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The development of supercapacitors is pivotal for sustainable energy storage solutions, necessitating the advancement
of innovative electrode materials to supplant fossil-fuel-based energy sources. Zinc oxide (ZnO) is widely studied for use in
supercapacitor electrodes because of its beneficial physicochemical properties, including excellent chemical and thermal stability,
semiconducting characteristics, low cost, and environmentally friendly nature. In this study, ZnO nanorods were synthesized using a
simple hydrothermal method and then combined with various Ni-based layered double hydroxides (LDHs) [NiM'-LDHs (M’ =
Mn, Co, and Fe)] to improve the electrochemical performance of the ZnO nanorods. These LDHs are well-known for their
outstanding electrochemical and electronic properties, high specific capacitance, and efficient dispersion of cations within host
nanolayers. The synthesized composites ZnO@NiMn-LDH, ZnO@NiCo-LDH, and ZnO@NiFe-LDH exhibit enhanced specific
capacitances of 569.3, 284.6, and 133.0 F/g, respectively, at a current rate of 1 A/g, outperforming bare ZnO (98.4 F/g). Notably,
ZnO@NiMn-LDH demonstrates superior electrochemical performance along with a capacitance retention of 76%, compared to
ZnO@NiCo-LDH (58%), ZnO@NiFe-LDH (49%), and bare ZnO (23%) over 5000 cycles. Furthermore, an asymmetric
supercapacitor (ASC) was developed by using ZnO@NiMn-LDH as the positive electrode and activated carbon (AC) as the
negative electrode to assess its practical applicability. The fabricated ASC (ZnO@NiMn-LDH//AC) demonstrated a specific
capacitance of 45.22 F/g at a current rate of 1 A/g, an energy density of 16.08 W h/kg at a power density of 798.8 W/kg, and a
capacitance retention of 75% over 5000 cycles. These findings underscore the potential of the composite formation of ZnO with Ni-
based LDHs in advancing the efficiency and durability of supercapacitors.

ZnO composites, hydrothermal, layered double hydroxides, supercapacitor, nickel-based LDHs

Excessive environmental pollution from greenhouse gas
emissions associated with fossil fuel consumption necessitates =
urgent development of energy conversion and storage June 14, 2024 NANOSCiEnce M
systems.' Presently, batteries, especially lithium-ion batteries, September 3, 2024
are meeting current energy demands due to their high energy September 4, 2024
density and portability. However, the relatively low power September 16, 2024
density of existing battery technologies limits their broader

application potential.” In contrast, supercapacitors offer
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significantly higher power density compared to conventional
batteries, making them a promising alternative.”~” Super-
capacitors are categorized into electric double-layer capacitors
(EDLCs) and pseudocapacitors based on their charge storage
mechanism.*™° Generally, EDLCs are carbonaceous materials
that store the charge due to surface adsorption and desorption
at the electrode/electrolyte interface, while transition metal
compounds and conducting polymers are pseudocapacitive
type electrode materials. Generally, pseudocapacitors, in
particular, rely on reversible Faradaic redox reactions, which
enable higher specific capacitance and energy density
compared to EDLCs.'""> Ruthenium oxide (RuO,) is the
initial metal oxide explored for supercapacitor materials due to
their high specific capacitance; however, its toxicity and high
cost limited its application in the field of supercapacitors.
Various other inexpensive and low toxic metal oxides, such as
Zn0O,"* NiO,"® MnO,,' Co,0,,"" etc., were explored for
supercapacitor applications due to their stability and enhanced
electrochemical properties.

Zinc oxide (ZnO), a metal oxide semiconductor having a
band gap of 3.37 eV, is widely explored in various fields of
applications such as electronics, sensors, optics, optoelec-
tronics, solar cells, photocatalysis, etc.'®™*? The low cost, ease
of production, high thermal and chemical stability, abundant
nature, and environmental friendliness of ZnO make it a
suitable choice for a wide range of applications.” In the field of
energy storage applications, ZnO is used as an electrode
material for high energy density a?gplications such as alkali (Li*,
Na*, and K*) ion batteries.”" >® In the case of the
supercapacitor, Luo et al. investigated the supercapacitive
characteristics of ZnO tetrapods synthesized through oxida-
tive—metal—vapor—transport methods, which delivers a
specific capacitance of 160.4 F/g at 1 A/g.'* In another
work, Shaheen et al. synthesized the ZnO nanoparticles using
organic fuels, which deliver the specific capacitance of 86 F/g
at 2 mV/s.” The inherent lower conductivity of ZnO remains
a bottleneck for achieving high-performance supercapacitors,
leading to reduced specific capacitances and poor cyclic
stability.”® This leads researchers to do various modifications
with ZnO, such as doging with different transition metals
(Co,*" Ni,”* Fe,” Mo,” etc.), carbon coating (graphene,”
carbon, rGO,**7 etc.), and composite formation with metal
oxides (Co0;0,, Mn0,** CuO,” NiO*”) and hydroxide
(Ni(OH),,*). For example, Shaheen et al. utilize the
composite formation of ZnO—Co;0,, which showed a specific
capacitance of 165.4 F/g at 2 mV/s.*' Another work done by
Shaheen et al. reported the composite formation of ZnO with
Pd/PdO using hydrothermal methods, which, upon mod-
ification, was able to deliver a specific capacitance of 178 F/g at
a scan rate of 2 mV/s.** Furthermore, Pang et al. synthesized
ZnO—NiO micropolyhedra by calcinating mixed oxalate
(Zny4Niy,(C,0,),-nH,0) at various temperatures. The
synergistic effect of these metal oxides yielded a specific
capacitance of 649.0 F/g at 5.8 A/g and retained 99.1% of its
specific capacitance after 400 cycles at the same current rate.*’

In addition to being modified with other metal oxides,
layered double hydroxides (LDHs) have recently emerged as a
suitable option for composite formation. This is because of
their outstanding electrochemical and electronic properties,
stemming from their flexible structure, high specific capaci-
tance value, and effective dispersion of cations within the host
nanolayers."* LDHs are hydrotalcite-like compounds or
anionic clays having the structure [M*",_ M*" (OH),]-
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A" -mH,O (M*, and M?" are the bivalent ions, i.e. Ni**,
Mg**, Ca’, etc. and, trivalent metal cations, ie. Co*, Fe¥’,
Mn*, AI**, etc, and A"! is the sandwich anion, ie. CI7,
NO;*", Cos*7, etc.).* Among them, Ni-based LDHs are quite
an appealing candidate for electrochemical application due to
nickel’s low cost, environmental friendliness, and high
theoretical capacitance value.** Various Ni-based LDHs, such
as NiMn—LDHs,m NiCo—LDHs,A‘7 and NiFe—LDHs,48 were
explored as electrode material for supercapacitor application
due to high redox activity, synergistic effect of bimetallic ions,
intercalating capability, and outstanding electrochemical
performance. The LDHs not only charge via layered type
structure but also store due to the multiple oxidation states of
the surface elements."* However, a challenge with present
LDHs is the accumulation of their layered structure over
cycling, leading to poor electrical conductivity and charge
transport, consequently blocking active sites.*

The composite formation of metal oxides with Ni-based
LDH is quietly explored as a remedial approach for enhancing
the overall electrochemical performance due to the synergistic
effect. Xiong et al. synthesized NiCo-LDH/ZnO/CC by taking
the ZnO nanoflowers with NiCo-LDH nanoflakes. Incorporat-
ing both materials results in higher electrochemical perform-
ance compared to ZnO-based supercapacitors.”” Chen et al.
conducted similar research, demonstrating that the composite
formation of NiCo-LDH with ZnO nanorods achieved a high
areal capacitance of 667.3 mF/ cm? at 1 mA/cm?. Additionally,
it exhibited cyclic stability of 86.78% over 2000 cycles,
surpassin% the performance of bare ZnO and NiCo-LDH
materials.”’

From the above discussion, it is evident that the composite
formation of ZnO with LDHs enhances the electrochemical
performance of ZnO. Therefore, our approach involved
initially synthesizing ZnO nanostructures through a straightfor-
ward hydrothermal method. This method was preferred over
other synthesis techniques such as sol—gel,”" solid-state,”” and
spray pyrolysis®® due to its numerous advantages, including
cost-effectiveness, one-step process, high safety, and its ability
to precisely control the morphology of the synthesized
materials. Subsequently, we synthesized composites by
employing various NiM’-LDHs (M’ = Mn, Co, and Fe)
using the same hydrothermal technique. Notably, our
synthesized ZnO@NiMn-LDH composite demonstrated supe-
rior performance compared to other compositions, boasting a
specific capacitance of 569.3 F/g at 1 A/g while retaining 76%
capacitance after 5000 cycles. The comprehensive electro-
chemical measurements and insights into the charge-storage
mechanism of ZnO@NiMn-LDH are thoroughly discussed.
Moreover, we assembled an asymmetric supercapacitor (ASC),
which exhibited an energy density of 16.08 W h/kg at a power
density of 798.8 W/kg, maintaining a cyclic stability of 75%
over 5000 cycles.

Nickel sulfate hexahydrate (NiSO,-6H,0, 99%, CDH, India),
manganese sulfate monohydrate (MnSO,-H,0, 99%, Fisher, USA),
cobalt nitrate hexahydrate (Co(NOs;),-6H,0, >98%, Sigma-Aldrich,
USA), iron nitrate nonahydrate (Fe(NO,);9H,0, >98%, Sigma-
Aldrich, USA), zinc nitrate hexahydrate (Zn(NO;),-6H,0, 98%, Loba
Chemie, India), hexamethyltetramine (C¢H,,N,, HMTA, 99%,
Merck, USA), and urea (CH,N,O, 99.5%, CDH, India) were used
as the precursor for the synthesis. Deionized (DI) water and ethanol
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Figure 1. Schematic representation of the hydrothermal synthesis of ZnO and ZnO@NiM’-LDHs (M’ = Mn, Co, and Fe).

(99%) were used as solvents. Ni foam (99%), supplied by Kanopy
Pvt. Ltd., India, was used as the substrate for the working electrode.
Super-P (C, 99+%, Alfa Aeasar, USA) and polyvinylidene fluoride
(PVDF, Sigma-Aldrich, USA) were used as the conducting agent and
binder in the working electrode preparation. N-Methyl-2-pyrrolidone
(NMP, 99%+, Alfa Aesar, USA) was used as the solvent for the slurry
preparation of the electrode. Potassium hydroxide (KOH, 85.0%,
CDH, India) was used for the preparation of electrolyte.

2.2.1. Synthesis of ZnO. A typical hydrothermal method was
employed for the synthesis of ZnO. In this process, 25 mM
Zn(NO;),-6H,0 was mixed with an equimolar amount of HMTA in
64 mL of DI water. After thorough mixing, the solution was
transferred to a Teflon-lined autoclave and placed in an oven at 95 °C
for 16 h. Upon completion of the reaction, the product was collected
by centrifugation and washed three times with DI water and ethanol.
The final product was then dried at 60 °C for 10 h.

2.2.2. Synthesis of ZnO@NiM’-LDHs (M’ = Mn, Co, and Fe).
For the synthesis of ZnO@NiMn-LDH, 20 mg of synthesized ZnO
was added to a mixture of 40 mL of DI water and 20 mL of ethanol.
Then, 3.75 mmol of NiSO,-:6H,0, 1.25 mmol of MnSO,-H,0, and
16.5 mmol of urea were added to the solution. After thorough mixing,
the solution was placed in a Teflon-lined autoclave and heated in an
oven at 140 °C for 10 h. Upon completion of the reaction, the
product was collected by centrifugation and washed three times with
DI water and ethanol, followed by drying at 60 °C for 5 h. For the
synthesis of ZnO@NiCo-LDH and ZnO@NiFe-LDH, 1.25 mmol of
the Mn precursor was replaced with 1.25 mmol of the cobalt
precursor (Co(NO,),-6H,0) and 1.25 mmol of Fe precursors
(Fe(NO;);-9H,0), respectively. The graphical depiction of the
overall synthesis of ZnO and ZnO@NiM’'-LDH is shown in Figure 1.

The phase formation of synthesized material was confirmed by using
the X-ray diffraction method (Panalytical X'Pert Pro X-ray
diffractometer) using Cu—Ka; (4 = 0.154 nm) as the source. The
morphology of the synthesized material was characterized using a
scanning electron microscope coupled with EDS (FESEM, SSPRA 40
VP, Zeiss) and a transmission electron microscope (HRTEM, FEI-
Titan G*> 60—300 kV). For the determination of the oxidation state of
the constituent element in the synthesized material, X-ray spectros-
copy (ESCA" Omicron nanotechnology spectrometer, Al K,-source,

401

1486.7 eV) was used. For the determination of Brunauer—Emmett—
Teller (BET) surface area and BJH adsorption—desorption measure-
ments, a BET surface area analyzer (Quanta chrome Nova Touch
LX2) was used.

The electrochemical measurements of the synthesized material were
conducted by using an electrochemical workstation (Squidstat Plus,
Admiral Instruments, USA) in both three-electrode and two-electrode
configurations. The working electrode was prepared by mixing the
synthesized material (ZnO@NiM'-LDH) with Super-P and PVDF in
a mortar and pestle at a weight ratio of 8:1:1. A viscous slurry was
then prepared by adding a few drops of NMP. The obtained slurry
was coated on Ni foam and dried at 60 °C for 12 h. The mass of the
electrode materials was obtained by subtracting the bare mass of the
Ni foam. The active mass of the electrode was approximately 1.18—
1.28 mg for all combinations of material. In the three-electrode
configuration, the material-coated Ni foam was used as the working
electrode, platinum (Pt) mesh was used as the counter electrode, and
a saturated calomel electrode (Hg/HgO (saturated 1 M KOH)) was
used as the reference electrode. A 6 M KOH aqueous solution was
used as the electrolyte. Cyclic voltammetry (CV) and galvanostatic
charge—discharge (GCD) measurements were conducted, and the
specific capacitance (in F/g) was calculated from the discharge time
obtained from the GCD measurement using the following equations

i X At
m X AV

: 1
where i is the current (in amp), m is the mass of active material (in
gram), AV is the working potential window (in volts), and At is the
discharge time (in sec).

Further, the electrical characterization of the fabricated electrode
materials was performed using electrochemical impedance spectros-
copy (EIS) with an activated carbon (AC) amplitude of S mV in the
frequency range of 0.1 Hz to 1 MHz. For the assembly of the ASC, a
similar negative electrode on Ni foam was prepared by using AC,
Super-P, and PVDF. The ZnO@NiMn-LDH on Ni foam served as
the positive electrode, separated by a separator, with 6 M KOH as the
electrolyte. The electrochemical measurements were performed in a
two-electrode configuration. The mass loading of both the positive
and negative electrode materials was balanced using the following
equation

https://doi.org/10.1021/acsnanoscienceau.4c00029
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Figure 2. (a) XRD pattern of the as-synthesized ZnO@NiM'-LDHs (M’ = Mn, Co, and Fe), FESEM image of (b) ZnO, (c) ZnO@NiMn-LDH,

(d) ZnO@NiCo-LDH, and (e) ZnO@NiFe-LDH.

my XAV, XC, = m_XAV_xC_ (2)

where m, C, and AV represent the mass of active materials (in g),
specific capacitance (F/g), and working potential window (in V) of
the constituent electrode materials. The energy density (E, W h/kg)
and power density (P, W/kg) of the fabricated ASC were calculated
using the discharge time from the GCD and the delivered specific
capacitance of the device (C,) using the following equation

E= XC, x AV?

2 X 3.6 (3)

p_ 36 X1000 X E
At (4)

The XRD patterns of synthesized ZnO and ZnO@NiM’-LDHs
(M' = Mn, Co, and Fe) are shown in Figure 2a. The
characteristics peak for ZnO observed at 31.94, 34.58, 36.41,
and 56.75° can be ascribed to the (100), (002), (101), and
(110) planes of ZnO and matches with a hexagonal wurtzite
crystal structure of ZnO (JCPDS: 0036-1451).>" The absence
of any additional peaks confirms the purity of the synthesized
ZnO, and the sharp nature of the peak indicates the high
crystallinity of ZnO. The XRD spectra of ZnO@NiM’-LDHs
(M’ = Mn, Co, and Fe) comprised the combination of
characteristics peak of both ZnO and a-Ni(OH),. The
diffraction peaks at 11.99, 24.08, and 33.38° for ZnO@
NiMn-LDH can be ascribed to the (003), (006), and (012)
planes of the brucite structure with the hexagonal crystal phase
of a-Ni(OH), (JCPDS: 38-0715).°° Similar kinds of peak
positions were observed for ZnO@NiCo-LDH and ZnO@
NiFe-LDH, with slight shifting in the peak position due to the
introduction of different ions (Co and Fe). The morphological
characterization of synthesized ZnO and ZnO@NiM'-LDH
was done using FESEM. The FESEM image of ZnO shown in
Figure 2b demonstrate the hexagonal nanorod-type nanostruc-
ture. After making a composite of ZnO with NiMn-LDH,
NiCo-LDH, and NiFe-LDH, a typical sheet-like morphology
covering the ZnO nanorods is observed for all the
combinations, as shown in Figure 2c—e. To evaluate the
elemental distribution within the composite, elemental
distribution mapping and EDS spectra were conducted on a
small area of ZnO@NiMn-LDH, as shown in Figure SI1. The
results demonstrate that Ni, Mn, Zn, and O are well-
intermixed, indicating successful composite formation. Further

confirmation was obtained through TEM image and SAED
pattern of ZnO@NiMn-LDH. As depicted in Figure S2a, the
TEM image reveal a typical sheet-like nanostructure, consistent
with FESEM observations. The SAED pattern in Figure S2b
displays bright, circular concentric rings, indicating the
polycrystalline nature of the composite. Further, these rings
can be indexed to the (101) plane of ZnO and the (110) plane
of NiMn-LDH, confirming the composite nature of the
material.***’

For the determination of the chemical composition and
chemical bonding states within ZnO@NiMn-LDH, the sample
was characterized via XPS, as shown in Figure 3. The Ni 2p
spectra shown in Figure 3a comprised two peaks: Ni 2p;/,
located at 855.4 eV and Ni 2p,,, located at 873.3 eV along
with their satellite peak at 861.5 and 879.9 eV, which illustrates

(a) — Rawdata Ni 2p| (b) —— Raw data Mn 2p
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Figure 3. XPS spectra of the ZnO@NiMn-LDH for (a) Ni 2p, (b)
Mn 2p, (c) Zn 2p, and (d) O 1s, (e) N, adsorption/desorption
isotherm, and (f) pore diameter distribution of ZnO@NiMn-LDH.
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the presence of Ni** in the ZnO@NiMn-LDH.’® The Mn 2p
spectra shown in Figure 3b show the presence of two peaks:
Mn 2p;,, located at 641.5 eV and Mn 2p,, located at 652.3
eV, suggesting the presence of Mn*" oxidation state in the
sample.”” The presence of Mn®>" can be correlated as the
chances of transformation from Mn®" to Mn’" are highly
convenient due to the low redox potentials and air oxidation.”
The Zn 2p spectra shown in Figure 3¢ comprised of two
distinct peaks located at 1021.3 and 1044.5 eV, which
correspond to the Zn 2p;,, and Zn 2p,,, respectively, and
suggest the presence of Zn**.>**" In the last, the peaks for O s
spectra shown in Figure 3d can be fitted into three distinct
peaks located at 529.3, 531.1, and 532.2 eV, which can be
assigned to the formation of metal oxide bond, metal
hydroxide bond, and surface adsorbed hydroxyl mole-
cule.**%7% The specific surface area and pore size distribution
of electrode material are very essential for energy storage
application. Hence, the N, adsorption/desorption curve and
pore size distribution of ZnO@NiMn-LDH were measured.
The N, adsorption/desorption curve shown in Figure 3e
shows the typical IV isotherms suggesting the mesoporous
nature of the synthesized electrode materials with a surface
area of 132.90 m*/g. The pore size distribution curve shown in
Figure 3f gives the average pore volume of 0.215 cc/g and
average pore diameter of 3.06 nm, respectively.

The electrochemical performance of ZnO and ZnO@NiM'-
LDHs (M’ = Mn, Co, and Fe) was evaluated using CV and
GCD methods in a 6 M KOH electrolyte. Comparative CV
cycles at a scan rate of 50 mV/s for all samples within the
potential range of 0—0.47 V are depicted in Figure 4a. The CV
scans of all synthesized samples exhibit well-defined redox
peaks, indicative of typical faradaic pseudocapacitive behav-
ior.”* Notably, the ZnO@NiMn-LDH sample displayed the
largest absolute CV area, suggesting superior electrochemical
activity compared to that of the other synthesized samples.
Consequently, ZnO@NiMn-LDH was selected as the opti-
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Figure 4. CV comparison graph for ZnO and ZnO@NiM'-ZnO (M’
= Mn, Co, and Fe) at a scan rate of 50 mV/s, (b) CV scan of ZnO@
NiMn-LDH at different scan rates (10—200 mV/s), (c) GCD profile
of ZnO@NiMn-LDH at different current rates (1—S A/g), and (d)
compared specific capacitance variation for ZnO and ZnO@NiM'-
LDH (M’ = Mn, Co, and Fe) at different current rates.
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mized electrode composition due to its enhanced electro-
chemical performance. Further, the CV and GCD measure-
ment of ZnO@NiMn-LDH was taken at different scan rates
and current rates, as shown in Figure 4b,c. The observed redox
in ZnO@NiMn-LDH corresponds to the reversible reaction of
Ni**/Ni**, Mn**/Mn?*, and Mn*'/Mn* with OH™. The
possible redox reaction can be represented via the following
equationsss’58

Ni(OH), + OH™ « NiOOH + H,0 + e~ (s)
Mn(OH), + OH™ <> MnOOH + H,0 + e~ (6)
MnOOH + OH™ & MnO, + H,0 + e~ (7)

The GCD profile of ZnO@NiMn-LDH at various scan rates
(1-5 A/g) displays a nonlinear curve with a discharge plateau,
indicating the occurrence of Faradaic reactions at the interface
between the electrode materials and the alkaline electrolyte
solution.”® Notably, the Coulombic efficiency of ZnO@NiMn-
LDH, derived from GCD measurements, is relatively low at
46.2% when the current rate is 1 A/ g. However, it improves
significantly to 90.1% as the current rate increases to 5 A/g.
The low Coulombic efficiency at the lower current rate can be
attributed to the presence of irreversible Faradaic reactions
between the surface functionalities and the electrolyte.” The
specific capacitance of the ZnO and ZnO@NiM'-LDH
electrode materials, calculated from the discharge time, is
shown in Figure 4d. The ZnO@NiMn-LDH delivers a specific
capacitance of 569.3 F/g at a current rate of 1 A/g, which
decreases to 434.8 F/g as the current rate increases to 5 A/g.
This specific capacitance is significantly higher than that of
bare ZnO (5.9 times), ZnO@NiCo-LDH (2 times), and
ZnO@NiFe-LDH (by 4.2 times). This enhanced specific
capacitance can be attributed to the multiple redox state of Mn
compared to the Co, and Fe. The observed decrease in specific
capacitance with increasing current rate is attributed to the
reduced involvement of ions in redox reactions at higher
current rates, resulting in lower capacitance.66

Further, the charge storage contribution in ZnO@NiMn-
LDH was analyzed using the CV test. The relationship
between the peak current (i) and the scan rate (v) is as follows

(8)

where a and b are the adjustable parameters. The value of b can
be obtained from the slope of the graph between Log i vs Log
v. The value of b reflects the nature of the charge storage
mechanism present in the electrode materials. For b = 0.5, it
suggests domination of the diffusion-controlled process,
whereas b = 1 represents the surface-controlled process.”*®’
In the case of ZnO@NiMn-LDH, the value of b lies at 0.29
and 0.31, as shown in Figure Sa, suggesting the dominance of
diffusion-controlled process within the electrode materials.”’
For the determination of the percentage contribution of both
charge storage mechanisms, the obtained CV current can be
further decoupled according to the equation

i=auh

. 1/2
i=a+ a

(9)

where, a,v and a,0"/* are the contribution from capacitive-
controlled and diffusion-controlled current, respectively. The
value of a; and a, can be obtained from the slope and intercept
of the graph between i/v'/* vs /2% The contributions of
both capacitance mechanisms are illustrated in Figure Sb. At
lower scan rates, the diffusion-controlled process predom-

/2
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Figure S. (a) Obtained b values from the relationship between peak
current and scan rate for ZnO@NiMn-LDH, (b) contribution ratio of
diffusion and capacitive controlled processes in ZnO@NiMn-LDH,
(c) capacitance retention curves for all ZnO@NiM’-LDH samples at
a scan rate of 100 mV/s over 5000 cycles, including the Coulombic
efficiency of ZnO@NiMn-LDH, and (d) EIS measurement of ZnO@
NiMn-LDH before and after cycling fitted with an equivalent circuit
shown in the inset.

inates, accounting for 90.7% of the total current at a scan rate
of 10 mV/s. As the scan rate increases, the contribution from
the diffusion-controlled process decreases to 75.6% at a scan
rate of 100 mV/s, while the contribution from the capacitive
process increases. This shift occurs because, at higher scan
rates, only the outer surface of the electrode material is
accessible to the ions, allowing less time for the faradaic
reactions to occur, hence reducing the diffusion contribution.”

The cyclic stability of electrode materials is a crucial factor in
their practical application. The capacitance retention of the
synthesized electrode materials was tested at a scan rate of 100
mV/s over 5000 cycles, as shown in Figure Sc. The ZnO@
NiMn-LDH composite significantly improved overall cyclic
stability, achieving a capacitance retention of 76% compared to
26% for bare ZnO, while maintaining a Coulombic efficiency
of 93% over 5000 cycles, as obtained from the CV curve. In
comparison, ZnO@NiCo-LDH and ZnO@NiFe-LDH dem-
onstrated cyclic stabilities of 58% and 49%, respectively. To
assess structural stability, postcycling XRD analysis of the
optimized ZnO@NiMn-LDH composition cycled in a 6 M
KOH electrolyte solution was conducted. The XRD spectra,
shown in Figure S3, revealed prominent peaks corresponding
to Ni(OH),, along with minor peaks related to ZnO. This
indicates that the ZnO@NiMn-LDH structure remains stable
even after cycling in a 6 M KOH solution. However, the
decreased intensity of the ZnO peaks suggests the formation of
an additional Ni(OH), layer. Additionally, EIS measurements
were conducted before and after cycling to gain detailed
insights into the electrode materials. The resulting Nyquist
spectra, shown in Figure 5d, were fitted with an equivalent
circuit model. This circuit comprised resistors (R;, R,), a
constant phase element (CPE,), and a Warburg element (W,).
The combined electronic resistance, which includes the ohmic
resistance of the electrolyte and the interfacial resistance
between the current collector and electrode, is represented by
R; and can be estimated from the high-frequency intercept of
the Nyquist plot. R, represents the charge-transfer resistance,
calculated from the diameter of the observed semicircle. The
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Warburg element and the constant phase element represent
the diffusion of charges within the electrolyte and at the
electrode/electrolyte interface, respectively.”” The low value of
R, (0.50 Q) indicates the high electrical conductivity of ZnO@
NiMn-LDH. The increase in charge transfer resistance from
123.4 to 142.8 L over 5000 cycles led to a minimal capacitance
loss, as observed in Figure Sc, which is a smaller change
compared to other compositions.

For the practical application of the as-synthesized ZnO@
NiMn-LDH, an ASC was assembled by employing the ZnO@
NiMn-LDH as the positive electrode and AC as a negative
electrode. The advantage of using an ASC is its wide operating
potential range, which leverages the potential windows of both
the positive and negative electrodes. This leads to an increase
in the overall energy density of the device, as energy density is
proportional to the square of the potential window (E = 1/2
CV?).”" The typical CV curve of a fabricated ACS is shown in
Figure 6a, which is a nonrectangular shape in nature and
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Figure 6. (a) CV curve at different scan rates (10—200 mV/s), (b)
GCD profile at different current rates (1—5 A/g), (c) Ragone plot,
and (d) capacitance retention at S A/g for 5000 cycles for ZnO@
NiMn-LDH//AC ASC.

implies the coexistence of both double-layer type capacitance
and pseudocapacitance. The shape of the obtained CV curve
maintains at the higher scan rate, which implies good
reversibility and a fast charge transfer rate.”>*® The GCD
profile of fabricated ASC at different current rates is shown in
Figure 6b, which shows nonlinear and nearly symmetrical
features representing good capacitive behavior.”” The as-
fabricated ASC delivers a specific capacitance of 4522 F/g at a
current rate of 1 A/g, as shown in Figure S4, and retains 62.1%
of its initial capacitance when the current rate is increased from
1 to S A/g. The energy density (E, W h/kg) and power density
(P, W/kg) are the two important key indicators in the practical
application, also known as the Ragone plot of the device, as
shown in Figure 6c. The as-fabricated ASC delivers a
maximum energy density of 16.08 W h/kg at the power
density of 798.8 W/kg and can deliver energy density up to
10.0 W h/kg at the maximum power density of 3955.6 W/kg.
Further, the cyclic stability of the as-fabricated ASC was tested
over 5000 cycles at a current rate of 5 A/g as shown in Figure
6d, which showed a capacitance retention of 75.0% and
Coulombic efficiency close to 100%, indicating the good
cycling performance of the ZnO@NiMn-LDH//AC device.
The initial decrease and increase in capacitance during cycling
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Table 1. Electrochemical Performance of Previously Reported ZnO and Ni-Based LDHs Electrodes

capacitance

ASC Energy density@power

materials electrolyte  specific capacitance@rate retention@current rate cycles density ref.
ZnO 3 M KOH 86 F/g@2 mV/s 1.9 W h/kg 42
ZnO@PdO/Pd 3MKOH 178 F/g@2 mV/s 3.3 W h/kg 42
ZnO@Co;0, 3 M KOH 165 F/g@2 mV/s 4.1 W h/kg@7.5 kW/kg 41
ZnO@CNT 1M 189 F/g@1 mV/s 96% 1000 73
Na,SO, cycles
ZnO 2 M KOH 448 F/g@0.25 A/g 98.2%@0.5 A/g 5000 74
cycles
ZnO 1M 160.4 F/g@1 A/g 223 W h/kg at 0.56 kW/kg 14
Na,SO,
ZnO-graphene 1M 122.4 F/g@S mV/s 36
Na,SO,
ZnO-rGO 0.5 M 345 F/g@5 mV/s 87% after@0.5 A/g 1000 75
H,SO, cycles
Cu-doped ZnO 6 M KOH 503.03 F/g@1 A/g 76
ZnO-CNT@Fe;0,/NF 1 MKOH 532 F/g@10 mV/s 88%@8 A/g 3000 77
cycles
ZnO-NiO 3MKOH  649.0 F/g@5.8 A/g 99.1%@5.8 A/g 400 cycles  19.9 W h/kg@1.58 kW/kg 43
NiCo-LDH/ZNO 1 M KOH 6042 F/gat 1 A/g 59.4%@20 A/g 5000 49
NR/CC cycles
NiCO-LDH/ZnO 1 M KOH 1577.6 F/gat 1 A/g 89.7%@20 A/g 5000 51.3 W h/kg@0.8 kW/kg 49
NE/CC cycles
MnO,@NF/NiFe-LDH 2 M KOH 427 F/cm*@5 mA/cm? 95.6%@15 mA/cm?® 1000 24.6 mW h/cm*@350 mW/cm? 78
cycles
NiMnCo-LDH@ZnO 6 M KOH 9.25 F/cm*@2 mA/cm?* 87.5%@50 mA/cm* 5000 24.6 W h/kg@0.170 kW/kg 79
cycles
ZnO@NiMn-LDH 6 M KOH 569.3 F/g@1 A/g 76% after@100 mV/s 5000 16.08 W h/kg@0.798 kW/kg this
cycles work

is likely due to electrode activation, which enhances electrolyte
ion access to the electrode material. After 1000 cycles, all the
electrochemical sites of the electrode material become fully
accessible to the electrolyte, thus stabilizing the capacitance.”
Further EIS measurement of the fabricated ASC was measured
before and after cycling in order to analyze capacitance decay
over cycling as shown in Figure SS. The obtained Nyquist
spectra consist small semicircle in the high frequency region
with a slope in the low frequency region, and it is fitted with
the equivalent circuit, as shown in the inset of Figure S5. The
fitted equivalent circuit consists of series resistance (R;),
charge-transfer resistance (R,), constant phase element
(CPE,), and Warburg impedance (W) related to the ionic
diffusion. The increment in the series resistance from 0.67 to
1.57 Q and charge transfer resistance from 0.14 to 1.9 Q lead
to the observed decrement in the specific capacitance over
cycling. Additionally, a FESEM image of the positive electrode
was taken after cycling, as shown in Figure S6. The
morphology of ZnO@NiMn-LDH appears to be preserved,
consisting of nanosheets (circled in yellow) along with
amorphous nanoparticles, which is consistent with the
observed cycling results and post cycling XRD results in
Figure S3. The elemental mapping of a small area shows the
presence of the constituent elements (Zn, Ni, Mn, and O),
along with K, which originates from the electrolyte.

For comparison purposes, we have compared our findings
with other ZnO and Ni-based LDH supercapacitor literature,
as shown in Table 1.

In conclusion, this study investigated the electrochemical
enhancement of ZnO through composite formation with
various Ni-based layered double hydroxides (NiM’-LDHs),
specifically NiMn-LDH, NiCo-LDH, and NiFe-LDH. The
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ZnO and ZnO@NIM'-LDH (M’ = Mn, Co, and Fe)
composites were synthesized via a facile hydrothermal method.
Among the tested composites, ZnO@NiMn-LDH exhibited
superior electrochemical performance, achieving a specific
capacitance of 569.3 F/g at a rate of 1 A/g. This is significantly
higher compared to those of bare ZnO (5.9 times), ZnO@
NiCo-LDH (2 times), and ZnO@NiFe-LDH (4.2 times).
Additionally, the composite formation markedly improved the
cyclic stability of ZnO from 23 to 76%. For a practical
demonstration, an ASC was assembled using ZnO@NiMn-
LDH as the positive electrode and AC as the negative
electrode. This device delivered a specific capacitance of 45.22
F/g at a current rate of 1 A/g, energy density of 16.08 W h/kg
at a power density of 798.8 W/kg, with a capacitance retention
of 75% for 5000 cycles. The findings highlight the effectiveness
of NiMn-LDH in enhancing the electrochemical properties of
ZnO, paving the way for future advancements in super-
capacitor applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00029.

FESEM image of ZnO@NiMn-LDH with EDS and
elemental mapping (for Ni, Mn, Zn, and O), TEM
image of ZnO@NiMn-LDH with SAED pattern, XRD
spectra of the ZnO@NiMn-LDH electrode after cycling
for 5000 cycles in 6 M KOH, specific capacitance
variation of ZnO@NiMn-LDH//AC ASC at different
current rates, fitted EIS of ZnO@NiMn-LDH//AC ASC
before and after cycling with equivalent circuit, and
FESEM image of the ZnO@NiMn-LDH electrode
obtained from ASC after 5000 cycles with elemental
mapping (for Ni, Mn, Zn, O, and K) (PDF)
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