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ABSTRACT: The exfoliation of nonlayered materials to mono- or few-layers is of growing
interest to realize their full potential for various applications. Nickel cobaltite (NiCo2O4), which
has a spinel crystal structure, is one such nonlayered material with unique properties and has
been utilized in a wide range of applications. Herein, NiCo2O4 is synthesized from NiCo2-
Layered double hydroxides using a topochemical conversion technique. Subsequently, bulk
NiCo2O4 is exfoliated into mono- or few-layer nickel cobaltene nanosheets using liquid-phase
exfoliation in various low-boiling point solvents. An analytical centrifuge technique is also
utilized to understand the solute−solvent interactions by determining their dispersion stability
using parameters such as the instability index and sedimentation velocity. Among the studied
solvents, water/isopropyl alcohol cosolvent is found to have better dispersion stability. In
addition, density functional theory calculations are carried out to understand the exfoliation
mechanism. It is found that the surface termination arising from the Co−O bond needs the least
energy for exfoliation. Furthermore, the obtained nickel cobaltene nanosheets are utilized as an
active material for supercapacitors without any conductive additives or binders. A solid-state symmetric supercapacitor delivers a
specific capacitance of 10.2 mF cm−2 with robust stability, retaining ∼98% capacitance after 4000 cycles.

■ INTRODUCTION

The successful exfoliation of graphene in 2004 unveiled its
extraordinary properties, including superior electronic con-
ductivity, optical transparency, mechanical rigidity, and
thermal conductivity. It opened up a new era to explore the
properties of various nanomaterials at the monolayer
regime.1−3 Two-dimensional (2D) materials exhibit excep-
tional properties due to the quantum confinement e5ect,
surpassing their bulk counterparts.4−7 They o5er high surface
area, low di5usion path, more active sites, and superior
chemical and thermal stability, and helped in enhancing the
properties in various applications, including flexible electronics,
catalysis, energy generation, energy storage, sensors, to name a
few.8−14 This has led to the realization of a plethora of other
well-known 2D materials, such as transition metal dichalcoge-
nides,15,16 hexagonal boron nitride,17 layered double hydrox-
ides (LDH).18−20 All these 2D materials have strong in-plane
and weak out-of-plane bonding, enabling them to be exfoliated
into mono- or few-layers using various top-down approaches
like micromechanical cleavage, ball milling, liquid-phase
exfoliation (LPE), intercalation exfoliation.15,21 Among these,
LPE is a widely adopted solution processing technique for
exfoliating layered 2D materials. This technique o5ers
numerous advantages, including high processing speed, cost-
e5ectiveness, and high throughput, making it particularly
appealing to researchers and industries.16,21−23

The exploration of layered 2D materials has inspired
researchers to delve into nonlayered materials as well.22,24

For instance, hematite, ilmenite, tellurium, selenium, man-
ganese telluride, and silicon were successfully cleaved to mono-
or few-layer nanosheets using solution routes.25−30 In the case
of layered materials, the weak interaction in the out-of-plane
directions facilitates exfoliation, while nonlayered materials
present a greater challenge due to their strong interactions in
all directions. Nevertheless, the bonding anisotropy present in
these materials has been e5ectively utilized for exfoliation.27,31

For instance, in Si, the (111) plane exhibits the lowest bond
density compared to (110), making exfoliation along (111)
more favorable.30 The inherent anisotropy within the crystal
systems explains the exfoliation of various nonlayered
materials, where the extent of anisotropy determines the
aspect ratio of the exfoliated flakes. In this regard, LPE has
proven highly successful in generating nanoplatelets from these
materials.22

In this work, spinel NiCo2O4 (NCO) is synthesized by
employing the topochemical conversion technique. Subse-
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quently, the obtained NCO has been successfully exfoliated
into mono- or few-layer nickel cobaltene (e-NCO) nanosheets
using low-boiling point water/isopropyl alcohol (WI)
cosolvent. An analytical centrifuge equipped with STEP
technology has been employed to assess the long-term stability
of e-NCO dispersions. This technique allowed the study of
dispersion behavior over an extended period within a few
hours, which is critical for practical applications. Detailed
theoretical calculations based on density functional theory
(DFT) are probed to gain a comprehensive understanding of
the exfoliation mechanism. Furthermore, the obtained e-NCO
dispersions are utilized to fabricate electrodes for energy
storage applications.

■ RESULTS AND DISCUSSION

Topochemical Conversion of NiCo2-LDH to NCO. The
topochemical synthesis technique enables the synthesis of
novel materials by adding, removing, or substituting elements
to or from the precursors, which preserves the structure or, at
least, the morphology of the precursors used.32,33 Figure 1a
shows the schematic representation for the conversion of
NiCo2-LDH into NiCo2O4 nanosheets using the topochemical
synthesis technique. The crystal structure of NiCo2-LDH
consists of positively charged brucite-like metal hydroxides
alternated with anions (Figure 1a). In LDH, the hydroxide ions
are found at the vertices of edge-sharing octahedra, whereas
the metal cations occupy the centers, joined to form infinite
2D sheets.34,35 A detailed synthesis procedure of NiCo2-LDH
is provided in the Supporting Information. X-ray di5raction
(XRD) pattern of the synthesized NiCo2-LDH is shown in
Figure 1b, matching with JCPDS no. 033-0429, indicating the
formation of NiCo2-LDH intercalated with carbonate
anions.19,36,37 The Raman spectrum of NiCo2-LDH (Figure
1c) shows peaks at 480 and 522 cm−1 corresponding to Ni−O
and Co−O vibrational modes further support the phase
formation.38−40 The average thickness of NiCo2-LDH is found

to be 62 nm from the Field emission scanning electron
microscope (FESEM) analysis (Figure S1).
Temperature plays a crucial role in retaining the parent

morphology in the topochemical conversion technique. For
this, thermogravimetric analysis (TGA) has been carried out
for NiCo2-LDH within 25−900 °C with a heating rate of 5
°C/min under an O2 environment, as shown in Figure S2. The
weight loss up to 380 °C indicates the removal of water
molecules and decomposition of the CO3

2− ion. The negligible
weight loss beyond 380 °C is attributed to the conversion of
NiCo2-LDH to NCO, as schematically represented in Figure
1.41−44

This study adopts a moderate temperature of 450 °C to
synthesize NCO from NiCo2-LDH. The XRD pattern of the
obtained NCO is shown in Figure 1d, matching JCPDS 01-
073-1702, indicating a cubic crystal structure with a lattice
constant of 8.11 Å. The presence of Raman peaks at 184, 465,
504, 654, and 1088 cm−1 of NCO (Figure 1e) corresponding
to F2g, Eg, LO, A1g, and 2LO modes, respectively, confirmed
the formation of NCO.45,46 The FESEM image of the
synthesized NCO is shown in Figure S3, confirming the
retention of morphology after converting NiCo2-LDH to
NCO. The average lateral dimensions of the NCO bulk is
∼1025 nm, and the size distributions of the nanosheets are
shown in Figure S4, having an average thickness of 54 nm
(Figure S3).
Liquid-Phase Exfoliation of NCO to e-NCO. After the

successful conversion of NiCo2-LDH to NCO, a probe
sonicator is used to exfoliate NCO in various low-boiling
solvents. During probe sonication, the high-power ultrasound
creates alternate high-pressure (compression) and low-
pressure (rarefaction). The ultrasonic waves produce tiny
vacuum bubbles during the low-pressure cycle, and these
bubbles progressively expand. Once they reach their maximum
size, they cease to retain energy, causing the bubbles to
collapse. This collapse results in the release of high-energy
liquid jets, a phenomenon known as cavitation, ultimately
leading to exfoliation. Various low-boiling point solvents have

Figure 1. (a) Schematic representation of topochemical conversion of NiCo2-LDH to NCO along with their crystal structures, (b,c) XRD, and
Raman spectrum of NiCo2-LDH, (d,e) XRD, and Raman spectrum of NCO.
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been tested for exfoliation, and among them, dispersions in
acetonitrile (ACN), acetone, and chloroform completely
precipitated after 12 h due to natural sedimentations. The
dispersions obtained in other low-boiling point solvents are
centrifuged at 1000 rpm for 1 h, and the supernatants are
collected. Subsequently, various spectroscopic and microscopic
characterizations are carried out to confirm the exfoliation.
Figure 2a shows the UV−visible spectra of the dispersions

obtained in various solvents. The corresponding A/l values
(where A is the optical absorption and l is the cell length) at
246 nm are shown in Figure 2b. Among the di5erent low-
boiling point solvents chosen, the water/IPA cosolvent
demonstrates the highest A/l values, while ACN exhibits the
lowest A/l value, indicating better dispersibility of NCO in
cosolvent systems. Subsequently, dispersion concentrations
(Cf) in each solvent are determined by using thermogravi-
metric analysis (details in Supporting Information). The
determined dispersion concentrations in water, IPA, ethanol,
ACN, WI73, WI11, and WI37 systems are found to be 1.25,
0.40, 1.58, 0.01, 2.33, 2.34, and 2.19 mg mL−1, respectively.
Raman spectroscopy was carried out to confirm the phase
retention after the exfoliation of NCO in WI73 cosolvent and

is shown in Figure 2d. After the exfoliation, the Raman
intensity of F2g peaks is enhanced and shifted from 184 to 186
cm−1. Also, the presence of other Raman modes at 465, 504,
654, and 1073 cm−1 corresponding to Eg, LO, A1g, and 2LO
modes suggests the phase retention after exfoliation. The
lateral size distributions obtained from dynamic light scattering
(DLS) measurements of the e-NCO show an average size of
160 nm (Figure 2e). Additionally, zeta potential measurements
are carried out to determine the surface charge of the e-NCO.
Figure 2f shows the zeta potential distributions of e-NCO in
WI73 cosolvent with an average zeta potential of +37.9 mV. A
positive charge on the surface of the exfoliated nanosheets
helps in stabilizing the dispersions in the water/IPA cosolvent.
Furthermore, microscopic characterizations are also carried

out to confirm the exfoliation. The low-magnification trans-
mission electron microscope (TEM) image of e-NCO in
WI73, shows nanosheet morphology (Figure 3a). The high-
resolution TEM (HRTEM) image (Figure 3b) reveals the
lattice fringes with a d-spacing of 0.28 nm, corresponding to
the (220) plane of NCO, in agreement with the XRD results
(JPCDS 01-073-1702). The highly crystalline nature of e-NCO
with a spinel crystal structure is confirmed by the SAED

Figure 2. Characterizations of e-NCO dispersions in di5erent low-boiling solvents. (a) UV−vis spectra, (b) A/l values at 246 nm, and (c) Cf
obtained from thermogravimetry with Ci of 3 mg mL

−1. Characterizations of e-NCO dispersions were obtained from WI73. (d) Raman spectrum,
(e) size distributions from dynamic light scattering, and (f) zeta potential.

Figure 3.Microscopic characterizations of e-NCO dispersions. (a) TEM image, (b) HRTEM image with inset showing the SAED pattern, and (c)
AFM image with inset showing thickness distributions.
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pattern, shown in the inset of Figure 3b. Moreover, the atomic
force microscope (AFM) micrograph, shown in Figure 3c,
indicates an average thickness of 7−8 nm (inset of Figure 3c).
Accelerated Stability Studies of e-NCO Dispersions.

After comprehensive spectroscopic and microscopic character-
izations of e-NCO in water/IPA cosolvent systems, the
stability of the dispersions is analyzed employing an analytical
centrifuge. Understanding the dispersion stability is crucial not
only to realize the solute−solvent interactions but also to
utilize them in various applications. In this accelerated
measurement technique, transmission profiles are recorded at
specific time intervals under higher gravitational acceleration,

enabling the determination of the sedimentation velocity,
instability index, and integral extinction. The experimental
setup is schematically shown in Figure 4a, where the distance
between the center position of the rotor and the bottom of the
cuvette is 130 mm. As time progresses, the dispersed
nanosheets move from their initial position to the bottom of
the cell due to the centrifugal force, leading to an increase in
light transmission through the dispersion. By monitoring the
change in transmitted light intensity over time across the
spatial length of the cuvette, the sedimentation kinetics of the
dispersion can be understood. Among the recorded profiles,
every fifth profile is plotted and is shown in Figure 4b−f for

Figure 4. (a) Schematic representation of a typical dispersion analyzer setup employed, (b−f) transmission profiles (each 5th profile) of e-NCO
dispersions in various solvents recorded at a centrifugation speed of 2000 rpm.

Figure 5. Stability analysis of e-NCO dispersions. (a) Change in instability index with time. (b) Sedimentation velocity distribution plot. (c)
Variation of integral extinction with time. (d) Calculated decay time constants after fitting the integral extinction.
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various solvent systems. The first and last transmission profiles
are shown in red and green, respectively, while a gradient of
these colors represents the progress of the measurements.
For accessing the stability of e-NCO dispersions in di5erent

solvents, exfoliation has been carried out in water, IPA, and
water/IPA cosolvent systems with water to IPA ratios as 3:7,
1:1, and 7:3 with an initial concentration of 0.2 mg mL−1. A
qualitative evaluation of dispersion concentrations was
performed by examining their transmission profiles, where
lower transmission values indicate higher dispersion concen-
trations. As shown in Figure 4b−f, the initial transmission
values of e-NCO dispersions in water, IPA, WI37, WI11, and
WI73 are found to be ∼52, 38, 33, 34, and 38%, respectively,
suggesting poorer exfoliation yield in water compared to other
solvents. Over the course of the measurement, the stability of
dispersions can be evaluated qualitatively by analyzing the
separation between consecutive transmission profiles. The
separation between the first two consecutive profiles at 115
mm position for IPA, water, WI37, WI11, and WI73 solvents
are found to be 2.8, 1.1, 0.4, 0.4, and 0.3%, respectively. A
larger separation in the case of e-NCO dispersion obtained in
IPA indicates the poorer dispersion stability (Figure 4c).47 In
contrast, a narrower spacing between the profiles is observed in
the case of e-NCO dispersion in water/IPA cosolvent systems,
implying better stability.
To further understand the stability of the e-NCO

dispersions, the instability index, which is defined as the
change in transmission at any time divided by the maximum

transmission change possible, is determined.48 When the
dispersed phase gets separated from the continuous phase, the
instability index increases, and therefore, a higher value of the
instability index signifies less dispersion stability. The
instability indices of water, IPA, WI37, WI11, and WI73 are
found to be 0.33, 0.73, 0.19, 0.18, and 0.18, respectively, after
10 min of measurement (Figure 5a). Further, the sedimenta-
tion velocities are also determined from the recorded
transmission profiles and are plotted as a cumulative
distribution in Figure 5b. Median sedimentation velocities of
e-NCO dispersions in water, IPA, WI37, WI11, and WI73 are
found to be 11.9, 42.4, 7.8, 8.2, and 10.3 μm/s, respectively
(Figure S5). It is noted that the sedimentation velocities are
spanned over a broad region as expected from liquid-phase
exfoliated dispersions having nanosheets of broad size
distributions as shown in Figure 5b.49

In addition to the instability index and sedimentation
velocity, the decay time constant is another valuable parameter
for gaining further insights into the stability of e-NCO
dispersions. For this, transmission profiles are converted into
extinction profiles according to Beer-lambert law and shown in
Figure S6a−e. From these extinction profiles, integral
extinction (IE) values are calculated and are shown in Figure
5c. IE plot is interpreted with the following first-order
exponential decay equation50

= + ×A t A A( ) e t

0 1
/

(1)

Figure 6. (a) Schematic illustration of computationally designed di5erent surface-terminated 2D structures of NiCo2O4 from its bulk; (a/b) in-
plane lattice constants and (h) slab height. (b) Top and side view of optimized geometries. (c) Phonon dispersion of the 2D relaxed structures
plotted along high symmetry directions of rectangular Brillouin zone; G (0,0,0), X (0.5,0,0), S (0.5,0.5,0), and G (0,0,0).
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where A(t) and A0 represent the instantaneous and equilibrium
IE, respectively. A significant part of IE, which decays over
time with sedimentation time constant τ is represented by A1.
The fitted IE plots of all of the dispersions are shown in Figure
S7. The average decay time constants and sedimentation
constants of three independent measurements are represented
in Figure 5d. Decay time constants in water, IPA, WI37, WI11,
and WI73 are observed to be 13.9, 8.1, 47.7, 45.1, and 39.5
min, respectively, suggesting dispersions in cosolvents are more
stable compared to others, corroborating the observations with
instability index and sedimentation velocity studies. It is to be
noted that the time constant represented here is at a
gravitational acceleration of ∼514 g. Assuming the linear
relationship between sedimentation velocity and relative
centrifugal acceleration (RCA), sedimentation time constants
can be extrapolated at 1 g by multiplying it with RCA.51 It can
be concluded that all three cosolvent systems are found to be
equally good for both exfoliation and stabilization when
compared to their individual counterparts. However, it is to be
noted that IPA is found to have good exfoliation eJciency but
rather poor dispersion stability.
Computational Studies. A comprehensive computational

study based on DFT calculations has been conducted to shed
light on the stability of free-standing nickel cobaltene
monolayers and the exfoliation energy required for di5erent
surface termination. For this, two 2D structures of NCO
having di5erent surface terminations are sliced from its bulk
orthorhombic crystal structure (space group Imma)52

perpendicular to the [001] direction. These are indicated by
green (marked as 1) and red (marked as 2) colors and are
schematically illustrated in Figure 6. The di5erence in surface
terminations is shown in Figure 6a. Each unit cell contains 14
atoms consisting of two Ni atoms, four Co atoms, and eight O
atoms. The geometries of the 2D structures are subjected to
both ionic coordinates and volume relaxation. Significant
atomic rearrangement is observed in both cases and their final
geometries are plotted in Figure 6b. The lattice constants
before and after structural relaxations are given in Table 1 for
comparison, and their relative percentage change is indicated.
These results lead us to the following conclusions: In the case
of ionic relaxations, the structure is compressed vertically to
compensate for the dangling bonds along the z-direction. With
regard to volume relaxation, the system tries to retain the initial
structure, and hence, in-plane lattice parameters are com-
pressed up to ∼60%, which implies stronger bonds are formed
in free-standing 2D structures. For example, the bond length of
Ni−O (2.01 Å) in static geometry is reduced to 1.85 Å in
volume-relaxed structure, as indicated in Figure S8. To check
the dynamical stability of the freely designed 2D structure, the
phonon dispersions are plotted in Figure 6c. The positive
frequencies of all vibrational modes confirm their dynamical
stability. It is clear from Figure S9 that the exfoliation energy of
the Ni−O-terminated surface will be higher compared to the

Co−O terminated surface. Since more energy is required to
break the short adjacent bonds in bulk structure, Co−O
terminated 2D NCO is more likely to be obtained in the
experiment. The exfoliation energies for both static and relaxed
structures are theoretically calculated for NCO-1 and NCO-2,
as shown in Table 2. More details about the theoretical

methods used in this work are given in Supporting
Information. The DFT calculations carried out here are to
study the cleavage surface and have not been extended to
understand the solute−solvent interactions.
Applications of e-NCO as Active Materials for

Supercapacitors. The exfoliated nanosheets are utilized for
supercapacitor applications after the successful exfoliation of
NCO to nickel cobaltene. The dispersions of NCO in WI73
have been used for fabricating supercapacitors by depositing
them on CC in an area of 1 cm × 1 cm using the spray coating
technique (details in Supporting Information), as the stability
and exfoliation eJciency of all the cosolvent systems (WI73/
WI11/WI37) are comparable. The thickness of the films is
optimized by changing the volume of the e-NCO dispersions
deposited on CC, starting from 1 to 7 mL, and the
corresponding films are named as e-NCO-1 to e-NCO-7,
respectively. Figure S10a shows the cyclic voltammograms
(CV) of bare CC and e-NCO-2 at a scan rate of 5 mV s−1. The
CC shows negligible capacity contributions compared with the
e-NCO-2 film. The CV curve of e-NCO-2 shows two distinct
redox peaks may be arising due to the following redox
reactions57,58

+ + +NiCo O H O NiOOH 2CoOOH 2e
2 4 2 (2)

+ + +MOOH OH MO H O e
2 2 (3)

where M represents Ni and Co ions. The observed distinct
oxidation peaks in the case of e-NCO-2 may be due to the
facile transfer of electrons. Figure S10b shows the CV of e-
NCO-1 to e-NCO-7 films, and it is observed that upon
increasing the thickness of the film, the area under the CV
curves increases, suggesting an enhancement in the charge
storage capacity. It is to be noted that the oxidation peaks
shifted slightly to higher potential upon increasing the loading

Table 1. Calculated Lattice Parameters (Unit Å) of Designed NiCo2O4 in Their Static and Optimized Geometries and Their

Relative Percentage Change ×( )100
a a

a

2D bulk

bulk

Relative to the Bulk

systems static
ionic-relaxed structures
(a1 = a; b1 = b) relative % change volume-relaxed structures relative % change

a b h h1 h a2 b2 h2 a b

NCO-1 5.81 5.82 3.24 2.44 −24.7 5.53 5.46 3.22 −48.2 −61.85
NCO-2 2.99 2.46 −18.4 5.69 5.58 2.99 −20.7 −41.20

Table 2. Calculated Exfoliation Energies of Computationally
Designed NiCo2O4 Using the GGA + U Method and Other
Materials for Comparison

systems exfoliation energy (meV/Å2)

static relaxed structure

NCO-1 (this work) 236.7 130.1

NCO-2 (this work) 173.7 123.7

Al2S3
53 196 47

graphene54,55 20

X2O3 (X = Al, Cr, Fe, Ga, In, Rh, Ti, V)
56 100−200
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of e-NCO. The areal capacity is calculated from CV using the
following equation.59

=Q
I V V

A

( ) d

s (4)

where Qs, ∫ I(V) dV, A, and ν represent the specific capacity
(C cm−2), the absolute area under the CV curve, the area of
active material coated on CC (1 cm2 here), and the scan rate
(V s−1), respectively. Figure S10c shows the specific capacity of
e-NCO-1 to e-NCO-7 films at a scan rate of 5 mV s−1. It is
observed that the specific capacity increases from e-NCO-1 to
e-NCO-7. For further study, the e-NCO-7 film is considered as
it provides maximum capacity. Figure S10d shows the scan-
rate-dependent charge storage performance at a scan rate of 5−
50 mV s−1. Upon increasing the scan rate, the potential
di5erence between the oxidation and reduction peaks is found
to increase and may be attributed to the polarization of the
electrode at high scan rates.58 Along with that, the merging of
two distinct oxidation peaks is also observed at a high scan
rate. The variation of areal capacity with scan rate is shown in
Figure S10e. As expected, the areal capacity decreases with the
increase in scan rates.58 Figure S10f shows the galvanostatic
charge−discharge (GCD) curves of e-NCO-7 film at di5erent
current densities. The nonlinear behavior of the charge−
discharge curve suggests the pseudocapacitive nature of the
electrode.
To further understand the charge storage dynamics of e-

NCO, the staircase potentio-electrochemical impedance spec-
troscopy technique, a complementary technique to CV is
utilized in the potential window of 0−0.6 V. For this, a step
potential of 25 mV was applied for 600 s, followed by
measuring the impedance over the frequency range of 10 mHz
to 100 kHz with an AC amplitude of 10 mV (10 points per
decade in log scale). By approximating the electrode/
electrolyte interface with an equivalent circuit comprising R
and C in series, the real part of capacitance (C′) has been

estimated in the frequency range of 10 Hz to 10 mHz.20,60,61

The real capacitance (C′) is calculated using the following
equations62

=
| |

C
Z

f Z2
2

(5)

where Z′ and|Z| represent the real and absolute value of the
impedance.

=

i

k

jjjj

y

{

zzzz
Z

Z
The phase angle ( ) is given by: tan

( )

( )
1

(6)

The variation of C′ with frequency and applied potential is
shown in Figure S11a. The 3D capacitance mapping shows a
sharp peak around 0.40 V versus Hg/HgO and another peak at
0.48 V with a gradual decrease in capacitance on either side of
the potential, suggesting the pseudocapacitive behavior. From
3D EIS, two distinct oxidation peaks of e-NCO are observed,
similar to CV curves, suggesting a two-step oxidation. This
phenomenon is further confirmed by the variation of the phase
angle with frequency and the applied potential, which is shown
in Figure S11b. The phase angle is almost constant for the
applied potential in the range of 0−0.30 V (∼79°). A gradual
decrease in phase angle shows two dips around 0.40 and 0.48 V
versus Hg/HgO, which is attributed to the semi-infinite
di5usion mechanism, and the phase angle further increases
gradually. However, a sudden decrease in phase angle beyond
0.5 V suggests the dominance of resistive behavior.60 At a
lower voltage, the phase angle is almost constant and close to
79° at lower frequencies, suggesting the dominance of the
double-layer capacitance.
Symmetric Solid-State Supercapacitor Performance

of e-NCO. Furthermore, a solid-state symmetric super-
capacitor is fabricated, and the schematic is shown in Figure
7a, with a PVA/KOH gel as the electrolyte. Figure 7b shows
the corresponding CV curves at di5erent scan rates. The CV
curves show nearly rectangular behavior in the solid-state

Figure 7. (a) Schematic representation of the symmetric solid-state supercapacitor, (b) CV, (c) GCD, (d) variation of areal capacitance with
current density, (e) EIS, and (f) stability of the symmetric e-NCO solid-state supercapacitor with KOH as the gel electrolyte.
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electrolyte. The GCD curves shown in Figure 7c, at di5erent
current densities are nearly linear. The specific capacitance in
two-electrode configuration has been calculated using the
following equation63

=C
I t

A V V( )
s

2 1 (7)

where Cs represents the specific capacitance (F cm
−2), I/A

represents the current density (A cm−2), Δt represents the
discharge time (s), and (V2 − V1) represents the potential
window (V). The variation of areal capacitance with di5erent
current densities is shown in Figure 7d. Further, the Nyquist
plot shown in Figure 7e has an Rs of 5.35 Ω and Rct of 12 Ω,
suggesting good contact between the solid-state electrolyte and
e-NCO-7 film, and the phase angle reached a value of ∼78° at
a lower frequency, suggesting a capacitive behavior (Figure
S12). The Randles equivalent circuit elements and the
corresponding values are provided in Figure S13. The
symmetric solid-state device also shows excellent cycling
stability, with a capacity retention of 98% after 4000 cycles
(Figure 7f).

■ CONCLUSIONS

In conclusion, the topochemical synthesis route has been
employed to obtain NCO (54 nm thick) with a layered
structure from its parent precursor NiCo2-LDH. Subsequently,
liquid-phase exfoliation of NCO has led to the formation of
mono- or few-layers of nickel cobaltene nanosheets of 7−8 nm
thickness. Comprehensive characterization techniques have
confirmed the successful exfoliation of NCO and provided
insights into the e-NCO dispersion sedimentation stability.
Detailed theoretical calculations have been carried out to
explore the exfoliation mechanism, focusing on di5erent
surface-terminated 2D NCO structures from the (001) plane
of the bulk nonlayered structure. Although these monolayers
are dynamically stable, the Co−O surface-terminated structure
requires the least exfoliation energy since the adjacent bonds
with other layers are weaker than those of the Ni−O surface-
terminated structure. The obtained e-NCO has been utilized
for energy storage applications, exhibiting an areal capacity of
358 mC cm−2 at 5 mV s−1 in a three-electrode configuration,
possibly due to the facile electron transfer. Additionally, a
solid-state supercapacitor is fabricated. In general, direct
exfoliation of nonlayered materials leads to relatively lower
dispersion concentration due to the higher exfoliation energy
of the crystal planes. However, the approach employed in this
study, combining topochemical conversion and successive
exfoliation, has proven to be an e5ective strategy for producing
nanosheets of a nonlayered material. This approach provides a
sustainable and scalable solution for synthesizing high-quality
nanosheets of other nonlayered nanomaterials.
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