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ABSTRACT

Graphene (RGO) can catalyze the electrochemical oxidative polymerization of pyrogallol in the acidic
solution to form poly(pyrogallol) (PPG) that has oxygen-containing functional groups in the polymer
chain and arapid charge transfer ability. Pt particles are deposited on the bare glassy carbon (GC), PPG/GC,
and PPG/RGO/GC electrodes, respectively, at a constant potential of —0.20V or —0.25V (vs. SCE). The sizes
of the Pt particles are affected by the electrodeposition potential of Pt and the kinds of the electrode mate-
rial. Both PPG and graphene play an important role in improving Pt particle dispersion and suppressing
the agglomeration of Pt particles. The electrocatalytic efficiency of the Pt electrodes toward methanol oxi-
dation is affected by the amount of Pt deposited on the electrode, sizes of Pt particles and the kinds of the
electrode material. Under the same electrodeposition potential and the same amount of Pt deposited on
the electrode, the order of the electrocatalytic efficiency of the three kinds of the electrode is as follows:
Pt/PPG/RGO/GC > Pt/PPG/GC > Pt/GC.

On the basis of the I/l ratio on cyclic voltammograms, the catalyst tolerance to CO poisoning is
improved by PPG and graphene at the initial stage of methanol oxidation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electrochemical oxidation of methanol has attracted con-
siderable interest over the past decades because of its potential
applications in the direct methanol fuel cell (DMFC) [1-5], which
has high-energy conversion efficiency, low pollutant emission, low
operating temperature and the storage convenience of a liquid fuel
cell [6-10]. It is well known that platinum is a good catalyst for
methanol oxidation. However, both the expensive Pt and lower
electrocatalytic efficiency of the smooth pure Pt foil are critical
problems, which limited its practical applications. A great deal of
effort has been devoted to reducing the use of platinum and enhanc-
ing the catalytic efficiency of Pt for methanol oxidation, such as
using platinum-based alloy catalysts of Pt-M (M=Ru, Pd, Co, Sn
and nichrome) [11-20] and supporting materials of Ti, TiO,, SnOy
and carbon [21-27]. This is because they have high catalytic activity
to methanol oxidation, good tolerance to CO poisoning compared
to pure platinum. For example, Pt-Ru and Pt-Co alloy electrodes,
their electrocatalytic activities are about 196 mCmg~! in terms of
mass specific activity [19] and about 146 mA cm~2 in terms of the
forward anodic peak current density [13], respectively; and the
potential for the onset of carbon monoxide oxidation on the Pt-Sn
alloy electrode surface is nearly 0.5V lower than that for pure Pt
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and approximately 0.15 V lower than that for Pt-Ru alloy electrode
[20]. Carbon materials have been used as catalyst support broadly
and commercially. However, the pristine surfaces of glassy car-
bon (GC) and carbon nanoparticles are relatively inert and difficult
to support Pt particle dispersion homogeneously [28,29], which
often results in the agglomeration of nanoparticles, and hence
affects the catalytic efficiency of Pt for methanol oxidation. It was
found that the presence of conducting polymer films of polypyrrole
[23,25,30-32], polyaniline [14,33-35], poly(o-phenylenediamine)
[36,37], and polyindole [38] on the electrode surface plays an
important role in improving the dispersion and stability of the
nanoparticles and furthermore enhancing the catalytic efficiency of
Pt nanoparticles for methanol oxidation. In addition, some authors
reported that oxygen-containing functional groups on the support
provide the sites for nanoparticle anchoring [39,40], increase the
metal dispersion [41,42] and make the electrochemical oxidation
potential of methanol shift toward less positive values [43].

Graphene sheet has high conductivity and large specific sur-
face area, so which is a suitable supporting material for loading Pt
nanoparticles. In addition, several oxygen-containing groups are
present in graphene. The graphene-supported Pt electrodes exhib-
ited a good performance for methanol oxidation [44-46] and were
observed to be significantly less susceptible to CO poisoning than
the traditional catalyst systems [47].

Pyrogallol with three hydroxyl groups can be polymerized elec-
trochemically on a GC electrode to form poly(pyrogallol) (PPG) with
a stable water-insoluble film [48]. However, its polymerization rate
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Fig. 1. Cyclic voltammograms of pyrogallol in a solution containing 50 mM pyrogallol and 0.20 M H,S0y4, (A) GC electrode, (B) RGO/GC electrode, curves: (1) first cycle, (5)

fifth cycle, at a scan rate of 60 mVs~1.

is very sluggish on the GC electrode. The reduced graphene oxide
(RGO) or graphene exhibits a good catalytic ability to some species
[49] and can greatly catalyze the electrochemical oxidative poly-
merizations of aniline, aniline derivatives and o-phenylenediamine
[50,51]. In this case, we used graphene as a catalyst to synthe-
size PPG, and made Pt nanoparticles deposit on a PPG/graphene/GC
electrode to form a Pt/PPG/RGO/GC electrode, which was used to
investigate methanol oxidation. The experimental results indicate
that poly(pyrogallol) polymerized on the graphene film has a more
rapid charge transfer rate compared to that of poly(pyrogallol)
polymerized on the bare GC electrode; and the Pt/PPG/RGO/GC
electrode exhibits a pronounced increase in the catalytic activity
for methanol oxidation and a significantly less susceptibility to CO
poisoning compared to that of the Pt/GC electrode. The reason for
the effect of both PPG and RGO on the electrocatalytic oxidation of
methanol is discussed in this report.

2. Experimental

Pyrogallol and other chemicals were of analytical reagent grade,
and were purchased from Sinopharm Chemical Reagent Co., Ltd. in
Shanghai. Doubly distilled water was used to prepare all aqueous
solutions. A GC disk electrode (3 mm diameter) was polished with
alumina slurry of 0.5 wm diameter on a polishing cloth and then
sonicated in a distilled water bath for 15 min before use.

Graphene oxide (GO) nanosheets were prepared from natural
graphite powders by a modified Hummer’s method [52]. Aque-
ous dispersion of pristine GO sheets (0.05wt.%) was prepared by
sonicating for 90min. A 5l aqueous dispersion of GO sheets
was dropped on a GC disk that was then allowed to dry at 40°C
to form a GO/GC electrode. The GO/GC electrode was reduced
at —1.0V for 90 min in a 0.30 M phosphate buffer of pH 4.15 to
form a graphene/GC electrode (i.e. RGO/GC electrode) [49-51].
A traditional three-electrode system, consisting of a GC or a
RGO/GC working electrode, a platinum foil counter electrode and
a saturated calomel reference electrode (SCE), was used for the
electrochemical experiments that were performed on a CHI 407
workstation.

The electrochemical polymerization of pyrogallol in the acidic
solution was performed using cyclic voltammetry between
—0.20 and 0.90V. Five cycles were used for the preparation of
poly(pyrogallol) (PPG) that was deposited on a GC electrode or on
aRGO/GC electrode. After polymerization, the PPG electrodes were
washed with distilled water and then were cycled between —0.20
and 0.80V for five cycles in 0.20 M H,SO4 solution. The purpose is
to remove pyrogallol in the polymer film. These polymer electrodes
were used for Pt electrodeposition.

Methanol oxidation was carried out in nitrogen atmosphere
at 25°C. Before electrolysis, the methanol solution was first

deoxygenated by bubbling N, for 10 min, and then a continu-
ous flow of nitrogen was maintained over the solution during the
methanol oxidation process.

Pt electrodeposition was carried out on a PAR Model 173
potentiostat-galvanostat with a Model 179 digital coulometer, at
a constant potential of —0.20 or —0.25 V (vs. SCE), in a solution con-
sisting of 3 mM H,PtClg and 0.10 M KCI. The digital coulometer can
accurately record charges during the electrodeposition process. The
amount of Pt deposited on the GC disk, PPG/GC and PPG/RGO/GC
electrodes was determined by total charges consumed during the
electrolytic process, assuming a 100% current efficiency.

_ QMp
T nF

Wt

where n is the number of electrons for the reduction of H,PtClg to
Pt, which is taken as 4. The other symbols have their usual meaning.
In this work, the total charge of 1.75 x 102 C or 3.50 x102 C was
used to deposit Pt on the electrodes; the corresponding Pt loading
is 125 and 250 pg cm—2, respectively. The apparent surface area of
the electrodes was calculated based on the GC electrode of 3 mm
diameter.

The images of Pt particles deposited on GC, PPG/GC, and
PPG/RGO/GC electrodes were observed by a field emission scan-
ning electron microscope (SEM) S-4800 II FE-SEM. The impedance
measurements of poly(pyrogallol) films were performed on an
Autolab instrument. Frequency sweeps extended from 10% to
0.01 Hz using a sinusoidal perturbation signal of 10 mV, peak-to-
peak. The infrared reflection spectra of polymer were measured
using a Nicolet 670-FT-IR spectrometer.

3. Results and discussion
3.1. Synthesis and electrochemical properties of poly(pyrogallol)

Fig. 1A and B is the cyclic voltammograms of pyrogallol in a
solution containing 50 mM pyrogallol and 0.20M H,S04 at a GC
electrode and a RGO/GC electrode, respectively. An oxidation peak
at 0.65V occurs on the first cycle (curve 1) in Fig. 1A, which is
caused by pyrogallol oxidation that results in the polymerization of
pyrogallol to form PPG film on the GC electrode surface. However,
for the second cycle, this peak shifts toward the positive potential
direction and its peak current decreases pronouncedly compared
to that of the first cycle, indicating that the conductivity of the
polymer film is relatively low. After the second cycle, the peak cur-
rent decreases slowly with an increasing number of cycles. Fig. 1B
shows two oxidation peaks at 0.44 and 0.81V on the first cycle, in
which the first oxidation peak is attributed to pyrogallol oxidation,
and then the oxidized species are oxidized further to form PPG
with a shift of the sweeping potential toward the more positive
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Fig. 2. Cyclic voltammograms of poly(pyrogallol) at various scan rates, (A-C) polymerized on a RGO/GC electrode, (D) polymerized on a GC electrode, in a 0.30 M Na,SO4
solution with pH 5.0.

potentials. This electrode is labeled PPG/RGO/GC. The anodic peak RGO/GC electrode has a rapid charge transfer rate; and the elec-

potential of pyrogallol shifts from 0.65 V at the GC electrode (curve trode reaction is still controlled by mass transfer at such fast scan
1 in Fig. 1A) to 0.44V at the RGO/GC electrode (curve 1 in Fig. 1B). rate. Fig. 2D shows the cyclic voltammograms of PPG/GC electrode
This is the electrocatalytic oxidation characteristic of a species for at different scan rates. There is no well-defined reduction peak in

cyclic voltammetry, which is caused by RGO due to the presence Fig. 2D, indicating that it has a slow charge transfer rate. The reason
of the free radical [50]. The free radical in RGO is originated from for the rapid charge transfer rate of PPG polymerized on a RGO/GC
GO nanosheets due to the oxidation of the graphite powder for the electrode is caused by RGO because it has a high conductivity and
preparation of GO nanosheets; after GO reduction, the free radical rapid charge transfer ability.

is still retained in RGO. The free radicals in both GO and RGO Fig. 3A and B shows the impedance plots of the PPG/GC
were detected by the ESR measurement [50]. The increase in the and PPG/RGO/GC electrodes in 0.50M H,SO4 solution at 0.50V,
anodic peak current with an increasing number of cycles after the respectively. In a wide frequency regime, no any trace for the
second cycle is observed in Fig. 1B, which is quite different from formation of the semicircle is observed in Fig. 3A, indicating
that in Fig. 1A. This difference is also caused by RGO that catalyzes that the charge transfer resistance R of the PPG/GC electrode is

the oxidative polymerization of pyrogallol. The polymerization very large. Therefore, the PPG/GC electrode is kinetically rather
process of pyrogallol at the RGO/GC electrode is presumed to be sluggish. However, the R of the PPG/RGO/GC electrode can
the following: be estimated to be about 4k€2 that is lower than that of the
n H + NRGO- —N€ —» n - +n RGO + NH

H H

OH OH OH
@ﬂQjﬁ &)
“OH H

Fig. 2A-C and D shows the cyclic voltammograms of a PPG/GC electrode. The possible reasons are that the amount of
PPG/RGO/GC electrode and a PPG/GC electrode at various scan PPG polymerized on the RGO/GC electrode is greater than that of
rates, respectively, in a 0.30 M Na;SO4 solution of pH 5.0. A well- PPG polymerized on the GC electrode due to the electrocatalytic
defined redox couple occurs in Fig. 2A-C in a scan rate range of oxidative polymerization of pyrogallol by graphene, and PPG poly-
0.01-7.20Vs~!, which demonstrates that PPG polymerized on a merized on the RGO/GC electrode has a large surface area and
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Fig. 3. The impedance plots: (A) PPG/GC and (B) PPG/RGO/GC in 0.50 M H,SOj4 solution.

rapid charge transfer ability. These factors resulted in the R¢ of
the PPG/RGO/GC electrode is smaller than that of PPG/GC elec-
trode. Furthermore the Warburg impedance in the lower frequency
regime is observed in Fig. 3B. The latter result demonstrates that the
reaction of the PPG/RGO/GC electrode is controlled by mass trans-
fer, that is, the PPG/RGO/GC electrode is kinetically more rapid than
that of the PPG/GC electrode. This result is in good agreement with
that of cyclic voltammograms in Fig. 2.

Curves 1 and 2 in Fig. 4 are the IR spectra of PPG/GC and
PPG/RGO/GC, respectively. The main reflection peaks are discussed
here. A broad band centered near 3500 cm~! is attributed to the
hydrogen-bonded OH stretching vibrations of phenols. A peak at
1610cm~! on curve 1 and 1614cm~! on curve 2 are assigned to
C=C stretching vibrations of the benzene ring. A peak at 1460 cm~!
in curve 2 would be attributed to C-O-H deformation vibrations
in carboxylic acids. A peak at 1330cm~! on curves 1 and 2 would
be assigned to OH deformation in phenols because phenols absorb
near 1350cm~! due to the OH deformation and give a second
broader, stronger band due to C-OH stretching near 1200 cm™!
[53]. Therefore, a peak at 1176cm~! on curve 2 is attributed to
C-OH stretching vibrations. To assign the contribution of the peak
at 986cm~! on curve 1 and at 993 cm~! on curve 2, the IR spec-
trum of pyrogallol was measured in our work, in which a very
strong sharp peak appears at 1000 cm~!. Therefore, both peaks at
986 and 993 cm~! in Fig. 4 should be attributed to C-OH stretch-
ing vibrations. Fig. 4 indicates that the IR spectrum on curve 2 is
similar to that on curve 1, but there is small difference between
them such as the IR signal intensity of PPG/RGO/GC (curve 2) is
stronger than that of PPG/GC (curve 1), and two new peaks at 1176

100 -

Transmittance

1176

3000 2500 2000 1000 500

Wavenumber / cm-!

4000 3500 1500

Fig. 4. IR spectra of PPG/GC (1) and PPG/RGO/GC (2).

and 1460 cm~! occur on curve 2. This difference is caused by the
amount of PPG polymerized on the RGO/GC electrode, which is
larger than that of PPG polymerized on the GC electrode because
the oxidative polymerization of pyrogallol was catalyzed by RGO;
and RGO was contained in the PPG/RGO/GC electrode. It is clear
that the oxygen-containing functional groups are contained in the
PPG/GC and PPG/RGO/GC electrodes.

3.2. Effect of the electrode material and applied potential on
images of Pt particles

The images of Pt particles on GC, PPG/GC, and PPG/RGO/GC
electrodes are shown in A, B-C, and D of Fig. 5, respectively.
The electrodeposition of Pt was performed at —0.20V; and
the total charge for the Pt electrodeposition on each electrode
is 3.50 x 10~2C, which is corresponding to the Pt loading of
250 g cm—2. The SEM images in Fig. 5 reveal a fact that Pt particles
deposited on each supporting matrix are constructed of spherical
particles with different sizes. The diameters of Pt particles are about
400nm to 1 wm in Fig. 5A, 400 nm to 800 nm in Fig. 5B, and 200 nm
to 300 nm in Fig. 5D. Clearly, the sizes of Pt particles are affected by
the electrode material for Pt deposition. Among them, the sizes of
Pt particles deposited on the PPG/RGO/GC surface are the smallest
due to the synergetic effect of PPG and graphene composite film on
the GC surface. Graphene sheet has a large specific surface area and
exhibits a unique structure of two-dimensional structure, which is
advantageous to formation of PPG film with large surface area and
deposition of Pt particles. As a result, the sizes of Pt particles on the
PPG/RGO/GC electrode are smaller than those of Pt particles on the
PPG/GC electrode. Fig. 5C shows the image of a large Pt particle in
Fig. 5B. Clearly, the large Pt particle consists of a numerous small
spherical particles with an average diameter of about 30 nm. These
small particles are aggregated together to form a large Pt particle.
The result from Fig. 5D demonstrates that the PPG/RGO composite
film plays an important role in improving Pt particle dispersion and
suppressing aggregation of Pt particles due to the presence of the
oxygen-containing functional groups that are sites for nanoparticle
anchoring [39,43].

The images of Pt particles deposited on GC, PPG/GC, and
PPG/RGO/GC electrodes are shown in A, B, and C of Fig. 6, respec-
tively; they were obtained at —0.25V for the electrodeposition of
Pt. The total charge for Pt deposition is also 3.50 x 10~2 C. Fig. 6
shows the images of the electrode surface consisting of Pt flakes
with different diameters and lengths. The size of Pt flakes deposited
on the PPG/RGO/GC electrode (Fig. 6C) is still smallest among the
three electrodes; its reason is the same as that explained previ-
ously. Fig. 6C shows that the flakes have an average diameter of
about 40 nm with lengths varying from 60 to 120 nm. The sizes of
Pt particles deposited on three electrodes in Fig. 6 are much smaller
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Fig. 5. Images of Pt particles deposited on (A) GC, (B, C) PPG/GC, (D) PPG/RGO/GC electrodes, at a deposition potential of —0.20V, Pt loading of 250 p.g cm~—2.

than those of Pt particles deposited on the corresponding electrode
in Fig. 5, indicating that the sizes of Pt particles are strongly affected
by the Pt deposition potential. It is well known that the reduction
rate of a species increases with increasing negative potential. Thus,
the deposition rate of Pt from H;PtClg reduction increases as the
applied potential moves from —0.20 to —0.25V. A faster deposi-
tion rate is favorable to accelerate the formation of Pt nuclei. As
a result, the amount of Pt nuclei deposited on the electrode sur-
face increases, which plays a significant role in suppressing nuclei
growth and improving the Pt particle nuclei dispersion. There-
fore, the sizes of Pt particles formed at —0.25V are much smaller
than those formed at —0.20V. However, the particle morphology
changes from spherical particles in Fig. 5 to flakes in Fig. 6, this may
be attributed to the rapid formation of a large amount of Pt nuclei at
—0.25V and the increase in the non-uniformity of the electric field
at the disk working electrode with increasing the applied cathodic
potential because an Pt foil counter electrode is not parallel to the
disk working electrode in the electrolytic cell. In that case, the Pt
nuclei get together to form flakes as the electrolysis proceeds.

3.3. Effect of the amount of Pt deposited on the catalyst efficiency
to methanol oxidation

In this section, the electrodeposition of Pt was carried out at
a constant potential of —0.20V. The electrocatalytic activity of Pt
deposited on the different electrodes was characterized using cyclic
voltammetry in a solution consisting of 1.0 M methanol and 0.50 M
H,S04; and the scan rate was set at 50mVs~!. In this work, 20
cycles for each electrode were recorded for testing the effect of

potential cycles on the catalytic activity of Pt. Fig. 7A shows the
cyclic voltammograms of Pt deposited on GC (curve 1), PPG/GC
(curve 2), and PPG/RGO/GC (curve 3) electrodes. The amount of
Pt deposited on each electrode is 125 pwgcm~—2. Considering the
change in the catalytic activity of the electrode with cycles, a cyclic
voltammogram with the maximum catalytic activity is used in
Fig. 7A and B for each electrode. The maximum forward anodic
peak current density is observed at the 6th cycle for the Pt/GC and
Pt/PPG/GC electrodes and at the 15th cycle for the Pt/PPG/RGO/GC
electrode. As can be seen from Fig. 7A, the forward anodic peak cur-
rent density is the smallest for the Pt/GC electrode and is the largest
for the Pt/PPG/RGO/GC electrode. Fig. 7B shows the cyclic voltam-
mograms of Pt deposited on GC (curve 1), PPG/GC (curve 2), and
PPG/RGO/GC (curve 3) electrodes; the amount of Pt deposited on
each electrode is 250 g cm~2. The maximum forward anodic peak
current density is 15.9, 21.1, and 31.3 mAcm~2 appearing at the
15th cycle for the Pt/GC and Pt/PPG/GC electrodes, and at the 20th
cycle for the Pt/PPG/RGO/GC electrodes, respectively. The order of
the current density for three kinds of the electrode is similar to that
in Fig. 7A. This is because the sizes of Pt particles are the largest
on the GC electrode and the smallest on the PPG/RGO/GO elec-
trode (Fig. 5); and furthermore, the dispersion of Pt particles on
the PPG/GC and PPG/RGO/GC electrodes was evidently improved
compared to the GC electrode. This indicates that PPG and RGO
films play an important role in improving the dispersion of Pt par-
ticles, which leads to increasing electrocatalytic activity of Pt under
the same amount of Pt deposited on the electrode. In comparison
with Fig. 7A, the peak current density for each electrode in Fig. 7B
is two times as large as that in Fig. 7A because the Pt loading on
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Fig. 6. Images of Pt particles deposited on (A) GC, (B) PPG/GC, (C) PPG/RGO/GC electrodes, at a deposition potential of —0.25V, Pt loading of 250 vg cm~2.

each electrode in Fig. 7B is higher than that in Fig. 7A, which has
been examined by previous works [54,55]. Fig. 7B shows that the
onset oxidation potential of methanol oxidation is about 0.40V on
Pt/GC and the Pt/PPG/GC electrodes and is however at about 0.30V
on the Pt/PPG/RGO/GC electrode. This difference is mainly caused
by the PPG/RGO composite film that has more rapid charge transfer
ability compared with PPG polymerized on the bare GC electrode as
discussed previously. In addition, Fig. 7A and B shows that the peak
potential of methanol oxidation for the forward scan is at 0.65V
at the Pt/PPG/RGO/GC electrode, which is a little more negative
than those at the Pt/GC and Pt/PPG/GC electrodes. The values of
the peak current density, peak potential, and the onset potential of
methanol oxidation for the forward scan are usually used for eval-
uating the catalytic activity of Pt toward methanol oxidation. The
results shown in Fig. 7A and B demonstrate that the order for the
electrocatalytic efficiency of the three kinds of the electrode is as
follows:

Pt/PPG/RGO/GC > Pt/PPG/GC > Pt/GC

Fig. 7C shows the cyclic voltammograms of the Pt/PPG/RGO/GC
electrode from the 1st to 20th cycles in a solution consisting of 1.0 M
methanol and 0.50 M H;SOg4. Clearly the peak current density of
methanol oxidation in the forward scan from —0.20 to 0.90V and in
the backward scan from 0.90 to —0.20V increases with an increas-
ing number of cycles from the 1st cycle to the 20th cycle and the
oxidation peak potential shifts slightly toward the negative poten-
tial direction for the forward and backward scans with increasing

cycles. This phenomenon has been observed in the previous report
[33]. The reason for the peak current of methanol oxidation on
the forward scan increases with an increasing number of cycles
would be caused by the automatic activation of Pt particles [33] or
the formation of the free radicals at the initial stage for methanol
oxidation. This phenomenon was also observed on the bare plat-
inum foil in our laboratory. The peak current on the backward scan
also increases with an increasing number of cycles, which is due to
the accumulation of intermediates produced in the forward scan
process, which can be oxidized at lower positive potentials.

The oxidation of methanol on the Pt catalyst forms CO and other
intermediate carbonaceous species, which hinder further oxida-
tion of methanol and cause the surface poison of the Pt catalyst.
Hence, the ratio of the forward anodic peak current density Ir to
the backward anodic peak current density Iy, If/I}, is usually used
to assess the catalyst tolerance to carbonaceous species accumula-
tion [44,56]. The change in the ratio of I/, as a function of cycles
is shown in Fig. 7D for the three electrodes, which was calculated
based on their forward and backward peak current densities among
20 cycles shown in Fig. 7B. For the first cycle, the I/, ratio is
1.67, 2.04, and 2.17 for the Pt/GC, Pt/PPG/GC, and Pt/PPG/RGO/GC
electrodes, respectively. Obviously, the I¢/I;, ratio is the smallest
for the Pt/GC electrode and is the largest for the Pt/PPG/RGO/GC
electrode among the three kinds of the electrode. The reason for
this is that the -OH groups are contained in PPG, and the oxygen-
containing functional groups are included in graphene. They are
favorable for the production of CO, from the oxidation of CO pro-
duced in the forward scan, which was proven by the in situ FTIR
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Fig. 7. Cyclic voltammograms of methanol oxidation at different Pt electrodes in a solution consisting of 1.0 M CH;0H and 0.50 M H,SO4 at a scan rate of 50mVs~!, the Pt
deposition potential is controlled at —0.20V. (A) Pt loading of 125 pgcm~2. (B) Pt loading of 250 p.g cm~2, the cyclic voltammogram with the highest forward anodic peak
current density for each electrode among 20 cycles. (C) The cyclic voltammograms as a function of scan cycles, Pt loading of 250 g cm~2. (D) I¢/I;, as a function of scan cycles

for different Pt electrodes, Pt loading of 250 g cm~2.

spectra during methanol oxidation [43]. Fig. 7D shows that the
If/I}, ratio decreases with an increasing number of cycles for three
kinds of the electrode, but their decay rates are different with each
other, depending on the electrode material. The I/I;, ratio of the
Pt/GC electrode changes slightly with increasing cycles, and is a lit-
tle higher than that of the Pt/PPG/GC electrode after 8 cycles and
higher than that of the Pt/PPG/RGO/GC electrode after 11 cycles.
The small difference between the Pt/PPG/GC and Pt/PPG/RGO/GC
electrodes is due to the fact that the oxygen-containing functional
groups are also contained in graphene, which led to its tolerance
to CO poisoning being better than that of the Pt/PPG/GC electrode.
The I¢/I}, ratio of the Pt/GC electrode changes slightly with increas-
ing cycles, which is attributable to its low peak current density of
the forward scan compared to another two electrodes shown in
Fig. 7B. This indicates that the change in the I¢/I;, ratio with cycles is
related to the forward peak current density since the higher anodic
peak current density leads to the formation of the lager amount
of intermediates on the catalyst surface. The I/}, ratio is 1.47 for
the Pt/graphene nanosheets [44], and is 4.39 for the Pt-Ru/carbon
black [45]. Clearly, the I¢/I}, ratio of the Pt/PPG/GC or Pt/PPG/RGO/GC
electrode is larger than that of the Pt/graphene nanosheets due to
poly(pyrogallol) with oxygen-containing functional groups; how-
ever, the I¢/I;, ratio of the Pt/PPG/RGO/GC electrode is smaller than
that of Pt-Ru electrode [45]. Therefore, the Pt-Ru alloy electrode
has a good tolerance to CO poisoning [45], but the I¢/I;, ratio of the
carbon supported Pt-Ru electrode is smaller [19], its reason is not
clear to us.

Fig. 8A shows the current densities of the three electrodes with
Pt loading of 250 g cm—2 as a function of time during methanol
oxidation at a constant potential of 0.50 V. The Pt electrodeposition
for the three electrodes was carried out at —0.20V. Fig. 8A indi-
cates that the current density is the largest for the Pt/PPG/RGO/GC

electrode and is the smallest for the Pt/GC electrode among the
three electrodes. This result is in good agreement with that shown
in Fig. 7. As can be seen from Fig. 8A, a decay of the current density
for methanol oxidation on the Pt/GC electrode is slower than that
of the Pt/PPG/GC or Pt/PPG/RGO/GC electrode. One of reasons for
this result is caused by concentration polarization at the electrode
in the quiescent solution in the process of methanol oxidation;
thus, the Pt/PPG/RGO/GC electrode with the largest current den-
sity is polarized more easily than that of the Pt/GC electrode with
smallest current density among the three electrodes; another one
is due to a decrease in the I¢/l;, of the Pt/PPG/RGO/GC electrode
being faster than that of the Pt/GC electrode. From the change in
the current density with time shown in Fig. 8A, the Pt/PPG/GC and
Pt/PPG/RGO/GC electrodes are quite stable.

The above results show that the Pt electrode with higher amount
of Pt not only exhibits the higher electrocatalytic efficiency but also
improves the stability of the Pt electrodes compared with the Pt
electrodes with lower amount of Pt. In this case, a Pt electrode with
Pt loading of 375 g cm~2 was used to study methanol oxidation,
in which Pt particles were deposited on the PPG/RGO/GC electrode
at —0.20V. The result is shown in Fig. 8B, in which the maximum
forward anodic peak current density is 55.7 mA cm~2 appearing at
the 8th cycle (curve 3) that is higher than that of curve 3 in Fig. 7B;
and however, the peak current density decreases with increasing
number of cycles from the 8th cycle (curve 3) to the 20th cycle
(curve 5) in Fig. 8B, which is different from that in Fig. 7C. The result
shown in Fig. 8B demonstrates that the electrocatalytic efficiency
of the electrode with Pt loading of 375 g cm~2 is higher than that
with Pt loading of 250 g cm~2, but its stability was suffered from
a decay with an increasing number of cycles. In this case, the elec-
trodes with Pt loading of 125 and 250 pwgcm—2 were used in the
following experiments.
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Fig. 8. (A) Chronoamperometric curves of Pt/GC (1), Pt/PPG/GC (2), and Pt/PPG/RGO/GC (3) in a solution of 1.0 M methanol and 0.5M H,S04, at 0.50V (vs. SCE). (B) Cyclic
voltammograms of methanol oxidation at the Pt/PPG/RGO/GC electrode with Pt loading of 375 g cm~2 in a solution consisting of 1.0 M CH30H and 0.50 M H,SO4 at a scan
rate of 50mVs~', the Pt deposition potential is controlled at —0.20V, curves: (1) 1st cycle; (2) 4th cycle; (3) 8th cycle; (4) 15th cycle; (5) 20th cycle.

3.4. Effect of the Pt electrodeposition potential on the catalyst
efficiency

In this section, all Pt electrodes were prepared at a constant
potential of —0.25V. The amount of Pt deposited on each elec-
trode is 250 wgcm—2. Fig. 9A shows the cyclic voltammograms
of the Pt/GC, Pt/PPG/GC, and Pt/PPG/RGO/GC electrodes, with the
maximum forward anodic peak current density for each elec-
trode among 20 cycles in the process of methanol oxidation. The
maximum forward anodic peak current density for methanol oxi-
dation is 25.6, 38.8, and 57.2 mA cm~2 at the Pt/GC, Pt/PPG/GC, and
Pt/PPG/RGO/GC electrodes, respectively. Clearly, the order of the
forward anodic peak current density for three different kinds of
the electrode is same as that in Fig. 7A and B, The reason for this
is discussed previously. However, the peak current density of each
electrode in Fig. 9A is much higher than that in Fig. 7B for the cor-
responding electrode. This difference is caused by the sizes of Pt
particles because the sizes of the Pt particles obtained at —0.25V
is only about one-tenth of sizes of Pt particles obtained at —0.20V
for the corresponding electrode. The maximum anodic peak cur-
rent density (57.2 mA cm~2) of the Pt/PPG/RGO/GC electrode with
Ptloading of 250 g cm~2 is close to that of the Pt-Co/PPY-MWCNT
electrode (with Pt loading of 500 pg cm~2) before over-oxidation,
under the same experimental conditions including the composition
of methanol solution and the potential scan rate [13]. The carbon
supported Pt-Ru electrode showed higher electrocatalytic activ-
ity in terms of mass specific activity, but the potential scan rate

of cyclic voltammetry was controlled at 100 mV s~1, therefore, its
result cannot be compared with our result because the potential
scan rate was set at 50mV s~ in our work.

Fig. 9B shows the change in the forward anodic peak current
density with an increasing number of cycles for the three kinds of
the electrode. The Pt/GC electrode (curve 1) exhibits that its for-
ward anodic peak current density increases quickly first and then
slowly until the 20th cycle. The Pt/PPG/GC electrode (curve 2) is
almost similar to the Pt/GC electrode in the change of the forward
anodic peak current density with an increasing number of cycles.
However, a maximum forward anodic peak current density occurs
at the 10th to 12th cycles for the Pt/PPG/RGO/GC electrode (curve
3) and then decreases slightly with an increasing number of cycles,
and finally reaches a constant value, in which the catalytic efficiency
of the Pt/PPG/RGO/GC electrode decreased only 3.1% in going from
the 12th cycle to the 20th cycle. In comparison with the results
from Fig. 7A and B, the stability of both Pt/GC and Pt/PPG/GC elec-
trodes was improved, which is attributed to the formation of the Pt
nanoparticles and highly dispersed particles. Even though the sta-
bility of the Pt/GC electrode prepared at —0.25V was improved, its
forward anodic peak potential shifts to more positive potentials, for
example, itis 0.74V for the first cycle. However, the forward anodic
peak potential of methanol oxidation for the first cycle is 0.64V
at the Pt/PPG/GC electrode and 0.63V at the Pt/PPG/RGO/GC elec-
trode, which were prepared under the same conditions as the Pt/GC
electrode. Clearly the forward anodic peak potential of methanol
oxidation at the Pt/GC electrode is much positive than those of the
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Fig. 9. (A) Cyclic voltammograms of methanol oxidation at different Pt electrodes in a solution consisting of 1.0 M CH3OH and 0.50 M H,SOy4 at a scan rate of 50 mV s~!, with
the highest forward anodic peak current density for each electrode among 20 cycles, the Pt deposition potential is controlled at —0.25V, Pt loading of 250 p.g cm~2. (B) The
change in the forward anodic peak current density as a function of scan cycles, (1) Pt/GC, (2) Pt/PPG/GC, (3) Pt/PPG/RGO/GC electrodes.
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Pt/PPG/GC and PT/PPG/RGO/GC electrodes for the first cycle, which
is caused by the polarization of the Pt/GC electrode due to the higher
anodic current density.

On the basis of the results shown in Fig. 9B, the forward anodic
peak current densities of both Pt/PPG/GC and Pt/PPG/RGO/GC
achieve more easily the steady state compared with the Pt/GC elec-
trode; furthermore, the time for achieving the steady state of a pure
Pt foil used for methanol oxidation needs over 100 cycles under
the same experimental conditions shown in Fig. 9A, indicating that
the activation time of the Pt electrode is related to the electrode
material. In addition, the activation of the Pt electrode used for the
electrocatalytic oxidation of methanol also depends on the prepara-
tion conditions for the same electrode material such as Pt-Ru alloy
electrodes, one of them prepared under the optimum conditions is
more easily to achieve the steady state than other Pt-Ru electrodes
during the process of methanol oxidation [19].

4. Conclusion

Graphene catalyzed the electrochemical oxidative polymeriza-
tion of pyrogallol in the acidic solution to form PPG that has rapid
charge transfer ability. Therefore PPG is a new electrode material. Pt
particles were deposited on the GC, PPG/GC, and PPG/RGO/GC elec-
trodes to form three kinds of the Pt electrode at a constant potential
of —0.20 or —0.25V, which were used to study methanol oxidation
in 0.50M H;SO4 solution. The sizes of Pt particles are strongly
affected by its electrodeposition potential and the electrode mate-
rials. The electrocatalytic efficiency of the Pt electrode toward
methanol oxidation increased with increasing the amount of Pt
deposition and with decreasing the sizes of Pt particles, and
depends on the electrode materials used for Pt deposition. The
order of the electrocatalytic efficiency of the Pt electrodes toward
methanol oxidation under the same amount of Pt deposited on
the electrode and the same electrodeposition potential of Pt is as
follows:

Pt/PPG/RGO/GC > Pt/PPG/GC > Pt/GC

This order is in good agreement with the sizes of Pt parti-
cles and the charge transfer ability of the electrodes because Pt
particles with minimum sizes were obtained on the PPG/RGO/GC
electrode and it exhibits the rapidest charge transfer ability among
the three electrodes. On the basis of the ratio of the forward anodic
peak current density to the backward anodic peak current density
in the cyclic voltammograms, the presence of PPG and graphene
improved the catalyst tolerance to carbonaceous species accu-
mulation, such as CO, due to the presence of oxygen-containing
functional groups in both PPG and graphene, which is proved by IR
spectra of the PPG/GC and PPG/RGO/GC electrodes. Both PPG and
graphene play an important role in improving Pt particle dispersion
and suppressing the agglomeration of Pt particles. In summary, the
Pt electrode prepared at —0.25V and the Pt loading of 250 p.g cm—2
have higher electrocatalytic activity, better stability, and improve
the catalyst tolerance to CO poisoning.
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