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The physicochemical properties of catalysts significantly influence the overall performance of proton

exchange membrane fuel cells (PEMFCs). However, the complexity arising from numerous interrelated

parameters presents significant challenges in establishing comprehensive structure–performance

relationships for advanced PEMFC systems. This study systematically evaluates three commercial Pt/C

catalysts with distinct morphology and structural characteristics to reveal their specific functional

impacts on fuel cell performance. The results indicate the abundant micropores and small-sized Pt

nanoparticles, embedded in micropores, can significantly enhance the catalytic performance at the

cathode side. Conversely, hydrogen oxidation reaction (HOR), at the anode side, prefers to occur on the

surface-active site of carbon support. Furthermore, an asymmetric membrane electrode assembly

configuration incorporating optimized catalysts and gas diffusion layer achieves a maximum power

density of 2.52 W cm−2 (200 kPa absolute pressure with H2 and O2 supplying) with good stability,

attributed to synergistic improvements in active site utilization and the mass transfer process. This work

enhances the fundamental understanding of catalyst microstructure-performance correlations while

offering practical insights for Pt/C catalyst selection and electrode architecture design in PEMFC

applications.
Introduction

As an environmentally friendly power source, proton exchange
membrane fuel cells (PEMFCs) have been recognized as prom-
ising candidates for the next-generation transportation systems
with growing market adoption.1,2 Despite their technological
advancements, PEMFCs continue to encounter signicant
technical barriers, particularly poor durability, low stack
performance, and high fabrication cost.3 According to the DOE
Hydrogen Program Record, the stack cost for heavy-duty vehi-
cles (HDV) has been reduced to $99 per kWnet under annual
production scales of 100 000 systems. However, the prohibitive
manufacturing costs of Pt-based catalysts, which contribute
61% of the total fuel cell system cost, remain a critical barrier to
achieving further cost reductions in fuel cell technologies. To
expedite the commercialization of PEMFCs, innovative catalysts
and cost-optimized membrane electrode assembly (MEA)
designs with enhanced electrochemical performance are
urgently required to meet the scalability requirements of
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Center Co., Ltd, Tianjin 300300, China.
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hydrogen-powered fuel cell electric vehicles (FCEVs).1 Typically,
the membrane electrode assembly (MEA) is conventionally
congured with a proton exchange membrane (PEM) sand-
wiched between paired catalyst layers (CLs) and gas diffusion
layers (GDLs). Over the past decades, systematic research
endeavors have been directed toward elucidating the critical
determinants of PEMFC performance, spanning core compo-
nent optimization, such as the PEM,4,5 catalyst, CL,6–8 GDL,9–12

bipolar plates,13–15 as well as advanced fabrication
methodologies.16,17

During the operation of PEMFCs, H2 and O2 react in the
three-phase boundary (TPB) within the anode and cathode CLs,
respectively. At the anode, hydrogen oxidation reaction (HOR)
proceeds along H2 / 2H+ + 2e−. The electrons generated at the
anode are transported to the cathode via the external circuit,
while the H+ is concurrently transported through PEM. At the
cathode, the oxygen reduction reaction (ORR) predominantly
occurs in the cathode catalyst layer, proceeding along 1/2O2 +
2H+ + 2e−/ H2O.18–20 From a theoretical perspective, the
optimal performance characteristics of PEMFCs are contingent
upon the synergistic interplay of efficient ORR and HOR
processes within the MEA. Consequently, catalysts are recog-
nized as pivotal determinants of both performance and dura-
bility, primarily by facilitating multiphase transport and
establishing unique TPBs for electrochemical reactions.21 To
© 2025 The Author(s). Published by the Royal Society of Chemistry
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qualify as a viable electrocatalyst candidate for PEMFCs, the
materials must demonstrate three critical attributes: (1) excep-
tional electrochemical activity toward ORR and HOR kinetics,22

(2) substantial electrochemical surface area (ECSA) to maximize
TPBs,23 and (3) optimized electronic conductivity to facilitate
charge transfer across catalyst–support interfaces.24

In recent years, an increasing number of researchers have
realized the importance of directional catalyst design for HOR
and ORR application, as well as the asymmetrical catalyst layer
architecture for enhanced PEMFC performance. Most impor-
tantly, fundamental materials, including catalysts, carbon
supports and ionomers, will determine the functionality and
performance of CL and PEMFC. Research emphasis on ionomer
management has predominantly focused on cathode CLs,25–27

where controlled adjustment of ionomer content proves effec-
tive in balancing power output and durability.26 Notably, ECSA
demonstrates a U-shaped dependence on ionomer loading:
inadequate coverage disrupts proton conduction pathways,
while excessive amounts induce active site occlusion through
ionomer aggregation. Optimal ionomer-to-carbon ratios must
account for carbon support porosity characteristics, requiring
careful optimization of both ionomer distribution thickness
and coverage density.25,28 Asymmetrical CL congurations
enable decoupled optimization of mass transport and charge
transfer processes. Anode CLs emphasize enhanced porosity to
facilitate hydrogen accessibility and proton conduction,
whereas cathode CLs implement graded porosity architectures
to simultaneously ensure catalyst utilization and improve water
management.29 Developments in ionomer chemistry and
gradient electrode designs further demonstrate potential to
minimize oxygen transport resistance through porous media
while preventing anode performance decay from excessive
ionomer coverage.30–32

To further explain the intrinsic relationship between the
micro-structure of the catalyst and the mass transfer efficiency,
as well as enhance the performance of PEMFC, this work has
systematically evaluated three commercial Pt/C catalysts with
identical Pt mass loading and different porous structures. The
electrochemical behavior of these catalysts was carefully char-
acterized through both RDE and MEA testing technologies to
identify the optimal structure of Pt-based catalysts for PEMFC
anode and cathode catalyst layer materials. Additionally, an
asymmetric MEA with different anode and cathode catalysts was
fabricated. The in situ electrochemical impedance spectroscopy
(EIS) conrmed the optimized mass transfer process and
enhanced PEMFC performance, revealing the dominant factors
for high-performance PEMFC design.

Experimental
Electrode preparation and MEA fabrication

The Pt/C catalysts employed in this work were commercially
available from Premetek (40 wt% Pt on Vulcan XC-72), Johnson
Matthey (Hispec 4000), and TANAKA (TEC10E40E) with iden-
tical nominal Pt loading of 40 wt%. The standard catalyst ink
formulation for RDE tests comprises 5 mg of Pt/C catalyst, 230
mL of ultrapure water, 730 mL of isopropanol, and 40 mL of
© 2025 The Author(s). Published by the Royal Society of Chemistry
Naon ionomer solution (5 wt%). Following 1 h of ultrasonic
treatment, specic quantity of catalyst ink was uniformly
deposited onto a clean glassy carbon electrode (5 mm diameter,
0.196 cm2) and subsequently air-dried naturally for use in RDE
testing. The catalyst ink formulation for MEA fabrication
comprises 48 mg of Pt/C catalyst, 1 mL of ultrapure water, 9 mL
of isopropanol, and 411 mg of Naon ionomer solution (5 wt%).
The cathode catalyst inks were spray-coated onto a clean Gore®
12 mm proton exchange membrane at 80 °C. A high-precision
electronic balance (Mettler-Toledo XPE, 0.01 mg readability)
was employed tomeasure themass of themembrane before and
aer catalyst spraying. The Pt loading of different MEAs is
calculated by gravimetry and controlled at 0.2 mg cm−2 for
cathode catalyst layer. A carbon-ber-paper-based GDL (220 mm
in thickness, with micropore layer) was utilized on the cathode
sides of the MEA. In order to investigate the inuence of the
ionomer/carbon (I/C) ratio, three catalyst inks (I/C = 0.71, 0.56,
0.42) were used to fabricate the cathode catalyst layer with same
method. The anode catalyst ink was spray-coated onto the
microporous layer (MPL) side of GDL at 80 °C with a Pt loading
of 0.1 mg cm−2 and an active area of 2 × 2 cm2. The catalyst-
coated substrate was sandwiched between the catalyst-coated
membrane and cathode gas diffusion layer to assemble the
MEA for single-fuel-cell testing. To investigate the inuence of
GDL, the catalyst layers for both the cathode and anode were
prepared via the catalyst-coated membrane (CCM) method,
which promotes tight catalyst-membrane contact. Two types of
GDLs, SGL 22BB (with MPL) and Toray-060 (without MPL), were
selected as the GDLs for both anode and cathode during fuel
cell testing.

Material characterization

The microstructural morphology and aggregation behavior of
catalyst particles were characterized using scanning electron
microscope (SEM, Thermo Scientic Apreo S) at a magnication
of 50 000×. Additionally, transmission electron microscope
(TEM, JEOL JEM-F200) was utilized to evaluate the spatial
distribution and nanoscale particle size of Pt deposited on the
carbon support. Semi-quantitative analysis of the samples was
performed via X-ray photoelectron spectrometer (XPS, Thermo
Scientic K-Alpha) to determine elemental composition,
chemical states, and compositional variations, with results
calibrated against the C 1s peak at 284.8 eV. Furthermore,
nitrogen physisorption experiments were conducted using
a surface area and porosity analyzer (Micromeritics ASAP 2460)
at −195.8 °C. The hydrophobicity of the CLs and GDLs was
quantied using contact angle goniometry (SINDIN SDC-200S).

RDE testing

Electrochemical measurements were conducted using a stan-
dard three-electrode conguration with a CHI760E workstation.
A graphite rod, a saturated calomel electrode (SCE), and a cata-
lyst-coated glassy carbon rotating disk electrode (RDE, Pine
Research Instrumentation) were employed as the counter elec-
trode, reference electrode, and working electrode, respectively.
The electrochemical measurements were performed in an
RSC Adv., 2025, 15, 46602–46612 | 46603
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acidic electrolyte containing 0.1 M HClO4 solution. Prior to
linear sweep voltammetry (LSV), all electrodes were electro-
chemically activated via cyclic voltammetry (CV) using a scan
rate of 100 mV s−1. LSV measurements for the ORR and HOR
were performed using a rotating disk electrode operated at
1600 rpm, with a potential sweep rate of 10 mV s−1 from
negative to positive potentials. The electrochemical surface area
(ECSA, cm2 mgPt

−1) of Pt was determined from the RDE data
using the following equation.33

ECSA ¼ QH

C �M
(1)

where, QH (mC cm−2) corresponds to the integrated charge
density collected in the hydrogen adsorption region, C (210 mC
cm−2) is the charge density for a monolayer proton reduction on
Pt surface and M (mg cm−2) denotes the Pt mass loading.

PEMFC test

The MEAs were assembled within a single fuel cell equipped
with single-channel serpentine ow elds in both bipolar
graphite plates. Prior to PEMFC performance evaluation,
electrochemical conditioning was conducted with fully
humidied H2 (0.3 slpm) and air (0.5 slpm) under a constant
current density of 1 A cm−2 (4 A over 2 × 2 cm2 active area) with
a dwell time of 3 h. A constant reactant ow rate of H2 (0.3
slpm)–O2 (0.5 slpm) or H2 (0.3 slpm)–air (1.5 slpm) was deliv-
ered to the anode and cathode sides, respectively, under fully
humidied conditions (100% RH) at 80 °C and 200 kPa absolute
pressure. Electrochemical impedance spectroscopy (EIS) was
performed using Solartron ModuLab XM ECS system to char-
acterize the impedance characteristics of MEAs across
a frequency range of 100 kHz to 0.1 Hz, with an applied
perturbation amplitude of 0.05 A cm−2 or 0.1 A cm−2. For ECSA
tests, the anode and cathode were preconditioned with fully
humidied H2 (0.3 slpm) and N2 (0.5 slpm) under ambient
pressure conditions. The ECSA values of the MEAs were quan-
tied via CV testing at a scan rate of 200 mV s−1 within
a potential window of 0.1–1.2 V.

Results and discussion
Physicochemical characterization

To enhance the generalizability, three representative commer-
cial Pt/C catalysts, Premetek 40 wt% on Vulcan XC-72, Johnson
Matthey 40 wt% Hispec 4000, and TANAKA 40 wt% Pt/C
(denoted as PMK, JM, TKK), were selected to investigate struc-
ture–performance relationship for PEMFC application. As the
main site for electrochemical reaction, the morphologies of Pt
nanoparticles of different catalysts were rst observed via TEM,
as shown in Fig. 1. Pt nanoparticles of PMK (Fig. 1a) and JM
(Fig. 1b) are more likely to distribute on the surface of carbon
support. On the contrary, uniform Pt nanoparticles can be
observed in all the regions of TKK carbon support (as shown in
Fig. 1c), suggesting the incorporation of Pt nanoparticles within
the micro/mesopores architecture of the carbon support.34

Meanwhile, the mean particle diameters exhibit notable varia-
tions among the catalysts (insets in Fig. 1a to c). The TKK
46604 | RSC Adv., 2025, 15, 46602–46612
catalyst exhibits the smallest Pt nanoparticles, with the mean
particle size (MPS) of 2.49 ± 0.43 nm. This value progressively
increases to 3.36 ± 0.42 nm for the JM catalyst and 3.69 ±

0.50 nm for the PMK catalyst, respectively. In high-resolution
TEM images, the distinct lattice fringes can be observed for
all the catalysts (Fig. 1d to f). The lattice distance of 0.199 nm,
0.228 nm can be attributed to the (100) and (111) lattice plane of
Pt, indicating the high degree of crystallinity.

The SEM images of all the catalysts are shown in Fig. 2a to c.
In contrast to the PMK and JM catalysts, the TKK catalyst
exhibits signicantly smaller carbon particles with uniform
spatial distribution across the observed eld of view. The high-
resolution SEM images (Fig. S1) conrm that the mean carbon
particle size of TKK is about 58.9 nm. The small carbon particles
of TKK can form uniform secondary porous structures and
smooth catalyst layer surface, which may lead to the larger
electrochemically active surface area and higher electro-
chemical performance. To quantitatively investigate the pores
of different catalysts, the nitrogen adsorption–desorption
isotherms and corresponding pore size distribution curves are
analyzed. All the samples show similar isotherm types, as
shown in Fig. 2d. Compared with PMK and JM catalysts, TKK
exhibits observably high adsorption capacity in low P/P0 region.
Meanwhile, a noticeable hysteresis loop can be observed in the
region of 0.4 < P/P0 < 0.8, indicating the hierarchical pore
structure of TKK catalyst with abundant micropores and a small
amount of mesopores.35,36 The above conclusion is conrmed by
the pore size distribution analysis by nonlocal density func-
tional theory (NLDFT) method (Fig. 2e). A large number of
micropores can be observed within the micropore range of TKK
catalyst, resulting in the highest micropore volume (0.114 cm3

g−1, Table S1). For all catalysts, the proportion of mesoporous
volume (2–50 nm) is the largest, which may derive from the
inter-particle accumulation effect of carbon support. As shown
in Fig. 2f, the total pore volume of TKK can reach 0.598 cm3 g−1,
which is about 2-fold than that of other catalysts. Due to the
abundance of micropores and mesopores, the specic surface
area of TKK, analyzed by Brunauer–Emmett–Teller (BET)
method, has reached 395.45 m2 g−1, which is double that of
PMK (141.54 m2 g−1) and JM (151.57 m2 g−1) catalysts, implying
the adequate sites for Pt nanoparticles loading.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the chemical states of Pt across the catalysts. The
surface Pt concentration of the TKK catalyst (2.13 at%) is rela-
tively lower than that of PMK (3.33 at%) and JM (4.22 at%)
catalysts. As shown in Fig. 3a, the XPS spectra of Pt 4f can be
deconvoluted into two sets of peaks, attached to Pt0 and Pt2+

species. Across all three catalysts, metallic Pt (Pt0) is the domi-
nant species (>85%, Fig. 3b), which may facilitate exposure of
active sites for ORR and HOR process, resulting in enhanced
catalytic activity.37,38 To reveal the distribution of elements along
the radial direction in different Pt/C catalysts, the depth-
proling XPS analysis coupled with argon-ion etching was
conducted. The whole etching protocol comprises four stages
with each etching depth of about 10 nm. As a whole, the types of
elements in different catalysts are similar (Fig. S2). However,
from surface to bulk, the proportions of Pt, C and O show
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The morphology of different Pt-based catalysts. The TEM images of (a) PMK, (b) JM and (c) TKK catalysts. The inset is the corresponding
particle size distribution histogram. The HR-TEM images of (d) PMK, (e) JM and (f) TKK catalysts.
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obvious change (Fig. 3c). As the gradual exposure of internal
structure of catalyst particles, the Pt proportions of JM and PMK
catalysts exhibit a downward trend with uctuation. Conversely,
the Pt proportion of TKK catalyst gradually increases from 2.13
at% to 2.99 at%, indicating that compared with the PMK and JM
Fig. 2 The micro-structure analysis of different Pt/C catalysts. The SEM
adsorption–desorption isotherms and corresponding (e) pore size distr
volume of different catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
catalysts, there might be some ultrane Pt nanoparticles
embedded within the carbon support of the TKK catalyst.
Combined with the pore size distribution analysis of TKK
catalyst, the Pt nanoparticles may be preferentially embedded in
the micropores of carbon support. It is worth noting that the C
morphology of (a) PMK, (b) JM and (c) TKK catalysts. (d) The nitrogen
ibution curves simulated by NLDFT method. (f) The cumulative pore

RSC Adv., 2025, 15, 46602–46612 | 46605
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Fig. 3 The chemical state and element analysis of different Pt/C catalysts. (a) The XPS Pt 4f spectra and corresponding deconvoluted curves. (b)
The histogram of Pt2+ and Pt0 species on the surface of different Pt/C catalysts. The (c) elements content curves and (d) C 1s spectra of the Pt/C
catalysts derived from XPS analysis with argon ion etching.
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and O distribution along the radial direction shows completely
opposite trends. The surface of the catalyst is more prone to
oxidation, leading to the higher content of O. As the elements
on the catalyst surface were etched, the percentage of O
elements rapidly decreased, as shown in Fig. S3. The high
resolution XPS spectra of Pt 4f (Fig. S4) indicates the relatively
stable chemical state of Pt atoms from surface to inside of
catalyst particles. By contrast, with continuous argon ion
etching, C 1s peak positions of all the catalysts shi to lower
binding energy (Fig. 3d), indicating most C atoms are oxidized
on carbon particle surface, which also veries the analysis of O
1s XPS. Through a persuasive XPS analysis, it can be seen that
the distribution of Pt elements in the TKK catalyst is signi-
cantly different, compared with JM and PMK. The Pt nano-
particles are more likely to be detected inside the carbon
support. Meanwhile, over 91.5% of the Pt elements exist in Pt0

species.
RDE test

This study rst employed the RDE method to investigate the
intrinsic activities of the three catalysts for the oxygen reduction
reaction (ORR) at the cathode and the hydrogen oxidation
reaction (HOR) at the anode. As shown in Fig. 4a, TKK catalyst
demonstrates a notable positive shi in LSV curve, compared
with PMK and JM catalysts, indicating the higher intrinsic
activity of ORR.39 As a quantitative index, TKK catalyst exhibits
higher half-wave potentials (E1/2) of 0.888 V versus RHE,
compared to PMK (0.837 V versus RHE) and JM (0.856 V versus
RHE) catalysts. The TKK catalyst also shows impressive mass
activity (MA) and specic activity (SA) of 44.4 mA mgPt

−1 and
134.8 mA cmPt

−2 at 0.9 V versus RHE, respectively. Meanwhile,
the electrochemical surface area (ECSA, as shown in Table 1)
46606 | RSC Adv., 2025, 15, 46602–46612
increases from 32.9 m2 gPt
−1 for PMK and 38.0 m2 gPt

−1 for JM
to 66.8 m2 gPt

−1 for TKK catalyst, as shown in Fig. 4b and d. The
Tafel plot in Fig. 4c shows the smaller slope value of 77.9 mV
dec−1 for the TKK catalyst, signicantly lower than those of the
PMK (89.9 mV dec−1) and JM (82.7 mV dec−1) catalysts, sug-
gesting higher ORR kinetic activity. All the RDE results suggest
that TKK catalyst demonstrates superior ORR activity, posi-
tioning it as a promising candidate for PEMFC cathode appli-
cations. Fig. 4e displays the HOR polarization curves for the
PMK, JM and TKK catalysts. The limiting current density
slightly increases from 0.558 mA cm−2 for JM catalyst to 0.577
mA cm−2 for PMK catalyst and nally to 0.671 mA cm−2 for TKK
catalyst. In Fig. 4f, all the catalysts also exhibit almost over-
lapped Tafel curves, indicating the similar catalytic activities to
HOR process. Therefore, TKK catalyst seems to be the best
candidate for PEMFC. The superior catalytic performance may
be attributed to two synergistic structural advantages: (1) the
substantial micro/mesopores architecture of the TKK carbon
support provides a large surface area for active site loading and
electrochemical reaction. (2) The spatial connement of
micropores can reduce the diameter of Pt nanoparticles,
thereby maximizing ECSA and generating abundant active sites
for catalyst performance enhancement.
Symmetric MEA design

Aer RDE test, these catalysts were also used to fabricate the
MEAs (identical catalyst in both cathode and anode) to inves-
tigate the real performance during PEMFC application. The
MEAs fabricated using PMK, JM and TKK catalysts were
respectively designated as PMK/PMK, JM/JM and TKK/TKK.
Unexpectedly, the TKK-based MEA exhibits the worst PEMFC
performance (Fig. 5a). PMK- and JM-based MEAs show the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The electrochemical activity of different catalysts via RDE tests. The ORR (a) LSV curves at 1600 rpmwith scanning rate is 10mV s−1, (b) CV
curves under N2 atmosphere with scanning rate is 20 mV s−1. (c) Tafel plots of different catalysts derived from LSV curves. (d) The ECSA and SA
values of ORR. The HOR (e) LSV curves at 1600 rpm with scanning rate is 10 mV s−1 and corresponding (f) Tafel plots.
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comparable fuel cell performance in the low-current region (0–
1.0 A cm−2). As the increase of current density, the PMK-based
MEA exhibits enhanced power density, which can be attributed
to the reduced mass-transport-related losses. Under O2

supplying conditions, the polarization curves of MEAs were
further validated to demonstrate the superior performance of
PMK-based MEA. As shown in Fig. 5b, the PMK/PMK achieved
a current density of 57.4 mA cm−2 at 0.9 V under H2–O2

conditions exhibiting much higher maximum power density of
1.94 W cm−2, compared with JM/JM (1.76 W cm−2) and TKK/
TKK (1.15 W cm−2). To reect realistic operating conditions,
the power densities at 0.7 V under H2–air and H2–O2 conditions
were compared, as listed in Table S3. The JM/JM achieved much
higher maximum power density of 1.21 W cm−2 at 0.7 V under
H2–O2 conditions, compared with PMK/PMK (1.08 W cm−2) and
TKK/TKK (0.72 W cm−2). It's worth noting that, compared with
RDE measurements, the actual fuel cell performance of the
TKK-based MEA shows signicant attenuation. To elucidate the
underlying mechanisms, the in situ electrochemical character-
istics including ECSA and electrochemical impedance spec-
troscopy (EIS) of different MEAs were conducted during fuel cell
testing. As shown in Fig. 5c, under N2 atmosphere in cathode,
the CV curves of all PEMFCs are recorded at the potential range
of 0.1–1.2 V with scan rate of 200 mV s−1. The ECSA values
derived from CV curves of different MEAs show the similar
trends with RDE measurements. The TKK-based MEA exhibited
Table 1 The key parameters for ORR of different catalysts via RDE tests

Samples ECSA (m2 gPt
−1) jL (mA cm−2)

PMK 32.9 5.36
JM 38.0 5.66
TKK 66.8 6.12

© 2025 The Author(s). Published by the Royal Society of Chemistry
the highest ECSA (75.3 m2 gPt
−1), approximately double the

value compared to the PMK-based (38.3 m2 gPt
−1) and JM-based

(33.7 m2 gPt
−1) MEAs. It is worth noting that as the decrease of

relative humidity in fuel cell, the value of ECSA shows a signif-
icant decline for all the MEAs, as shown in Fig. S5. However,
TKK-based MEA still demonstrated the largest electrochemical
active area, even under the dry gas condition. TKK catalyst with
smaller Pt nanoparticles can provide larger Pt surface and three-
phase boundary (TPB) for electrochemical reaction. In EIS
Nyquist plots, the ohmic resistance (RU) and charge transfer
resistances at the anode (Rct1) and cathode (Rct2) were system-
atically compared (as shown in Fig. 5d). As established in prior
analyses, ORR at the cathode side is more challenging
compared to HOR at the anode, thus leading to larger semicircle
in low-frequency region (Rct2). Notably, in addition to Rct2,
another semicircle is discernible in the high-frequency region
(>1000.0 Hz), corresponding to the anode charge transfer
resistance (Rct1). The impedance values derived from Nyquist
plots are summarized in Table 2. It is worth noting that there
are signicant differences compared with RDE test. PMK/PMK
and JM/JM exhibit much smaller anode charge transfer resis-
tance (Rct1). However, Rct1 rapidly increases to 59.30 mU for
TKK/TKK MEA, which is more than three times that of Rct1 of
other MEAs. The hydrophobicity of all the MEAs were also
systematically evaluated through water contact angle measure-
ments to investigate the anti-ooding capability. As shown in
j0.9 V (mA cm−2) MA (mA mgPt
−1) SA (mA cmPt

−2)

1.71 25.6 38.3
2.10 34.1 89.6
2.55 44.4 134.8

RSC Adv., 2025, 15, 46602–46612 | 46607
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Fig. 5 The PEMFC performance of the symmetrical MEA with same catalyst in both cathode and anode. The polarization curves of different
MEAs under 200 kPa absolute pressure at 80 °C with (a) H2–air and (b) H2–O2 supplying. The PEMFC tests of (c) ECSA curves, (d) EIS Nyquist plots
(@0.1 A cm−2, inset is the corresponding equivalent circuit model42).

Table 2 The impedance parameters derived from EIS fitting of
different MEAs

Anode/cathode RU (mU) Rct1 (mU) Rct2 (mU)

PMK/PMK 38.56 18.36 175.11
JM/JM 32.98 12.69 166.29
TKK/TKK 49.63 59.30 171.53
JM/PMK 37.94 10.39 175.58
JM/JM 32.98 12.69 166.29
JM/TKK 27.97 11.73 145.20
PMK/TKK 27.48 9.80 164.14
JM/TKK 27.97 11.73 145.20
TKK/TKK 49.63 59.30 171.53
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Fig. S6 and Table S2, all the catalyst layers show obvious
hydrophobicity and similar values of contact angle. As is well
known, insufficient water retention resulting from excessive
catalyst layer hydrophobicity may reduce proton exchange
membrane conductivity, while water ooding due to pore
blockage at reactive interfaces induces mass transport limita-
tions and consequent PEMFC performance degradation.40

Notwithstanding, TKK catalyst has the biggest ECSA value and
shows higher HOR and ORR activities during RDE tests, PMK/
PMK and JM/JM MEAs exhibit the better performance in
PEMFC, which may due to the different active sites distribution
and carbon support structure. The above conclusion further
emphasizes the completely different reaction processes of
anode and cathode catalyst layers. Therefore, different charac-
teristics of catalysts, including porous structure and active site
46608 | RSC Adv., 2025, 15, 46602–46612
distribution, need to be carefully considered for high PEMFC
performance.41
Asymmetric MEA design

To further optimize the overall performance of fuel cell, asym-
metric MEAs were designed by employing different catalysts in
cathode and anode catalyst layers. Firstly, the JM catalyst was
employed as anode catalyst, while PMK, JM and TKK catalysts
were utilized as cathode catalysts, designated as JM/PMK, JM/
JM, JM/TKK, respectively. The EIS Nyquist plots of above
MEAs, which were acquired at 0.1 A cm−2, are compiled in
Fig. S7a. Only a semi-circle can be observed, belonging to the
charge transfer resistance of cathode. In low current density
region (0.1 A cm−2), JM/TKK shows the smallest charge transfer
resistance of 145.20 mU, indicating superior catalytic activity,
compared with other MEAs. In the high current density region
(1.5 A cm−2, see Fig. S7b), the performance of JM/TKK may be
restricted. The polarization curves obtained under air supplying
corroborate the aforementioned conclusion, as shown in
Fig. 6a. From 0 to 1.5 A cm−2, JM/TKK exhibits higher power
density attributed to its abundant micropores and large ECSA.
However, under high current density condition (>1.5 A cm−2),
the structural characteristic of micropore will lead to negative
impacts on the fuel cell performance due to the degenerative
mass transfer efficiency. Although the JM/JM exhibits a slightly
higher power density (1.21 W cm−2, seen in Fig. S8) at 0.7 V
under H2–O2 supplying, compared with JM/TKK (1.20 W cm−2)
and JM/PMK (0.96 W cm−2), the JM/TKK achieves the highest
maximum power density of 2.13 W cm−2 under the same
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The PEMFC performance of the asymmetrical MEA with different catalysts in cathode and anode. Polarization curves of MEAs under H2–
air supplying with different (a) cathode catalysts and (b) anode catalysts. (c) The polarization curves of the MEAs with error bars. Polarization
curves under H2–air supplying of (d) the MEAs with TKK as the anode catalyst and corresponding (e) EIS Nyquist plots. (f) The polarization curves
of TKK-based MEAs with different I/C values.
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condition, as listed in Table S3. This disparity suggests that TKK
exhibits higher catalytic activity towards ORR particularly under
oxygen-rich operating conditions. The superior performance of
the TKK-based cathode catalyst is predominantly governed by
the smallest Pt nanoparticle size and maximized electro-
chemical active area. The abundant porosity and increased
active sites of TKK-based MEA facilitate the establishment of
large TPBs, thereby enhancing proton and electron transport.
This structural advantage is primarily attributed to the reduc-
tion of Rct2 in the TKK-based MEA. Under H2–O2 supplying
condition, the JM/PMK, JM/JM and JM/TKK demonstrate anal-
ogous behavioral proles, when the current density is less than
3 A cm−2. However, a pronounced decline in power density is
detected for both JM/JM and JM/PMK MEAs in the concentra-
tion polarization region, which may stem from their inadequate
specic surface area and ECSA values. On the contrary, TKK-
based cathode catalyst layer shows alleviative attenuation due
to the adequate active sites for ORR, leading to efficient mass
transfer and better fuel cell performance.

Fig. 6b shows the polarization curves of MEAs with the xed
TKK-based cathode catalyst layer and different anode catalysts.
The corresponding EIS Nyquist plots of all the MEAs under 0.1 A
cm−2 and 0.5 A cm−2 are exhibited in Fig. S9. As quantitatively
analyzed in Table 2, the TKK/TKK exhibits a larger charge
transfer resistance, reaching 59.30 mU, which is 6.05-fold and
5.06-fold those of PMK/TKK and JM/TKK, respectively. This
pronounced disparity in charge transfer resistance serves as
a principal determinant of the performance constraints in the
PEMFCs. As shown in Fig. S8b, the power densities at 0.7 V for
the MEAs exhibit a decline under H2–O2 supplying condition,
from 1.34 W cm−2 for PMK/TKK to 0.72 W cm−2 for TKK/TKK.
The maximum power densities for the MEAs exhibit
© 2025 The Author(s). Published by the Royal Society of Chemistry
a consistent trend, from 2.52 W cm−2 for PMK/TKK to 1.15 W
cm−2 for TKK/TKK. Compared with the RDE test of TKK catalyst
(Fig. 4e), the fuel cell performance of TKK-based MEA (Fig. 6b)
signicantly decreased. Repetitive experiments were conducted
to verify the reliability of the above conclusion, as shown in
Fig. 6c. In the low current density region, the data shows good
repeatability. On the contrary, in the large current density
region, the data uctuates signicantly. Nevertheless, the MEA
with TKK as the anode catalyst still exhibited poorer fuel cell
performance. Furthermore, MEAs with TKK catalyst as the
anode and different catalysts as the cathode were fabricated and
carried out the electrochemical test (Fig. 6d and e). Relatively
low power density and large charge transfer resistance of all the
samples provide convincing evidence. It is worth noting that the
non-negligible internal resistance does not originate from the
excessively high content of polymers. As the ionomer/carbon (I/
C) ratio decreases in Fig. 6f, the performance of the fuel cell
further decreases, suggesting that the optimal I/C value for TKK-
based catalyst layer is 0.71.

Due to the dense structure of the MEA, water diffusion
within the membrane electrode (both catalyst layer and GDL) is
prone to be hindered under high current density. Considering
that there are numerous microporous structures in the TKK
catalyst, which may be blocked by water under high current
density, the Pt nanoparticles embedded in micropores are
difficult to participate in the electrochemical reaction. To verify
the above hypothesis, we used hydrophobic carbon ber paper
(Toray 060-10%PTFE, denoted as CFP-060) as the GDL for TKK-
based MEA, as shown in Fig. 7. Compared with the traditional
GDL (Fig. 7a and b), CFP-060 (Fig. 7c and d) does not have
a micropore layer, which may accelerate the transport of water
and gas. Under H2–air supplying the maximum power density of
RSC Adv., 2025, 15, 46602–46612 | 46609
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Fig. 7 Structure and performance analysis of TKK-based MEA with different gas diffusion layers. The surface and cross-sectional morphology of
(a) and (b) GDL with MPL and (c) and (d) GDL without MPL. (e) The polarization curves of TKK-based MEAs and (f) the corresponding polarization
curves with error bars. (g) The stability curves of TKK-based MEA without MPL.
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CFP-060 based MEA can reach 0.97 W cm−2, which can further
increase to 1.36W cm−2 with the pressure increase to 250 kPaabs
(Fig. 7e). This signicant improvement in the performance of
the fuel cell might be attributed to the extremely high activity of
TKK catalyst and the excellent mass transfer efficiency of the
GDL. Unfortunately, this excellent performance is accompanied
by signicant instability as shown in Fig. 7f. Under the galva-
nostatic method condition (1.5 A cm−2), a dramatic degradation
occurs every 100 s, which may be due to the accumulation and
elimination of water within the MEA. On the contrary, the Pt
nanoparticles on the carbon support surface (such as PMK and
JM catalysts) show relatively higher stability, due to the high
accessibility, large TPB and efficient mass transfer in catalyst
layer. Whether under H2–O2 supplying or H2–air supplying,
PMK/TKK demonstrates superior fuel cell performance, sug-
gesting the asymmetric MEA design with PMK and TKK cata-
lysts, as anode and cathode catalyst respectively, can
signicantly enhance the mass transfer efficiency and the
utilization of active metals.

As the primary sites for electrochemical reaction and mass
transfer process, the microstructure of catalyst material has
a signicant impact on the overall performance of fuel cell. As
for cathode side, small Pt nanoparticles, obtained from the
spatial connement effect of micropore-rich carbon support,
can provide large ECSA and TPB, leading to optimized ORR
kinetics. Meanwhile, the secondary pore structure, which is
formed by highly dispersed carbon particle during the spraying
process, enhances the mass transfer process of oxygen in the
cathode catalyst layer. Therefore, the TKK catalyst, which
combines small Pt particle, large specic surface area and
a highly dispersed carbon support, exhibits excellent perfor-
mance in fuel cells. On the anode side, due to the extremely
rapid kinetics of the HOR, the Pt nanoparticles, which are
distributed on carbon support surface, can signicantly reduce
mass transfer resistance, leading to higher fuel cell
46610 | RSC Adv., 2025, 15, 46602–46612
performance. The Pt nanoparticles, which are conned in
micropores exhibit limited accessibility for HOR process,
inducing elevated anode charge transfer resistance. As previ-
ously elucidated, the HOR and ORR mechanisms exhibit
fundamentally distinct characteristics in terms of reaction
pathways and kinetic behaviors at the anode and cathode,
respectively. Consequently, the large specic surface area and
ECSA of the TKK-based cathode catalyst layer serve as a pivotal
determinant for the overall performance of the PEMFCs.
However, the above advantage will turn into a disadvantage at
the anode, resulting in the attenuation of the overall perfor-
mance of the fuel cell.

Conclusion

This study delivers a systematic evaluation of different Pt/C
catalysts to elucidate structure–performance relationship
between microstructure and electrochemical performance in
PEMFCs. The different performances of the MEAs can be
attributed to the diversity of microstructure, chemical compo-
sition, and hydrophobicity. Micropore-rich carbon support can
provide enough sites for nucleation of Pt nanoparticles, leading
to smaller Pt particle size and higher ECSA. Therefore, TKK
catalyst exhibits superior ORR activity as cathode catalyst layer
material during PEMFC test. In contrast, Pt nanoparticles (PMK
catalyst), which are formed on the surface of micropore-poor
carbon support, will obviously increase the active site utiliza-
tion and reduce the mass transfer resistance during anode HOR
process. By combining anode micropore-poor Pt/C catalyst
(PMK, Pt loading 0.1 mg cm−2) with cathode micropore-rich Pt/
C catalyst (TKK, Pt loading 0.2 mg cm−2), high performance
PEMFC with the power density of 2.52 W cm−2 can be obtained.
This study offers valuable insights for screening commercial Pt/
C catalyst materials during fuel cell manufacturing processes.
Meanwhile, the asymmetrical design of catalyst layer provides
a useful reference for MEA structure development. This will
© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitate the coordinated advancement of low-cost and high-
performance in fuel cell equipment integration.
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