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ABSTRACT

State-of-the-art proton exchange membrane fuel cell (PEMFC) for aviation application requires large radi-
ator to avoid overheating. High temperature PEMFCs (HT-PEMFCs) using phosphoric acid (PA) as a proton
conductor enable operating over 160 °C and anhydrous conditions, solving the heat rejection problems.
Nevertheless, the dynamic PA redistribution in catalytic layers severely compromises their electrochem-
ical performance. This study, using machine learning, clarifies that the PA volume concentration within
the catalytic layers is the dominant performance factor, contributing 25.5% of fuel cell performance.
Furthermore, multiphysics simulations for the catalytic layers reveal a detrimental PA gradient formation
from membrane to the gas diffusion layer, causing progress deactivation of Pt catalyst by 50% in
membrane-distal electrode regions. That has also been confirmed by electrochemical performance of gra-
dient electrode layers with a 111.5% loss of Pt utilization in PA-deficient zones. To address this critical
challenge, we propose an innovative dual proton conductor system combining ethylenediamine tetram-
ethylene with PA (EDTMPA). The strong hydrogen bonding interactions between the phosphonic groups
of EDTMPA and PA molecules create continuous proton conduction pathways and limit PA migration. This
modification achieves a record peak power density of 2.16 W-cm™2 at 160 °C, significantly advancing HT-
PEMFCs for aviation application.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

systems with a specific power of higher than 1.5 kW-kg™! [4], cor-
responding to a single-cell peak power density higher than

High-temperature polymer electrolyte membrane fuel cells
(HT-PEMFCs) operating around 160 °C offer several advantages,
such as accelerated electrode reaction kinetics, exceptional toler-
ance to carbon monoxide poisoning, and simplified water and ther-
mal management systems [1,2]. These benefits have made HT-
PEMFCs highly attractive for aerospace applications [3]. According
to the Aerospace Industries Association of America, hydrogen fuel
cell aircraft expected to enter service by 2035 will require fuel cell
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1.5 W-cm™ [5,6]. However, current HT-PEMFCs still face signifi-
cant challenges in meeting this target. Even with the state-of-
the-art membrane electrode assemblies (MEAs), their peak power
density at 160 °C typically remains under 1.0 W-cm™2 [7,8]. That
limitation is primarily attributed to the strong adsorption of phos-
phoric acid (PA) at Pt active sites, which leads to catalyst poisoning
and hinders the oxygen reduction reaction kinetics [9]. Addition-
ally, the accumulation of PA within micropores of the catalytic
layer exacerbates gas transport limitations, impeding reactant
access to the active sites [10].

To address these challenges, various strategies have been
explored to modulate the adsorption behavior of free PA on cata-
lyst surfaces and its spatial distribution within the catalyst layers
[11]. One approach involves alloying Pt-based catalysts with
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transition metals such as Ni or Co [12]. This process downshifts the
d-band center of Pt, thereby reducing the binding strength
between phosphate anions and Pt, and mitigating the adsorption
of phosphate anions on Pt nanoparticles. Alternatively, a
third-body effect has been created by pre-adsorbing other small
molecules (such as CN™ [13] or dopamine [14]) on the surface of
Pt catalysts at an appropriate coverage. The method spatially
blocks the contact between PA molecules and the Pt surface. To
further enhance oxygen transport within the catalyst layer, hierar-
chical pore structures have been engineered by locally incorporat-
ing pore-forming agents, such as polyvinyl alcohol. That strategy
increased the oxygen diffusion rate of the catalytic layer by
12.7% and boosted the power output of the fuel cell by 28.8% [15].

Recently, it has been revealed that modulating PA distribution
within catalyst layers under fuel cell operation conditions is crucial
for improving the power output of HT-PEMFCs. Under high-current
conditions, the accelerated electromigration of anions such as
dihydrogen phosphate (H,POz) in the catalyst layer leads to an
imbalance in the distribution of PA content between the anode
and cathode, resulting in MEA failure [16,17]. To address this issue,
the carbon carrier in the catalyst layers has been modified with
hydrophobic binders. This modification reduces the surface energy
of the carbon carrier, inhibits the migration of PA while maintain-
ing the internal proton conduction pathway, and enhances the
affinity of the carbon carrier with PA molecules. It also forms a
physical barrier to limit the dissolution and diffusion of PA mole-
cules in the aqueous phase [18]. Additionally, physical confine-
ment strategies have been employed using nanoporous materials
to restrict the diffusion of PA in the catalytic layer [19]. For exam-
ple, Troger’s base-derived self-polymerized microporous polymers
with pore diameters of approximately 3.3 A have been used as
effective confinement matrices to reduce the diffusion kinetics of
phosphate species at high moisture content [20]. The nanoscale
capillary condensation and confinement effects inherent in these
materials significantly reduced water condensation-induced PA
leaching and enhanced the fuel cell power density to 815 mW-cm™
at 160 °C. Furthermore, PA in the catalytic layer can be mobilized
by basic polymers or inorganic particles through chemical acid-
base interactions. Lee et al. [21] introduced quaternary ammonium
groups into polymer matrices, forming stable ion pairs with H POz
anions. That configuration weakened water-induced leaching
effects through electrostatic interactions, achieving a power output
of 780 mW-cm™2 at 160 °C and minimal degradation during 700
thermal cycles between 40 and 160 °C. In addition to basic poly-
mers, basic inorganic particles such as defective graphitic carbon
nitride (g-C3N4) and metal oxides have also been introduced into
the catalyst layers (CLs) [22]. The abundant amino groups on g-
C3N4 formed strong hydrogen bonds with phosphate species,
achieving over 85% PA retention while effectively suppressing cat-
alyst poisoning through spatial confinement of acid molecules.
Moreover, Pt/C catalysts incorporating metal oxides additives, such
as Al,03, MoO,, TiO,, and SiO, have been developed [23,24]. Those
metal oxides effectively immobilize H,POz anions through Lewis
acid-base interactions. The adsorption of PA on metal oxides mit-
igated the poisoning of PA of Pt, resulting in a superior power den-
sity of 765 mW-cm™2 at 160 °C [24].

Despite extensive efforts to improve the performance of the cat-
alyst layer, the most critical factors determining the performance
of the catalytic layer are still not fully understood. Moreover, the
dynamic migration behavior of PA in the catalytic layer during fuel
cell operation, as revealed by Li et al. [25] and Chen et al [26] is
likely to cause heterogeneous proton transfer channels in the cat-
alytic layers, severely affecting Pt catalyst utilization and overall
HT-PEMFC performance. However, the effects of this dynamic
migration behavior and the corresponding regulation strategies
have rarely been investigated.
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Owing to the multifaceted factors governing HT-PEMFC perfor-
mance, conventional electrochemical characterization fails to
decouple individual contributions. However, machine learning
approaches enable quantitative deconvolution of factor-specific
weightings. In addition, the substantial disparity in electrode
behavior between 160 °C and ambient conditions impedes in situ
observation of PA distribution and redistribution dynamics within
catalyst layers at operational temperatures. Multiphysics modeling
thus emerges as a viable strategy for resolving PA spatial profiles.
Herein, we combined machine learning, multiphysics field simula-
tion, and experimental validation to comprehensively investigate
the dynamic distribution behavior of PA in the HT-PEMFC CL and
its electrochemical impact on fuel cell performance. The machine
learning was employed to quantitatively evaluate the relative con-
tributions of various parameters influencing the performance of
the catalytic layer in HT-PEMFCs. The integrated multiphysics sim-
ulations and experimental validation revealed a gradient distribu-
tion of PA from the membrane to the gas diffusion electrode,
leading to low Pt utilization in the PA-deficient regions. Further-
more, to mitigate the adverse effects of PA redistribution in the cat-
alytic layer, a novel gradient-structured CL incorporating
ethylenediamine tetramethylene phosphonic acid (EDTMPA) and
PA as dual proton conductors was developed. This novel strategy
establishes continuous proton-conducting pathways and signifi-
cantly enhances the peak power density of HT-PEMFCs to
2.16 W.cm™2, making it a promising candidate for aviation
applications.

2. Computation simulations
2.1. Machine learning

The methodology encompassed systematic data generation,
preprocessing, and model development for predicting HT-PEMFC
performance. Seven descriptors-platinum loading (Pt loading), cat-
alyst layer thickness (CL h), PA doping level (ADL), PA content in CL
(PA in CL), Pt:C mass ratio (Pt:C), membrane thickness (Membrane
h), and binder types (Binder)-were selected based on physico-
chemical relevance to HT-PEMFC performance. A structured data-
set was generated via the linear congruential generator (LCG)
algorithm, producing 30 parameter sets through systematic varia-
tion of preparation conditions.

Numerical features were normalized to [0,1] to mitigate scale
disparities. Categorical variables (e.g., binders) underwent one-
hot encoding, while missing values were addressed via mean/mode
imputation. Outliers were identified using interquartile range (IQR)
analysis and excluded. The dataset was partitioned into 80% train-
ing and 20% testing sets. Two ensemble algorithms—Random For-
est Regression (RFR) and XGBoost Regression (XGBR)—were
implemented in Python 3.10 (NumPy, scikit-learn). Hyperparame-
ters were optimized via grid search with 5-fold cross-validation:

RFR: n_estimators (100-500), max_depth (5-20), min_sam-
ples_leaf (1-5).

XGBR: eta (0.01-0.3), subsample (0.6-1.0), lambda/alpha (0.1-
10).

Model robustness was assessed through 5-fold cross-validation
on the training set, with performance quantified by coefficient of
determination (R?), root mean squared error (RMSE), and mean
absolute error (MAE) to evaluate R? (training) and generalization
capability (testing).

2.2. Multiphysics field simulations

A three-dimensional steady-state HT-PEMFC model based on
the agglomerate structure was developed, with geometric parame-
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ters strictly calibrated to ensure spatial consistency with the
experimental cell. All components, except for the catalyst layer,
were assumed to exhibit isotropic and homogeneous properties.
To further capture the influence of local transport resistance on
reactant gas diffusion, the macroscopic model was coupled with
a local transport sub-model based on the agglomerate structure.
In this coupled framework, the PA electrolyte was represented as
a thin liquid film uniformly covering the surface of the Pt/C cata-
lyst. The governing equations and source terms used in the HT-
PEMFC model, encompassing mass, momentum, energy, and spe-
cies conservation, are summarized in Tables S1 and S2 in Appendix
A. Compared with conventional reaction kinetics and mass trans-
port models, a local concentration gradient correction term was
introduced. The modified Butler-Volmer equation thereby
accounts for both bulk-phase and local transport effects, as shown
in Egs. (1) and (2),

. )" o,2F (1 — o,)2F
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Here, ap; denotes the specific surface area, cg; represents the
oxygen concentration at the Pt surface, calculated according to
Eq. (3), Aion is the agglomerate surface area per unit volume of
the CL, Ry, denotes the local transport resistance, and ng repre-
sents the oxygen concentration at the agglomerate surface. In addi-
tion, I, jo, and J represent the local current density, the exchange
current density and the volumetric current density respectively.
o and y are the charge transfer coefficient and the concentration
exponent respectively, and F and T stand for the Faraday constant
and the working temperature respectively. The subscripts a and ¢
correspond to the anode and the cathode respectively.
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where k. is the reaction rate, HE’Z‘ is the Henry coefficient, and the

diffusion coefficient Dg’: of oxygen in phosphoric acid is the same
as the Henry coefficient, both of which are functions of PA weight
percentage m™ and temperature T, as shown in Egs. (5) and (6),
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+

(6)

The proton conductivity between the membrane and catalytic
layer depends on the PA doping level X. Due to the influence of

Engineering xxx (XXxX) XXx

the structure composition of CL, the proton conductivity ¢¢ in
the CL needs to be corrected by Bruggeman’s compared with the
membrane proton conductivity Gmem, as shown in Egs. (7) and (8),

2605.6 — 70.1X>} 7)

Omem = @ exp {8.0219 - ( T

T

OcL = 8&]_5 O mem (8)

To investigate the initial flow behavior of phosphoric acid
within the catalyst layer under the influence of assembly pressure,
the multi-relaxation-time lattice Boltzmann method (MRT-LBM)
was employed. The fluid was discretized into particles, and a cubic
lattice grid space, denoted as 200 x 200 x 200, was selected as the
computational domain. The D3Q19 lattice model was used for the
simulation.

Compared to the single-relaxation-time model, which uses a
single time scale for computation, the MRT model improves stabil-
ity and accuracy by introducing a relaxation matrix. The governing
equations for the density distribution function f and the order
parameter distribution function g are given as follows in Egs. (9)
and (10),

fi(r + eiétv t+ 5t) :fi(r7 t) - QilAf (mf(r7 t) - m;q(rv t))

9
+5t<1 — %Q’]AfQ> Gi(r,t) )

&i(r + eot,t + ot) = gi(r,0) — Q 'Ag(my(r,6) - m(r,0))  (10)

Here, A is a diagonal matrix, Q is the transformation matrix that
converts the distribution function from velocity space to moment
space, r and e respectively represent the position vector and the
discrete velocity vector, t and 6t are time and time step, and the
subscript f, g, and the superscript eq are the field identifier and
the equilibrium state. G; represents the discrete body force, which
can be expressed as Eq. (11),

—(e"c_zu) - (Fy + UV 9) (1

S

G = w;

Here, w and u represent the weighting coefficient and fluid
velocity respectively, F, is the external body force, and x and ¢
are the chemical potential and order parameter respectively. To
establish a mapping between the macroscopic flow behavior and
the microscopic collision-migration process of fluid particles, the
local density (p) and order parameter (¢) should be expressed as
Egs. (12) and (13),

Pi :Zfi (12)
h=3g (13)

2.3. Boundary conditions

Based on the above two computational models, specific
boundary conditions were adopted respectively to enhance the
accuracy of the results. For the LBM model, a fixed thickness
boundary layer was set at the inlet boundary perpendicular to
the flow direction, and a higher pressure was assigned to it.
The overall driving mode of this model is pressure difference dri-
ven. For the cell model, the temperature on the surface of the
bipolar plate was set at 433.15 K. Symmetric boundary condi-
tions were applied on both sides of the computational domain,
a pressure boundary condition was set at the outlet boundary,
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and a velocity boundary condition was set at the inlet boundary,
as shown in Eqgs. (14) and (15),

_ IreffaRTAact
a” 2FXH2PaAin (]4)
_ IrefécRTAact (l 5)

4 = AFxo, PoAn

Among them, I is the reference current density, A;j, is the
cross-sectional area of the inlet of the flow channel, A, is the
actual area of the computational domain, ¢ is the stoichiometric
ratio, and x is the molar fraction of the reactant.

3. Experimental procedures
3.1. Preparation of catalytic layers with different microstructures

A catalyst ink was prepared by uniformly mixing 50% Pt/C
(Tanaka, Japan), deionized water, and isopropyl alcohol, then
ball-milled for 12 h and ultrasonic treatment for 2 h. This ink
was spray-coated onto a carbon paper with a microporous diffu-
sion layer (Shanghai Hesen H135, China) to create three electrode
structures with different Pt distributions including MIX, IN, and
OUT electrodes. The catalyst layer had a double-layered structure.
First, a catalyst slurry was applied to the microporous carbon paper
and dried to form the outer cathode catalyst layer (CCL). Then, a
second slurry was spray-coated on top. Pt loading tests ensured
precise control of Pt loading in the catalyst layer, maintaining it
at 0.6 mg-cm™ for all three electrode types. The anode was pre-
pared by the same ink as the cathode and the Pt loading in the

anode is 0.8 mg-cm™2.

3.2. Characterizations

Surface micrographs of the catalyst layers with different struc-
tures were captured using a scanning electron microscope (SEM,
ZEISS Sigma 500, Germany) with an accelerating voltage of 3 kV.
The pore size distribution of the gas diffusion electrodes (GDEs)
and gas diffusion layers (GDLs) was analyzed using a mercury
intrusion porosimeter (MIP, Autopore IV 9500, Micromeritics Inc.,
USA). The average particle size and particle size distribution of
the samples were examined using a transmission electron micro-
scope (TEM, JEM-1200EX, JEOL, Japan) at an accelerating voltage
of 120 kV. Raman spectroscopy of PA, EDTMPA, and a mixture of
PA-EDTMPA with a molar ratio of 1:1 was performed at room tem-
perature using a 785 nm laser as the excitation source (Horiba Sci-
entific LabRAM HR Evolution, Japan). Spectra were recorded over a
wavenumber range of 100-3500 cm™!, and multiple positions were
collected for each sample and averaged to ensure representative-
ness and reliability.

3.3. Fuel cell test

A poly(oxyphenylene benzimidazole) (OPBI) membrane with
M,, of 360 000 Da and thickness of 42 um was fully impregnated
with an 85 wt% PA solution at 80 °C for 24 h, resulting in a PA dop-
ing level of 350 wt% exhibited a uniform thickness of 80 um. The
acid-doped membrane was then assembled between two GDEs to
form a MEA with a geometric active area of 45 cm?. Mechanical
compression was applied using a torque of 2 N-m in 8 bolts to
ensure uniform contact, while integrated heaters and thermocou-
ples were used to maintain the system at an operating temperature
of 160 °C. During the activation procedure, dry hydrogen and air
(Au, : Aair = 1.2: 2.5) were continuously fed to the anode and
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cathode, respectively, and a constant current density of 0.2 A-cm™
was maintained for 48 h.

For polarization curve testing, the voltage was decreased from
the open-circuit voltage to 0.2 V in 10 mV increments, with a scan
rate of 10 mV-s~. To further investigate the distribution of phos-
phoric acid in the electrochemically active region, Tafel slope
measurements were conducted by reducing the voltage from the
open-circuit voltage to 0.75 Vin 1 mV increments, with a scan rate
of 1 mV-s~'. Electrochemical impedance spectroscopy (EIS) data
were collected using a potentiostat (Ivium Technologies, the
Netherlands) over a frequency range of 100 kHz to 0.1 Hz, with
an amplitude of 100 mA. The fuel cell was stabilized for approxi-
mately 10 min prior to data collection. Cyclic voltammetry (CV)
was performed within a voltage range of 0.05 to 1.20 V at a scan
rate of 50 mV-s~! at room temperature. For the load cycling test
used to evaluate the dynamic stability of HT-PEMFCs, the fuel cell
was operated at current densities of 0.1, 0.2, 0.4, 0.6, 0.8, and
1.0 A-cm2, each for a duration of 1 h, which was defined as one
cycle. A total of 15 cycles were performed. The fuel cells were oper-
ated at 160 °C without backpressure. Dry hydrogen and air were
continuously supplied to the anode and cathode with stoichiomet-
ric ratios of 1.25 and 2.50, respectively.

4. Results and discussion
4.1. Computational simulation

A comprehensive computational analysis was conducted to elu-
cidate the influence of multiple parameters on the performance of
HT-PEMFC using machine learning techniques [27,28]. As shown in
Fig. 1(a), seven descriptors are selected based on their relevance to
the performance of HT-PEMFC. The suitability of these descriptors
for model training is confirmed through Pearson correlation coeffi-
cient analysis (Fig. 1(b)). The dataset is prepared to facilitate model
selection, with the goal of predicting the intrinsic relationship
between power density and various descriptors. This approach
addresses the lack of universal descriptors in the existing literature
[29]. Among the evaluated models, the XGBR model achieves an R?
of 0.999 for the training set and 0.986 for the test set, with corre-
sponding RMSE values of 0.001 and 0.026 eV, respectively (Fig. 1
(). A comprehensive analysis reveals that, when the membrane
type is fixed, the PA content per unit volume within the catalyst
layer has the most significant influence on performance, account-
ing for 25.5% of the total weight. This impact is markedly higher
than other parameters, such as Pt loading, which contributes only
1.8% (Fig. 1(a)). That conclusion has been validated by the relation-
ship between peak power density and PA content in the catalyst
layer as established in Refs. [7,20,24,30-34]. As shown in Fig. 1
(d), a volcano-shaped correlation is observed, indicating an optimal
PA concentration of 200 mg-cm~>. This finding aligns with previous
studies emphasizing the critical role of PA distribution in HT-
PEMFC performance.

Recent studies have shown that the distribution of PA within
the catalyst layer is dynamic under operational conditions. Wan-
nek et al. [35] demonstrated that the final acid content in the
electrode is independent of the method used to introduce PA to
the catalyst layer or the membrane, highlighting the migration
of PA within the MEA. Furthermore, Li et al. [31] and Tang et al.
[34] directly observed the real-time migration behavior of PA in
the MEA using Pt microelectrodes. To investigate the impact of
PA redistribution on the performance of the catalytic layer, multi-
physics field simulations have been employed. Spatial variations
in current density across different regions of the anode and cath-
ode catalytic layers are evident (Fig. 2(a)). The current density
profiles for both electrodes exhibit a decreasing trend with
increasing distance from the high temperature polymer elec-
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Fig. 1. (a) Pie chart of the contribution of seven descriptors to the peak power density of HT-PEMFC. (b) Pearson coefficient. M h: Membrane h (c) Comparison of experimental
train and machine learning test data points. (d) Relationship between peak power density of different types of membranes and phosphoric acid content per unit volume in the
CL of 1.5% TPB-PBAP (triphenylbenzene-poly(biphenyl-co-acetylpyridine)) [7], mPBI (meta-type polyparabenzimidazole) [24], Dapozol®PBI (Dapozoll®Polyparabenimide)
[32], AB-PBI (poly-(2,5-benzimidazole)) [33], and PES-PVP (polyethersulfone-polyvinylpyrrolidone).

trolyte membrane (HT-PEM). Specifically, at a cell voltage of 0.6 V,
the volumetric current densities at positions near the anode
(AN1) and near the cathode (CN1) contribute 93.65% and 44.24%
to the total current density, respectively. These observations high-
light the concentration of electrochemical reactions near the PEM,
which is attributed to factors such as PA doping levels and vol-
ume fractions that significantly influence proton transfer capabil-
ities [19,36,37]. Initially, PA from the HT-PEM infiltrates the
catalytic layer through a pressure-driven squeezing process.
Fig. 2(b) and Fig. S1 illustrate the three-dimensional spatial distri-
bution of varying PA volume fractions under differential pressure
conditions. As PA content increases, the infiltration path length-
ens, and capillary effects become more pronounced due to smaller
pore diameters. Mapping the computational domain across the
entire catalytic layer reveals a gradual increase in PA concentra-
tion near the GDL region during infiltration. Conversely, at lower
PA volume fractions, the distribution remains concentrated near
the HT-PEM, with limited penetration into the outer catalytic
layer regions. Quantitative analysis based on the vertical cross-
section of the porous medium model (Figs. 2(c) and (d)) indicates
that when the surface saturation decreases to 50%, the infiltration
distances corresponding to different PA contents (10%-40%)
account for 8.5%, 17.6%, 24.6%, and 38.2% of the total length of
the calculated domain, respectively.

The spatial heterogeneity in reaction rates across different cat-
alytic layer regions implies that the impact of PA distribution on
current density varies significantly. To further clarify this, the cat-
alyst layer was divided into six equal sublayers, each with a thick-
ness of 8.33 um. The term Decrease X refers to a deliberate
reduction in Pt loading within the X sublayers (Figs. 3(a) and
(b)). The detailed design parameters are provided in Appendix A
Table S3. As depicted in Figs. 3(c) and (d), both catalytic layer mod-
els (model 1 and model 2) exhibit a decline in volumetric current
density. Notably, model 2 demonstrates a more pronounced
decrease. At a cell voltage of 0.6 V, the current density of Decrease
5 (in) in model 2 decreases by 57.1% compared to Decrease O (in),
whereas Decrease 5 (out) in model 1 shows a reduction of only
25.8%. Furthermore, model 1 displays region-specific responses,
with less severe current density declines in Decreases 1-3 (out)
but more significant in Decreases 4 and 5 (out). These findings
underscore the critical role of PA in facilitating ion transfer near
the PEM and highlight its importance in maintaining optimal fuel
cell performance.

4.2. Electrochemical performance of gradient catalytic layers

To assess the impact of PA redistribution on the performance of
the catalytic layer in different regions, the catalytic layer of cath-
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Fig. 2. (a) Current density distribution characteristics within the catalyst layer (CL) under different operating voltage conditions. (b) Three-dimensional spatial distribution
characteristics of PA with a 40% volume fraction (phi) under the influence of a pressure difference. Quantitative analysis of the cross-section of the pore medium model in the
vertical flow direction in CL under normalized flow distance. PA distribution (c) in CL and (d) in pores.

ode was divided into two sub-layers including an inner sub-layer
and an outer sub-layer. Three electrodes, named as IN, OUT, and
MIX, have been fabricated, as demonstrated in Fig. 4(a). Mercury
intrusion porosimetry reveals that all three electrodes have nearly
identical pore distributions, featuring primary pores (40-50 nm)
and secondary pores (200-400 nm), as shown in Fig. 4(b) and
Fig. S2 in Appendix A. The results indicate that the configuration
changes have negligible effect on mass transport with the catalytic
layer. Additionally, the different configurations of IN and OUT elec-
trodes are illustrated by the color gradient, transition from light
gray areas corresponding to the Pt/C sub-layer to the dark gray
areas assigning to the carbon sphere sub-layer. The IN electrode
contains Pt/C catalysts in the inner sub-layer, which is closer to
the HT-PEM (Figs. 4(c) and (d)), while the outer sub-layer contains
carbon spheres. On the other hand, the OUT electrode has Pt/C cat-
alysts in the outer sub-layer that adhesives to the GDL (Figs. 4(e)
and (f)), with the inner sub-layer consisting of carbon spheres near
the HT-PEM. The MIX electrode was fabricated by blending XC-72
carbon with the Pt/C catalyst, as evidenced by the absent of distinct
sub-layers in Figs. 4(g) and (h).

The performance of HT-PEMFC with different CCLs configura-
tions is shown in Fig. 5(a). The IN electrode fuel cell achieves a peak
power density of 389.5 mW-cm™2 at 160 °C and H,/air atmosphere,
which is 111.5% and 38.0% higher than that of the OUT electrode
fuel cell (184.1 mW-cm™2) and the MIX electrode fuel cell
(282.3 mW.cm™2), respectively. Cyclic voltammetry further con-
firms the superior electrochemical performance of the IN electrode,

which exhibits a significantly higher electrochemically active sur-
face area (ECSA) of 14.03 m?-gp;, compared to 10.32 and 9.60 m?-gp!
for the MIX and OUT electrodes (Figs. 5(b) and (c)), respectively.
Consistently, the IN electrode shows the lowest ionic resistance
at 0.258 Q-cm? (Fig. 5(c)), representing reductions of 48.8% and
68.3% relative to the MIX (0.504 Q.cm?) and OUT (0.813 Q.cm?)
electrodes (Fig. S3 in Appendix). These discrepancies in cell perfor-
mance indicates different Pt utilization within the various regions
of the catalytic layer. That is consistent with the uneven distribu-
tion of the current density in the catalytic layer (Fig. 2(a)). As indi-
cated by multiphysics simulations, the current density in different
regions of the catalytic layer is determined by the volume content
of PA. PA tends to accumulate near the membrane interface and
deplete towards the GDL, consistent with the gradient PA concen-
tration decreasing from the HT-PEM to the GDL (Fig. 2(b)). The spa-
tial inhomogeneity of PA hinders the formation of effective triple
phase boundaries (TPBs), thereby reducing catalyst utilization effi-
ciency near the GDL interface.

To further elucidate the impact of CCL architecture on MEA per-
formance, EIS measurements were conducted across the electro-
chemical activation region, the ohmic polarization region, and
the mass transport limitation region for all three CL configurations
(Fig. S4 in Appendix A). Distribution of relaxation times analysis
[38] (Fig. S5 in Appendix A) reveals that the OUT electrode exhibits
the highest reactive resistance (562.4 mQ-cm? under 0.8 V,
194.8 mQ-cm? under 0.6 V, and 122.8 mQ-cm? under 0.2 V) across
all three regions [39] (Fig. S6 in Appendix A). On the contrary, the
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IN electrode shows the lowest resistance throughout the entire cell
voltage range (Table S5 in Appendix A). The higher resistance of
OUT electrode compared to the IN electrode corroborates a PA
concentration gradient favoring the membrane-adjacent CCL
region, leading to heterogeneity in proton-conductive pathways.
Such heterogeneity account for the 52.5% deficit in power density
observed in the OUT electrode compared to the IN electrode. Fur-
thermore, the IN electrode demonstrate a Tafel slope of
108.84 mV-dec™!, which is lower than that of the OUT electrode
with a Tafel slope of 116.93 mV-dec™! (Fig. 5(d)). That is likely
due to its catalyst distribution within the PA-depleted outer region
of the CCL [40]. That spatial arrangement disrupts the formation of
continuous PA transmission channels on catalyst surfaces, leading
to insufficient proton-conductive pathways and diminished TPBs
density [41]. The absence of PA-mediated ionomer-catalyst inter-
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actions in the OUT configuration exacerbates charge transfer resis-
tance, consistent with its inferior mass-specific power density as
revealed by EIS analysis.

The oxygen transport resistance (OTR) within the catalyst layer
was determined via limiting current density measurements
(Fig. 5(e)). The total oxygen transport resistance (Rioa) cOMprises
two components of pressure-dependent resistance (Rpp) and
pressure-independent resistance (Rp;) [42-44]. Rpp is primarily
associated with gas diffusion through the flow field channels and
the macropores between catalyst agglomerates in the catalyst
layer, whereas Rp; mainly originates from Knudsen diffusion in
mesopores and the resistance to O, permeation through the PA
film to the active sites [24] (Fig. 5(f)). Therefore, under constant
MEA configuration, variations in Rp reflect changes in OTR within
the catalyst layer. When the absolute pressure is 0O kPa, the total
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Fig. 5. (a) Current-voltage (I-V) curves and power density of the three HT-PEMFC with IN, OUT, and MIX electrodes. (b) Cyclic voltammetry, (c) ionic resistance and ECSA, (d)
Tafel slope, and (e) oxygen transmission resistance of the three GDEs. (f) Schematic diagram of pressure-independent resistance (Rp;) in oXygen transport resistance.
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resistance equals Rp; [15,45]. Rp; is extracted by extrapolating the
Ryora—pressure curve to the y-axis intercept (i.e., backpressure = 0
kPa). As shown in Fig. 5(e), the Rp; of OUT electrode is 47.2 s-m™,
which is 35% higher than that of the MIX electrode. Although the
OUT electrode is positioned closer to the GDL, the PA content in
its outer region is insufficient on a per-volume basis. This lack of
proton conductors leads to intense competition among oxygen
molecules for limited TPBs sites [15]. Consequently, despite more
accessible gas pathways, the formation of effective TPBs is hin-
dered. In comparison, the OTR of the IN electrode (20.7 s-m™!) is
significantly lower than that of the OUT electrode (47.2 s-m™!). This
improvement is primarily attributed to the formation of a contin-
uous PA film on the catalyst surface, which facilitates the forma-
tion of a higher density of TPBs and enhances the availability of
electrochemically active sites for efficient oxygen transport [46-
48].

The non-uniform distribution of PA within the catalytic layer of
HT-PEMFCs reduces the TPB of the catalytic layer, particularly in
regions distal to the membrane (Fig. 6(a)). That spatial inhomo-
geneity of PA distribution results in inferior Pt utilization for the
outer sub-layer in comparison to the inner sub-layer. To address
this challenge, two strategies have been employed including the
addition of PA or an organic phosphonic acid additive of EDTMPA
in the outer sub-layer. The incorporation of two proton conductors
to the outer sublayer tends to increase the conductivity of the sub-
layer and then the ECSA of the electrode. Moderate PA content has
been added into the outer sub-layer via the capillary effect of the
pores in catalytic layers, denoted as OUT + PA. EDTMPA has been
added to the catalyst ink with a loading of 20 wt%, and the elec-
trode was denoted as OUT + EDTMPA (Fig. 6(a)). The addition of
EDTMPA to the PA conductors increase the proton conductivity
of the sub-layer. More specifically, the proton conductivity of the
PA-EDTMPA dual proton conductors is 5.5 x 107> S-cm™! at 40 °C

ouT OUT +EDTMPA
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(Fig. S7 in Appendix A), which is higher than that of the PA proton
conductor (1.3 x 107 S-cm™ at 40 °C) at the same test conditions.
With increasing operating temperature, the difference in proton
conductivity between EDTMPA-PA and PA extends. At 180 °C, the
proton conductivity of EDTMPA-PA (8.2 x 1072 S.cm™) is 2.25
times higher than that of the PA solution (3.64 x 1072 S.cm™')
[49]. That has also been validated by the lower activation energy
of EDTMPA-PA dual conductors (22.12 kj-mol~') than that of the
PA conductor (28.04 k]-mol™"), as shown in Fig. 6(b). Furthermore,
the interfacial interactions between EDTMPA and PA molecules
(AEbinding = 49.33 kcal-mol™") is 134.6% higher than that of the
interfacial interaction between PA molecules (binding energy,
AEpinding = 21.02 kcal-mol™") (Fig. 6(c)). The strong interaction
between EDTMPA and PA is also confirmed by Raman spectroscopy
measurements, as shown in Fig. 6(d). Compared with pure PA, the
EDTMPA-PA sample shows a significant decrease in the intensity of
the P—O—P and P—O—H bending vibration peaks in the 400-
700 cm™! range, along with slight peak shifts, indicating that
EDTMPA alters the P-O-P connectivity in PA. Moreover, the
EDTMPA-PA system exhibits a broader band around 3000 cm™,
characteristic of strong N—H hydrogen bonding vibrations. Such
broadening and red-shifting are typical of strong hydrogen-
bonding environments and clearly differ from the sharp peaks of
pure EDTMPA, thereby confirming the formation of a hydrogen-
bonding network between EDTMPA and PA. The high proton con-
ductivity and strong interfacial interactions between EDTMPA
and PA molecules constructs continuous proton transport channels
and establishes excessive TPB in the outer sub-layer [49], which
tends to mitigate the performance degradation caused by PA scar-
city in peripheral regions.

Fig. 7(a) illustrates the performance enhancements of the mod-
ified OUT electrode fuel cell over the pristine OUT electrode fuel
cell. Fuel cells based on OUT + PA and OUT + EDTMPA configura-
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Fig. 6. (a) Schematic diagram of the non-uniform distribution of PA in OUT electrode, and the dual-proton conductor distribution in OUT + EDTMPA electrode, (b) proton
conductivity of PA-PA and PA-EDTMPA in a polymer substrate against the operating temperature, (c) binding energy (AEpinging) between PA and EDTMPA. (d) The Raman

spectroscopy of PA, EDTMPA, and the mixture of EDTMPA-PA.
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Fig. 7. (a) Polarization I-V curves of fuel cells based on OUT, OUT + PA, and OUT + EDTMPA cathodes at 160 °C, H,/air condition (stoichiometry of 1.25/2.50) without gas
humidification and backpressure. (b) Ionic resistance and ECSA and (c) Tafel slope of the OUT, OUT + PA, and OUT + EDTMPA cathodes. (d) Polarization decoupling of fuel cells

based on OUT, OUT + PA, and OUT + EDTMPA cathodes.

tions achieve peak power density of 2122 mW-cm™2 and

298.6 mW-cm™2, respectively, at 160 °C and H,/air atmosphere.
These values are 14.8% and 62.3% higher than that of the fuel cell
using the pristine OUT electrode. Further insights into the origins
of these performance differences are provided by the ionic resis-
tance and ECSA measurement of the modified OUT electrode
(Fig. 7(b)). Compared to the pristine OUT electrode, the ECSA of
the OUT + PA electrode is enhanced by 43.9% to 13.81 m?.gp/
(Fig. S8 in Appendix A), implying enhanced TPB area and Pt catalyst
utilization in the modified OUT electrode. Additionally, when
EDTMPA is directly added to the outer sub-layer of the OUT elec-
trode, the ECSA increases even more significantly by 103.9% to
19.57 m2.gp{. The positive effects of the adding either in PA or
EDTMPA to the OUT electrode have also been validated by signifi-
cant descent in ionic resistance by 41.4% (476 mQ-.cm?) in
OUT + PA electrode and 83.4% (135 mQ-cm?) in the
OUT + EDTMPA electrode (Fig. S9 in Appendix A). These improve-
ments suggest that the incorporation of PA and EDTMPA increases
the availability of proton-conducting pathways [49,50]. Moreover,
the significant increase in TPB area within the catalytic layer leads
to substantial reductions in Tafel slope values from 116.9 mV-dec™!
in the OUT electrode to 99.3 mV-dec™! in the OUT + PA electrode
and 92.9 mV-dec! in the OUT + EDTMPA electrode (Fig. 7c). Polar-
ization decoupling reveals concurrent enhancements in both the
electrochemical activation and mass transport limitation regions
(Fig. 7d). Additionally, oxygen transmission resistance measure-
ments indicated a decrease from 47.23 s-m~! to 21.42 s-m~' upon
EDTMPA addition (Fig. S10). These findings suggest that incorpo-
rating an appropriate amount of proton conductors in the catalytic

10

layer tends to enhance Pt utilization and oxygen transport from the
GDL to Pt catalyst particle surfaces [49-51]. In other words, the
additional PA and EDTMPA achieve acid enrichment in PA-
depleted region to provide continuous proton-conductive net-
works within the catalytic layer. Consequently, the dual-proton
strategy effectively mitigates localized proton starvation observed
in the outer sublayer of the OUT electrode.

To further increase the cell performance, we combine the
OUT + EDTMPA electrode with the IN electrode to create a novel
catalyst layer, denoted as ALL + EDTMPA (Fig. 8(a)). Compared to
the electrode without additional EDTMPA (denoted as ALL), the
single-cell performance of the fuel cell based on ALL + EDTMPA
electrode at 0.6 V and 160 °C is increased by 29.1% to
614.67 mA-cm~2 (H,/air condition), as shown in Fig. 8(b). Remark-
ably, when the air is changed to pure oxygen as demonstrated in
most literature, the peak power density of the fuel cell increases
to 1.15 W-cm™2, which is 16.2% higher than that of the ALL elec-
trode (0.99 W-cm™2, Fig. 8(c)). In additional, the peak power den-
sity of the fuel cell was further improved by 55%, reaching to
2.16 W.cm™2 under a back pressure of 1.5 bar (Fig. 8(c)), fully
meeting the power density requirements for current aviation fuel
cells. That improvement is attributed to increased oxygen trans-
portation in the electrode pores (Fig. S11 in Appendix A). In addi-
tion, the ALL + EDTMPA fuel cell shows exceptional durability
under steady state (0.2 A-cm™2) for over 400 h (Fig. S12 in Appen-
dix A). It also shows superior dynamic stability in comparison to
ALL fuel cell in the load cycle from 0.1 to 1.0 A-cm™2. The ALL fuel
cell shows clear voltage degradation of —2.87 mV-cycle™! at
1.0 A-cm™2 within 15 load cycles (Fig. 8(d) and Fig. S13 in Appen-
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Fig. 8. (a) Schematic illustration of the ALL electrode and ALL electrode modified with EDTMPA. (b) I-V curves of fuel cells based on ALL electrode and ALL + EDTMPA electrode
at 160 °C, Hy/air condition (stoichiometry of 1.25/2.50) without gas humidification and backpressure. (c) I-V curves of fuel cells based on ALL + EDTMPA electrode at 160 °C,
H,/0, condition (stoichiometry of 1.25/2.50), without gas humidification, and with backpressure of 1.5 bar. The variable current cycling stability test curve for PA retention
rates for (d) ALL and (e) ALL + EDTMPA electrodes at 160 °C, H,/air condition (stoichiometry of 1.25/2.50) without gas humidification and backpressure.

dix A), whereas the ALL + EDTMPA fuel cell shows increase of the
cell voltage at the identical test conditions (Fig. 8(e) and Fig. S14
in Appendix A). Fig. S15 in Appendix A presents TEM images of
the catalyst before and after the load cycling test. The average
particle size after the test (5.2 nm) remains nearly unchanged
from the initial size (4.7 nm), and no evident catalyst degradation
phenomena such as particle agglomeration or detachment were
observed. These results indicate that the performance variations
observed in the load cycle test are primarily due to proton con-
ductor migration and loss, rather than catalyst degradation.

5. Conclusions
This study highlights the significant impact of non-uniform PA

distribution within the catalytic layer on Pt catalyst utilization in
HT-PEMFC and explores effective mitigation strategies. Machine
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learning clarifies that PA volume concentration within the cat-
alytic layers is the dominant performance factor with 25.5% to
overall cell performance. Multiphysics simulations further
uncover a detrimental PA gradient that forms from membrane
to the GDL. The reduced PA concentration near the GDL hinders
the formation of effective TPBs, thereby limiting electrochemical
activity and reducing fuel cell power output. That issue is corrob-
orated by the substantial Pt utilization loss in PA-deficient zones,
reaching up to 111.5% via the electrochemical performance of
gradient electrode layers. The detrimental effect of the PA-
deficient zones has been addressed by the introduction of the
proton conductor of EDTMPA into the outer region of the catalyst
layer with reduced ion resistance and enhanced mass transport.
Consequently, the peak power density of the fuel cell is signifi-
cantly increased to 2.16 W-cm™2 at 160 °C under a back pressure
of 1.5 bar, fully meeting the power density requirements for cur-
rent aviation fuel cells.
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Nomenclature

Symbol description and units

j Volume current density, A-m?
Exchange current density, A-m?
Mole fraction

Mole concentration, mol-m~>
Faraday’s constant, C-mol™"
Universal gas constant, J-mol~'-K™!
Temperature, K

Coefficient variable, A-mol~!
Volumetric surface area of ionomer, m?-m~
Diffusion coefficient, m?-s~"
Henry’s constant, Pa-m3.mol~!
Percentage by mass

Doping level

Density distribution function
Order parameter distribution function
Spatial position vector
Transformation matrix

External Body force

Discrete velocity vector

Fluid velocity

Lattice speed of sound

Discrete Body force

Pressure

Current density, A-m?
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Greek letters

Transfer coefficient
Over potential, V
Electrical conductivity
Porosity

Time step size
Diagonal relaxation matrix
weight coefficient
Chemical potential
Order parameter
Stoichiometric ratio

METEEAY T AS R

Subscripts and superscripts

Anode
c Cathode
i Species
ion Phosphoric acid
ref Reference
CL Catalytic layer
0, Oxygen
mem Membrane
in Entrance
act Actual area
lim Limit
PD Pressure dependence
PI Pressure independence
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