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In this study, Pt catalysts were fabricated on a glassy carbon (GC) electrode Pt/GC using a potentiostatic
technique at different reduction potentials in potassium hexachloroplatinate solutions with hydrochloric
acid. The compositions of the catalysts were determined using energy dispersive spectroscopy (EDS), the
surface morphologies were observed using scanning electron microscopy (SEM), and the crystal structure
was confirmed using thin-film X-ray diffraction (XRD). The results show that all the electrodeposited Pt/GC
catalysts exhibit a higher electrochemical activity for the oxygen reduction reaction (ORR) when compared
with a commercial Pt/C electrode. There is an optimum electrodeposited potential (—0.15 V vs. Ag/AgCl) at
which the Pt/GC electrode displays the highest electrochemical activity for the ORR due to the high-index
plane and shape effect of the Pt particles. At a lower electrodeposited potential, the applied current density
is high enough to form large and coarse metal particles, while at a higher electrodeposited potential, the
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1. Introduction

In proton exchange membrane fuel cells (PEMFC), catalysts are
required for the oxygen reduction reaction (ORR) due to its
sluggish kinetics under typical operation conditions.* Various
catalysts have been developed thus far with the most effective one
being platinum, one of the most expensive metals on the earth,
and its alloys.>” Nevertheless, because of the significant potential
loss of ORR, a much higher loading amount of Pt-based catalysts
is required, resulting in the high cost of PEMFC, and thereby
severely impeding its commercialization.®®

To overcome this obstacle, one strategy is to maximize the
performance of the Pt-based catalysts with a large specific
surface area, high catalytic activity, and high stability. It was
reported®'® that the method of preparation, the microstructure,
particle size and shape are the main factors influencing the ORR
activity of Pt-based catalysts. One of the most widely used
methods is electrodeposition,"”*® particularly potentiostatic
deposition,*>** which has been found to be an increasingly
attractive route for the preparation of nanostructured catalysts
because of its ease of operation, flexibility and high purity. In
addition, the electrodeposition technique can be used to
prepare the catalyst layer directly on the substrate in a single
step with uniform particle distribution and selected particle
sizes."”
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active sites of Pt particles decrease because of its equiaxed shape.

Although electrodeposition is an attractive technique to
prepare the catalyst layers for PEMFC, little work has been
carried out on the preparation of catalysts using this method.
The performance of Pt nanoparticles prepared using potentio-
static deposition is determined by several parameters, such as
deposited potential, deposition temperature and the amount of
charge passed during the deposition process. Yun-Bin Cho
et al.'® fabricated nanoporous Pt films with three different
degrees of porosity using amperometry and cyclic voltammetry.
Among these, the one prepared by applying —0.21 V (vs. SCE) for
1300 (£100) s had the smallest particle size and exhibited the
most positive ORR onset potential in the kinetically controlled
region. Their study indicated the influence of the electrodepo-
sition potential on the structure of the Pt nanoparticles and the
kinetics of the ORR reaction. Nguyet Doan et al.’ obtained
mesoporous Pt using the potentiostatic mode at —175 mV vs.
SCE, and the mass activities were better than those of other Pt
catalysts reported in the literature. Nevertheless, the reason for
choosing this deposition potential in their study was not elab-
orated on, and it is uncertain whether this potential was
optimal or not. Zaenal Awaludin et al.*® also prepared a Pt/GC
catalyst using the potentiostatic deposition method. The
deposited potential was fixed at —0.06 V vs. Ag|AgCl|KCl(sat),
and the amount of charge passed during the deposition was set
at 32 mC cm > Unfortunately, a clear explanation of the
deposition potential was also not given in their report.

Based on the analysis of the literature thus far, it can be seen
that the optimal deposition potentials of Pt particles are not
identical and vary with the specific deposition conditions. A
systematic investigation of this issue is lacking. For this reason,
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the aim of the present study was to find out the optimal depo-
sition potential of Pt particles on the glassy carbon electrode (Pt/
GC) to achieve the highest ORR catalyst activity, and the relative
mechanism was proposed.

2. Experimental
2.1 Preparation of electrocatalysts

The electrodeposition process was conducted in a three-
electrode cell wusing an electrochemical workstation
(CHI750E). A glassy carbon electrode (GC) with a diameter of 3
mm was chosen as the substrate, and a Pt wire and Ag/AgCl (in
saturated KCI) were used as the counter and the reference
electrodes, respectively. The GC electrode was mechanically
ground with silicon carbide papers from 3000 to 5000 grit, fol-
lowed by ultrasonication in ethyl alcohol and Milli-Q water for
10 min, sequentially. The electrolyte consisted of 3 mM potas-
sium hexachloroplatinate (K,PtClg) and 0.1 M hydrochloric acid
(HCI). A potential of —0.20 V, —0.15 V and —0.06 V (vs. Ag/AgCl)
was applied to the GC electrode in the electrolyte (3 mM K,PtClg
+0.1 M HCl) under a saturated Ar environment, and the amount
of charge during the deposition was set at 32 mC cm ™ >,

For comparison, a commercial Pt/C thin film catalyst was
prepared by adopting a technique based on the report of Gar-
sany et al.** Briefly, a 67% isopropanol solution (marked solu-
tion A) was acquired by mixing 18 mL of isopropanol and 9 mL
of pure water. Furthermore, 21 mL of solution A was transferred
into a vial containing 34.5 mg of 40 (wt%) commercial Pt/C (JM,
Johnson Matthey Corp.), followed by ultrasonication for 60 min;
thus solution B was obtained. After that, 3.92 mL of solution A,
1.08 mL of solution B and 20 pL of a 50 (wt%) Nafion solution
were mixed together and ultrasonicated for 30 min; thus the
commercial Pt/C ink was prepared. Finally, 5 mL of the
prepared commercial Pt/C ink was cast onto a bare GC disk
electrode (@ 3 mm) and dried in air. The prepared commercial
Pt/C electrode had a Pt loading of 10 mgp. cm™ 2.

2.2 Electrochemical measurements

Cyclic voltammetry (CV) was conducted in 0.1 M HCIO, under
a saturated N, and O, environment at a scan rate of 200 mv s~ .
The electrochemical surface area (ECSA, in m* gp, ) of Pt was
assessed by integrating the hydrogen desorption region ob-
tained in the CV measurements under a saturated N, atmo-
sphere. The electrochemical impedance spectroscopy (EIS) of
Pt/GC was obtained under a saturated O, environment at an
open circuit potential (OCP) to evaluate the impedance of the
catalysts. The frequency ranged from 10 kHz to 10 mHz with an
amplitude of 5 mV AC signals, and the ZSimpDemo 3.30d
software was used to fit the EIS data. These electrochemical
measurements were also conducted using the electrochemical
workstation (CHI750E) mentioned above.

All reagents used in this study were analytical-grade; oxygen
and nitrogen were 99.9% pure provided by a local supplier. All
electrochemical measurements were conducted at least twice
for repeatability at room temperature around 25 + 1 °C. The
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potential values in this study were versus Ag/AgCl (in saturated
KCl) unless noted otherwise.

2.3 Materials characterization

In order to facilitate the surface observations, indium tin oxide
(ITO) conductive glass was chosen as the substitute of the GC
electrode when preparing the corresponding specimens. In the
process of electrodeposition on ITO, the amount of charge
passed was the same to that on the GC electrode (32 mC cm ™ 2).

The surface morphology and energy dispersive spectra (EDS)
of the as-prepared Pt/ITO electrodes were observed using
a Hitachi S-4800 field emission scanning electron microscope
(SEM), and the crystal structure was confirmed using thin-film
X-ray diffraction (XRD) (Rigaku D/MAX-2500) equipped with
a Cu Ko radiation source. XRD analysis was carried out using
a Rigaku X-ray diffractometer with a Cu Ko (A = 0.15418 nm)
radiation source and a Ni filter.

3. Results and discussion
3.1 Electrochemical properties

Fig. 1(a) shows the amperometric i-t curves measured during
the electrodeposition of Pt/GC at different potentials. It can be
seen that the deposition current density first increased rapidly
and then achieved a steady platform value under all the
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Fig. 1 The i—t curves for the electrodeposition process obtained at
different deposited potentials in Ar-saturated 0.1 M HCl solution with
(a) and without (b) 3 mM K,PtClg. Time to reach the set amount of
charge (32 mC cm™2): 87 s at —0.20 V; 116 s at —0.15 V; 204 s at
—-0.06 V.
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deposition potentials studied. The platform value of current
density decreased with an increase in the deposition potential,
leading to the times of reaching the set amount of charge (32
mC cm ) to prolonged, which were 87, 116 and 204 s at —0.20,
—0.15 and —0.06 V, respectively. It is reported® that the
reduction of PtCl,>~ to Pt>" species should occur at potentials
more positive than —0.3 Vygg (0.119 V vs. Ag/AgCl) when the
hydrogen evolution is negligible at —0.5 Vygg (—0.081 V vs. Ag/
AgCl) and a current efficiency close to 100% is expected.
Accordingly, under these three deposition potentials of —0.20,
—0.15 and —0.06 V, PtClg>~ can be readily reduced into Pt**
species.

In the electrodeposition process of Pt/GC, the total quantity
of charge (Qor, 32 mC cm™?) was divided into two parts: one part
of the charge was consumed by the reduction of PtCls>~ into Pt
(Qpt, in mC em™?) and the other part was used for the double
layer charging (Qq, in mC cm™?). Qg could be obtained by
integration of the amperometric i-¢ curves in 0.1 M HCI solution
at three deposited potentials (—0.20, —0.15 and —0.06 V), as
seen in Fig. 1(b). At each potential, the deposition time was set
the same as with that used in the deposition solution with 3 mM
K,PtCls. The Pt loading amount of the Pt/GC catalysts (W in pg
cm %) was calculated by the quantity of electricity related to the
total reduction of PtCls>~ into Pt Qp. using the following
equation:*

W= % x 10° (1)
where M is the atomic weight of Pt (195.1 g mol ), z the number
of exchanged electrons (4) and F is the faradaic constant (96 500
C mol ). The results for Qo Qai, Qpe and W are listed in Table
1. As can be seen, the Pt loadings of Pt/GC at all the deposition
potentials studied are close to each other, around 16 ng cm 2

The CV curves obtained for bare GC, commercial Pt/C elec-
trode and the as-prepared Pt/GC catalysts under a saturated Ar
atmosphere are shown in Fig. 2(a). There was no peak at the bare
GC electrode, implying that no electrochemical reaction occurred
in this case. For a better comparison, the catalytic activity of Pt
was normalized and calculated in units of Agp. *, as shown in
Fig. 2(b). It can be seen that an unobvious reduction peak
emerged in the range of 0.5-0.6 V. The explanation of this peak is
that the Pt atom was oxidized at the high initial scan potential (1.0
V) and then reduced when the potential shifted to the lower
region. On the other hand, the hydrogen desorption area enlarged
with an increase in the deposition potential. It is known?* that the
ECSA of Pt can be determined by dividing the electric charge for
hydrogen desorption Qy(C) by the standard charge of hydrogen
on a smooth Pt surface Qy p (i.€., 2.10 C m™~?):>®
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Fig. 2 The cyclic voltammogram curves in unit of mA cm~2 (a) and A
g~ (b) obtained for a commercial Pt/C electrode and the as-prepared
Pt/GC catalysts in 0.1 M HClO,4 under a saturated Ar atmosphere.

Oy (2)

ECSA (m® g, ') =
(m Ep¢ ) WAOu

where W is Pt loading amount in the Pt/GC catalyst (ug cm ™ ?)
and A is the geometric area of the disk GC electrode (ie.,
0.07065 cm?). The calculated results for the ECSA are also listed
in Table 1. Accordingly, the ECSA increased with an increase in
the deposition potential and had the largest value at —0.06 V.
Nevertheless, the high ECSA of Pt does not accurately represent
high ORR activity since the ORR activity is influenced by several
factors including the ECSA but not limited to it. Other factors
such as high electrical conductivity and an increased density of
surface defects can also contribute to the ORR activity of the
catalysts.

Fig. 3 shows the CV curves obtained for bare GC, the
commercial Pt/C electrode and the as-prepared Pt/GC catalysts
under a saturated O, atmosphere. A notable reduction peak

Table 1 The electrochemical characteristics of the JM Pt/C and the Pt/GC catalysts

Deposited potential/V Qioy/mC cm™? Qa/mC cm™? Qp/mC cm 2 W/ng em™? ECSA/(m* gp )
JM Pt/C — — — 10 0.033

—0.20 32 0.45 31.55 15.95 8.219

—0.15 32 0.28 31.72 16.03 9.591

—0.06 32 0.29 31.71 16.03 17.80

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The cyclic voltammogram curves in unit of mA cm~2 (a) and A
g~ (b) obtained for a commercial Pt/C electrode and the as-prepared
Pt/GC catalysts in 0.1 M HCIO4 under saturated O, atmosphere.

appeared in each CV curve that was not shown in those under
a saturated Ar atmosphere shown in Fig. 2(a), and the current
increased evidently because of the presence of O,. Evidently,
this peak belongs to the oxygen reduction reaction (ORR). On
the bare GC electrode surface, a reduction peak appeared at
around —0.30 V compared to that observed in an Ar atmo-
sphere. In regard to the electrodeposited Pt/GC catalysis, the
ORR peak potential shifted significantly towards a positive
value. The specific ORR peak potentials of the commercial Pt/C
and electrodeposited Pt/GC electrodes are shown in Table 2, as
well as the difference (AEgy;s) between the ORR peak potentials
of the Pt/GC electrodes and that of the commercial Pt/C elec-
trode is exhibited. Clearly, the Pt/GC electrode prepared under
—0.15 V shifted by the maximum value, 0.210 V. It is believed
that a shift in the ORR peak to a higher potential reflects
a decrease in the adsorption strength for the other oxygen

Table 2 The parameters obtained from the cyclic voltammograms
shown in Fig. 3

Deposited potential/V= E, ore/mV  AEghis/mV Ip,orr/MA cm >
JM Pt/C 0.236 0 —0.803
—0.20 0.332 0.096 —1.386
—0.15 0.446 0.210 —1.407
—0.06 0.375 0.139 —1.135
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containing species on the surface, e.g. OH,qgs.>® At the same
time, the peak current density of ORR was also increased on the
Pt/GC electrodes compared with that of the commercial Pt/C
electrode. A maximum of the peak current density also
appeared on the Pt/GC catalyst prepared under —0.15 V. It is
worth noting that although the Pt/GC catalyst prepared under
—0.15 V had a lower ECSA than that at —0.06 V, its ORR activity
was the highest according to the ORR potential and current
density.

In order to obtain additional information on the ORR, the
EIS characteristics of the electrodes, whose catalyst layers were
deposited at different potentials, were investigated in 0.1 M
HClO, under a saturated O, atmosphere. The corresponding
plots are shown in Fig. 4. All the EIS presented a large semicircle
in the Nyquist diagram, but the arc diameters were different.
The wide phase angle in the Bode diagram shown in Fig. 4(c)
suggests that there are at least two time constants in each EIS
curve, corresponding to one capacitive arc on the Nyquist
spectrum in the high-frequency domain and the other in the
low-frequency domain.”® These two capacitive arcs overlap
together and thus, only one large semicircle appears in the
Nyquist diagram. At high frequencies, the capacitive arc is
a gauge of the charge transfer.

Resistance, relating to the charge transfer reaction
kinetics*”*® and contributing to the cathodic ORR processes; the
second capacitive arc in the low-frequency region represents the
mass transfer process, contributing to the diffusion of oxygen to
the Pt active surfaces and the proton transfer resistance within
the catalyst layers. The EIS data are always fitted using an
equivalent circuit to gain more details on the ORR process.
Based on the analysis above, the equivalent circuit R(Q(R(QR)))
shown in Fig. 5 is more appropriate for all the Pt/GC electrodes
and the fitted results are listed in Table 3. The fitting accuracy
was estimated using the chi-square value (x>), which was in the
magnitude of 10™* for all of the fitted data in this study,
implying that this equivalent circuit is suitable to reflect the
ORR process of the electrodes. In this equivalent circuit, Ry is
the solution resistance, Q¢ is the constant phase element (CPE)
of the deposited layer of Pt particles, R; is the resistance of
deposited layer, Q. is the constant phase element (CPE) of the
electric double layer and R, is the charge transfer resistance for
the ORR of the GC interface. Considering that the heterogeneity
of the electrode surface could cause deviation in the electric
double layer from pure capacitance, a constant phase angle
element Q was chosen to substitute the pure capacitance C. The
impedance function of a CPE complies with the following
equation:

Zepe = Yo (o) ™" (3)

where Y}, is the CPE constant, w is the angular frequency (in rad
s~ 1), and j is the imaginary unit and n a CPE exponent, which
can be used as a gauge of the heterogeneity or roughness of the
surface.

The ORR process is very complicated, including the charge
transfer process, the mass transfer process, and the reactions
on the catalyst.”® Therefore, enhancing the electron transfer

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The equivalent circuit used to fit the EIS.

ability by lowering the charge transfer resistance R. is an
effective way to optimize an ORR catalyst.*® A lower R value
suggests the superior charge transfer ability during the ORR,
which can facilitate the ORR process. As can be seen in Table 3,
the charge transfer resistance R, of the Pt/GC electrode
deposited at —0.15 V has a minimum value of 0.58 x 10> Q cm?,

suggesting a fastest reaction rate for the ORR on this electrode.
The results of EIS are in agreement with those found for the CV
presented above.

3.2 Surface characterization

Fig. 6 presents the SEM images and EDS of the Pt particles
electrodeposited on ITO. As can be seen, the surface
morphology of the samples was strongly dependent on the
deposition potentials. The Pt particle prepared under —0.20 V
exhibited cube shapes with several sharp corners (Fig. 6a1, high
magnification), uniformly distributed (Fig. 6a2, low magnifica-
tion) and displayed a grain size close to 100 nm. These sharp
corners maybe ascribed to the Pt(111) facet, which is the main
face of the tetrahedral structures. It could be seen from the i-¢
curves (shown in Fig. 1) that the current density deposited
under —0.20 V was the highest. It is reported® that the

Table 3 The fitted results of the EIS of the Pt/GC electrodes deposited at different potentials

Deposited potential/V R/Q cm? Qf — Yo/10™* Fem™2 n R{/10° Q cm? Qct — Yo/10* F em ™2 n R./10° Q cm?
—0.20 3.45 1.62 0.83 0.16 3.78 0.88 1.23
—0.15 3.06 2.84 0.87 4.30 1.04 0.74 0.58
—0.06 3.54 1.39 0.85 0.02 2.62 0.84 1.87

This journal is © The Royal Society of Chemistry 2017
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Fig.6 The SEMimages and EDS of the Pt/ITO prepared at different deposited potentials: —0.20 V (al, a2 and a3), —0.15V (b1, b2 and b3), —0.06 V

(c1, c2 and c3).

nucleation rate of electrodeposition can be promoted at a high
applied current density, causing the formation of small grain-
sized particles and fine crystal structure. Nevertheless, if the
applied current density is high enough to make the electrode-
position proceed under (or closer to) mass transfer control,
large and coarse metal particles are formed.'”** Accordingly, the
current density under a deposition potential of —0.20 V may be
so high that the electrodeposition is under mass transfer
control and thus, produces coarse particles. When deposited at
—0.15 V, the distribution of Pt particles became more uniform,
and the particle size was smaller and appeared as regular cubes
without sharp corners (Fig. 6b1). At the same time, the distri-
bution density of the Pt particles increased under this deposi-
tion potential compared to that under —0.20 V (Fig. 6b2),
resulting in an increase in the Pt atom percentage rising from
0.51 (Fig. 6a3) to 0.82 (Fig. 6b3). The specific areas of the EDS
analysis are those in the red frames shown in Fig. 6a2, b2 and c2
for the catalysts obtained at —0.20 V, —0.15 V and —0.06 V,
respectively. Because the magnification in Fig. 6a2, b2 and c2
was 21 000, each area in the red frames was about 30 pm?
which is much greater than the diameter of the beam (in nm) in
EDS and thus, the EDS data is credible for qualitative analysis.

It is noticeable that at an equal applied charge density, the
amount of catalyst loading obtained at the lower current density
(corresponding to the deposition potential of —0.15 V) tends to
be higher than that obtained at the higher current density
(corresponding to the deposited potential of —0.20 V). This may
be ascribed to the intense hydrogen evolution and low current

25434 | RSC Adv., 2017, 7, 25429-25436

efficiency caused by the higher current density.** When depo-
sition was carried out under —0.60 V, the Pt particles became
equiaxed crystals with a much smaller particle size, less than
50 nm (Fig. 6¢1). It has been demonstrated that the shape of the
particles has a great influence on its catalytic efficiency. Parti-
cles with multipods exhibit better catalytic activity than spher-
ical ones due to the presence of rich active edges/corner
atoms.** Accordingly, the low catalytic activity of the Pt/GC
electrode deposited at —0.06 V with equiaxed crystals is
reasonable, considering its lower number of active sites.
Moreover, the distribution of the particles (Fig. 6c2) was not
uniform and the deposited amount decreased sharply, which
was not detectable using the EDS technique (Fig. 6¢3).

Fig. 7 shows the XRD patterns of the electrodeposited Pt
catalysts on ITO (a) and the partially enlarged region (b). All the
strong peaks in the obtained XRD patterns originate from the
ITO background (In,05(222) and In,03(400)) because of the
small loading amount of the electrodeposited Pt catalysts.
Significantly, there were weak peaks originating from the
deposited Pt particles in the high region of the Pt/ITO XRD
patterns, which did not exist in the naked ITO. In the XRD
pattern deposited under —0.20 V, a peak located at around 40°
appeared, corresponding to the crystallographic planes of
Pt(111), while under —0.15 and —0.06 V a peak emerged at
around 46°, indicating the existence of the crystallographic
planes Pt(200). Since the crystal structure of Pt metal belongs to
cubic systems, its lattice parameters can be calculated using the
following equation:*

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The XRD patterns obtained for the Pt/ITO catalyst grown on
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Table 4 The calculated results of the lattice parameters of the Pt/GC
catalysts deposited at different potentials

Deposited potential/V (hkD) 20/° sin ¢ alA
—0.20 (111) 40.25 0.3441 3.8776
—-0.15 (200) 45.90 0.3899 3.9510
—0.06 (200) 45.85 0.3895 3.9551
4sin® 0 R4+ 1P
2 (4)
A @

where 2 is the wavelength of the X-rays used (Ka1 of Cu target,
1.5406 A), 6 is the angle between incident X-ray and the corre-
sponding crystal face, &, k and [ are the Miller indices and a is
the lattice parameter of the Pt catalyst. The calculated results for
the lattice parameters are listed in Table 4. It can be seen that
the values of a were different from each other and all deviated
slightly from the standard value (3.924 A).

It has been demonstrated that nanoparticles with high-index
planes have higher activity than (111) or (100),*** including
tetrahexahedron (hk0), trapezohedron (hkk) and trisoctahedron
(hhk) with at least one Miller index being larger than unity. This
activity enhancement in the high-index planes was ascribed to
the high density of the low-coordinated atoms situated on the
steps, ledges and kinks.*®** The ORR activities were highly
dependent on the orientation of the steps and terraces on the

This journal is © The Royal Society of Chemistry 2017
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surfaces. Accordingly, it is reasonable that the ORR activity of
the Pt catalyst was higher when deposited under —0.15 V than
that under —0.20 V. On the other hand, although the particle
size of Pt deposited under —0.06 V was smaller than that under
—0.15 V and also possessed the high-index planes, the equiaxed
particle shape with less active sites limited the ORR activity of
the catalyst. As mentioned above, the highest ECSA of Pt/GC
under —0.06 V did not definitely correspond to the highest
ORR activity.

4. Conclusions

Pt catalysts were prepared on glassy carbon (GC) electrodes
using a potentiostatic method under different deposition
potentials. The electrode deposited at —0.15 V exhibited the
highest ORR activity with the existence of high-index planes and
the shape effect of Pt. Neither too high nor too low potential is
in favourable for the catalytic activity considering both the
exposed planes and the shape of the Pt particles.
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