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Abstract This work describes lithium nickel vanadate
(LiNiVO4) as a pseudocapacitor electrode material for the first
time. The micro and nano-sized LiNiVO4 are synthesized via
mechanochemical reaction and hydrothermal reaction follow-
ed by calcination, respectively. The phase purity, surface mor-
phology and microstructure of the LiNiVO4 synthesized by
both methods are analysed by X-ray diffraction and scanning
electronmicroscopy techniques. The lithium ion intercalation-
extraction behaviour of the LiNiVO4 electrode material is in-
vestigated in 1 M LiOH electrolyte solution. The results dem-
onstrate an improved capacitive performance for nano-sized
LiNiVO4 electrode synthesized via hydrothermal reaction due
to the collective effect of small size and additional redox sites.
The nanocrystalline LiNiVO4 electrode exhibits a high specif-
ic capacitance of 456.56 F g−1 at a current density of 0.5 A g−1.
The cycle stability test reveals exceptional capacitance reten-
tion of 99.60% even after 1000 cycles owing to the unique
structural feature which permit intercalation mechanism.
These findings demonstrate the significance of lithium transi-
tion metal vanadate-based electrode material in the develop-
ment of lithium ion intercalation pseudocapacitors.
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Introduction

Supercapacitors, also termed as electrochemical capacitors,
have attracted tremendous attention as potential devices for
future electrochemical energy storage due to their high
power density, long cycling life, fast charge/discharge pro-
cess and environmental friendliness [1–4]. The electrode
material is one of the vital factors to improve the electro-
chemical performance of supercapacitors. In common, the
electrode materials can be classified as carbon-based mate-
rials, conducting polymer materials and transition metal ox-
ides. However, lower specific capacitance of carbon-based
materials and the mechanical degradation of conducting
polymers very much limit their application as electrode
materials [5]. Transition metal oxides have been widely
explored as potential electrode materials for supercapacitors
because of the ease of large-scale fabrication and their mul-
tiple redox reactions involving various ions such as H+,
Na+, K+ and Li+, which contributes to higher specific ca-
pacitances [1, 6, 7]. Transition metal oxides as well have
some disadvantages like low electrical conductivity and
poor cycling performance. Therefore, efforts are still going
on to improve performance of supercapacitors.

In spite of many binary metal oxides, mixed metal oxides
and higher order metal oxides have been reported to demon-
strate better pseudocapacitive performance because they pos-
sess multiple oxidation states that enable numerous redox re-
actions and combined contribution from all metal ions. A
number of ternary metal oxides such as NiCo2O4 [7–9],
MnCo2O4 [10], NiMoO4 [11], NiFe2O4 [12], CoMn2O4

[13], CuCo2O4 [14], LiNiO2 [15], LiCoO2 [16] and
Li4Ti5O12 [17], have been used as electrode material for
pseudocapacitors. Transition metal vanadium oxides and van-
adates such as Ni3(VO4)2 [18], Co3V2O8 and Ni3V2O8 [19]
have been reported as a new class of electrode material for
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pseudocapacitors owing to their multistep reductions and
more electron transfer upon intercalation. In particular,
lithium-based vanadates got significant attention owing to
their capability of storing lithium by the ion intercalation-
extraction mechanism [20]. Detailed examination on suchma-
terials indicate that an element having a low oxidation state
plays foremost role in the generation of pseudocapacitance,
while an element having a high oxidation state has a trivial
influence on the pseudocapacitance [21]. Recently, LiV3O8

nanosheet has been reported as a pseudocapacitor electrode
material with an initial specific capacitance of 288 F g−1 and a
capacitance of 98 F g−1 after 100 cycles in 1 M LiNO3 elec-
trolyte [22]. Lithium nickel vanadate (LiNiVO4) has been rec-
ognized as a promising cathode material for lithium ion batte-
ries. LiNiVO4 possess an AB2O4 inverse spinel structure in
which Li+ ions and Ni2+ ions equally reside in octahedral sites,
and V5+ ions occupy the tetrahedrally coordinated sites.
Lithium ion present in the octahedral site exhibits a reversible
electrochemical intercalation-extraction process [23, 24].
However, the exploitation of LiNiVO4 as electrode material
for pseudocapacitors has not yet been investigated.

The electrochemical properties of a material depend,
amongst others, on the synthesis method and on the size
and shape of the particles. So far, LiNiVO4 crystallites
were synthesized by means of various techniques includ-
ing solid state reaction [25], hydrothermal method [26]
and sol-gel method [24], to improve their electrochemical
properties. Besides, nano-sized materials offer enhanced
electrochemical performance because of short path length
for ion and electron transport, and the ability to take ad-
vantage of surface properties [7]. In particular, the
Faradaic process at the surface of the material, referred
to as pseudocapacitive effect, becomes prominent at nano-
scale dimensions.

In this paper, the size dependent pseudocapacitive behav-
iour of LiNiVO4 electrode has been investigated. Here, we
prepared LiNiVO4 particles of (1) nanoscale range by hy-
drothermal synthesis; (2) conventional microsized particles
by mechanochemical synthesis. The synthesized LiNiVO4

electrode materials have been characterized by X-ray dif-
fraction (XRD), Fourier-transform infrared (FT-IR) spectros-
copy, thermogravimetric analysis (TGA), differential ther-
mal analysis (DTA), field emission scanning electron mi-
croscopy (FESEM) and energy dispersive X-ray (EDS)
analysis. The size effect of LiNiVO4 on lithium ion
intercalation-deintercalation reaction is evaluated by cyclic
voltammetry, electrochemical impedance spectroscopy and
constant current charge-discharge measurements. The inter-
calation pseudocapacitance is further confirmed by X-ray
photoelectron spectroscopy (XPS) measurements. The elec-
trochemical evaluation resulted a specific capacitance of
456.56 F g−1 at a current density of 0.5 A g−1 with superior
cycling stability.

Experimental

The chemicals employed for LiNiVO4 synthesis and electrode
fabrication includes lithium nitrate (LiNO3, 99.99% purity),
nickel nitrate (Ni(NO3)2.6H2O, 99.999% purity), ammonium
metavanadate (NH4VO3, 99.99% purity), polyvinylidene
fluoride (average Mw ~ 534,000) and N-methyl-2-
pyrrolidone (anhydrous, 99.5%), and all were purchased from
Sigma Aldrich. Carbon black (Super P) was purchased from
Alfa Aesar. All chemicals were used as received, without any
further purification.

Mechanochemical synthesis

3 mmol LiNO3, 3 mmol Ni(NO3)2.6H2O and 3 mmol
NH4VO3 were weighed, ball milled with 30 mL deionized
water for 12 h, using yittrium stabilized zirconia balls in a
polyethylene jar. The dried powders were heated at 400 °C
for 4 h and ground by using an agate mortar and pestle. Then,
the powders were re-heated to 800 °C for 6 h.

Hydrothermal synthesis

2 mmol LiNO3, 2 mmol Ni(NO3)2.6H2O and 2 mmol
NH4VO3 were dissolved in 30 mL deionized water at 80 °C.
The precursor solution was transferred into a 40 mL Teflon-
lined autoclave and maintained at 200 °C for 12 h. The brown
yellow precipitate obtained was thoroughly washed with de-
ionized water and ethanol to remove ions possibly remaining
in the final products and dried at 80 °C in the air. The powder
obtained was further annealed at 400 °C in air for 2 h to
increase crystallinity.

Structural and electrochemical characterizations

The crystal phase and average crystallite size of prepared
LiNiVO4 were analysed using X-ray diffractometry (XRD,
PANalytical X’Pert Pro) with Cu-Kα radiation (λ = 1.5406 Å).
The functional groups were identified using Fourier-transform
infrared (FT-IR, PerkinElmer Spectrum 100) spectra recorded
employing the KBr pellet method. A thermogravimetric anal-
ysis (TGA) and a differential thermal analysis (DTA) analysis
were carried out to evaluate thermal stability (Hitachi
STA7300 Thermal analysis system), under inert atmosphere
employing a heating rate of 10 °C min−1. The morphology
and microstructure of the electrode materials were observed by
scanning electron microscopy (HRSEM, FEI Quanta FEG
200). The elemental composition was indentified using energy
dispersive X-ray spectrometry (EDS).

Individual electrodes were used for electrochemical evalu-
ation of LiNiVO4 obtained by both mechanochemical (S-
LiNiVO4) and hydrothermal (H-LiNiVO4) syntheses. The
electrodes were prepared by mixing LiNiVO4 active material,
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carbon black (Super P), and polyvinylidene fluoride (PVDF)
with N-methyl-2-pyrrolidone (NMP) in the mass ratio of
80:10:10. Then, the slurry was pressed onto the nickel foam,
current collector (1 cm × 1 cm) and dried at 60 °C for 12 h in
vacuum. The electrochemical characterization of the elec-
trodes were performed in a three-electrode cell using 1 M
LiOH aqueous solution as electrolyte, in which platinummesh
and Ag/AgCl electrode were employed as the counter and the
reference electrode, respectively. Cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were performed using a
PGSTAT302N electrochemical work station (Metrohm
Autolab, Netherlands). The CV curves were measured in a
potential range of − 0.2 to 0.6 V (vs. Ag/AgCl). The EIS
was measured at electrode potential of 0 V vs. Ag/AgCl, a
perturbation potential of 5 mVand a frequency range of 0.1 Hz
to 100 kHz. The electrochemical capacitance was investigated
through GCD measurements. The X-ray photoelectron spec-
troscopy (XPS, Kratos-Analytical Axis Ultra X-ray photo-
electron spectrophotometer with a monochromatic Al-Kα-X-
ray source.) measurements of electrode materials were carried
out to estimate the various chemical states of the bonded
atoms. The specific capacitance (F g−1) of the LiNiVO4 elec-
trode was calculated from charge-discharge curves according
to the following equation:

C ¼ I �Δt
m�ΔV

where I (A) is the constant discharge current density, Δt (s) is
the discharge time, ΔV (V) is the discharge voltage excluding
the IR drop and m (g) is the mass of the active material coated
on the electrode.

Results and discussion

Structural and morphological characterizations

The crystal structure and phase purity of LiNiVO4 synthesized
via mechanochemical and hydrothermal reaction were charac-
terized by powder XRD, as shown in Fig. 1a. LiNiVO4 exhib-
ited characteristic diffraction peaks at 2θ = 18.60°, 30.90°,
36.44°, 44.14°, 54.84°, 58.42°, 64.09°, 73.04° and 76.80°,
corresponding to the crystal planes of (111), (220), (311),
(400), (422), (511), (440), (620) and (533), respectively. It is
clear that all intense diffraction peaks corresponds to cubic
phase of LiNiVO4 and Fd3m (227) space group (JCPDS No.
38-1395), without any collateral peaks. The diffraction peaks
indexed as (311) and (111) planes are characteristics of an
inverse spinel structure [27]. The presence of sharp diffraction
peaks indicates high degree of crystallinity of the prepared
sample. The XRD patterns are almost identical for LiNiVO4

synthesized by both methods. However, the diffraction peaks
becomes broad for H-LiNiVO4, implying smaller crystallite
size, which can shorten the ion diffusion pathways and reduce
the charge-transfer resistance. The average crystallite sizes of
LiNiVO4 synthesized by both methods were determined from
the full width at half maximum (FWHM) of the x-ray diffrac-
tion peak using Scherrer equation:

D = K λ
β Cos θ

where D is the average crystallite size, K is the Scherrer
constant, 0.94 for cubic crystal structure, λ is the wavelength
of Cu-Kα radiations (1.5406 Å), β is the full width at half
maximum of the peak corresponding to (311) plane in radian
and θ is the angle obtained from 2θ value corresponding to the
maximum intensity peak in XRD pattern. The calculated val-
ue for the average crystallite size of the S-LiNiVO4 and H-
LiNiVO4 powders are 551.16 and 65 nm, respectively.

FT-IR spectrum of LiNiVO4 in the wave number range of
400 to 1200 cm−1 is presented in Fig. 1b. The absorption band
observed at 852.57, 764.13 and 607.06 cm−1 are assigned to
stretching vibrations of VO4 tetrahedrons. The bands at 750 to
400 cm−1 region are largely associated with the vibrations of
NiO6 and LiO6 octahedral units or the bending vibrations of
VO4 tetrahedron. The two absorption band sited around
1091.06 and 1030.22 cm−1 belongs to an asymmetric
stretching vibrational mode of Ni-O bonds in NiO6 octahe-
dron [28]. The two weak bands around 455.28 and
426.50 cm−1 are assigned to asymmetric stretching vibrations
caused by Li-O bond of LiO6 octahedron.

Thermal studies were carried out in order to determine the
thermal stability and decomposition profile of the sample. We
examined TGA and DTA under argon atmosphere in a temper-
ature range from 25 to 750 °C with a heating rate of
10 °Cmin−1 (Fig. 1c, d). The observed initial weight loss below
100 °C is attributed to the evaporation of residual water. The
next weight loss noticed in the wide temperature range is due to
the decomposition of lithium nitrate and ammonium
metavanadate, which takes place at the melting point of both
rawmaterials. The decomposition process stops for S-LiNiVO4

and H-LiNiVO4 at nearly 600 and 500 °C, respectively. The
degree of weight loss until the weight stabilizes in micro-sized
S-LiNiVO4 (9.02%) is greater than that of nano-sized H-
LiNiVO4 (1.75%). The greater weight loss in the S-LiNiVO4

can be attributed to the enthalpic gain due to weak bonding
between constituent atoms as well as entropic gain obtained
by liberating the water molecules [29]. The peak position in
the DTA curve matches with the temperature of the first deriv-
ative of the TGA curve, where structural changes occur.

Figure 2a, b depicts the FESEM micrographs of the
LiNiVO4 powder synthesized by mechanochemical reaction
and hydrothermal reaction, respectively. As seen in the figure,
irregular/defected cubic-likemicro-sized (~ 500 nm) LiNiVO4

particles are obtained from mechanochemical method and
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defect free nano-sized (~ 60 nm) particles from hydrothermal
method. Elemental composition of LiNiVO4 is confirmed
using energy dispersive X-ray spectrometry (EDS), which is
shown in Fig. 2c, d. EDS analysis demonstrated the presence
of Ni, V and oxygen with an average ratio of 1:1 for Ni:V.

Electrochemical evaluation

Figure 3a, b shows the current-voltage (CV) curves of material
synthesized by mechanochemical and hydrothermal reaction in
1MLiOH electrolyte at various potential sweep rate. Two strong
redox peaks suggests the reversible electrochemical oxidation (Li
extraction) and reduction (Li insertion) of LiNiVO4 electrode
material. The large redox peaks arising due to Faradaic redox
reactions indicate that the capacitance characteristic of
LiNiVO4 electrode is of typical pseudocapacitance. The peak
current rises with increase in the potential sweep rate, indicating
rapid Faradaic redox reactions and increased rates of electronic
and ionic transport [30]. Comparative CV studies of LiNiVO4

micro and nanostructures (Fig. 3c) indicate that the area of the
CV curve for the LiNiVO4 nanostructure is larger than that of the
LiNiVO4 microstructure, which is obviously due to the higher
surface area, thereby more number of active sites in the former.
The difference in redox peak positions between micro and nano-
structured LiNiVO4 electrodesmay be ascribed to the differences
in the individual electronic transition, which may be influenced
by the morphological differences. Investigation of CV can be
further considered as an efficient tool to explain electrode kinetics
in micro and nano-structured LiNiVO4. In the case of S-
LiNiVO4 electrode, the redox peak does not exhibits significant
shift in their positions with increase in potential sweep rate, indi-
cating a typical pseudocapacitive Li+ intercalation/deintercalation
behaviour without phase transformation. Therefore, the peak cur-
rent varies linearly with the potential sweep rate. On the other
hand, a slight shift in the redox peak position is observed for H-
LiNiVO4 electrode with increased potential sweep rate. This can
be described by the existence of two capacitive processes, name-
ly interface-related pseudocapacitive contribution arising from

Fig. 1 aX-ray diffraction patterns of S-LiNiVO4 and H-LiNiVO4. b FT-IR spectrum of S-LiNiVO4 and H-LiNiVO4. TGA and DTA curves of
c S-LiNiVO4, d H-LiNiVO4
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the large active surface area of nanocrystalline structure and
diffusion-controlled Li+ intercalation reaction [31, 32]. Hence,
the pseudocapacitive charge storage mechanism of LiNiVO4

via the intercalation of lithium ions in an aqueous electrolyte is
proposed as follows:

LiNiVO4 + xLi+ + xe¯ ↔ Li1+xNiVO4

In order to substantiate the CV results, the electrochemical
impedance spectroscopy (EIS) analysis was carried out for
LiNiVO4 electrodes. Nyquist plots of both micro and nano-
sized LiNiVO4 electrodes are shown in Fig. 3d. The straight line
at low-frequency region represents Warburg impedance, which
results from the ion diffusion at the electrode-electrolyte inter-
face. The line at lower frequencies which is parallel to imaginary
axis, indicate the desired pseudocapacitive behaviour. Inset of
Fig. 3b shows the equivalent circuit of the impedance curve
obtained using the ZSimpWin software. The fitted EIS data con-
tains elements of bulk solution resistance (Rs), charge-transfer
resistance (Rct), constant phase element (CPE) to account for

double layer capacitance, Warburg diffusion element (Wo) and
a pseudocapacitive element (Cp) from the redox processes at the
electrode. The equivalent series resistance (Rs) of the electrodes
can be obtained from the high frequency intersection of EIS
Nyquist plot in the real axis. It is found that H-LiNiVO4 has
reduced Rs value compared with S-LiNiVO4 electrode. The de-
crease in the Rs value could be attributed to the small particle size
of electrode, which shortens the ion diffusion path length and
thereby enhance the mobility of ions in the electrolyte.
Moreover, the absence of semicircle in high frequency region
of impedance plot implies negligible charge-transfer resistance.
From the results calculated using ZSimpWin software, Rct of S-
LiNiVO4 and H-LiNiVO4 electrodes are 0.02 and 0.01 Ω, re-
spectively. A slightly reduced value of Rct originates from the
quick charge-transfer process occurring in the pseudocapacitive
H-LiNiVO4 electrode owing to short electron path length.

The charge storage capacity of LiNiVO4 electrode was
further investigated using galvanostatic charge-discharge

Fig. 2 FESEM images of a S-LiNiVO4, b H-LiNiVO4 and EDS pattern of c S-LiNiVO4, d H-LiNiVO4
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measurements in the potential range of −0.2 to 0.52 V.
Figure 4a, b displays the discharge behaviours of both micro
and nano-sized LiNiVO4 electrodes at different current densi-
ties. A comparative charge-discharge curve of the LiNiVO4

electrodes as well as bare Ni foam is depicted in Fig. 4c. The
H-LiNiVO4 electrode showed longer charge-discharge time
than the S-LiNiVO4 electrode, demonstrate higher specific
capacitance. The maximum specific capacitance reaches
212.70 and 456 F g−1 for S-LiNiVO4 and H-LiNiVO4, respec-
tively, at a current density of 0.5 A g−1. The high capacitance
of H-LiNiVO4 can be mainly ascribed to the nano size of
LiNiVO4. The nanocrystalline structure of H-LiNiVO4 not
only provide a fast ion transport path and a large active surface
area, but also enhances the accessibility of LiOH electrolyte
and therefore, promotes the ion transport within the electrode.
Figure 4d shows the variation of specific capacitance with
applied current. The decrease in the specific capacitance with
increasing discharge current could be attributed to the increase
in potential drop as well as insufficient Faradaic redox reac-
tions at higher currents. Further, the long term cycling stability
of the both electrode material were investigated at the current
density of 1 A g−1 (Fig. 5a, b). After 1000 continuous charge-

discharge cycles, LiNiVO4 electrodes exhibited excellent cy-
cling stability with no sign of capacitance degradation.
Capacitance retention of 99.04 and 99.60% was obtained for
S-LiNiVO4 and H-LiNiVO4 electrodes, respectively, which is
better than those of other lithium-based and nickel-based van-
adates, such as LiV3O8 nanosheet (34.12% retention after 100
cycles) [22], Ni3V2O8 nanoflakes (73.0% after 1000 cycles)
[21]. The excellent cycle stability of the electrodes may be
attributed to the morphological and structural stability of
LiNiVO4. The inverse spinel structure of LiNiVO4 electrode,
which enables ion intercalation/extraction between electrode
and electrolyte leads to Faradic reaction, resulting in better
electrochemical performance.

XPS measurements of LiNiVO4 electrode material were car-
ried out before and after cycling, which provide critical evidence
about the excellent electrochemical performance. The XPS sur-
vey spectra of S-LiNiVO4 and H-LiNiVO4 before and after
cycling (Fig. 6a, b) confirm the distinct peaks of Li 1s, Ni 2p,
V 2p and O 1s. The XPS peaks C 1s and F 1s originated from
Super P and PVDF employed during electrode coating process.
The XPS peaks in survey spectra of both micro and nano-
structured LiNiVO4 electrodes before cycling are in good

Fig. 3 CV curves of LiNiVO4

electrode material at various
potential sweep rates in 1 M
LiOH electrolyte solution: a S-
LiNiVO4, b H-LiNiVO4, c CV
curves of S-LiNiVO4 and H-
LiNiVO4 electrodes at a potential
sweep rate of 100 mV s−1 and d
Nyquist plots of S-LiNiVO4 and
H-LiNiVO4 electrodes (inset:
fitted equivalent circuit)
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agreement with the electrode after 1000 cycles, which leads to
the conclusion that there is no change in the oxidation states of
LiNiVO4 constituents upon cycling. Figure 6c, d shows the
comparative XPS core level spectrum of Ni 2p, which contain

two major peaks with binding energies at 856.9 and 863.1 eV
correspond to Ni 2p3/2 and Ni 2p1/2, respectively. It is obvious
that the Ni 2p peaks hardly change even after cycling. This
realization verifies that pseudocapacitance behaviour in

Fig. 4 Constant current
discharge curves of LiNiVO4

electrode material at various
current densities: a S-LiNiVO4, b
H-LiNiVO4, c charge-discharge
curves of bare Ni foam, S-
LiNiVO4 and H-LiNiVO4 at a
current density of 0.5 A g−1 and d
specific capacitances at various
discharge current densities

Fig. 5 Charge-discharge cycling at a current density of 1 A g−1: a S-LiNiVO4 and bH-LiNiVO4 electrodes (inset: charge-discharge curves for first 10 cycles)
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LiNiVO4 electrode is purely Li+ intercalation/de-intercalation,
which further confirms the proposed intercalation mechanism.

The excellent electrochemical performance of the H-
LiNiVO4 electrode material can be attributed to the nanocrys-
talline structure of LiNiVO4 beneficial for the utilization of the
pseudocapacitive active material and Li+ intercalation/
deintercalation reaction between active electrode materials
and electrolyte resulting in elevated capacitance. Overall, this
investigation establishes that LiNiVO4 brings a new class of
vanadate exhibiting Li+ intercalation pseudocapacitance.

Conclusion

This work has demonstrated the pseudocapacitive behaviour of
LiNiVO4 electrode material synthesized via mechanochemical

reaction and hydrothermal reaction. The influence of crystallite
size on supercapacitor performance is evaluated. Even though,
the chemical composition of S-LiNiVO4 and H-LiNiVO4 are
identical, H-LiNiVO4 exhibited higher specific capacitance
due to their small crystallite size and more redox active sites,
providing a fast ion transport path and enhanced electrolyte
accessibility. The nanocrystalline H-LiNiVO4 electrode could
achieve a high specific capacitance of 456.56 F g−1, which is
significantly greater thanmicro-sized S-LiNiVO4 (212.70 F g

−1)
at a current density of 0.5A g−1. The LiNiVO4 electrode exhibits
excellent capacitance retention of 99.04 and 99.60% for S-
LiNiVO4 and H-LiNiVO4, respectively, even after 1000 cycles
owing to the unique structural features. Therefore, the applica-
tion of LiNiVO4 as electrochemical pseudocapacitor electrode
material is demonstrated for first time in literature pave the way
for a new class of pseudocapacitive electrode material. The

Fig. 6 XPS survey spectra of a S-LiNiVO4 electrode before and after cycling and b H-LiNiVO4 electrode before and after cycling. Comparative XPS
core level spectrum of Ni 2p: c S-LiNiVO4 electrode before and after cycling and d H-LiNiVO4 electrode before and after cycling
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electrochemical performance of LiNiVO4 material may be fur-
ther improved by altering the synthesis route, varying the elec-
trolytes, such as organic electrolytes and ionic liquids and dis-
persing in conductive carbon or polymeric materials.
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