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Biomass-driven water electrolysis at low cell voltage represents an energy-efficient and environmentally
friendly technology capable of simultaneously producing hydrogen and generating value-added
chemicals. Designing highly active, multifunctional and cost-effective electrocatalysts for the oxidation
of alcohols plays a significant role in the development of direct alcohol fuel cells and electrolyzers.
Herein, we introduce free-standing multifunctional electrodes created by combining the atomic layer
deposition of palladium (Pd) and nickel oxide (NiO) nanostructures directly onto gas diffusion electrodes
(GDEs) and thermal treatment to form nanostructured electrocatalysts. We highlight the advantages of
palladium—nickel based bimetallic nanostructured electrodes for the hydrogen evolution reaction (HER),
ethanol oxidation reaction (EtOR), and glycerol oxidation reaction (GOR) in both half-cell and hydroxide
anion exchange membrane (AEM) electrolyzer configurations. Although the metal loading is very low (20
W9pg cm~2 and 47 U9pd+Ni cm™2), these electrodes demonstrate high current density at low potentials for
the GOR and EtOR, as well as reduced overpotential during the HER. Integrating bimetallic GDE-Pd-Ni
as anode and cathode electrodes into a biomass-fueled electrolyzer yields an efficient system.
Specifically, GDE-Pd-Ni achieved 10 mA cm™2 at 0.69 V and 100 mA cm™~2 at 1.10 V for an ethanol-fed
electrolyzer at 50 °C, and 10 mA cm™2 at 0.67 V and 100 mA cm™2 at 1.21 V for a glycerol-fed

Received 24th March 2025 electrolyzer at 70 °C. The present work could inspire the development of other energy materials as both
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the anode and the cathode in electrolyzers for electrosynthesis of fuels and high-value chemicals,

promising a radical improvement in the current design of energy-efficient devices with a significantly
reduced environmental footprint.
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1. Introduction

Hydrogen (H,), with its high energy density (142 MJ kg™ '), is
a promising sustainable energy carrier for future energy
systems."” Achieving the full environmental potential of
a hydrogen-based society necessitates its production from
renewable resources, such as water or biomass.> Water elec-
trolysis powered by renewable electricity emerges as a key
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method for green hydrogen production, with leading technol-
ogies including liquid alkaline water electrolyzers (AWEs),
proton exchange membrane water electrolyzers (PEMWEs), and
hydroxide anion exchange membrane (AEM) water electrolyzers
(AEMWESs).* However, the high energy requirements of
conventional water electrolyzers, operating in both alkaline and
acidic media, are largely due to the four-electron transfer oxygen
evolution reaction (OER). This reaction, which consumes
a substantial portion of the energy input (with a minimum
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requirement of AG = 237.1 k] mol '), presents a notable chal-
lenge for the kinetics and the materials to be used at the anode
to withstand corrosion under electrochemical potential.™*”
Innovations in electrolysis technology aim to mitigate the
inefficiencies associated with the OER. One promising strategy
involves utilizing small molecule alcohols derived from
biomass (C1, C2, and C3 alcohols), which are more energetically
favorable to be oxidized than water due to the presence of
reactive hydroxyl groups. This approach enables a less energy-
intensive anodic reaction, while leveraging the renewable,
non-toxic, and high-energy properties of biomass.*’

The electrocatalytic oxidation of biomass-derived
compounds, particularly ethanol and glycerol, has garnered
considerable attention due to its potential to enable carbon-
neutral processes across various applications, including elec-
tricity generation via fuel cells, CO, conversion, and hydrogen
production through low-energy-input electrolyzers.**** Ethanol,
produced through the fermentation of biomaterials, and glyc-
erol, a low-value byproduct constituting approximately 10 wt%
of biodiesel production, are increasingly abundant due to the
rising demand for biodiesel."*** Leveraging the oversupply of
ethanol and glycerol offers a strategic opportunity to produce
valuable oxidized products.***® Consequently, the development
of durable, multifunctional electrocatalysts is essential for
optimizing the efficiency of these reactions in electrochemical
systems. These advanced electrocatalysts can enhance system
performance, reduce material and manufacturing costs,
simplify device design, and improve durability in energy
conversion technologies, addressing critical challenges in this
field."”*

Noble metals and their oxides, known for their exceptional
catalytic performance, are considered benchmark materials in
electrocatalysis. Among these, Pd-based catalysts are extensively
studied in alkaline media for their effectiveness in driving the
hydrogen evolution reaction (HER) and alcohol oxidation
processes.”?" The electrochemical properties of Pd closely
resemble those of Pt, including susceptibility to poisoning by
reaction intermediates during alcohol electrooxidation. In
addition, the high cost of Pd limits its commercial scalability,
posing a significant challenge to broader adoption in electro-
chemical applications. Developing efficient, cost-effective elec-
trocatalysts is therefore crucial for advancing electrolyzer
technologies.”” Enhancing atomic utilization through surface
property modifications can reduce the required amount of Pd
without compromising catalytic activity or stability.**** A key
strategy involves incorporating a secondary non-noble metal to
modulate Pd's electronic structure, significantly improving both
performance and economic viability.”® This multimetallic
approach leverages synergistic effects, enhancing catalytic
properties through electronic modulation. By integrating tran-
sition metals such as Ni, Sn, Cu, Fe, Zn, and Ag with Pd, the
dependence on noble metals can be reduced while significantly
improving electrocatalytic performance by geometric, strain
and ligand effects.>*?® In particular, Ni-based electrocatalysts
are notable for their electrochemical stability in alkaline envi-
ronments and cost-effectiveness, making them especially
promising for these applications.?”*® In alkaline solutions, the
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Ni(ur)/Ni(u) redox center exhibits significant catalytic efficiency
in oxidizing various small organic compounds.*=* Although
considerable research has focused on incorporating a second
metal to enhance electrocatalyst performance during the last
few years, challenges remain in minimizing metal usage and
expanding electrode applications. Developing multifunctional
electrocatalysts, especially bimetallic nanoparticles, requires
precise control over their properties to meet the specific kinetic
and thermodynamic demands of reactions within the electrol-
ysis process. Continued research is essential to fine-tune
nickel's role and its synergistic effects within bimetallic PdNi
systems for optimized electrocatalytic performance.'”>*>7:28:3>
Recently, Li et al.'”*>*"?%3 showed that the electrooxidation of
alcohols (ethanol, ethylene glycol and glycerol) can be catalyti-
cally tuned by incorporating two oxophilic metals, e.g. Sn and
Ag, to facilitate the desorption of organic intermediates in order
to improve the catalytic activity and durability, achieving a mass
activity 8 to 14 times higher for PdSnAg/C compared to mono-
metallic Pd/C. More specifically, the electronic interaction
between palladium and the other metals (nickel, tin, and silver)
leads to a modification of the electronic structure of the
multimetallic electrocatalysts, which exhibits a lower charge
transfer resistance and a less strong intermediate bond on the
catalyst surface after breaking the C-H and O-H bonds.

A significant challenge in nanoparticle surface engineering
is their tendency to aggregate, emphasizing the need for inno-
vative stabilization and functionalization strategies. These
strategies are crucial for maximizing their large surface area to
enhance catalytic activity and selectivity across various appli-
cations.*® Atomic Layer Deposition (ALD), with its self-limiting
growth mechanism through sequential binary reactions
between gaseous precursors and a substrate, offers a precise
method for conformally coating large-surface-area substrates
such as carbon plates, metal foams, nanotubes, porous alumina
membranes, and gas diffusion electrodes (GDEs) at the atomic
level.*=” This layer-by-layer deposition method enables the
design of customized electrocatalysts, overcoming the limita-
tions of indirect deposition methods like ionomer and binder
use, which often result in nanoparticle isolation and catalytic
site degradation.>*®*%°

To date, this is the first study to report palladium nano-
particles bridged between nickel species and carbon fibers in
gas diffusion electrodes by ALD and their subsequent conver-
sion into free-standing, electrocatalytically active multifunc-
tional electrodes with ultra-low metal content (20 pgpq cm >
and 47 ugpg.ni M >). Building on preliminary findings,3%04
we introduce here the ALD method for the precise deposition of
Pd nanoparticles and a NiO film (NiOX, X = 250 and 1000 cycles)
onto a GDE followed by thermal treatment (TT) to produce free-
standing and electrocatalytically active electrodes ready for use
in electrolyzers without further steps. This method produces
Pd/NiOX nanostructures (GDE-Pd/NiOX-TT, X = 250 and 1000
cycles), which exhibit significant improvements in catalytic
performance. Integrating NiO with the Pd nanoparticle matrix
lowers the onset potential and enhances reaction kinetics at
reduced overpotentials, with further improvements observed
post-treatment. These developments establish nanostructures

This journal is © The Royal Society of Chemistry 2025
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as multifunctional, free-standing electrocatalysts for the glyc-
erol and ethanol oxidation reactions (GOR and EtOR, respec-
tively), as well as the HER under alkaline conditions. Precise
tuning of the NiO layer thickness and bimetallic composition
reveals how reaction kinetics are influenced, offering deeper
insights into electrocatalytic performance.** Moreover, we
unveil a hybrid electrolyzer design where GDE-Pd/NiO1000-TT
serves dual roles as both the anode and the cathode, tailored
specifically for glycerol-fed and ethanol-fed electrolyzers. This
configuration enables simultaneous electro-synthesis of high-
value fuels and chemicals, generating hydrogen at the cathode
and organic compounds at the anode. The integrated GDE-Pd/
NiO1000-TT electrode significantly enhances the flow electro-
lyzer's efficacy, particularly by increasing electrocatalytic activity
at the anode for glycerol and ethanol conversion, while also
improving hydrogen production at the cathode. This investi-
gation presents a robust multifunctional catalyst, offering
a novel approach to energy-efficient hydrogen generation.

2. Experimental section

2.1. Materials and chemicals

AvCarb MGL190 carbon paper electrodes (190 um thickness)
from Fuel Cell Earth LLC (USA) were used for GDE-based
experiments. Chemical reagents, including palladium hexa-
fluoroacetylacetonate (Pd(hfac),, 95%) and bis(ethylcyclo-
pentadienyl)nickel (Ni(EtCp),, 98%), were purchased from
Sigma-Aldrich and Strem Chemicals, respectively. Isopropanol
(C3HgO, 99.5%) and glycerol (C3HgO3, >99.5%) were sourced
from Alfa Aesar. Absolute ethanol (C,Hs;OH, >99.9%) was
purchased from VWR International (Fontenay sous Bois,
France). Potassium hydroxide (KOH, 99.98% (metals basis)) was
procured from Acros Organics. A hydroxide anion exchange
membrane (AEM), Sustainion® X37-50 Grade RT (50 um dry
thickness), was procured from Fuel Cell Store (USA). The
membrane underwent activation in 1 M KOH for 24 hours at 22
+ 3 °C and was subsequently rinsed thrice with Milli-Q water.
For comparisons with a commercial catalyst, benchmark
20 wt% Pd on Vulcan XC-72, referred to as “Pd/C-Vulcan” (20
Wt%, 3-4 nm, catalyst BET surface area of ~200 m”> g~ ') was
purchased from Premetek Co., USA. N, (grade 4.5), Ar (grade
5.0), and 5% H, in Ar gases were sourced from Air Liquide,
France. Ultrapure water (18.2 MQ cm resistivity at 20 °C) from
a Milli-Q Millipore system and deionized water (>12 MQ cm
resistivity) were used consistently. All reagents and chemicals,
of analytical grade, were used as received without further puri-
fication. A standardized cleaning method* was applied to all
glassware used in the electrochemical experiments.

2.2. Nanocatalyst synthesis by ALD

Pd nanoparticles were grown on GDE (3 c¢cm high and 3 cm
width) substrates in a horizontal, low-pressure hot-wall reactor
via an ALD chemical reaction with sequential precursor expo-
sure. The Pd deposition process was based on Pd(hfac), and
formaldehyde as co-reactants. The canister containing formal-
dehyde was kept at room temperature. The canister containing

This journal is © The Royal Society of Chemistry 2025
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Pd(hfac), was maintained at 70 °C for injection of a sufficient
vapor pressure of the precursor molecules into the reactor. The
lines were heated at 100 °C to avoid any condensation. The
deposition chamber was set at 220 °C, a temperature carefully
selected to remain within the ALD window reported for the
Pd(hfac),/formaldehyde chemistry, ensuring self-limiting
surface reactions and avoiding undesired CVD-type
growth.**** The typical Pd-ALD cycle consists of a 5 s pulse of
Pd(hfac),, 15 s exposure, and 10 s purge, followed by a 1 s pulse
of formaldehyde, 15 s exposure and 60 s purge with Ar. The
synthesized electrodes are labeled as GDE-Pd. The nickel oxide
layers have been grown by ALD in a hot-wall Fiji 200 reactor
(Ultratech/Cambridge Nanotech) employing Ni(EtCp), and O3
as precursors. The reactor temperature was set to 250 °C,
consistent with the ALD window reported by Lu et al.** and the
Ni(EtCp), canister was maintained at 90 °C. Each ALD cycle
consisted of sequential pulses, exposure, and purge periods for
Ni(EtCp), and O3, with durations of 2:10:10 s and 0.2:10:
10 s, respectively. An argon flow was introduced into the
Ni(EtCp), canister for 1 s prior to the precursor pulse to enhance
the transport of reactive species towards the reactor. The ALD
process was performed under conditions optimized to ensure
surface saturation and uniform growth on the porous GDE
substrate. NiO coatings were deposited using either 250 or 1000
cycles to explore the effect of oxide loading on electrocatalytic
performance. These cycle numbers correspond to thicknesses
of 6 and 24 nm, respectively, as measured on planar Si wafers
placed alongside the GDE (GPC ~0.22 A per cycle, see Fig. S11).%*
These two thicknesses were targeted to get an ultra-thin layer (6
nm) and a thicker film (24 nm) with bulkier properties. After
deposition, the samples underwent thermal treatment in a 5%
hydrogen-argon gas atmosphere at 500 °C for 2 h, with the
temperature ramped at a rate of 10 °C per minute.

2.3. Physico-chemical characterization

To determine the thickness of the NiO films following ALD, in
situ spectroscopic ellipsometry (SE) measurements were per-
formed using an M-2000 V (J. A. Woollam Co). Curve fitting was
performed using CompleteEASE 5.10 software. The morphology
of the catalysts was evaluated using scanning electron micros-
copy (SEM) on a Hitachi S4800 microscope. Elemental distri-
bution was analyzed through energy-dispersive X-ray (EDX)
spectroscopy using a ZEISS EVOHD 15 microscope. The surface
structure of the catalysts was characterized by transmission
electron microscopy using a JEOL 2100F. Samples for TEM
analysis were dispersed in ethanol by ultrasonication and then
deposited onto a holey carbon film supported by a copper grid.
Bulk elemental quantification was conducted using inductively
coupled plasma optical emission spectrometry (ICP-OES) on an
Agilent 5110 VDV spectrometer. XPS analysis was performed on
a Kratos Axis Ultra (Kratos Analytical, UK). The spectrometer is
equipped with a monochromatic Al Ko source (1486.6 eV). All
spectra were recorded at a 90° take-off angle, with an analyzed
area of about 0.7 x 0.3 mm. Survey spectra were acquired with
a 1.0 eV step and 160 eV analyzer pass energy. The high-
resolution regions were acquired with a 0.1 eV step (0.05 eV
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for O 1s and C 1s) and 20 eV pass energy. A neutralizer was used
to perform the recording to compensate for the charge effects.
Curves were fitted using a Gaussian/Lorentzian (70/30) peak
shape after Shirley's background subtraction and using
CasaXPs software. The carbon C 1s is calibrated at 284.8 eV for
C-C and C-H bonds.

2.4. Density functional theory (DFT) calculations

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).” The exchange-correlation inter-
actions were treated within the generalized gradient approxi-
mation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional.*” Electron-ion interactions were described with the
projector augmented-wave (PAW) method.”®* A plane-wave
basis set with a kinetic energy cutoff of 400 eV was employed.
To improve the description of localized Ni 3d electrons, a Hub-
bard U correction was applied. An effective U value of U.gs = U —
J =53 eV (with U = 6.3 eV and J = 1.0 eV) was adopted,
following values reported in the literature.®® The pristine
Pd(111) surface was modeled by cleaving a (/13 x y/13) R13.9°
supercell slab from bulk face-centered cubic (fcc) palladium,
composed of five atomic layers (13 atoms per layer), with
a vacuum region of 15 A to avoid interaction between periodic
images. This specific supercell was chosen to minimize the
lattice mismatch with the NiO(111) overlayer, as the rotated /13
x /13 configuration provides a nearly commensurate interface
with low interfacial strain (~1-2%), enabling accurate struc-
tural and electronic modeling of the oxide-metal interface.
Similarly, the Ni-O layer was generated by cleaving a NiO(111)
surface from bulk NiO (fcc structure). The calculated equilib-
rium lattice constants were 3.88 A for Pd and 4.12 A for NiO.
During structural relaxations, the two bottom Pd layers were
kept fixed at their bulk positions, while the upper layers
including Ni-O atoms were fully relaxed until residual atomic
forces were below 0.02 eV A™' and the energy convergence
criterion was set to 10~° eV. Brillouin zone sampling was per-
formed using a 5 x 5 x 1 Monkhorst-Pack k-point mesh.
Dispersion interactions were considered using the DFT-D3
method of Grimme.** Electronic properties were analyzed via
the projected density of states (PDOS), and the d-band center
(e_d) was calculated according to:

¢4 = [E.DOS4(E)AE/ [DOS(E)AE

where DOS4(E) represents the density of d-states at energy E.
Bader charge analysis was also performed to quantify the
electron transfer between the Ni-O layer and the Pd atoms.

2.5. Electrochemical characterization in a half-cell

All electrochemical characterization studies were performed
using an SP-150 potentiostat from Biologic Science Instru-
ments. The catalytic capabilities of GDE-Pd/NiOX and GDE-Pd/
NiOX-TT (X = 250 and 1000 cycles) electrodes for the GOR,
EtOR, and HER were evaluated in a standard three-electrode cell
with a single compartment. This setup included the GDE-Pd/
NiOX electrode (0.5 cm x 1 cm) as the working electrode,
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a glassy carbon electrode (5 cm?®) as the counter electrode, and
a mercury/mercury oxide (Hg/HgO, MOE) as the reference
electrode. To test the commercial 20 wt% Pd/C catalyst, under
identical metal loading conditions onto a GDE as the as-
synthesized GDE-Pd (see Table S21 to reach 32 pgpq cm 2),
a catalytic ink was prepared by ultrasonically mixing 130 pL MQ
water, 50 pL iPrOH, 20 uL Nafion® suspension and 1 mg catalyst
before drop-casting a suitable volume onto each face of a bare L-
shaped GDE of similar size (0.5 cm x 1 c¢cm) to reach 32 pgpq
cm 2. Electrochemical measurements were taken in 1 M KOH
solution, saturated with Ar and containing 1 M glycerol for the
GOR or 1 M ethanol for the EtOR, at a temperature of 25 °C. To
activate and stabilize the electrodes, cyclic voltammetry (CV)
was executed over 19 cycles at a scan rate of 100 mV s~ '. HER
assessments were conducted via linear sweep voltammetry
(LSV) at a scan rate of 5 mV s~ '. Furthermore, potentiostatic
electrochemical impedance spectroscopy (EIS) analysis span-
ned frequencies from 100 kHz to 100 mHz at various potentials.
The study standardizes all potentials to the reversible hydrogen
electrode (RHE) scale for uniformity and ease of comparison,
using the conversion formula E(V vs. RHE) = E(V vs. MOE) +
0.92. The reported potentials are not corrected for ohmic drop
(the ohmic resistance was approximately 2.6 © cm?).
Long-term HER stability was determined in a two-
compartment H-type cell (1 M KOH electrolyte, 2 cm® GDE-Pd/
NiO1000-TT electrode as the working electrode area, 10 cm?
glassy carbon as the counter electrode, Sustainion® X37-50
Grade RT hydroxide AEM as the separator, temperature of 25
°C, with periodic electrolyte renewal of both the anolyte (40 mL)
and the catholyte (40 mL)). We implemented the galvanostatic
method at an applied current of |[I,pp1| = 100 mA (corresponding
to a current density of |juppl| = 50 mA cm ™). We implemented
ICP-OES analysis to track possible Ni and/or Pd dissolution.

2.6. Long-term electrolysis in a hydroxide AEM based H-type
cell and high-performance liquid chromatography (HPLC)

Long-term bulk electrolysis for the GOR and product distribu-
tion analysis was conducted in a two-compartment H-type cell.
The setup utilized a multi-channel VSP-3e potentiostat (Biologic
Science Instruments) at an applied current of 10 mA cm ™ for
a duration of 12 hours. The anodic compartment, containing a 1
cm? GDE-Pd/NiO1000-TT electrode, was filled with 1 M KOH
and 1 M glycerol (40 mL), while the cathodic compartment
housed a 1 em”® GDE-Pd/NiO1000-TT electrode in 1 M KOH (40
mL). The two compartments were separated by a Sustainion®
X37-50 Grade RT hydroxide AEM, with anode and cathode
potentials monitored during galvanostatic operation by insert-
ing a miniature reference electrode (RHE, MiniHydroFlex®, Bio-
Logic) in each compartment. Glycerol electrooxidation products
were identified and quantified using HPLC on a Dionex ICS-
1000 system. Organic acids were separated by pK, using a BP-
OA Benson 2000-0 column and detected at 210 nm with a UV-
vis detector. The injection volume was set to 25 pL, with an
eluent of 25 mM H,SO, flowing at 0.4 mL min~". Separation was
achieved based on retention times, with product quantification
via peak area analysis. Calibration curves for expected reaction

This journal is © The Royal Society of Chemistry 2025
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products, including oxalic acid, tartronic acid, glyceric acid,
glycolic acid, and formic acid, were established with concen-
trations from 0.05 mM to 2 mM, showing linear regression (R> >
0.999). To protect the column's stationary phase, samples were
diluted with ultrapure water to reduce alkalinity.

2.7. Zero-gap hydroxide AEM based electrolyzer

Zero-gap hydroxide AEM-based electrolyzers, controlled by an
SP-150 potentiostat (Biologic Science Instruments) equipped
with a 10 A/20 V booster (VMP3B-10, Biologic Science Instru-
ments), were utilized for the electrolysis of biomass-derived
compounds. Integrated heating elements and a thermocouple
within the end plates facilitated precise temperature control.
The electrolysis cell's total active area spanned 5 cm?, with pairs
of GDE-Pd/NiO1000-TT electrodes acting as multifunctional
electrocatalysts, positioned on either side of the AEM. The cell
assembly underwent mechanical compression and temperature
stabilization at 25, 50 and 70 °C. Operational parameters
included a catholyte flow rate of 45 mL min " using 1 M KOH
and an anolyte flow rate of 23 mL min~" with a mixture of 1 M
KOH and 1 M glycerol (or 1 M ethanol), propelled by gear
pumps. Both recirculation solutions were temperature-
regulated in a water bath at the same temperature (i.e., 25, 50
or 70 °C). Electrochemical performance assessment utilized two
methodologies: LSV at a scan rate of 0.05 V s~' and potentio-
static evaluation with 0.1 V potential steps for varied durations.
Hydrogen output was quantified using the water displacement
technique, allowing real-time measurement of hydrogen
production when a consistent current (250 mA, equivalent to 50
mA cm > for comparative analysis across all electrodes) was
applied. The observed hydrogen flow rates were calculated and
contrasted with theoretical values predicted using Faraday's
law. The activation energy (E,) for the GOR was determined by
measuring the temperature dependence (25, 50 and 70 °C)
using a thermal bath system. Assuming that charge transfer
resistance follows a thermally activated process, its sensitivity to
temperature can be analyzed using the Arrhenius equation:

E
In R, = R;"

—1In RO (1)

where R, is the charge transfer resistance at a specific potential,
R is the universal gas constant, T is the temperature in Kelvin,
and E, is the apparent activation energy. E, can be determined
from the slope of a linear plot of In R versus T~ "%

3. Results and discussion

3.1. Synthesis and characterization

GDE-Pd/NiOX (X = 250 and 1000 cycles) electrodes were fabri-
cated by successive ALD of Pd and NiO.***>** After deposition,
the samples were thermally treated under a 5% hydrogen-argon
atmosphere at 500 °C, to enhance crystallinity, promote alloy-
ing, and remove residual organics from the ALD process while
preserving nanoparticle dispersion. Previous studies on Pd/Ni
based nanocatalysts have shown that lower temperature treat-
ments (~200 °C) effectively reduce PdO to metallic Pd but are
insufficient to promote alloying or substantial surface

This journal is © The Royal Society of Chemistry 2025
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activation. Increasing the treatment temperature to 500 °C
enables enhanced crystallinity and partial Pd-NiO alloy
formation.** Supporting studies reported that Pd nanoparticles
treated at 500 °C exhibited only a slight increase in average size
and retained a high particle density, consistent with Ostwald
ripening as the dominant sintering mechanism. In contrast,
annealing at higher temperatures (e.g., 750 °C) led to substan-
tial coalescence, particle growth, and loss of active surface
area.” Scanning electron microscopy (SEM) was employed to
analyze the morphology of particles and films on the GDE both
before and after thermal treatment, as shown in Fig. 1 and S2-
3.7 Before thermal treatment, Pd nanoparticles were embedded
within a NiO layer covering the carbon fibers. As illustrated in
Fig. S2,T increasing the NiO deposition cycles from 250 to 1000
resulted in enhanced film coverage on carbon fibers, consistent
with ALD's self-limiting nature that allows precise control over
film thickness. Comparing Fig. 1a and c, the latter displays
a more granular and dense morphology with agglomeration,
likely due to increased NiO thickness promoting particle coa-
lescence from higher surface energy and decreased surface area-
to-volume ratio. Although the three-dimensional (3D) GDE
substrate offers a high surface area—advantageous for electro-
catalysis due to increased active sites—it is susceptible to
nanoparticle agglomeration and sintering, which reduce the
surface area and power capabilities.*® Additionally, the carbon
substrate may influence growth behavior due to its lack of
hydroxyl (-OH) functional groups, which are typically required
for initiating ALD reactions through surface adsorption. This
could lead to preferential growth on previously deposited NiO
layers, forming particles rather than a continuous film. After
treatment, partial reduction and restructuring of the NiO layer
lead to the coexistence of NiO and metallic Ni on the surface,
forming a mixed oxide-metal interface, as evidenced by EDS
mapping in Fig. S3,f which highlights a reduction in oxygen
content. These morphological changes are attributed to dew-
etting phenomena and restructuring of the NiO/Ni layer. High-
temperature dewetting causes the continuous NiO film to break
into isolated islands or particles, resulting in a more granular
morphology and the redistribution of Pd nanoparticles. The
transformation mechanism, described by Richardson et al.,”
involves hydrogen dissociating on Ni atoms adjacent to oxygen
vacancies, facilitating Ni-O bond rupture and water desorption,
which promotes nucleation and growth of Ni. The reaction
progresses auto-catalytically as Ni clusters grow into larger
crystallites. Surface water vapor, influenced by sample geom-
etry, modulates the reaction rate, highlighting the interplay
between molecular processes and morphological outcomes.>®
Elemental mapping complemented these findings by illus-
trating the spatial distribution of Ni, Pd, O, and C. The presence
of carbon, as expected, was attributed to the GDE structure,
mirroring the elemental distribution patterns observed in SEM-
based imaging (Fig. S3 and Table S17). The absence of detect-
able Ni in EDX mapping within the GDE-Pd/NiO250 sample
before thermal treatment likely results from the extremely thin
and uniformly dispersed NiO layer produced by ALD, especially
at lower cycle counts since Ni is visible on GDE-Pd/NiO1000.
This thin, highly dispersed layer can lead to Ni concentrations
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Fig. 1 SEM images of GDE-Pd/NiO, (before and after thermal treatment) deposited on a GDE (3 x 3 cm?) at different thicknesses: (a) GDE-Pd/
NiO250, (b) GDE-Pd/NiO250-TT, (c) GDE-Pd/NiO1000, and (d) GDE-Pd/NiO1000-TT.

below the detection threshold of EDX (Tables S1-2+). Following
thermal treatment, the reduction and aggregation of NiO into
larger metallic Ni particles increase both the local Ni concen-
tration and particle size, making them detectable in post-
treatment EDX mapping (Fig. S37).

Further detailed investigations into the structural and
morphological properties of the bimetallic GDE-Pd/NiO
samples were conducted using transmission electron micros-
copy (TEM), employing a scratching technique. As outlined in
Fig. 2, TEM analysis for GDE-Pd/NiO250-TT revealed that Pd
nanoparticles were embedded within a NiO film, with thickness
varying across the sample, showcasing a wide range of particle
sizes from 5 to over 10 nm (Fig. 2a1-a2). The presence of Pd
nanoparticles on the surface after thermal treatment indicates
that the high-temperature reducing atmosphere facilitates
structural rearrangements, leading to the formation and redis-
tribution of nanoparticles. The thermal energy provided during
treatment allows for atom mobility, promoting the nucleation
and growth of Pd nanoparticles within the NiO matrix. The NiO
layer, predominantly found on the surface, exhibits a differen-
tial deposition pattern that likely influences the electrode's
overall electrochemical performance. The non-uniform depo-
sition of the NiO layer can affect the accessibility of Pd nano-
particles to reactants and the overall conductivity of the
electrode.

In the reduced layer of the GDE-Pd/NiO1000-TT variant,
there was not only a reduction in aggregation but also an
increase in the uniformity of nanoparticle sizes, with smaller
particles being more prevalent. This observation could be
explained by the thermal treatment under a hydrogen atmo-
sphere, which may partially reduce NiO to metallic Ni. This

J. Mater. Chem. A

partial reduction could stabilize the nanoparticles and mitigate
aggregation through strong metal-support interactions, poten-
tially inhibiting particle coalescence. These detailed TEM
observations provide crucial insights into the structural evolu-
tion and its impact on the functionality of the electrodes,
particularly after thermal treatment. Understanding the
morphological changes and the interactions between Pd and Ni
(or NiO) at the nanoscale is essential for optimizing the elec-
trocatalytic properties of the electrodes. The size, distribution,
and composition of the nanoparticles directly influence the
catalytic activity and stability, as they affect adsorption energies,
electron transfer rates, and the availability of active sites.
X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the electronic structure and chemical states of Pd and
Ni in both configurations (monometallic and bimetallic after
thermal treatment). Fig. S41 shows the survey spectra, high-
lighting the presence of Pd, Ni, O, and C elements in GDE-Pd,
GDE-NiO1000-TT, and GDE-Pd/NiO1000-TT samples. The
high-resolution XPS spectra of the GDE-NiO1000-TT sample
revealed a primary peak corresponding to Ni 2p3/,, along with
characteristic satellite peaks around 855 eV adjoining the main
peaks, owing to the multi-electron excitations. These main
peaks were further deconvoluted into sub-peaks indicative of
various oxidation states, including metallic nickel (Ni%) at
852.73 eV and nickel oxide and hydroxide species (Ni**O and
Ni*"(OH),) at 855.69 €V.*>* Similarly, the GDE-Pd sample
exhibited two principal peaks corresponding to Pd 3ds,, and Pd
3dj3/,, which were further resolved into spin-orbit peaks repre-
senting both metallic palladium (Pd°) at binding energies of
335.12 and 340.21 eV and palladium oxide species (Pd** and
Pd*") at 336.18 and 341.49 eV, respectively (Fig. 3).***' The

This journal is © The Royal Society of Chemistry 2025
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Fig.2 TEM images of (al-a2) GDE-Pd/NiO250-TT and (b1-b2) GDE-Pd/NiO1000-TT.

coexistence of metallic Pd and oxidized Pd species indicates
that Pd is partially oxidized, possibly due to exposure to air or
residual oxygen during the deposition.

XPS analysis of bimetallic GDE-Pd/NiO1000-TT electrodes
reveals significant differences compared to monometallic
samples. The electrodes display combined features of both Pd
and Ni peaks with minor alterations in peak positions and
intensities showing the partial reduction. Interactions between
Pd and Ni atoms lead to a redistribution of electron density due
to electronic hybridization and possible alloy formation,
modifying the electronic structure. This manifests as shifts in
binding energies and changes in peak shapes in the XPS
spectra, also evidenced by shifts in peak positions in XRD
results (Fig. S51). In the bimetallic samples, the characteristic
Pd 3ds, and 3ds, peaks remain, while sub-peaks

—— GDE-Pd
—— total
—— Background

b —— GDE-NiO1000-TT

corresponding to oxidized Pd species are significantly dimin-
ished or absent (PdO, species). This suggests a reduction of Pd
oxides and a homogenization of Pd electronic states, likely due
to partial alloy formation with Ni and the reductive effect of
thermal treatment under hydrogen. For Ni, the 2p;, peaks
remain, but the sub-peaks indicative of the metallic Ni show
reduced intensity relative to the monometallic Ni sample. This
suggests partial oxidation of Ni or a decreased proportion of
metallic Ni in the bimetallic system. The presence of Pd
contributes to this effect through electronic interactions that
alter the local electronic environment and oxidation states of Ni
atoms. Possible electron transfers from Ni to Pd in the alloy
could lead to slight Ni oxidation and Pd reduction, modifying
their chemical states. The thermal treatment restructures the
NiO layer and redistributes Pd nanoparticles, affecting the

—— total
—— Background

. N A
Satellite VX i

—— GDE-Pd/NiO1000-TT 3ds,
—— total "\
—— Background

Intensity (cps)

Intensity (cps)

—— GDE-Pd/NiO1000-TT

——total

—— Background
Satellite

T T T | T T T T T =

[ [ [ I | [ | | [ [ [ 7T
348 346 344 342 340 338 336 334 332 868 866 864 862 860 858 856 854 852

Binding Energy (eV)

T

850

T T T T T T | T

Binding Energy (eV)

Fig. 3 High-resolution XPS spectra of the GDE-Pd/NiOX material: (a) Pd 3d XPS spectra of GDE-Pd (top) and GDE-Pd/NiO1000-TT (bottom),
and (b) Ni 2p XPS spectra of GDE-NiO1000-TT (top) and GDE-Pd/NiO1000-TT (bottom).
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electrode's stability and activity. Morphological trans-
formations lead to a more uniform distribution of smaller
nanoparticles across the substrate, as evidenced by SEM and
TEM analyses. This uniform dispersion increases the active
surface area, enhances mass transport, and reduces particle
aggregation during operation, thereby improving catalytic effi-
ciency and stability.

We next sought to support the experimental observations of
the palladium electronic environment modification induced by
the incorporation of NiO by DFT calculations. Specifically, the
Pd(111) surface (representative of the synthesized palladium
nanoparticles) was modelled, either with a NiO overlayer or with
a Ni-O layer intercalated between two Pd(111) layers. The elec-
tronic structure analysis of Fig. 4a revealed that for pristine
Pd(111), the d-band center is located at —1.72 eV. Upon depo-
sition of a NiO layer directly on top of the Pd(111) surface, the d-
band center shifts significantly to —2.11, thus supporting the
modification of the electronic structure of palladium. Such
a PA@NiO core-shell structure models the first scenario where
reduction heat treatment (as in electrochemical applications)
does not affect atom diffusion or surface reorganization. It
should be noted that Pd was first deposited on a GDE, followed
by NiO deposition and then reduction heat treatment.

In the second scenario, where heat-driven reduction (as well
as electrochemical applications) would result in atom diffusion
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or surface reorganization, which is likely, the surface structure
could be modeled using Pd@NiO@Pd as well as PdNi,@-
NiO@Pd. So, Fig. 4b shows that when the NiO layer is inserted
beneath the uppermost Pd(111) layer, the d-band center of the
topmost Pd atoms is found at —1.96 eV, while that of the Pd
atoms situated below the Ni-O layer (third layer) further shifts
to —2.30 eV. Both d-band center positions are negatively shifted.
Furthermore, Fig. 4c and d show the Bader charge density
difference illustrating the redistribution of electronic density
upon the addition/intercalation of the NiO layer over/in the
Pd(111) surface. Significant electron accumulation is observed
at the NiO/Pd interface, while depletion appears around the Ni
atoms and the Pd atoms just below the Ni. This indicates strong
interaction between Pd and the underlying NiO species. Alto-
gether, these DFT results corroborate the XPS findings,
demonstrating that NiO incorporation induces significant
electronic modulation of Pd, which can directly influence its
catalytic behavior.

3.2. Electrochemical characterization and analyses

3.2.1. Electrocatalytic HER performance. The electro-
chemical characterization of various electrocatalysts was con-
ducted using cyclic voltammetry (CV) at a potential scan rate of
100 mV s~ ' (Fig. S6). This procedure was conducted in a 1 M
KOH electrolyte at 25 °C. As shown in Fig. S6,1 for the GDE-Pd
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Fig. 4 DFT calculations. Projected density of states of Pd atoms: (a) surface Pd d-bands before and after the deposition of the NiO layer and (b)
Pd d-bands above and below the NiO sandwich layer. The colored dashed lines indicate the position of d-band centers. Bader charge density
difference isosurfaces (the isosurface value is set to 0.004) illustrating the distribution of electronic density for (c) the NiO layer on top of Pd layers
and (d) the NiO layer sandwiched between Pd layers. Red, purple and grey colored balls present O, Ni and Pd atoms, respectively.
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sample, the CV profile shows Pd characteristics, with Pd
oxidation at around 0.70 V vs. RHE and PdO reduction to Pd at
about 0.65 V vs. RHE.*” In GDE-NiOX deposited samples, redox
peaks for the Ni(m)/Ni(u) couple appear between 1.3 and 1.4 Vvs.
RHE.® The bimetallic GDE-Pd/NiOX samples combine features
of both Pd and Ni,**** with enhanced redox peak intensities
after thermal treatment. Following the CV activation, the elec-
trocatalytic performance of different GDE-based catalysts
towards the HER was evaluated through linear sweep voltam-
metry (LSV), with overpotential (n) measurements taken at
a current density of |j| = 10 mA cm 2. A slow sweep rate of 5 mV
s~ was employed to ensure quasi-steady-state conditions and
to minimize the influence of capacitive current. The LSV curves
in Fig. 5a reveal that single metal-based electrodes (e.g., GDE-Pd
and GDE-NiO1000 at 0.4 and 0.46 V vs. RHE, respectively)
exhibit higher overpotentials compared to bimetallic-based
electrodes (e.g., GDE-Pd/NiO1000 at 0.27 V vs. RHE). This
highlights the synergistic effect of introducing NiO into Pd-
based electrodes. The addition of NiO modifies the electronic
structure of Pd (shift in binding energy evidenced by XPS
analysis), facilitating more efficient hydrogen adsorption and
desorption processes, as evidenced by the shift in the LSV curve
towards lower overpotentials in the presence of NiO. Thermal
treatment plays a critical role in transforming the structure and
optimizing the performance of GDE-Pd/NiOX electrodes.
Specifically, treated bimetallic catalysts, GDE-Pd/NiO250-TT
and GDE-Pd/NiO1000-TT, exhibited lower overpotentials (0.29
and 0.26 V vs. RHE, respectively) to achieve the benchmark
current density of |j| = 10 mA cm™? compared to their non-
treated counterparts (0.31 and 0.27 V vs. RHE, respectively).
Post-treatment, the nanoparticles become smaller and more
evenly distributed across the substrate, forming a nano-
structured arrangement that substantially increases the
surface area available for catalytic activities. The formation of
an Ni/NiO layer and redistribution of the Pd particles during
thermal treatment further stabilizes the nanoparticles, pre-
venting agglomeration and enhancing catalytic activity by
providing additional active sites and improving catalytic activity
and stability (Fig. 5b). Electrochemical impedance spectroscopy
(EIS) analyses (Fig. 5c) further support these findings, where
lower charge-transfer resistances correspond to the thermally
treated bimetallic sample, signifying an improved electron
transfer process, which is essential for efficient catalysis and
coincides well with the overpotential values for the HER (gath-
ered in Table S31). EIS fitted data are reported in Table S3,T in
which the equivalent electrochemical circuit was Rg + Qcpg//Ret,
where Rg, is naturally the total ohmic resistance (cell resistance),
R is the charge transfer resistance, and Qcpg is the capacitance
of the constant phase element. To describe the reaction mech-
anism, the R.-based Tafel plots from EIS were also obtained.
The Tafel slope of 119-168 mV dec™ ' (Fig. S71) indicates that
they undergo the Volmer-Heyrovsky HER mechanism and the
initial adsorption of hydrogen atoms from water splitting on the
catalyst surface would be the rate-determining step (H,O + e~
— Hpas) + OH™, Volmer reaction).

3.2.2 Electrocatalytic EtOR performance. The electro-
oxidation of ethanol holds significant potential in biomass-fed

This journal is © The Royal Society of Chemistry 2025
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electrolyzers and direct alcohol fuel cells due to its dual role in
energy conversion and chemical synthesis.®**” This process not
only generates electrical energy but also produces valuable
chemicals. To enhance efficiency and simplify system configu-
rations, the development of multifunctional electrodes capable
of facilitating multiple reactions at both the anode and the
cathode concurrently is crucial.>**® Motivated by these
requirements, we applied the GDE-Pd/NiO catalyst to the EtOR.
The performance was assessed using CV in a three-electrode
setup with an electrolyte of 1 M KOH and 1 M ethanol at
a sweep rate of 50 mV s !, as shown in Fig. 5d-f and S8at
(forward scan for clear observation).

Ethanol oxidation initiates with the adsorption of hydroxyl
species (M-OH,q4s) and ethanol-derived species (M-CH;CH,-
O.qs) on the catalyst surface, proceeding through two primary
pathways: the poisoning-intermediate (CO) pathway and the
reactive-intermediate pathway.

CO pathway:

CH;CH,0H — CH3CHO, 4 — CO,4s, CH, 445 = CO, or CO5>~

Reactive-intermediate pathway:

CH3CH20H i CH3CHOad5 -
CH;CHO/CH;COOH or CH3;COO™

In the process of the EtOR, the formation of CO species severely
limits the utilization efficiency and durability of the catalysts.
CO can strongly adsorb onto the catalyst surface, blocking active
sites and hindering catalytic activity. Therefore, according to
the bifunctional mechanism valid for palladium-nickel cata-
lysts, nickel promotes the formation of OH,q4s Species at low
potentials for high CO tolerance by quickly scavenging the
adsorbed CO species and leading to enhanced catalytic effi-
ciency for the EtOR.°>**7* The reactive-intermediate pathway
involves the formation of acetaldehyde (CH;CHO) and acetic
acid (CH3;COOH) as intermediates, which are further oxidized to
CO,.”> This pathway is favored by the presence of sufficient
OH, 45 species, which assist in the removal of hydrogen atoms
from the ethanol molecule and its intermediates, facilitating
oxidation without forming strongly adsorbed CO intermediates.
NiO can adsorb water molecules and facilitate their dissociation
to generate OH, 45 species through the formation of Ni(OH), and
NiOOH, which are essential for the oxidation of ethanol and the
removal of poisoning intermediates.”” In contrast, the
poisoning-intermediate pathway involves the formation of CO
as an intermediate, which can strongly adsorb onto the catalyst
surface and block active sites, reducing the overall catalytic
efficiency. To sum up, according to the bifunctional mecha-
nism, the surface hydroxyl (OH.qs) species or the oxygen-
containing species such as NiO can facilitate the incomplete
ethanol oxidation to acetic acid and CO,. Additionally, the anti-
poisoning properties of NiO (by promoting the dissociative
adsorption of water molecules and subsequent oxidative
removal of CO intermediates) reduce the accumulation of
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Fig. 5 Electrochemical performance of the as-synthesized GDE-Pd/NiOX and commercial Pd/C electrodes. (a) LSV curves for the HER (5 mV
571, 1 M KOH, and 25 °C). (b) Chronopotentiometry at a current density of il =10 mA cm™2. (c) Nyquist impedance plots at —0.18 V vs. RHE for the
HER, (d and e) forward scans of the CV for the EtOR, with current density normalized to the geometric area (d) and metal loading (e), recorded at
a scan rate of 50 mV st in 1 M ethanol and 1 M KOH at 25 °C. (f) Nyquist impedance plots at 0.42 V vs. RHE for the EtOR. (g and h) Forward scans
of the CV for the GOR, with current density normalized to the geometric area (g) and metal loading (h), recorded at a scan rate of 50 mV s tin1 M

glycerol and 1 M KOH at 25 °C. (i) Nyquist impedance plots at 0.67 V vs.

poisoning intermediates on the catalyst surface and maintain
high catalytic activity over prolonged periods.**”*

As shown in Fig. 5d, the bimetallic electrodes demonstrated
a higher current density and a lower onset potential of
approximately 0.30 V vs. RHE compared to the GDE-Pd elec-
trode, which exhibited an onset potential of around 0.42 V vs.
RHE. The enhanced electrocatalytic performance of the bime-
tallic GDE-Pd/NiO electrodes is due to the synergistic interplay
between Pd and NiO components. The formation of Ni(OH),
and NiOOH from NiO enhances the generation of OH,gs,
improving CO tolerance, while Pd efficiently adsorbs and
oxidizes ethanol. Fig. 5e displays the current density normalized
by Pd content (Table S4} gathers the peak current density
normalized by either the geometric surface area or the

J. Mater. Chem. A

RHE for the GOR. Potentials are ohmic-drop uncorrected.

estimated electrochemically active surface area (ECSA) of Pd),
revealing the intrinsic catalytic activity of the electrodes. After
normalizing for metal loading, the bimetallic electrodes out-
performed GDE-Pd, underscoring the catalytic efficiency and
superior Pd utilization achieved through Pd/NiO synergy.
Furthermore, as demonstrated by EIS (Fig. 5f), the bimetallic
electrodes exhibit enhanced electron transfer during the
oxidation process, reflected in lower charge transfer resistance,
thereby boosting catalytic activity.®** This integration enhances
the electrocatalytic properties, facilitating more efficient
ethanol oxidation and contributing to the overall effectiveness
of the energy conversion process. Thermal treatment further
augments these effects by ensuring a uniform nanoparticle
distribution, enhanced structural integrity and most
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importantly, the formation of Ni/NiO. This results in a more
efficient, stable, and effective electrocatalyst for ethanol oxida-
tion in biofuel applications and sustainable energy conversion
technologies. Additionally, the peak current density for the
thermally treated GDE-Pd/NiOX-TT electrodes was notably
higher and occurred at a reduced potential of 0.6 V vs. RHE,
compared to the untreated GDE-Pd/NiOX electrodes, which
peaked at 0.7 V vs. RHE. This enhancement in electrocatalytic
performance can be attributed to the structural and composi-
tional modifications induced by thermal treatment, which lead
to several synergistic effects that improve the efficiency of the
EtOR. This reduction in peak potential signifies a more efficient
catalytic process. Such a shift indicates that thermal treatment
did not result in a unique phase PdNi alloy, as XPS and TEM
results suggest, but rather led to a heterogeneous structure
composed of PdNi with segregated phases of Pd and Ni. This
configuration not only improves the dispersion of nanoparticles
but also enhances the interaction between the reactant mole-
cules and the catalytic species. The optimized electronic struc-
ture facilitates better adsorption and activation of ethanol,
significantly reducing energy input requirements and
enhancing the overall efficiency of the electrochemical system.

3.2.3 Electrocatalytic GOR performance. It appears that
alcohols with more adjacent hydroxyl groups tend to exhibit
higher activities.”” Furthermore, monohydric alcohols have
a smaller number of hydroxyl groups compared with diols and
tri-alcohols at the same concentration, leading to the lower
activity of ethanol and methanol compared with ethylene glycol,
1,2-propanediol, and glycerol.”> Motivated by the promising
ethanol oxidation activity of the previously discussed electro-
catalysts, we further explored their application for glycerol
oxidation, which involves a similar anodic proton/electron
transfer process. Glycerol, with its high reactivity attributed to
adjacent hydroxyl groups, can be oxidized to various valuable
industrial intermediates/products.” The electrocatalytic activi-
ties of the electrodes for the GOR were evaluated using CV in
a three-electrode setup with an electrolyte of 1 M KOH and 1 M
glycerol at a sweep rate of 50 mV s~ ', as presented in Fig. 5g-h
and S8b.T

As a polyol, glycerol undergoes complex, multi-step oxida-
tion pathways involving multiple C-H and C-C bond cleavages
at high potentials**7” and thus requires a high density of
accessible and active catalytic sites for efficient conversion. The
role of the NiOOH/Ni(OH), redox couple is crucial in such
processes occurring above 1.3-1.4 V vs. RHE (Fig. S6b¥),
meaning that this is valid only for monometallic Ni electrodes.
According to the literature, this couple facilitates the so-called
chemical-electrochemical mechanism for polyol oxidation,
including glycerol.®*”® Under anodic polarization, Ni(OH), is
converted to NiOOH, which then acts as an active oxidizing
species, assisting in the dehydrogenation and subsequent
oxidation of adsorbed glycerol intermediates, which is known
as mediated electrocatalysis. In situ FTIR spectroscopy, as re-
ported by Oliveira et al.,”® has further confirmed that the
formation of NiOOH coincides with the onset of glycerol
oxidation (Fig. S6b vs. S8t) and the emergence of oxidation
products. Thus, the presence of NIOOH/Ni(OH), species on the
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catalyst surface enhances the oxidation kinetics by promoting
adsorption and activation of glycerol, facilitating the cleavage of
C-H and C-C bonds, and preventing poisoning from organic
intermediates.

As shown in Fig. 5g, the incorporation of NiO into the Pd-
based electrode followed by thermal treatment leads to
a marked enhancement in GOR activity, which is explained by
the aforementioned bifunctional mechanism. Indeed, within
a palladium-nickel based electrode material, nickel promotes
the formation of OH,qs species at low potentials (0.3-1 V vs.
RHE) for direct electrooxidation instead of the mediated elec-
trocatalysis that needs a potential of 1.2-1.4 V vs. RHE, where
NiOOH/Ni(OH), is formed (Fig. S6b vs. S8t). The onset potential
for glycerol oxidation on GDE-Pd is approximately 0.42 V vs.
RHE, with a peak current density of 11 mA cm™>. The catalytic
activity of this electrode is enhanced by the presence of NiO,
which improves both the onset potential and peak current.
Specifically, the onset potential for GDE-Pd/NiO1000 is reduced
to approximately 0.32 V vs. RHE, while the peak current density
increases significantly to 37 mA cm ™. After thermal treatment,
the onset potential decreases to 0.30 V vs. RHE, and the peak
current density increases two times (79 mA cm™?), indicating
substantial improvement in electrocatalytic performance.

These improvements can be attributed to several factors. The
electrochemically active surface area (ECSA) increases after NiO
incorporation and thermal treatment, as shown in Table S4.F
The ECSA quantifies the effective surface area available for
electrochemical reactions by estimating the coulombic charge
associated with the reduction of palladium oxide in CV curves.*
A larger ECSA means more available active sites for the GOR,
contributing to higher catalytic activity. NiO acts as an elec-
tronic promoter, enhancing charge transfer between the cata-
lyst and glycerol molecules. The electronic properties of the
catalyst enhanced by incorporation of NiO and thermal treat-
ment result in a more uniform distribution of Pd and Ni
nanoparticles. This uniformity ensures accessible active sites
and efficient handling of reaction intermediates. The well-
dispersed NiO layer surrounding the Pd nanoparticles stabi-
lizes the catalyst by preventing agglomeration, maintaining
a high surface area and catalytic activity. In contrast, untreated
GDE-Pd/NiOX electrodes show higher onset potentials and
lower catalytic activity due to agglomerated and unevenly
distributed Pd and NiO particles. The amorphous NiO layer
formed during thermal treatment stabilizes the nanoparticles
and enhances performance. These enhancements are further
confirmed by EIS measurements, as shown in Fig. 5i and Table
S5.1 The Nyquist plots reveal that the thermally treated bime-
tallic electrodes exhibit a lower charge transfer resistance,
indicated by a smaller semicircle radius (Fig. 5i), compared to
untreated electrodes. A lower radius of the semicircle corre-
sponds to higher charge transfer efficiency, demonstrating
improved electron transfer between the catalyst surface and
glycerol molecules. These findings demonstrate that optimized
bimetallic compositions and thermal treatment significantly
improve the performance of electrocatalysts for glycerol oxida-
tion, highlighting the importance of catalyst design and post-
treatment processes in sustainable energy applications.
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3.2.4 Stability tests and GOR electrooxidation pathways in
an H-type cell. To further evaluate the long-term durability of
the GDE-Pd/NiO1000-TT electrocatalyst under extended elec-
trochemical operation, a 68-hour galvanostatic operation was
conducted at an applied current |Ippjiea| of 100 mA (corre-
sponding to a current density |fappliea] Of 50 mA cm %) under
HER conditions. The experiment was carried out in an H-type
electrochemical cell, in which the anode and cathode
compartments (each containing 1 M KOH) were separated by
a Sustainion® X37-50 Grade RT anion exchange membrane. The
electrolytes were periodically refreshed and preserved for post-
mortem ICP-OES analysis. As shown in Fig. 6a, a slight
increase in potential is observed during the initial phase of
electrolysis, which may be attributed to transient effects such as
hydrogen bubble accumulation at the electrode surface and the
intrinsic hydrogen absorption capability of Pd, slightly
hindering catalytic activity.” Following this initial stabilization
period, the potential exhibits a near-steady trend. Interestingly,
upon electrolyte replacement, the electrode potential tempo-
rarily decreased to values comparable to the initial stage of
electrolysis, indicating the absence of catalyst degradation and
minimal electrolyte-related performance loss. This behavior is
likely attributed to the removal of accumulated hydrogen
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bubbles and possible degradation products at the electrode
surface, as well as the restoration of ionic conductivity and
homogeneity within the electrolyte. This transient recovery
further confirms that the observed long-term stability is not due
to passive surface blocking or electrolyte degradation, but
rather reflects the intrinsic durability of the electrocatalyst. Over
the full duration of the 68-hour test, no significant or abrupt
increase in potential is observed, supporting the excellent long-
term electrochemical stability of the catalyst under continuous
alkaline HER operation.

To further understand the structural evolution of the GDE-
Pd/NiO1000-TT catalyst during extended HER operation,
comparative analyses were performed before and after the 68-
hour electrolysis. Prior to electrochemical testing, TEM and
selected area electron diffraction (SAED) analyses (Fig. S9-107)
confirmed the formation of a well-defined core-shell architec-
ture with crystalline Pd and NiO domains, resulting from the
thermal treatment step. Elemental mapping showed a clear
distribution of NiO surrounding Pd-rich regions. Following
prolonged HER electrolysis, TEM images reveal that this core-
shell structure remains largely preserved, with no signs of
severe aggregation, collapse, or particle coarsening. The average
particle size appears to remain nearly unchanged, suggesting
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Fig. 6 Electrolysis in an H-type cell. (a) Chronopotentiometry recorded during 68 hours of electrolysis operation at an applied current |/3ppied| Of
100 mA (corresponding to a current density |jappiiea] ©f 50 MA cm™2, temperature: 25 °C, catholyte: 1 M KOH, anolyte: 1 M KOH (to avoid excessive
consumption of glycerol during ca. 70 hours of operation), and hydroxide anion exchange membrane: Sustainion® X37-50 grade RT): * =
electrolyte renewal (EC-Lab software with an SP-150 potentiostat from Biologic Science Instruments; the program was put on the "hold”
position), **: start of program, and ***: end of the program. (b) Potentials of the anode and the cathode recorded during the galvanostatic
operation at an applied current |/,ppiiea| ©f 20 MA (corresponding to a current density |jappiiea| ©f 10 mA cm™2, temperature: 25 °C, catholyte: 1 M
KOH, anolyte: 1 M KOH + 1 M glycerol, and hydroxide anion exchange membrane: Sustainion® X37-50 grade RT). (c) HPLC product distribution
chromatograms (diluted by 10 times) after 12 h glycerol electrooxidation. (d) Proposed reaction pathways for the GOR in alkaline media at the
synthesized electrocatalysts. Potentials and cell voltages are ohmic-drop uncorrected.
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resistance to nanoparticle coarsening and structural degrada-
tion under alkaline HER conditions. SAED patterns still display
reflections corresponding to Pd and NiO, alongside additional
features attributed to metallic Ni, indicating partial reduction of
NiO under such cathodic conditions. This transformation is
consistent with expected behavior in strongly reducing elec-
trochemical environments and further confirms the active
nature of the catalyst. Post-mortem elemental mapping
confirms continued co-localization of Pd and Ni, with minimal
redistribution of elements. In addition, ICP-OES analysis of the
post-electrolysis electrolyte is reported in Table S61: (i) no
significant amount of palladium was found in the electrolyte
and (ii) 8.8% of the initial nickel amount was found within the
electrolyte. These results collectively indicate that both the
catalyst structure and elemental composition are well-
maintained, and no major catalyst loss occurs either through
dissolution or detachment during extended operation, con-
firming the excellent electrochemical and structural durability
of the GDE-Pd/NiO1000-TT system under HER conditions.

Following a protocol similar to that reported by Knani et al.,*
we designed a specific bulk electrolysis setup to monitor the
anode and cathode potentials during galvanostatic operation,
aiming to identify the limiting electrode by inserting a minia-
ture reference electrode (RHE, MiniHydroFlex®, Bio-Logic) in
each compartment (Fig. S11af). The H-type cell incorporated
a Sustainion® X37-50 Grade RT membrane to separate the
anode compartment, containing 1 M KOH and 1 M glycerol,
from the cathode compartment with 1 M KOH. For this exper-
iment, the anode and cathode potentials were recorded at an
applied current density of 10 mA cm™>. This setup was chosen
to allow for gradual glycerol oxidation, avoiding rapid depletion
of glycerol in the solution (batch configuration) at larger current
density. The GOR involves complex, multi-electron pathways
and produces various intermediates that can adsorb onto the
catalyst surface, affecting overall efficiency. Fig. 6b shows the
evolution of anode and cathode potentials over 12 h of bulk
electrolysis (Fig. S11bf reports the first 1.5 h). The anode
potential gradually increased from 0.8 to 0.9 V vs. RHE during
the first hour and stabilized around 1.45 V vs. RHE over the next
11 h. In contrast, the cathode potential remained stable near
—0.30 V vs. RHE, indicating that the cathodic process was not
the limiting factor in cell performance; instead, the anode
reactions predominantly influenced cell potential and
efficiency.

The initial increase in anode potential after the first hour
likely results from the accumulation of reaction intermediates
and partial catalyst deactivation. Glycerol oxidation generates
various partially oxidized species, such as glycerate, glycolate
and formate, which can adsorb onto the catalyst surface and
block active sites, thereby raising overpotentials needed to
sustain the current density. As the reaction proceeds, the cata-
lyst surface undergoes restructuring or partial regeneration,
likely due to the desorption of intermediates and the formation
of more fully oxidized products. The stabilization of the anode
potential around 1.5 V vs. RHE suggests a dynamic equilibrium
between the formation and removal of these intermediates,
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enabling further oxidation of adsorbed species and the
production of major oxidation products.

High-performance liquid chromatography (HPLC) was used
to analyze the electrolyte solutions after 12 h of electrolysis
(Fig. 6c) to elucidate the glycerol electrooxidation mechanism
(Fig. 6d)."” The chromatograms of Fig. 6¢c show the presence of
various oxidation intermediates, in both anode and cathode
compartments. The evaluated crossover, that is, nathode)/
[M(anode) + NM(cathode)] (1: is the number of moles), is 22-30%
depending on the nature of the compound. The detection of
these intermediates in both compartments suggests that some
oxidation products permeated through the hydroxide AEM.
Although the used membrane (Sustainion® X37-50 Grade RT (50
um dry thickness), Fuel Cell Store (USA)) is designed to selec-
tively transport hydroxide ions, it may not completely prevent
the crossover of relatively small carboxylate ions from the
anodic compartment to the cathodic one, especially under
prolonged electrolysis conditions. This crossover can impact
the overall efficiency of the electrolyzer by introducing
unwanted side reactions in the cathode compartment and
reducing the purity of hydrogen gas produced (unlikely in
alkaline environments as all products are non-volatile). The
presence of organic species at the cathode could also affect the
HER kinetics by adsorbing onto the cathode surface.** There-
fore, membrane optimization is crucial to minimize such
permeation. Selecting membranes with improved selectivity
and reduced porosity to organic molecules can enhance system
performance by preventing crossover, ensuring product purity
and maintaining efficient operation of both anodic and
cathodic processes. This aspect is vital for the practical appli-
cation of biomass-fed electrolyzers, where the integrity of the
membrane directly affects the efficiency and sustainability of
the system.

The identified reaction products for the GDE-Pd/NiO1000-TT
electrode are shown in Fig. 6d and S12,f with quantitative
metrics derived from calibration curves (Fig. S131) and detailed
in Fig. S14.f Two primary pathways are proposed for glycerol
electrooxidation in alkaline media depending on the nature of
the electrode material. The first pathway is direct oxidation,
where the applied potential drives glycerol electrooxidation
without altering the catalyst's valence state. This pathway
involves progressive dehydrogenation of glycerol via adsorbed
hydroxyl species, with C-H bond cleavage in terminal carbon
groups, resulting in products like glycerate and tartronate at
lower applied potentials (Fig. 6d). These products suggest that
the catalyst favors pathways that retain the three-carbon back-
bone, important for producing valuable intermediates used in
pharmaceuticals and fine chemicals. The second pathway is
indirect oxidation, where the applied potential induces
a valence change in the catalyst, allowing it to act as a redox
mediator for glycerol oxidation. In Ni-based electrocatalysts, for
example, the NiOOH/Ni(OH), redox transition plays a central
role, where Ni serves as an intermediate redox center under-
going valence changes to drive the reaction.” In Pd/NiO-based
electrodes, the Ni component enhances electron transfer and
oxidation activity, especially when the applied current increases
the electrode potential above 1 V vs. RHE. At these elevated
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potentials, redox cycling between Ni(u) and Ni(u) actively facil-
itates glycerol oxidation; however, the main driving force is the
bifunctional mechanism (detailed above). The incorporation of
NiO also improves resistance to poisoning by organic interme-
diates that typically form during glycerol oxidation. This resis-
tance is due to NiO's ability to modulate electron density within
the Pd matrix (evidenced by XPS and DFT calculations), thereby
sustaining catalytic activity despite the buildup of intermedi-
ates on the catalyst surface. The post-mortem analysis of the
GDE-Pd/NiO1000-TT electrodes is essential for understanding
the stability of the electrocatalyst changes after glycerol oxida-
tion. Post-mortem analysis of the GDE-Pd/NiO1000-TT elec-
trodes was conducted to assess electrocatalyst stability
following glycerol oxidation. SEM and EDX mapping (Fig. S15-
S167) indicated no substantial morphological degradation or
nanoparticle coalescence post-electrolysis, suggesting a robust
physical structure. EDX-mapping images (Fig. S161) provided
detailed elemental distribution across the electrode surface.
Notably, a reduction in NiO content was observed on the
cathode surface, indicating some material loss during opera-
tion. However, the bimetallic composition remained stable
across the electrode, with no significant compositional changes
detected in the bimetallic structure.

3.2.5 Zero-gap AEM-based electrolyzer and H, collection.
The GDE-Pd/NiO1000-TT electrode has demonstrated its
significant potential in enhancing the efficiency of organic
electrooxidation and the hydrogen evolution reaction. To vali-
date its performance, practical tests were conducted using
a zero-gap hydroxide anion exchange membrane (AEM)-based
electrolyzer, in which the multifunctional GDE-Pd/NiO1000-TT
electrode functioned as both the anode and the cathode in
a two-electrode configuration. The ALD process streamlined the
fabrication of these multifunctional electrodes without the
need for catalytic ink fabrication for traditional approaches,
simplifying the electrolyzer design and substantially boosting
system efficiency. The zero-gap design minimized ohmic losses
for 1 M ethanol (1.2 Q cm?) and for 1 M glycerol (0.9 Q cm?) by
reducing the distance between the anode and the cathode.
Additionally, the flowing electrolyte enhanced mass transport,
optimizing the electrolyzer's performance.*®**>** The polariza-
tion curves for the zero-gap AEM-based ethanol and glycerol
electrolyzers were obtained, comparing the performance of the
GDE-Pd/NiO1000-TT electrode at different temperatures using
both the potentiostatic method (0.1 V step) and the galvano-
static method (0.05 V s~ ' scan rate), as illustrated in Fig. 7a-
d and S17.F Comparison of polarization curves from control
experiments, with and without organic molecules, revealed that
the addition of biomass to the anolyte significantly reduced the
voltage required to achieve comparable current density (U < 0.8
V), as shown in Fig. 7a. This voltage reduction is attributed to
the lower thermodynamic and kinetic barriers for oxidizing
organic molecules compared to water oxidation, making the
process more energy-efficient.

In the ethanol-fed electrolyzer, the GDE-Pd/NiO1000-TT
electrode achieved a current density of 10 mA cm ™2 at cell
voltages of 0.75 and 0.7 V at 26 and 50 °C, respectively (Fig. 7b).
At a current density of 100 mA cm 2, cell voltages were 1.1 V and
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1.2 V at 26 and 50 °C, respectively. Elevated temperatures
enhance electrolyzer performance by increasing molecular
kinetic energy, thereby accelerating the rates of the EtOR and
HER. This results in higher current densities at lower over-
potentials. Moreover, increased temperatures decrease electro-
Iyte viscosity, enhancing reactant diffusion (ethanol and
hydroxide ions) to the electrode surfaces and product removal,
which mitigates concentration polarization effects and
improves performance at elevated temperatures. In the glycerol-
fed electrolyzer, the GDE-Pd/NiO1000-TT electrode exhibited
lower overpotentials with increasing temperature, achieving
100 mA cm 2 at 1.31 and 1.22 V at 50 and 70 °C, respectively,
confirming improved kinetics (Fig. 7c). The post-mortem anal-
ysis of the GDE-Pd/NiO1000-TT electrodes was conducted to
assess electrocatalyst stability following electrolysis of
biomasses. SEM and EDX mapping (Fig. S18%) indicated no
substantial morphological degradation or nanoparticle coales-
cence post-electrolysis, suggesting a robust physical structure.
EDX mapping (Fig. S181) provided detailed elemental distri-
bution across the electrode surface. Notably, a reduction in NiO
content was observed on the anode surface, indicating some
material loss during operation. However, the bimetallic
composition remained stable across the electrode, with no
significant compositional changes detected in the alloy
structure.

Further analysis revealed distinct electrocatalytic behaviors
between the GDE-Pd and GDE-Pd/NiO1000-TT electrodes in
both biomass-fed electrolyzers, as shown in Fig. 7d. The GDE-Pd
electrode requires a higher driving voltage to achieve substan-
tial activity, indicating lower catalytic efficiency. In contrast,
integrating NiO and applying thermal treatment enhance the
Pd-based catalyst's efficiency by modifying the electronic
structure and introducing additional active sites, which facili-
tate the adsorption and activation of ethanol and glycerol
molecules. The bifunctional interaction between Pd and NiO/Ni
enables more effective C-H and O-H bond cleavage, reducing
onset potentials and increasing current density due to
enhanced electron transfer and oxidation kinetics. Additionally,
NiO's anti-poisoning properties prevent intermediates from
blocking active sites, sustaining continuous catalytic activity
and accelerating reaction kinetics at elevated potentials. These
combined effects stabilize the catalyst, extend its operational
range, and improve overall performance. EIS results (Fig. S19
and Tables S7 and S8t) offer further insight into the electro-
catalytic dynamics of the system, particularly in terms of charge
transfer resistance, ohmic losses, and related phenomena. The
Nyquist plots obtained at different temperatures, modeled with
an equivalent circuit (Rq + Qcpg-a//Ret-a + Qcpe-c//Ret-c, Where “a”
refers to the anode and “c” refers to the cathode), reveal distinct
characteristics of the ethanol-fed and glycerol-fed electrolyzers.
In both electrolyzers as shown in Fig. 19, the overall ohmic
resistance (Rq) decreased with increasing temperature, indi-
cating improved ionic conductivity of the electrolyte and
reduced resistance of the membrane at higher temperatures.
Notably, the R.., dropped significantly as temperature rose,
suggesting enhanced kinetics of organic oxidation due to
increased catalytic activity and accelerated reaction rates at
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presence of biomass (LSV method, 0.05 V s™* scan rate). (b and c) Polarization curves of GDE-Pd/NiO1000-TT || GDE-Pd/NiO1000-TT high-
lighting the effect of temperature with the galvanostatic method (step of 0.05 V, method-2) and potentiostatic method (0.05 V s~ scan rate,
method-1). (d) Polarization curves of GDE-Pd/NiO1000-TT || GDE-Pd/NiO1000-TT and GDE-Pd || GDE-Pd potentiostatic methods, 0.05 V s™*
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elevated temperatures. These EIS results support the polariza-
tion data, confirming that higher temperatures boost electro-
lyzer performance by accelerating reaction kinetics and
reducing charge transfer resistance at both electrodes. The
glycerol-fed electrolyzer showed a more pronounced reduction
in R.., than the ethanol-fed one, likely due to the complex
oxidation pathways of glycerol, which gain more from higher
temperatures to overcome Kkinetic barriers. To quantify the
temperature dependence of activation energy and reaction
kinetics, Arrhenius plots were constructed using charge transfer
resistance values from EIS data (Fig. S20%). The linearity of the
Arrhenius plot for the GDE-Pd/NiO1000-TT electrode across
various temperatures indicates typical Arrhenius behavior. The
slope of the plot, when multiplied by the gas constant (R = 8.314
J mol~' K1), yields an activation energy of 27.9 k] mol " for the
GOR at the anode. While EtOR performance was evaluated at 26
°C and 50 °C, a full Arrhenius analysis was not performed. The
restricted temperature range and ethanol's volatility at elevated
temperatures (=70 °C) limited the collection of reproducible
EIS data.

It is worth noting that the results differ in the three-electrode
configuration and the two-electrode setup. Specifically, higher
current densities were observed for the GOR in the three-
electrode setup, while the EtOR exhibited higher current
densities in the two-electrode setup (a comparison of electro-
catalytic performances in a half-cell and electrolyzer with the

This journal is © The Royal Society of Chemistry 2025

literature is reported in Tables S9-S12,7 which highlight the
promising aspect of the ALD method for developing electro-
catalysts). In a two-electrode system, factors such as electrode
spacing, flow dynamics, and balance of reactions at both elec-
trodes can create an environment that influences the overall
catalytic performance. Conversely, the three-electrode setup
allows for more precise control and measurement of individual
electrode behavior but may not fully capture the dynamics of
a practical cell environment. Therefore, it is essential to analyze
electrodes in both configurations to fully understand their
catalytic behavior and optimize performance across different
applications. To validate our system's efficiency in maintaining
a cell voltage below 1 V while generating H,, hydrogen flow rates
were measured using the water displacement method with
a fixed current of 250 mA (50 mA cm ™~ for comparable analysis
across all electrodes). Performance comparisons were made
using the GDE-Pd/NiO1000-TT electrode in ethanol- and
glycerol-fed electrolyzers, with the theoretical hydrogen
production curve as a reference (Fig. S217). The results indicate
that the GDE-Pd/NiO1000-TT electrode achieved about 87% of
the theoretical maximum, closely aligning with theoretical
values. These findings highlight the necessity of continuous
optimization in both electrolyzer design and operation. Despite
these technical challenges, the achieved efficiency underscores
the effectiveness of both electrocatalysts and electrolyzer design
in hydrogen production, offering insights into areas for future
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enhancements to further improve efficiency and practical
viability.

4. Conclusion

This study highlights the significant advancements achieved
through the development and optimization of GDE based
palladium and nickel electrodes for electrocatalytic applica-
tions. Specifically, by incorporating Pd between NiO species and
carbon microfibers with the ALD method and applying thermal
treatment as a free-standing approach to design electro-
catalytically active multifunctional GDE-Pd/NiO1000-TT elec-
trodes (ultra-low metal loading estimation of about 20 pgpq
em™? and 47 pgpa:ni cm 2), we observed performance
improvement in the HER as well as EtOR and GOR. The synergy
between Pd and NiO not only enhances the electronic structure,
supported by DFT calculations, but also provides additional
active sites, leading to superior catalytic performance. The
fabrication of these multifunctional electrodes via ALD
simplifies their production and enhances their practical appli-
cability in zero-gap hydroxide AEM-based electrolyzers. This
configuration minimizes ohmic losses and improves mass
transport, thereby optimizing the electrolyzer's overall perfor-
mance. Our results demonstrated that GDE-Pd/NiO1000-TT
electrodes exhibit lower onset potentials and higher current
densities compared to their monometallic counterparts,
underscoring the benefits of the bimetallic structure and
thermal treatment. In ethanol-fed electrolyzers, the GDE-Pd/
NiO1000-TT structure facilitated the initiation of ethanol
oxidation at a lower energy threshold, while in glycerol-fed
electrolyzers, it provided enhanced reaction kinetics and anti-
poisoning properties. These improvements were corroborated
by the electrochemical impedance spectroscopy (EIS) analysis,
which showed reduced charge-transfer resistances for the
bimetallic samples, indicating more efficient electron transfer
processes. The zero-gap electrolyzer tests confirmed the
enhanced performance of GDE-Pd/NiO1000-TT electrodes in
practical applications. The hydrogen production rates achieved
were closely aligned with theoretical values, further validating
the efficiency of these electrocatalysts. From an economic
perspective, the ultra-low Pd loading combined with excellent
structural stability during a 68-hour test at industrially relevant
current density (100 mA) reduces material and replacement
costs. Post-test analyses (TEM, SAED, EDS, and ICP-OES)
confirmed minimal changes and negligible metal leaching,
supporting long-term durability. While ALD faces scalability
challenges (throughput and cost), our approach of precise, low-
loading deposition and thermal treatment offers a promising
route to practical, cost-effective electrode fabrication. Despite
some technical challenges, the study highlights the potential of
these optimized bimetallic compositions in advancing
sustainable energy conversion technologies. Overall, the inte-
gration of more abundant nickel species and the application of
thermal treatment have proven to be effective strategies for
developing high-performance electrocatalysts. These findings
provide valuable insights into the design and optimization of
multifunctional electrodes, paving the way for more efficient
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and economically viable solutions in renewable energy appli-
cations. Future research should focus on further optimizing the
electrode design and exploring their long-term stability and
scalability in various electrochemical systems.
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