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HIGHLIGHTS

o Synthesizing Pt/CeO, Nanoparticles with Stable Oxygen Defects.

o Enhancing HT-PEMFCs Performance by Adding Pt/CeO, to the Cathode of 25 cm? MEA.
e Using (NH4)>C»04 as a Pore-Forming Agent to Enhance Mass Transport Performance.

o Achieving a 33 % performance improvement.

ARTICLE INFO ABSTRACT

Keywords: To address the issue of the slow oxygen reduction reaction (ORR) kinetics in high-temperature proton exchange

HT-PEMFC membrane fuel cells (HT-PEMFGs), 0.2 wt% Pt/CeO, nanoparticles with oxygen vacancies are synthesized and

}lzt/ CeOy incorporated into the cathode catalyst layer to enhance performance. Tests with 25 cm? single-cells reveal a
orogen

significant enhancement in HT-PEMFCs performance with the addition of Pt/CeO,, reaching a peak power
density of 432 mW/cm? at 160 °C, compared to 352 mW/cm? without the particles. Electrochemical impedance
spectroscopy (EIS) analyses show a reduction in charge transfer resistance, suggesting improved O, activation.
Additionally, oxygen diffusion is identified as a limiting factor in membrane electrode assembly (MEA) perfor-
mance. To further enhance performance, ammonium oxalate is introduced as a pore-forming agent in the catalyst
layer, increasing gas diffusion and reducing concentration polarization. Combining 10 % Pt/CeOy with 20 %
ammonium oxalate increases the maximum power density to 467 mW/cmz, a 33 % improvement over pure
catalysts. Structural analyses reveal that the pore-forming agent effectively alters the pore size distribution. This
research highlights the potential of Pt/CeO; in accelerating ORR kinetics, enhancing HT-PEMFCs performance,
and providing valuable insights for the design of catalyst layer additives in HT-PEMFCs.

Cathode catalyst layer additives

can significantly degrade performance [11,12]. In contrast,
high-temperature proton exchange membrane fuel cells (HT-PEMFCs),

1. Introduction

Hydrogen is an efficient and clean energy source, playing a crucial
role in optimizing renewable resources and replacing fossil fuels. Fuel
cells, particularly proton exchange membrane fuel cells (PEMFCs),
convert hydrogen and oxygen into electricity with up to 60 % efficiency
[1-3], and zero emissions [4]. When combined with heat utilization,
their efficiency can exceed 80 % [5], making them ideal for applications
in transportation, aerospace, and household energy [6-8].

Traditional Nafion-based PEMFCs require extremely pure hydrogen
(99.999 %) [9,10] because even trace amounts of CO (as low as 20 ppm)
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which operate at 140-190 °C using phosphoric acid-doped poly-
benzimidazole (PA/PBI) membranes, offer distinct advantages [13,14].
The higher temperature simplifies water management [15] and reduces
dependence on humidity [16,17], besides enhancing tolerance to con-
taminants like CO. HT-PEMFCs can tolerate up to 5 % CO at 180°C [18],
allowing for the use of less-purified hydrogen [19-22]. Additionally, the
high-quality heat generated by HT-PEMFCs can be efficiently integrated
with reformers and heat exchange systems [23,24]. These features
provide significant advantages for various industrial and energy
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applications [25,26].

However, the actual discharge performance of HT-PEMFCs is
significantly lower than that of low-temperature proton exchange
membrane fuel cells, primarily due to the low oxygen reduction reaction
(ORR) activity of Pt catalysts in phosphoric acid [27]. This phenomenon,
known as "phosphoric acid poisoning," occurs when phosphoric acid and
its anions strongly adsorb on the Pt surface, hindering the reduction of
oxygen molecules and leading to substantial overpotential losses [28].
Furthermore, the low solubility and diffusion coefficient of oxygen in
phosphoric acid exacerbate the mass transport resistance within the
electrode, intensifying concentration polarization and ultimately
affecting the cell’s output voltage and efficiency [27].

ORR limitations are the primary bottleneck limiting the HT-PEMFC
performance [29]. To address the issues of slow ORR rates and cata-
lyst limitations in high-temperature proton exchange membrane fuel
cells (HT-PEMFCs), researchers have focused on modifying membrane
materials [30-36], developing new catalysts [37], and improving cata-
lyst layers [38] to enhance performance and extend the lifetime of the
cells [39].

Compared to membrane material modifications and catalyst design,
catalyst layer modification is more feasible in terms of preparation and
can be optimized using existing commercial catalysts [28,40]. By
introducing solid acids (e.g., phosphotungstic acid [41], phosphomo-
lybdic acid [42], zeolite molecular sieves), nanometal oxides (e.g.,
Aly03, TiOy, SiOy [43], ZrOy [34]), and nanometal phosphates (e.g.,
titanium pyrophosphate, zirconium hydrogen phosphate [44]) into the
catalyst layer, it is possible to significantly enhance proton conductivity
and improve the distribution of phosphoric acid, thus preventing acid
flooding. Moreover, adjusting the surfactants, binders, and solvent ratios
[45] in the catalyst ink can improve the dispersion of catalysts and
binders, increasing the uniformity and performance of the catalyst layer
[46]. The use of pore-forming agents is another important strategy, as
they can regulate pore size distribution in the catalyst layer, improving
gas diffusion and reducing concentration polarization [47].

In terms of enhancing the electrochemical activity and durability of
catalysts, it has been found that supporting Pt and other metals on metal
oxides (e.g., TiO2 [48], SnO [49], RuO, [50]) is an effective approach.
The interaction between the metal and the oxide support not only in-
hibits the migration of metal nanoparticles but also promotes the
adsorption of oxygen and the cleavage of O-O bonds on the Pt surface,
thereby improving ORR activity. Cerium oxide (CeO5) begins to attract
attention in fuel cell catalysis due to its unique properties [33,51]. CeO4
can switch between Ce3" and Ce*' states, releasing or storing lattice
oxygen in the process [37,52]. Oxygen vacancies in the CeO5 surface can
stabilize metal particles and enhance catalyst durability [53,54]. Addi-
tionally, the interaction between CeO; and Pt can promote oxygen
adsorption and decomposition, further enhancing the ORR rate [52,55].

The Pt/CeO, system has been investigated in fields such as hydrogen
production and ethanol steam reforming [56,57]. Furthermore, the
combination of Pt/CeO, with graphene has been shown to significantly
enhance its performance in alcohol electro-oxidation [58]. Research also
indicates that increasing the interfacial area of metal oxides allows for
the adsorption of more metal particles, enhancing charge transfer and
stability. While smaller metal particles tend to exhibit higher catalytic
activity, larger particles demonstrate better durability [58].

To address the bottleneck of slow ORR rates in HT-PEMFCs, this
work proposes the synthesis of Pt/CeO, nanoparticles with stable oxy-
gen vacancies. These nanoparticles will be mixed with PtCo/C catalysts
and added to the cathode catalyst layer, with the expectation that the
interaction between CeO, and Pt will promote Oy adsorption and
decomposition, thereby enhancing the ORR rate and improving HT-
PEMEFC performance. This study first uses CV and LSV tests to charac-
terize the electrocatalytic performance of the mixed catalysts in solu-
tion, assessing their ORR performance. Subsequently, 25 cm? MEAs are
prepared for single-cell testing. Through polarization curves and EIS
tests, combined with TEM and SEM morphology characterization, the
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effect of different Pt/CeO, additions on MEA performance is explored,
and the stability of the cells is tested over an extended period. The aim of
this research is to utilize Pt/CeO5 particles with oxygen vacancies to
promote oxygen activation, improve mass transport within the catalyst
layer of HT-PEMFCs, and optimize the overall performance of the fuel
cells.

2. Experimental methods
2.1. Synthesis and activation of Pt/CeO,

The Pt/CeO, catalyst was prepared using an incipient wetness
impregnation method. First, 500 mg of CeOy (BASF) was placed into a
10 mL crucible, followed by the addition of 250 pL of deionized water
and a suitable amount of a 37 mg/mL platinum solution (prepared from
chloroplatinic acid). The mixture was stirred using a quartz rod until it
formed a paste-like suspension and eventually became dry granules. The
sample was then dried at room temperature for 24 h and subsequently
calcined in a muffle furnace at 400 °C for 2 h, resulting in a final product
containing 0.2 wt% Pt/CeOs.

The synthesized catalyst was placed into a reaction tube and reduced
in a 30 mL/min 10 % Hy/Ar at 400 °C for 2 h. Then the catalyst was
rapidly cooled to room temperature, producing Pt/CeOs, which
appeared as a purplish-gray powder in air.

2.2. Characterization of Pt/CeOy

X-ray diffraction: XRD was employed to characterize the crystal
structure and verify the chemical composition of the Pt/CeO,. XRD
measurements were performed using a Rigaku D/Max-PC 2500X
diffractometer with Cu Ka radiation (A = 0.1542 nm). The operating
conditions were set at 40 kV and 100 mA. The activated and passivated
samples were pressed flat onto grooved slides for X-ray analysis.

Scanning Transmission Electron Microscopy (STEM): Scanning
transmission electron microscopy (STEM) images were acquired on an
aberration-corrected JEOL-ARM300F2 GRAND ARM2 with a delta
corrector and a cold field-emission gun operated at 200 kV. The
convergence angle was set to be 32 mrad. The Z-contrast STEM-HAADF
images were collected in the range of 68-280 mrad. Electron energy-loss
spectroscopy (EELS) was carried out with the same experimental setup
using Gatan GIF detector. All reduced then passivated samples for
electron microscopy characterization were prepared by directly drop-
ping the ethanol-diluted sample suspension on TEM grids coated with
holey carbon film.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM): SEM and TEM were used to examine the
morphology, microstructure, and elemental distribution of the catalyst
and membrane electrode assembly (MEA). SEM analysis was conducted
using a Hitachi S-4800. TEM analysis was performed using a JEM-2100F
microscope. EDS analysis was capable of detecting elements between 5B
and 92U.

2.3. Electrocatalytic performance testing

Preparation of Catalyst Ink: First, 4 mg of catalyst (and any addi-
tives such as Pt/CeO3) was dispersed in a solution containing 100 pL of
ultrapure water, 870 pL of isopropanol, and 30 pL of Nafion solution.
The mixture was sonicated until a homogeneous suspension was ach-
ieved. Then, 10 pL of the catalyst ink was drop-cast onto the Glassy
carbon electrode (GCE) surface, forming a uniform catalyst film with a
Pt loading of 16 pg. The catalyst layer was air-dried before subsequent
electrochemical testing, with the rotation speed set to 1600 rpm to
ensure uniform mass transport [1].

Electrochemical Testing: Linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) were carried out in a three-electrode cell on
CHI660e. GCE with a radius of 5 mm, Ag/AgCl, and Pt wire were used as
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working electrode (WE), reference electrode, and counter electrode,
respectively. CV measurements were conducted to estimate the elec-
trochemically active surface area (ECSA) at a scan rate of 50 mV/s in Ny-
saturated 0.1 M HCIOy4 solution. LSV measurements, which were used to
assess ORR activity, were performed in Oj-saturated 0.1 M HCIO4 so-
lution at a scan rate of 10 mV/s. Reference electrode potentials were
calibrated using a saturated hydrogen electrode, and all results were
converted to the reversible hydrogen electrode (RHE) scale [37].

2.4. MEA assembly

Preparation of Catalyst Ink: PtCo/C catalyst was dispersed in a 3:1
mixture of isopropanol and water. If additives like Pt/CeO, or pore-
forming agents such as ammonium oxalate were required, they were
added at this stage. PTFE was then added as a binder (20 % of the
catalyst mass), and the mixture was sonicated for 1 h in an ice bath to
ensure uniform dispersion [59].

Fabrication of Gas Diffusion Electrode (GDE): Once the catalyst
ink was thoroughly mixed, it was sprayed onto pre-cut 5.5 cm x 5.5 cm
carbon paper using an airbrush. The carbon paper was placed on a
heated plate (set to 65-70 °C) to evaporate the solvent during spraying.
The Pt loading for the cathode was 1 mgpt/cm2 and 0.6 mgpt/cm2 for the
anode. The GDEs were then heat-treated at 350 °C in a tubular furnace
under a nitrogen atmosphere for 30 min [60].

MEA Assembly: The MEA assembly consisted of an anode GDE, PBI
membrane, and a cathode GDE, with insulating frames between them.
The PBI membrane was purchased from BASF, with a thickness ranging
from 350 to 450 pm. The phosphoric acid weight content ranges from 40
% to 70 %, corresponding to a concentration of 700-900 mg/cm3. The
assembly was hot-pressed at 135 °C under a pressure of 1 MPa for 5 min
[61]. The resulting MEA had an effective area of 25 cm?.

2.5. Single-cell testing

All cell tests were performed in a single-cell setup. The home-built
fuel cell assembly is consisted of graphite bipolar plates with single
serpentine flow-fields (channel cross section: 1 mm x 1 mm), and
aluminum plates equipped with two 300-W heating rods and four PT100
temperature sensors to adjust the operational temperature of the cell. All
gas flow rates were monitored using Alicat mass flow controllers. Both
the anode and cathode operated at near-atmospheric pressure with no
back pressure applied. Each MEA was activated at 160 °C and 0.6 A/cm?
for 5 h until stable performance was achieved [62], typically resulting in
a 50-60 mV improvement in voltage compared to the inactivated state
[29].

Polarization Curve Testing: Polarization curves were measured
using a DC electronic load in the constant current mode. The tempera-
ture was maintained at 160 °C, with a hydrogen stoichiometry Ay, =
1.35 and air stoichiometry A = 2.5 or oxygen stoichiometry Ao, = 2.5.
Current density was gradually increased from 0 mA/cm? (open circuit)
to 1200 mA/cm? with the corresponding gas flow rates adjusted
accordingly. Testing concluded when the cell voltage dropped below

(a) (b)

0.2% Pt/CeO,
M

20 40 60 80
26 (%)

Intensity (a.u.)
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300 mV [63-65].

Electrochemical Impedance Spectroscopy (EIS): EIS measure-
ments were conducted using an Ivium XP20 electrochemical worksta-
tion at a constant current of 0.4 A/cm?. The frequency range was 10 kHz
to 0.1 Hz, with 10 points measured per decade. A perturbation ampli-
tude of 7 mV was used. To ensure measurement stability, each test was
conducted after the cell had operated under stable conditions for
approximately 30 min [63,66-68].

3. Results and discussion
3.1. Physical characterizations of Pt/CeO

Fig. 1(a) presents the XRD patterns of Pt/CeO; prepared using the
described method. No characteristic peaks of Pt metal are observed,
indicating that Pt is well-dispersed on the CeO5 surface without forming
large Pt particles.

STEM analysis further investigates the dispersion of Pt on CeOs.
Fig. 1(b) shows the HAADF image and EELS results for Ce-L and Pt-M of
0.2 wt% Pt/CeO,, which indicates that Pt species exits in the form of
small clusters on the catalyst surface.

The combined XRD, STEM results confirm that the synthesized Pt/
CeO; catalyst exhibits excellent Pt dispersion, primarily existing in
clusters with a diameter of around 1 nm.

3.2. Electrocatalytic performance

To explore the effect of adding Pt/CeO to PtCo/C catalysts on the
oxygen reduction reaction (ORR) activity, a series of mixed catalysts
containing varying amounts (5 %, 10 %, 15 %, and 20 % by weight) of
Pt/CeO; were prepared and tested in 0.1 mol/L HClO4 solution using
cyclic voltammetry (CV) and linear sweep voltammetry (LSV).

As shown in Fig. 2(a), the CV results indicate that the electrochem-
ically active surface area (ECSA) of Pt/C catalysts remains relatively
unchanged after the addition of Pt/CeO. This suggests that CeO, is
evenly dispersed without significantly covering the active Pt sites. All
catalysts exhibited typical hydrogen adsorption/desorption behavior
within the potential range of 0-0.3V. The ECSA was calculated using the
hydrogen desorption charge on the Pt surface, as shown by the following
equation [37]:

Qu

ECSA=—_31
CSA = 0 217 my

(eq.1)

where Qy represents the measured hydrogen desorption charge. 0.21
mC/cm? is the charge associated with monolayer hydrogen adsorption
on Pt, and mgp, is the Pt loading. The calculated ECSAs are 54.7 mz/mgpt
for the 5 % Pt/CeO; catalyst, 56.1 mz/mgpt for 10 %, 50.3 mz/mgpt for
15 %, 52.6 m?/mgp; for 20 %, and 56.7 m?/mgp; for PtCo/C.

In the LSV results, shown in Fig. 2(b), the half-wave potential (E;,2)
first rises and then decreases as the Pt/CeO, content increases, reaching
its peak when 10 % Pt/CeO; is added. Specifically, for the commercial

Fig. 1. Physical characterizations of Pt/CeO. (a) XRD; (b) HAADF image and corresponding EELS spectra for Ce-L and Pt-M of 0.2 wt% Pt/CeOx.
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Fig. 2. CV(a) and LSV(b) curves of mixed catalysts with varying Pt/CeO ratios.

catalyst, Ej /2 is 0.868 V. For the mixed catalysts, the E;/, values were
0.868 V, 0.871 V, and 0.869 V for 5 %, 10 %, and 15 % Pt/CeO,
respectively, showing a slight increase of 3 mV. However, at 20 % Pt/
CeOg, the E;/7 dropped to 0.846 V, which is 20 mV lower than that of
PtCo/C. In terms of limiting current density, all catalysts containing Pt/
CeO,, surpassed the performance of the catalyst (5.62 mA/cm?). Spe-
cifically, the limiting current densities are 5.82 mA/cm? for 5 % Pt/
CeOy, 5.87 mA/cm? for 10 %, 5.69 mA/cm? for 15 %, and 5.63 mA/cm?
for 20 %, with the catalyst containing 10 % Pt/CeO, demonstrating the
highest value.

The experimental results indicate that the addition of an appropriate
amount of Pt/CeO2 can improve the limiting current density. However,
as CeO, content increases, its non-conductive nature raises the ohmic
resistance of the catalyst layer, hindering proton-electron coupling in
the ORR process and resulting in higher overpotential.

The ORR process involves multi-electron transfer, typically through

(@)

four-electron and two-electron pathways. The number of electrons
transferred was calculated using the Koutecky-Levich equation [37]:

1 1 1 1 1

1.1, 1.1 2
70 gk T 0.62nFD2B0 16Ca12 (eq.2)

where ji and jq are the kinetic and diffusion-limited current densities. n is
the number of electrons involved in the ORR. F is the Faraday constant.
D is the diffusion coefficient of oxygen in the electrolyte (1.93 x 107>
cm?/s). v is the kinematic viscosity of the electrolyte (1.00 x 102 cm?/
s). C is the oxygen solubility in the electrolyte (1.2 x 10~ mol/L), and
is the rotation speed. The calculated electron transfer number n is 4.04,
indicating that the ORR primarily follows a four-electron pathway with
high efficiency.
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Fig. 3. Performance of MEA prepared with varying Pt/CeO, ratios. (a) polarization and power density curves; (b) peak power density; (c) Nyquist plot; (d)
impedance values fitted to the equivalent circuit. (Ho/Air,T = 160 °C).
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3.3. Single cell performance

Based on the electrocatalytic performance tests, 25 cm? MEAs were
prepared with 5 %, 10 %, and 15 % Pt/CeO; added to the cathode
catalyst. The polarization and power density curves for these MEAs
working in air are shown in Fig. 3(a) and (b). After adding Pt/CeO», both
the output voltage and power density of the HT-PEMFC are improved,
with a power density inflection point appearing between 1.0 and 1.1 A/
cm?. As the Pt/CeO; content increases, both the voltage and power
density first increase and then decrease, reaching a peak with the 10 %
Pt/CeO, addition. At a current density of 0.4 A/cm?, the output voltage
varies among 582 mV (0 %), 614 mV (5 %), 635 mV (10 %), and 621 mV
(15 %). The peak power densities are 352 mW,/cm? (0 %), 393 mW/cm?
(5 %), 432 mW/cm? (10 %), and 399 mW/cm? (15 %). This trend aligns
with the changes in ORR limiting diffusion current observed in the so-
lution phase.

Fig. 3(c) and (d) show the electrochemical impedance spectroscopy
(EIS) data collected at i = 0.4 A/cmz, which clearly show two semi-
circles, corresponding to charge transfer and mass transport processes.
Equivalent circuit fitting reveals that as Pt/CeO; content increases, the
charge transfer resistance (R.) significantly decreases from 16.9 mQ (0
%) to 12.2 mQ (5 %), 9.0 mQ (10 %), and 8.2 mQ (15 %). This indicates
that O, is activated and dissociated on the Pt/CeOs surface, accelerating
the ORR process. However, Pt/CeO; is a "double-edged sword," as it is
non-conductive, and increasing its content leads to a rise in ohmic
resistance, from 4.5 mQ (0 %) to 5.5 mQ (15 %). Excessive Pt/CeO5 can
hinder electron transfer, reducing the ORR performance. The mass
transport resistance (Rp,) remains relatively constant between 23 and
25 mQ, which is much larger than the combined R, and ohmic resis-
tance, indicating that oxygen diffusion is the main limiting factor in
MEA performance.

In pure oxygen conditions (Fig. S1 in SI), the power density of the
HT-PEMFC significantly increases. When i = 0.7 A/cm?, the output
voltage remains above 0.6 V, nearly doubles compared to the value in air
(i = 0.4 A/em?). Across the 0-1.2 A/cm? range, no power density in-
flection point was observed. The power density trend with increasing Pt/
CeO- content is consistent with the results in air, peaking at 10 % Pt/
CeO,. At 1.2 A/cm?, the power densities are respectively 534 mW/cm?
(0 %), 588 mW/cm? (5 %), 613 mW/cm? (10 %), and 601 mW/cm? (15
%), showing a 50 % improvement compared to in the air. EIS data in
pure oxygen show that both R.; and Ry, are significantly reduced, with
R, decreasing from 4.5 mQ (0 %) to 4.3 mQ (5 %), 4 mQ (10 %), and 3.5
mQ (15 %). Meanwhile, Ry, remains in the range from 10 to 12 mQ, and
the ohmic resistance is unchanged. The changes in impedance are
consistent with the improved performance, suggesting that adding Pt/
CeO,, effectively reduces charge transfer resistance, thereby enhancing
the overall performance of the fuel cell.

When CeO,, is not loaded with Pt, it is reduced in 10 % Hy/Air to form
a blue-violet CeOs¢x powder, but upon exposure to air, the powder
quickly oxidized to pale yellow. Adding this reduced CeOx to the cath-
ode catalyst not only doesn’t improve the performance (Fig. S2), but also
makes it worse. This occurs likely because CeO, itself is non-conductive,
and when not loaded with Pt, it is quickly oxidized to Ce*", lacking
oxygen vacancies to activate oxygen, hindering electron transfer and
reducing performance. Therefore, Pt loading and oxygen vacancies are
crucial for CeO5 to enhance oxygen activation and improve fuel cell
performance.

XPS was used to evaluate the electronic structures of Pt (Fig. S3). The
Pt-4f orbital of PtCo/C can be split into Pt° (71.88 eV and 75.27 V), Pt>*
(72.75 eV and 76.19 eV), and Pt** (78.62 eV) valences [37]. Compared
to PtCo/C, the Pt satellite peaks of PtCo/C + Pt/CeOx shift slightly to
lower binding energy by 0.2 eV (Pt° (71.72eV and 75.12 eV) and Pt>*
(72.62 eV and 76.12 eV)). The lower binding energy of Pt valence in the
composite catalysts, compared to PtCo/C, indicates electron transfer
from CeOs to Pt, which modifies the Pt surface to an electron-rich phase.
This modification may enhance the catalytic activity for ORR.
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Related computational studies suggest that the ORR on Pt3Co and Pt/
CeOy, follows a 4-electron process [69], and the energy required for the
direct dissociation of Oy is quite high, typically following the
OOH*-OH*-HpO pathway [70]. The formation of OOH* is the
rate-determining step of the ORR process. On Pt/CeO,, the adsorption
energy of OOH* is —2.54 eV [71], while on Pt3Co, the OOH* adsorption
energy is —1.37 eV [72]. Therefore, OOH* is more easily formed on
Pt/Ce0,, which accelerates the ORR process. For OH*, the adsorption
energies on Pt/CeO; and Pt3Co are similar, at —2.45 eV and —2.58 eV,
respectively, indicating that OH* can form on both catalysts. Consid-
ering the physical model where Pt3Co and Pt/CeO particles are suffi-
ciently close (with particle sizes around 5 nm) and both are supported on
a carbon substrate, the OOH* and OH* species can rapidly diffuse to the
adjacent catalyst. Based on the above experimental results and DFT
calculations, the proposed reaction mechanism is as follows: Oy first
forms OOH* on Pt/CeO,, then OOH* is converted to OH* on both
Pt/Ce0; and Pt3Co, ultimately leading to the formation of Hy0.

In the 100-h lifespan test (Fig. 4), an HT-PEMFC using PtCo/C + 10
% Pt/CeO; shows excellent stability. After 100 h at 160 °C and 0.6 A/
cm?, the voltage only drops from 568 mV to 559 mV, demonstrating a
minimal degradation. This suggests that MEAs with Pt/CeO; not only
exhibit higher initial power density but also maintain stable perfor-
mance over prolonged operation. Consequently, Pt/CeO5 holds signifi-
cant potential as a cathode catalyst additive, enhancing efficiency in
high-temperature PEM fuel cells.

MEA lifetime tests with the Accelerated degradation test (ADT)
method were conducted to compare two catalysts, with a 10-s start-stop
cycle: 10 s of startup at a constant current of 0.4 A/cm?, followed by 10's
of open-circuit. The experiment lasted for 100 h, with polarization
curves measured every 20 h. As shown in Fig. S4, after 100 h of start-stop
testing, the voltage at 0.4 A/cm? for the MEA with PtCo/C + Pt/CeO,
decreased to 471 mV, while the PtCo/C decreased to 415 mV. After
accelerated aging, the performance of the PtCo/C + Pt/CeO; catalyst
remained superior to that of the PtCo/C catalyst, demonstrating its po-
tential for long-term application.

After 100 h of operation, the cathode with the mixed Pt/CeO,
catalyst was characterized using TEM, as shown in Fig. S5. Each dot
represents a nanoparticle. Both PtCo/C and Pt/CeO; catalysts appear
spherical with a particle size of approximately 5 nm, exhibiting a narrow
size distribution, making it difficult to distinguish between them based
solely on TEM images. Additionally, no noticeable aggregation of cata-
lysts or additives was observed in the TEM images, indicating that the

0. 8 Ll T T T
= PtCo/C+10%Pt/CeO,

0.7k Hp/air T=160°C i=0.6A/cm’

U(v)

0.5 .

0‘ 4 1 1 1 1
0 20 40 60 80 100

Time (h)

Fig. 4. MEA lifetime test of cathode catalyst composed of PtCo/C+10 % Pt/
CeO, (i = 0.6 A/cm?).
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catalyst slurry was well-dispersed during preparation. These findings
further validate the stability of the mixed catalyst over prolonged
operation.

Using TEM and EDS spectroscopy, further analyses of the Pt/CeO;
and PtCo/C catalyst distribution were conducted. Elements such as Pt,
Ce, and O were uniformly distributed across the catalyst layer (Fig. 5),
demonstrating that both PtCo/C and Pt/CeO were evenly dispersed
during ink preparation. This uniform distribution facilitates rapid
diffusion of Oy to PtCo/C for reduction, after being activated on Pt/
CeO,. This process improves the reaction rate at the three-phase
boundary and enhances the overall performance of HT-PEMFC, lead-
ing to higher power output in operation.

3.4. Effect of porogen

In section 3.3.3, EIS testing revealed that the mass transfer process
severely limits the performance of the MEA. The R, was 23 mQ,
significantly higher than the R of 9 mQ. In our previous study, using
MEAs produced by BASF, it was found that ORR was the primary
performance-limiting factor, with activation losses as high as 70 % [29].
The increased mass transfer resistance may be attributed to the spray
coating process used for the homemade MEA. To fully utilize the po-
tential of Pt/CeQ; co-catalyst and minimize the impact of mass transfer
limitations, porogen is introduced to accelerate mass transfer by
creating pores within the cathode catalyst layer. Although ammonium
bicarbonate is a common porogen, its low decomposition temperature
(60 °C) causes it to decompose during the spraying process (set at
65-70 °C), resulting in pore closure as the catalyst ink fills the spaces.
Hence, ammonium oxalate, with a higher decomposition temperature

@

STEM
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(90 °C), was selected. It remains stable during the spraying process and
fully decomposes into gas during heat treatment at 350 °C, leaving
behind the desired pore structure.

Four types of MEAs containing 20 % ammonium oxalate by weight of
PtCo/C catalyst were prepared, and their polarization curves were
measured for comparison. (Fig. 6). After the addition of 20 % ammo-
nium oxalate, the MEA output voltage and power are improved, with
voltage increasing by 15-20 mV and peak power increasing as follows:
48 mW/cm? (0 %), 24 mW/cm? (5 %), 37 mW/cm? (10 %), and 36 mW/
cm? (15 %). The MEA’s optimal power output still occurs at 10 % Pt/
C602.

Next, 10 % Pt/CeO2 was used to further explore the effect of porogen
content on MEA performance. MEAs containing 10 %, 20 %, and 30 %
ammonium oxalate were tested (Fig. 7). As the ammonium oxalate
content increases, both voltage and power first increase and then
decrease. The peak power is achieved with 20 % ammonium oxalate at
467 mW/cm?, a 33 % improvement over the 352 mW/cm? is achieved
with catalysts alone.

As shown in Fig. 7(b), adding a porogen significantly reduces MEA
impedance, particularly the low-frequency mass transport resistance. In
air, Ry is reduced by half: 11 mQ (10 %), 9.3 mQ (20 %), and 9.0 mQ
(30 %). The ohmic resistance is slightly increased from 5.7 mQ (10 %) to
7.1 mQ (30 %), suggesting that the pore structure impacts electron
transport pathways.

In pure oxygen conditions, the polarization and power density tests
(Fig. S8) show that at 1.2 A/cmz, the power densities are 617 mW/cm?
(10 %), 673 mW/cm? (20 %), and 635 mW/cm? (30 %), representing a
50 % improvement over in the air. The MEA with 20 % ammonium
oxalate outperforms the pure catalyst (534 mW/cm?) by 26 %. In pure

o)

Pt Mal

Ce Lal

250nm

@

0O Kal

250nm

Fig. 5. STEM images of the cathode catalyst. (a) TEM image; (b)-(d) EDS spectra for Pt, Ce and O.
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Fig. 6. The polarization and power density curves for HT-PEMFCs, with 20 % ammonium oxalate pore-forming agent added to the cathode catalyst layer (a) and (b);

(c) peak power density. (Hp/Air,T = 160 °C).
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Fig. 7. Performance of MEA prepared with varying (NH4)>C204 ratios. (a) polarization and power density curves; (b) Nyquist plot. (Hy/Air,T = 160 °C).

oxygen, impedance further decreases, with the two capacitive arcs
merging into one, making it difficult to distinguish two separate
processes.

The introduction of porogen significantly improves the gas diffusion
capacity, and at lower contents, it notably reduces the concentration
polarization, enhancing MEA output performance. However, as porogen
content increases, an overly porous structure could hinder electron and
proton transport and the formation of a three-phase boundary. There-
fore, as porogen content rises, the ohmic resistance increases, leading to
a drop in the output voltage. Experimental results indicate that the
appropriate amount of porogen effectively improves the mass transfer,
greatly enhancing the overall performance of the HT-PEMFC.

The pore distribution in the gas diffusion electrode (GDE) was
characterized by mercury intrusion porosimetry (MIP) and BET testing.
The BET method is suitable for measuring pore sizes below 100 nm,
whereas the micro-scale pores in the gas diffusion layer (GDL) cannot be
effectively characterized using this method. Thus, mercury intrusion
was employed for more accurate results. As shown in Fig. S9(a), with the

increase in the pore-forming agent content, the peak at 80 nm gradually
rises from 0.29 (0 %) to 0.38 (30 %), indicating that the addition of the
pore-forming agent significantly increases the number of pores in the
catalyst layer. In the BET analysis shown in Fig. S9(b), a peak in the
50-80 nm range is also observed. As the pore-forming agent content
increases, the peak rises from 0.039 (0 %) to 0.057 (30 %), which is
consistent with the results obtained using MIP.

SEM images further confirm this observation. As shown in Fig. S10,
the images of the catalyst without the pore-forming agent (a)-(c) can be
compared to those with the agent added (d)-(f), where a noticeable
increase in pore formation is visible. Particularly in images (e) and (f),
the pore density becomes much more concentrated and prominent. In
the cross-sectional view, the catalyst layer thickness in image (d) is 23
pm, slightly higher than the 19 pm of the catalyst without the pore-
forming agent, likely due to the more porous structure of the layer.
These morphological changes indicate that the introduction of the pore-
forming agent significantly alters the pore structure of the catalyst layer,
creating more pore channels, resulting in a looser and thicker layer, and
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making surface cracks more apparent.

In conclusion, the addition of porogen alters the pore size distribu-
tion in the catalyst layer, effectively improving gas diffusion. When
added in moderate amounts, it significantly reduces the concentration
polarization, enhancing the MEA output. However, an excessive poro-
gen content creates overly porous structures that hinder electron and
proton transport, increasing the ohmic resistance and reducing the
output voltage. The results demonstrate that an optimal amount of
porogen can optimize the mass transfer and significantly improve the
performance of HT-PEMFC.

4. Conclusion

To address the issue of slow oxygen reduction reaction (ORR) ki-
netics in HT-PEMFCs, Pt/CeO2 with oxygen vacancies and a Pt content
of 0.2 wt% are synthesized and added to the cathode catalyst layer. CV
and LSV tests indicate that adding Pt/CeO don’t significantly affect the
electrochemical active area of PtCo/C, with an optimal amount of Pt/
CeO; that can enhance the limiting current density. However, since
CeO3 is non-conductive, increasing its concentration raises the ohmic
resistance of the catalyst layer, impeding proton-electron coupling
during ORR and leading to higher overpotential.

In a 25 cm? single-cell test, the effect of different Pt/CeO; concen-
trations on MEA performance is evaluated. Experimental results
demonstrate improved output voltage and power density in HT-PEMFCs
with Pt/CeO; addition. At 10 % Pt/CeO,, the performance peaks, with a
maximum power density of 432 mW/cm? at 160 °C (Hy/air). Addi-
tionally, the charge transfer resistance significantly decreases, indi-
cating that Pt/CeO, can effectively activate Oy. EDS mapping confirms
the uniform distribution of Pt and Ce elements, suggesting that the
performance enhancement is likely due to O, activation on Pt/CeO,
where O, binds with H* to form OOH*, then OOH* is converted to OH*
on both Pt/CeO5 and Pt3Co, ultimately leading to the formation of HyO.
After a 100-h durability test, the voltage drops by only 9 mV, confirming
the long-term stability of the hybrid catalyst.

EIS measurements reveal that limited oxygen transport hinders
further performance improvement in HT-PEMFCs. To address this,
ammonium oxalate is introduced as a pore-forming agent in the catalyst
layer. The addition of 20 % by weight of ammonium oxalate improves
the membrane electrode performance. When combined with 10 % Pt/
CeOy in the cathode, the maximum power density reaches 467 mW/ cm?
at 160 °C (Hz/air), a 33 % increase compared to 352 mW/cm? with only
catalysts. SEM, mercury intrusion porosimetry, and BET analyses indi-
cate that the pore-forming agent significantly alters the pore size dis-
tribution in the catalyst layer. Appropriate amounts of pore-forming
agents improve gas diffusion, reduce the concentration polarization, and
enhance the MEA performance. However, excessive addition leads to
overly porous structures, which hampers proton and electron transport,
increases the ohmic resistance, and reduces the output voltage.

Thus, uniformly introducing Pt/CeOs, which activates O, into the
catalyst layer can significantly accelerate ORR kinetics, improve the HT-
PEMFC performance, and ensure long-term operational stability. This
approach offers valuable insights for the design of catalyst layer addi-
tives in HT-PEMFCs and has a broad application potential.

In future work, we will conduct additional characterizations and DFT
calculations to further clarify the enhancement mechanism of PtCo/C +
Pt/CeO, for ORR. Additionally, we will employ the Distribution of
Relaxation Times (DRT) technique to separate different frequency pro-
cesses and confirm the role of Pt/CeOs.
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