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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are promising for clean energy. Here, Pt/C
catalysts on Vulcan XC-72 were synthesized via a polyol method using ethylene glycol and
polyvinylpyrrolidone. XRD confirmed face-centered cubic Pt with ~1.8 nm crystallites. BET
analysis showed a mesoporous structure with a surface area of 91.97 m*/g. SEM—EDX revealed
uniform Pt dispersion with 30.18 wt% loading. Electrochemical impedance spectroscopy indicated
low solution resistance and moderate charge transfer resistance (~260 Q), suggesting charge-
transfer-controlled kinetics. Linear sweep voltammetry demonstrated good ORR activity, with a
current density of -7.2 mA/cm’ at -0.8 V. The catalyst showed acceptable stability after 100 cycles.
Overall, the synthesized Pt/C catalyst exhibited preliminary ORR activity in alkaline electrolyte,
although additional electrochemical evaluation in acidic media together with long-term durability
testing is required before practical PEMFC applicability can be confirmed.

Keywords: Pt/C catalyst; Polyol synthesis method; Oxygen reduction reaction (ORR); Proton exchange membrane fuel
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1. INTRODUCTION

In the context of increasingly severe climate change and environmental pollution, the demand
for clean and sustainable energy sources has become a global priority [1, 2]. Excessive reliance on
fossil fuels not only depletes natural resources but also significantly increases greenhouse gas
emissions, including CO; and NOx, thereby accelerating the greenhouse effect and contributing to
extreme weather events [1, 3]. Consequently, the development of environmentally friendly
alternative energy technologies is essential for sustainable development and carbon emission
reduction. Among the various clean energy technologies, proton exchange membrane fuel cells
(PEMFCs) are regarded as one of the most promising solutions because they directly convert
chemical energy into electrical energy with high efficiency and near-zero emissions [4-6].
PEMFCs operate at relatively low temperatures, exhibit rapid start-up, and possess a compact
design, making them well suited for transportation and portable applications [4, 5]. However, the
performance and durability of PEMFCs are highly dependent on the quality of electrocatalysts,
particularly for the oxygen reduction reaction (ORR) at the cathode.

Presently, platinum (Pt) is regarded as the most effective electrocatalyst for PEMFCs owing to
its high activity and stability [7, 8]. Nevertheless, its high cost and limited availability remain
major barriers to large-scale commercialization [8, 9]. To address this issue, considerable efforts
have focused on reducing Pt loading by dispersing Pt nanoparticles onto conductive carbon
supports to form platinum/carbon (Pt/C) catalysts [10-12]. Pt/C catalysts increase the
electrochemically active surface area, improve charge transfer, and reduce catalyst cost. However,
challenges such as nanoparticle agglomeration, catalyst degradation, and carbon support corrosion
under electrochemical conditions still remain [13-15].
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In recent years, the polyol method has attracted considerable attention as a versatile approach
for synthesizing Pt/C electrocatalysts because it enables simultaneous reduction of platinum
precursors and controlled nanoparticle growth under relatively mild conditions [16, 17]. Recent
studies have demonstrated that microwave-assisted and conventional polyol routes can produce
Pt/C catalysts with Pt crystallite sizes of only a few nanometers and favorable ORR activity,
although catalyst performance remains highly dependent on synthesis temperature, stabilizing
agents, carbon support characteristics, and post-treatment conditions [16, 18]. Consequently,
establishing reliable correlations between synthesis conditions, structural characteristics, and
electrochemical behavior remains an important topic.

Although polyol-derived Pt/C catalysts have been extensively investigated, previous studies have
primarily focused on catalyst preparation or catalytic performance alone [16-18]. Comparatively
fewer studies have systematically correlated crystallographic structure, morphology, surface
properties, impedance behavior, and electrochemical characteristics obtained from complementary
characterization techniques. In the present work, Pt/C catalysts supported on Vulcan XC-72 were
synthesized via a simple EG/PVP-assisted polyol route. Rather than proposing a new catalyst
composition through alloying or support modification, this work aims to establish the relationship
between structural characteristics and preliminary electrochemical behavior of a baseline Pt/C
catalyst prepared by a straightforward polyol method. The obtained results provide useful reference
data for subsequent optimization of Pt-based electrocatalysts for PEMFC-related applications.

2. EXPERIMENTAL SECTION

2.1. Materials

Ethylene glycol (EG, Merck), hexachloroplatinic acid (H:PtCls, Sigma-Aldrich),
polyvinylpyrrolidone (PVP, Merck), carbon black Vulcan XC-72 (Cabot Corporation), and Nafion
solution (5 wt%, DuPont) were used as received without further purification. Nitric acid (HNOs3,
0.1 M) and sulfuric acid (H2SO4, 0.5 M) were used for electrochemical treatment. Deionized water
was used throughout the experiments.

2.2. Experiment preparation
2.2.1. Synthesis of Pt/C catalysts

Pt/C catalysts were synthesized via a polyol method using ethylene glycol (EG) as both solvent
and reducing agent. In a typical procedure, 45 mL of EG was heated to 150 °C under continuous
stirring. Subsequently, 0.25 g of polyvinylpyrrolidone (PVP) was added and the solution was
stirred for 30 min to ensure complete dissolution and stabilization of the system. Afterward, 0.25
g of HoPtCls 6H2O was introduced into the reaction mixture, and the temperature was maintained
at 150 °C for 10 - 15 min to allow the reduction of Pt*" to metallic Pt nanoparticles. Then, 0.2 g of
Vulcan XC-72 carbon was added to the mixture, followed by ultrasonic treatment to achieve
uniform dispersion and promote the deposition of Pt nanoparticles onto the carbon support. After
completion of the reaction, the mixture was naturally cooled to room temperature. The obtained
Pt/C product was collected by centrifugation, washed several times with deionized water and
ethanol to remove residual impurities, and finally dried at 70 °C to obtain the final catalyst.

2.2.2. Electrode preparation

The catalyst ink was prepared by dispersing 5 mg of Pt/C in 1 mL of isopropanol, followed by
the addition of 10 uL of Nafion solution (5 wt%). The mixture was ultrasonicated for 1-2 h to
obtain a homogeneous suspension.

A calculated volume of the catalyst ink was then drop-cast onto a pretreated glassy carbon
electrode and dried at 70 °C prior to electrochemical measurements.

2.2.3. Characterization and electrochemical measurements
The crystal structure of the synthesized materials was characterized by X-ray diffraction (XRD,
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X’Pert PRO, Malvern Panalytical, Netherlands) using Cu Ka radiation (A = 0.15406 nm).

The specific surface area was determined by N2 adsorption-desorption measurements at 77 K
using a BET analyzer (ASAP 2020 or TriStar II 3020, Micromeritics, USA). The morphology and
microstructure of the samples were examined by scanning electron microscopy (SEM, JEOL JEM-
2800), while the elemental composition was analyzed using energy-dispersive X-ray spectroscopy
(EDX, JEOL JSM-7610F). Electrochemical measurements were carried out using a conventional
three-electrode system, consisting of a glassy carbon electrode loaded with catalyst as the working
electrode, an Ag/AgCl electrode as the reference electrode, and a Pt wire as the counter electrode.
All potentials were converted to the reversible hydrogen electrode (RHE) scale. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were
performed using a Gamry Reference 600+ system in alkaline electrolyte (KOH 1M). CV
measurements were conducted in the potential range of 0 - 1.4 V vs RHE at a scan rate of 50 mV/s.
EIS measurements were carried out over a frequency range from 100 kHz to 0.1 Hz, and the
obtained data were fitted using an equivalent circuit model (Rs—(Rct||CPE)). Linear sweep
voltammetry (LSV) was performed using an Autolab PGSTAT302N (Metrohm Autolab) to
evaluate the oxygen reduction reaction (ORR) activity in alkaline medium.

3. RESULTS AND DISCUSSION

3.1. Structural and morphological characterization of Pt/C catalysts

The X-ray diffraction pattern of the Pt/C catalyst (Figure 1c) exhibits characteristic peaks at
approximately 20 = 40°, 47°, and 70°, corresponding to the (111), (200), and (220) planes of face-
centered cubic (fcc) metallic Pt [16]. The presence of these peaks confirms that Pt exists
predominantly in the metallic state, while no characteristic peaks of Pt oxides are observed within
the detection limit of the technique. The relatively broad diffraction peaks indicate small crystallite
size; the average crystallite size calculated using the Scherrer equation is approximately 1.8 nm,
which is typical for nanostructured catalysts.
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Figure 1. SEM images of the Pt/C catalyst (a, b); X-ray diffraction (XRD) pattern (c);
EDX spectrum (d),; and N adsorption-desorption isotherms and pore size distribution
(BET analysis) (e, f).
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SEM images (Figures 1a, b) reveal Pt particles with apparent sizes in the range of 30 - 50 nm,
which are relatively uniformly distributed on the surface of Vulcan XC-72 carbon. This
distribution suggests that the polyol method effectively controls the formation and anchoring of Pt
particles on the carbon support. The average crystallite size (~1.8 nm) calculated from the Scherrer
equation represents the coherent diffraction domain of individual Pt nanocrystals rather than the
physical particle size. By contrast, SEM mainly visualizes secondary particles or aggregates
formed by multiple Pt nanocrystals deposited on the rough carbon support. Moreover, the limited
spatial resolution of conventional SEM makes individual Pt nanocrystals difficult to distinguish.
Therefore, the apparent particle size of 30-50 nm observed in SEM most likely corresponds to
agglomerated clusters composed of numerous Pt nanocrystallites. Nevertheless, high-resolution
transmission electron microscopy (TEM) would provide more direct evidence of Pt nanoparticle
size and dispersion and will be considered in future work

EDX analysis confirms that the material mainly consists of carbon and platinum, with a Pt
content of approximately 30.18 wt%, and no significant impurities are detected. This result
indicates that the synthesized material possesses high purity and is suitable for electrochemical
catalytic applications.

BET analysis shows that the material has a specific surface area of 91.97 m?/g and exhibits a
mesoporous structure [11, 12, 19].

3.2. Electrochemical properties
3.2.1. Cyclic voltammetry

The cyclic voltammetry (CV) curves of the Pt/C electrode recorded in 1 M KOH are shown in
Figure 2a exhibit characteristic electrochemical features of Pt under alkaline conditions [7]. In the
low potential region (0-0.35 V vs RHE), weak hydrogen adsorption/desorption features can be
observed, which may be attributed to the competitive adsorption of hydroxyl species (OH") on the
Pt surface, suppressing hydrogen underpotential deposition in alkaline medium.
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Figure 2. Cyclic voltammetry (CV) curves of the Pt/C catalyst in alkaline electrolyte (a);
Nyquist plot of the Pt/C electrode in alkaline electrolyte (b);
Linear sweep voltammetry (LSV) curves of the Pt/C catalyst (c).

In the intermediate potential region (~0.35-0.9 V vs RHE), the current remains relatively stable,
indicating predominantly double-layer capacitive behavior with minimal Faradaic contribution. As
the potential increases beyond ~ 0.9 - 1.0 V vs RHE, a gradual rise in anodic current is observed,
which becomes more pronounced above ~1.2 V vs RHE. This behavior is attributed to the
formation of Pt oxide/hydroxide species (Pt—-OH/Pt—O) on the electrode surface, along with the
possible onset of the oxygen evolution reaction at higher potentials.

During the reverse scan, a cathodic peak appears at approximately 0.7-0.85 V vs RHE,
corresponding to the reduction of the previously formed Pt oxides. The hysteresis between the
forward and reverse scans reflects the partially irreversible nature of oxide formation and reduction
processes, as well as contributions from capacitive charging.
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Although the CV response confirms the presence of electrochemically active Pt surface
sites, quantitative ECSA was not calculated in this study because the experimental protocol
was not optimized for standardized hydrogen adsorption/desorption or CO-stripping analysis.
Further electrochemical measurements under controlled conditions are required for accurate
ECSA determination.

3.2.2. Electrochemical impedance spectroscopy

The Nyquist plot of the Pt/C electrode in 1 M KOH (Figure 2b) exhibits a distinct semicircle,
indicating that the electrochemical response is mainly governed by the charge transfer process at
the electrode-electrolyte interface [13]. The obtained data were fitted using an equivalent circuit
model Rs—(Rct||CPE), yielding a solution resistance Rs = 10 Q and a charge transfer resistance Rct
~ 260 Q. The low Rs value is consistent with the high ionic conductivity of the alkaline electrolyte
and good electrode-electrolyte contact.

The absence of a pronounced Warburg diffusion tail at low frequencies suggests that mass
transport limitations are negligible, likely attributed to the mesoporous structure of the Vulcan
XC-72 carbon support facilitating efficient ion diffusion to the active Pt sites. The slightly
depressed semicircle, characterized by a CPE exponent n < 1, further indicates surface
heterogeneity arising from the distribution of Pt nanoparticles on the carbon support, which is
consistent with the SEM observations.

3.2.3. Linear sweep voltammetry

The oxygen reduction reaction activity of the Pt/C catalyst was evaluated using linear sweep
voltammetry (LSV), as shown in Figure 2c. The polarization curve shows a gradual increase in
current density with decreasing potential, reaching a limiting current density of approximately -
7.2 mA cm™ at -0.8 V vs RHE, indicating promising ORR activity in alkaline medium [6, 10].
Compared with the limiting current density of approximately -5.6 mA cm™ reported for a commercial
Pt/C catalyst, the catalyst developed in this work exhibited enhanced electrocatalytic activity,
highlighting its potential for further optimization [20]. The relatively favorable onset potential further
suggests the presence of active Pt sites contributing to the reaction.

The electrochemical stability of the catalyst was assessed through repeated potential cycling.
After 100 cycles in alkaline electrolyte, the LSV curves exhibit only a slight decrease in current
density while largely retaining their original shape, indicating preliminary stability under the tested
conditions [14, 15]. The present durability evaluation represents only an initial assessment and is
insufficient to evaluate long-term degradation phenomena, including Pt dissolution, particle
coalescence, Ostwald ripening, and carbon support corrosion. More rigorous accelerated durability
tests involving several thousand potential cycles will therefore be performed in future work. The
ORR measurements were conducted in alkaline electrolyte to provide a preliminary evaluation of
the intrinsic electrocatalytic behavior of the synthesized Pt/C catalyst. Since practical PEMFCs
generally operate under acidic conditions, the electrochemical performance obtained in this study
should not be directly interpreted as actual PEMFC performance. Future work will therefore
include electrochemical evaluation in acidic electrolyte together with membrane-electrode
assembly (MEA) testing to verify practical PEMFC performance.

4. CONCLUSIONS

Pt/C catalysts supported on Vulcan XC-72 were synthesized through an EG/PVP-assisted polyol
method. Characterization confirmed fcc Pt crystallites of approximately 1.8 nm, a Pt loading of 30.18
wt%, and a mesoporous structure with a specific surface area 0f91.97 m?/g. In 1 M KOH, the catalyst
exhibited an ORR current density of approximately -7.2 mA ¢cm™ and a charge-transfer resistance of
~260 Q. Its electrochemical response was largely retained after 100 cycles, indicating preliminary
stability. Nevertheless, evaluation in acidic electrolyte, standardized ORR testing, and long-term
accelerated durability tests are required before its applicability to PEMFCs can be established.
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TOM TAT

Téng hop va dac trung dién héa xic tac Pt/C b?mg phuong phap polyol
cho ng dung pin nhién li€u mang trao doi proton

Pin nhién liéu mang trao doi proton (PEMFC) dwoc xem la mét trong nhitng giai phdp
nang luong sach day trién vong. Trong nghién ciru nay, xic tac Pt/C trén nén carbon Vulcan
XC-72 duwoc tong hop bang phuong phap polyol sir dung ethylene glycol va
polyvinylpyrrolidone. Két qua nhiéu xa tia X (XRD) xdc nhdn sw hinh thanh pha Pt cdu triic
lap phirong tam mat voi kich thudc tinh thé khodng ~1,8 nm. Phan tich BET cho thay vat liéu
6 cdu triic mao quan trung binh véi dién tich bé mdt riéng dat 91,97 m’/g. Anh hién vi dién
tir quét két hop phdn tich EDX cho thdy Pt phdn tan dong déu voi ham lirong khoang 30,18%
khoi lwong. Pho tro khdang dién héa (EIS) cho thay dién tré dung dich thap va dién tré chuyén
dién tich & mikc trung binh (~260 Q), goi ¥ co ché phan iing bi chi phéi boi qud trinh chuyén
dién tich. Phép do voltammetry quét tuyén tinh (LSV) cho thdy hoat tinh tot doi véi phdn iing
khir oxy (ORR), v6i mdt dg dong dat -7,2 mA/em? tai -0,8 V. Xiic tdc ciing thé hién dg on dinh
chdp nhén dwege sau 100 chu ky. Nhin chung, xiic tac Pt/C tong hop dwge cho thdy hoat tinh
ORR buGe dau trong méi triueong dién ly kiém; tuy nhién, can tiép tuc danh gid dién héa trong
méi truong axit va thiee hién cdc thir nghiém dg bén dai han trude khi ¢é thé khang dinh kha
ndng img dung thuc té ciia xiic tdc trong pin nhién liéu mang trao doi proton.

Tir khoa: Xuc tac Pt/C; Phuong phép téng hop polyol; Phan tmg khir oxy (ORR); Pin nhién liéu mang trao déi proton
(PEMFC); Pac trung dién hoa.
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