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Catalyst Layers for Advanced Polymer Electrolyte Fuel Cells
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and Thomas S. Miller*

Membrane electrode assemblies (MEAs) are critical to emerging energy tech-
nologies such as polymer electrolyte fuel cells (PEFCs), but their performance
is often limited by challenges in reactant transport, ionic conduction and water
management within the catalyst layer (CL). Conventional CL architectures,
whether uniform or layered, struggle to manage these competing transport
phenomena effectively, leading to mass transport losses, poor proton conduc-
tion and structural inconsistencies. To address these limitations, this study
presents a continuous linear gradient CL design that breaks from traditional
approaches. By employing a precision-controlled dual-nozzle spray coating
technique, a smooth gradient in Pt/C ratio, ionomer content and ionomer type
is fabricated across the CL thickness. Uniquely, this method relies exclusively
on commercially available materials, strategically positioned where they are
most effective. The resulting architecture aligns with natural electrochemical
gradients in the CL, facilitating improved reactant accessibility, proton
transport and water handling. This structure not only enhances performance
under realistic operating conditions but also improves long-term durability.
Furthermore, by selectively placing materials only where needed, it has the po-
tential to reduce overall material usage and cost. This gradient approach offers
a scalable and practical path toward next-generation, high-efficiency PEFCs.

1. Introduction

Membrane electrode assemblies (MEAs) lie
at the heart of many electrochemical tech-
nologies that require efficient ion and elec-
tron transport, including electrolysers, re-
dox flow batteries and fuel cells. Among
these, polymer electrolyte fuel cells (PEFCs)
have emerged as one of the leading candi-
dates for clean energy applications due to
their high efficiency, compact design and
zero-emission operation.'*l Despite their
potential, the widespread deployment of
PEFCs is still constrained by the high cost
of materials and performance limitations,
challenges that are particularly concern-
ing for the catalyst layer (CL), which gov-
erns key electrochemical processes. Con-
ventional CLs for PEFCs feature a homo-
geneous distribution of Pt and ionomer
throughout the layer, producing the triple
phase boundary (TPB), where the catalyst,
electrolyte and reactant gas meet 5% to en-

able electrochemical reactions such as the
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oxygen reduction reaction (ORR). Unfortunately, homoge-
neously constructed PEFCs suffer from heterogeneity in the
distribution of current, pressure, reactant concentration, water
distribution and temperature, leading to numerous unintended
gradients across the fuel cell, which drive non-uniform catalyst
utilisation and accelerate degradation of the catalyst, support
and other components.[”8] This “intrinsic heterogeneity” within
traditional PEFCs has a significant negative impact on both cell
performance and lifetime.[!

Recent studies have demonstrated that introducing gradients
in CL components can enhance performance while reducing ma-
terial usage. Gradient engineering has been considered via two
strategies: “across the layer” from the membrane/CL interface
to the gas diffusion layer (GDL).' and “in the catalyst plane”
from the gas inlet to the outlet, to counteract the depletion of
reactants.['!l For example, when the catalyst loading is graded
along the reactant flow direction,['>"% it offers improvements
in both cell performance and uniformity in the distributions ob-
served. In-plane gradient strategies focus on addressing reactant
depletion, optimising the composition across the CL and balanc-
ing proton- and mass-transport. Elsewhere, ionomer optimisa-
tion studies have focused on determining the optimal ionomer-
to-carbon ratio,!'*18) often assuming a uniform distribution from
the membrane/CL interface to the GDL. Ionomer films directly
influence proton conduction from the membrane and impact
pore structure formation, which affects reactant access to Pt sites;
however, insufficient ionomer near the membrane increases pro-
ton transport resistance, while excessive ionomer near the GDL
hinders gas-phase flow. To address these challenges, a gradient
in ionomer distribution, with higher ionomer concentration near
the membrane and lower concentration near the GDL."*2!] has
been used to enhance performance by improving proton conduc-
tion while minimising mass transport losses.

Beyond efficient ion transport, the ORR also requires effi-
cient electron transport through the Pt/C network from the GDL.
Therefore, combined catalyst-ionomer gradient designs have also
been investigated. Venkatesh et al.['?l and Shen et al.[?] advocated
for higher Pt loading near the membrane. Increasing Pt loading
near the membrane while reducing it near the GDL minimises
transport resistance, increases reaction rates, and improves Pt
utilisation. Elsewhere, a novel approach by Huang et al.?}] in-
troduced a multi-ionomer gradient design using both long-side-
chain (LSC) and short-side-chain (SSC) ionomers. They found
that incorporating SSC ionomers near the membrane improved
proton conductivity, while LSC ionomers near the GDL en-
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hanced mass transport. This approach improved water manage-
ment, reduced ohmic resistance, and increased overall fuel cell
performance.

Despite growing interest in gradient-engineered CLs for en-
hancing fuel cell performance, current designs remain con-
strained by fundamental limitations. Most rely on discrete, multi-
layer architectures, typically two or a few layers at most, with
abrupt transitions between materials. These configurations may
introduce additional interfaces and can act as centres for degrada-
tion, as well as additional interfacial resistances and mechanical
instabilities. Sequential spray-coating is commonly used to build
multiple layers by stacking distinct catalyst slurries. However,
this process complicates manufacturing by introducing adhesion
issues, interlayer defects and high sensitivity to deposition condi-
tions. More advanced designs, such as five-layer CLs,!?*] attempt
to mitigate these abrupt transitions through incremental layer-
ing, leading to modest performance and durability gains. Again,
they fall short of delivering a seamless gradient and increase pro-
cess complexity, making scalability difficult. Previously, continu-
ous linear gradient structures, those with truly smooth composi-
tional transitions across the CL thickness, were only achievable
in simulations.[?"?’] Experimental realisation of such gradients
remained elusive due to limitations in material control and pro-
cessing methods.

In this work, physical barriers introduced by multi-layer step-
by-step gradients have been overcome by innovating a high-
precision spray-coating technique to fabricate a truly smooth gra-
dient CL structure, marking a fundamental difference from con-
ventional, discontinuous multi-layer designs. This method en-
ables the practical realisation of continuous compositional gra-
dients, which were previously only achievable by theoretical or
simulation. The design integrates controlled gradients in Pt load-
ing (wt.%), ionomer-to-carbon (I/C) ratio and ionomer chemistry,
offering a refined approach to CL architecture. The electrochem-
ical performance of these gradient CLs has been thoroughly eval-
uated under a range of operating conditions and benchmarked
against non-gradient counterparts using accelerated stress tests
to assess long-term durability. In addition, X-ray computed to-
mography (CT) scans of both pristine and aged MEAs are con-
ducted to quantitatively assess structural degradation in the CL.
The results demonstrate the potential of this approach to advance
high-performance, cost-effective PEFCs for commercial deploy-
ment. While the methodology is showcased here in fuel cells,
it is broadly applicable to other electrochemical devices, such as
electrolysers and CO, reduction systems, where interfacial opti-
misation and efficient catalyst utilisation are critical. By enabling
a more continuous and uniform catalyst morphology, this strat-
egy overcomes key limitations of traditional CLs, including poor
mass transport, interfacial resistance, and uneven electrochem-
ical activity distribution. The full workflow covering fabrication,
characterisation and MEA testing is outlined in Figure S1 (Sup-
porting Information) for clarity and reproducibility.

2. Methodology
2.1. Ink Preparation, Spray Coating and Activation

Two catalyst inks were prepared with different ionomer and cat-
alyst formulations. The first ink (ink1) contained 60% platinum
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supported on high-surface-area Ketjenblack EC-300] (Fuel Cell
Store), with a crystallite size of 2-3 nm, and Aquivion D72-25BS
ionomer (Total Acid Capacity: 1.35-1.43 meq g~!), with I/C ratios
of 0.9, 0.85, and 0.8. The second ink (ink2) used 40% platinum
on the same carbon support, with a smaller crystallite size of 1.5
2.5 nm, and Nafion D2020CS ionomer (Total Acid Capacity: 1.03—
1.12 meq g™'), with I/C ratios of 0.7, 0.65, and 0.6. Additionally,
reference samples without a gradient were prepared using 40%
Pt/C with Aquivion ionomer and a constant I/C ratio of 0.75. To
ensure uniform dispersion, a solvent mixture of deionised water
(18.2 mQ resistivity) and isopropanol (6:4 by weight) was used.
The ink preparation followed a controlled sequence: catalyst first,
then water, followed by isopropanol, and finally ionomer to pre-
vent burst fires. The solid content was maintained at 5 mg mL™
to prevent nozzle clogging during spray coating. The ink was ini-
tially homogenised using a vortex mixer (RX3, Velp Scientifica)
for 30 s, then ultrasonicated (VWR USC900TH) in an ice bath for
30 min to achieve a stable dispersion.

A 6 cm X 3 cm, 250 um-thick Freudenberg H23C6 carbon
paper with a microporous layer (MPL) was placed on a heated
plate of a Sono-Tek spray coater equipped with dual nozzles. Po-
sitioned at a 25° angle, the nozzles ensured uniform coating dis-
tribution. The heated plate was maintained at 80 °C to facilitate
rapid solvent evaporation. For mixed-based CLs, the catalyst ink
was sprayed at a constant flow rate of 0.1 mL min ~! per noz-
zle. In contrast, the gradient spray-coating process involved mul-
tiple spray passes, with nozzle 1 gradually increasing its flow rate
from 0 to 0.2 mL min~! while nozzle 2 simultaneously decreased
from 0.2 to 0 mL min~!. The flow rates could be adjusted based
on the desired gradient direction. The shaping air pressure re-
mained at 1 bar throughout the process. The carbon paper was
secured under an acrylic gasket with a 2.6 cm X 5.2 cm cutout to
define the coating area. Pt loading was determined by weighing
the substrate before and after the spray-coating process using a
high-precision microbalance (Sartorius MCA66S-35S00-D), with
the mass difference corresponding to the deposited catalyst.

2.2. MEA Hot Compression and Fuel Cell Testing

The MEA was fabricated by sandwiching a Gore Select mem-
brane (GORE M735.18, USA) between the spray-coated gas dif-
fusion electrode (GDE) as the cathode and a commercial GDE
(HyPLAT, South Africa) as the anode. The commercial GDE fea-
tured a Ptloading of 0.4 mg cm~2 and was based on Freudenberg
H23C9 carbon paper with a 15 um MPL subjected to hydrophobic
treatment. The MEA was hot-pressed between steel plates using
a Carver hot press (USA) at 150 °C for 3 min under 1000 psi of
compression (with four MEAs processed per batch). To prevent
mechanical damage and displacement, Kapton film sheets were
placed between the MEA and the steel plates.

Fuel cell testing was conducted using a custom-designed sin-
gle PEFC with a 5 cm? active area. To ensure uniform compres-
sion, 18 mm-thick stainless-steel endplates were used, with a
PTFE sheet placed between the endplate and the gold-coated cur-
rent collector for electrical insulation. The 2 mm thick graphite
flow-field plates featured a two-channel serpentine design with
channel and rib dimensions of ~#1.14 mm in width and 1 mm in
depth. DBK Enclosures heaters (100-240 V AC, 60 W) were af-
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fixed to both sides of the endplates to ensure uniform heating,
preventing local hotspots and vapour condensation. Gas tight-
ness and proper MEA compression were maintained using three
layers of 0.076 mm PTFE gaskets on both sides of the MEA, while
12 bolts around the endplates provided uniform compression.

For the performance evaluation, the fuel cell was operated at
60/80 °C using a commercial Scribner 850e test bench for pre-
cise temperature and humidification control. Hydrogen and air
were supplied at a flow rate of 0.5 and 1.2 L min~!, respectively,
without applied back pressure. High-purity gases, including ni-
trogen (99.9%), air (99.9%), and hydrogen (99.995%), were used
to maintain consistent operating conditions.

2.3. CL/MEA Characterisation

A Thermo Scientific Helios G4 PFIB CXe DualBeam Plasma
Focused Ion Beam/Scanning Electron Microscope (FIB-SEM),
equipped with an Oxford Instruments Ultim Max 170 Energy
Dispersive X-ray (EDS) detector, was used for cross-sectional
SEM imaging and EDS analysis. The process involved initial
milling with a high ion beam current to rapidly remove material
and create a trench, followed by stepwise polishing with lower
currents to achieve a smooth surface. For cross-sectional SEM
preparation, a high ion beam current (up to 2.5 pA) at 30 keV
was first applied to efficiently mill the material and form a trench
around the region of interest. After trench formation, the ion
beam current was gradually reduced for fine polishing, with a
final polishing step performed at 15 nA before SEM imaging and
EDS mapping. This approach enhanced surface smoothness and
minimised damaged layers, ensuring high-quality imaging and
analysis. For SEM imaging, 2, 5 or 10 kV and 0.1 nA were used to
capture detailed images of the sample’s surface structure, while
10 kV and 1.6 nA were used for EDS mapping.

X-ray CT was conducted using a ZEISS Versa 620 instrument
with a tungsten target. A 3 mm diameter disc was cut from each
sample for imaging to allow for a balance between X-ray attenu-
ation (signal-to-noise) and the representative volume. The imag-
ing was conducted using a source voltage of 80 kV; a combination
of geometrical and optically coupled magnification was deployed
using a 4X magnification objective lens, binning of 1, an expo-
sure time of 6 s, and 2001 projections. These parameters gave
a voxel size of 0.73 pm and a field of view (FOV) of 1.5 mm.
The tomograms were reconstructed using XMReconstructor soft-
ware. The processing and analysis of the datasets were conducted
using Avizo software (Thermo Scientific). The thickness mea-
surements were made using an area of 0.25 mm?, which is ex-
pected to be representative of the larger whole MEA.[28]

2.4. Fuel Cell Durability Test

The fuel cell durability test was conducted by following the ac-
celerated degradation test (ADT) protocol suggested by the US
Department of Energy (DOE).?) In brief, the MEA was tested
under a constant flow of H,-N, with a square wave potential cy-
cling between 0.6 and 0.95 V with 3s hold at each potential for 30k
cycles. For every 10k cycles, fuel cell performance was evaluated
by cyclic voltammetry and polarisation curve measurements. A
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voltage recovery step was applied before every performance mea-
surement.

3. Results and Discussion

3.1. Gradient Engineering and Fuel Cell Performance

On the cathode side of a PEFC, oxygen concentration is highest
near the gas diffusion GDL and decreases as it diffuses into the
CL, due to the consumption of oxygen at the TPB during the elec-
trochemical reaction. Similarly, proton concentration within the
CL decreases from the catalyst-membrane interface toward the
interior of the CL, as protons are consumed. This creates concen-
tration gradients for both oxygen and protons across the CL.3%31
To optimise the cathode CL structure for improved proton con-
ductivity, oxygen diffusion and water management, a dual-nozzle
spraying system (as shown in Figure 1A) was employed to fab-
ricate a smooth, controlled gradient in the CL (Figure 1B,C,
see methods). This technique enables precise and dynamic con-
trol over the I/C ratio (Figure 1D), ionomer type (Figure 1E)
and Pt weight percentage (Figure 1F), ensuring a continuous
gradient across the CL. This design features a high ionomer
fraction near the membrane to enhance proton transport, re-
duce ohmic losses and improve adhesion. A lower Pt/C ratio
near the GDL facilitates oxygen diffusion and optimises mass
transport.

To better address the interdependent factors and investigate
the comprehensive effect of gradient engineering on fuel cell
performance, two distinct catalyst inks were employed for the
dual-nozzle system, each tailored for specific functional regions
within the CL. Nozzle 1 sprayed an ink with a higher ionomer-
to-carbon (I/C) ratio, higher platinum (Pt) weight percentage and
short-side-chain (SSC) ionomer, which is applied near the mem-
brane interface. In contrast, Nozzle 2 sprayed an ink with a lower
I/C ratio, lower Pt weight percentage and long-side-chain (LSC)
ionomer, which is applied near the GDL. The tested configura-
tions included: (i) Baseline: A uniform CL with a constant I/C
ratio of 0.75, 40 wt.% Pt/C and SSC ionomer. (ii) Mixed: A uni-
form CL prepared by blending ink1 (I/C 0.85, 60 wt.% Pt/C, SSC)
and ink2 (I/C 0.65, 60 wt.% Pt/C, LSC), resulting in an average
I/Cof 0.75. (iii) Mink1_Gink2: A continuous gradient transition-
ing from inkl near the membrane to ink2 near the GDL. (iv)
Mink2_Gink1: A continuous gradient transitioning from ink2
near the membrane to ink1 near the GDL. (v) Two-layer: A con-
ventional bilayer CL with ink1 adjacent to the membrane and
ink2 adjacent to the GDL.

FIB-SEM was used to analyse CL morphology and elemental
distribution, as shown in Figure 2A., focused Ga* ion beam was
utilised to create a cross-section for subsequent EDS mapping
(Figure 2A), and the corresponding elemental maps of F, S, and
Pt.[32] are presented in Figure 2D-F.

By integrating the elemental signals along the X direction and
the Y direction (from the membrane to the GDL, where the mem-
brane side is at the top and the MPL/GDL is at the bottom, dis-
tinct trends in elemental distribution were observed. Along the Y
direction, the Mink1_Gink2 sample exhibited higher intensities
of ionomer (F and S signals) and Pt content near the membrane
side, with a gradual decrease toward the GDL side, confirming
the effectiveness of the smooth gradient engineering approach.
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Conversely, along the X direction, the F, S, and Pt elements were
evenly distributed, indicating uniform composition within the
plane of the CL. Additionally, SEM imaging of the Mink1_Gink2
and constant 0.75 I/C CLs is shown in Figure 2B,C. The im-
ages reveal that the Minkl_Gink2 CL exhibits a less porous
structure on the CL surface, with a calculated surface porosity
of 19.0% (measured using Image]), compared to 23.6% for the
constant 0.75 I/C CL, as higher ionomer contents may form a
denser ionomer network.[**] This difference is likely due to the
higher I/C ratio (0.85 I/C) used near the membrane side, which
leads to a denser microstructure, potentially enhancing proton
transport.

The performance of fuel cells incorporating both uniform and
gradient-engineered CLs was systematically evaluated under con-
ditions without backpressure, as shown in Figure 2G,H. The
I/C ratio is optimised from experiments, as shown in Figure
S6 (Supporting Information), and the Pt loading is ~0.25 mg
cm™2. Following the activation procedure, the baseline fuel cell
with a uniform 0.75 I/C CL exhibited a peak power density of
725.71 mW cm~ (Figure 2]J), a limiting current density of 2008.8
mA cm~? (Figure 2K), and an ECSA of 37.00 m? g~!(calculated
based on Figure 2L). The mixed CL, which replaced half of the cat-
alyst and ionomer with 60% Pt/C and an LSC ionomer, resulted
in a slight performance increase, reaching 769.15 mW cm~2 and
2066.5 mA cm~2, along with a modest increase in ECSA to 38.38
m? g~'. However, when the same materials were strategically op-
timised through gradient engineering, the Mink1_Gink2 config-
uration demonstrated a substantial performance enhancement,
achieving a peak power density of 881.77 mW c¢m~ and a lim-
iting current density of 2269 mA cm™2, representing increases
of 156.06 mW cm~2 and 260.2 mA cm~2 compared to the base-
line. Notably, this performance also surpassed any individual op-
timisation previously discussed, such as a single I/C gradient
or independent variations in Pt wt.% and ionomer type, while
also achieving the highest ECSA of 40.40 m? g~'. Notably, our
results were achieved under less favourable conditions, ambient
pressure and air, compared to the DOE’s rated power status of
890 mW cm~2, which was obtained under 150 kPa back pressure.
This highlights the effectiveness of our gradient-engineered CL
design. Furthermore, the repeatability of our findings was con-
firmed by testing three different gradient configurations (shown
in Figure S6, Supporting Information), consistently showing su-
perior performance compared to the uniformly mixed counter-
part in all cases.

This improvement can be attributed to the precise spatial dis-
tribution of materials within the CL. In the membrane-proximal
region, the CL is optimised for proton transport by incorpo-
rating the SSC ionomer, which has a higher density of sul-
fonic acid groups, thereby enhancing proton conductivity. The
increased Pt loading ensures maximum catalytic activity, partic-
ularly crucial in the high-proton flux region. Additionally, the
higher I/C ratio promotes water retention, mitigating dehydra-
tion under high-current conditions. Conversely, in the GDL-
proximal region, the CL is designed to enhance oxygen diffu-
sion and mitigate flooding by incorporating the LSC ionomer,
which exhibits lower water uptake and greater hydrophobicity.
The reduced Pt loading in this region lowers material costs
while maintaining sufficient catalytic activity for the ORR. Fur-
thermore, the lower I/C ratio introduces larger interparticle
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Figure 1. A) Schematic of the two-spray nozzle setup. B) Schematic of the nozzle flow rate to achieve a continuous, smooth gradient. C) Schematic
of the continuous gradient. D) Schematic of the continuous gradient of the 1/C ratio, transitioning from higher near the membrane to lower near the
GDL. E) Schematic of the transition from short-side-chain ionomer near the membrane to long-side-chain ionomer near the GDL. F) Schematic of the
continuous gradient of the Pt weight percentage (wt.%), transitioning from higher near the membrane to lower near the GDL.

pores, improving gas permeability and overall mass transport
efficiency.

In contrast, the Mink2_Gink1 configuration resulted in the
poorest performance, with a peak power density of 616.56
mW cm™ and a limiting current density of 1708.8 mA cm™2,
along with the lowest ECSA of 31.66 m? g~!. This decline in
performance aligns with expectations, as the misplacement of
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materials disrupts optimal transport properties within the CL.
EIS measurements at 1000 mA cm™2, shown in Figure 2I, fur-
ther support these findings. The Mink1_Gink2 CL exhibited the
lowest Ohmic resistance, charge transfer resistance and mass
transport resistance, confirming its superior performance.34
Additionally, pre-activation fuel cell performance trends mir-
rored post-activation results, indicating that the observed
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Figure 2. A) FIB cross-section of the Mink1_Gink2 CL prepared for EDS analysis. B) SEM image of the Mink1_Gink2 CL. (C) SEM image of the constant
0.75 I/C CL. D-F) Elemental distribution of fluorine (F), Sulfur (S), and platinum (Pt) obtained from 2D EDS mapping, with integrated elemental
intensities along the X direction (perpendicular to Y) and Y direction (from membrane to GDL). (G-H) Polarisation and power density curves of the cells
using the baseline, mixed, Mink1_Gink2, and Mink2_Gink1- CL under activated G) and pristine H) conditions. 1) EIS measurements at 1000 mA cm~2

J,K) Peak power density (J) and maximum current density (K, at 0.3 V) under activated and pristine conditions. L) Cyclic voltammetry curves for the cell
using the baseline, mixed, Mink1_Gink2, and Mink2_Gink1- CL.
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improvements were intrinsic to the gradient engineering strategy
rather than an artefact of the activation process. By dynamically
adjusting the flow rates of the two nozzles during the spraying
process, a smooth and continuous gradient across the CL was
imposed by gradual alteration of ink ratios, optimising proton
conductivity, oxygen diffusion, and water management. These re-
sults highlight gradient-engineered CLs as a powerful strategy for
enhancing fuel cell performance, surpassing the capabilities of
uniformly mixed CLs. The effects of heterogeneously distribut-
ing each individual component were explored (Note S1, Support-
ing Information).

3.2. Durability Testing

Accelerated stress testing (AST) was conducted to evaluate the
long-term durability of the Minkl_Gink2 gradient-engineered
CL compared to both a 0.75 constant I/C and a two-layer
CL, which served as controls (Figure 3). As previously dis-
cussed, conventional gradient strategies often suffer from inter-
layer defects caused by abrupt transitions in material composi-
tion. This issue is clearly observed in the two-layer CL, where
the interface between the layers is easily recognisable (Figure
S7A,D-F, Supporting Information). In contrast, the continu-
ous gradient structure in our design avoids these sharp bound-
aries, improving mechanical integrity and potentially enhancing
durability.

At the initial state, the gradient-engineered CL exhibited a peak
power density of 1045.9 mW cm~2 and a limiting current density
0f2826.1 mA cm~2 (Figure 3A), outperforming both the 0.75 con-
stant I/C CL (951.36 mW cm™ and 2600.9 mA cm~2, Figure 3D)
and the two-layer CL (825.96 mW cm™ and 2359.4 mA cm™2,
Figure S7B, Supporting Information). Notably, this initial per-
formance meets or surpasses previously reported values under
similar temperature conditions but with 50-100 kPa of applied
backpressure,3>3%l underscoring the effectiveness of the smooth
gradient catalyst architecture under practical, zero-backpressure
conditions. The lower performance of the two-layer CL is at-
tributed to the fact that the two ink formulations were designed
to form a coordinated multicomponent gradient during spray-
coating, and neither was individually optimised for a standalone
layered structure.

During the initial 10k cycles, all three CL configurations
experienced notable performance degradation. The gradient-
engineered CL exhibited reductions of 249.27 mW cm™ in
peak power density and 641.2 mA cm™ in limiting cur-
rent density. The 0.75 constant I/C CL showed decreases of
201.11 mW cm™ and 511.2 mA cm™2, while the two-layer
CL dropped by 181.04 mW cm=2 and 472.4 mA cm~2. This
early-stage degradation is primarily associated with severe me-
chanical and chemical stresses affecting the ionomer and cat-
alyst. Loss of sulfonic acid groups.*”) reduces proton conduc-
tivity and weakens ionomer—catalyst adhesion, while catalyst
dissolution and agglomeration.*!l result in decreased ECSA
(Figure 3B,E; Figure S7C, Supporting Information). Despite
these effects, the gradient-engineered CL maintained supe-
rior performance to both controls throughout the first 10k cy-
cles. These results indicate that while gradient architecture im-
proves initial durability, long-term stability remains strongly
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governed by intrinsic material degradation mechanisms!*]

motivating further ionomer and catalyst optimisation for
PEFCs.

After 20k cycles, the peak power densities of the gradient-
engineered and constant I/C CLs declined to 705.63 and
679.07 mW cm™2, respectively, while the two-layer CL dropped to
587.35 mW cm™ (Figure 3C,F). At EOT, the gradient-engineered
and constant I/C CLs further declined to 645.2 and 626.52 mW
cm~2, whereas the two-layer CL fell to 551.0 mW cm™2. Regard-
ing limiting current density, the constant I/C CL slightly exceeded
the gradient-engineered CL at EOT (1811.4 vs 1775.6 mA cm™2),
although both remained higher than the two-layer CL. Over-
all, from initial testing through EOT, the gradient-engineered
CL consistently demonstrated enhanced performance retention
relative to the non-gradient CLs, confirming that a continuous
ionomer—catalyst gradient effectively minimises interfacial insta-
bility and supports long-term cell operation.

X-ray CT was used to quantify the degradation of the cath-
ode CL before and after the AST. Different components within
the MEA were distinguishable based on their pixel values
(Figure 3G), allowing for accurate separation (see methods).
Thickness was calculated by dividing the segmented volume of
the cathode-side CL by its projected area, giving an average value.
The thickness of the gradient-engineered CL decreased from
11.90 to 10.42 ym (Figure 3H,I), retaining 87.56% of its origi-
nal thickness after 40k cycles. For the sample with a constant
0.75 I/C ratio, the thickness decreased from 12.45 to 11.29 um
(Figure 3],K), corresponding to 90.68% of the original thickness.
The similar degradation behaviour observed in both cases indi-
cates that the smooth gradient design does not introduce addi-
tional defects, such as delamination, compared to the uniform
CL. Additionally, the CL with a constant 0.75 I/C ratio exhibited
a rougher surface, which is consistent with the SEM results.

Beyond the smooth linear gradient demonstrated in this study,
more complex gradient architectures can be realised by dynam-
ically modulating the nozzle flow rates in non-linear patterns
(Figure S8A-C, Supporting Information). This approach enables
precise spatial control over CL composition, paving the way
for future investigations into advanced gradient designs (Figure
S8D-I, Supporting Information) tailored to specific performance
or durability needs.

4. Conclusion

This study presents an innovative continuous linear gradient CLs
design, developed using a precise dual-nozzle spray coating tech-
nique. Unlike traditional uniform or discrete multi-layered CLs,
this approach enables a smooth, controlled gradient transition
in the Pt/C ratio, ionomer content, and ionomer type, optimis-
ing proton conduction, oxygen diffusion and mass transport si-
multaneously. Beyond the linear gradient, dynamic adjustment
of the nozzle flow rate allows for the creation of various gradi-
ents in the future. Quantitative analysis demonstrates the su-
perior performance of this smooth gradient CL structure. The
optimal gradient design, featuring a higher ionomer-to-carbon
(I/C) ratio, increased Pt weight percentage and SSC ionomer
near the membrane side, achieved a peak power density of
881.77 mW cm™% and a limiting current density of 2269 mA cm™
at 60 °C with back pressure applied. In comparison, the

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. A,B) Polarisation and power density curves (A) and cyclic voltammetry curves (B) of the Mink1_Gink2 gradient-engineered CL from the initial
state to the EOT. C) Comparison of peak power density for the Mink1_Gink2 gradient-engineered CL, the 0.75 constant I/C CL, and the two-layer CL
from the initial state to EOT. D,E) Polarisation and power density curves (D) and cyclic voltammetry curves (E) of the 0.75 constant I/C CL from the
initial state to the EOT. F) Comparison of maximum current density for the Mink1_Gink2 gradient-engineered CL, the 0.75 constant 1/C CL, and the
two-layer CL from the initial state to EOT. G) 3D volume rendering of the MEA. H,1) Segmented images of the Mink1_Gink2 gradient-engineered CL on
the cathode side in the fresh state (H) and after AST (1), with the membrane-facing side up. J,K) Segmented images of the 0.75 constant |/C CL on the
cathode side in the fresh state (J) and after AST (K), with the membrane-facing side up.

baseline CL with a constant I/C ratio of 0.75 exhibited a lower
peak power density of 725.71 mW cm™ and a limiting current
density of 2008.8 mA cm™2.

Under accelerated stress testing, the gradient-engineered CL
demonstrated superior initial performance and maintained a per-
formance edge throughout long-term cycling. Although both the
gradient, conventional two-layer and uniform CLs experienced
early degradation due to chemical and mechanical stresses af-
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fecting the ionomer and catalyst, the gradient design sustained
higher power outputs over time. Structural analyses using CT
and SEM confirmed that the gradient architecture did not intro-
duce additional mechanical instability, such as delamination, de-
spite some reduction in layer thickness. Overall, the continuous
gradient CL approach offers a scalable, high-performance alter-
native to traditional designs, paving the way for next-generation
fuel cell technology with enhanced efficiency and longevity.
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