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Rechargeable alkaline zinc batteries are emerging as promising candidates for next-generation energy
storage systems, owing to their affordability, eco-friendliness and high energy density. However, their
widespread application is hindered by stability challenges, particularly in alkaline environments, due to
cathode corrosion and deformation, as well as dendrite formation and unwanted side reactions at the Zn
anode. To address these issues, we successfully developed a 3D nickel micromesh-supported NiCoP (3D
NM@NiCoP) electrode. This unique structure integrates an ultrathin (4 um), flexible and conductive nickel
micromesh (NM) with a high-capacity bimetallic phosphide, NiCoP, fabricated through a combination of
photolithography, chemical etching, and electro-deposition processes. The resulting electrode achieves
an impressive capacitance of 26.1 pA h cm™ at a current density of 4 mA cm™2ina 2 M KOH electrolyte.
When assembled with a superhydrophilic Zn@AlLOz@TiO, anode, the device (3D NM@NiCoP//
Zn@ALOz@TiO,) exhibits outstanding stability, retaining 91% of its initial capacity after 11000 cycles at
3mA cm™2in a 2 M KOH electrolyte. This novel configuration, with potential for scalable fabrication, pro-
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1 Introduction

In response to the growing demand for electrical vehicles and
portable electronic devices, aqueous alkaline zinc batteries
have emerged as a promising alternative to lithium-ion bat-
teries due to their high safety, low cost, wide availability and
environmental friendliness."> However, their low power
density and unsatisfactory cycle life have hindered their wide-
spread commercial application.®” Additionally, as the demand
for wearable devices continues to rise, flexible alkaline zinc
batteries (FAZBs) are becoming increasingly important for
wearable electronics applications.®*° Yet, the deficient energy
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density of FAZBs necessitates the urgent development of elec-
trodes that combine desirable mechanical flexibility, large
specific capacity, and robust structural stability.

Among various cathode materials, transition metal com-
pounds have garnered significant research attention. When
paired with Zn anodes in alkaline electrolytes, these devices
can operate at a high output voltage of approximately 1.75 V,
outperforming other aqueous batteries.'” Nickel and cobalt are
commonly utilized transition metal elements in electrochemi-
cally active materials. NiCo-based compounds—such as
hydroxides, oxides, sulfides, and phosphides—showcase
mixed valence states and multiple redox reactions, making
them effective cathode materials for high energy storage
capacity.'™'® NiCoP, in particular, stands out due to its excel-
lent electrical conductivity and high specific capacity, garner-
ing considerable attention.”’*° For instance, Zhao’s group
developed novel mesoporous NiCo®>° phosphate sheets on Ni
foam, which, when assembled into a Ni-Zn battery with Zn
foil, delivered a fairly high specific capacity of 195.5 mA h g™*
at a current density of 1 A g~ .>' The limited energy density
may stem from inadequate exposure of the active material on
the surface. To address this, various strategies have been
employed to enhance the specific surface area and expose
more active sites. Wang et al. constructed a porous microcrack

This journal is © The Royal Society of Chemistry 2025
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NiCoP structure on carbon nanotubes for flexible aqueous Zn
batteries. The hierarchical microcrack structure improved elec-
trolyte penetration and exposed sufficient active sites, resulting
in a favorable capacity of 258.9 mA h g™ at a current density of
2 A g .** Zhao and co-workers developed an in situ interfacial
modification strategy to create mesoporous NiCoP nanoarrays
coated with ultrathin amorphous phosphate interfacial layers,
achieving a high capacity of 358.3 mA h g™ at 1 mA cm™? in
assembled alkaline Zn-metal batteries.”® However, these fabri-
cated devices often suffer from insufficient cycling stability.
While considerable efforts have been devoted to developing
electrolytes with intrinsic properties to enhance battery stabi-
lity - such as facilitating the formation of a robust solid elec-
trolyte interphase (SEI)** or exhibiting excellent chemical and
thermal stability®® - alkaline electrolytes still face challenges.
These include issues with unstable cathode materials/struc-
tures and dendrite growth on Zn anodes.**®

In this study, we employed an innovative photolithography
technique combined with electro-deposition to introduce an
ultrathin flexible 3D Ni micromesh (3D NM) as a current col-
lector. This component, with its controllable and ordered lat-
tices, provides a large specific surface area and a robust sup-
porting framework for the subsequent uniform deposition of
NiCoP, maximizing the exposure of electrochemically active
materials to enhanced energy density. The as-designed
material, characterized by high electrical conductivity and
remarkable electrochemical activity, delivers a capacitance of
26.1 pA h ecm™2 at a current density of 4 mA cm™>. Additionally,
atomic layer deposition (ALD) was applied to modify the
surface of the Zn anode (Zn@Al,O;@TiO,). The assembled
flexible  alkaline zinc batteries (3D NM®@NiCoP/
Zn@AL,O;@TiO,) demonstrated excellent mechanical flexi-
bility, with an areal capacity of 5.42 pA h cm™ at a current
density of 3 mA cm . Notably, the device maintained 91% of
its initial capacity over 11 000 charge-discharge cycles at 3 mA
ecm ™2 in a 2 M KOH solution. This work provides a viable proto-
col for developing functional flexible electrodes on a large
scale, paving the way for the practical application of the next
generation of ultralight, ultrathin, and flexible wearable
devices.

2 Results and discussion

2.1 Characterization of 3D NM@NiCoP and its
electrochemical performance

The fabrication process for the flexible cathode, 3D
NM@NiCoP, is illustrated in Fig. 1. It begins with spin-coating
a photoresist layer onto a conductive ITO substrate (Fig. 1a).
The coated layer is then exposed to UV light through a micro-
mesh-patterned mask plate arranged in a honeycomb struc-
ture. This exposure induces a photochemical reaction in the
illuminated areas, modifying their solubility compared to the
unexposed regions. The unexposed regions are subsequently
dissolved using a developer solution, accurately transferring
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the mask pattern onto the photoresist and forming a micro-
groove structure, as shown in Fig. 1b.

Next, nickel is electrodeposited into the microgrooves
(Fig. 1c), producing a honeycomb-patterned Ni micromesh
(NM) with a thickness of 7.5 pm and dimensions of 100 x
100 mm, which is peeled off from the residual photoresist
(Fig. 1d). This Ni micromesh serves as the foundation for flex-
ible electrodes, offering excellent optoelectronic properties
and remarkable mechanical flexibility. To enhance conduc-
tivity and specific surface area, nanocone-shaped nickel struc-
tures are uniformly electrodeposited onto the Ni micromesh,
resulting in a three-dimensional metallic nickel micromesh
(3D NM) with a thickness of approximately 4 pm, as shown in
Fig. 1e and Fig. S1a.f

In the final step, NiCoP is electrodeposited onto the 3D
NM, forming the 3D NM@NiCoP structure and ensuring ade-
quate exposure of electrochemically active NiCoP (Fig. 1f). The
customizable nature of the micromesh allows for various con-
figurations in terms of periodicity, line width, and pattern
style, enabling precise control over optical transmission and
electrical conductivity. Furthermore, the scalable electrodepo-
sition technique supports the fabrication of large-area flexible
electrodes, with the reusable electrodeposition solution signifi-
cantly reducing cost and enhancing feasibility for broader
applications.

Fig. 2 illustrates the morphology of the specimens at each
fabrication step. Following the targeted deposition of Ni onto
the indium tin oxide (ITO) substrate, the surface exhibits a
sleek silver appearance, characterized by an evenly distributed
array of honeycomb-shaped holes, as shown in Fig. 2a-c. A
digital photograph of the self-supporting NM, with its trans-
parent gray color, is provided in Fig. S2.7 Afterwards, the hon-
eycomb holes in the NM become smaller while maintaining
the overall array structure. The initially smooth surface is uni-
formly covered with nickel nanocones, as evidenced in
Fig. 2d-f, confirming the successful electrodeposition of
nickel nanocone arrays onto the NM. The process forms a 3D
interconnected conductive network (3D NM), which enhances
the electrode’s capacity due to a high mass of active materials.
Further electrodeposition leads to the formation of 3D
NM@NiCoP, characterized by its dark gray hue, as depicted in
Fig. 2g-i. Additionally, Energy Dispersive X-ray (EDX) spec-
troscopy mapping in Fig. S31 demonstrates the uniform distri-
bution of Ni, Co, and P elements throughout the micromesh
structure, confirming the even deposition of NiCoP onto the
3D NM. The well-defined architecture of 3D NM@NiCoP
enhances the exposure of electrochemically active sites and
promotes efficient contact between the active materials and
electrolyte, contributing significantly to improved electro-
chemical performance.

To investigate the effect of the 3D structure, an I-V method
was employed to compare the electrical conductivity of Ni
micromesh, 3D NM and 3D NM®@NiCoP. As shown in Fig. 3a,
the I-V curves for 3D NM and 3D NM@NiCoP exhibit steeper
slopes compared to that of the nickel micromesh, indicating
superior conductivity. This finding is further supported by the
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Fig. 1 Schematic illustration of the cathode fabrication process: (a) a photoresist layer coated on the ITO substrate, (b) a patterned photoresist
developed onto the ITO substrate via photolithography, (c) Ni selectively electrodeposited onto the patterned ITO substrate, (d) a Ni micromesh
obtained by peeling off the residual photoresist, (e) a 3D nickel micromesh (3D NM) obtained by electrodepositing Ni nanocones onto the nickel
micromesh, and (f) NiCoP electrodeposited onto the 3D NM structure.

Fig. 2 SEM images illustrating the morphologies of the as-prepared samples at different stages: (a—c) Ni micromesh. (d—f) 3D Ni micromesh. (g—i)
3D NM@NiCoP at various magnifications.
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Fig. 3 Electrochemical performance of the 3D NM@NiCoP: (a) /-V curves for Ni, 3D NM and 3D NM@NiCoP with the same area (1 x 1 cm™), (b)
cyclic voltammetry (CV) curves of 3D NM@NiCoP at scan rates ranging from 20 to 200 mV s™2, (c) galvanostatic charge—discharge (GCD) curves of
3D NM@NiCoP at current densities between 4 and 20 mA cm™2, (d) Nyquist impedance spectrum of 3D NM@NiCoP, and (e) long-term cycling per-

formance of 3D NM@NiCoP at 5 mA cm™2.

data presented in Fig. S4,T which reveal sheet resistance values
of 0.13 Q sq~" for the NM electrode and 0.044 Q sq~" for the
3D NM electrode. To analyze the crystalline structure of Ni, 3D
NM and 3D NiCoP, XRD analysis was performed and the
results are presented in Fig. S5a.t All three patterns display
distinct diffraction peaks at 44.9°, 51.2° and 76.5°, corres-
ponding well to Ni (JCDPS no. 04-0850), confirming the suc-
cessful deposition of metallic Ni. However, no peaks corres-
ponding to NiCoP are observed, suggesting that the syn-
thesized active material has an amorphous structure.
Alternatively, the Raman spectrum of 3D NM@NiCoP, as
shown in Fig. S5b,t displays distinct peaks at 480, 520, and
685 cm™'. These peaks, combined with the EDX mapping
results in Fig. S3,T further validate the successful deposition of
NiCoP on the surface of the 3D NM.*>*

To evaluate the properties of 3D
NM@NiCoP, cyclic voltammetry (CV), galvanostatic charge/dis-

electrochemical

charge (GCD) and electrochemical impedance spectroscopy
(EIS) were conducted using a three-electrode system in 2 M
KOH. A platinum plate served as the counter electrode, Ag/
AgCl as the reference electrode, and 3D NM@NiCoP as the
working electrode. Fig. 3b shows the CV curves of 3D
NM@®@NiCoP at scan rates ranging from 20 to 200 mV s
within a voltage window of 0 to 0.5 V. Symmetric redox peaks
are observed as the scan rate increases, with no significant

This journal is © The Royal Society of Chemistry 2025

deformation, indicating the pseudocapacitive behavior of the
NiCoP electrode. The redox reaction of the NiCoP electrode can
be summarized as follows:*°

NiCoP + OH™ < NiCoPOH + e~ (1)
NiCOPOH + OH~ « NiCoPO + H,0 + e~ (2)

The 3D NM@®@ NiCoP electrode displays distinct redox peaks
that remain well-defined even at a scan rate of 200 mV s,
suggesting swift electron and ion transport as well as high
reversibility of redox reactions within the electrode. The GCD
curves of the 3D NM@NiCoP electrode were measured at
various current densities (4, 5, 6, 8, 10 and 20 mA cm™?)
(Fig. 3c), and the corresponding areal capacities were calcu-
lated from the GCD curves (Fig. S6at). At a current density of
4 mA cm™?, 3D NM@NiCoP delivers an areal capacitance of
26.1 pA h em™. All GCD curves demonstrate high symmetry,
indicating excellent coulombic efficiency during charge/dis-
charge processes. Notably, the areal capacitance surpasses
those of numerous previous studies on transition metal-based
electrodes, as shown in Fig. S6b and Table S1.f

To further investigate the ion diffusion kinetics of the 3D
NM@NiCoP electrodes, EIS measurements were conducted
over a frequency range of 100 kHz-0.01 Hz, as depicted in
Fig. 3d. Fitting the EIS data to the equivalent circuit model

Nanoscale, 2025, 17, 2520-2527 | 2523
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yielded an internal resistance (R;) of 3.08 Q and a charge trans-
fer resistance (R.) of 0.31 Q. This low impedance of the elec-
trode material confirmed the electrode’s fast electron transfer
during charge-discharge processes. Additionally, the cycling
stability of the 3D NM@NiCoP electrode was evaluated at a
current density of 5 mA cm™?, revealing good durability with a
capacity retention of 84% after 6000 cycles and 70% after
10000 cycles of charge-discharge processes (Fig. 3e). The
stability surpasses that of other comparable electrodes such as
NiCoP/NF*! NiCoP/NiC0O,S," and 3D NM@NiCo BH.*> The
desirable electrochemical performance and long cycle life of
3D NM@NiCoP can be attributed to the mechanical stability
and excellent electrical conductivity of the 3D NM framework.
The heterogeneous structure provides a large effective surface
area to support high NiCoP loading, thereby facilitating rapid
and ample redox reactions.

2.2 Assembled Zn@Al,O;@Ti0,/3D NM@NiCoP devices and
their electrochemical properties

To explore the practical application of 3D NM@NiCoP, a zinc-
ion battery full cell was assembled using 3D NM@NiCoP as
the cathode and ALD-coated Zn as the anode. The structure
and properties of the modified anodes were thoroughly ana-
lyzed. Initially, zinc foil was coated with a 20 nm layer of TiO,
via ALD to reduce corrosion and mitigate side reactions at the
Zn anode. The amorphous TiO, layer was chosen for its
electrochemical and chemical stability as a protective coating

View Article Online
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for the anode.**** The fabrication process of the anode is illus-
trated in Fig. S7.f Cleaned Zn samples were placed in a pre-
heated ALD chamber, where a vacuum pump established the
required conditions within the reaction chamber.
Subsequently, thin films of titanium dioxide (TiO,) were de-
posited onto the zinc substrates, creating Zn@TiO,. The
digital photograph in Fig. S8t shows the color changes of the
Zn foil before and after ALD. SEM images clearly depict the
morphology and cross-sectional views, revealing the presence
of a TiO, thin film on the treated Zn foil, distinguishing it
from the untreated counterpart (Fig. 4a-d). Cleaning the Zn
foil before coating is proved essential for maintaining the
integrity of the TiO, layer on the Zn surface in KOH solution,
as evidenced by the digital photograph in Fig. S9.}

Based on the Zn@TiO, anode, the electrochemical perform-
ance of its assembled full cell with the synthesized 3D
NM@NIiCoP cathode (Zn@TiO,/3D NM®@NiCoP) was prelimi-
narily tested in 2 M KOH. Fig. S10atf displays the CV curves at
scan rates ranging from 3 to 50 mV s~' within a voltage
window of 1.55-1.95 V. Quasi-symmetric redox peaks, with
increasing scan rate, are observed, indicating the pseudo-
capacitive behavior of the Zn@TiO,/3D NM@NiCoP device.
The well-maintained curve shapes, even at the highest scan
rate of 50 mV s, suggest excellent reversibility and good rate
performance of the redox reactions. The gradually separated
anodic and cathodic peaks further demonstrate polarization.
Besides, the supercapacitive behavior of the device is sup-

1 um

‘ ¥,
h |
Al Ti

Fig. 4 SEM images at different magnifications: (a and b) cleaned Zn foil, (c and d) TiO, coating, (e and f) Al,Oz coating, and (g—i) elemental

mapping of Zn@AL,O@TiO,.
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ported by the GCD curves, shown in Fig. S10b,{ which exhibit
quasi-triangle-like shapes without distinct voltage platforms.
Electrochemical impedance spectroscopy (EIS) measurements
over a frequency range of 100 kHz to 0.01 Hz (Fig. S10ct)
relatively low impedance for the Zn@TiO,/3D
NM@NiCoP cell. However, long-term cycling stability, assessed
by GCD at a current density of 3 mA cm™> (Fig. S10d7), shows
an average capacity of 3.5 pA h ecm™ with 93% capacity reten-
tion after 4000 cycles. Further investigation revealed that the
Zn@TiO, anode displayed low resistance to corrosion and had
a limited lifespan in the KOH solution, with pronounced
hydrogen evolution as evidenced in Fig. S11.F

To further improve the electrochemical performance of the
device, a modified anode, Zn@Al,O;@TiO,, was developed
with an Al,O; layer positioned between the Zn and TiO, coat-
ings (Fig. S121). This dense Al,O5 layer is designed to prevent
side reactions between the electrolyte and Zn during charge/
discharge cycles, effectively suppressing the formation of pas-
sivation layers on the Zn anode surface. It is also well known
that the Al,O; layer facilitates an activation mechanism for the
Zn anode during initial cycles.*>> Additionally, electronic
conductivity measurement using the I-V method (Fig. S13%)
indicates improved conductivity for the Zn@Al,O;@TiO, elec-
trodes, benefitting from the 3D structure of conductive
interconnects.

SEM images also display the surface morphology of the
anode after coating with Al,O; (Fig. 4e and f). The ALD-

reveal
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applied layer effectively smoothed the surface and completely
covered the pores and exposed areas, with no visible pinholes.
The 10 nm Al,O; layer successfully seals defects, enhancing
the anode’s stability. To investigate the wettability of various
electrodes, contact angle measurements were conducted by
dropping water droplets onto the electrode surfaces. Notably,
the Zn@AlL,O;@TiO, electrode exhibited significantly
enhanced wettability, with an initial contact angle of 39.15°,
much lower than those of Zn@TiO, (48.8°) and bare zinc
(88.5°), as shown in Fig. S14.}

Energy dispersive X-ray spectroscopy (EDX) analysis and
corresponding elemental mappings confirm the presence of
Zn, Al and Ti on the modified Zn anode surface (Fig. 4g-i). In
Fig. S15,f the diffraction patterns correspond well to the
characteristic peaks of Zn (JCDPS no. 87-0713) at 20 = 35.6°,
38.39, 42.8°, 53.8° and 69.3°. The absence of peaks for Al,O3
and TiO, may be attributed to their minimal quantities or the
fact that the low-temperature ALD coating layer exists in an
amorphous form, consistent with our previous study.*®

Afterwards, an alkaline Zn ion battery was constructed
using the improved Zn@Al,O;@TiO, anode and the 3D
NM@®NiCoP cathode (Fig. 5a). The electrochemical perform-
ance of this assembled device was evaluated in a 2 M KOH.
First, CV was performed over a voltage window of 1.4 to 1.95 V,
with scan rates increasing from 1 to 80 mV s~ (Fig. 5b). The
CV curves exhibited characteristic rectangular shapes and well-
defined faradaic redox peaks without significant distortion,
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Fig. 5 Electrochemical performance of Zn@Al,Oz@TiO,//3D NM@NiCoP in 2 M KOH: (a) the assembled anode and cathode in a two-electrode
setup in 2 M KOH. (b) Cyclic voltammetry (CV) curves at various scan rates. (c) Galvanostatic charge—discharge (GCD) curves at different current
densities. (d) EIS measured over a frequency range of 0.01 Hz-100 kHz. (e) Cycling stability of Zn@Al,0s@TiO,//3D NM@NiCoP at a current density

of 3mAcm™2
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even at a high scan rate of 80 mV s '. GCD curves were
recorded at current densities from 1 to 20 mA cm™> within the
same voltage window (Fig. 5c). The nearly symmetric shapes
indicate rapid and reversible electrochemical reactions, with
extended discharge times suggesting improved energy storage
capacity. Consequently, the device achieved an areal capacity
of 5.42 pA h em™2 at a current density of 3 mA cm™>, surpass-
ing several recently published flexible devices such as
AgNW@NiCo/NiCo(OH),/Ag ~ NW/graphene,’”  MnO-NP/
ITO-NP//MnO-NP/ITO-NP,*® Ni-Co-N/GP//GOP,*° and
Cu@Ni@NiCoS/NFs*® (see Fig. S16a and Table S27).
Furthermore, EIS of the Zn®@ALO;@TiO,/3D NM@NiCoP
device was conducted across a frequency range of 0.01 Hz to
100 kHz. The Nyquist plot (Fig. 5d) shows a short high-fre-
quency arc and a steep slope in the low frequency, indicating
rapid electrochemical kinetics and efficient ion transport.
Additionally, long-term cycling stability was evaluated by sub-
jecting the device to continuous charging and discharging
cycles at a high current density of 3 mA cm™> (Fig. 5e).
Remarkably, the device retained 91% of its initial capacity
after 11 000 cycles, outperforming the stability of the Zn@TiO,
anode device under identical conditions (Fig. S16bt). This
stability exceeds those of other devices in recently published
relevant work (see Table S37). In addition, a flexible zinc ion
battery with multifunctional integration can be realized by
designing embedded stretchable electrodes.*’

3 Conclusion

In conclusion, an ultrathin, ultralight and flexible 3D
NM@NiCoP was successfully fabricated through a combi-
nation of photolithography and electro-deposition techniques.
This self-standing electrode achieved a remarkable areal
capacity of 26.1 pA h ecm™ at a current density of 4 mA cm™?,
driven by the rapid electron and ion transportation enabled by
the highly conductive 3D NM current collector and the exten-
sive exposure of the active NiCoP material, facilitating efficient
redox reactions. Paired with a surface-modified hydrophilic
Zn@AlL,O;@TiO, anode, the resulting Zn-ion Dbattery
(Zn@AlL,0;@TiO,//3D NM@NiCoP) demonstrated outstanding
cycling stability, retaining 91% of its initial capacity after
11000 cycles. This device offers significant potential for a
broad range of energy storage applications, combining low
cost and scalable production with particular suitability for
wearable technologies.
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