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ABSTRACT: Nickel hydroxide, Ni(OH),, is regarded as an gEmr—
attractive electrode material for supercapacitors, owing to its high £5 10 S
theoretical specific capacitance, low cost, and facile preparation. 35 n=91.94%
However, its capacitive performance is limited by low conductivity, ! gL w
sluggish ion diffusion kinetics, and poor structural stability. In this 83 ,
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work, we systematically regulate the nanostructure of NiCo,0,/

. . . .. . / Cycle number
Nl(OH.)2 compo.51tes, which s%gr.nﬁcantly en}'le?nces the capacitive NiCo,0,  \ / NiGo,0/NIOHN
properties of Ni(OH),, providing a promising energy storage -
material for photorechargeable devices. The nanorod-structured : R
NiCo,0, with a high specific surface area facilitates rapid electron >04]  —Discharge

transfer and provides abundant sites for Ni(OH), loading. Notably,
the cetyltrimethylammonium bromide (CTAB)-induced porous
Ni(OH), grows continuously and uniformly over the NiCo,O,
framework, allowing more materials to be utilized for energy storage. Furthermore, the robust NiCo,0, nanorods serve as a
structural backbone, effectively suppressing the pulverization and detachment of the Ni(OH), during prolonged cycling. The results
show that the composite electrodes exhibit a specific capacitance of 2170.22 F/g (301.42 mAh/g) at 1 A/g and a capacitance
retention of 82.3% at 20 A/g, with the assembled supercapacitor maintaining 91.94% of its initial capacitance after 6000 cycles at 2
A/g. Benefiting from the improved performance, particularly the rate capability, the resulting photorechargeable supercapacitors
achieve a solar-to-electrochemical energy efficiency of 16.21%. This study provides a nanostructure engineering strategy for
improving the capacitive behaviors of materials, advancing high-performance photorechargeable devices.
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1. INTRODUCTION the electrochemical properties of the device are governed by
the active materials used in the storage module, the
development of high-performance (e.g., high capacitance and
high-rate capability) electrodes remains a key challenge."' "

Representative electrode materials for supercapacitors
include conductive polymers, transition metal oxides/sulfides,
and hydroxides.'">'® Among these materials, Ni(OH), is
considered one of the most promising candidates for large-
scale applications due to its intrinsic properties, such as high
theoretical specific capacitance and low cost.'” However,
pristine Ni(OH), electrodes exhibit high internal resistance,
sluggish reaction kinetics, and poor structural stability, which
prevents them from meeting expectations.'”'’ To address
these drawbacks, various modification strategies including

Supercapacitors hold a crucial role in electrochemical energy
storage due to their low cost, high safety, and long cycle life.””
Among them, pseudocapacitive supercapacitors, which employ
battery-type materials as energy storage electrodes, store
energy through Faradaic reactions. Compared to electric
double-layer capacitors, they exhibit significantly higher
specific capacitance and energy density." Moreover, pseudoca-
pacitive supercapacitors (hereafter referred to as super-
capacitors) possess remarkable capabilities for high-power
charging/discharging and dynamic fast response,” making
them attractive candidates for smoothing the intermittency
and fluctuation of solar energy.d"5 By integrating super-
capacitors with photovoltaic modules (photorechargeable
devices), the dependence of electronic devices on frequent ————

manual charging can also be significantly mitigated, facilitatin% Received: February 7, 2026 — 1
a transition toward fully self-sufficient energy systems.” Revised:  May 27, 2026
However, the efficiency of current photorechargeable devices Accepted: May 31, 2026
remains significantly lower than that of standalone photo- Published: June 8, 2026

voltaic modules, which makes the performance optimization of

the energy storage module a primary research focus.”™ " Since
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Figure 1. (a) XRD patterns of NiCo,O, powders with different morphologies. (b—d) SEM images of various NiCo,0, grown on carbon cloth. (e)
Nitrogen adsorption—desorption isotherms of NiCo,0, powders with different morphologies. (f) XRD patterns of Ni(OH), powders synthesized
at different precursor concentrations. (g) XRD patterns of Ni(OH),-3, r-NiCo,0,, and r-NiCo,0,/Ni(OH),-3 grown on carbon cloth. (h) XPS
survey spectra of r-NiCo,0, and r-NiCo,0,/Ni(OH),-3 grown on carbon cloth. (i—k) High-resolution XPS spectra of Ni 2p, Co 2p, and O 1s for
r-NiCo,0,. (1) High-resolution XPS spectrum of Ni 2p for r-NiCo,0,/Ni(OH),-3.

elemental doping, composite construction, and structural
regulation have been adopted to optimize Ni(OH), materials,
resulting in significant performance improvements.”'® In
particular, constructing composites effectively increases the
specific surface area of materials and optimizes the distribution
of electroactive sites for Faradaic reactions.””°~** Composite
electrodes composed of ternary metal oxides (such as
MnCo,0,, ZnCo,0, and NiCo,0,) and Ni(OH), demon-
strate superior capacitive perf01'malnce.18’23 NiCo,0, is
prioritized as a highly promising material, largely due to its
exceptional electrical conductivity.”* The abundant porous
architecture of NiCo,0,/Ni(OH), composites maximizes the
effective contact area between the electrode and electrolyte,
while providing additional active sites for energy storage
reactions, thereby enhancing the utilization efliciency of the
electrode material.”>~*” Additionally, the core—shell architec-
ture formed by NiCo,0, and Ni(OH), reduces the
agglomeration and restacking of Ni(OH), which greatly
improves the cycling stability of the supercapacitor.”® The
hierarchical core—shell structure also effectively mitigates the
poor conductivity of Ni(OH),, thereby enhancing its specific
capacitance.””** Nevertheless, both NiCo,0, and Ni(OH),
can exhibit diverse micromorphologies, such as nanosheets,
nanorods, and spherical-like structures.>’ —>* The roles of these
varying morphologies on the capacitive properties of
NiCo,0,/Ni(OH), composites are yet to be fully elucidated,
calling for further systematic investigation to optimize their
performance.

32547

In this work, the capacitive performance of NiCo,0,/
Ni(OH), composites is significantly enhanced via nanostruc-
ture engineering. Three distinct morphologies of NiCo,O,,
including nanosheets (s-NiCo,0,), nanorods (r-NiCo,0,),
and mixed nanosheets-nanorods (sr-NiCo,0,), were success-
fully synthesized by a facile hydrothermal method. Sub-
sequently, the presynthesized NiCo,0, architectures were
individually integrated with a series of Ni(OH), nanostruc-
tures, whose morphologies were modulated by CTAB and
precursor concentrations. Electrochemical characterization
reveals that the optimized sample, comprising moss-like
Ni(OH), integrated with nanorod-structured NiCo,O,,
exhibits superior performance, which is attributed to the
well-matched nanostructures and the maximized electrochemi-
cally active surface area. The composite electrodes deliver a
specific capacitance of 2170.22 F/g at 1 A/g, substantially
surpassing that of pristine Ni(OH),. Their rate capability is
also greatly boosted, as evidenced by a capacitance retention of
82.3% at 20 A/g. This enhanced rate capability is essential to
accommodate the high-current output characteristics of
photovoltaics. Furthermore, the assembled NiCo,0,/Ni-
(OH),//AC supercapacitor retains 91.94% of its initial specific
capacitance after 6000 galvanostatic charge—discharge (GCD)
cycles. Finally, the as-prepared supercapacitors were integrated
with passivated emitter and rear cell (PERC) photovoltaic
modules, forming an attractive photorechargeable super-
capacitor with an overall efficiency of 16.21% under AM
1.5G illumination.
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Figure 2. (a—d) SEM images of Ni(OH), directly grown on carbon cloth at different precursor concentrations. (e—h) SEM images of Ni(OH),
grown on r-NiCo,O, at different precursor concentrations. (al—h1) Corresponding magnified SEM views. (i) TEM image of r-NiCo,0,/
Ni(OH),-3. (j—1) Corresponding EDS elemental mapping of Ni, Co, and O.

2. RESULTS AND DISCUSSION

2.1. Structural and Morphological Characterization

The X-ray diffraction (XRD) patterns of NiCo,0O, with various
morphologies are displayed in Figure la. All samples exhibit
identical diffraction profiles, where the peaks can be clearly
indexed to the cubic spinel phase of NiCo,0, (JCPDS No. 20-
0781).%° The scanning electron microscopy (SEM) images in
Figure 1b—d illustrate the three distinct morphologies of
NiCo,0,, with corresponding high-magnification views
provided in Figure S1. It can be observed that the s-
NiCo,0, composed of nanosheets, is uniformly and densely
loaded onto the carbon cloth. Its nanosheets are interlaced and
randomly oriented, forming a honeycomb-like open network
with abundant voids. The sr-NiCo,0, exhibits a hierarchical
nanosheet-nanorod hybrid structure. In this architecture, the
nanosheets act as a structural backbone, while the nanorods are
grown in an interwoven manner across the nanosheet surfaces.

As for the r-NiCo,0,, it consists of high-density and well-
aligned nanorods that radially cover the carbon cloth. These
nanorods exhibit a test tube brush-like morphology, maintain-
ing significant voids between adjacent nanorods. The specific
surface areas of the three NiCo,0, powders were evaluated
using N, adsorption—desorption measurements at 77 K. As
shown in Figure le, all samples exhibit type-IV isotherms
characteristic of mesoporous materials.***” The Brunauer—
Emmett—Teller (BET) analysis indicates that r-NiCo,O,
exhibits a specific surface area of 89.61 m?®/g, which is
significantly higher than those of s-NiCo,0, (40.35 m*/g) and
sr-NiCo,0, (45.23 m?/g). The high surface area is beneficial
for increasing the interfacial contact with Ni(OH),, thereby
facilitating charge transfer and enhancing electrochemical
properties.””*® The Ni(OH), samples, synthesized at four
precursor concentrations (denoted as Ni(OH),-n, where a
higher n represents an increased concentration; see Exper-
imental Section for details), exhibit consistent crystalline

https://doi.org/10.1021/acsami.6c02790
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phases, as confirmed by the XRD patterns in Figure 1f. All
observed peaks can be indexed to the a-phase Ni(OH), in
accordance with JCPDS card No. 38-0715.° However, the
(003) and (006) diffraction peaks show a slight shift toward
higher 26 values, which is attributed to the contraction of
interlayer spacing induced by water molecules, anions, or other
interlayer species.”” Similar shifts have been reported for
CTAB-assisted synthesis of Ni(OH),.*”*' Figure 1g compares
the XRD patterns of r-NiCo,0O,4 Ni(OH),-3, and r-NiCo,0,/
Ni(OH),-3 composite loaded onto the carbon cloth. The
composite exhibits the characteristic diffraction peaks of both
Ni(OH), and NiCo,0,, confirming the successful synthesis of
the high-purity r-NiCo,0,/Ni(OH),-3 material.**

X-ray photoelectron spectroscopy (XPS) was employed to
determine the elemental composition of r-NiCo,0O, and r-
NiCo,0,/Ni(OH),-3 grown on the carbon cloth. As presented
in Figure 1h, the growth of Ni(OH),-3 on the surface of r-
NiCo,0, partially shields the signals from the NiCo,O,.
Consequently, the intensity of the Co 2p signals in the r-
NiCo,0,/Ni(OH),-3 composite is noticeably attenuated,
which further confirms the well-aligned nanostructure.”> In
the Ni 2p spectrum of r-NiCo,O, (Figure 1i), two main peaks
appear at 854.81 eV (Ni 2p3/2) and 872.51 eV (Ni 2p1/2),
suggesting that Ni exists in mixed-valence states of Ni** and
Ni**.* Specifically, the deconvoluted peaks at 855.98/873.42
eV are characteristic of Ni**, while those at 857.8/875.11 eV
correspond to Ni**.** Similarly, the Co 2p spectrum (Figure
1j) exhibits characteristic doublet peaks. The deconvoluted
peaks at 780.74/795.75 eV and 779.5/794.5 eV are assigned to
Co*" and Co™, respectively.”®** The O 1s photoemission in
Figure 1k can be deconvoluted into three characteristic peaks,
corresponding to metal—oxygen bonds (Ol at 529.35 eV),
undercoordinated oxygen (O2 at 530.85 eV), and adsorbed
water molecules (O3 at $32.68 eV), respectively.””~*
Furthermore, when r-NiCo,0, is composited with Ni(OH),-
3, the fitted Ni 2p signal in Figure 1l also reveals the
coexistence of two nickel valence states. The mixed-valence
systems involving Ni**/Ni** and Co?*/Co*" can facilitate rapid
charge transfer in the r-NiCo,0,/Ni(OH),-3 composite
electrode, thereby enhancing electrochemical kinetics.”*”

Figure 2a—d present the SEM images of various Ni(OH),
samples, demonstrating that the morphology evolves signifi-
cantly as a function of precursor concentration. The Ni(OH),-
1 (low-concentration group) exhibits sparse growth on the
carbon cloth, displaying sheet-like structures. This limited yield
stems from an inadequate driving force at low precursor
concentrations.”” Increasing the concentration initially results
in irregularly distributed thick sheets with moss-like structures
(Ni(OH),-2), eventually transitioning to predominantly moss-
like morphologies with high porosity in Ni(OH),-3 and
Ni(OH),-4. This morphological shift is accompanied by an
upward trend in mass loading, confirming that high precursor
concentrations promote Ni(OH), growth. The formation of
the porous structure is closely related to CTAB. As a cationic
surfactant, CTAB interacts with the OH™ in precursor
solutions through electrostatic attraction to slow the reaction
kinetics between the OH™ and Ni’**, thereby suppressing the
agglomeration of Ni(OH),. Furthermore, an increased CTAB
concentration can promote the lateral growth of Ni(OH), to
yield a porous network.**** We also performed the BET
analysis for the four Ni(OH), samples. As shown in Figure S2,
the specific surface area exhibits a progressive upward trend
from Ni(OH),-1 to Ni(OH),-4, which correlates well with the

morphological evolution (gradual increase in porosity)
observed in SEM images. Such an increase in the surface
area can provide more active sites for the reaction, as
confirmed by electrochemical active surface area (ECSA)
measurements (Figure S3). Figure 2e—h display the SEM
images of Ni(OH), grown on r-NiCo,0,, revealing that the
presence of r-NiCo,O, results in more uniform Ni(OH),
growth and higher mass loading compared to growth on the
carbon cloth. This phenomenon can be attributed to the
surface of r-NiCo,0, serving as active sites for the
heterogeneous nucleation of Ni(OH),.* Specifically, regarding
the surface morphology of the composite materials, Ni(OH),-1
forms uniform nanosheets, while Ni(OH),-2 consists of
thinner nanosheets decorated with needlelike nanostructures
at their edges. As for Ni(OH),-3, it transitions into a moss-like
framework composed of continuous Ni(OH),, which can
effectively boost reaction active sites, as discussed above.
However, Ni(OH),-4 (high-concentration group) suffers from
overgrowth-induced particle agglomeration.

Transmission electron microscopy (TEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) was used to
further investigate the nanostructure of the r-NiCo,0,/
Ni(OH),-3 composite, as shown in Figure 2i—1. The TEM
images reveal that the NiCo,0,4 nanorods, which are composed
of numerous nanoparticles, are fully covered by Ni(OH),,
resulting in a well-defined core—shell architecture. This
structure is further corroborated by EDS elemental mapping.
The overlapping signals of Ni and Co delineate the NiCo,O,
nanorod core, whereas the broader, dense distribution of Ni
extending beyond the core confirms the presence of the
Ni(OH), shell. Distinct from other reported composite
structures,”””” this needlelike insertion of NiCo,0, into
Ni(OH), has significant impacts on the electrochemical
properties and structural stability, as discussed later. To
investigate the impact of the secondary hydrothermal treat-
ment on the r-NiCo,O, scaffold, the TEM and EDS mapping
images of the pristine material (Figure S4) are compared with
those of the composite. Based on the distribution of Co, which
serves as a unique tracer for the r-NiCo,0,, it is evident that
the rod-like morphology is well preserved and maintains
intimate contact with Ni(OH),. However, the nanorods
exhibit reduced lengths, which can be attributed to partial
dissolution during the secondary hydrothermal treatment. This
phenomenon is further verified by a control experiment where
the r-NiCo,0, was treated under the same hydrothermal
conditions for the composite synthesis but without Ni(NO,),-
6H,0. The SEM images (Figure SS) of the resulting r-
NiCo,0, provide compelling evidence that the nanorod
structure remains stable while showing a decrease in length,
though the reaction environment is not completely identical.
Furthermore, we conducted high-resolution TEM analysis
(Figure S6) for both the pristine r-NiCo,O, and the r-
NiCo,0,/Ni(OH),-3. The r-NiCo,0, exhibits well-defined
lattice fringes with a spacing of 0.25 nm, indexed to the (311)
plane. In the composite, a distinct heterointerface (indicated
by the dashed line) is observed between the r-NiCo,0, and
Ni(OH),. The lattice fringes in the upper-right region remain
unchanged (0.25 nm), suggesting that the r-NiCo,0,
maintains its original crystal structure after the secondary
hydrothermal treatment. The preserved crystal structure is
consistent with the XRD results (Figure 1g). Meanwhile, the
(101) plane of Ni(OH), is identified in the neighboring region
with a lattice spacing of 0.26 nm.
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Figure 3. (a—d) Galvanostatic discharge and (e—h) CV curves of the r-NiCo,0,/Ni(OH),-1, r-NiCo,0,/Ni(OH),-2, r-NiCo,0,/Ni(OH),-3,
and r-NiCo,0,/Ni(OH),-4 electrode, where (a) to (d) and (e) to (h) correspond to increasing precursor concentrations for Ni(OH), synthesis.
(i) Plots of Log(i) versus Log(v) for the NiCo,0,/Ni(OH),-3 electrode. (j) CV curve with capacitive contribution (shaded in red) of the r-
NiCo,0,/Ni(OH),-3 electrode at a scan rate of S mV/s. (k) Normalized contribution ratios of capacitive and diffusion-controlled behaviors of the
r-NiCo,0,/Ni(OH),-3 electrode at varying scan rates. (1) Nyquist plots of the Ni(OH),-4 and r-NiCo,0,/Ni(OH),-3 electrode.

2.2. Electrochemical Behavior Analysis

The electrochemical properties of the Ni(OH),-4 electrode
measured in a standard three-electrode configuration are
presented in Figure S7. The cyclic voltammetry (CV) curves in
Figure S7a exhibit a pair of redox peaks, indicating that
Ni(OH), undergoes reversible Faradaic reactions during the
scanning process. These peaks correspond to the valence
transition of nickel species, which can be described by the
following eq 1.**

Ni(OH), + OH™ = NiOOH + H,0 + ¢~ (1)

As scan rates increase, the oxidation and reduction peaks
shift toward higher and lower potentials, respectively. This
phenomenon stems from the kinetic mismatch between OH™
diffusion and electron transfer, leading to pronounced
electrochemical polarization.””** The GCD measurements
(Figure S7b) show that the electrode delivers a specific
capacitance of 1045.37 F/g (145.19 mAh/g) at 1 A/g
However, with the current density gradually increasing, the
specific capacitance systematically decreases, as illustrated in
Figure S7c. For example, when the current density reaches 50
A/g, the capacitance retention drops to merely 1.34%. The
unsatisfactory rate capability also stems primarily from the
poor conductivity and sluggish ion diffusion kinetics.*’

To address the aforementioned limitations, the moss-like
Ni(OH), was integrated with three types of NiCo,0, featuring
distinct morphologies. We first characterized the electro-
chemical behavior of the three NiCo,0, electrodes. Figure

S8a—c present their CV curves over a scan rate range of 5—50
mV/s. All electrodes exhibit a pair of well-defined redox peaks,
indicating the pseudocapacitive characteristics of NiCo,O,.
The corresgonding Faradaic reactions can be expressed by eqs
2 and 3.°%°°

NiCo,0, + H,0 + OH™ = NiOOH + 2CoOOH + ¢
(2)
CoOOH + OH™ = CoO, + H,0 + ¢~ 3)

The GCD measurements (Figure S9a—c) reveal limited
specific capacitances for the three NiCo,0, electrodes, with s-
NiCo,0,, sr-NiCo,0,, and r-NiCo,0, yielding 98.00, 165.38,
and 193.82 F/g (13.61, 22.97, and 26.92 mAh/g) at 1 A/g,
respectively. However, the three NiCo,0, electrodes exhibit
exceptional rate capabilities. As shown in Figure S9d, even at
50 A/g, they maintain capacitance retention rates of 68.41% (s-
NiCo,0,), 71.96% (sr-NiCo,0,), and 77.38% (r-NiCo,0,)
relative to their initial values.

Next, the capacitive performance of various NiCo,0,/
Ni(OH), composite electrodes was investigated. The GCD
analysis (Figure S10a—e) reveals that the s-NiCo,0,/Ni(OH),
composites yield marginal gains in specific capacitance, but
exhibit enhanced rate capability over pristine Ni(OH),. Similar
trends are observed for the sr-NiCo,0,/Ni(OH), composites
(Figure S1la—e), though they exhibit a larger improvement in
specific capacitance compared with the s-NiCo,0,-based
composites. For example, the sr-NiCo,0,/Ni(OH),-3 elec-
trode delivers a specific capacitance of 1391.4 F/g (193.2§
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mAh/g) at 1 A/g and a capacitance retention of 33.71% at SO
A/g. In contrast, r-NiCo,0,/Ni(OH), composites, particularly
the r-NiCo,0,/Ni(OH),-3 electrode, demonstrate a signifi-
cant enhancement in both specific capacitance (2170.22 F/g at
1 A/g) and rate capability (82.3% at 20 A/g and 59.16% at SO
A/g), as shown in Figure 3a—d and S12. This rate capability is
well-suited to accommodate the high-power output character-
istic of solar energy. We also conducted the ECSA measure-
ment for Ni(OH),-3 grown on the three different NiCo,O,
scaffolds. As shown in Figure S13, the r-NiCo,0,/Ni(OH),-3
composites exhibit an ECSA value of 617.00 cm?, which is
significantly higher than that of the s-NiCo,0,/Ni(OH),-3
(503.75 cm?) and sr-NiCo,0,/Ni(OH),-3 (547.25 cm?)
composites. The superior electrochemical performance of r-
NiCo,0,/Ni(OH), composites stems from the high surface
area of r-NiCo,0, (Figure 1d and e), which increases the
contact area with Ni(OH),, accelerating electron transport and
enabling a more homogeneous distribution of the Ni(OH),.
Additionally, the r-NiCo,Q, itself outperforms other morphol-
ogies in terms of capacitance and rate performance (Figure
S9d), further enhancing the overall electrochemical properties
of the composite.

The GCD curves also reveal the influence of the Ni(OH),
nanostructure on the capacitive performance. Among the
samples, r-NiCo,0,/Ni(OH),-3, synthesized at an optimal
precursor concentration, exhibits the highest specific capaci-
tance. This is primarily attributed to its moss-like structure,
which generates high sgeciﬁc surface areas, thereby providing
abundant active sites.”® Conversely, both insufficient and
excessive precursor concentrations for Ni(OH), synthesis
result in reduced specific surface areas (as confirmed in Figure
2e—h), decreasing the capacitance. Nevertheless, all Ni(OH),
prepared via hydrothermal routes in the presence of CTAB
demonstrates continuous and uniform growth over the
NiCo,0, framework, ensuring high material utilization for
energy storage. Figure S14 shows the ECSA measurement for
the r-NiCo,0,/Ni(OH),n (n = 1, 2, 3, 4) electrodes. Among
these, the r-NiCo,0,/Ni(OH),-3 electrode demonstrates the
largest ECSA value, suggesting the highest density of
electrochemically accessible active sites.”’ It is worth
mentioning that the improved electrochemical performance
of the composite electrode, particularly its rate capability, plays
a crucial role in constructing high-performance photorecharge-
able devices. This is because photovoltaic modules typically
generate high photocurrent densities; for instance, the PERC
solar cell discussed later exhibits a short-circuit current density
of 16 mA/cm.?

Figure 3e—h display the CV curves of various NiCo,0,/
Ni(OH), composite electrodes, revealing multiple redox peaks
that are associated with the Faradaic redox reactions of both
Ni(OH), and NiCo,0, within the composite.52 To further
elucidate the electrochemical charge-storage mechanism of the
1-NiCo0,0,/Ni(OH),-3 electrode, the relationship between the
peak current and the scan rate in the CV curves was analyzed,
following the power-law expression (eqs 4 and 5).>

i=ax 4)
or
log(i) = log(a) + blog(v) (5)

where i represents the peak current (A), v is the scan rate
(mV/s), and a and b are adjustable parameters.”* The charge-
storage mechanism is dictated by the parameter b, where the b-

value of 0.5 and 1 correspond to Faradaic diffusion-controlled
and non-Faradaic capacitive processes, respectively. Figure 3i
presents the plots of Log(i) versus Log(v), from which the b-
values for peaks 1—3 (as labeled in Figure 3g) are calculated to
be 0.58, 0.56, and 0.58, respectively. These values, being closer
to 0.5 than to 1.0, indicate a predominantly diffusion-
controlled process for the r-NiCo,0,/Ni(OH),-3 composites,
which aligns with the later quantitative analysis showing a high
diffusive contribution even at 50 mV/s. Equations 6 and 7
were employed to further quantitatively distinguish the relative
contributions of the two storage mechanisms.”

i(V) =k + ky'”? (6)
or

=kt k
A o)
where k;v and k"> correspond to the contributions of
capacitive-controlled and diffusion-controlled processes to the
total capacitance, respectively. The values of k; and k, were
obtained by fitting the curves according to eq 7. Figure 3j
shows that the capacitive contribution accounts for 19.06% at a
scan rate of 5 mV/s. With the scan rate increasing, the
capacitive contribution exhibits a monotonic rise, while the
diffusion-controlled fraction correspondingly decreases, as
illustrated in Figure 3k. Notably, even at a high scan rate of
50 mV/s, the diffusive contribution persists at 58.45%,
indicating its predominant role in the overall charge-storage
process. This observation is closely related to the structural
characteristics of the composite. The porous architecture of the
-NiC0,0,/Ni(OH),-3 composite significantly expands the
electrode—electrolyte contact area, while the continuous
Ni(OH), loading facilitates efficient ion diffusion across the
entire composite framework. Collectively, these features
synergistically enhance Faradaic reaction kinetics, thereby
maintaining the dominance of the diffusion-controlled energy
storage process.”

Figure 3l displays the electrochemical impedance spectros-
copy (EIS) plots for the r-NiCo,0,/Ni(OH),-3 and Ni(OH),-
4 electrode. The experimental data (symbols) are accurately
fitted with equivalent circuit models (solid curves). In the high-
frequency region, the intercept on the x-axis and the semicircle
diameter represent the series resistance (R;) and charge-
transfer resistance (R.), respectively.””*” The Ni(OH),-4
electrode exhibits an R, of 0.84 Q and an R, of 22.15 Q.
Remarkably, the r-NiCo,0,/Ni(OH),-3 composite shows a
significantly smaller semicircle, yielding a much lower R, of
10.61 Q. In the low-frequency range, the steeper slope of the
inclined line for the composite electrode indicates a reduced
Warburg impedance (Zy,), signifying faster ion diffusion.”®>’
These results confirm that the rational coupling of NiCo,O,
and Ni(OH), optimizes charge-transfer kinetics, facilitating
efficient ion/electron transport within the composite elec-
trode.””** The enhanced kinetics are attributed not only to the
uniquely engineered nanostructure but also to the hetero-
junction structure between NiCo,0, and Ni(OH),, which
facilitates electron transport.’”®’

2.3. Characterization of Supercapacitor Performance
Activated carbon (AC) was paired with the r-NiCo,0,/
Ni(OH),-3 composite to assemble asymmetric supercapacitors

(ASCs). The electrochemical characteristics of the AC
electrode, measured in a three-electrode configuration. The
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Figure 4. (a) CV curves and (b) galvanostatic discharge curves of the AC electrode. (c) CV responses of the r-NiCo,0,/Ni(OH),-3//AC ASC
measured at various potential windows. (d) CV curves and (e) GCD curves of the r-NiCo,0,/Ni(OH),-3//AC ASC at varying scan rates and
current densities, respectively. (f) Long-term cycling performance of the r-NiCo,0,/Ni(OH),-3//AC and Ni(OH),-4//AC ASC at 2A/g.
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Figure S. (a) Current—voltage and power-voltage plots of the PERC solar cell. (b—e) Photocharge and galvanostatic discharge (at S A/g) profiles
of photorechargeable devices integrating various ASCs with the PERC solar cell. (f) Overall efficiency of four photorechargeable supercapacitors.

CV curves (Figure 4a) exhibit a quasi-rectangular shape,
indicative of electric double-layer capacitive (EDLC) behavior.
As shown in Figure 4b, the AC electrode delivers a specific
capacitance of 398.19 F/g at 1 A/g, and maintains a retention
of 54.02% even as the current density scales to 50 A/g. Based
on these parameters, the optimal negative-to-positive (N/P)
mass ratio was determined (detailed in the Supporting
Information). The electrochemical performance of the
assembled ASC is presented in Figure 4c—e. The CV recorded
within various potential windows (Figure 4c) confirms an
optimal operating potential of 0—1.6 V, as evident oxygen
evolution occurs when the potential exceeds 1.7 V. Figure 4d

32552

illustrates the CV curves within the defined safe potential
window at scan rates from S to 50 mV/s. These profiles exhibit
characteristic redox features consistent with previously
reported literature.”® Notably, the CV curves remain largely
undistorted with increasing scan rates, suggesting excellent rate
capability. As shown in Figure 4e, the ASC exhibits a specific
capacitance of 234.25 F/g at 2 A/g. Even at current densities of
S, 10, and 20 A/g, the device sustains a relatively high
capacitance.

To assess the long-term cycling durability, both the r-
NiCo,0,/Ni(OH),-3//AC and Ni(OH),//AC ASCs were
tested at a constant temperature of 25 °C via GCD cycling at 2
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A/g for 6000 cycles. As shown in Figure 4f, the r-NiCo,0,/
Ni(OH),-3//AC ASC retains 91.94% of its initial capacitance,
a performance substantially superior to that of the Ni(OH),//
AC counterpart. We further characterized the electrochemical
performance of the r-NiCo,0,/Ni(OH),-3 electrode after the
stability test. As shown in Figure S15a, the CV curve remains
largely consistent with the precycling profile, maintaining well-
defined redox peaks despite a marginal reduction in current
response. Similarly, the GCD curve (Figure S15b) exhibits a
slight decrease in discharge duration, the extent of which aligns
well with the capacitance decay observed in the stability test.
The EIS data (Figure S15c) exhibit a slight increase in R,
(from 0.55 Q to 0.69 Q) after the long-term cycling, indicating
that the charge-transfer kinetics are largely preserved. Figure
S16 compares the SEM images of the r-NiCo,0,/Ni(OH),-3
electrode before and after the stability test, demonstrating that
the composite maintains its moss-like morphology without
significant collapse or detachment, while undergoing a slight
evolution toward more distinct nanosheet-structured features.
Although the marginal morphological evolution and R
increment can collectively contribute to the modest
capacitance decay, the cycling stability of the r-NiCo,O,/
Ni(OH),-3//AC ASC outperforms many previously reported
composite-based ASCs, as summarized in Table S1. This
exceptional durability can be attributed to the microstructural
advantages of the composite. Specifically, the NiCo,0,
nanorods, uniformly embedded within the continuous Ni-
(OH),, act as a rigid backbone to buffer volume expansion.
This structure effectively mitigates active material pulverization
during charge—discharge processes, while homogenizing cyclic
stress to preclude localized structural failure.®”

2.4. Evaluation of Photorechargeable Devices

To further explore the solar energy storage capabilities of the
as-prepared ASCs, photorechargeable devices were constructed
by coupling four ASCs (r-NiCo,0,/Ni(OH),-3//AC, sr-
NiCo,0,/Ni(OH),-3//AC, s-NiCo,0,/Ni(OH),-3//AC,
and Ni(OH),-4//AC) with PERC solar cells for performance
characterization. As for the photovoltaic module, three PERC
solar cells with a total effective area of 3.27 cm® were
connected in series. As illustrated in Figure Sa, the photo-
voltaic module exhibits an open-circuit voltage (V,.) of 1.85V,
a short-circuit current density (J,.) of 16 mA/cm?, and a fill
factor (FF) of 74.07%, achieving a power conversion efficiency
(PCE) of 21.92% at 1.49 V. Considering both the photovoltaic
output characteristics and the electrochemical behaviors of the
ASCs, a photocharging cutoff voltage of 1.6 V was selected.
Figure Sb—e illustrate the photocharge and dark discharge
curves of the four photorechargeable supercapacitors. The
photocharge curves reveal that the r-NiCo,0,/Ni(OH),-3-
based device exhibits a lower inflection voltage (approximately
1 V), whereas the Ni(OH),-based counterpart shows a higher
value (around 1.1 V). Our previous research has demonstrated
that the inflection voltage signifies the transition from EDLC-
dominant to pseudocapacitive-dominant storage behavior;
notably, minimizing the voltage mismatch between this
inflection point and the maximum power point (MPP) of
photovoltaic module can enhance the overall efficiency of
photorechargeable devices.”> Given that all devices in this
study store energy via Ni-based redox reactions, the elevated
inflection voltage observed in the Ni(OH),-based device,
which brings it closer to the MPP voltage, is primarily
attributed to severe polarization at high current densities. The

presence of severe polarization in the pristine Ni(OH), is
supported by the EIS data (Figure 31), where its higher R
relative to the composite indicates significantly more sluggish
charge-transfer kinetics. Consequently, although the Ni(OH),-
based device allows the photovoltaic module to operate at a
higher apparent efficiency, a substantial fraction of the
converted energy is lost as heat, resulting in lower actual
energy storage. Additionally, the discharge curves confirm that
the r-NiCo,0,/Ni(OH),-3 device achieves the highest specific
capacitance. The capacitance trends across the four devices
match those observed in their respective electrode materials
(Figures 3, S7, and S10—11), further emphasizing the critical
impact of material design on the performance of photo-
rechargeable devices. The overall solar-to-electrochemical
energy efficiency (#oyera) of the four photorechar§eable
supercapacitors was calculated using the following eq 8

Idischage / V::{ischagedtZ
SPyighity (8)

rloverall =

where Igchae denotes the discharge current of the energy
storage module, Vipae represents the voltage during the
discharge process, and t, is the discharge time. Meanwhile, S
refers to the area of the light source, Py, corresponds to the
incident light power density, and ¢, is the photocharge time. As
shown in Figure 5f, the r-NiCo,0,/Ni(OH),-3-based device
achieves the highest overall efficiency of 16.21%. The
significantly lower efficiency of the Ni(OH),-based device
also confirms that the pristine Ni(OH), electrode materials
induce severe energy losses during the energy storage process.
These results in Figure S demonstrate that the device
integrating r-NiCo,0,/Ni(OH),-3//AC ASC with PERC
solar cell exhibit exceptional solar-to-storage capability, making
it a promising candidate for powering miniaturized elec-
tronics.”**® To further demonstrate its practical utility, a
LED lighting experiment was conducted. After being photo-
charged under simulated sunlight, two devices connected in
series successfully power a commercial LED with stable light
emission, as shown in Figure S17. This demonstration validates
the feasibility of the as-fabricated devices to harvest and store
solar energy for on-demand power supply.

3. CONCLUSION

This work significantly enhances the capacitive performance of
NiCo,0,/Ni(OH), composite electrodes through rational
nanostructure engineering, facilitating the development of
high-performance photorechargeable device. It is found that
NiCo,O, nanorods, compared to nanosheet or mixed nanorod-
nanosheet morphologies, possess a larger specific surface area
that effectively increases the contact interface and mass loading
of Ni(OH),; furthermore, their superior intrinsic capacitance
and rate capability effectively support the enhanced electro-
chemical properties of the resulting composite electrodes.
Integrating the NiCo,0, nanorods with Ni(OH), across
varying precursor concentrations reveals that an optimal
concentration induces a continuous and high-surface-area
Ni(OH), growth on the nanorod surfaces, with the nanorods
homogeneously embedded within the Ni(OH),. This unique
nanostructure not only increases electrochemically active sites,
but also greatly promotes rapid electron/ion transport and
enhances structural stability. Consequently, the resulting ASCs
exhibit dramatic improvements in specific capacitance, rate
performance, and cycling stability. Notably, the enhanced rate
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performance greatly accommodates the high-current character-
istics of photovoltaic modules, ensuring the effective storage of
converted electrical energy. By integrating the r-NiCo,0,/
Ni(OH),-3//AC ASC with PERC solar cells, the as-fabricated
device achieves a solar-to-electrochemical energy efficiency of
16.21%, paving the way for the development of future solar-
driven self-charging electronics.

4. EXPERIMENTAL SECTION
4.1. Synthesis of NiCo,0, with Various Morphologies

NiCo,0, samples with different morphologies were synthesized via a
hydrothermal method followed by calcination. For the synthesis of s-
NiCo,0,, 0.45 mmol NiCl,-6H,0, 0.9 mmol Co(NO;),-6H,0, 2.7
mmol NH,F, and 4.5 mmol hexamethylenetetramine (HMTA) were
dissolved in 60 mL deionized water. The mixture was transferred to a
100 mL PTFE-lined autoclave and stirred for 10 min. The pretreated
carbon cloth (10 mm X 15 mm) was then fully immersed in the
resulting homogeneous solution, followed by being maintained at 120
°C for 6 h. sr-NiCo,0, was prepared using a similar procedure but
with 0.5 mmol NiCl,-6H,0, 1 mmol CoCl,-6H,0, 3 mmol NH,F,
and 7.5 mmol urea as precursors, reacting at 120 °C for 2 h. For r-
NiCo,0,, 0.6 mmol Ni(NO;),-6H,0, 1.2 mmol Co(NO,),-6H,0,
and 7.2 mmol urea were dissolved in a 60 mL mixed solvent (water:
ethanol = 1:1, v/v) and heated at 100 °C for 6 h. After cooling to
room temperature, the resulting precursor-loaded carbon cloths were
rinsed thoroughly with deionized water and ethanol, and dried at 60
°C. Finally, the samples were calcined at 350 °C for 2 h (ramping
rate: S °C/min) to yield the final products.

4.2, Synthesis of Different NiCo,0,/Ni(OH), Composites

The NiCo,0,/Ni(OH), composites were prepared through a
secondary hydrothermal process. In a typical synthesis, 0.5 mmol
Ni(NO;),-6H,0, 3 mmol urea, and 0.25 mmol hexadecyltrimethy-
lammonium bromide (CTAB) were dissolved in 60 mL deionized
water. The as-prepared r-NiCo,0, substrate was immersed in this
solution, which was then maintained at 120 °C for 6 h in a 100 mL
PTFE-lined autoclave. The obtained samples were washed, dried at 60
°C, obtaining r-NiCo,0,/Ni(OH),-1 composite electrodes. Then, the
concentrations of all precursors were scaled by factors of 2, 3, and 4 to
yield r-NiCo,0,/Ni(OH),-n, where n (n = 2, 3, 4) represents the
corresponding concentration fold change relative to the initial
formulation. Following the same protocol, composites using s-
NiCo,0, and sr-NiCo,0, as substrates were prepared and denoted
as s-NiCo,0,/Ni(OH),-n and sr-NiCo,0,/Ni(OH),-n, respectively.
Similarly, pure Ni(OH),n electrodes were also synthesized on bare
carbon cloths under identical conditions. Experimental details
regarding characterization methods are provided in the Supporting
Information.
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