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An ammonium oxalate etching strategy was employed to selectively transform nanocubes into octa-truncated cubes at elevated
temperatures. By varying the amount of ammonium oxalate, the influence on the morphological evolution of the material was

systematically investigated, and comprehensive electrochemical performance tests were conducted on the resulting materials.
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ABSTRACT: Prussian blue analogs (PBAs) are regarded as highly promising cathode materials for nickel-zinc batteries (NZBs)
due to their simple preparation process and stable framework structure. However, their practical application remains limited by
poor capacity retention and cycling stability. In this study, a chemical etching strategy using ammonium oxalate as the etchant
was employed to transform nanocube structures into octahedrally truncated cubes. This defect engineering approach effectively
enhanced the rate capability and cycling performance of the material. As a cathode material for NZBs, NiCoHCF-1.2
demonstrated an outstanding peak power density (31.83 mW cm2) and retained 63.29% of its capacity after 1000 cycles. This
research provides a viable pathway for constructing novel nanostructured PBA materials and holds significant importance for
advancing the development of advanced energy storage systems.

KEYWORDS: Prussian blue analog (PBA) nanocubes, etching, nickel-zinc battery, energy storage

1 Introduction

In the contemporary world, the global demand for efficient,
safe and sustainable energy storage is experiencing
explosive growth. As a core component of new energy
storage devices, the development of battery technology is
directly related to the future of the entire energy storage
industry [1-5]. Aqueous nickel-zinc batteries (NZBs)
demonstrate significant potential in the energy storage field
due to their high safety, abundant reserves of nickel and zinc
resources, and relatively low production costs. Furthermore,
the battery system exhibits excellent specific capacity, high
operating voltage and high energy density, making it an ideal
choice for energy storage applications [6-8]. Currently,
nickel-zinc batteries primarily use nickel oxide (NiO) [9-11],
nickel hydroxide (Ni(OH)z) [12-14], nickel molybdate
(NiMoO,) [15, 16], and some variants derived from the
Ni?*/Ni®* redox reaction as cathode materials [17]. However,
issues such as capacity decay and poor cycling stability of
electrode materials remain major bottlenecks restricting
their practical application [18]. The development of novel
cathode materials is a critical breakthrough for advancing
high-performance nickel-zinc batteries.

Prussian blue analogues (PBAs) are a typical class of
coordination compounds characterized by a three-

dimensional (3D) open framework structure, flexible and
tunable composition, as well as simple preparation and low
cost, making them a highly promising category of cathode
materials for batteries [19-21]. The most common type of
PBA utilizes [Fe(CN)g] as the ligand, and is consequently
categorized as hexacyanoferrates (HCFs) [22]. It is worth
noting that the inherent structural tunability and
compositional customizability of PBAs facilitate their
engineering into nanoscale dimensions (e.g., nanoparticles,
nanocubes, or hollow nanostructures). These nanostructures
serve a dual function: they provide a larger electrode-
electrolyte contact area while shortening the diffusion
pathways for ions/electrons, thereby synergistically
enhancing capacity and cycling stability [23]. Etching is an
effective method for modifying the structure of PBAs to
construct nanomaterials [24-27]. Currently, the commonly
used approaches involve acid or alkaline etching. For
instance, Shi et al. developed a series of highly asymmetric
PBA nanomaterials through the action of thiocyanuric acid
(TCA). The concentration of TCA and the reaction
temperature allow for precise control over the morphology
and growth, enabling a shift in facet priority and
demonstrating excellent control over instability [28]. In
another study, Wang et al. subjected NiFe-PBA to in situ
electrolysis by immersing it in a NaOH solution, yielding
ultrathin NiFe-layered double hydroxide (LDH) nanosheets
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rich in vacancies. The hierarchical architecture of NiFe-
LDH@E-PBA offered advantages such as abundant active

sites, large surface area, and rapid charge/mass transfer [29].

Compared with traditional acid-alkali etching, inorganic salt
etching represents a superior green chemical strategy
characterized by better controllability, milder conditions,
and enhanced environmental friendliness. To date, reports
on the use of inorganic salts as etching agents to treat PBAs
for constructing nanostructured NiCoHCF remain relatively
scarce [30].

In this study, NiCoHCF nanocubes were initially
synthesized via a simple co-precipitation method.
Subsequently, an ammonium oxalate etching strategy was
employed to selectively transform NiCoHCF into octa-
truncated cubes under elevated temperature. The
morphology of NiCoHCF was modulated by varying the
amount of ammonium oxalate (NiCoHCF-X, X=0, 0.1, 1.2, and
1.6 g), leading to optimized electrochemical performance of
the electrode material. Additionally, the effects of reaction
time and temperature on the morphological evolution, as
well as the underlying structural transformation mechanism,
were systematically investigated. Experimental results
demonstrated that the truncated structure obtained after
etching can effectively increase the electrode-electrolyte
interfacial contact, shorten the electron transport pathways,
and thereby enhance the electrical performance of the
cathodes for NZBs. NiCoHCF-1.2//Zn@CC battery exhibited
a remarkable areal capacity of 0.22 mAh cm™ (at 3 mA cm?)
and reached a peak power density as high as 31.83 mW cm2.

2 Results and Discussion

The synthetic route employed in this study is depicted in
Figure. 1. Initially, the nano-cubic NiCoHCF was synthesized
via a room-temperature co-precipitation method, using
nickel chloride and cobalt chloride as metal sources and
potassium ferricyanide as the ligand. Subsequently, the
addition of ammonium oxalate at different concentrations
was followed by a conversion into octa-deficient corner
cubes using a water bath heating method. The as-
synthesized samples presented
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Fig 1 The synthesis process of NiCoHCF and NiCoHCF-X (X = 0.2,1.2,1.6).

a cubic morphology, which developed varying degrees of
corner defects upon the amount of ammonium oxalate
introduced. Site-selective etching at the corners of NiCoHCF
by ammonium oxalate was initiated owing to the higher
surface energy and richer defects [31]. In the coordination
reaction, oxalate ions preferentially chelate with Ni and Co
metal ions, thus diminishing the Ni-N=C-Fe bonding and
leading to the etched octa-truncated cubic structure [32].

al a2 a3 a4

Fig 2 3D geometries (a), SEM images (b), TEM images (c) of NiCoHCF,
NiCoHCF-0.2, NiCoHCF-1.2, NiCoHCF-1.6; HAADF-STEM image and
corresponding elemental mapping images of (d) NiCoHCF and (e)
NiCoHCF-1.2.

We illustrated the 3D morphological evolution of the
material during etching, as shown in Figure. 2al-a4. It can
be clearly observed that the material initially exhibited a
well-defined cubic structure with smooth surfaces and
relatively few surface defects. As the amount of ammonium
oxalate increased, more pronounced corner truncation
developed on the cubic framework, which introduced
additional surface defects. This structural modification is
anticipated to enhance the functional properties of the
material. Scanning electron microscopy (SEM) images reveal
that the NiCoHCF exhibits a regular morphology with an
average particle size of approximately 115 nm (Figure. 2b1).
The cubic structure of NiCoHCF is also demonstrated by
transmission electron microscopy (TEM) images (Figure.
2c1). With increasing concentrations of ammonium oxalate,
the degree of etching at eight corners of the NiCoHCF cubes
intensifies, resulting in progressively larger corner
deficiencies (Figure. 2b2-b4 and Figure. 2c2-c4). The
etched NiCoHCF samples were designated as NiCoHCF-X (X =
0.2, 1.2, 1.6) based on the concentration of ammonium
oxalate. Furthermore, etching reactions at other
concentrations for the same duration (Figures. S1) and at
different reaction times for the same concentration (Figure.
S2-S4) were also investigated. To establish a clear structure-
property relationship, three representative samples with
well-defined morphological features were selected from the
reacted NiCoHCF cubes for further investigation. To
investigate the role of temperature, etching was also
conducted at room temperature, as illustrated in Figure. S5.
The cubic morphology showed no significant change,
confirming that a high-temperature water bath is essential
for achieving significant etching. Energy-dispersive
spectrometer (EDS) mapping images of NiCoHCF and
NiCoHCF-X (X = 0.2, 1.2, 1.6) confirm the homogeneous
distribution of Ni, Co, Fe, and C elements (Figure. 2d, e and
Figure. S6).

The structure of the materials was further characterized.
As shown in Figure. 3a, the X-ray diffraction (XRD) patterns
reveal that all materials exhibit similar crystalline phases.
The characteristic peaks located at approximately 17.3°,
24.6°, 35.0°, and 39.3° can be indexed to (200), (220), (400),
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and (420) lattice planes, respectively. The diffraction pattern
shows good agreement with the theoretical simulation
(PDF#51-1897), indicating that the structural integrity of
the material is largely preserved throughout the etching
treatment. Compared to NiCoHCF, the diffraction peaks of
NiCoHCF-0.2, NiCoHCF-1.2, and NiCoHCF-1.6 are slightly
shifted toward higher angles. According to the Bragg
equation (2dsin® = nA), this indicates a reduction in
interplanar spacing and an overall lattice contraction [33].
The XRD Rietveld refinement results in Figure. S7 also
support the above conclusion. The composition and
structure of NiCoHCF and NiCoHCF-X were further
confirmed by Fourier transform infrared spectroscopy (FTIR)
and Raman spectroscopy. The peaks at 3406 and 1608 cm!
are respectively identified as the the vibrational modes of
water molecules (O-H stretching and bending). The
absorption band from 2050 to 2170 cm™ is characteristic of
the C=N stretching vibration in the PBA. The merging of the
Fe3*-CN and Fe?*-CN peaks (at 2100 and 2160 cm™) into a
broad band in the NiCoHCF-X samples suggests that the
chelation of oxalate ions to nickel ions disrupts the original
Ni-N=C-Fe bonding. This spectral change suggests that the
chelation of oxalate ions with nickel ions disrupts the Ni-
N=C-Fe coordination during the ligand substitution process.
Under the influence of ammonium oxalate, the Fe*-CN
framework was enhanced, gradually replacing the Fe3*-CN
species (Figure. 3b). As can be seen from Figure. S8, the
C=N sub-peak area ratio increases after etching, suggesting
that the etching process exposes more C=N groups. Raman
spectroscopy also confirmed the successful synthesis,
showing a characteristic peak at *2180 cm™ corresponding
to C=N group in the PBA structure, thereby verifying the
presence of [Fe(CN)¢] * (Figure. S9) [34].

To investigate the changes in specific surface area and
pore size of the material after etching, Brunauer-Emmett-
Teller  (BET) and  Barrett-Joyner-Halenda  (BJH)
measurements were performed on NiCoHCF and NiCoHCF-
1.2. The BET results, shown in Figure. 3c and Figure. S10,
exhibit typical Type IV N, adsorption/desorption isotherms.
The specific surface areas of NiCoHCF and NiCoHCF-1.2 are
174.07 and 45.16 m?.g!, respectively. The reduction in
specific surface area further indicates an increase in active
sites of the etched NiCoHCF material [35]. Additionally, the
average pore sizes of NiCoHCF and NiCoHCF-1.2 are 5.88 nm
and 14.97 nm, respectively. The superior electrochemical
performance of NiCoHCF-1.2 may be attributed to its
favorable pore structure and pore size distribution. The
etched NiCoHCF exhibits enhanced porosity and exposes
more defects, which would be more conducive to charge
transfer and ion diffusion [36]. The thermogravimetric
analysis (TGA) results are shown in Figure. S11. The mass
loss of the samples can be divided into three main stages: the
mass loss in the first stage results from the removal of both
adsorbed and crystalline water; the mass loss in the second
stage (230-400 °C) is mainly associated with the partial
decomposition of cyano groups in PBA; the third stage
predominantly involves further decomposition of the PBA
framework. The water contents in the NiCoHCF and
NiCoHCF-1.2 samples are 22.29% and 16.52%, respectively,
indicating a reduction in crystalline water after high-
temperature etching, which contributes to performance
improvement.

We employed X-ray photoelectron spectroscopy (XPS) to

probe the surface chemical states and bonding
characteristics of NiCoHCF and the etched NiCoHCF-1.2. The

survey profiles in Figure. 3d reveal the coexistence of Ni, Co,
Fe, N, and C elements on the surfaces of both materials. The
observed peaks are assigned to their respective core levels
as follows: 857 eV (Ni 2p), 783 eV (Co 2p), 708 eV (Fe 2p),
398 eV (N 1s), and 285 eV (C 1s). The high-resolution Ni 2p
spectrum of NiCoHCF exhibits two peaks at binding energies
of 859.49 eV and 876.07 eV, corresponding to Ni 2p3,2 and Ni
2p1/2, respectively (Figure. 3e). These main peaks indicate
the coexistence of mixed-valence Ni species, specifically Ni3*
and Ni?*. In NiCoHCF-1.2, the shift of the Ni 2ps/> peak
toward lower binding energy can be attributed to the
etching process, which alters the local coordination
environment and electronic structure of Ni. This enhances
the electron cloud density around Ni atoms, leading to the
observed decrease in binding energy. The high-resolution
XPS spectra of Co 2p and Fe 2p (Figure. 3f and S12b)
display peaks for Co 2p3;2, Co 2p1/2, Fe 2p3;2, and Fe 2pie.
Each spectrum can be deconvoluted into two spin-orbit
doublets, confirming the coexistence of Co?*, Co%*, Fe?*, and
Fe3* within the metal-organic framework. From the N 1s and
C 1s spectra (Figure. S12a and S12c), the main
characteristic peaks are located at 398.2 eV and 286.0 eV,
respectively, providing evidence for the presence of C=N
bonds [37]. Additionally, the specific peak positions and
valence states of each element are summarized in Table S1.
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Fig 3 (a) XRD patterns (b) FTIR spectra of NiCoHCF, NiCoHCF-0.2,
NiCoHCF-1.2 and NiCoHCF-1.6. (c) N2 adsorption-desorption isotherms
of NiCoHCF-1.2. (d) XPS survey spectra. (e) High-resolution Ni 2p XPS
spectra. (f) High-resolution Co 2p XPS spectra.

To evaluate the electrochemical performance of NiCoHCF
and NiCoHCF-X, the materials were loaded onto carbon cloth
and initially assessed using a three-electrode system in 3 M
KOH electrolyte. Figure S13 displayed the XRD diffraction
patterns of the bare carbon cloth substrate and NiCoHCF-X.
As observed from the cyclic voltammetry (CV) curves in
Figure. S14, both NiCoHCF and NiCoHCF-X exhibit similar
shapes and well-defined redox peaks at scan rates ranging
from 5 to 50 mV s1. At the scan rate of 5 mV s, the redox
peak area of NiCoHCF-X initially increases and then
decreases with increasing ammonium oxalate concentration.
Notably, NiCoHCF-1.2 demonstrates the largest redox peak
area, indicating faster and more abundant redox reactions
(Figure. 4a). Furthermore, the charge storage mechanism of
the materials was studied using the power-law relationship
between peak current (i) and scan rate (v), expressed as i =
av®. The b-values for the anodic/cathodic peaks of both
NiCoHCF and NiCoHCF-X electrodes are close to 0.5,
suggesting a diffusion-controlled process (Figure. S15).

3/7



Nano Research | Vol. XX, No. XX

Firstauthor et al.

0.6
a ] —wconer 2 b NiCOHCF-1.2
— NiCoHCF02
- NICOHCFA2 05
" NICOHCF1.6 5
5 3
< S04
E £
2 @ =
2 $
2 337
g 2
a s — smacm®
e 2021 — smacn’
] s 8mA cm
> o 10mA cm?
5}
20 . 15 mAcm®
20mAcm®
0 0.0
0.0 1 0.2 . 0.3 04 0.5 0.6 0.00 0.05 0.10 0.15 0.20
c Potential (V vs. Hg/HgO) Specific capacity (mAh cm™)
022
PFE‘““ NiCoHCF-1.2
S
Zo18
E 85.71%
0.16
%‘ NiCoHCF
S04
g
8
E 212 T1.17%
]
20.10
2 3mA cm?
0.08
0 100 200 300 400 500
Cycle number
d . vamerra | €1200
_ NcoHc <
S0.21 NICOHCF-0.2 %
g NiCoH N
£048 900 *
<
Eoss =
z e o“’@.
'gn.u £600
2 S
So.00 <
X '04
s LN
gooe 300 %
@
0.03
o\‘"‘.
0.

3 15 20

5 8 10
Current Density(mA cm™?)

Fig 4 (a) CV curves of NiCoHCF and NiCoHCF-X at 5 mV/s. (b) GCD
profiles of NiCoHCF-1.2 from 3 to 20 mA/cm?. (c) Cycling performance
of NiCoHCF and NiCoHCF-1.2 over 500 GCD cycles. (d) Specific
capacitance of the obtained electrodes at increasing current densities. (e)
In situ UV-vis spectra of NiCoHCF-1.2 during charge-discharge cycling.

.4 06 250

0.0 02 0. 350
Potential (V vs. Hg/HgO)

275 300 325
Wavelength (nm)

We further employed galvanostatic charge-discharge (GCD)
curves to investigate how ammonium oxalate etching affects
the specific capacity. Figure 4b and Figure S16 display the
GCD curves of NiCoHCF and NiCoHCF-X electrodes at
different current densities spanning a range from 3 to 20 mA
cm?,  Notably, the NiCoHCF-1.2 electrode exhibited a
superior discharge plateau and the highest areal specific
capacity (0.22 mAh cm?) at 3 mA cm? (Figure. S17).
Therefore, the defects introduced by etching contribute to
enhanced specific capacity. However, excessive etching (as
in NiCoHCF-1.6) results in a lower voltage plateau compared
to NiCoHCF-1.2, which adversely affects the Ni redox
reactions during charge/discharge processes. As shown in
Figure. 4d, NiCoHCF-1.2 delivered the highest specific
capacity across all current densities, demonstrating superior
rate performance. Electrochemical impedance spectroscopy
(EIS) measurements of NiCoHCF and NiCoHCF-X electrodes
(Figure. S18) reveal that the semicircle in the Nyquist plot
corresponds to the charge transfer resistance (Rct). The
smaller Rct value observed for NiCoHCF-1.2 indicates faster
charge transfer kinetics, likely attributable to the enlarged
pore diameter after etching that facilitates charge transport.
Furthermore, the areal power/energy density of NiCoHCF
and NiCoHCF-X under identical testing conditions are
compared in Figure. S19. NiCoHCF-1.2 exhibits optimal
areal energy density and power density (0.068 mWh cm™
and 544 mW cm?) among the electrode materials. The
cycling stability of pristine NiCoHCF and etched NiCoHCF-1.2
electrodes after 500 cycles is presented in Figure. 4c. The
results show that the etched NiCoHCF-1.2 maintains a
capacity retention of 85.71%, significantly higher than the
71.17% retention of the pristine material.

To further investigate the energy-storage mechanism of
the NiCoHCF-1.2 cathode, in situ UV-Vis test was conducted
in a three-electrode system during charge-discharge cycling
(Figure. 4e). The obtained spectra exhibited a characteristic

absorption band around 250 nm, which is assigned to
ligand-to-metal charge transfer. As cycling progressed, the
onset of this absorption exhibited a slight red-shift, implying
electronic coupling between the metal center and the ligand
[38]. During the second cycle, the absorption intensity of this
band increased, suggesting potential dissolution of ligands
from NiCoHCF-1.2 during the charge-discharge process.
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Fig 5 (a) Schematic illustration of the aqueous NZBs battery. (b)
Contour plots of CV pattern for NiCoHCF-1.2 electrode. (c) Fitting plots
between peak current and (scan rate)/2. (d) GCD curves of four NZBs at
3 mA/cm?. (e) Specific capacitance of NiCoHCF and NiCoHCF-X (X =
0.2,1.2,1.6) under various current densities. (f) Comparative EIS spectra
in Nyquist plots. (g) Rate performances of NiCoHCF and NiCoHCF-X (X =
0.2,1.2,1.6). (h) The contribution ratios of the NiCoHCF-1.2 electrode. (i)
Ragone plots of the aqueous NiCoHCF-1.2 //Zn compared with other
works.

To evaluate the electrochemical performance of NiCoHCF
and NiCoHCF-X electrodes as cathode materials for aqueous
Zn-based batteries (NZBs), we constructed
NiCoHCF//Zn@CC and NiCoHCF-X//Zn@CC aqueous
batteries using a 3 M KOH and 20 mM Zn(Ac): mixed
solution as the electrolyte for two-electrode electrochemical
testing (Figure. 5a). The CV responses of the
NiCoHCF//Zn@CC and NiCoHCF-X//Zn@CC within the
operating window of 1.4-2.1 V are depicted in Figure. 5b
and Figure. S20. All materials exhibit well-defined CV curves
with typical battery characteristics at various scan rates. The
NiCoHCF-1.2//Zn@CC cell demonstrates more distinct redox
peaks and a larger CV area at 5 mV s, suggesting a higher
charge storage capacity (Figure. S21). As shown in Figure.
5c, the peak redox current density (i) of the NiCoHCF-
1.2//Zn@CC cell was plotted against the square root of the
scan rate (v'/2). The resulting linear relationship indicates a
high b-value, implying a diffusion-controlled process with
rapid ion diffusion kinetics. The GCD curves of
NiCoHCF//Zn@CC and NiCoHCF-X//Zn@CC at current
densities ranging from 3 to 20 mA cm? exhibit discharge
plateaus above 1.7 V (Figure. S22), confirming stable
voltage output for all materials. When tested at 3 mA cm?,
the areal -capacities of NiCoHCF//Zn@CC, NiCoHCF-
0.2//Zn@CC, NiCoHCF-1.2//Zn@CC, and  NiCoHCF-
1.6//Zn@CC are 0.170, 0.210, 0.223, and 0.183 mAh cm?,
respectively. The NiCoHCF-1.2//Zn@CC configuration
delivers the highest specific capacity along with a higher
discharge plateau, suggesting faster reaction Kkinetics
(Figure. 5d). Similarly, as clearly observed in Figure. 5e,
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NiCoHCF-1.2//Zn@CC demonstrates superior areal capacity
compared to other materials across various current
densities. Compared to the conventional mass loading used
in experiments, electrochemical data were collected for
electrodes with a mass loading of 210 mg cm™ (Figure. S23).
The areal capacity of the thick electrode reached 0.48 mAh
cm?, demonstrating the excellent scalability of the material.
EIS measurements of all materials in the two-electrode
system are presented in Figure. 5f. Figure S24 displays the
EIS fitting spectra for NiCoHCF-1.2 and its corresponding
equivalent circuit, revealing a charge transfer resistance (Rct)
of 9.14 Q. The lower Rct value compared to other electrode
materials indicates faster charge transfer kinetics.
Furthermore, both NiCoHCF//Zn@CC and NiCoHCF-
X//Zn@CC exhibit good rate capability. As shown in Figure.
5g, NiCoHCF-1.2//Zn@CC achieves an average specific
capacity of approximately 0.223 mAh cm? at 3 mA cm?2
When the current density is returned to 3 mA cm? after 30
cycles at varying rates, the average specific capacity recovers
to 0.212 mAh cm?, demonstrating high capacity and
electrochemical reversibility. The scan-rate dependence of
the capacitive fraction for the NiCoHCF-1.2//Zn@CC
electrode is displayed in Figure. 5h. Evidently, the capacitive
contribution increases with increasing scan rate. At scan
rates below 20 mV s, the charge storage is primarily
dominated by diffusion-controlled processes. In contrast, at
higher scan rates above 20 mV s?, capacitive behavior
contributes more significantly. A dominant capacitive
contribution of 84.36% is achieved at 20 mV s, indicating
superior electrochemical performance.
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Fig 6 (a) Schematic diagram of the assembled device. (b) Voltage
stability of gel batteries. (c) CV curves at varying scan rates. (d) GCD
profiles under different current densities. (e) Charge-discharge cycling
test.

In addition, Figure 5i compares the areal energy and
power densities of the NiCoHCF-1.2//Zn battery with those
reported in other relevant aqueous battery systems. The
Ragone plot analysis demonstrates the superior
performance of the NiCoHCF-1.2//Zn battery, reaching peak
power and energy densities of 31.83 mW c¢cm and 0.37 mWh
cm?, outperforming other reported works (Table S2).
Furthermore, the cycling performance of NiCoHCF//Zn@CC
and NiCoHCF-1.2//Zn@CC cells at 3 mA cm? is shown in
Figure. S25. After 1000 cycles, the NiCoHCF-1.2 electrode
maintains a capacity retention of 63.29%, demonstrating
exceptional cycling stability (Table S3). SEM images in
Figure. S26 confirm that the material remains firmly
adhered to the surface without detachment after cycling.

Based on the excellent electrochemical performance of the
NiCoHCF-1.2//Zn aqueous battery, we fabricated a gel
battery to explore its potential for practical applications. The
flexible NiCoHCF-1.2//Zn@CC device was assembled by
using NiCoHCF-1.2@CC as the cathode, polyacrylic acid gel

as the solid-state electrolyte, and a zinc sheet as the anode,
all encapsulated with a laminated film (Figure. 6a-b). The
gel battery exhibited an open-circuit voltage of 1.340 V. The
assembled device was used to power small electronic
components, successfully lighting three LED bulbs.
Subsequent electrochemical characterization revealed that
the gel battery maintained 94.31% capacity retention after
100 cycles at a current density of 5 mA cm?, demonstrating
exceptional cycling stability (Figure. 6c-e). These results
confirm the remarkable electrochemical performance of the
device and its feasibility for flexible energy storage
applications. The enhanced charge transport capability of
the salt-etched NiCoHCF-1.2 material offers valuable insights
for the next generation of flexible energy storage devices,
informing the design of safer, more scalable, and high-
potential flexible power sources.

3 Conclusion

In this work, we investigated an ammonium oxalate etching
strategy for the conversion of NiCoHCF nanocubes into
truncated octahedral structures and their application in
aqueous nickel-zinc batteries. The amount of ammonium
oxalate introduced was found to significantly influence the
morphological evolution of the NiCOHCF nanocubes. During
the coordination process, the incorporation of ammonium
oxalate exposed more metal ions, and the etched NiCoHCF-
1.2 with optimal defect density exhibited enhanced specific
capacity and improved electrochemical stability. This study
successfully demonstrated that inorganic salts can
effectively etch PBAs to construct nanostructured materials
with tailored morphologies. These findings underscored the
potential of such engineered nanomaterials to position PBAs
as promising candidates for high-performance
electrochemical energy storage devices.

Electronic Supplementary Material: Supplementary
material (Electrochemical Measurements, XRD, XPS) is available
in the online  version of this article at
https://doi.org/10.26599/NR.2026.94908679.
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Experimental section

All reagents were of analytical grade and could be used without further purification. Nickel chloride hexahydrate (NiClz-6H:0,
99.5%), Cobalt chloride hexahydrate (CoClz:6H20, 99.5%), potassium hexacyanoferrate(Ill) (Ks[Fe(CN)s]), and Ammonium
oxalate monohydrate (C2HsN204-H20, 99%) were purchased from Shanghai Sinopharm Chemical Reagent. Trisodium citrate
dihydrate (C¢HsNa307:2H20) was purchased from Macklin. Potassium hydroxide (KOH, 95%), Zinc acetate dihydrate
(C4H1006Zn-2H20, 99%) were purchased from Aladdin. All aqueous solutions were prepared with high-purity de-ionized water
(DI water, resistance 18 MQ cm™). Polyacrylic acid-based gel electrolytewas purchased from Shanghai Yanwen Technology Co.
Ltd.

Instrument required for experiment

Electronic analytical balance (FA-1004B), purchased from Shanghai Youke Instrument Co., Ltd. The phase and crystal structure
of the material were characterized by X-ray diffraction (XRD) on a Bruker D8 Advanced X-ray Diffractometer (Cu-Ka radiation:
A = 0.15406 nm). The morphology of samples was observed by scanning electron microscope (SEM, Zeiss_Supra55) under the
acceleration voltage of 5.0 kV. Transmission electron microscopy (TEM) investigations were performed by a JEM-2100
instrument. Energy dispersive X-ray spectrometry (EDS) elemental mapping scans were recorded using Tecnai G2 F30 S-TWIN
at an acceleration voltage of 300 kV. The chemical states were measured using an Axis Ultra X-ray photoelectron spectroscope
(XPS, Thermo Fisher Scientific ESCALAB250Xi) equipped with a standard monochromatic Al-Ka source (hv = 1486.6 eV).
Fourier transform infrared (FTIR) transmission spectra were obtained on a BRUKER-EQUINOX-55 IR spectrophotometer. N:
adsorption desorption isotherms were obtained on Quantachrome Instruments, Autosorb 1Q3. The products were tested by
Raman on a DXRxi Raman Imaging Microscope for functional group analysis. Additionally, thermogravimetry analysis (TGA)
was performed by a PerkinElmer Pyris 1 TGA instrument under N2 atmosphere from 20 °C to 800 °C at a heating rate of 10 °C
mint. Electrochemical workstation (CHI-660E), purchased from CH Instruments, USA.

Materials synthesis

Synthesis of NiCoHCF:

In a typical procedure, 2.4 mmol of NiClz-6H20, 0.6 mmol of CoCl:6H0, 4.5 mmol of NazCsH507-:2H20 were dissolved in 100 mL
of deionized water to obtain solution A. Then 2 mmol of Kz[Fe(CN)s] was dissolved in 100 mL of deionized water to obtain
solution B. Then the solution B was poured directly into the solution A with stirring at room temperature. After 10 min of
continuous stirring, the resulting mixed solution was aged for 24 h at room temperature. The products were collected by
centrifugation and washed repeatedly with deionized water and ethanol, respectively.

Synthesis of NiCOHCF-X (X=0.2, 1.2, 1.6):

In a typical procedure, 0.1 g of NiCoHCF was dissolved in 20 mL of ethanol to obtain solution A. 0.2 g of ammonium oxalate
monohydrate was dissolved in 80 mL of deionized water to obtain solution B. Then the solution B was poured directly into the
solution A with stirring at room temperature. After continuous stirring for 10 minutes, the mixture was reacted at 90 °C for 1
hours to obtain NiCoHCF-0.2. The products were collected by centrifugation and washed repeatedly with deionized water and



ethanol, respectively. The NiCoHCF-1.2 and NiCoHCF-1.6 were prepared in the same way as above, except changing the amount
of ammonium oxalate monohydrate to 1.2 and 1.6 g, respectively.

Preparation of NiCoHCF and NiCoHCF-X (X=0.2, 1.2, 1.6) electrodes

Prior to the preparation, the carbon cloth (CC) was first ultrasonically cleaned in acetone, absolute ethanol and DI water
alternately for 3-4 times for 30 min each time. Then, the treated CC was placed in a vacuum drying oven to be dried at 60 °C
overnight. To fabricate the working electrodes, active materials, acetylene black, and polyvinylidene difluoride (PVDF) were
well mixed in a weight ratio of 8:1:1 in N-methyl pyrrolidone (NMP). Then, the formed slurry was sonicated for 30 min before
depositing on a 1 cm x 2 cm CC, ensuring samples coated within 1 cm x 1 cm. The typical mass loading of the active material
was about 2.4 mg cm™2. Finally, NiCoHCF and NiCoHCF-X (X=0.2, 1.2, 1.6) electrodes were acquired after drying overnight at
60 °C in a vacuum drying oven.

Electrochemical measurements

Electrochemical measurements of NiCoHCF and NiCoHCF-X (X=0.2, 1.2, 1.6) (1 x 1 cm?) were carried out in a three- electrode
system in an aqueous electrolyte of KOH (3 M) using an electrochemical workstation (CHI 660E). The alternating current
frequency ranged from 0.01 to 105 Hz with an amplitude of 5 mV. Open circuit potential was read and used. A Pt wire was used
as the counter electrode and a Hg/HgO electrode was the reference electrode. Electrochemical measurements of nickel-zinc
batteries were performed in a two-electrode system with 3 M KOH + 20 mM zinc acetate (Zn (Ac)2) as the electrolyte. The
NiCoHCF and NiCoHCF-X (X=0.2, 1.2, 1.6) (1 x 2 cm?) were the cathode and Zn (1 x 2 cm?) was the anode. The used area of
electrode was 1 cm?. 10 cycles of electrochemical activation process were carried out before electrochemical testing. The areal
energy density and power density was calculated based on the area deposited with the sample (1 cm x 1 cm).

Calculations
The areal specific capacity C4 (mA h cm?) of the working electrodes in three-electrode system were calculated from discharge

curves according the following equation:
I X At

(€Y)

where I (mA) is the discharging current, 4t (h) is the discharging time, and S (cm?) is the area of the electrodes (1 cm?).
Alternatively, the areal specific capacity of the NZBs (Cell) in two-electrode system was calculated from the discharging curves
according the following equation:

A=

I x At
Ccell = T (2)
where Cer (mA h cm2) is the areal specific capacity of the NZBs, I (mA) is the discharging current, At (h) is the discharging time,
and S (cm?) is the total surface area of the NZBs (1 cm?).
The areal energy density (E) and areal power density (P) of the battery were calculated from the following equations:

At
polh VO

S
4

E

At
where E (mW h cm™) is the areal energy density, I (mA) is the discharge current, U(t) is the voltage during discharge (V), dt is
the time differential, 4t (h) is the discharging time, and S (cm?) is the total surface area of the NZBs (1 cm?). P (mW cm?) is the
areal power density and 4t (h) is the discharging time.
The kinetic of capacitive contribution can be obtained through calculating the CV curves at different scan rates. The
relationship between current (i) and scan rate (v) can be written as:

i=av’® (5)

log (i) = log (a) + blog(v) (6)
where a and b are constant can be obtained from log(v) versus log(i) plots. When b = 0.5 represents an ideal
diffusion-controlled process and when b = 1.0 indicates a surface capacitive-controlled process.
Furthermore, the ratio of capacitive contribution could be described as the following equation:
i=kv+kv2  (7)

where k;v and k,v'/? correspond to capacitive and diffusion contribution, respectively [1].



Figure S3 SEM images of NiCoHCF octa-truncated cubes treated with 1.2 g of ammonium oxalate at 90 °C for (a) 0.5 h, (b) 3 h, (c) 6 h.



Figure S5 SEM images of NiCoHCF octa-truncated cubes treated with 1.2 g of ammonium oxalate at room temperature for (a) 0.5 h, (b) 1 h, (c) 3 h, (d)
6 h.



Figure S6 HAADF-STEM image and corresponding elemental mapping images of (a) NiCoHCF-0.2 and (b) NiCoHCF-1.6.
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Figure S14 CV curves of different (a) NiCoHCF and (b-d) NiCoHCF-X (X = 0.2,1.2,1.6) electrodes at three-electrode system.
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Figure S26 SEM images of (a) NiCoHCF and (b-d) NiCoHCF-X (X = 0.2,1.2,1.6) electrodes after two-electrode system tests.



Table S1 The peak positions and of deconvoluted Co 2p, Ni 2p and Fe 2p spectra of NiCoHCF and NiCoHCF-1.2.

Samples NiCoHCF B.E.(eV) NiCoHCF-1.2 B.E.(eV)
Ni 2psy2 856.44/859.49 856.33/858.84
Ni3+/Ni2+
Ni 2p12 873.79/876.07 873.79/880.70
Co 2ps,2 782.30/785.47 782.35/785.75
CO3+/COZ+
Co 2p12 797.72/801.18 797.62/802.32
Fe 2ps/2 708.67/710.21 708.66/712.29
Fe3+/Fe2+

Fe 2p1,2

721.52/723.88

721.56/724.28




Table S2 Comparison of energy densities between NiCOHCF-1.2//Zn@CC cell with other previously reported works.

a) ;
Electrode materials (mV\];:}: om?) E(I:HESV?EZ:HF_’S/W;;\?CE;S}%}’ References
NiCoFe-PBA/MOF-2 0.22 1.73 [2]

MOCF 0.033 0.11 [3]
Ni-OA-3 0.42 5.36 [4]
NiCo-MOF/NiO-150//AC 0.0187 2.4 [5]
Co-CH@NiAI-LDH/CC//PPC 0.27 2.83 [6]
PPy@NiCo-LDH@ITO 0.0547 0.5 [7]
Ni-Co-P@LDH//FeOOH 0.000654 0.1 [8]
CuZn-MOF-P7 0.0223 6.75 [9]
Ni-NiO//Zn 0.0066 20.2 [10]
NiCoHCF-1.2 0.38 31.84 This work

a) Ea: areal energy density.



Table S3 Comparison of cycling performance NiCoHCF-1.2//Zn@CC cell with other previously reported works.

Electrode materials Cycling performance References
NiCoFe-PBA/MOF-2//Zn 57 % after 1000 cycles at 3 mA cm™ [2]
SNZO//Zn 65.2 % after 1800 cycles at 1 mA cm2 [11]
NiCoFe-PBA-3//Zn 51 % after 1000 cycles at 3 mA cm™ [12]
Ni-MOF//Zn 89 % after 600 cycles at 1 mA cm™ [13]
SCNF@Ni@MOF@NiCo LDHs//Zn 55 % after 5000 cycles at 2.5 mA cm™? [14]
Ni-mMeSA // Zn 44.2 % after 1000 cycles at 5 mA cm™ [15]

NiCoHCF-1.2//Zn 63 % after 1000 cycles at 3 mA cm™ This work
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