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Transition metal carbonate hydroxides are emerging as potential candidates as electrode materials for
efficient energy storage systems. Herein, we report the solvothermal synthesis of NiCo-layered double
hydroxide carbonate hybrid or NiCo—carbonate layered double hydroxide (NiCo—CH) nanostructures as
active electrode materials for energy storage in supercapacitors. The morphology and physicochemical
properties of the NiCo—CH nanostructure are tailored by controlling the synthesis parameters. The
NiCo-CH nanorods synthesized at 180 °C (NiCo-CH-180) deliver the best performance, i.e., a specific
capacitance of 762 F g™t at 1 A g~! current density, among the as-synthesized NiCo—CHs. An asym-
metric supercapacitor (ASC) device fabricated using NiCo-CH-180 as the positive electrode
and activated carbon (AC) as the negative electrode (NiCo—CH-180//AC) exhibits an energy density of
52 W h kg™ with a power density of 1500 W kg™t at 2 A g~* current density. The fabricated ASC retains
76.2% of its capacitance after 5000 charge—discharge cycles, which corroborates its good cycling stabi-
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lity. This work demonstrates an effective strategy to synthesize a well-defined NiCo—CH nanostructure
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1. Introduction

The excessive demand and consumption of non-renewable
energy resources such as coal, oil, and natural gas endangers
human survival because of the detrimental ecological environ-
ment and changing global climates." Thus the development
and use of environmentally acceptable renewable energy
resources to combat global warming and pollution are highly
desirable. The solar, hydro, wind, and other renewable energy
sources have considerably reduced extreme power and environ-
mental challenges over the last decade.”™ The power generated
from solar, hydro, and wind resources needs to be efficiently
stored for use whenever required.” Thus, attention has been
paid recently to exploring sustainable and efficient energy
storage systems to address the future energy demand for
emerging technologies.® Developing an energy storage system
with appropriate power density and energy density, as well as
longer cycle life, is the main challenge to maximize the use of
portable electronic devices.””® Fuel cells, ion batteries, and
supercapacitors are the major energy storage devices that play

Materials Science Centre, Indian Institute of Technology, Kharagpur 721 302, WB,
India. E-mail: deb@matsc.iitkgp.ac.in

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3ma01008b

© 2024 The Author(s). Published by the Royal Society of Chemistry

as an electrode material for energy storage applications.

important roles for future generation electronic devices.”'®
Among the energy storage devices, supercapacitors (electroche-
mical capacitors) have the potential to overcome the existing
challenges, such as the use of noble-metal-based electrocata-
lysts for fuel cells, and the poor cycling stability, safety issues,
and limited Li-reserves for ion-batteries. The fast-charging
capability, comparatively low to moderate energy density, and
moderate to high power density have advantageous properties
for supercapacitors with a major limitation of relatively low
energy density. Supercapacitors are categorized into two types
based on charge/ion storage mechanisms, one is electric
double-layer capacitors (EDLCs) and the other is pseudocapa-
citors (PCs). In EDLCs, the charges are stored on the electrode
surface through the formation of an electric double layer. In
PCs, the charge storage occurs through faradaic reactions,
intercalation, and diffusion processes that take place on the
electrode surface.'’ A combination of both mechanisms is
termed a hybrid supercapacitor.®

The electrode materials play a significant role in an efficient
supercapacitor device with high energy and power density.
Carbon-based materials such as porous carbon, graphene, carbon
fibers, carbon nanotubes, carbon foam, and activated carbon
show EDLC behavior. The specific capacitances of the carbon-
based electrode materials can be achieved up to 250 F g~ because
of their high specific surface area.’> On the other hand, the
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transition metal oxides (NiO, MnO,, Co0;0,4),"**®> hydroxides
(Co(OH),@Cu(OH),),*® carbonates (NiCo(CO;)(OH),),"” chalco-
genides,'® and conductive polymers (PANI, PPy)'>*° are found to
show PC behavior. Although the specific capacitance and energy
density are higher for PCs, their cycling stability remains lower
than that of EDLCs because of the faradaic redox reaction. To
increase the electrochemical performance, designing PCs using
suitable electrode materials is expected to increase the energy
storage performance. The one-dimensional (1D) and two-
dimensional (2D) nanomaterials have been reported to store more
charges and exhibit higher electrochemical performance because
of their large surface area and provide a shorter distance for
charge transportation.>'>

Bimetallic carbonate hydroxide (CH) is an emerging mate-
rial that has multiple metal oxidation states and redox reaction
activity. It has received significant attention as an electrode
material for the oxygen evolution reaction®® and for super-
capacitor applications.>® The inorganic lamellar structure of
bimetallic hydroxide anions has a typical formula of
M,_,>*M,*"(OH),_,A" ] mH,0, where M>" are bivalent, M**
are trivalent metal cations and A"~ are anions (e.g., CO5>",
NO;>~, Br7).”®> These layered double hydroxides have been
found to show new functionalities and structures that influence
the valence state and thereby increase the electrochemically
active sites and wettability.>*>® Moreover, the inter-planar
spacing of the layered structure allows easy diffusion of the
ions to improve the electrochemical and charge storage
performance.>*" Several forms of transition metal oxide/
hydroxide/carbonate and their composites have recently been
investigated for their electrochemical applications, including
supercapacitors. The NiCo-CH has been identified as a viable
material as a positive electrode material because of its natural
abundance, high theoretical specific capacitance, environmen-
tal friendliness, and higher number of active sites."”*> As an
example, Bastakoti et al. reported a NiCo-(OH),@NiCo-
(CO3)(OH), electrode material that shows 632 F g~ ' of specific
capacitance at a 5 mV s~ scan rate.>* Subsequently, there
are several studies on NiCo-based carbonate hydroxides as
electrode materials for supercapacitor applications.**™® In
these studies, efforts are made to optimize the size, morphol-
ogy, and composition (Ni:Co ratio) for an enhanced energy
storage performance. Zhang et al. synthesized Co(COj3),.5(OH)/
Ni,(CO3)(OH), with different morphologies (nanosheets, nano-
belts, and nanorods) using a two step process by varying the
amount of ammonia.*® The ammonia amount in the precursor
solution played an important role in controlling the size,
morphology, and composition of Co(COs3), 5(OH)/Niy(CO3)-
(OH),, which in turn showed different electrochemical perfor-
mances. With 3 mL ammonia in the precursor solution, nano-
belts are formed which show the best electrochemical storage
performance of 987 F g " at 1 A g~ '.*® Recently, modifications
on NiCo- and other LDHs have been performed to further
enhance the supercapacitor performance.** ™' It is revealed
that the best supercapacitor performance in NiCo-CH is pri-
marily due to the optimized morphology and Ni:Co ratio.*?
Recently, Bhatt et al. reported that the Ni: Co ratio leads to a
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change in the electronic properties of the material and thus the
electrochemical performance.”’ In particular, oxygen vacancies
are found as the main defects in NiCo-CH that are preferred at
Ni sites. The active sites are also correlated to the surface
morphology in the electrode material, which plays a crucial
role in electrochemical performance.

In this article, we demonstrate the synthesis of a NiCo-
carbonate layered double hydroxide using a solvothermal
method by varying the principal parameters, such as growth
temperature, Ni/Co-precursor ratio, synthesis duration and
reaction medium, as well as the role of the surfactant for the
formation of diverse morphologies (nanorod, microcube,
microplate and urchin-like). Although there is literature on
NiCo-carbonate layered double hydroxides of different
morphologies, they were reported separately.>*2%*° One of
the novelties of the current work is to demonstrate different
NiCo-CH morphologies in a single-step process by varying the
experimental parameters. The varied experimental parameters
lead to a change in not only the morphology but also the Ni: Co
ratio, which has a significant role in the electrochemical
performance. Synthesizing desirable morphology and structure
is a challenging and crucial task to maximize the electroche-
mically active surface. To our knowledge, a systematic synthesis
and controlled morphology study of NiCo-CHs using a sol-
vothermal method by varying the reaction parameters have not
yet been reported. The synthesized materials in the present
work are studied for their electrochemical properties and we
demonstrate their performance for supercapacitor applica-
tions. The specific capacitance of 762 F g ' is achieved for
the sample NiCo-CH-180 (prepared at 180 °C) at 1 A g™ ' current
density. The asymmetric supercapacitor (ASC) using NiCo-CH-
180 and activated carbon as the positive and negative electrode
material, respectively, delivers a maximum energy density of
52 W h kg~ " and power density of 1500 W kg~'. Moreover, the
same device retains more than 75% capacitance after 5000
charge-discharge cycles, revealing good cycling stability.

2. Materials and methods
2.1 Materials

The main raw materials used in this work, including nickel(n)
nitrate hexahydrate [Ni(NOs),-6H,0], cobalt(u) nitrate hexahydrate
[Co(NO;),-6H,0], ethylene glycol (EG) [C,HgO,], urea (H,NCONH,),
cetyltrimethylammonium bromide (CTAB) [C;oH4,BrN], potassium
hydroxide (KOH), polyvinyldifloride (PVDF) [-(C,H,F,)-], activated
carbon (AC) and N-methylenepyrolidine (NMP) [CsHoNO], and all
other chemicals were purchased from Merck (Mumbai, India). All
of above the mentioned chemicals are analytical grade and used
without any further purification.

2.2 Synthesis of NiCo-CH

In a typical synthesis process, metal salt precursors, CTAB, and
urea were added to a mixed solvent (15 mL EG + 20 mL water)
and the preceding solution was transferred to an autoclave for
solvothermal treatment. The metal salt precursors, i.e., nickel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nitrate and cobalt nitrate with selected amounts (molar ratio of
2:1,1:1, and 1:2) were added to the mixed solvent. Then fixed
amounts of cetyltrimethylammonium bromide (CTAB) (0.5 g)
and urea (0.9 g, ie, 15 mmol) were added and stirred for
30 min. The homogeneous solution was then transferred into a
Teflon-lined stainless-steel autoclave. The autoclave was kept in
a muffle furnace at a selected temperature (120 to 200 °C) for a
specific duration (12 h) for the solvothermal reaction. After the
completion of the reaction, the furnace was naturally cooled
and the formed products were washed with isopropanol and
water and then finally dried at 60 °C for 18 h. The obtained
products are assigned as NiCo-CH-120, NiCo-CH-140, NiCo-
CH-160, NiCo-CH-180 and NiCo-CH-200, and were synthesized
at reaction temperatures of 120, 140, 160, 180 and 200 °C,
respectively, with other reaction parameters fixed. The reac-
tions were further performed with only a single solvent, ie.,
either EG [NiCo-CH-180(EG)] or water [NiCo-CH-180(H,O)] to
find the effect of the solvent medium with a fixed 2:1 Ni: Co
ratio and at 180 °C. The effect of the surfactant (i.e., CTAB) was
studied with and without it using a 2:1 Ni:Co ratio and at
180 °C. Furthermore, the solvothermal reaction duration
was varied from 6 to 72 h to find its effect on the product
while keeping other parameters fixed. The detailed experi-
mental parameters by varying the precursor concentration,
solvent, reaction temperature, and duration are presented in
Table S1, ESL ¥

2.3 Material characterization

The crystal structure and phase analysis of the as-synthesized
materials were carried out by powder X-ray diffraction (Malvern
Panalytical-Empyrean diffractometer) operated at 40 mA and
45 kv for a 20 scan using Ni-filtered Cu K, X-ray radiation in
reflection geometry, equipped with a position sensitive detec-
tor. Chemical bond stretching, vibration, and functional groups
were recorded with Fourier Transform Infrared (FTIR-
Spectrophotometer, NICOLET 6700). The surface elemental
and atomic oxidation states of a selective sample were analyzed
by using X-ray photoelectron spectroscopy (XPS, PHI 500 Versa
Probe II) with a monochromatic Al Ko X-ray source (1486.6 eV).
The surface morphology of all the prepared materials was
examined using a field emission scanning electron microscope
(FESEM, Gemini 500, Zeiss). The elemental composition of the
synthesized samples was measured by energy dispersive X-ray
spectroscopy (EDS) analysis using an EDAX detector attached to
the FESEM. The microstructure and lattice information were
obtained using a transmission electron microscope (TEM, JEOL
JEM-2100). The surface area and pore size were estimated by
Brunauer-Emmett-Teller (BET) analysis with an autosorb iQ,
volumetric physisorption analyzer (Quantachrome, ChemBET
analyzer) using N, adsorption-desorption isotherms at 77 K.

2.4 Electrochemical measurements

The electrochemical study of all the synthesized materials was
performed in a three-electrode configuration with a saturated
calomel electrode (SCE), graphite rod, and fabricated electrode
as the reference, counter, and working electrode, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of NiCo-CH prepared at
different solvothermal temperatures (120, 140, 160, 180, and 200 °C) while
keeping other synthesis parameters fixed, i.e., 2:1 Ni: Co precursor, 15 mL
EG + 20 mL water solvent, and 12 h.

The energy storage capability of the synthesized materials was
measured from cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) techniques using a CHI 760D electrochemical workstation
(CH Instruments, Inc., USA). For electrode fabrication, the
synthesized NiCo-CH, activated carbon (AC), and PVDF were
taken in the weight ratio of 70:20:10 and ground in a mortar-
pestle to form a homogeneous slurry with NMP as a solvent.
The homogeneous slurry was coated on the clean 1 x 1 cm? Ni-
foam with 1 mg loading of active material (NiCo-CH) and dried
at 60 °C overnight. The Ni-foam was cleaned with 3 M HCI,
isopropanol, and Millipore water for 10 min sonication for each
and then dried. In the electrode fabrication, AC was used as a
conductive matrix, PVDF as a binder, and Ni-foam as a current
collector. All electrochemical measurements were performed in
2 M KOH electrolyte.

2.5 PVA-KOH gel synthesis

To prepare the PVA + KOH polymeric electrolyte gel, 1.0 g of
PVA was poured into 10 mL of Millipore water in a 50 mL
beaker and placed on a magnetic stirrer hot plate at 80 °C for
three hours. Then 1.12 g of KOH (2 M) was added in 10 mL of
Millipore water. The preceding solutions were mixed under
stirring at 80 °C until the solution became a transparent gel.

3. Results and discussion
3.1 Crystal structure

The obtained XRD patterns (Fig. 1(a)) are analyzed to confirm
the formation of nickel cobalt carbonate hydroxide and its
crystal phase structure. The diffraction peaks are indexed to
the orthorhombic crystal structure of nickel carbonate hydro-
xide as per JCPDS no. 29-0868** and cobalt carbonate hydroxide
hydrate as per JCPDS no. 48-0083.*”> The products obtained at
different reaction temperatures produce the same orthorhom-
bic crystal structure for nickel and cobalt carbonate hydroxide.
The cobalt carbonate hydroxide phase predominates at lower
growth temperature (120 and 140 °C). At a higher solvothermal
reaction temperature (160 to 200 °C), the increased diffraction
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intensity indicates dominance in the formation of crystalline
nickel carbonate hydroxide. This result implies the crystalline
phase dominance at a higher solvothermal synthesis
temperature.’” The formation of the crystalline cobalt carbo-
nate hydroxide phase at low temperatures as compared to
nickel carbonate hydroxides can be attributed to differences
in the thermodynamic properties of the respective compounds
under the given synthesis conditions.*® The thermodynamic
stability of a compound is governed by its Gibbs free energy of
formation. The Gibbs free energy of Co** is known to be more
negative, resulting in easier formation of a cobalt complex than
a nickel complex.”” The Raman spectra of the synthesized
NiCo-CHs with varying solvothermal temperatures (120-
200 °C) are collected (Fig. S1, ESIT). The sample prepared at a
low synthesis temperature (120 °C) shows absence in distinct
Raman features. The samples prepared at 140 and 160 °C show
two broad bands at ~523 cm™' and ~1090 cm ™'
ponding to the Ni/Co-OH lattice vibration*® and symmetric
stretching vibration of the CO;*~ group.”® On the other hand,
the samples prepared at higher synthesis temperature (180 and
200 °C) show a single intense peak at ~1090 cm ™' indicating
an enhanced crystalline structure resulting from the ordering
of the carbonate ions.>® The observed variations in the Raman
spectra characteristics of the NiCo-CH synthesized at different
temperatures can be ascribed to several influencing factors,
encompassing crystal structure and composition, which
depends on the synthesis temperature. In particular, the Ni: Co
ratio is higher at higher synthesis temperature (discussed later)
and predominant formation of Ni carbonate is confirmed from
the XRD. This leads to a strong Raman signal. The improved
crystallinity is also confirmed from the sharp and intense
diffraction peaks, which is observed in the XRD pattern for
the sample synthesized at higher temperature. The FTIR spec-
tra of the NiCo-CH, synthesized at different solvothermal
temperatures are shown in Fig. 1(b). The broad feature at
3600-3510 cm ' is due to the stretching vibration of the
hydroxyl group. The peaks at ~1517 and 1396 cm ' are
attributed to the CO;>~ asymmetric stretching mode (v;). The
peak at ~830 cm ' is due to the bending mode (v,) of the
(CO3)* units. The peaks at 680 and 750 cm™* are due to the
bending mode (v,) of the (CO;)*~ units.” The carbonate ions in
the Co and Ni structure are linked to the weak bands centered
around 950 (1,) and 1040 cm ™' (v4), respectively. The stretching
vibrations of the Ni-O/Co-O and Ni/Co-OH bands are ascribed
at 536 and below 500 cm ™, respectively.”> This demonstrates
the presence of functional groups such as carbonate and
hydroxide in the synthesized samples.

corres-

3.2 Morphology

3.2.1 Effect of solvothermal temperature. The FESEM
images of the NiCo-CHs, synthesized at different reaction
temperatures with a 2:1 molar ratio of Ni:Co precursor, are
shown in Fig. 2(a)-(e). The 1D nanostructure is obtained in the
solvothermal reaction temperature range of 120-180 °C,
whereas the 2D structure at 200 °C. At low synthesis tempera-
tures (120 and 140 °C), the 1D feature appears as a bundle of
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nanowires indicating their agglomeration. The diameter and
length of the nanowires are measured to be in the range of
15-20 and 200-500 nm, respectively. At moderate temperatures
(160 and 180 °C), the 1D features are distinct and individual
entities in the shape of nanorods. Moreover, the diameter of the
1D structure (nanorods) is found to be increased to 25-30 nm
as compared to nanowires obtained at lower temperatures. At
high solvothermal temperature (200 °C), the obtained product
is found to be in the shape of microplates.

3.2.2 Effect of Ni and Co precursor concentration. Three
different molar ratios of Ni:Co are taken for the synthesis of
NiCo-CH at 180 °C while keeping other parameters fixed, i.e.,
mixed solvent (15 mL EG + 20 mL water), 0.5 g CTAB, 15 mg
urea, and 12 h reaction duration. With Ni:Co molar salt
precursor concentrations ratio of 1:2, 1:1, and 2:1, the
obtained products show microcube, urchin, and nanorod mor-
phology, respectively (Fig. S2, ESIT). The morphology analysis
reveals that higher nickel concentration leads to a nanorod
morphology.

3.2.3 Effect of solvent. In previous cases, a mixed solvent
(15 mL EG and 20 mL water) was used to obtain nanowires,
nanorods, microcubes, and microplates. It is to be noted that
neither only EG nor water produced a distinct morphology. In
particular, agglomerated structures (Fig. S3a, ESIt) composed
of nanoparticles and a few short nanorods are obtained by
using only water as a solvent. On the other hand, nanoparticles
(Fig. S3b, ESIt) are obtained with only EG as a solvent.

3.2.4 Effect of solvothermal duration. The reaction dura-
tion plays an important role in the shape and size of the
nanostructures. To study the effect of reaction duration, sol-
vothermal reaction was conducted from 6 to 72 h with other
parameters fixed (180 °C, 2:1 Ni:Co, and 15 mL EG + 20 mL
water solvent). With a short reaction duration of 6 h [NiCo-CH-
180 (6 h)], nanorod-like features (Fig. S4a, ESIt) are found with
short length (<250 nm). With a reaction duration of 12 h
[NiCo-CH-180 (12 h)], well-defined nanorods of length
~350 nm are found (Fig. S4b, ESIt). After the 18 h reaction
[NiCo-CH-180 (18 h)], the length and diameter are again
increased to ~400 nm and ~40 nm, respectively (Fig. S4c,
ESIT). Upon further increasing the reaction duration to 24 h,
the obtained product [NiCo-CH-180 (24 h)] exhibits a reduction
in the length and diameter of the nanorods (Fig. S4d, ESIt)
indicating the dissolution of the product. After 48 h of synthesis
duration, the obtained sample [NiCo-CH-180 (48 h)] shows
agglomerated nanorods along with rectangular shaped micro-
plates (Fig. S4e, ESIt), indicating the emergence or evolution of
a new morphology. With a further increase in the reaction
duration to 72 h, rectangular-shaped microplate growth is
predominant for NiCo-CH-180 (72 h) as observed in the FESEM
image (Fig. S4f, ESIf). The morphology study reveals the
formation of nanorods initially, followed by the establishment
of a well-defined nanorod structure up to 18 h, and then
dissolution occurred, with final morphology evolution to rec-
tangular microplates. These results suggest that the solvother-
mal synthesis duration plays a crucial role in tailoring the
morphology of the NiCo-CH product.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of NiCo—CH synthesized at a solvothermal temperature of (a) 120 °C, (b) 140 °C, (c) 160 °C, (d) 180 °C, and (e) 200 °C while other
parameters are fixed (2:1 Ni: Co precursor, 15 mL EG + 20 mL water, 12 h). (f) TEM image of the sample NiCo—-CH-180 obtained at 180 °C and the inset

shows the SAED pattern of the corresponding sample.

3.2.5 Effect of surfactant. The surfactant plays a role in the
morphology of the NiCo-CH. In the initial synthesis experi-
ment, urchin-like structures of NiCo-CH (Fig. S5a and b, ESIt)
are obtained without a surfactant. The urchin structure

2py
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Fig. 3 High-resolution XPS spectra (a) Ni 2p, (b) Co 2p, (c) O 1s and (d) C
1s of NiCo-CH-180.

© 2024 The Author(s). Published by the Royal Society of Chemistry

composed of nanowires exhibits lower supercapacitance beha-
viour and thus subsequent experiments were carried out with
CTAB to obtain a bundle of nanowires and a distinct nanorod
morphology as discussed before. In particular, the sample NiCo-
CH-180 prepared by adding 0.5 g CTAB shows a nanorod
morphology (Fig. S5¢, ESIT), which demonstrated the highest
energy storage behavior (discussed later). The same sample was
calcined at 500 °C for 2 h. The calcined NiCo-CH-180 sample
shows similar morphology except for a rough surface as
appeared in the FESEM image (Fig. S5d, ESIt). The morphology
of the nanomaterials in turn influences the electrochemical
properties due to the change in the specific surface area. The
N, adsorption/desorption isotherms (Fig. S6, ESIf) are thus
obtained through multi-point BET measurements at 77 K. The
textural properties are presented in Table S2 (ESIt). It is found
that NiCo-CH-180 has the highest specific surface area of
52.5 m> g~', which is in good agreement with the FESEM
analysis with an individual nanorod morphology rather than
other morphologies, ie., bundle nanowires (Fig. 2(a)) at low
temperature (120 °C) and microplates (Fig. 2(e)) at high tem-
perature (200 °C). The microstructure and crystallographic prop-
erties of NiCo-CH-180 are studied using transmission electron
microscopy. The TEM image (Fig. 2(f)) of NiCo-CH-180 corre-
lates with the nanorod morphology. The SAED pattern (inset in
the Fig. 2(f)) shows the crystalline nature of the synthesized
sample. In particular, the rings with diffraction spots reveal the
mono and polycrystalline nature of the nanorods.

3.3 Elemental composition and oxidation states of Ni and Co

The elemental composition, i.e., Ni:Co ratio of all the NiCo-
CHs, synthesized at different experimental conditions, is

Mater. Adv,, 2024, 5, 2271-2284 | 2275
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measured using EDS (Table S1, ESIT). The EDX spectra of the
synthesized samples are presented in Fig. S7 (ESIT). At lower
synthesis temperatures (120 and 140 °C), the Ni:Co atomic
ratio is found to be close to 1: 1 despite the higher (twice) initial
Ni molar concentration. With an increase in the synthesis
temperature, the atomic Ni% is found to increase and closely
follows the initial molar concentration. The increase in atomic
Ni% at higher synthesis temperature is correlated to the higher
diffraction intensity for Ni,(CO;)(OH),-H,O as shown in the
XRD patterns (Fig. 1(a)). The higher Ni atomic % in the NiCo-
CHs is found to play an important role in the electrochemical
energy storage performance as discussed later.

The oxidation states of metals in NiCo-CH are measured
using XPS measurement. The survey XPS spectrum (Fig. S8,
ESIt) of NiCo-CH-180 confirms the presence of Ni, Co, O, and C
elements on the surface of the material. Fig. 3(a) and (b) show
the region XPS spectra of Ni 2p and Co 2p of NiCo-CH-180,
respectively. The photoelectron peaks are deconvoluted using
CasaXPS software. The position and area under the deconvo-
luted peaks are presented in Table S3 (ESIt). The Ni 2p region
spectrum (Fig. 3(a)) shows peaks at 854.5 and 872.2 eV, which
are assigned to the Ni** state. Another set of Ni 2p peaks at
856.1 and 874.4 eV confirms the Ni*" states. Two broad peaks at
860.5 and 879.1 eV are the satellite peaks, which correspond to
Ni 2p;,, and Ni 2p,,, respectively.”’** The region Co 2p XPS
spectrum (Fig. 3(b)) reveals two spin-orbit doublets at the
binding energy values of 781.4 eV (Co 2ps.,) and 797.7 eV
(Co 2pyy,) for the Co™ state along with two other spin-orbital
binding energy peaks at 779.7 eV (Co 2ps,) and 796 eV
(Co 2pys,) ascribed to the Co®* state. Additionally, the two
satellite peaks in the Co 2p spectrum are found at 783.9 and
802.2 eV that correspond to Co 2p;, and Co 2pyj,
respectively.>* Fig. 3(c) shows the deconvoluted O 1s XPS
spectrum, which reveals two fitted peaks at 531.4 and
530.3 eV, which correspond to hydroxyl groups (O-H) and metal
oxygen bonds (O-Ni/Co), respectively.>® The deconvoluted C 1s
XPS spectrum (Fig. 3(d)) reveals the fitted peaks at 287.8, 285.7,
and 284 eV, which are assigned to distinct functional groups
of carboxylate carbon (O—C-0), carbon-oxygen single bonds
(C-0), and aromatic linked carbon (C-C), respectively.** The
XPS data reveal the multiple states of Ni and Co metals, ie.,
Ni**, Ni**, Co*", and Co*" in the NiCo-CHs, which are advanta-
geous for enhanced electrochemical performance. The detailed
physicochemical characterizations including XRD, FTIR, and
XPS confirm the successful formation of nickel-cobalt carbo-
nate hydroxide hydrate.

3.4 Growth mechanism

In the solvothermal process, the metal salt precursors are first
dissolved to their respective ions in water (H,0), as shown in
eqn (1) and (2). The ammonia (NH;) and carbon dioxide (CO,)
are formed upon the hydrolysis of urea (eqn (3)).>® The formed
ions are gradually hydrolyzed to produce hydroxide ions (OH ),
ammonium ions (NH,"), and carbonate ions (CO5>) (eqn (4)
and (5)).”” Finally, the hydroxide and carbonate ions react with
nickel and cobalt ions to form nickel cobalt carbonate
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Scheme 1 Schematic representation of the synthesis of nickel-cobalt
carbonate hydroxide.

hydroxide (NiCo-CHs) (eqn (6) and (7)). The CTAB plays a crucial
role in controlling the growth of the nanostructures.’®”°
Scheme 1 displays the formation of nickel-cobalt carbonate
hydroxide with the required salt precursors.

Ni(NO;),-6H,0 — Ni*" + 2NO;~ + 6H,0 )
Co(NO;),-6H,0 — Co*" + 2NO;~ + 6H,0 (2)
H,NCONH, + H,0 — 2NHj; + CO, (3)

NH; + H,O — NH," + OH~ (@)

CO, + 20H™ — CO3*~ + H,O (5)

2Ni** + CO;>™ + 20H™ + H,0 — Ni,(CO;)(OH),-H,0  (6)

2C0>" + CO;>™ + 20H™ + 2H,0 — 2C0(CO03)o.5(OH)-H,0

)
3.5 Electrochemical analysis

3.5.1 Electrochemical measurement in a three-electrode
system. The electrochemical measurements such as cyclic
voltammetry (CV), galvanostatic charge discharge (GCD), and
electrochemical impedance spectroscopy (EIS) of all the pre-
pared materials are performed using a three-electrode system
in a 2 M KOH aqueous electrolyte. The working electrode was
prepared with NiCo-CH, AC, and PVDF with a weight ratio of
70:20:10. The reasons for choosing AC as a conducting agent
to study the supercapacitor performance of the synthesized
NiCo-CH electrode material were the cost-effectiveness, high
good chemical stability, and negligible specific capacitance. In
the studied potential range (—0.1 to 0.5 V SCE) in 2 M KOH
electrolyte, the AC shows a negligible energy storage perfor-
mance as shown in the CV profile (Fig. S9, ESIt). The CV curves
of all the prepared NiCo-CH electrode materials are shown in
Fig. 4(a) and Fig. S10a-S13a (ESIT). All the CV profiles show two
broad redox peaks confirming the pseudocapacitive behavior of
the NiCo-CH.®® The CV profiles for the NiCo-CHs obtained at
different synthesis temperatures are found to be slightly varied.
In particular, NiCo—-CH-180 shows a strong oxidation peak and
more than one reduction peak. These observed variations in the
CV can be attributed to the catalyst properties including
morphology, crystallinity, and Ni: Co composition. The unifor-
mity of the morphology and higher Ni: Co ratio of NiCo-CH-
180 lead to a high structural stability resulting in a positive
oxidation potential and manifestation of a single oxidation
peak. Conversely, NiCo-CH in the oxidized form shows multi-
ple reduction peaks corresponding to the cobalt and nickel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CV curves of NiCo—CHs synthesized at different temperatures. (b) CV curves of NiCo—CH-180 at different scan rates. (c) GCD plots at 1A g~*
and (d) specific capacitance of the NiCo-CHs synthesized at different temperatures. (e) GCD plots of NiCo—-CH-180 at different current densities.

(f) Nyquist plots of NiCo—CHs synthesized at different temperatures.

phases. The electrochemical reactions are presented by eqn (8)-
(12) that elucidate these intricate processes. First, NiCo-CH
interacts with hydroxyl ions to create metal oxyhydroxides
(eqn (8) and (9)) and then reversible transitions of Ni** «
Ni*" and Co** < Co®" < Co*" as represented in eqn (10)-
(12)‘61,62

Ni,(CO;)(OH), + 40H™ « 2NiOOH + CO,>~ + 2H,0 + 2e~

(8)

2C0(CO3),.5(0OH) + 40H™ < 2C000H + CO;* + H,0 + 2~
9

NiOOH + H,0 + e~ < Ni(OH), + OH~ (10)

COOOH + H,0 + e~ «> Co(OH), + OH~ (11)

COOOH + OH™ < C00, + H,0 + e~ (12)

Fig. 4(a) shows the CV profiles of NiCo-CH prepared at
different solvothermal temperatures. The NiCo-CH-180 elec-
trode shows the maximum area under the CV curve, indicating
maximum charge storage capability among the prepared sam-
ples. This suggests that the uniform nanorod morphology with
larger specific surface area (Table S2, ESIt) and higher Ni: Co
ratio in the NiCo-CH-180 (Table S1, ESIt) play a significant role
in enhancing the electrochemical energy storage performance.
The repeatability of the electrochemical data is studied with
three sets of experiments for NiCo-CH-180 and NiCo-CH-160
samples, which shows higher performance. The CV profiles of
three NiCo-CH-180 and NiCo-CH-160 samples show similar
curves (Fig. S14, ESIf) indicating high reproducibility. It
is important to note that the shape of the CV curves of

© 2024 The Author(s). Published by the Royal Society of Chemistry

NiCo-CH-180 remains unchanged upon increasing the scan
rate from 10 to 40 mV s~ (Fig. 4(b)). Moreover, the anodic and
cathodic peaks shifted toward more positive and negative
potential, respectively, along with an increase in the current
values. This tendency indicates a diffusion-controlled process.
GCD measurements are performed for all the prepared elec-
trode materials, as shown in Fig. 4(c) and Fig. S10b-S13b (ESIf).
The non-linear shape of the charge and discharging curves
matches the redox peaks in the CV curve, which confirms the
faradaic charge storage mechanism. The specific capacitances
(Cs) are calculated from the GCD curves using eqn (13) as listed
in Table S4 at 1 A g~ ' current density in a potential window of
0 to 0.4 V. Fig. 4(d) shows the Cs values of the electrode
materials synthesized by varying the reaction temperature.
Among the synthesized samples, NiCo-CH-180 showed the
highest capacitance value of 762 F g~ ". The C, and Coulombic
efficiency (i7) values of all the synthesized samples are listed
in Table S4 (ESIf). The highest C, value of NiCo-CH-180 is
attributed to its well separated nanorods with the highest
specific surface area. Fig. 4e shows the GCD plots of the
NiCo-CH-180 electrode at different current densities. The Cg
values are estimated to be 762, 720, 698, 630, 663, and 550 F g~ *
at1,2,3,4,5,and 10 A g’1 applied current density, respectively.
A 27.8% reduction of Cs value of NiCo-CH-180 is found by
increasing the current density from 1 to 10 A g, which is due
to insufficient time for electrolyte ions to diffuse into the pores
and interact with the active center of the surface. On the other
hand, a greater number of electrolytic ions diffuse into the
electrode material pores and interact with the active surface at
lower applied current density.®> To study the stability of the
best performing electrode material (i.e., NiCo-CH-180), GCD

Mater. Adv,, 2024, 5, 2271-2284 | 2277
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Fig. 5 (a) Specific capacitance and coulombic efficiency of NiCo-CH-

180 at different current densities, (b) linear logarithmic plots of current
density versus scan rate, (c) the CV curve with diffusion and capacitive
capacitance contribution at 10 mV s7%, and (d) diffusion and capacitive
capacitance contribution at different scan rates of NiCo-CH-180.

measurements were performed for 5000 cycles in 2 M KOH
electrolyte at a higher applied current density (20 A g™ )
(Fig. S15a, ESIT). The post electrochemical measurement con-
firms the original nanorod morphology of NiCo-CH-180 as
confirmed in the FESEM image (Fig. S15b, ESI{) suggesting
stability of the electrode material.

The coulombic efficiency (i) is further estimated by taking
the ratio of discharging time and charging time (eqn (14)) from
the GCD plots.

_ Ixy
CS_mxAV (13)
14
=4 14
. (1)

where, C, I, t4, t., m, AV, and n are the specific capacitance
(F g7"), current (A), discharge time (s), charge time (s), active
material’s mass (g), potential window, and coulombic efficiency
(%), respectively. The specific capacitance and coulombic effi-
ciency of the prepared electrode materials are shown in Fig. 5(a)
and Fig. S$10c-S13c (ESIf). The highest 762 F g~ ' specific
capacitance at 1 A g~ ' current density is obtained for NiCo-
CH-180 (12 h) nanorods. Although the C value is found to be
maximum for NiCo-CH-180 (12 h) due to the uniform nanorod
morphology, the 7 is the highest for NiCo-CH-180 (48 h), which
shows nanorods and microplate morphology. The higher # values
are believed to be due to the intrinsic properties of materials
synthesized for a longer synthesis duration. To understand the
electrochemical performance of the different electrode materials,
EIS measurements were performed in an aqueous electrolyte
of 2 M KOH through Nyquist plots as shown in Fig. 4f and
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Fig. S10d-S13d (ESIt). The inset in Fig. 4(f) shows an equivalent
circuit diagram that is used to fit the Nyquist plots. A semicircle
and a straight line in the Nyquist plots are found in the high and
low frequency range, respectively. The solution resistance (R;) is
observed on the real axis in the high frequency region. The charge-
transfer resistance (R.) is determined from the diameter of the
semicircle at high to intermediate frequencies. The linear part of
the Nyquist plot in the low frequency region is due to the diffusion
of electrolytic ions into the active electrode material and repre-
sents the Warburg impedance.®® From the Nyquist plots, solution
resistance (R;), charge-transfer resistance (R.), Warburg impe-
dance (Z,), electric double capacitance (Cqj), and pseudocapaci-
tance (Cp) are measured using equivalent circuit fitting and all the
major parameters are listed in Table S4. The smallest charge-
transfer resistance of 0.36 Q cm” is obtained with NiCo-CH-180
indicating better charge transportation and ion diffusion mecha-
nism than for other electrode materials. The Nyquist plot under
consideration also shows a linear part described by the Warburg
impedance, which demonstrates penetration of the electrolyte
ions into the active electrode material.** Furthermore, the best
performing electrode material, i.e., NiCo-CH-180, is calcined at
500 °C for 2 h to study its performance for energy storage. The
specific capacitance value of the calcined sample is decreased by
45% (i.e., from 762 to 417 F g '), which correlates to an increased
R and R from 0.36 to 1.8 Q cm?® and from 0.66 to 9.4 Q cm?
respectively, demonstrating a decrease in electronic conductivity.

To understand the charge storage mechanism and reaction
kinetics, CV analysis of the electrode material (NiCo-CH-180)
was performed at low scan rates of 1 to 4 mV s " (Fig. S16,
ESIT). In particular, this analysis provides the percentage of
ions that undergo the diffusion-controlled process and ion
intercalation on the electrode. The overall effect of diffusive
and capacitive behavior of the synthesized electrode material is
estimated by using the Power law as represented by eqn (15).°°

i=af (15)

log (i) = log (a) + blog (v) (16)

where i is the anodic or cathodic peak, v is the scan rate, a is a
constant and b is a constant that is used to define the charge
storage mechanism. The b value is calculated from the slope of
the linear portion of log (7) vs. log (v) using eqn (15), where the b
value of 1 represents the EDLC type (surface controlled con-
tribution), the b value of 0.5 represents the pseudocapacitor
type (pure diffusion controlled-contribution), a b value between
0.5 to 1 represents the pseudocapacitive type (i.e., both surface
and diffusion controlled contribution), and a b value <0.5
represents the battery-type (bulk diffusion controlled faradaic
processes).®® In the present work, the b values of 0.8 and 0.7
were calculated for the prepared electrode materials using the
anodic and cathodic peak current, respectively, at low scan rate
by linear fitting of eqn (16), as shown in Fig. 5(b). The obtained
b value reveals a combined effect of extrinsic charge storage
intercalation, i.e., capacitive and diffusion-controlled faradaic
contribution, which demonstrates the pseudocapacitive nature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) CV curve of the negative (AC) and positive (NiCo-CH-180)

electrode at 10 mV st in a three-electrode set up. (b) CV curves for the
ASC at various scan rates (10-100 mV s), (c) GCD curves at different
current densities (2-10 A g™, and (d) Nyquist plot of the NiCo—~CH-180//
AC ASC (two-electrode device).

of the NiCo-CH-180.°” The percentage of capacitive and
diffusion-controlled contribution is calculated using eqn (17).°®

i (V) =kw + Ik (17)

where 7 and v are the current at the defined voltage and scan
rate, and k; and k, are constants. The capacitive and diffusion-
controlled behavior terms are k;v and k', respectively.
Fig. 5(c) shows the CV of NiCo-CH-180 at 10 mV s, which
suggests more capacitive controlled contribution (i.e., 59%)
than diffusion-controlled contribution (i.e., 41%). This reveals
that the electrode material has larger surface area and more
electrochemical active sites for the surface ion intercalation.
The capacitance contribution at different scan rates is pre-
sented in Fig. 5(d). With an increase in the scan rate, the
diffusion-controlled contribution decreases because there is
no sufficient time to diffuse the ions into the pore or in the
interstitial sites of the prepared electrode materials at higher
scan rate. According to the characterization results, the NiCo-
CH-180 shows an optimal structure, shape, and size with a high
pore volume and surface area that provides the maximum
active surface for the faradaic reaction, intercalation, and
diffusion resulting in enhanced supercapacitor performance.
3.5.2 Electrochemical performance of the asymmetric
supercapacitor (ASC). From the three-electrode electrochemical
measurements, NiCo-CH-180 is found to show the best electro-
chemical storage performance among the synthesized samples.
Thus NiCo-CH-180 is used as a positive electrode material and
activated carbon (AC) as a negative electrode material in
fabricating a two-electrode asymmetric device. Fig. 6(a) shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the CV curves of NiCo-CH-180 and AC in the potential windows
of —0.1 to 0.5 V and —1.0 to —0.1 V at 10 mV s, respectively.
Using CV, the charge balance is maintained by adjusting the
weight of the NiCo-CH-180 (+ve) and AC (—ve) electrodes using
eqn (18) to obtain the best ASC performance.®

W, C_xAV_

W_  Cyx AV, (18)

where W./W_, C./C_ and AV,/AV_ are the weight of the positive/
negative electrode materials, capacitances, and potential win-
dows, respectively. For the two-electrode solid-state ASC device,
PVA + KOH gel is used as an electrolyte and Whatman filter
paper as a separator. The CV curves (Fig. 6(b)) of the NiCo-CH-
180//AC ASC device at various scan rates exhibit a non-
rectangular shape in the potential range of 0 to 1.5 V, which
indicates the faradaic nature of charge storage. The absence of
distinct redox peaks in the CV curve in the all-solid-state ASC
device suggests slow kinetics of the electrochemical reactions
occurring at the electrode/electrolyte interface due to the solid-
state electrolyte. This sluggish behavior is linked to high
charge-transfer resistance, slow ion diffusion, or limited acces-
sibility of active sites unlike the three-electrode system with
liquid electrolyte. The GCD measurements were performed
on the fabricated ASC at different applied current densities.
The GCD plots (Fig. 6(c)) corroborate the pseudocapacitance
behavior of the NiCo-CH-180. The electrochemical kinetics of
the ASC NiCo-CH-180//AC device are analyzed by performing
EIS measurement in the frequency range of 0.1 Hz to 1 MHz.
The Nyquist plot with a fitted circuit diagram is shown in
Fig. 6(d). A low R (0.38 Q cm?) suggests the charge transport
activity at the electrode and electrolyte interface. Moreover, the
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Fig. 7 (a) Specific capacitance and coulombic efficiency of NiCo-CH-

180//AC ASC at different current densities (2-10 A g™%), (b) Ragone plot
(ED vs. PD), (c) initial and after 5000 charge—discharge curves, and (d)
capacitance retention performance up to 5000 charge—discharge cycles
at 10 A g* current density of the NiCo-CH-180//AC ASC.
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Table 1 Comparison of the ASC performance of the NiCo-CH-180/AC device with related electrode materials

Specific capacitance ~ Current density ~ Energy density =~ Power

Electrode materials for the ASC device (Fg™ Aag™ (W hkg™) density (W kg™")  Ref.
C0,(CO3)(OH), NDs/NiCo(CO;)(OH),//graphene 128 2 35.5 2555 17
NiCu(OH),CO;//AC 476 1 48.55 541 22
Cu, ,5C0,.,,CH/NF//graphene/NF 60 1 21.5 200 31
Co1Ni1//AC 106 1 42.5 850 42
NF@Co-CH@NiCoMn-CH//AC 169 1 20.3 748 45
MnNiCo-CH/CF//CNT 96 1 30.04 750 55
(Nig.goCl.11)2(OH),CO,//AC@Ni foam 96 1 38.56 850 60
Ni,C0,Zng 25-CH//AC 94.7 1 33.7 400 40
NiCo-CH-180//AC 125 2 52 1500 This work
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Fig. 8
light three red LEDs.

absence of a semicircle feature in the Nyquist plot of the EIS
indicates limited charge transfer reactions due to the solid
electrolyte/electrode interface.

The Cs, coulombic efficiency, energy density, and power
density of the NiCo-CH-180//AC ASC device are calculated by
using eqn (13), (14), (19) and (20) from the GCD curves.®

C, X AV?
ED = ~350 (19)
ED
PD — 36001>< (20)
d

where ED, PD, C;, AV, and t4 represent the energy density
(W h kg™"), power density (W kg™ "), specific capacitance (F g™ "),
potential window (V), and discharging time (s), respectively.
Fig. 7(a) (Cs and coulombic efficiency) and Fig. 7(b) (ED and PD)
show the performance of the ASC NiCo-CH-180//AC device. The
detailed electrochemical performances of the fabricated device
are presented in Table S5 (ESIt). The energy storage perfor-
mance of the fabricated ASC of NiCo-CH-180//AC device is
compared with the literature taking similar types of electrode
materials as presented in Table 1 and Fig. 8(a). The ED and
PD values of the fabricated ASC NiCo-CH-180//AC are found to
be higher and/or comparable with the literature. The stability

2280 | Mater. Adv., 2024, 5, 2271-2284

120 sec

150 sec

(a) Ragone plot of NiCo—CH-180//AC compared with the literature on devices with similar electrode materials and (b) photograph of a device to

of the ASC NiCo-CH-180//AC device is tested by performing
5000 charge-discharge cycles at 10 A g~ ' current density.
Fig. 7(c) shows the initial and 5000 cycle GCD curve. The
capacitance retention as a function of GCD cycle number is
shown in Fig. 7(d), which exhibits 76.2% capacitance retention
after 5000 charge-discharge cycles at the current density
of 10 A g~". In the initial 4000 cycles, the capacitance retention
is decreased linearly and becomes saturated. The decreased
performance is suggested to be due to structural changes and/
or formation of undesired products with charge and discharge
cycles. Additionally, the electrolyte decomposition, solid-elec-
trolyte interface growth, and other electrochemical processes
can contribute to the observed degradation. Moreover, the
capacitance of >75% at a high current density (10 A g™*)
suggests good cycling stability of the electrode material, i.e.,
NiCo-CH-180. To demonstrate the practical application of the
fabricated ASC NiCo-CH-180//AC device, three 1.5 V red light-
emitting diodes (LEDs) were lit for 150 s (Fig. 8) after charging
for 3 min.

4. Conclusions

In this work, we demonstrate the successful synthesis of nickel-
cobalt carbonate hydroxide by the solvothermal method by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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varying different reaction parameters. The reaction parameters
play an important role in controlling the morphology and
Ni:Co ratio of the products. In particular, an optimized pre-
cursor concentration (2:1 Ni:Co precursor ratio), reaction
temperature (180 °C), growth duration (12 h), and mixed
solvent (15 mL EG +20 mL H,0) medium with CTAB as a
surfactant lead to a uniform nanorod morphology of the
sample (NiCo-CH-180) with improved electrochemical energy
storage performance. The NiCo-CH-180 exhibits a higher
specific capacitance of 762 F g~' at 1 A g~ ' current density
and also shows excellent rate performance compared to other
morphologies of NiCo-CH due to higher effective surface area
and higher Ni:Co ratio of the former. From the detailed
characterization of the synthesized materials, the NiCo-CH-
180 is found to show an optimal structural combination and
shape with a higher surface area, providing the maximum
specific capacitance. A two-electrode ASC (NiCo-CH-180//AC)
is fabricated with NiCo-CH-180 and AC as a positive and
negative electrode material, respectively, which delivers the
maximum energy density of 52 W h kg™ ' at a power density
of 760 W kg™" and good cycling stability with the capacitance
retention more than 75% after 5000 charge-discharge cycles at
10 A g~ ". This suggests the importance of the optimization of
the morphology of the NiCo-CH for the improved supercapa-
citor performance.
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