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ABSTRACT
Lithium hydroxide (LiOH), recognized for its chemical stability, presents a promising discharge product for safe and efficient
electrochemical energy storage.While water-driven protonation is crucial for facilitating LiOH chemistry, the reactionmechanism
of LiOH in aqueous electrolytes remains unclear. Here, a hierarchically assembled hydrogenated borophene/cobalt-nickel
compound (HB/CoNiC) is synthesized using electrochemical-electrophoretic deposition to investigate aqueous LiOH chemistry.
The electrophoretic deposition of reducible HB results in the formation of undercoordinated oxygens near partially reduced CoNi
alloy nanoparticles. In bi-salt-in-water electrolytes, HB/CoNiC demonstrated a significantly enhanced specific capacitance of
1102 F g−1 at a current density of 1 A g−1, which is a 250% improvement compared to CoNiOOH, due to the pseudocapacitive
contributions from lithiation and protonation reactions. Furthermore, HB/CoNiC-based supercapatteries exhibited a remarkably
high energy density of 112.5 Wh kg−1 at a power density of 40 kW kg−1 and a capacitance retention of 95.7% over 10 000 cycles at a
current density of 20 A g−1, outperforming state-of-the-art aqueous energy storage devices. Electrochemicalmeasurements, ex-situ
characterizations, and computational calculations demonstrate that the oxygen nonbonding states in undercoordinated oxygen
atoms act as crucial redox centers in lithiation and protonation processes, facilitating efficient and reversible LiOH chemistry in
aqueous electrolytes.

Seunghwan Jo, Ozden Gunes Yildiz, and Hyun-Sik Kim contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2026 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

Advanced Energy Materials, 2026; 0:e05195
https://doi.org/10.1002/aenm.202505195

1 of 10

http://www.advenergymat.de
https://doi.org/10.1002/aenm.202505195
https://orcid.org/0000-0002-3155-4327
mailto:uaydemir@ku.edu.tr
mailto:elehgw@nus.edu.sg
mailto:junginn.sohn@dongguk.edu
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/aenm.202505195
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202505195&domain=pdf&date_stamp=2025-11-21


1 Introduction

Green energy storage technologies are crucial for addressing
the escalating global energy demand and mitigating the inter-
mittency of renewable energy sources, including biomass, solar,
tidal, and wind power [1, 2]. Among these technologies, lithium
batteries have attracted substantial interest due to their high the-
oretical energy density, positioning them as promising candidates
for fulfilling future energy requirements [3, 4]. However, the
formation of unstable discharge products and their challenging
delithiation process result in the generation of undesirable and
hazardous side reaction products that deteriorate the practical
performance of lithium batteries. Lithium hydroxide (LiOH) has
emerged as an alternative discharge product due to its high
chemical stability and high capacity facilitated by the 4-electron
discharge process [5, 6]. The reversible LiOH chemistry is heavily
reliant on the protonation anddeprotonation processes associated
with oxygen redox reactions that utilize water as a protic source
[7, 8]. To date, considerable attention has been directed towards
the development of oxygen redox catalysts, redox mediators, and
water additives in aprotic electrolytes to promote the reversible
formation and decomposition of LiOH, thereby enabling efficient
and durable lithium energy storage systems [9, 10]. Despite its
noteworthy potential as a groundbreaking mechanism for next-
generation energy storage technologies, research on the feasibility
and applicability of LiOH chemistry in environmentally friendly
aqueous electrolytes has been limited and infrequently reported.
Moreover, the fundamental mechanism governing oxygen redox
reactions linked to protonation and deprotonation in aque-
ous electrolytes is poorly understood and continues to pose a
significant challenge.

Recently, transition metal compounds (TMCs) have emerged as
exceptionally promising electrode materials capable of offering
superior electrochemical energy storage performance in aqueous
electrolytes [11–17]. Protonation and deprotonation processes,
crucial for efficient discharging and charging reaction path-
ways through LiOH chemistry, typically occur alongside the
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) [9, 10]. Thus, it is hypothesized that lattice oxygen
redox chemistry in TMC-based electrodes can facilitate proto-
nation and deprotonation under conditions involving a covalent
metal-oxygen (M─O) bond and undercoordinated oxygen atoms
because, under such conditions, the electron energy of oxygen
nonbonding states is higher than that of metals due to the
downshift of the metal d-band [18–21]. Consequently, developing
and constructing TMCmaterials with viable oxygen nonbonding
states, capable of undergoing oxygen redox reactions as well as
lithiation-delithiation reactions for effective and reversible LiOH
chemistry in aqueous electrolytes, is a critical challenge and an
essential strategy.

Hydrogenated borophene (HB), a functionalized variant of
borophene, is highly attractive for inducing abundant underco-
ordinated oxygen atoms in TMCs by modulating M-O covalency
and enhancing the lithiation-delithiation kinetics of TMC-based
electrodes due to its inherent reducibility and rapid charge
transfer capabilities [22–27]. Therefore, this study aims to develop
new HB-enriched TMCs that feature abundant undercoordi-
nated oxygen atoms, demonstrating their potential for aqueous

electrolyte-based energy storage systems with LiOH chemistry
while also advancing our understanding of LiOH chemistry in
aqueous electrolytes.

Herein, hierarchically assembled HB/cobalt-nickel compounds
(HB/CoNiC) nanosheets were synthesized through a combined
electrochemical-electrophoretic deposition process. The HB was
interspersed with electrochemically deposited CoNi oxyhydrox-
ides via hydrogen bonding. Additionally, highly reducible HB
facilitated the generation of undercoordinated oxygen adjacent
to partially reduced CoNi alloy nanoparticles on the amorphous
CoNi oxyhydroxides. In a BSIW electrolyte composed of 1 m
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) and 1 m
potassium hydroxide (KOH), HB/CoNiC exhibited a superior
specific capacitance of 1102 F g−1 at a current density of 1 A
g−1, compared to CoNiOOH (430 F g−1). The specific capac-
itance of HB/CoNiC in the BSIW electrolyte surpassed the
combined capacitances in separate 1 m LiTFSI and 1 m KOH
electrolytes, attributable to additional redox contributions from
(de)protonation and (de)lithiation reactions. Using the BSIW
electrolyte, the HB/CoNiC-based supercapattery demonstrated
an energy density of 112.5 Wh kg−1 at a power density of 40 kW
kg−1 and maintained a capacitance retention of 95.7% over 10 000
cycles at a current density of 20 A g−1.

2 Results and Discussion

Figures S1 and S2 depict the preparation and morphology of
neat HB before its incorporation into heterostructures [28].
The synthetic process of hierarchically assembled HB/CoNiC
via electrochemical-electrophoretic deposition, along with the
resultant bonding structure, is illustrated in Figure 1a. This
process involved the electrochemical deposition of CoNiOOH
onto carbon paper, followed by the electrophoretic deposition of
HB, driven by hydrogen bonding [24, 25]. Field emission scanning
electron microscopy (FE-SEM) and field emission transmission
electron microscopy (FE-TEM) reveal the nanosheet morphology
of both CoNiOOH and HB/CoNiC, with the latter exhibiting a
more pronounced nanosheet structure due to the electrophoreti-
cally deposited HB (Figure 1b,c; Figure S3). Energy dispersive X-
ray spectroscopy (EDS) images confirm thewell-dispersed atomic
presence of Co, Ni, O, and B within CoNiOOH and HB/CoNiC
(Figure 1c; Figure S3). HR-TEM shows the crystalline structure
of HB (cyan) and CoNi alloy metal nanoparticles (yellow) with
lattice spacings of 4.36 and 2.03 Å, respectively, overlapping the
amorphous CoNiOOH (magenta) (Figure 1d) [24, 25, 29, 30]. In
contrast, CoNiOOH exhibits an amorphous structure without a
clearly ordered atomic arrangement (Figure S4). XRD analysis
identifies broad diffraction peaks at 20.3◦ and 44.8◦, indicative of
HB andCoNi alloy withweak crystallinity (Figure 1e). Diffraction
peaks at 26.5◦ and 54.6◦ are attributed to carbon from the carbon
paper electrode. These results confirm that HB/CoNiC was suc-
cessfully synthesized using the electrochemical-electrophoretic
deposition technique, yielding a well-defined heterostructure
with integrated nanoscale features.

Physical characterizations were employed to demonstrate the
structure of HB. While the HB/CoNiC exhibited a crystal phase
with a lattice spacing of 4.36 Å, the bare HB featured an
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FIGURE 1 a) Illustration of the electrochemical-electrophoretic deposition process and the electron energy levels of oxygen nonbonding states
(ONB). b) Field emission scanning electron microscopy image of HB/CoNiC. c) Field emission transmission electron microscopy (FE-TEM, top) and
energy dispersive X-ray spectroscopy (bottom) images of HB/CoNiC. d) High-resolution TEM (left) and magnified TEM images with fast Fourier
transform (right) images in three different regions. e) X-ray diffraction patterns and f) Raman spectra. X-ray photoelectron spectroscopy (XPS) spectra
in the g) B 1s and h) O 1s regions.

amorphous structure without a clear ordered arrangement
(Figures S2 and S5a). Fourier transform infrared spectroscopy
(FT–IR) and X-ray photoelectron spectroscopy (XPS) revealed
that theB─OHbonding is additionally observed in theHB/CoNiC
due to the adsorbed hydroxide on unsaturated boron sites during
the deposition process (Figure S5b,c) [24, 31–33]. These results
are attributable to the electrochemical-electrophoretic deposition
condition, where abundant hydrogen and hydroxyl sources can
adsorb on the surface of HB and rearrange the chemical bonding
structure of boron. Raman spectroscopy further confirms the
presence of HB. CoNiOOH and HB/CoNiC commonly exhibit
broad Raman signals derived from β-phase metal oxyhydroxides
(β-MOOH, 520 cm−1) and D and G bands of carbon (1360 and
1610 cm−1) from the carbon paper electrode (Figure 1f) [18, 19].
Additionally, a Raman signal at 2300 cm−1, indicative of the B─H
stretching vibration of HB, is confirmed in the HB/CoNiC [24].
Moreover, the B 1s XPS spectra identify B─B bonds (187.2 and
188.6 eV) and B-OH (192.5 eV), where the former is attributed to
HB and the latter stems from adsorbed hydroxide on unsaturated

boron sites during the deposition process (Figure 1g) [24, 31]. In
contrast, no Raman or XPS spectra indicate the presence of HB in
CoNiOOH.

In the Co 2p and Ni 2p regions, the XPS spectra of Co3+ (779.7 and
794.9 eV), Co2+ (781.3 and 796.0 eV), Ni2+ (854.4 and 872.0 eV),
and Ni3+ (856.5 and 874.2 eV) derived from metal oxyhydroxide
were observed primarily in CoNiOOH and HB/CoNiC (Figure
S6) [34, 35]. Concurrently, metallic Co0 (778.0 and 793.7 eV)
and Ni0 (852.5 and 869.9 eV) were commonly detected [36,
37]. Nevertheless, the intensities of these zero-valent species
were notably higher in HB/CoNiC than in CoNiOOH due to
the creation of CoNi alloy metal nanoparticles induced by the
addition of reducible HB [22, 23]. In the O 1s region, both
CoNiOOH and HB/CoNiC exhibited an M─O bond (529.0 eV),
an oxygen-hydrogen (O─H) bond (531.0 eV), and oxidized oxygen
(O−/O2

2−) (532.4 eV), where the latter is attributable to an oxygen
nonbonding state (Figure 1h) [18–21]. Electron spin resonance
(ESR) further revealed that the HB/CoNiC exhibits 6.8 times
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FIGURE 2 a) Polarization curves of bare carbon paper electrodes in three electrolytes. b) Cyclic voltammetry (CV) curves in bi-salt in water (BSIW)
at a scan rate of 10 mV s−1. c) Calculated b values at five redox peaks. The capacitive current density (colored region) of d) HB/CoNiC and e) CoNiOOH
at a scan rate of 10 mV s−1. f) The capacitive current densities that contributed to the total current densities with respect to scan rates. g) Double-layer
capacitance. h) The Nyquist plots. The inset shows the equivalent circuit of electrochemical impedance spectroscopy (EIS). i) The Warburg impedance
coefficient derived from EIS measurements.

higher ESR signal than theCoNiOOH, indicating that the number
of lone pair electrons of the oxygen nonbonding state is increased
by interaction between HB and the metal (Figure S7). Due to the
prevalent oxygen nonbonding state localized around the CoNi
alloy metal nanoparticles, HB/CoNiC showed elevated O−/O2

2−

intensity compared to CoNiOOH. These findings suggest that the
oxygen redox reaction is facilitated inHB/CoNiC over CoNiOOH,
capitalizing on the oxygen nonbonding state (Figure 1a).

The electrochemical performance of CoNiOOH and HB/CoNiC
was evaluated in a BSIW electrolyte containing 1 m LiTFSI and
1 m KOH within an expanded potential window (Figure 2a) [36,
37]. The electrochemical potential windows delivering current
densities of 0.01 mA cm−2 or lower were identified as 1.52, 1.88,
and 2.07 V for 1 m KOH, 1 m LiTFSI, and BSIW electrolytes,
respectively. In the BSIW electrolyte, HB/CoNiC exhibited dis-
tinct oxidation peaks at 1.15 V (P1) and 1.45 V (P2) and reduction
peaks at 1.35 V (P3), 1.09 V (P4), and 0.6–0.8 V (P5) (Figure 2b).
The P1 oxidation peak was associated with the Faradaic transition

reactions from Co2+ to Co3+, while the subsequent P2 peak
was attributed to the oxidation reaction from Ni2+ to Ni3+ [38–
40]. Conversely, the P3 and P4 reduction peaks indicated the
reductive transition reactions of Ni and Co from 3+ to 2+,
respectively. Furthermore, the P5 reduction peakwas attributed to
oxygen reduction reactions associatedwith protonation, implying
LiOH chemistry [41, 42]. In contrast, CoNiOOH exhibited low
current densities with indistinct redox peak shapes, showing
minimal evidence of oxygen reduction compared to HB/CoNiC.
The power-law analysis revealed that the redox peaks arose from
a combination of diffusion-controlled and pseudo-capacitive
reactions, with pseudo-capacitive behavior predominantly more
significant in HB/CoNiC than in CoNiOOH (Figure 2c).

HB/CoNiC exhibited a predominant pseudo-capacitive contri-
bution (the colored region in the CV curves) of 95.1% of the
total current density at a scan rate of 10 mV s−1 (Figure 2d).
By contrast, CoNiOOH showed a considerably lower pseudo-
capacitance contribution of 68.9% at the identical scan rate
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FIGURE 3 Galvanostatic charge-discharge (GCD) curves of a) HB/CoNiC and b) CoNi oxyhydroxide (CoNiOOH). c) Specific capacitances. d)
Wind-rose plots of specific capacitance. e) Specific capacitances at a current density of 1 A g−1 in various electrolytes. f) Cycling stability and Coulomb
efficiency in BSIW electrolytes. g) CV curves of supercapatteries in BSIW electrolytes. h) Ragone plot comparing the power and energy densities with
recently studied energy storage devices. i) Cycling stability and Coulomb efficiency of the supercapatteries.

(Figure 2e). Over scan rates ranging from 1 to 10 mV s−1,
HB/CoNiC consistently achieved higher pseudo-capacitive con-
tributions than CoNiOOH (Figure 2f; Figures S8 and S9). In the
non-Faradaic potential region, HB/CoNiC attained a superior
areal capacitance of 368 mF cm−2 compared to CoNiOOH, which
reached 112mF cm−2, suggesting a larger electrochemically active
surface area (Figure 2g; Figure S10). The Nyquist plots indicated
lower solution and charge transfer resistances forHB/CoNiC (0.15
and 7.6 Ω cm−2) than for CoNiOOH (0.38 and 29.37 Ω cm−2)
(Figure 2h). In the low-frequency region, theWarburg coefficients
were measured as 1.63 and 4.24 Ω cm−2 s−0.5 for HB/CoNiC
and CoNiOOH, respectively, indicating a significantly reduced
ion diffusion resistance in HB/CoNiC (Figure 2i). These findings
highlight the superior energy storage performance of HB/CoNiC,
attributable to its enhanced pseudo-capacitance and improved
ion transport properties.

At current densities ranging from 1 to 50 A g−1, the gal-
vanic charge-discharge (GCD) curves of HB/CoNiC displayed
non-linear shapes, indicative of pseudo-capacitance behavior

(Figure 3a). Conversely, CoNiOOH exhibited shorter charge-
discharge times under identical conditions (Figure 3b). At
current densities of 1 and 20 A g−1, HB/CoNiC achieved specific
capacitances of 1102 and 737 F g−1, respectively, outperforming
CoNiOOH (430 and 278 F g−1) and other recently studied
electrodes (Figure 3c; Table S1). The energy storage performance
was further evaluated in 1 m KOH and 1 m LiTFSI electrolytes
(Figure S11). Wind-rose plots revealed that HB/CoNiC consis-
tently surpassed CoNiOOH across all tested current densities
and electrolytes (Figure 3d). CoNiOOH achieved performance
in the BSIW electrolyte (430 F g−1), equivalent to 108% of its
performance in 1 m KOH (398 F g−1). However, HB/CoNiC
exhibited a considerable improvement, achieving a 161% increase
in specific capacitance in the BSIW electrolyte (1102 F g−1)
compared to 1 m KOH (683 F g−1) at a current density of 1 A
g−1 (Figure 3e). Additionally, the specific capacitance increased
from 33 to 177 F g−1 when HB was assembled with CoNiOOH
in a 1 m LiTFSI electrolyte at the same current density. Inter-
estingly, the combined specific capacitances in 1 m LiTFSI
and 1 m KOH electrolytes for CoNiOOH and HB/CoNiC were
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100% and 78%, respectively, of the specific capacitance in the
BSIW electrolyte. EIS measurements demonstrated that while
the only hydroxide ion transfer governs the energy storage of
CoNiOOH, the energy storage of HB/CoNiC stems from the Li
and hydroxide ions transfer, enabling synergistically improved
energy storage in the BSIW electrolyte (Figure S12). These
findings suggest that the significantly enhanced performance
of HB/CoNiC in the BSIW electrolyte is attributable to LiOH
chemistry.

At a current density of 20A g−1, cycling stability was assessed over
10 000 cycles to evaluate its practical applicability. HB/CoNiC
demonstrated exceptional capacitance retention of 99.6% with
nearly 100% Coulomb efficiency, significantly outperforming
CoNiOOH, which retained only 66.5% (Figure 3f). To further
explore practical applications, supercapattery devices consisting
of a pair of electrodes and BSIW electrolytes were fabricated. At
a scan rate of 10 mV s−1, the HB/CoNiC-based supercapattery
exhibited a significantly higher current density compared to the
CoNiOOH-based supercapattery within a potential range of 0–
2 V (Figure 3g). Moreover, the HB/CoNiC-based supercapattery
also demonstrated superior specific capacitances across current
densities ranging from 1 to 50 A g−1 (Figure S13). A Ragone plot of
power and energy densities indicated that the HB/CoNiC-based
supercapattery exhibits a high energy density of 112.5 Wh kg−1 at
a power density of 40 kW kg−1, which is comparable to, and in
some cases superior to, recently studied energy storage devices
(Figure 3h; Table S2). Furthermore, during the durability test of
10 000 cycles at a current density of 20A g−1, theHB/CoNiC-based
supercapattery retained 95.7% of its specific capacitance with
nearly 100% Coulombic efficiency, significantly outperforming
the CoNiOOH-based supercapattery, which retained only 56.1%
(Figure 3i).

After the cycling test, FE-SEM confirmed that the morphology
of HB/CoNiC was well-maintained (Figure S14). In addition,
the crystalline HB and CoNi alloy were well-maintained in the
stability-tested HB/CoNiC (Figure S15). The valence states of
metal and oxygen in HB/CoNiC were investigated using ex-
situ XPS. The XPS spectra revealed that the valence state of
metal cations (Co3+ and Ni3+) in HB/CoNiC gradually increased
during charging and progressively decreased during discharging
(Figure 4a; Figure S16). Notably, the metal redox was followed by
the oxygen redox, indicating lattice oxygen chemistry driven by
the covalent M-O and undercoordinated oxygen [43–45]. It was
clearly observed that the intensities of O−/O2

2− increased and
decreased in the fully charged and discharged states, respectively,
in the O 1s XPS spectra, which are indicative of lattice oxygen
oxidation and reduction [18–21]. In addition, the HB/CoNiC
was collected at the various potentials to track the reaction
intermediates using a time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) to further investigate the proposed reaction
mechanism. While OH in HB/CoNiC was gradually oxidized
into O and dimerized (OO) as the potential increases from R1 to
R3, Li2O2 and LiOH were formed by lithiation and subsequent
protonation of OO at potentials R4 and R5, respectively (Figure
S17). Furthermore, Li2O2 was completely transformed into LiOH
at the end of discharge, andLiOHwas decomposed into hydroxide
at potential R6 as the second cycle started. These results demon-
strate the 4-electron transfer reaction pathway between LiOH and
OO,mediatingOandLi2O2 for charge and discharge, respectively,

and that the LiOH formation and decomposition reactions are
reversible. Furthermore, 7Li nuclear magnetic resonance (NMR)
spectra identified the emergence and vanishment of a LiOH
signal (1.1 ppm) and a broad signal at the chemical shift of
2140 ppm, attributable to a Fermi contact shift driven by the
unpaired electron spin density in amorphous bonding structure
around surface-adsorbed Li (Figure 4b) [46, 47]. Simultaneously,
Li 1s XPS spectra confirmed the formation and decomposition of
LiOH (54.8 eV) in the fully discharged and charged states, respec-
tively, demonstrating the reversible LiOH chemistry (Figure 4c)
[36, 37]. In contrast, CoNiOOH showed negligible differences in
NMR and XPS spectra during the charge-discharge process, and
no lithiation-driven products were detected in its discharge state
(Figure S18).

Raman spectroscopy identified the Eg bending vibration (δ(M-
O), 472 cm−1) and A1g stretching vibration (ν(M-O), 546 cm−1)
modes of the γ phase metal oxyhydroxide (γ-MOOH) and peroxo-
like oxygen species (M-(OO)−, 1008 cm−1) within the fully
charged state of HB/CoNiC (Figure 4d; Figure S19) [18, 19, 21].
While γ-MOOH is related to the oxidized metal cation, M-
(OO)− is attributed to the coupling of undercoordinated oxygen
atoms. These results indicate that the downshift of the metal
d-band below the oxygen nonbonding state can activate oxy-
gen atoms as redox centers, thereby facilitating the coupling
of undercoordinated oxygen atoms by utilizing holes in the
oxygen nonbonding states [18–21]. Furthermore, the discharged
HB/CoNiC exhibited Raman signals attributed to β-MOOH (520
cm−1) and A1g and Eg vibration of LiOH (330 and 620 cm−1),
derived from the reduction of metal cations and oxygen anion,
illustrating the reversible redox reaction associated with LiOH
formation and decomposition [5, 6, 18, 19, 46, 47]. It was revealed
that after the cycling test, the signal of the B-H stretching
vibration of HB remains constant without significant degradation
or structural change (Figure S19). These results indicate that
the stable HB in the hierarchically assembled heterostructure
facilitates rapid charge transfer to the active sites during the
long-term cycling test, eventually enabling reversible LiOH
chemistry.

Based on these electrochemical and analytical results, we propose
a LiOH-based energy storage mechanism for HB/CoNiC in the
BSIW electrolyte (Figure 4e). During the discharge process,
metal reduction (P3 and P4 regions in CV) and subsequent
oxygen reduction (P5 region in CV) promote LiOH formation
via lithiation and protonation, which involve the reduction of
undercoordinated oxygen atoms, similar to LiOH formation in
aprotic electrolytes (Figure 2b) [5–8]. In the charging process,
the decomposition of LiOH involves metal oxidation (P1 and
P2 regions in CV) and subsequent oxygen oxidation, producing
dimerized undercoordinated oxygen atoms (OO). As a metal
d-band downshift driven by the metal cation oxidation, oxy-
gen nonbonding states in undercoordinated oxygen atoms are
positioned higher than those of the metal (high M-O cova-
lency), thereby facilitating the oxidation of undercoordinated
oxygen atoms, akin to lattice oxygen redox chemistry [18–21].
Concurrently, the energy storage mechanism varies in 1 m
KOH and 1 m LiTFSI electrolytes due to the absence of Li-ion
and a deficiency of OH−, which diminishes proton transfer in
alkaline media. Therefore, the synergistic interaction between
undercoordinated oxygen and the BSIW electrolyte is essential
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FIGURE 4 a) Electrochemical curves and Ni 2p and O 1s XPS spectra of HB/CoNiC during the GCD process. b) 7Li nuclear magnetic resonance, c)
Li 1sXPS, and d) Raman spectra of cycling stability tested HB/CoNiC. e) Proposed energy storagemechanism of lithium hydroxide chemistry in aqueous
electrolyte. f) Free energy diagram of reaction coordinate comprising two-electron transfer steps. g) Free energy differences of rate-determining steps
(RDS) based on redox active sites.
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for transporting H+ and Li+ ions to redox-active oxygens, thereby
enabling effective and reversible LiOH chemistry in aqueous
conditions.

Density functional theory (DFT) calculations further investigated
the proposed catalytic energy storage mechanism. Based on the
characterization and electrochemicalmeasurements, the reaction
coordinates were analyzed using the cubic CoNi (111)/trigonal
CoNiOOH (100) heterostructure and the trigonal CoNiOOH
(100) models (Figure S20). It was found that the metal and
undercoordinated oxygen can serve as active sites for OOH
and OO coordination reaction steps based on the lattice oxygen
redox chemistry, leading to distinct reaction pathways. Compared
to the OOH pathway, the OO pathway involves the oxygen
redox reaction during protonation and deprotonation, and the
peroxo-like OO coordination facilitates Li2O2 coordination dur-
ing discharge, analogous to LiOH chemistry [5–8]. Furthermore,
the free energy diagrams of LiOH chemistry confirmed that
OOH and OO coordination reactions exhibit the largest uphill
free energy difference among all the reactions, indicating the
rate-determining step (RDS) (Figure 4f). The CoNi/CoNiOOH
heterostructure requires a lower free energy of 1.33 eV for the RDS
in the OO coordination pathway compared to CoOOH (2.16 eV)
and NiOOH (2.73 eV) coordination pathways, demonstrating that
the lattice oxygen redox effectively mediates LiOH chemistry
(Figure 4g). Meanwhile, CoOOH (2.91 eV) and NiOOH (2.76 eV)
are thermodynamically favorable than the OO coordination
pathway (3.03 eV) in the CoNiOOH structure, hindering LiOH
chemistry in the electrochemical potential window of BSIW.
Combining experimental and computational results, we propose
an energy storage mechanism in the HB/CoNiC model involving
undercoordinated oxygens, enabling lattice oxygen redox to
mediate LiOH chemistry in aqueous electrolyte (Figure 4e).

3 Conclusion

To demonstrate LiOH chemistry within an aqueous electrolyte,
the hierarchically assembled HB/CoNiC was synthesized using
electrochemical-electrophoretic deposition for supercapattery
applications. Incorporating reducible HB facilitated the pro-
duction of partially reduced CoNi alloy nanoparticles and
undercoordinated oxygen atoms, leading to numerous oxygen
nonbonding states. HB/CoNiC exhibited an exceptional specific
capacitance of 1102 F g−1 at a current density of 1 A g−1 in a
BSIW electrolyte comprising 1 m LiTFSI and 1 m KOH. Addition-
ally, a symmetric HB/CoNiC-based supercapattery demonstrated
a high energy density of 112.5 Wh kg−1 at a power density
of 40 kW kg−1 and maintained 95.7% of its specific capac-
itance after 10,000 cycles at a current density of 20 A g−1.
The electrochemical measurements, ex-situ characterizations,
and computational calculations confirmed that the enhanced
energy storage performance originated from (de)protonation
and (de)lithiation reactions. Undercoordinated oxygen atoms
with oxygen nonbonding states proved essential for synergizing
protonation and deprotonation with ORR and OER to pro-
mote LiOH chemistry. These findings offer significant insights
into the design of catalytic energy storage materials and the
development of aqueous energy storage systems based on LiOH
chemistry, highlighting their potential for efficient and durable
applications.

4 Experimental Section

4.1 Preparation of HB

The HB nanosheet powder was synthesized using an ion-
exchange method, as depicted in Figure S1. Initially, MgB2
polycrystals were prepared via a solid-state synthesismethod [28].
Mg and B powders were mixed in a stoichiometric ratio and
transferred into a steel ampoule. The ampoule was sealed by arc
welding and subsequently annealed under an inert atmosphere,
resulting in MgB2. Following this, 90 mg of MgB2 powder was
dispersed in 300 mL of methanol using a JY92-IIN Scientz
ultrasonic probe homogenizer operating at 450 W power in an
ice bath for 1 h. Then, 150 mL of methanol suspension containing
45 g of ion-exchange resin (Amberlite IR120, H+ form) was added
to the MgB2 dispersion. The mixture was stirred at 550 rpm
under a nitrogen atmosphere for 3 days. Upon completion, the
HB powders and methanol solution were separated from the
ion-exchange resins via cannula transfer in a closed system
under nitrogen, as shown in Figure S1. The obtained methanol-
powder mixture was then vacuum-filtered and dried within the
same closed system. Lastly, the HB powders were collected in a
glovebox to prevent oxidation.

4.2 Electrochemical-Electrophoretic Deposition

For the preparation of the HB/CoNiC electrode, 2 mm each
of cobalt nitrate hexahydrate (Co(NO3)2∙ 6H2O) and nickel
nitrate hexahydrate (Ni(NO3)2∙ 6H2O), 1 mm of trimesic acid
(C6H3(CO2H)3), and 1 mg of HB were added to a mixture
consisting of 20 mL of D.I. water and 20 mL of acetonitrile
(CH3CN). Using this suspension as an electrolyte, we conducted
electrochemical-electrophoretic deposition at a current density
of −80 mA cm−2 for 25 min at 40◦C in a two-electrode system
that included a pair of carbon paper electrodes. The carbon
paper was washed with D.I. water and dried in an oven at 60◦C
after deposition. The exact process was applied to prepare the
CoNiOOH electrode, except for adding HB.

4.3 Characterization

The morphology and atomic configuration of the electrodes
were investigated using FE-SEM (ZEISS, Gemini560) and FE-
TEM (JEOL, JEM-ARM300F). Elemental mapping images were
acquired using an EDS equipped with FE-SEM and FE-TEM sys-
tems. The crystal structures of the electrodeswere identified using
X-ray diffractometry (XRD, Rigaku, Ultima IV). FT-IR (Nicolet
6700, Thermo Scientific) was used to investigate the bonding
network. Chemical bonding analyses were performed using
Raman spectroscopy (WEVE, HEDA) and XPS (ULVAC-PHI,
Versaprobe II). ESR (Bruker, EMXplus-9.5) was used to identify
lone-paired electron density. Particle and pore size analysis (PSA)
system (UPA-150, ASAP2010, AutoporeIV) was used to measure
the Brunauer–Emmett–Teller (BET) surface area. TheHB/CoNiC
and CoNiOOH exhibited the BET surface areas of 95.90 and 46.87
m2 g−1, respectively. A solid-state 7Li-NMR spectrometer (Bruker,
Avance III HD) acquired NMR spectra through 500 MHz Hahn-
echo pulse magic angle spinning experiments with a π/2 pulse
width of 1.0 µs and a relaxation delay of 50 ms. All the acquired
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isotopic 7Li spectrawere referenced against 1mLiCl at 0 ppm. The
reaction intermediates were investigated using TOF-SIMS (M6,
IONTOF GmbH).
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