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Introduction

Highly ordered Pd/CeO, inverse opals for alkaline
hydrogen oxidation

@b Arma Musa Yau,*® Ruby Susan Raju,® Deya Sallaberry® and
%ab

Michael Wilms,
Mathilde Luneau

Palladium supported on ceria (Pd/CeQ,) has recently emerged as a promising electrocatalyst for the alka-
line hydrogen oxidation reaction (HOR) in anion exchange membrane fuel cells. It has been proposed that
CeO, provides OH spillover and modulates Pd—H binding, enhancing the reaction kinetics at the key Pd—
Ce interface. Herein, we report a method to maximise the Pd—Ce interfacial area by synthesising highly
ordered Pd/CeO, inverse opals (I0s) with tunable pore sizes (20—-250 nm) directly on glassy carbon elec-
trodes. The resulting 10s exhibit highly ordered pore networks which could be scaled down to the meso-
porous regime (<50 nm), and dispersed palladium species, including Pd-O-Ce interfacial sites.
Electrochemical measurements reveal a pore size dependence of HOR activity, with 10s fabricated from
104 nm microspheres templates delivering the highest specific activity and strongest enhancement rela-
tive to non-templated Pd/CeQO, controls. Electrochemically active surface area (ECSA) estimations reveal
that larger-pore |Os suffer reduced ECSA likely due to diminished support conductivity associated with
thinner ceria interconnections. Increasing the Ce®* concentration, in an effort to improve conductivity,
and increasing relative Pd—O-Ce content do not improve HOR activity, highlighting the need to balance
conductivity, Pd and Ce speciation and pore size. The Pd/CeO, I10s remain structurally stable after testing
and interestingly, even exhibit improved kinetics after 1000 cycles. This study demonstrates that while the
inverse opal architecture is a powerful route to engineer Pd—Ce interfaces, these interfaces are not the
only predictor of enhanced HOR. Instead, the inverse opal pore size and interconnect thickness appear to
ultimately govern the enhanced HOR kinetics and mass transport. We envision that this fabrication
method for inverse opals on complex carbon substrates will allow the design of mesoporous bifunctional
catalysts for gas-diffusion electrodes for applications in fuel cells and electrolyzers.

nickel, palladium and other non-platinum group metals
(PGMs).*® The ORR also becomes significantly enhanced in

Hydrogen fuel cells have seen major advancements over the
past few decades and show strong potential to replace internal
combustion engines in heavy-duty vehicles.' Proton exchange
membrane fuel cells (PEMFCs) are the most advanced low
temperature fuel cell technology but have seen limited com-
mercial uptake. The main drawbacks preventing their wide-
spread adoption are acidic environment induced instability of
electrodes and sluggish kinetics of the oxygen reduction reac-
tion (ORR) at the cathode.” This limits the catalyst choice to
platinum which constitutes roughly 40% of the total cell cost.?

Anion exchange membrane fuel cells (AEMFCs) have
emerged as a promising alternative with a less corrosive cell
environment allowing a wider choice of catalysts such as
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alkaline conditions, eliminating the key bottleneck in operat-
ing efficiency in PEMFCs.” However, the switch to alkaline con-
ditions in turn leads to sluggish kinetics in the hydrogen oxi-
dation reaction (HOR) at the anode which is ca. 100 times
slower than in acidic media due to the reaction now requiring
adsorption of both hydrogen and hydroxyl anions.®® Now it
has been suggested that in an ideal alkaline HOR catalyst, the
hydroxide binding energy (OHBE) must be modulated as well
as the hydrogen binding energy (HBE).'® In this regard palla-
dium supported on ceria (CeO,) has emerged as a promising
catalyst as CeO, could act as an oxyphilic OH™ donor and the
metal-support interactions can modulate the hydrogen
binding energy of palladium.'®™"* It has been proposed that
the spillover effect of OH intermediates on oxyphillic CeO, to
supported palladium and the weakened Pd-H bond is the key
mechanism in Pd/CeO, leading to superior HOR performance
in alkaline."? This has led to the development of state-of-the-
art Pd-C/CeO, catalyst achieving power densities of 1.4 W
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em 2" More recent structure-activity studies have found that
maximizing the interface area between Pd and CeO, is key in
encouraging the spillover effect of OH intermediates thereby
increasing HOR performance.'”” However to date, studies
focusing on maximizing the Pd-Ce interface have only focused
on unstructured CeO,. This study aims to explore structured
Pd/CeO, with increased surface area and porosity of the CeO,
support, giving potential to maximize the total desired Pd—-Ce
interface.

Inverse opals offer a promising strategy for designing
highly porous and ordered metal-oxide supports such as CeO,
and related materials."®'” These honeycomb-like structures
feature well defined pore networks formed by the self-assembly
of colloidal spheres into an FCC lattice, followed by infiltration
with a precursor solution and subsequent removal of the tem-
plate to yield the final ‘inverse opal’ architecture.'® To date,
most research on inverse opals has focused on their structural
color as photonic crystals for optical applications or use in
photocatalysis and thermocatalysis.'>* Their application in
electrocatalysis has only recently gained attention, yet current
studies remain limited to bulk monometallic or bimetallic
systems such as Cu,** Ni,*® Ag,*® CuAg®’ and NiFe.”® While
these systems have shown enhanced electrocatalytic perform-
ances, using bulk metals limits their atom efficiency in con-
trast with the low loading supported-metal bifunctional
materials like Pd/CeO, proposed in this study. Moreover, it is
difficult to reliably scale the pore size of inverse opals down to
the mesoporous (2-50 nm) regime that is characteristic of
high-surface-area carbons used in real-world electrochemical
technologies such as fuel cells and batteries.”>*° CeO, specifi-
cally lacks reliable synthesis routes for generating mesoporous
materials like those for SiO,. Furthermore, to our knowledge
there is no example of mixed material inverse opal such as a
classical support-metal catalyst system for electrocatalytic
applications.
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In this work, we synthesized novel highly ordered Pd/CeO,
inverse opals (IOs) with tunable pore sizes directly onto glassy
carbon disks for the first time, with the aim of maximizing the
Pd-Ce interfacial area and enhancing mass transport through
the porous network. Using a modified vertical assembly
approach, we produced I0s with pore sizes determined by the
diameter of the colloidal spheres (510 nm, 380 nm, and
104 nm) achieving pore sizes of 250 nm down into the meso-
porous regime (20-50 nm) while maintaining consistent palla-
dium loading and Pd-Ce interfacial area throughout the
porous support architecture. We found the Pd/CeO, I0s with
mesopores (104 nm spheres) yielded the best hydrogen oxi-
dation performance with exchange current densities of
0.067 mA cm > compared to 0.061 mA cm > and 0.027 mA
em™? for unstructured Pd/CeO, and macroporous 380 nm IO
respectively. Pd-Ce interfacial area was further improved by
template removal via argon annealing instead of calcination in
air, which produced mixed performance improvements across
the different IO morphologies, indicating pore size is a better
predictor of HOR activity than Pd speciation. Long-term poten-
tial cycling revealed that the hydrogen oxidation kinetics of
Pd/CeO, improved over time with X-ray photoelectron spec-
troscopy showing a near equal re-balancing of Pd species (Pd
(0), PdO and Pd-O-Ce) which could explain the improved
kinetics.

Experimental
General

All solvents and reagents were supplied from commercially
available sources and used without purification. Polystyrene
microspheres (carboxyl terminated) of sizes 104 nm, 380 nm
and 510 nm were acquired from Polysciences. Glassy carbon
electrodes with a 5 mm diameter (Sigradur®) disks were pur-
chased from HTW GmbH.

Fabrication of palladium on ceria inverse opals

Pd/CeO, inverse opals were fabricated using a modified verti-
cal deposition method (VPD, Scheme 1). Glassy carbon electro-
des (GCE) were first cleaned by submerging in base piranha
(3:1 NH30H : H,0,) at 60 °C for 20 minutes. To improve the
hydrophilicity, GCEs were kept submerged in 1.5 M HCI and
used no earlier than 24 hours after treatment time. For glassy
carbon disks where 104 nm microspheres were self-assembled,
an additional treatment of polyamine hydrochloride was per-
formed to prevent peeling of the template from the GCE
surface. The polystyrene microspheres of various sizes (185 pL,
2.7% solids) were diluted to 5 mL in a 20 mL glass sample vial
to make a 0.1% solids dispersion. The freshly cleaned GCE
was then mounted on a glass slide using carbon tape and sub-
merged in the vial containing the PS dispersion such that the
GCE surface was perpendicular to the middle of the solution
meniscus. The vial was then placed in a convection oven at
60 °C for 24 hours to allow the evaporation of water and self-
assembly of polystyrene microspheres. A 15 wt% Pd precursor

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Fabrication scheme of Pd/CeOy inverse opals. Polystyrene microspheres were first self-assembled onto a glassy carbon electrode fol-
lowed by infiltration with Ce(NOs)s and Pd(NOs), precursor solution and subsequent calcination yielding metal-support bifunctional inverse opals.

solution was prepared by dissolving Ce(NOj3);-6H,0 (172.1 mg,
0.40 mmol), Pd(NO3),-xH,0 (26.3 mg, 0.11 mmol) and citric
acid (83.2 mg, 0.43 mmol) in ethanol (2.42 mL). HCI (100 pL,
12.07 M) was subsequently added to homogenise the solution.
The 15 wt% Pd precusor was then used for the infiltration step
unless otherwise stated. The inverse opal templates were then
infiltrated with 2.5 pL of this precursor solution and aged for
24 hours. The infilled templates were then heated to 150 °C at
a ramp rate of 1 °C min~" then immediately calcined at a ramp
rate of 5 °C min~' to the target temperature and held for
2 hours yielding Pd/CeO, inverse opals. The no opal samples
were synthesized using the same method but without self-
assembly of the polystyrene microsphere template.

Preparation of Pd thin films

Thin films were fabricated using electron-beam physical vapor
deposition (AVAC HVC600) on GCEs. Prior to deposition, the
electrodes were cleaned by sonication in acetone, isopropanol
and Milli-Q water (18.2 MU cm) for 10 minutes each and dried
with N, followed by plasma cleaning in O, atmosphere at 100
W for 1 minute. After cleaning, a 20 nm Ti underlayer was de-
posited to improve adhesion of the Pd. The pure Pd sample
was prepared by evaporating a 40 nm Pd thin film on the Ti
adhesion layer. The electrodes had a geometrical surface area
of 0.196 cm? as with the IO samples.

Instruments

Transmission electron microscopy (TEM) samples were pre-
pared by placing a GCE supported IO face down in a vial with
minimum ethanol to coat the base off the vial. The vial was
then sonicated to remove the top layer of material from the
GCE surface. The 10 ethanol solution was then dropcasted
onto a 300-mesh carbon-coated copper grids (Ted Pella) and
left until the solvent evaporated. TEM images were acquired
on a FEI T20 Tecnai microscope operating at 100 kV. X-ray
photoelectron spectroscopy (XPS) was performed using a
HI5000 Versa Probe III XPS equipped with a monochromatic
AlKa source and dual charge compensation was used during
acquisition. XPS spectra were calibrated with respect adventi-
tious carbon Ci1s peak (284.5 eV). For scanning electron
microscopy (SEM) imaging, the samples fabricated on GCE

This journal is © The Royal Society of Chemistry 2026

electrodes were imaged directly using a Zeiss Ultra 55 FEG
SEM operating at 3 kV in order to reduce charging. Energy dis-
persive spectroscopy (EDX) measurements were carried out
using a JEOL 7800F Prime operating at 15 kV.

Electrochemical measurements

The Pd/CeO, IO electrodes were electrochemically tested using
a three-electrode setup in a single polytetrafluoroethylene
(PTFE) cell. A rotating disk electrode with a geometric area of
0.196 cm” was used as the working electrode, a graphitic
carbon rod served as the counter electrode, and Hg/HgO was
used as the reference electrode. Cyclic voltammetry (CV) and
hydrogen oxidation reaction were performed in 0.1 M KOH
electrolyte at room temperature. All potentials are reported
against RHE which was determined to be —0.869 V vs. Hg/HgO
by using a Pt counter electrode and a Pt working electrode
while flowing H, gas.

To estimate the electrochemically active surface area
(ECSA), CO stripping was not used as it has been shown in pre-
vious work that Pd adatoms on ceria (Pd-O-Ce) cannot adsorb
CO onto its surface.'”> Another common method, integration of
the PdO reduction charge, was not used as the peak in the
cyclic voltammogram is difficult to observe in electrodes with
high CeO, loading due to extreme capacitive behaviour of
Ce0,.*" Instead, copper underpotential deposition (UPD) was
used which has been used previously to approximate the ECSA
of PtPd alloys.** The ECSA measurements were carried out in
0.25 M H,SO,. The samples were first conditioned by potential
cycling 20 times between —0.2 V and 0.7 V (vs. Ag/AgCl) at a
scan rate of 50 mV s~'. The sample background was then
measured between 0.05 and 0.66 V followed by the addition of
solid CuSO, (to make up a 160 mM solution) before scanning
cathodically from 0.66 to 0.05 V to form the Cu monolayer,
while the reverse scan corresponded to the Cu monolayer strip-
ping current. The Cu stripping current is integrated to yield
total stripping charge which is proportional to the electroche-
mically active surface area by:

ECSA (em?) = _ Qo
424 uCcm—2

where 424 uC cm™2 corresponds to the anodic stripping charge
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of a fully-packed copper monolayer from the surface of
palladium.*?

Results and discussion
Material characterizations

The modified vertical deposition method (VPD) developed
here yielded highly ordered inverse opal templates for all
microsphere sizes yielding an FCC packing arrangement with
visual opalescence occurring in the 380 nm and 510 nm micro-
sphere templates. This showcases the robustness of the
method in fabricating inverse opals on rough surfaces like gra-
phitic carbon which is relevant for fuel cell applications. Next
the opal polymer template was infilled with a metal precursor
solution. This process yielded Pd/CeO, inverse opals with tune-
able pore sizes by varying polymer microspheres sizes between
510 nm, 330 nm and 104 nm (Fig. 1a—c). The inverse opals
form as “islands” throughout the GCE film rather than a con-
tinuous film, which is expected when using a non-colloidal
VPD strategy (Fig. S1).

A pre-baking step of 150 °C was employed to induce
thermal shrinkage of the PS template by exceeding the glass-
transition temperature of the PS microsphere. The deliberate
softening allows for the reduction of pore size below the micro-
sphere diameter while concomitantly increasing interconnect
width, which we suspect governs the bulk conductivity of the
electrode. While this process slightly reduces long range order
over the area of the electrode, the 510 nm and 330 nm micro-

View Article Online
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spheres still yielded highly ordered macroporous inverse opals
of 225 + 26 nm and 147 + 32 nm diameter with interconnect
widths 28 + 6 nm and 76 + 16 nm respectively (Fig. S2). For the
104 nm microspheres, the pore sizes were too small to
measure a size distribution with SEM, however, they estimated
to fall within the 20-50 nm range. This confirms that this
method can be used to produce IOs in the mesoporous regime
for the first time. This is especially important considering it is
difficult to synthesize polymer microspheres below 100 nm
with a low enough polydispersity index to form colloidal
crystal templates.

SEM/EDX measurements revealed that the palladium was
well incorporated throughout the ceria inverse opal matrix
(Fig. 1d-g and Fig. S3). The Pd/Ce ratios given by EDX for
samples in Fig. 1 were in decent agreement with nominal
weight percentages used in the precursor solutions and impor-
tantly, was consistent across all morphologies (Fig. S3 and
Table S1). EDX over different sample regions showed only a
few occurrences of larger Pd particles over the I0 support.
Instead, most Pd that occurs in maps was homogeneously con-
tained within the IO framework, suggesting they could be
present as few or single atom sites. Pd/CeO, samples calcined
at the lower temperatures of 300 °C and 400 °C showed the for-
mation of Pd and PdO nanoparticles, indicating that a calcina-
tion temperature of 500 °C is necessary to achieve high Pd dis-
persion (additional discussion can be found in the SI, Fig. S5).
Transmission electron microscopy analysis supports this con-
clusion, showing no evidence of larger Pd nanoparticle for-
mation on the IO framework (Fig. 2a—c). High resolution TEM

Fig. 1 Highly ordered Pd/CeO, inverse opals were synthesized as shown by SEM micrographs using polymer microsphere sizes of (a) 510 nm, (b)
380 nm and (c) 104 nm. Low magnification SEM image of 380 nm Pd/CeO, 10 and corresponding energy dispersive spectroscopy elemental maps
(d—g) showing uniform distribution of Pd throughout the porous CeO, framework.
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(a) TEM image of the 510 nm Pd/CeOy IO collected in bright field mode. (b) HR-TEM of Pd/CeO, 510 nm IO showing main lattice fringe of

CeOy (111). (c) FFT analysis of HR-TEM showing diffraction rings of CeO, and faint PdO (101) fringe. X-ray photoelectron spectroscopy of the (d)

Ce3d region (104 nm I10) and (e) Pd3d region of Pd/CeQ, inverse opals.

(HR-TEM) imaging showed no presence of large Pd or PdO
crystallites. Only the main lattice fringe of CeO, was observed
(111). FFT analysis of the HR-TEM images revealed a very faint
ring corresponding to PdO (101), while no rings corresponding
to Pd (111) were detected. It was not possible to resolve the
other bright PdO lattice fringe (112), as it strongly overlaps
with the CeO, (311) plane. To investigate the origin of the PdO
(101) ring in the absence of large observable PdO crystallites,
we conducted line-profile analysis of the CeO, crystallites. This
analysis revealed possible Pd substitutions within the lattice,
evidenced by a reduction in the (111) lattice parameter from
0.31 nm down to 0.26 nm, which matches the spacing of PdO
(101) (Fig. S4). This suggests that some PdO could be incorpor-
ated as single atoms or clusters within the CeO, matrix instead
of spatially co-located.

X-ray photoelectron spectroscopy was performed to deter-
mine the speciation of Pd in the I0s and the stoichiometry of
the ceria support. The XPS Pd3d spectrum 5/2 spin orbit peak
shows two components situated at 336.1 + 0.3 eV and 337.4 +
0.3 eV corresponding to Pd-O and Pd-O-Ce respectively.>***
Some samples required a minor metallic Pd component at
334.5 £ 0.3 €V to obtain the best fit (Fig. 2d, e and Table S2).
The presence of the Pd-O-Ce peak was consistent with Pd
atoms being covalently bonded to CeO,. In our previous work,
density functional theory calculations revealed this covalent

This journal is © The Royal Society of Chemistry 2026

Pd-O-Ce species is “embedded” into the CeO, lattice."* This
same species constitutes the proposed Pd-Ce interface that
has been widely cited as a key physical descriptor underpin-
ning the strong HOR performance of Pd/CeO,.>' The Ce3d
region exhibited peaks mainly corresponding to Ce*". The best
Ce3d fit was obtained when a minimal Ce*" component was
introduced, indicating the ceria framework is slightly non-stoi-
chiometric, which has been shown to increase conductivity
through defects within the CeO, lattice (Fig. 2d).>*

Electrochemical measurements of calcined Pd/CeO, inverse
opals

The redox behaviour of palladium in argon atmosphere is
heavily influenced by the underlying CeO, support. Cyclic vol-
tammograms of an unsupported palladium thin film show
PdO, reduction at ca. 0.7 V vs. RHE (Fig. 3a). Hydrogen adsorp-
tion/absorption occurs between 0.2-0.0 V vs. RHE (cathodic)
with oxidation/desorption then occurring in the same region
in the anodic scan. The CV of Pd/CeO, I0s shows a more pro-
nounced Pd oxidation peak although the reduction peak is
almost totally obscured by the background of the ceria support
which has been observed for Pd/CeO, with high ceria
content.*!

The HOR activity of the Pd/CeO, IO was significantly higher
than that of the unsupported Pd film. The latter reached a
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Fig. 3 (a) Cyclic voltammetry of evaporated Pd film (black) and 104 nm Pd/CeO, inverse opal (blue) at a scan rate of 100 mV s~* and in argon atmo-
sphere in 0.1 M KOH electrolyte. (b) Anodic HOR sweeps at a scan rate of 5 mV s™* at a rotation speed of 1600 RPM in saturated H, atmosphere in
0.1 M KOH electrolyte. (c) Current density at an overpotential of 0.1V vs. RHE.

diffusion-limited plateau at approximately 0.6 V vs. RHE,
whereas the IOs achieved a plateau at a lower potential of
approximately 0.45 V vs. RHE (Fig. 3b). Although we note that
the limiting current plateau is not sharply defined, this devi-
ation from Levich behaviour is likely caused by the thickness
and porosity of the IO framework, influencing mass transport
resistance.®® At an overpotential of 0.1 V vs. RHE, little current
is observed for the Pd film, while the Pd/CeO, inverse opals
demonstrated improved current density by a factor of 10,
(Fig. 3c) highlighting the strong positive effect of the ceria
support on Pd HOR activity, as observed in other works.'* For
a pristine CeO, 10 with no Pd, almost no current was observed
in HOR, further demonstrating the positive metal-support
interaction between Pd and CeO, (Fig. S6).

The HOR performance of Pd/CeO, was heavily influenced
by morphology which was examined using 15 wt% of palla-
dium with ceria by nominal loading in precursor solutions.
Cyclic voltammograms of the different I0s in argon atmo-
sphere showed similar redox behaviour as palladium sup-
ported on ceria (Fig. 4a). However the inverse opal samples dis-
played a strong dependence on pore size: mesoporous 10s pre-
pared using 104 nm microspheres delivered the highest HOR
activity across the full potential range, followed by the 380 nm
and 510 nm macroporous structures (Fig. 4b and c). In con-
trast, Pd/CeO, without an inverse opal architecture showed
reduced current at both low overpotentials and in the
diffusion-controlled region, indicating that both kinetics and
mass transport were significantly improved in the mesoporous
10 (104 nm, Fig. 4b) compared to the unstructured electrocata-
lyst. It was observed that the current density decreased with
increasing pore size, which could be due to the thinner ceria
backbone in larger pore 10s, leading to reduced overall con-
ductivity of the support. Therefore, when working with intrin-
sically low conductivity supports such as CeO,, a balance must
be struck between pore size and electronic conductivity to
achieve optimal HOR performance.

To explore this further, the electrochemically active surface
area (ECSA) was measured for all electrode morphologies.
Initially double layer capacitance from cyclic voltammetry was

Nanoscale

explored, however the non-faradaic double layer region is
difficult to resolve in CeO, supported Pd due to the highly
capacitive nature of CeO,, making it not feasible to accurately
estimate ECSA. CO stripping voltammetry was also evaluated
for ECSA determination, however a DFT study in our previous
work shows “embedded” palladium (Pd-O-Ce) cannot adsorb
CO, making it potentially invisible in this technique.'?
Therefore, we turned to copper under-potential deposition
(CuUPD) which has been widely used as a highly accurate
method of measuring ECSA, particularly for catalysts dispersed
on high surface area supports.’**” CuUPD measurements
revealed surprisingly Pd/CeO, with no opal morphology hosted
the highest ECSA followed by 104 nm sample with ECSA sub-
stantially decreasing as pore size increased (Fig. 4d and
Fig. S7). While it may seem surprising that the more porous
samples exhibit lower electrochemically active surface area,
this is likely due to reduced conductivity in the thicker, more
hollow support frameworks. In thicker structures, the upper
layers of the inverse opal likely have a low contribution to
overall charge transport in the electrode, and the overall
contact area between the framework and the glassy carbon
electrode is reduced. As discussed earlier, larger pore sizes
correspond to thinner interconnect structures, which aligns
with the observed trend in decreasing ECSA. However, when
normalizing the HOR current to the ECSA derived from
CuUPD, the specific activity at 0.1 V vs. RHE was highest for
the 380 nm inverse opal, followed by the 104 nm and no opal
anode (Fig. S8a). This suggests that the electrochemically
active sites may be intrinsically more efficient for hydrogen oxi-
dation in the intermediate pore-size regime. In the mass-trans-
port regime, the 104 nm IO and 380 nm IO achieve >5 mA
em %pq and >10 mA ecm ’pg. These values represent a 5- and
10-fold increase over the no opal sample, suggesting that the
I0 architecture could be a viable Pd/CeO, morphology for
AEMFGCs if the total ECSA can be increased. Relative surface
area measurements derived from the capacitance in cyclic vol-
tammetry also showed the same morphological trend as in
CuUPD (Table S3). However, when normalizing for the capaci-
tance derived ECSA, it is observed that 104 nm IO is the most

This journal is © The Royal Society of Chemistry 2026
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using a scan rate of 100 mV s~ under argon atmosphere in 0.1 M KOH electrolyte. (b) Anodic HOR sweeps recorded using a scan rate of 5 mV s~* at

a rotation speed of 1600 RPM under saturated H, atmosphere in 0.1 M KOH electrolyte. (c) Tafel plots of anodic HOR sweeps recorded at 5 mV s

-1

and 1600 RPM under saturated H, atmosphere in 0.1 M KOH electrolyte. (d) Electrochemically active surface area (cm?pq) and exchange current

density (mA cm™2) of Pd/CeO, IOs.

electrochemically active for HOR (Fig. S8b). The half-wave
potentials were also observed to be approximately the same
across these three morphologies (0.16-0.2 V vs. RHE) while the
510 nm opal exceeds 0.6 V vs. RHE, exceeding that of pristine
Pd (Fig. 4b).

The exchange currents densities of the Pd/CeO, I0s were
found to have a similar morphological trend as the ECSA with
the exception of the 104 nm IO, which exhibited the highest
exchange current density (Fig. 4d). Exchange currents were
estimated by approximating the Butler-Volmer equation to a

linear equation i :lOR—Z in the micropolarization region

where i) is the kinetic current, i, is the exchange current, F is
Faraday’s constant (96485 C mol™"), R is the gas constant
(8.413 J mol™" K™') and T is temperature (K).>® HOR curves
within the micropolarization region clearly indicate the
104 nm IO architecture exhibits superior charge-transfer kine-
tics compared to both the non-templated (No opal) and the
380 nm IO samples (Fig. S9). This was further supported by

This journal is © The Royal Society of Chemistry 2026

the exchange current densities ( j,), which revealed the 104 nm
I0 achieves the highest j, among the investigated mor-
phologies (0.067 mA ecm™?) (Fig. 4d).

To improve conductivity and increase Pd-Ce interfacial
area, thereby enhancing HOR performance, different anneal-
ing and template-removal conditions were explored. First,
oxygen vacancies were introduced into the ceria framework by
annealing in an inert argon atmosphere. The inverse opal
structure was preserved after template removal in argon,
except for the 380 nm sample, which was found to have a
highly disordered pore morphology (Fig. S10). XPS analysis
revealed an observable increase in the Ce**/Ce*" ratio as antici-
pated (Fig. S11) suggesting the successful introduction of
oxygen vacancies into near-surface and bulk. We note that
oxygen vacancies only persist in near surface and bulk regions,
as oxygen vacancies present at the surface are rapidly healed
under ambient conditions. Therefore, this experiment was
intended solely to enhance the conductivity of the bulk ceria
framework rather than to modify surface reactivity, which is
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not achievable under ambient conditions, as previously high-
lighted by Idriss.*®

The XPS Pd3d spectrum shows a significant increase of the
Pd-O-Ce content for all morphologies with only minor PdO
(<10%) and remainder corresponding to Pd(0) (Fig. S12 and
S13). Interestingly the Pd-O-Ce content increases with pore
size, with the 104 nm and no opal sample having the lowest
percentage (19.5% and 49.5%) and 380 nm and 510 nm the
highest (50.9% and 79.62%). This trend correlates with SEM
observations, which revealed Pd nanoparticles in the 104 nm
and 380 nm IOs, but not in the 510 nm IO. This consistent
decrease in Pd(0) suggests that pore size influences Pd nano-
particle morphology during argon annealing. Furthermore,
these results indicate that the inverse opal architecture may
enhance the Pd-Ce interface area when appropriate template
removal conditions are employed in combination optimal pore
size (Tables S4 and S5). The HOR performance of argon
annealed inverse opals was found to increase in both the
kinetic control and mass transport region for the 380 nm and
no opal samples (Fig. S14). Curiously, despite having a greater
proportion of Pd-O-Ce/Pd(0) ratio to the air calcined counter-
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parts, both the 104 nm and 510 nm IOs saw performance
decreases, suggesting the Pd-O-Ce/Pd(0) ratio is not the sole
indicator of performance. We note that other works have had
Pd/CeO, supported on carbon forming a triple interface
between C/Pd/Ce, adding more complexity to the system which
could explain these discrepancies. Overall, these results
suggest that the role of the triple interface warrants closer
attention, rather than focusing exclusively on the Pd-Ce
interface.

Long term stability of calcined Pd/CeO, IO

The long-term stability of the Pd/CeO, inverse opals was
assessed by testing HOR performance before and after poten-
tial cycling. Remarkably, it was found that HOR performance
increased after 1000 potential cycles between 0 V to 1.2 V vs.
RHE (Fig. 5a and b). In all samples the specific activity at 0.1 V
vs. RHE increased by >5% with half wave potentials also
decreasing (Fig. S15) The 104 nm IO saw almost a 50%
improvement in exchange current density from 0.067 mA cm™>
to 0.096 mA cm > (Fig. S16). While the kinetics clearly
improved, there was a current loss observed in the mass trans-
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Fig. 5 (a) Cyclic voltammogram (initial and 1000*" cycle) of Pd/CeO, inverse opal fabricated using 104 nm PS microspheres at a scan rate of
100 mV s~* under argon atmosphere in 0.1 M KOH electrolyte. (b) Anodic HOR sweeps before potential cycling (initial) and after 1000 potential
cycle in 0.1 M KOH electrolyte. XPS Pd3d region of 104 nm IO (c) after 1000th potential cycle.
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port-controlled region suggesting some ECSA loss after poten-
tial cycling. Although another hypothesis was that Pd
imbedded in the ceria framework reorganises/rearranges to
the ceria inverse opal surface increasing surface-active Pd. This
concomitantly decreased the overall conductivity of the
support which leads to the loss of current in the mass trans-
port region but improved kinetics in the activation region. We
performed SEM to verify if this was simply due to a change in
morphology and found that the IO pores were retained after
cycling (Fig. S17).

XPS analysis revealed that the surface speciation of Pd/CeO,
changes considerably after potential cycling (Fig. 5c). After
cycling, metallic Pd(0) was observed, along with PdO and Pd-
O—-Ce in similar percentages (27.3%, 33.8% and 38.9% respect-
ively) which has also been observed for planar Pd/CeO, films
after potential cycling.'> These results suggest that the pres-
ence of all three Pd species may influence HOR performance.
Notably, the total percentage of the Pd-O-Ce speciation
decreased after cycling (from 48.2% to 38.9%) despite HOR
kinetics improving. This dynamic restructuring after cycling
clearly shows that it is difficult to ascribe HOR performance to
a particular Pd speciation. As discussed previously, the Ar
annealed 10s which exhibited enhanced Pd-O-Ce content to
their air calcined counterparts saw either a reduction in HOR
kinetics or a marginal increase which might further decouple
Pd-O-Ce content as a sole predictor for HOR activity.
Furthermore, the surface composition of Pd/CeO, is likely very
dynamic under potential cycling and under constant current
output conditions during AEMFC operation. Therefore, future
work must utilize operando XPS to definitively identify the
optimal surface composition under varying potentials to better
understand the dynamic nature of the Pd/CeO, surface during
reaction.

Conclusion

The growth of mesoporous Pd/CeO, inverse opals directly onto
glassy carbon electrodes was successfully demonstrated for the
first time using a modified vertical self-assembly approach. By
changing the sizes of the polymer microspheres, the pore sizes
were tuned from 250 nm down to the mesoporous regime
(<50 nm). EDX and XPS analysis revealed that palladium
appeared to be homogenously dispersed throughout the archi-
tecture and was predominantly present as Pd-O and Pd-O-Ce
species (~10-40%). HOR performance was found to be strongly
governed by morphology where I0s made using 104 nm micro-
spheres yielded the best performance compared to the larger
pore inverse opals and notably against the unstructured no
opal Pd/CeO, electrodes. Electrochemically active surface area
(ECSA) measurements performed with Cu UPD show a loss of
ECSA with increasing pore size and the highest with no opal
electrode suggesting the differences in HOR performance
arises from a loss of conductivity in the larger pore inverse
opals which concomitantly feature smaller backbone widths.
Argon annealing was found to significantly improve the per-

This journal is © The Royal Society of Chemistry 2026
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centage of Pd-O-Ce and Ce®" suggesting defect-induced con-
ductivity improves in CeO, and Pd-Ce interfacial area.
However, this did not lead to improvements in HOR perform-
ance and was in fact detrimental to the performance of the
better performing samples (104 nm and no opal). Finally,
long-term potential cycling revealed that I0s maintain their
structural features and even exhibit improved activation-con-
trolled kinetics, suggesting dynamic restructuring of Pd within
the CeO, framework under potential cycling. This work estab-
lishes inverse-opal structuring as a versatile approach for
engineering Pd-Ce interfaces, while allowing fine control of
pore size and morphology leading to improved HOR perform-
ance in both the kinetic and mass transport regime. We envi-
sion this strategy could also be useful for engineering Pd-Ce
interfaces combined with macro/meso-porous materials par-
ticularly for other fields such as thermocatalysis where frame-
work conductance is not a limiting factor.
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