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For fuel cells, to produce high-quality and low-platinum catalyst is a pressing technical
problem. In this study, graphene cathode catalysts with controllable platinum content were
decorated by pyrolyzing chloroplatinic acid under various process parameters to obtain a
high catalytic activity and durability. The results show that platinum particles generated by
pyrolyzing chloroplatinic acid are uniformly loaded on graphene without agglomeration.
The average particle size of platinum particles is about 2.12 nm. The oxygen reduction
reaction catalytic activity of catalyst samples first increases, then decreases with increasing
platinum loading in cyclic voltammetry and LSV. Compared with the commercial Pt/C
(20 wt% Pt) catalyst, the initial potential and the current density retention rate of the catalyst
decorated with 8% platinum are 55 mV and 23.7% higher, respectively. From i-t curves, it
was found that the stability of the catalyst prepared in this paper was improved compared
with the commercial Pt/C catalyst. The catalysts prepared in the present research exhibits
superior catalytic activity and stability.

Keywords: fuel cell, cathode catalyst, oxygen reduction reaction, graphene, chloroplatinic acid

INTRODUCTION

Fuel cells are of worldwide interest due to their advantages of emitting less pollution and their high
energy-conversion rate; they are recognized as a green, efficient, clean power-generation technology.
The chemical energy in fuels and oxidants is directly converted into electric energy through catalysts
without limiting the efficiency of the Carnot cycle (Steele and Heinzel, 2001; Wang et al., 2020).
Catalytic materials are one of the important components of such fuel cells. The performance of a fuel
cell is more affected by the oxygen reduction reaction (ORR) due to the slower multi-electron
reaction at the cathode, which is why cathode catalysts are the focus of most research into fuel cells
(Ioroi et al., 2019; Zaman et al., 2021). In the past few decades, many investigations have been
undertaken on non-platinum-based cathode catalysts. Commercial Pt/C catalysts are often used as
reference catalysts to measure the performance of self-made catalysts (Hu et al., 2018; Luo et al., 2021;
Yang et al., 2021). For example, transitionmetal nitrogen-carbon catalysts have the advantages of low
cost and high catalytic activity, however, the catalysts also show the disadvantages of poor stability.
Ru-based compounds are the most extensively studied cathode catalytic materials among transition
metal chalcogenides, however, as a precious metal, Ru is not only scarce but expensive. In addition,
Co-based transition metal chalcogenides are considered to be a potential material, unfortunately, it is
difficult to meet requirements imposed on both high activity and good stability under the working
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conditions of a PEMFC(Tran et al., 2020; Zhong et al., 2020).
Although non-metallic heteroatoms doped with carbon catalysts
have certain advantages in terms of cost and performance, they
fail to meet the requirements for commercialization (Yang et al.,
2013). In fact, highly dispersed platinum and its alloys supported
on carbon materials have proven to be the most effective catalysts
for oxygen reduction in commercial proton exchange membrane
fuel cells. Low-platinum catalyst has the characteristics of low
price and high catalytic activity, it is the research and
development hotspot of fuel cell cathode catalyst. Therefore,
how to produce high-quality and low-platinum catalyst is a
pressing technical problem.

It has been shown that the carrier material of the catalyst
should have good conductivity, a large specific surface area, high
electrochemical corrosion resistance, and an appropriate porosity
and porous structure (Wang et al., 2016). Honeycomb hexagonal-
lattice graphene with sp2 hybridized orbitals is a two-dimensional
carbon nanomaterial with a much higher specific surface area
than carbon nanotubes, Vulcan XC-72, and graphite. Besides, the
graphene has a high coefficient of thermal conductivity and good
electrical conductivity. Many catalysts supported by graphene can
not only extend the surface area of the active materials, reduce the
amount of precious metals, but also improve the activity and
stability of such catalysts (Begum and Kim, 2019; Bae et al., 2020;
Das et al., 2020). Generally, the preparation of graphene-
supported metal catalysts entails chemical reduction,
electrochemical deposition, sol-gel, coprecipitation,
hydrothermal, and solvothermal methods. The chemical
reduction method is commonly used to prepare graphene-
based catalysts, however, the activity of the interface between
graphene and nanoparticles could be reduced by using reducing
agents and organic solvents, leading to the poorer properties of
the resulting composite materials (Zhou et al., 2015).

In the present work, chloroplatinic acid was pyrolyzed and
reduced in an argon atmosphere. Differing from the existing
literature, this method does not use reducing agents or organic
solvents and is easy to realize the controllable preparation of
platinum-loaded catalysts. It is simple, safe, and reliable. The
catalysts were characterized by XRD, Raman spectroscopy, SEM,
and TEM. The effects of platinum loading on the catalytic activity of
oxygen reduction reaction were investigated by cyclic voltammetry
(CV) and linear sweep voltammetry (LSV), and the durability of the
catalysts was evaluated by chronoamperometry.

EXPERIMENTAL METHODS

Six 50-mg specimens of graphene were added to 10 ml
H2PtCl6•H2O solution at 0.625, 1.25, 2.5, 5, 8, and 16 g L−1

respectively and ultrasonicated for 2 h at 30 °C. The dispersed
solution was lyophilized, dried, and powdered. The dried powder
specimens were placed in crucibles, heated to 480°C at a rate of
5°C/min in a tubular furnace, and held at that temperature for 1 h.
Argon was used as a protective gas. During the heat-preservation
process, pumping and injecting were conducted at 20 min
intervals. The resulting catalyst specimens have a theoretical
platinum content of 4, 8, 16, 27, 38, and 55%, respectively.

The phase composition of the materials was analyzed by X-ray
diffractometer (XRD, Empyrean, Panaco Company, Netherlands).
The carbon structure was characterized by Raman spectrometer
(HORIBA JOBIN YVON SAS, France). The elemental composition
was determined by energy dispersive spectrometer (EDS). The
morphology of the catalyst was observed, and the particle size
was measured using a scanning electron microscope (SEM, Zeiss,
SUPARR 55) and transmission electron microscope (TEM, Jem-
2100, Japan Electronics Co., Ltd.).

For electrochemical analysis, 2 mg catalyst and 0.5 ml ethanol
solution were ultrasonicated for 1 h to obtain the sample ink. The
glassy carbon (GC) electrode (with a diameter d of 3 mm) was
polished with alumina slurry on a rayon cloth and cleaned with
distilled water. 5 μL catalyst ink was removed with a pipette to the
surface of the polished electrode and dried for 1 h; 6 μL 0.5% Nafion
solution was then added to the surface of the electrode and dried to
form a thin film protecting the catalyst and separating it from the
electrode (Shao et al., 2010). The solution system used in the test was
a 0.1M KOH electrolyte of saturated oxygen or nitrogen, and 60
sccm nitrogen was injected into the solution for 1 h before each test
to remove gaseous impurities in the solution. Electrochemical
measurement was performed using an electrochemical
workstation (Shanghai Chenhua, CHI-760E) and rotating disk
electrode (RDE) with a diameter of 3 mm. A three-electrode
system was used with a platinum wire as the auxiliary electrode,
an Ag/AgCl reference electrode, and a modified glassy carbon
electrode as the working electrode. Oxygen reduction catalytic
activity was characterized by cyclic voltammetry (CV) and linear
scanning voltammetry (LSV) curves. The scanning rate and range of
the CV test were 50 mV/s and -0.8–0.4 V, respectively. The scanning
rate used in the LSV test was 10 mV/s under rotation at
400–2,400 rpm. The stability was obtained by running the test for
15,000 s at an onset potential of -1 V and a rate of rotation of
1,600 rpm by means of chronoamperometry. The aforementioned
electrochemical measurements were conducted at room
temperature (25°C).

RESULTS AND DISCUSSION

The crystalline structure of the samples was analyzed by XRD
(Figure 1A). The characteristic peaks of graphene at 2θ values of
26.3° and 54.5° correspond to the (002) and (004) crystal planes of
the C standard card (PDF#41–1,487). The peaks at 39.8, 46.3,
67.7, and 81.3 correspond to the (111), (200), (220), and 311)
crystal planes of FCC Pt (PDF # 04–0,802). this indicates that
chloroplatinic acid is pyrolyzed and reduced at 480 °C to form
platinum. With the increase of platinum content, the diffraction
peak is stronger, and the peak position is not changed to any
significant extent. The relative content of Pt (111) crystal plane of
catalyst samples is between 58.60 and 60.55% according to
calculations. Pt (111) is an ORR-sensitive crystal plane. A
higher Pt (111) crystal plane content can promote oxygen
dissociation and adsorption, thus improving the
electrocatalytic activity of ORR (Xiong et al., 2020).

The most effective and powerful non-destructive method of
analysis used to determine the degree of disorder and defect
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structure of carbon materials is Raman spectroscopy. A typical
Raman spectrum of the graphene decorated with 8 wt% Pt is
shown in Figure 1B. The narrow and pointed peaks at
1,581.1 cm−1 and 1,347.7 cm−1 are called “ordered” graphite G
and the “disordered” D band, respectively. The degree of
graphitization can be obtained from the ratio ID/IG, and a
lower value of 0.28 represents a high degree of graphitization.
It could be concluded that there are far fewer structural defects in
the catalyst with an almost perfect ordered graphite structure,
which is resistant to electrochemical corrosion.

The SEM morphology of catalyst samples with a platinum
content of 8% is shown in Figures 1C,D. It can be inferred that
platinum particles generated by pyrolysis of chloroplatinic acid are
uniformly loaded on graphene without agglomeration. The
elemental content was assayed by EDS. TEM was used to observe
the distribution of platinum, and Nano Measurer software was
employed to estimate the average particle size of platinum
particles. Figure 1E shows the TEM image with the histogram
for of the particle size distribution. The average particle size of
platinum particles is about 2.12 nm. The large specific surface area of
graphene improves the rate of utilization of platinum and increases
the number of active sites thereon. The lattice stripe with a crystal
plane spacing of 0.22 nm is illustrated in Figure 1F, which
corresponds to the highly-active Pt (111) crystal plane.

To study the catalytic activity of ORR, a three-electrode system
was used to obtain CV curves of catalyst materials with different
platinum contents. The CV curve was measured in N2 and O2-
saturated 0.1-M KOH electrolyte at a scanning speed of 50 mV/s.

Figure 2A shows the absence of an oxygen-reduction peak in the
potential range of -0.8–0.4 V in N2-saturated conditions, while there
is evidence of catalytic activity (as shown in Figure 2B) in O2-
saturated conditions. The change in potential and current density at
the oxygen-reduction peak is shown in Figure 2C. With the increase
of platinum content, the oxygen-reduction peak first moves
positively, then negatively; the peak current density first increases,
then decreases, both reaching the extreme value at 38% (at a peak
potential of -0.04 V.Ag/AgCl and a peak current density of 2.01 mA/
cm2). Generally, the higher the platinum content, the better the
catalytic activity of the ORR, however, it may lead to the aggregation
of platinum particles and a decrease in catalytic activity if the
platinum content is excessive.

To assess the ORR catalytic activity of samples further, LSV
curves of the catalysts with different platinum contents were tested in
O2-saturated 0.1-M KOH solution using a rotating disk electrode.
The scanning and rotating speeds during LSVs were 10mV/s and
1,200 rpm, respectively.

As shown in Figure 2D, there are two current platforms in the
graphene catalyst, and only one in the catalysts decorated with
platinum. One current platform ensures that the oxygen-
reduction process is dominated by four electrons (Wu et al.,
2017). It can be seen from Figure 2E that, for the catalyst
specimens with platinum contents of 0, 4, 8, 15, 27, 38, and
55%, the onset potentials were about -0.023, 0.015, 0.103, 0.125,
0.175, 0.189, and 0.103 V, and the current densities at -0.7 V were
-1.745, -3.577, -4.017, -4.540, -4.918, -5.365, and -3.301 mA/cm2,
respectively. The greater the onset potential, the greater the

FIGURE 1 | (A) XRD patterns of graphene and catalyst samples with a platinum content of 55, 38, 27, 16, 8, and 4 wt% and (B) Raman spectrum of the graphene
decorated with 8 wt% Pt (C) (D) SEM (E) TEM (inset: particle size distribution histogram) and (F) HR-TEM images of graphene decorated with 8 wt% Pt.
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FIGURE 2 | CVs of catalysts decorated with different amounts of Pt in (A) N2-saturated and (B) O2-saturated 0.1-M KOH(C) relationships between platinum
content and peak current density and peak potential of CV curves (D) LSVs of Pt/C and catalysts with different platinum contents in O2-saturated 0.1-M KOH electrolyte
at a rate of rotation of 1,200 rpm (E) relationships between platinum content and initial potential and current density (at -0.7 V) of LSV (F) LSVs (at different rates of
rotation) (G) K-L curves (at a potential of -0.50 V to -0.70 V) of the specimen decorated with 27 wt% Pt (H) i-t curves of commercial Pt/C and samples with different
platinum contents.
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limiting current density, and the better the ORR catalytic activity.
Changes in the LSV were consistent with those of the CV: both
reached their extreme value at 38%. In addition, the LSV of
commercial Pt/C (20 wt% Pt) was measured under the same
experimental conditions. The results showed that the initial
potential of commercial Pt/C was 0.048 V, which was lower
than the initial potential of the prepared catalyst sample
containing 8% platinum (this can be attributed to the good
conductivity, the appropriate porosity of graphene, and the
interaction between graphene and platinum).

The limiting current density increases with the increase in the rate
of rotation because the diffusion distance of oxygen molecules is
shortened at higher rotational speeds (Figure 2F). The oxygen-
reduction reaction is dependent on the properties of the catalyst
materials and electrolyte. The path of the ORR can be obtained by
calculating the electron transfer number (n) of the catalyticmaterials.
The catalyst has a high selectivity of four and two electron reaction
pathswhen n is close to four and two, respectively. TheORRpath is a
mixture of two and four electrons when n is between two and four.
The product of the two-electron reaction (HO2-) has a strong ability
of be oxidized and high corrosivity. The four-electron reaction path
will provide a higher voltage for fuel cells, so the two-electron
reaction should be avoided as far as possible. The number of
transferred electrons n can be calculated according to the
Koutecky–Levich (K-L) equation (Eqs. 1 and (2)) (Suo et al.,
2019) as follows:

J −1 � J −1
K + J −1

L � J −1
K + Bω−1/2 (1)

B � (0.62nFc0D
2/3v−1/6)

−1
(2)

Where J is the measured current density, JK represents the kinetic
current density, JL is the limiting diffusion current density, n is the
number of transferred electrons per oxygen molecule in the ORR,
F denotes the Faraday constant (96,485 C mol−1), c0 is the oxygen
concentration in the volume (1.2 × 10−3 mol L−1), B is the slope of
the linear best-fit to the K-L equation, ω is the angular velocity of
the rotating disk (ω � 2πN, where N is the speed of the disk), D
represents the oxygen diffusion coefficient in the KOH solution
(1.9 × 10−5 cm2 s−1), and v is the kinematic viscosity of the KOH
solution (0.01 cm2 s−1). As shown in Figure 2G, regression
analysis for data from the catalyst with a platinum content of
27 wt%was undertaken at -0.50 V to -0.70 V according to Eq. 1. It
can be inferred that the sample has similar catalytic mechanism in
this potential range because of the approximately parallel fitting
lines. According to Eq. 2, the average number of the transferred
electrons is calculated by the slopes of the fitting lines as 3.94,
suggesting that the catalytic sample is dominated by the four-
electron pathway.

Stability is also one of the important factors used to evaluate the
performance of fuel cell catalysts. The stability of the catalyst was
tested in O2-saturated 0.1-M KOH electrolyte by

chronoamperometry (i-t) with a constant potential of -1 V and a
rate of rotation of 1,600 rpm (Figure 2H): the current decline ratio of
graphene catalysts modified with different platinum contents is
within 50% after cycling for 15,000 s. The attenuation rate of i-t
curve was shown in Table 1. With the increase of platinum content,
the current decline ratio first decreases, then increases, and the
graphene decorated with 38 wt% Pt has the best durability due to its
lowest current decline ratio (29%). In contrast, the current through a
commercial Pt/C (20 wt% Pt) catalyst is decreased by 67% under the
same conditions. This indicates that the durability of catalyst
specimens prepared by pyrolysis was significantly higher than
that of the commercial Pt/C catalyst. This is due to the high
resistance of graphene to electrochemical corrosion.

CONCLUSION

Graphene cathode catalysts modified with different amounts of
platinum were prepared. According to the CV and LSV tests, the
ORR catalytic activity of catalyst samples first increases, then
decreases with increasing platinum loading. Compared with the
commercial Pt/C (20 wt% Pt) catalyst, the catalyst decorated with
8 wt% Pt has a better ORR catalytic activity and durability. This
means that the preparationmethod of pyrolyzing chloroplatinic acid
on graphene can improve the catalytic activity and stability while
requiring less platinum.
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