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Broader context statement

As global awareness of environmental issues grows and eco-friendly technologies such as electric
vehicles continue to advance, the demand for sustainable and high-energy-density energy storage
systems is becoming increasingly critical. Lithium—oxygen batteries (LOBs) are considered one of
the most promising alternatives to conventional lithium-ion batteries (LIBs) due to their
exceptionally high theoretical energy density. However, their low reversibility and limited triple-
phase boundary (TPB) formation result in poor cycling stability, hindering their practical
application. In this study, we address the limitations of conventional electrodes by introducing a
three-dimensional (3D) Ni/Pd cathode, in which spherical palladium particles are uniformly
deposited on ordered 3D nickel structures with submicron-scale pores. This architecture enhances
mass transport and facilitates the formation of uniform and abundant TPBs, thereby improving
both energy efficiency and cycling performance. This work offers a promising strategy to
overcome key limitations of LOBs through the synergistic effect of a well-engineered 3D
architecture and the strategic material selection, contributing to the realization of high-

performance and sustainable energy storage systems.
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Jiyeon Lim 27, Seonyong Cho ¥, Gwangmin Bae 2, Seonggon Han b, Joseph Harding ®, Jong-woan Chung?,
Gayea Hyun ¢, Yong-Mook Kang # *, and Seokwoo Jeon # *
@ Department of Materials Science and Engineering, Korea University, Seoul 02841, Republic of Korea

b-Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea

< Department of Nanoengineering, University of California San Diego, La Jolla, CA 92093, United State

ABSTRACT

Li-O, batteries (LOBs) have attracted attention as promising next-generation energy
storage devices for applications requiring high energy density due to their high theoretical
energy density. The electrochemical performance of LOBs is determined by the reaction
kinetics at the triple-phase boundary (TPB), where Li*, e7, and O:2 participate. However,
conventional air cathodes face challenges such as sluggish oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER), poor cycle life and reduced energy efficiency due to
the limited TPB area, hindering their commercialization. To address these limitations, this
study proposes a three-dimensional (3D) nanostructured Ni/Pd air cathode featuring highly
ordered 3D Ni structures uniformly coated with Pd. Therein, 3D Ni forms a uniform TPB
and serves as a current collector with excellent electrical conductivity and high mechanical
strength. Additionally, Pd, uniformly deposited on the Ni surface, acts as a catalyst to
enhance electrochemical reactions, while its spherical morphology increases surface
roughness, thereby facilitating TPB expansion. The 3D Ni/Pd air cathode efficiently
suppresses electrode oxidation achieving the synergistic effects of uniform TPB formation
and the high catalytic activity of Pd. As a result, compared to the Ni foam/Pd air cathode
with a limited TPB area, it exhibits a significant improvement in energy efficiency from
76.63% to 82.72% and cycle life from the 33rd to the 136th cycle. This design emphasizes
the synergetic integration of an ordered 3D topology and Pd catalyst toward enhanced

energy efficiency and chemical stability of LOBs.

Introduction

The rapid increase in energy demand has driven the development of Li-ion batteries
(LIBs), which are now widely utilized as energy storage systems in diverse applications,

including energy storage devices, electric vehicles and mobile devices.:: 2 However, LIBs
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have reached their theoretical energy density limits, necessitating the development of next-
generation batteries for high-energy applications. To address these demands, Li-O,
batteries (LOBs) been emerged as a promising alternative due to their higher theoretical

energy density (~3500 Wh/kg), compared to conventional LIBs.> 4

In LOBs, the discharge product Li2O2 is formed through the oxygen reduction reaction
(ORR) at the triple-phase boundary (TPB), where Oz from the air cathode, Li* from the
liquid electrolyte, and e~ from the solid electrode meet. The electrochemical performance
of LOBs is determined by the reaction kinetics involving these three reactants at the TPB.
However, insoluble and insulating Li2O2 gradually accumulates non-uniformly on the
electrode surface as cycle progresses.> ¢ This accumulation restricts mass transport of
reactants to the TPB, reducing discharge capacity and increasing overpotential during
charge.”!! Such large overpotential promotes side reactions, notably the generation of
reactive singlet oxygen (10,),'? a key contributor to electrolyte decomposition and cathode

degradation.’* Consequently, energy efficiency and cycle stability are significantly degraded.

To address these issues, G. Hyun et a/. proposed a three-dimensional (3D) nanostructured
Cu electrode, which facilitated homogeneous formation of TPBs within its continuously
interconnected and spatially ordered architecture, enhancing reaction kinetics.}* However,
their study primarily focused on the impact of electrode structural engineering, without

sufficient consideration of active materials, which are crucial for practical LOB performance.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Given the importance of electrode stability in long-term operation, selecting a highly stable
electrode material is essential. Noble metals (e.g., Pt Pd, Au, Ru) offer excellent

electrochemical catalytic activity and stability by modulating the adsorption properties of
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intermediates through their tunable d orbitals.> Notably, they contribute to reducing

(cc)

overpotential during the charging process, thereby improving the energy efficiency of the
battery. Despite these advantages, high cost remains a major barrier to commercialization.
To overcome this limitation, material design of noble metal-transition metal hybrid
catalysts has been explored as a viable alternative, delivering high performance at reduced
cost.’® Hybrid catalysts maximize efficiency by combining the catalytic activity and stability
of noble metals with the structural reinforcement and cost reduction offered by transition

metals. 17-23

In this study, we propose a 3D Ni/Pd air cathode to promote uniform TPB formation and
enhance chemical stability. The 3D continuous and ordered topology of Ni, with a pore
size of 200-300 nm, exhibits high electrical conductivity and mechanical robustness,

ensuring homogeneous TPB throughout the air cathode and facilitating the uniform
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distribution of discharge products. Furthermore, uniformly dispersed Pd nanoparticles on
the 3D Ni framework increase the surface roughness of the air cathode, thereby expanding
the liquid/gas interface. This structural modification simultaneously provides high ORR/OER
activity, accelerates the kinetics of the electrochemical reaction while reducing excessive
use of noble metals. Consequently, the 3D Ni/Pd air cathode achieves a high initial energy
efficiency of ~83% and maintains a stable cycle life of up to 136th cycle. It also effectively
suppresses electrode oxidation and demonstrates excellent chemical stability. These
findings highlight the synergetic effect between the ordered 3D porous topology and the
catalytic activity of Pd in significantly improving both the electrochemical performance and

long-term stability of LOBs.
Experimental

Fabrication of the Freestanding 3D Ni/Pd Film.

A 3D porous polymeric template was fabricated on a conductive substrate using
Proximity-field nanopatterning (PnP). The detailed process of PnP was illustrated by ref. 24,
27, and 36. First, SU-8 photoresist (Microchem) was spin-coated onto the Ti/SiO, wafer
(TASCO). After soft baking, a transparent phase mask, which has 600 nm periodicity of
square array, was conformally contacted on the photoresist, and collimated UV light was
exposed using an Nd:YAG laser (wavelength 355 nm, Advanced Optowave Corp.). The
periodic relief structure of the phase mask generated 3D diffraction patterns in proximity
field and it was directly transcribed to photoresist. The 3D polymeric template with 12 pm
thickness was formed after post-exposure bake and developing process. The 3D Ni
nanostructures were obtained by electroplating process. The fabricated 3D polymeric
template was used as a working electrode, with a nickel plate serving as the counter
electrode for electroplating in a two-electrode system. Commercial Ni plating solution
(HanTech PMC) was used, and a pulse current of -9 mA with a 50 % duty cycle was applied
via a potentiostat (versaSTAT), resulting in approximately 8 um thickness of nickel layer.
the 3D polymeric template was subsequently removed using a plasma etcher (STP compact,
Muegge) to obtain the 3D Ni. The 3D Ni was then immersed in a 20% hydrofluoric acid
(HF, 48%, Sigma) solution for 1 minute to create a freestanding 3D Ni. Electropolishing
was performed to enlarge the pores of the 3D Ni structure. Pd is uniformly coated on
surface of the 3D Ni by electroplating with a three-electrode system. The Pd electroplating
solution was prepared by 0.01 M PdClz and 0.3 M HCI. The freestanding 3D Ni, an Ag/AgCl
electrode (1 M KCI), and a Pt wire were used as a working electrode, reference electrode,

and counter electrode, respectively. Pd deposition was carried out at a pulse voltage of -
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0.11 V with 9% duty cycle.

Assembling Li-O; Cells.

To fabricate the air cathode, 3D Ni/Pd was placed at the center of a carbon paper (CP)
that had been preheated at 80°C for 10 minutes. The CP was used as the gas diffusion
layer. Then, 60 uL of Nafion binder, diluted 1:1 with IPA, was applied drop by drop to
attach the sample to the CP. The fabricated 3D Ni/Pd air cathode was punched into a 12
mm diameter (approximately 1.1304 cm?) air cathode for use in a Swagelok-type cell. The
cell assembly was carried out in an inert atmosphere glove box, where lithium metal
(anode), glass fiber (separator), 100 uL of electrolyte containing 1 M LiCF3SOs in TEGDME
(Tetraethylene glycol dimethyl ether), and the 3D Ni/Pd air cathode were sequentially
assembled. Afterward, the system was purged with 99.999% O: gas for 5 minutes before

performing electrochemical measurements.

Characterization.

The morphology and elemental distribution of the fabricated 3D Ni/Pd air cathode were
analyzed using field-emission scanning electron microscopy (FESEM, Quanta FEG 250,

Thermo Fisher) and transmission electron microscopy (TEM, Talos F200X G2, Thermo Fisher)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

combined with energy-dispersive X-ray spectroscopy (EDS, Quanta FEG 250, Thermo Fisher).

Characteristics of chemical bonding and crystallographic analysis were conducted using X-
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ray photoelectron spectroscopy (XPS, Nexsa, Thermo Fisher) and X-ray diffraction (XRD,
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SmartLab, Rigaku), respectively. The contact angle in DI water and the electrolyte was
measured using a pendant drop tensiometer (DSA100, KRUSS). The presence of discharge
products was demonstrated using Raman spectroscopy (DXR2xi, Thermo) with 532 nm

wavelength laser light.

Electrochemical Measurements.

The sheet resistance of the electrodes was measured using a four-point probe method
(CMT-100S) at room temperature. The cell was tested under constant current
measurements at a current density of 0.025 mA/cm? within a voltage window of 2.0-4.5 V
vs. Li/Li*. Cyclic Voltammetry (CV) measurements were performed at a scan rate of 0.05

mV s within the same voltage range. Efficiency and cycle retention were compared
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through galvanostatic discharge/charge measurements, with the maximum capacity limited
to 0.10 mAh cm2. Electrochemical impedance spectroscopy (EIS) were recorded in the
frequency range 2 MHz-0.1 Hz with an AC voltage amplitude of 10.00 mV s using an

IviumStat workstation.

Results and discussion
Fabrication and Characterization of 3D Ni/Pd Cathodes

Figure 1 presents a schematic diagram of LOBs, including the 3D Ni/Pd cathode. The 3D
Ni/Pd structure consists of a periodic porous interconnected network with submicron-sized
pores, which enhances mass transport by shortening the diffusion pathways for electrons
and ions while expanding the reaction area through its large specific surface area.
Additionally, this architecture enables the formation of uniform TPBs, thereby maximizing
electrochemical performance. In contrast, the Ni foam/Pd structure features a non-periodic
and irregular porous architecture, leading to a limited reaction area and uneven TPBs.
These constrained TPBs hinder the interaction between Li*, e, and O2, significantly

reducing mass transport efficiency.
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Figure 1. Schematic illustration of the working principle for a Li-O, battery containing a 3D Ni/Pd

air cathode.
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Figure 2a schematically illustrates the fabrication process of the 3D Ni/Pd nanostructure.
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An ordered porous 3D Ni was fabricated by first creating a 3D polymer template using
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proximity-field nanopatterning (PnP), an interference lithography technique 2430, This
polymer template exhibits a body-centered tetragonal (BCT) arrangement, with a
periodicity of 600 nm in the x-y direction and 1 ym in the z direction. The pores of the
3D polymer template were then filled with Ni using a pulsed electroplating process.14 31-33
After removing the polymer template, the 3D Ni structure was detached from the substrate
via hydrofluoric acid (HF) treatment. The freestanding 3D Ni has a thickness of
approximately 8 um and forms ordered submicron pores with a size of 200-300 nm (Figure
S1, Supporting Information). Subsequently, Pd particles were uniformly deposited on the
surface of the 3D Ni structure using a pulsed electroplating method to produce the 3D
Ni/Pd nanostructure. The fabricated 3D Ni/Pd structure was designed for stable support
by attaching it to carbon paper, which functioned as both the gas diffusion layer and a

structural backing layer. To achieve this, a 50% diluted Nafion solution was used as a binder,
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with the IPA-to-Nafion mixing ratio optimized in a previous study.!4

Figure 2b-d show the characterization results of the fabricated 3D Ni/Pd air cathode. The
cross-sectional scanning electron microscopy (SEM) image in Figure 2b confirms that Pd
was uniformly deposited without blocking the pores of the 3D Ni structure. Energy-
dispersive X-ray spectroscopy (EDS) mapping images match the SEM image, demonstrating
that the Pd element is evenly distributed throughout the structure. This uniformity is
maintained even at the nanoscale, as further evidenced by the transmission electron
microscopy (TEM) image and EDS mapping in Figure 2c. Figure 2d presents the X-ray
diffraction (XRD) pattern of the 3D Ni/Pd, with distinct diffraction peaks at 44.5°, 51.8° and
76.4°, corresponding to the (111), (200) and (220) planes of Ni, which is a face-centered
cubic (FCC) structure. Additionally, peaks at 40.1°, 46.7° and 68.1° correspond to the (111),
(200) and (220) planes of Pd, also exhibiting an FCC structure. The chemical composition
of the fabricated 3D Ni/Pd was further confirmed through X-ray photoelectron
spectroscopy (XPS) analysis (Figure S2).

a

r4

i
' ' '_'m Ni Electro- ¢

deposition

i) Polymer
removal

ii) Lift-off Pd Electro- N
via HF deposition

3D Polymer Template 3D Ni 3D Ni/Pd

Q

Intensity (a.u.)

Figure 2. Characterization of the 3D Ni/Pd air cathode. a) Schematic illustration of the 3D Ni/Pd
fabrication process. b) Cross-sectional SEM and elemental mapping images of 3D Ni/Pd (insert:
digital image of the 3D Ni/Pd film). ¢) TEM and elemental mapping images of 3D Ni/Pd. d) XRD

pattern confirming the formation of the Ni/Pd structure.
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Electrochemical Analysis

To evaluate the effects of the Pd catalyst and structural differences, the electrochemical
performance of the 3D Ni/Pd electrode was compared to that of 3D Ni, Ni foam/Pd, and
Ni foam electrodes. Figure 3a shows the first galvanostatic discharge-charge profile at the
current density of 0.025 mA cm2 with a capacity limit of 0.10 mAh c¢cm2. During the
charging process, each electrode exhibited different OER behaviors due to variations in
discharge product decomposition efficiency.3* 3% As a result, the voltage hysteresis for the
3D Ni/Pd, 3D Ni, Ni foam/Pd and Ni foam electrodes were measured to be 0.72 V, 1.49 V,
0.94 V, and 1.52 V at a capacity of 0.10 mAh cm2, respectively, based on the difference
between the OER and ORR potential at a capacity of 0.1 mAh. Notably, the 3D Ni/Pd
electrode showed about a 50% reduction in voltage hysteresis compared to the 3D Ni
electrode, which is attributed to the synergy between its ordered porous network and the
high catalytic activity of Pd. To assess whether this reduction in overpotential stems from
improved electronic conductivity or catalytic effects, the resistivity of each electrode was
evaluated based on the measured sheet resistance and thickness (Table S1). The 3D Ni
electrode lower resistivity (6.79 x 10 Q cm) than Ni foam (1.01 x 10* Q cm), which is
attributed to its interconnected framework that supports more efficient electron transport.
Upon Pd incorporation, resistivity decreased further to 4.27 x 10> Q cm for 3D Ni/Pd and
5.83 x 10> Q cm for Ni foam/Pd electrode. However, although the resistivity values of 3D

Ni/Pd, 3D Ni, and Ni foam/Pd are comparable, their voltage hysteresis shows a marked

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

difference. This discrepancy suggests that electronic conductivity alone cannot account for

the observed performance variations. Rather, the pronounced improvement in the 3D
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Ni/Pd electrode highlights the synergistic role of Pd catalytic activity at the TPB. Meanwhile,
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both the 3D Ni and Ni foam electrodes exhibited similar voltage hysteresis, primarily due
to the intrinsic catalytic activity of metallic Ni. Due to the reduced overpotential, the 3D
Ni/Pd electrode achieved the highest energy efficiency of 82.72%. In comparison, the
efficiencies of the 3D Ni, Ni foam/Pd and Ni foam electrodes were 71.74%, 76.63% and
68.41%, following the trend of voltage hysteresis results (Figure 3b). This improvement in
energy efficiency suggests that discharge products decompose more efficiently during the

charging process.?> 36

In Figure 3c, the maximum discharge capacity of each electrode was compared by
discharging at a current density of 0.025 mA c¢cm2 until reaching 2.00 V vs. Li/Li*. The
discharge capacity is determined by the amount of Li,;O, formed at the TPB, so the
characteristics of the TPB significantly impact the discharge capacity. Although differences

in actual surface area may contribute to electrochemical performance, the structural design
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of the electrode appears to be a more decisive factor. Hyun et al. reported that a 3D
nanostructured Cu electrode with a lower Brunauer—Emmett-Teller (BET) surface area
(0.0249 m2 g™1) outperformed Cu foam (0.4216 m? g7?) in electrochemical performance.'*
Given the identical structural features and pore sizes of the 3D Ni-based (200-300 nm) and
Ni foam-based (100-300 pm) electrodes used in this study, these values provide a
reasonable reference for comparison. Based on this comparison, the lower electrochemical
performance of Cu foam despite its larger surface area suggests that the enhanced
performance observed in this study is primarily attributed to the formation of TPB and
optimization of reaction pathways through structural design rather than surface area
differences alone. To evaluate wettability, which correlates with the density of TPB, contact
angle measurements with DI water and electrolyte (Table S2) were conducted.’ 37 The 3D
Ni/Pd electrode shows a contact angle of 114.56°+4.66° with DI water while 3D Ni
electrode shows 103°+2.88°, reflecting its enhanced hydrophobicity. This improvement is
associated with the Pd decorated surface, which increases the surface roughness of the
electrode. According to the Cassie-Baxter model, the resulting surface morphology leads
to the formation of larger air pockets beneath the droplet and an increased liquid/gas
interface.?® 3% Consequently, the increased surface roughness resulting from Pd decoration
promotes the formation of an extended TPB. Despite the inherently good wettability of
TEGDME, the 3D Ni/Pd electrode still showed the largest contact angle of 62.13°+3.49°,
further confirming an increased gas phase ratio in TPB. Since O, diffusivity is significantly
higher in the gas phase than in liquid,® this implies that the 3D Ni/Pd electrode facilitates
faster O, transport compared to other electrodes. Consequently, with its abundant and
homogeneous TPB and enhanced O, transport properties, the 3D Ni/Pd electrode exhibited
the highest discharge capacity of 2.07 mAh cm-2.

In contrast, the Ni foam/Pd electrode exhibited a high wettability with a contact angle of
52.34°+2.47°. This high wettability causes excessive electrolyte infiltration during battery
operation, limiting mass transport of gaseous Oz and reducing its availability at the reaction
interface, thereby restricting TPB formation.?” 41 As a result, the Ni foam/Pd electrode
showed a reduced discharge capacity of 1.45 mAh cm=2. Additionally, when the discharge
capacity reached approximately 0.7 mAh cm-2, the voltage curve began to bend and
hysteresis increased. This behavior suggests insufficient TPB and poor O: diffusion in foam-
based electrodes. These mass transport differences, arising from the electrode structure,
were further corroborated by electrochemical impedance spectroscopy (EIS) analysis in
Figure S3. In the Warburg region of both at the open-circuit and discharged state (0.50
mAh cm), the 3D Ni-based electrode exhibited steeper slope than the foam-based
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electrode, indicating superior diffusion characteristics.4> 43 At open-circuit state, the 3D Ni-
based electrode exhibited a single semicircle, whereas the foam-based electrode exhibited
two distinct semicircles. The appearance of a single semicircle in the 3D Ni electrode can
be attributed to its ordered and interconnected topology, which promotes uniform electron
transport and ensures conformal contact with the carbon paper, thereby enabling
consistent and efficient charge transfer through a unified interface. In contrast, the two
semicircles observed in the foam-based electrode indicate multiple interfacial resistances,
due to its irregular structure and poor contact with the carbon paper, resulting in non-
uniform charge transport. After discharge, however, the foam-based electrode also
exhibited a single semicircle, which suggests that the interfacial process became less
distinguishable in the impedance response, due to the formation of Li;O,.# In the charge
transfer region of the discharged state, the 3D Ni-based electrode exhibited a smaller
semicircle than the Ni foam-based electrode, indicating improved charge transfer and
reduced resistance associated with Li,O, formation and side reactions.*> 46 These results
demonstrate that the homogeneous and abundant TPBs, coupled with enhanced O,
diffusivity within the 3D Ni-based electrode, contribute to more efficient Li,O, formation

and greater discharge capacity.

The improved O, transport characteristics of the 3D Ni-based electrode are further
reflected in its rate-dependent performance, as shown in Figure 3d. At low current densities

(0.005 and 0.01 mA cm), Pd-containing electrodes exhibit higher energy efficiency, which

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

is attributed to the catalytic promotion of Li,O, decomposition. In contrast, at higher

current densities where oxygen diffusion into the pore network becomes the rate-limiting
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step,#”:48 the 3D Ni-based electrodes show higher energy efficiency compared to the foam-
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based electrodes due to their interconnected porous architecture and greater volume of
gas-phase within the TPB, which together enhace mass transport. Figure S4 shows the
cyclic voltammetry (CV) curves of different electrodes. The 3D Ni/Pd electrode, with
abundant TPB, displayed the largest CV curve area, indicating improved reaction kinetics
for ORR# In contrast, the Ni foam electrode exhibited the smallest curve area. Although
the Ni foam/Pd electrode contained Pd catalyst, its reaction kinetics were not significantly
enhanced, whereas the addition of Pd to the 3D Ni structure resulted in a more substantial
improvement. Building on this knowledge, the cyclic retention and average voltage
variation for each electrode were evaluated under the current density of 0.02 mA cm-2 with
a limited capacity of 0.10 mAh cm-? (Figure 3e). The 3D Ni/Pd electrode demonstrated
excellent capacity retention up to the 136th cycle, along with a minimal overpotential

during the initial stage. The high energy efficiency and long cycle life of 3D Ni/Pd electrode
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is attributed to its homogeneous and abundant TPB with uniform distribution of the Pd
catalyst, resulting in uniform formation and facile decomposition of discharge products.
Notably, despite signs of degradation at 120th cycle, the average voltage variation
remained stable, indicating that reaction nonuniformity within the electrode was effectively
suppressed. The 3D Ni electrode maintained stable average voltage and discharge capacity
up to the 52nd cycle outperforming Ni foam and Ni foam/Pd electrode. However, due to
the absence of the Pd catalyst, the discharge products were not efficiently decomposed
and accumulated on the electrode, deteriorating overpotential and energy efficiency. The
Ni foam/Pd electrode maintained its capacity up to the 33rd cycle, exhibiting lower initial
overpotential, which suggest that the addition of Pd improved Li,O, decomposition
efficiency. Despite the reduction in initial overpotential, the Pd incorporation did not
significantly improve the cycle life compared to the Ni foam electrode. This limitation stems
from the structural constraints of the foam-based electrode, where the formation of TPB
is restricted, resulting in a highly concentrated reaction interface. As a result, Pd utilization
becomes uneven, and localized electrochemical stress accelerates its degradation,

ultimately limiting its long-term catalytic effectiveness.

The 3D topology provides a homogeneous TPB, ensuring a more uniform reaction
interface. This promotes the even dispersion of Pd across the electrode, effectively
mitigating localized electrochemical stress and delaying degradation.!* 4° Through the
incorporation of Pd, the 3D Ni/Pd electrode achieved superior electrochemical stability and

enhanced capacity compared to other electrodes.
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Figure 3. Electrochemical analysis. a) First galvanostatic discharge-charge curves of each electrode
and b) round trip efficiency. c) Discharge profiles of the first cycle at a current density of 0.025 mA
cm2 and d) energy efficiency profiles of Li-O, cells under various current density conditions with a
limited capacity of 0.1 mAh cm=2. e) Cycle retention and average voltage variation within limited
capacity up to 0.10 mAh cm at a current density of 0.02 mA cm-2,

Chemical Stability Analysis

To examine the structural effects on electrode stability, X-ray photoelectron spectroscopy

(XPS) and SEM analyses were performed. Figures 4a and 4b present the top-view and
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cross-sectional SEM images of the degraded 3D Ni/Pd and Ni foam/Pd electrodes, while
Figures S5a and S5b show the corresponding images of the degraded 3D Ni and Ni foam
electrodes. While both electrodes were covered with discharge products, the foam-based
electrode exhibited structural damage, whereas the 3D-based electrode maintained its

structural integrity, demonstrating superior stability.

Figures 4c and 4d compare the oxidation states of Ni and Pd in the pristine and
degraded 3D Ni/Pd and Ni foam/Pd electrodes based on Ni 2p and Pd 3d XPS spectra. In
the degraded 3D Ni/Pd electrode, the uniformly distributed Pd effectively mitigated Ni
oxidation, as evidenced by the minimal shift in the Ni 2p peak compared to the 3D Ni
electrode (Figure S5c¢). In contrast, the Ni foam/Pd electrode exhibited a pronounced Ni
2p peak shift to a lower binding energy, similar to the Ni foam (Figure S5d), indicating

severe Ni oxidation.

Additionally, in the degraded 3D Ni/Pd electrode, the Pd peak exhibited only a slight
shift, suggesting its resistance to oxidation. However, the Ni foam/Pd electrode displayed
a significant Pd peak shift, reflecting extensive oxidation and degradation. This disparity in
Pd stability is attributed to the inhomogeneous TPB of the Ni foam structure, where Pd
accumulated in localized regions, leading to excessive electrochemical stress and ultimately
rendering the catalyst unsuitable for long-term operation. Conversely, in the 3D Ni/Pd
electrode, Pd was evenly dispersed, ensuring a well-distributed TPB that minimized
electrochemical stress, thereby enhancing the stability of both the catalyst and the

electrode.

The oxidation behavior of Ni and Pd is closely linked to the spatial distribution and
decomposition characteristics of Li,O,. In the 3D Ni/Pd electrode, the homogeneous TPB
promotes uniform Li,O, nucleation, resulting in a thin-film morphology. Ex-situ XRD and
Raman analyses of the discharged 3D Ni/Pd electrode confirm that the primary discharge
product is Li,O,, as indicated by characteristic diffraction peaks at 32.98°, 34.97°, and 58.72°,
along with the O-O stretching vibration at 788 cm-! in the Raman spectrum (Figure S6).>*
>L This thin-film Li,O, is not only readily decomposed during charging, lowering the
overpotential, but also beneficial for alleviating electrochemical and mechanical stress at
the reaction interface (Figure S7a and S7b).1t 52 53 The constrained TPB in the Ni foam/Pd
electrode leads to localized Li,O, nucleation and growth, forming bulk toroidal-shaped
Li,O, deposits (Figure S7c). These bulk Li,O, deposits contribute to high overpotential and
exacerbate electrochemical and mechanical stress, which accelerate the oxidation of the

catalyst and electrode degradation.>® > Thus, the 3D Ni/Pd electrode effectively mitigates
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surface oxidation and sustains high electrochemical performance through the synergistic

effect of its ordered 3D porous structure and uniform Pd distribution. The Ni foam/Pd

electrode, with its uneven Pd distribution, experiences rapid degradation, leading to poor

cycle stability.
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Figure 4. SEM images after performance degradation of a) 3D Ni/Pd
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and Pd 3d XPS spectra of ¢) 3D Ni/Pd and d) Ni foam/Pd.

The degradation of the catalyst accelerates side reactions,
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and b) Ni foam/Pd. Ni 2p

which in turn negatively

impacts the long-term stability of the electrode. To elucidate this effect, Li 1s and O 1s

XPS analyses were conducted to examine the composition of ideal discharge products

(Li202) and side reaction products (Li2COs, LIOH) (Figure 5). The results revealed a

predominant presence of side reaction products, particularly Li,CO;, on the Ni foam/Pd

electrode, indicating severe catalyst degradation and parasitic reactions. This degradation

is attributed to the restricted TPB formation caused by a disordered porous structure with

non-uniform catalyst distribution. Furthermore, the constrained pore structure of the foam-

based electrode impedes gaseous O, transport, leading to localized reaction at TPB.
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Consequently, Li;O, formation becomes highly concentrated in specific regions,
exacerbating electrochemical stress and promoting unwanted side reactions. The
accumulation of these byproducts not only reduces Li,O, decomposition efficiency but also

elevates the overpotential during charging, accelerating electrode degradation.>> %6

In the 3D Ni/Pd electrode, Li,O, formation was dominant, while Li,CO3 and LiOH signals
remained relatively low, indicating minimal side reaction product formation. These findings
underscore the critical role of the synergy between an ordered 3D porous structure and
homogeneous Pd catalyst dispersion in stabilizing electrochemical reactions. The spherical
morphology of Pd enhances catalytic activity while simultaneously modifying the electrode
surface in a way that promotes TPB expansion. By ensuring homogeneous TPB formation,
efficient O, transport, and catalyst stability, the 3D Ni/Pd electrode minimizes side reactions

and improves long-term battery performance.
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Figure 5. XPS spectra of Li 1s and O 1s for degraded electrodes: Comparison of discharge products

and side reactions for 3D Ni and Ni foam a, b) with and ¢, d) without Pd coating.

Conclusions
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In conclusion, we demonstrated a highly ordered 3D porous Ni/Pd air cathode using PnP
and electroplating techniques. Compared to other cathode designs, including 3D Ni, Ni
foam, and Ni foam/Pd, the 3D Ni/Pd air cathode exhibited the highest electrochemical
activity and stability, achieving a low overpotential of 0.72 V, a high energy efficiency of
82.72%, and a cycle life up to 136th cycle. This exceptional performance was attributed to
the formation of homogeneous and extended TPBs within the 3D topology, which
facilitated efficient electrochemical reactions. XPS analysis further confirmed that the 3D
Ni/Pd air cathode suppressed Pd and Ni oxidation, preserving catalyst integrity and
enhancing the long-term stability. These findings highlight the synergistic effect of a well-
engineered 3D architecture and the strategic material selection in improving the

electrochemical performance and durability of LOBs.
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