH concentration on the oxidation of 1 .0 M ethanol was studied
with a Pt ad-layer Au(111) electrode. It was observed that increasing the NaOH concentration from 0.1 to 3.0 M
resulted in improved ethanol oxidation reaction. This might be explained as follows: the kinetics of the ethanol
oxidation reaction might be developed because of the greater availability of OH ™ ions in the solution and/or a
higher OH~ coverage of the electrode surface. %! On the other hand, the peak potential shifted negatively with
increasing NaOH concentrations and the peak current decreased after a NaOH concentration of 1.0 M, owing
to the OH~ species covering the Au(111) electrode surface. The value for the shifted potential is determined
by the following equation: AE = -0.0607 pH. The best result was found when the NaOH concentration was 1.0
M at an ethanol concentration of 1.0 M.

The effect of ethanol concentration was studied at a fixed NaOH concentration of 1.0 M. The oxidation
current increased with the ethanol concentration, showing that the ethanol oxidation reaction was controlled
by the ethanol concentration at the electrode surface. The best performance was observed with an ethanol
concentration of 3.0 M. The oxidation current of ethanol decreased at a higher ethanol concentration of about
4 M. This might be explained due to the exhaustion of adsorbed OH~ by adsorbed CH3CH,OH at the Pt
ad-layer modified Au(111) electrode surface. According to these observations, it can be concluded that at lower

ethanol concentrations, the peak currents were controlled by the diffusion transport of ethanol due to the excess
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availability of OH~ ions. At higher ethanol concentrations, peak currents were controlled by the diffusion

transport of OH ™~ ions because of the excess availability of ethanol and insufficient OH~ ions.%%:52

Plots of ethanol oxidation peak current vs. (scan rate)!/? for the Pt ad-layer modified Au(111) electrode
are given in Figure 6. The peak current showed a linear increase with the square root of the scan rate, indicating

diffusion and surface-controlled electrocatalytic reduction.
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Figure 6. Cyclic voltammograms of different scan rate (a:5 mV/s, b:25 mV/s, ¢:50 mV /s, d:100 mV /s, e:150 mV /s,
£:200 mV /s, g:300 mV /s, h:400 mV /s and i:500 mV /s ) of ethanol oxidation on 30 s Pt dep. on Au(111) inset: square

root of the scan rate vs. current density.

Tafel plots for ethanol oxidation were obtained from the mixed kinetic-diffusion control region by using
mass-transport currents with a scan rate of 5 mV/s at all ad-layer modified Au(111) and bare electrodes (Figure
7). It was obvious that the 2/5 ML Pd ad-layer Au(111) and the 30-s electrochemically deposited Pt ad-layer
Au(111) electrodes were more active than the bare Au(111), polycrystalline Au, Pd, or Pt electrodes for ethanol
electrooxidation. Tafel slopes of approximately 121 and 115 mV were measured on 2/5 ML Pd ad-layer Au(111)
and 30-s electrochemically deposited Pt ad-layer Au(111) electrodes for ethanol oxidation. The Tafel slopes
that were obtained at the 2 catalysts were very similar, indicating that the same rate-determining step occurred
at the 2 catalysts. All of the above results from cyclic voltammetry and Tafel plots show that the 2/5 ML Pd
ad-layer Au(111) and 30-s electrochemically deposited Pt ad-layer Au(111) electrodes exhibited higher catalytic

activity for ethanol oxidation than any of the bare electrodes.
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Figure 7. Tafel slopes for ethanol oxidation in 0.1 M NaOH at 25 ° C on metal ad-layer modified Au(111), bare Au(111)
and polycrystalline Au, Pd and Pt electrodes. The scan rate was 5 mV/s.

Conclusions

Purely bimetallic electrode surfaces were prepared by the UPD technique (Cd and Pd) along with electrochem-
ically deposited Pt on a single-crystal Au(111) electrode. The voltammetric characterization depicted that a
submonolayer Pt ad-layer modified Au(111) electrode can be prepared by the electrochemical deposition tech-
nique. Electrocatalytic oxidation of ethanol was studied at electrochemically deposited Cd, Pd, and Pt ad-layer
modified Au(111) electrodes and compared with bare Au(111) and polycrystalline Pt, Pd, and Au electrodes in
alkaline solution. Cyclic voltammograms displayed a 330-mV negative shift with the Pd ad-layer and a 315-mV
negative shift with the Pt ad-layer compared with the bare Au(111) electrode for ethanol oxidation potential.
A significant increase in the current density was observed at almost all Pd and Pt ad-layer modified Au(111)
electrodes, showing that a fast electron transfer occurred on the modified electrode surfaces compared with both
bare Au(111) and polycrystalline Pt electrodes. The most electrocatalytic activity toward ethanol oxidation
was obtained with the 30-s electrodeposition of Pt as less than 1 ML on a Au(111) electrode.
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