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Abstract Pt nanocatalysts supported on glassy carbon (GC)
were electrochemically deposited by cyclic voltammetry
(CV) with different scanning potential ranges. The lower
limit of potential was fixed at —0.25 V vs. saturated calomel
electrode, whereas the upper limit of potential was adjusted
to be 0.0, 0.20, 0.60, and 1.0 V. Scanning electron
microscopy images showed that Pt microparticles are
uniformly dispersed on the GC substrate and the agglomer-
ated microparticles are composed of numerous nanoparticles.
In addition, the catalytic capabilities of Pt/GCs for methanol
electrooxidation were examined by CV, chronoamperometry,
and electrochemical impedance spectroscopy in a solution of
0.5 M CH;OH and 0.5 M H,SO,. The results demonstrate
that the catalytic activities and stabilities of Pt catalysts
prepared by the potential ranges from —0.25 to both 0.60 and
1.0 V for methanol electrooxidation were higher than the
others, which may be due to their higher electrochemical
active surface area, lower charge transfer resistance, and
more preferred Pt crystallographic orientation.

Keywords Methanol oxidation - Pt nanoparticles -
Electrocatalyst - Electrochemical impedance spectroscopy
Introduction

Direct methanol fuel cell (DMFC) is being widely
investigated and considered as a prospective and potential
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power source for the application in transportation, portable
electronics, residential power sources, etc., because of its
high energy density, simple construction, easy operation,
relative low operating temperature, and environmental
benign [1-4]. The key component of a DMFC is the
membrane electrode assembly (MEA), in which electro-
chemical reactions take place and electrical energy is
produced. An MEA consists of three components: an
anodic electrode, a cathode electrode, and a polymer
electrolyte membrane. For electrochemical oxidation of
methanol in acidic media, anode catalyst material most
frequently consists of Pt particles. In recent years, a number
of approaches have been reported for synthesis of Pt
nanoparticles, such as microwave-assisted process [5-7],
chemical reduction [8—10], and electrochemical deposition
[11-13]. The electrochemical deposition method has some
special advantages such as high purity of deposits and
simple procedure of deposition. Many papers about Pt
catalysts prepared by electrochemical deposition have been
reported. Among them, the group of MME Duarte deposited
different Pt particles on different carbon substrates using
chronoamperometry by changing electrodeposition potential
and time [14]. The dependence of morphology, microstruc-
ture, and electrochemical properties of platinum on different
reduction potentials [11] and electrodeposition method such
as fast square wave potential modulation [15] were also
investigated. However, the effect of upper limit potential of
cyclic voltammetry method on electrochemical-deposited
platinum has not been reported so far.

This work aims to investigate the effect of plating
potential ranges on the performance of Pt nanocatalysts for
methanol electrooxidation. Our approach is to prepare Pt/
glassy carbon (GC) by electrochemical cyclic voltammetry
(CV) with different scanning potential ranges and the
catalytic activity of Pt catalysts for methanol electrooxidation
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in acid media were studied by CV, chronoamperometry (CA),
and electrochemical impedance spectroscopy (EIS). It will
provide a better insight into the selection of plating potential
ranges for electrochemical deposition of Pt catalysts and the
kinetics of methanol electrochemical oxidation in acidic media.

Experimental section
Preparation and characterization

The electrochemical experiments were carried out on an
electrochemical workstation (CHI660A, CHI company) in a
conventional three-electrode electrochemical cell using a
platinum foil (12x12 mm) and a saturated calomel
electrode (+0.241 V vs. normal hydrogen electrode) as the
counter and reference electrodes, respectively. The glassy
carbon electrode (¢ 5 mm, geometric area is approximately
0.196 cm?) sealed by poly(tetrafluoroethylene) was used as
the working electrode for Pt deposition which was polished
with 0.05-um alumina powder, until a shiny mirror-like
surface was obtained, and was then ultrasonicated for
several minutes in deionized water. The GC electrode was
further cleaned in 0.5 M H,SO,4 by electrochemical CV
with the potential range from —0.25 to 1.20 V at a scan rate
of 0.05 V s~ '. Subsequently, the Pt catalysts supported on
GC electrodes were prepared by CV in a solution of 2 mM
potassium hexachloroplatinate (IV) and 0.5 M sulfuric acid
with the scanning potential ranges of —0.25~0.0,
—0.25~0.20, —0.25~0.60, and —0.25~1.0 V, at a scan rate
of 0.05 V s! for 20 cycles. The catalysts were labeled as
S1, S2, S3, and S4, respectively. The as-prepared Pt

catalysts were characterized by scanning electron micros-
copy (SEM). SEM images were obtained on a Philips X130
with an operating voltage of 20 kV.

Electrochemical measurement

The catalytic activities of the as-prepared catalysts for
methanol oxidation were studied by means of CV and CA
in a conventional three-electrode electrochemical cell as
described above. The CV measurements were carried out in
a solution of 0.5 M H,SO,4 and 0.5 M CH;OH at a scan rate
of 0.05 V s™'. To obtain chronoamperometry curves, the
working electrode was polarized at 0.60 V in the same
solution for 600 s. Electrochemical impedance measure-
ments were conducted by sweeping the frequency from
100,000 to 0.005 Hz in a constant voltage mode at
amplitude of 5 mV after polarizing at respective constant
potential for 60 s. The electrode potential was set at 0.30,
0.40, 0.50, 0.55, 0.60, and 0.85 V.

Before each test, the solution was purged with N, for
15 min to remove O,, and all electrochemical experiments
were performed at room temperature. All the chemicals are
analytical reagents and were used without any further
purification.

Results
Electrochemical deposition of platinum

Figure 1 illustrates the cyclic voltammograms of GC in a
solution of 2 mM K,PtClg and 0.5 M H,SO, with different
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Fig. 2 Cyclic voltammograms of different Pt/GC electrodes in 0.5-M
H,SO, solution

scanning potential ranges at a scan rate of 0.05 V s~ for 20
cycles. The onset potential of platinum deposition is around
0 V and there is a reduction peak at —0.16 V during
negative-going potential scan, which can be attributed to
the nucleation and diffusion-controlled growth of platinum
particles [11, 16]. The onset potential of hydrogen
evolution is at about —0.22 V. On the positive scan, a small
peak can be seen at —0.10 V, which can be assigned to the
desorption of hydrogen from platinum surface. The peak
current densities (current/geometric area) increase with the
increasing of cycling numbers, which means that the film is
growing on the GC surfaces. After 20 cycles, the Pt/GC
electrodes were removed from the solution and washed
with deionized water.

Characterization

The as-prepared catalysts of Pt/GC were electrochemically
characterized in 0.5 M H,SO, solution at a scan rate of
0.05 V s '. Figure 2 displays the comparison of CV curves
of S1, S2, S3, and S4. Well-defined CV features of a
polycrystalline Pt electrode are observed on all Pt/GCs. In
the potential range from —0.25 to 0.10 V, there are two pairs
of redox peaks around —0.14 and 0.0 V, which are the

Fig. 3 Typical a SEM and
b TEM images of as-deposited
Pt particles

R )

hydrogen adsorption and desorption peaks. The redox
peaks around —0.14 V is related to crystal face (110) site
of Pt [17]. The number of adsorption sites on the faces
(100), (111), and (110) of Pt are four, three, and five,
respectively, in which, the face (110) is most favorable
among these three basic crystal faces of Pt for methanol
electrooxidation [18, 19]. The rank of current density
(current/geometric area) of the current peak at —0.14 V is
S4~=S3>S2>S1, which indicates that both catalysts S4 and
S3 have much more crystal face (110) sites of Pt than any
other two catalysts. This difference may be one of the
important elements for different catalytic activity for
methanol oxidation. The pair of current peaks at about
0.0 V is attributed to the well-known hydrogen adsorption/
desorption, which is related to the crystal surface (111) site
of Pt [17]. For S4 and S3, the redox peaks at 0.0 V are
much stronger than S1 and S2, which means plating at
relatively wide range generates much more Pt(111).

The electrochemical active surface area (EAS) of
platinum catalyst was measured from the total electrical
charge used in hydrogen desorption from cyclic voltammo-
grams obtained in 0.5 M H,SO4 between —0.25 and 0.20 V,
assuming that monolayer hydrogen atom coverage and the
hydrogen desorption charge density of 210 puC cm > of
smooth platinum surface [14, 20]. The electrical charge of
hydrogen desorption (Qy) measured by integration of the
CV curves can be used to evaluate quantitatively the EAS
of Pt/GCs by the well-known formula of EAS=0y/210.
The calculated EAS of S1, S2, S3, and S4 are 1.15, 1.58,
2.00, and 2.14 cm?, respectively. Clearly, the upper limit of
scanning potential has significant effect on the active
surface area of Pt catalysts. The active surface area of Pt
catalyst increases basically with the increasing of the upper
limit of scanning potential.

Figure 3 presents the typical SEM and transmission
electron microscopy (TEM) images of the as-prepared Pt
catalysts. These four Pt/GCs have similar morphology. It
can be obviously seen from the SEM image that the
spherical platinum microparticles were uniformly dispersed
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on GC substrate and the agglomerated microparticles are
composed of numerous platinum nanoparticles (Fig. 3b).

Electrochemical properties for methanol oxidation

Figure 4 shows cyclic voltammograms of methanol electro-
oxidation on different Pt/GCs in a solution of 0.5 M
CH;OH and 0.5 M H,SO, at a scan rate of 0.05 V s
expressed by current (Fig. 4a) and current density (current/
EAS, Fig. 4b). It can be clearly seen that the onset potential
for methanol oxidation on the four Pt/GCs are close, i.e.,
about 0.20 V. In the forward scan, methanol oxidation
produced a symmetric anodic peak at 0.62 V for all of
catalysts. In the reverse scan, there was also an anodic peak
at 0.42 V, which is attributed to the reduction of the
oxidized Pt oxide and the removal of the incompletely
oxidized carbonaceous species formed in the forward scan
[21-23]. So the ratio of the forward anodic peak current
density (jy) to the reverse anodic peak current density (jy,), ji/
Ju, could be used to describe the catalyst tolerance to
carbonaceous species accumulation [24]. A low j/j,, ratio
indicates poor oxidation of methanol to carbon dioxide during
the anodic scan and excessive accumulation of carbonaceous
residues on electrode surface. The ratios of j/j, are 1.28, 1.22,
1.17, and 1.17, respectively. Obviously, four catalysts have
close ratios of j/j,, which illuminates that they have similar
tolerance to carbonaceous species. However, from Fig. 4a,
S3 and S4 have close current, which is higher than S1 and
S2. From Fig. 4b, it can be seen that S3 and S4 still have
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higher current density, while S1 has the lowest one. Figure 5
presents the plots of current density vs. time for methanol
electrooxidation at 0.60 V on different Pt/GC -catalysts
expressed by current (Fig. 5a) and current density (current/
EAS, Fig. 5b). Obviously, S4 and S3 have higher initial and
limiting both current and current densities than S1 and S2,
which indicates better catalytic activities and stabilities for
methanol oxidation. This result is well consistent with CV
results in Fig. 4.

Electrochemical impedance spectroscopy of methanol
oxidation

In order to further compare the activity of different Pt
catalysts for methanol electrooxidation and to investigate
kinetics and mechanism information, EIS measurements
were carried out at different potentials, i.e., 0.30, 0.40, 0.50,
0.55, 0.60, and 0.85 V (points A, B, C, D, E, and F,
respectively, in Fig. 4a). These potentials may represent
different stages of methanol electrooxidation. From Fig. 5,
it can be seen that the current changes sharply within the
former 20 s. In order to record the impedance patterns at
relatively stable current, EIS measurements were conducted
by sweeping frequency from 100,000 to 0.005 Hz in a
constant voltage mode at amplitude of 5 mV after polarizing
at a respective potential for 60 s.

Figure 6 shows Nyquist plots of the impedance of
methanol electrooxidation on different Pt catalysts at
0.30 V. A semicircle is evident in the complex-plane plots,
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Fig. 6 Complex-plane impedance plots of Pt/GCs in a solution of
0.5 M CH30H and 0.5 M H,SO4 at 0.30 V

which indicates the presence of resistive component and
electrical double-layer capacitor. The rate-determining step
is the methanol dehydrogenation. The solution resistance
(R) is 5.47, 5.57, 5.54, and 5.42 Q for S1, S2, S3, and S4,
respectively. The charge transfer resistance (R.) is 8.47,
6.44, 4.72, and 4.87 kQ for S1, S2, S3, and S4,
respectively. The electrical double-layer capacitance (C) is
respectively 68.0, 73.7, 83.0, and 97.5 uF for S1, S2, S3,
and S4, which is calculated by C=1/(R,w*). Obviously,
the charge transfer resistance for S3 or S4 is nearly two
times smaller than the other two. And the capacitance for
S3 or S4 is larger than that of S1 or S2. So, it can be
concluded that methanol dehydrogenation on Pt/GCs
prepared by —0.25~0.60 or —0.25~1.0 V can be more
easily carried out than that prepared by —0.25~0.0 and
—0.25~0.20 V.

Figure 7 presents the impedance patterns of methanol
electrooxidation on the Pt/GCs at 0.40 V. A semicircle at
high frequency and pseudo-inductive behavior at low
frequency (positive Z” values) are observed. The transition
from capacitive behavior to inductive behavior indicates
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Fig. 7 Impedance patterns of methanol electrooxidation on the Pt/
GCs in the solution of 0.5 M CH30H and 0.5 M H,SO4 at 0.40 V
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Fig. 8 Impedance patterns of methanol electrooxidation on the Pt/
GCs in the solution of 0.5 M CH30H and 0.5 M H,SOy, at 0.50 V

that the rate-determining step may be changing. This
pseudo-inductive behavior has been attributed to CO,q4
oxidation [25]. It reveals from Fig. 7 that the rates of
oxidation removal of the CO,4s by OH,q4 are more rapid on
S3 and S4 than on S2 and S1. Smaller charge transfer
resistance for S3 or S4 may give higher faradic current,
which is consistent with the CV results in Fig. 4.

In Figs. 8 and 9, the impedance plots wrap around the
origin anti-clockwise and the capacitive arcs flip to the
second quadrant with the real component of the impedance
becoming negative, which is probably due to the passivation
of electrode surface [26]. Due to the oxidation reaction of the
intermediate of CO,4s Which is the rate-determining step, the
oxidation of CO,q4s wWith OH,4s is very slow. The passivation
can be explained by the formation of a large amount of
CO,4s and OH,q4s on the surface of Pt/GCs. The charge
transfer resistance becoming negative may result from the
passivation of the electrode surface, which is due to the
reversible formation of oxide species [27]. Therefore,
adsorption of methanol on Pt sites is inhibited due to an
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Fig. 9 Impedance patterns of methanol electrooxidation on the Pt/
GCs in the solution of 0.5 M CH30H and 0.5 M H,SO, at 0.55 V
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Fig. 10 Impedance patterns of methanol electrooxidation on the Pt/
GCs in the solution of 0.5 M CH30H and 0.5 M H,SO,4 at 0.60 V

increase of coverage of CO,4s and OH,4s on Pt sites and the
electrooxidation rate has almost no obvious increase.
Comparing the impedance plots in Figs. 8 and 9, it can be
seen that the intensity of the passivation of catalyst surface for
S3 and S4 is less than that of S1 and S2. These results
demonstrate that the Pt catalysts prepared by the potential range
of —0.25~0.60 and —0.25~1.0 V exhibit much higher activity
compared with S1 and S2, which were respectively prepared by
the potential range of —0.25~0.0 and —0.25~0.20 V.

The impedance patterns of methanol electrooxidation on
the Pt/GCs in a solution of 0.5 M CH;0H and 0.5 M
H,SO,4 at 0.60 V are presented in Fig. 10. The EIS
behaviors of methanol oxidation have changed strongly
for all Pt catalysts. Even so, S4 has smaller charge transfer
resistance than the others.

Figure 11 shows the impedance patterns and equivalent
circuit (insert) of methanol electrooxidation on the Pt/GCs
in a solution of 0.5 M CH;0H and 0.5 M H,SO, at 0.85 V.
At this high potential, oxygen evolution is considered the
main reaction [28]. The solution resistance is about 5.5 2
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Fig. 11 Impedance patterns of methanol electrooxidation on the Pt/
GCs in the solution of 0.5 M CH30H and 0.5 M H,SO,4 at 0.85 V
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for all Pt catalysts. The charge transfer resistance (R.) is 2,727,
2,168, 1,156, and 1,151 Q for S1, S2, S3, and S4,
respectively. The electrical double-layer capacitance (C) is
668, 841, 1,300, and 1,310 uF for S1, S2, S3, and S4,
respectively. S3 and S4 have similar charge transfer resis-
tances, which are about two times smaller than that of S1 and
S2. And S3 and S4 also have close electrical double-layer
capacitance, which is about two times larger than that of S1.
So the EIS results demonstrate that S3 and S4 have similar
catalytic activity, which is better than that of S1 and S2.

Discussion

Platinum catalysts with different electrochemical active
surface areas were achieved by controlling different upper
limits of scanning potentials. SEM images show that
spherical platinum particles are well dispersed on GC
substrate. The upper limits of scanning potentials do not
have obvious effect on the platinum morphology; however,
they have an important effect on the deposition of platinum
including the process of nucleation, growth, dissolution,
reduction, and oxidation. It can be seen from Fig. 1 that the
onset potential for platinum deposition is around 0 V, so
scanning potential higher than that could only lead to trace
amount of platinum deposition and the total mass for
sample S2, S3, and S4 should be very close to SI.
Therefore, the better electrocatalytic properties of S3 and
S4 for methanol oxidation can be ascribed to their larger
electrochemical active surface areas, which can provide
more active reaction sites of platinum for methanol
oxidation and more preferred crystallographic orientation
and thus improve their electrochemical reaction kinetics of
methanol oxidation that were proven by EIS.

Conclusions

Four Pt/GC catalysts have been prepared by CV with
different scanning potential ranges. The scanning potential
ranges can affect the electrochemical active surface areas of
Pt catalysts, which is one of the most important elements
for the catalytic activity. The results of CV, CA, and EIS
demonstrate that the scanning potential ranges have an
important effect on the performance of Pt catalysts for
methanol electrooxidation. The catalytic activities and
stabilities of Pt catalysts prepared by the potential ranges
from —0.25 V to both 0.60 and 1.0 V for methanol
electrooxidation were higher than the others, due to their
higher electrochemical active surface area, lower charge
transfer resistance, and more preferred crystallographic
orientation.
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