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Abstract: The Fe1−xNixVO4 (x = 0, 0.05, 0.10, and 0.20) nanoparticles in this work were successfully synthesized via a co-precipitation
method. The structural, magnetic and electrochemical properties of the prepared Fe1−xNixVO4 nanoparticles were studied as a function of
Ni content. The experimental results show that the prepared Ni-doped FeVO4 samples have a triclinic structure. Scanning electron micro-
scopy (SEM) images reveal a decrease in average nanoparticle size with increasing Ni content, leading to an enhancement in both specif-
ic surface area and magnetization values. X-ray absorption near edge structure (XANES) analysis confirms the substitution of Ni2+ ions in-
to Fe3+ sites. The magnetic investigation reveals that Ni-doped FeVO4 exhibits weak ferromagnetic behavior at room temperature, in con-
trast to the antiferromagnetic behavior observed in the undoped FeVO4. Electrochemical studies demonstrate that the Fe0.95Ni0.05VO4 elec-
trode achieves the highest specific capacitance of 334.05 F·g−1 at a current density of 1 A·g−1, which is attributed to its smallest average
pore diameter. In addition, the enhanced specific surface of the Fe0.8Ni0.2VO4 electrode is responsible for its outstanding cyclic stability.
Overall, our results suggest that the magnetic and electrochemical properties of FeVO4 nanoparticles could be effectively tuned by vary-
ing Ni doping contents.

Keywords: iron vanadate (FeVO4); co-precipitation method; Ni doping content; magnetic properties; electrochemical properties

  

1. Introduction

In the last few decades, global energy production has seen
a dramatic increase, primarily driven by industrialization and
urbanization [1].  The  utilization  of  fossil  fuels  for  energy
production has had a significant impact on the environment.
The release of carbon dioxide (CO2) during fossil fuel com-
bustion contributes to the greenhouse effect, leading to glob-
al warming [2–3].  Consequently,  alternative energy sources
like solar energy, wind energy, hydropower, and biomass en-
ergy  have  become  crucial  for  mitigating  CO2 emissions
[4–5].  To  capture  and  store  energy  produced  from  these
sources, energy storage devices like batteries and supercapa-
citors are essential. Among the energy storage devices, elec-
trochemical capacitors or supercapacitors are attracting signi-
ficant attention owing to their fast charging/discharging, long
cycling  stability,  and  high-power  density [6–8].  Basically,
supercapacitors can be categorized into two main types based
on their charge storage mechanism. An electric double layer
capacitor  (EDLC)  stores  energy  through  the  electrostatic
double-layer  capacitance  formed  at  the  interface  of

electrode/electrolyte [9].  In  contrast,  pseudocapacitor  stores
energy  through  reversible  Faradaic  redox  reactions  at  the
electrode/electrolyte interface [10]. Therefore, materials such
as transition metal oxides and conducting polymers are com-
monly used as electrodes in pseudocapacitors [11]. However,
the electrochemical performance of pseudocapacitive materi-
als is limited due to their low conductivity, low surface area,
and  poor  electrochemical  activity [12–13].  One  efficient
strategy for  enhancing the  electrochemical  performances  of
these materials is to introduce metal elements, known as met-
al doping, into the host materials [14].

Transition  metal  vanadates  with  the  general  formula
AVO4 (A = Ti, Fe, In, Sm, Cr, Bi, etc) are increasingly inter-
ested in a wide range of applications [15]. For example, Sajid
et  al. [16] synthesized BiVO4 by using a sonicated assisted
hydrothermal method for electrochemical sensors and visible
light  photocatalysis.  Majumder et  al. [17] prepared  FeVO4

nanopebble thin film using two-step synthesis involving hy-
drothermal  and  drop  casing  for  efficient  photoelectrochem-
ical  water  splitting  applications.  Among  transition  metal
vanadates,  iron vanadate  (FeVO4)  has  gained attention as  a
potential  electrode  material  for  energy  storage  applications, 
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particularly in batteries and supercapacitors [18–19]. In gen-
eral,  FeVO4 exists  in  four  polymorphs  named  as  FeVO4-I,
FeVO4-II,  FeVO4-III,  and FeVO4-IV. At room temperature,
the  stable  phase  of  FeVO4-I  possesses  a  triclinic  structure
[20].  While  the  metastable  phases  under  high  pressure  and
high  temperature  of  FeVO4-II  and  FeVO4-III  have  or-
thorhombic  structure,  whereas  FeVO4-IV is  usually  formed
monoclinic structure [21]. Such various structures of FeVO4

are of interest in different applications such as photoanode in
water  splitting [22],  catalyst [23],  electrochemical  sensor
[24],  and energy storage [19].  In the FeVO4-I  structure,  the
Fe3+ ions have three crystallographic sites in which two sites
are in distorted octahedral FeO6 and one site is in the distor-
ted  trigonal  bipyramidal  FeO5 environment [25].  A  six-
column  doubly  bent  chain  via  edge-sharing  of  Fe–O  poly-
hedra  is  formed and the  chains  are  linked together  by  VO4

tetrahedra, forming a three-dimensional framework [25]. Re-
garding  its  crystal  structure,  FeVO4 is  selected  as  the  elec-
trode material  for the supercapacitor due to the presence of
multiple oxidation states of Fe3+ and V5+. Besides its advant-
ages, FeVO4 still  faces serious problems for achieving high
electrochemical  performance  such  as  rapid  capacity  decay
and  low  electronic  conductivity [26].  These  problems  can
impact  the  overall  electrochemical  performance  of  FeVO4-
based  energy  storage  devices.  Several  strategies  such  as
nanostructuring  and  doping  have  been  adopted  to  address
these issues. Recently, the preparation of FeVO4 nanostruc-
ture  using  sol–gel  auto-combustion  technique  and  its  en-
hanced electrochemical performance was reported [27]. Oth-
erwise,  one  of  the  common  strategies  used  to  increase  the
electrical properties of materials is the addition or doping a
small percentage of foreign atoms in the regular crystal lat-
tice [28–29]. In this regard, Munir Sajid et al. [30] synthes-
ized Bi-doped FeVO4 by using a hydrothermal method and
the improved conductivity was observed due to the hopping
of  electrons  between Bi  and Fe  ions.  The improved charge
carrier  transport  and  conductivity  through  Ni  doping  in α-
Fe2O3 owing to the occupied Ni atoms in the lattice positions
of Fe atoms were reported [31]. Therefore, the replacement
of Ni in lattice positions of Fe atoms might efficiently tune
their  electronic  structure  and  intrinsic  properties,  signific-
antly  affecting  chemical  reactions  taking  place  at  the  inter-
faces,  resulting  in  high  electrochemical  performance  of
FeVO4 [32]. To the best of our knowledge, there is no report
on the electrochemical characteristics of Ni-doped FeVO4 for
supercapacitor applications. The existing studies focus on the
use  of  Ni  in  FeVO4/TiO2 monolith  catalysts  for  selective
catalytic reduction reactions [33], as well as research on the
effect of Ni addition on the electrochemical performance of
FeVO4 in water separation applications [34].

In this  study,  Ni-doped FeVO4 with varying Ni  contents
was prepared by using a co-precipitation method. The effects
of  Ni  doping contents  were deepened the understanding on
the structural, morphological, and electrochemical character-
istics of FeVO4. The results demonstrated that Ni doping im-
proved  the  magnetic  and  electrochemical  properties  of
FeVO4. An increase in Ni content resulted in an increase in
specific  surface  area  and  thus  enhancing  the  magnetization

values  and  electrochemical  performances  of  FeVO4.  Con-
sequently, the Ni-doped FeVO4 nanoparticles could be con-
sidered  as  excellent  electrode  materials  for  energy  storage
devices. 

2. Experimental 

2.1. Preparation of Fe1−xNixVO4 nanostructure

The  Fe1−xNixVO4 nanoparticles  (x =  0,  0.05,  0.10,  and
0.20)  were  prepared  by  using  a  modified  co-precipitation
method by mixing iron (III)  nitrate nonahydrate (Fe(NO3)3·
9H2O), nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), and
ammonium metavanadate (NH4VO3) in deionized water and
stirring for 1 h. Then, sodium hydroxide (NaOH) was added,
followed by stirring for 1 h. The precipitate was washed with
deionized water 5 times and then dried in an oven at 60°C for
24 h. The prepared Fe1−xNixVO4 samples were calcined at a
temperature of 600°C for 3 h. 

2.2. Materials characterizations

The crystal structure of the prepared FeVO4 nanoparticles
was  characterized  by  using  X-ray  diffraction  (XRD;  D2
Phaser), The effect of Ni doping contents on the morphology
of the prepared FeVO4 was revealed by using scanning elec-
tron microscopy (SEM; JSM-7800F). The oxidation states of
Ni, Fe, and V at K-edges were examined by using X-ray ab-
sorption near edge spectra (XANES) in transmission mode at
the  Synchrotron  Light  Research  Institute  (BL5.2),  Nakhon
Ratchasima,  Thailand.  The  obtained  XANES  spectra  were
normalized  by  using  ATHENA software [35].  The  specific
surface  area  (SSA)  and  porosity  of  the  prepared  Ni-doped
FeVO4 were carried out by using the N2 adsorption/desorp-
tion  technique  (BELSORP-miniII  instruments).  Before  the
measurements, all samples were thoroughly degassed at 80°C
for 18 h. The specific surface area (SBET), mean pore diamet-
er (DMP), and total pore volume (VTP) were investigated using
the Brunauer–Emmett–Teller (BET) method. In addition, the
magnetic  properties  of  the  prepared  Ni-doped  FeVO4 were
conducted using a vibrating sample magnetometer (VSM) at
room temperature over a magnetic field range of ±30 kOe. 

2.3. Electrochemical measurement

The  electrochemical  properties  of  the  prepared
Fe1−xNixVO4 electrodes  were  studied  in  3  mol·L−1 KOH
aqueous  electrolyte  by  using  a  three-electrode  system  con-
sisting of working electrode, counter electrode, and reference
electrode.  Working  electrode  was  fabricated  by  mixing  the
Ni-doped  FeVPO4 nanoparticles  (80wt%),  acetylene  black
(10wt%), and a binder of polyvinylidene difluoride (10wt%)
using n-methyl-2-pyrrolidinone (NMP) as a solvent. The ob-
tained slurry  was coated on a  nickel  foam current  collector
and dried at 70°C for 12 h. Before the electrochemical meas-
urements,  the  dried  electrodes  were  pressed  at  2  MPa  and
soaked  in  the  aqueous  electrolyte  overnight.  Two  well-
known techniques consisting of cyclic voltammetry (CV) and
galvanostatic charge–discharge (GCD) were performed to as-
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sess the electrochemical performances of the prepared elec-
trodes. 

3. Results and discussion 

3.1. Structural and morphological analysis

P1̄

Fig.  1(a)  shows  the  XRD  patterns  of  the  prepared
NixFe1−xVO4 (x = 0, 0.05, 0.10, 0.20). The diffraction peaks
were indexed as triclinic structure of FeVO4 (JCPDS No.00-
038-1372)  in  all  samples,  except  for  those  with x =  0.05
sample,  which  indicated  the  structure  of  FeVO4 (JCPDS
No.01-071-1592) with space group of  indicating the suc-
cessfully prepared Ni-doped FeVO4 using a co-precipitation
method.  This  is  in  accordance  with  the  previous  literature
[36]. The main XRD patterns indicate that as the Ni doping
content increases, there is a noticeable decrease in the intens-
ity of the peaks. According to the Scherrer equation, the de-
crease  in  crystallite  size  causes  the  XRD peaks  to  broaden
[37].  Therefore,  the  decreasing  peak  intensities  suggest  the

decrease in crystallite size after Ni doping. Clearly, the XRD
peak at 2θ ≈ 25° of x = 0.05 in Fig. 1(b) shifts toward a high-
er  diffraction  angle  without  formation  of  the  secondary
phase.  This  is  caused  by  the  substitution  of  the  very  close
ionic radii of Fe3+ (0.65 Å) [38] with the Ni2+ (0.69 Å) [39].

To give the important information regarding to shape and
size of the prepared materials, the morphologies of the pre-
pared  Ni-doped  FeVO4 using  a  co-precipitation  method  at
different  Ni  doping  contents  of x =  0,  0.05,  0.10,  and  0.20
were revealed by SEM images and shown in Fig. 2. It is evid-
ent  that  the  nearly  spherical  shapes  of  the  FeVO4 are  well
connected with the others, forming a network. The determin-
ation of particle size using Image J  software found that  the
average  diameters  of  the  nearly  spherical  particles  are  of
109.8 ± 23.0, 105.1 ± 22.7, 90.7 ± 18.4, and 89.7 ± 9 nm for x
= 0, 0.05, 0.10, and 0.20, respectively. Hence, the addition of
Ni dopant plays an important role in the reduction of particle
size in which the particle size decreased with increasing Ni
doping  contents.  In  general,  the  smaller  particle  sizes  offer
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Fig. 1.    (a) Full XRD patterns of the Fe1−xNixVO4 (x = 0, 0.05, 0.10, and 0.20) and (b) magnified XRD patterns of these samples with-
in a 2θ range from 24.5° –26.0°.
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Fig. 2.    SEM images of the prepared Fe1−xNixVO4 nanoparticles: (a) x = 0, (b) x = 0.05, (c) x = 0.10, and (d) x = 0.20.

946 Int. J. Miner. Metall. Mater. , Vol. 32, No. 4, Apr. 2025



higher  surface-to-volume  ratio,  which  lead  to  an  enhance-
ment of electronic conductivity. This could turn to improve
the  electrochemical  performance  of  the  materials  after  Ni
doping. In the field of energy storage, smaller particle sizes
could provide more active sites for Faradaic redox reaction,
thereby enhancing electrochemical performance [40]. It is in-
teresting that as the Ni doping content is increased the addi-
tion of the smaller secondary particle sizes is more presented.
Therefore, the doping of Ni causes the additional secondary
particles.  This  could  affect  magnetic  and  electrochemical
properties of the prepared materials.

To examine  the  oxidation  states  of  Ni,  Fe,  and  V in  the
prepared  materials,  the  XANES  technique  was  carried  out.
Fig.  3 presents  normalized XANES spectra of  the prepared

Ni-doped  FeVO4 at  (a)  Ni,  (b)  Fe,  and  (c)  V  K-edges,  re-
spectively.  The  XANES  spectra  of  the  prepared  samples
were compared with the reference standards of Ni foil (Ni0),
Ni(OH)2 (Ni2+), NiO (Ni2+), Fe foil (Fe0), FeO (Fe2+), Fe2O3

(Fe3+), V2O3 (V3+), VO2(V4+), and V2O5 (V5+). As a result, the
absorption edges of the prepared Fe1−xNixVO4 at  Ni K-edge
match  well  with  the  absorption  edge  of  Ni(OH)2 standard
sample. This indicates the oxidation state of Ni is +2. In case
of  Fe  K-edge,  the  absorption  edges  of  the  prepared
Fe1−xNixVO4 are  close  to  those  of  Fe2O3.  This  signifies  the
presence of Fe3+ ions in the crystal structure of the prepared
materials.  In Fig.  4(c),  the  XANES  spectra  are  similar  to
those of the V2O5 which indicates a +5 oxidation state of V
ions.  Overall,  XANES  results  strongly  suggest  that  Ni2+
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Fig. 3.    XANES spectra of the prepared Fe1−xNixVO4 nanoparticles at (a) Ni K-edge, (b) Fe K-edge, and (c) V K-edge.
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Fig.  4.     (a)  N2 adsorption–desorption isotherms,  (b)  BJH pore size distribution,  (c)  BET specific  surface area (SBET),  and (d)  BET
pore diameter (DBET) versus Ni contents of the prepared Ni-doped FeVO4 nanoparticles. P, P0, Vp, and rp are the absolute gas pres-
sure, saturation pressure, pore volume, and pore radius, respectively.
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(0.69 Å) substitutes the Fe3+ (0.65 Å) site. The edge energy
and  oxidation  state  of  the  standard  samples  and  the
Fe1−xNixVO4 nanoparticles  are  shown  in Table  1.  The  in-
crease in Ni content leads to a slight decrease in edge ener-
gies  (8346.20,  8345.80,  and 8345.26 eV for  the  Ni  K-edge
and 7127.18, 7126.75, and 7126.66 eV for the Fe K-edge) for
x = 0.05, 0.10, and 0.20 samples, respectively. The decreas-
ing in the edge energies of Ni K-edge and Fe K-edge for x =
0.05,  0.10,  and  0.20  samples  correspond  to  a  decrease  in
particle size of  the Fe1−xNixVO4 nanoparticles.  Interestingly,
the highest edge energies of the Ni K-edge for the x = 0.05
sample confirm the substitution at the Fe site and phase trans-
formation,  which  may  affect  the  electrochemical  perform-
ance values. 

3.2. Porous structure analysis

It is well known that the specific surface area, pore size,
and pore volume influence the electrochemical performances
of the electroactive materials. Fig. 4(a) shows the N2 adsorp-
tion/desorption  isotherms  of  the  prepared  Fe1−xNixVO4

samples.  According  to  the  International  Union  of  Pure  and
Applied  Chemistry  (IUPAC)  classification,  the  isotherms
with a hysteresis loop exhibit a typical type IV, indicating the
existence  of  mesopores  in  our  prepared  materials.  The
calculated  specific  surface  area  (SBET)  using  a  Brunauer–
Emmett–Teller method as summarized in Table 2 slightly in-
creases from 10.405 to 12.574 m2·g−1 with increasing Ni dop-
ing contents up to 20mol%. This could be explained owing to
the reduction of particle sizes after Ni doping as observed in
SEM images. Notably, the results confirm that Ni doping is
beneficial for increasing the specific surface area of FeVO4.

Fig. 4(b) shows the Barrett–Joyner–Halenda (BJH) pore size
distribution of the prepared Fe1−xNixVO4 samples. It is evid-
ent  that  the  pore  diameters  of  all  samples  are  centered  at
about 2–3 nm, confirming the mesoporous nature in the pre-
pared  materials.  The  average  BJH  pore  diameter  (DBJH)  as
summarized in Table 2 shows the decrease after Ni doping.
The Fe0.95Ni0.05VO4 sample represents the smallest pore dia-
meter of 19.846 nm. The smaller pore size suggests the high-
er  specific  capacitance value due to  the electrolyte  ions are
more  easily  accessible  to  the  electroactive  materials [41].
Hence,  the sample of  Fe0.95Ni0.05VO4 is  expected to  provide
the  highest  specific  capacitance  value  in  comparison  with
others.

  
Table 2.    BET specific surface area (SBET) and average BJH pore diameter (DBJH) calculated by N2 adsorption/desorption measure-
ments, as well as specific capacitances obtained by CV and GCD measurements for different samples

Sample SBET / (m2·g−1) DBJH / nm
Specific capacitance / (F·g−1)
CV (at 5 mV·s−1) GCD (at 1 A·g−1)

FeVO4 10.405 45.998 101.19 70.19
Fe0.95Ni0.05VO4 11.333 19.846 141.67 334.05
Fe0.9Ni0.1VO4 11.335 33.538 136.72 325.02
Fe0.8Ni0.2VO4 12.574 32.445 116.26 99.57

  

3.3. Magnetic study

The  magnetization  curves  of  the  prepared  Fe1−xNixVO4

nanoparticles  (x =  0,  0.05,  0.10,  and  0.20)  obtained  from
VSM  measurements  at  room  temperature  are  presented  in
Fig. 5. Clearly, all doped samples exhibit hysteresis loops in
the field range of ±30 kOe, indicating a weak ferromagnet-
ism.  Whereas  the  antiferromagnetic  is  presented  in  the  un-
doped sample. This is in good agreement with the literature
[19,25].  Obviously,  the  magnetization  values  of  2.26,  2.52,
and 3.58 emu·g−1 were observed for the samples of x = 0.05,
0.10, and 0.20, respectively. It  is well-known that the mag-
netization  of  the  material  is  defined  as  the  degree  of  align-
ment of magnetic dipoles for a given applied magnetic field
[42]. Therefore, the higher magnetization values might be ex-

plained due to the well aligned magnetic dipoles and thus en-
hancing  magnetic  interactions  between  particles  in  smaller
particle  size  providing  larger  specific  surface  area  after  in-
creasing Ni doping contents [43]. Therefore, our results sug-
gest that the particle size and specific surface area of FeVO4

can influence the magnetization of the nanoparticles. 

3.4. Electrochemical study

Fig.  6 depicts  the  CV  curves  of  the  prepared  Ni-doped
FeVO4 electrodes with different Ni doping contents over the
potential  window  range  of −1.2  to  0  V.  Clearly,  the  CV
curves of all samples show broad peaks exhibiting pseudoca-
pacitive behavior. The broad peaks might be due to the over-
lapping  at  the  near  potential  of  the  Fe3+/Fe2+ and  V5+/V4+

redox  couples [44–45].  As  presented  in  the  figure,  the  en-

 

Table  1.     Edge  energy  and  oxidation  state  of  the  standard
samples and the prepared Fe1−xNixVO4 nanoparticles

Sample Edge
element

Absorption
edge / eV

Oxidation
state

Ni foil Ni 8333.23 0
Ni(OH)2 Ni 8346.56 +2
NiO Ni 8343.74 +2
Fe foil Fe 7112.12 0
FeO Fe 7120.86 +2
Fe2O3 Fe 7125.90 +3
FeVO4 Fe 7126.70 +3

Fe0.95Ni0.05VO4
Ni 8346.20 +2
Fe 7127.18 +3

Fe0.9Ni0.1VO4
Ni 8345.80 +2
Fe 7126.75 +3

Fe0.8Ni0.2VO4
Ni 8345.26 +2
Fe 7126.66 +3
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hanced response currents and the progressive shifts of redox
peaks with increasing scan rates are observed.  This  implies
that the capacitance originates from the redox reactions [46].
In addition, the increased current values and area under CV
curves  after  Ni  doping  suggest  the  higher  specific  capacit-
ance  value  in  these  electrodes.  Compared  with  Ni  doping
contents, the increase in Ni content leads to a decrease in the
area under CV curves, implying the decrease in the specific
capacitance  value.  The  shifts  of  oxidation  and  reduction
peaks  while  increasing  scan  rates  are  possibly  caused  by  a

polarization effect because of the increasing Ni content [47].
The GCD curves at various current densities of 1–20 A·g−1

of  the  prepared  Ni-doped  FeVO4 electrodes  are  shown  in
Fig. 7. Obviously, the non-symmetric shapes of all prepared
electrodes indicate a pseudocapacitive behavior. As shown in
Fig. 7, the Ni-doped FeVO4 electrodes has much longer dis-
charging time than that of the undoped electrodes, implying
that the doped samples have higher specific capacitance val-
ues. In comparison with those of the Ni doping contents, the
longest  discharging  time  is  observed  in  the  sample  of x =
0.05, followed by x = 0.10 and 0.20, respectively.

Fig.  8 displays  the  specific  capacitance  as  a  function  of
scan  rates  and  current  densities  of  the  prepared  Ni-doped
FeVO4 electrodes, which were calculated from the equations
[48–49].  It  is  observed  that  the  specific  capacitance  of  the
electrode decreases with an increasing scan rate. This could
be explained because the electrolyte ions do not have enough
time to diffuse deep into pores of the electrode materials at
higher scan rates, while the electrolyte ions have enough time
to arrive at the pores of the electrode at low scan rates [50].
Similarly,  the  specific  capacitances  calculated from the CV
and GCD curves of the electrode increase in the electrode at x
= 0.05 first  and then decrease after  continuously increasing
Ni doping contents. The increasing specific capacitance value
could  be  explained  due  to  the  reduction  of  particle  size,
which provides more redox sites after Ni doping. On the oth-
er hand, the decrease in capacitance value after increasing Ni
doping  contents  from  5mol%  to  20mol%  is  due  to  the  en-
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Fig. 5.    Magnetization as a function of the magnetic field of the
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hanced  average  BJH  pore  diameter  (DBJH)  from  19.846  to
32.445 nm. As summarized in Table 2, the 5mol% Ni-doped
FeVO4 electrode exhibits the maximum specific capacitance
values of 141.67 and 334.05 F·g−1 at a scan rate of 5 mV·s−1

and a current density of 1 A·g−1, respectively. This is due to
the  increased surface  area  of  the  smaller  average mesopore
size.  To  compare  our  electrochemical  result  with  other  re-
ports, Table 3 summarizes the specific capacitance value of
FeVO4-based materials prepared using different methods. As
a result,  a simple preparation using co-precipitation method
provides the higher specific capacitance value in comparison
with the similar morphology of spherical shape.

For the long-term study, all electrodes were charged and
discharged at a current density of 10 A·g−1 for 1000 cycles.
As a result,  the specific capacitance values of the Ni-doped
FeVO4 electrodes with x = 0, 0.05, 0.10 and 0.20 after 1000
cycles  retained  34.18%,  41.29%,  47.26%,  and  56.15%,  re-

spectively (Fig. 8(c)). The larger specific surface area, which
provides more active sites, is responsible for the outstanding
cyclic  stability  of  the  Fe0.8Ni0.2VO4 electrode.  For  practical
applications,  energy  density  and  power  density  are  the  im-
portant  performance  parameters.  The  energy  density  and
power  density  were  calculated  by  the  equations [54] and
shown in Fig. 8(d). As a result, the energy densities were cal-
culated to be 66.98, 50.68, 20.12, and 14.33 Wh·kg−1 and the
power  densities  of  600.75,  603.10,  603.10,  and  606.30
W·kg−1 for x = 0.05, 0.10, 0.20, and 0,respectively, at a cur-
rent density of 1 A·g−1. The improving energy density of the
x = 0.05 sample is about 3.7 time higher than that of the un-
doped FeVO4 sample.  The achieved highest  energy density
could be explained owing to the smallest average mesopore
size in this sample. Therefore, Ni-doped FeVO4 could be ef-
fectively used as electrode materials for supercapacitors.

  
Table 3.    Comparison of the specific capacitance of the prepared FeVO4-based materials using various methods with other reports

Preparation method Morphology Particle size Specific capacitance Ref.

Wet chemical synthesis Polyhedron shape ∼200 nm 402 F·g−1 at 10 mV·s−1 [19]
Sol–gel auto-combustion Nanoparticles 1151.05 F·g−1 at 5 mV·s−1 [27]
Co-precipitation Spherical particles 30–40 nm 97.54 F·g−1 at 0.5mA·cm−2 [51]
Co-precipitation Polyhedron shape 100–200 nm 376 F·g−1 at 20 mV·s−1 [52]
Surfactant-assisted hydrothermal Nanoparticles 48 F·g−1 [53]
Co-precipitation Spherical particles 80–110 nm 334.05 F·g−1 at 1 A·g−1 This work

 
 

4. Conclusion

In this work, the Fe1−xNixVO4 (x = 0, 0.05, 0.10, and 0.20)
nanoparticles were successfully synthesized via a co-precip-
itation method. The influence of varying Ni doping contents
on the structural, magnetic, and electrochemical properties of
FeVO4 nanoparticles  were  studied.  Experimental  results  in-
dicate  that  the  obtained  Ni-doped  FeVO4 nanoparticles  ex-
hibit  a  triclinic  structure.  An  observed  decrease  in  nano-
particle size with increasing Ni content leads to an increase in
BET surface area, rising from 10.405 to 12.574 m2·g−1. The
smallest  average  BJH  pore  size  is  found  to  be  19.846  nm,
which in turn delivers the highest specific capacitance value
in the Fe0.95Ni0.05VO4 electrode. XANES analysis reveals that
the  oxidation  states  of  Ni,  Fe,  and  V  ions  in  the  Ni-doped
FeVO4 structure are +2, +3, and +5, respectively. The mag-
netic properties turn from antiferromagnetic to ferromagnet-
ic after Ni doping and the magnetization values increase with
increasing Ni doping contents. This is attributed to the reduc-
tion of particle size. The Fe0.95Ni0.05VO4 electrode exhibits the
highest  specific  capacitance value  of  334.05 F·g−1 at  a  cur-
rent density of 1 A·g−1, which is explained by the smallest av-
erage pore size. Conversely, the larger specific surface area
of  the  Fe0.8Ni0.2VO4 electrode  contributes  to  its  excellent
long-term  cycling  stability.  Hence,  doping  with  varying  Ni
content  could  adjust  the  structure,  magnetic  and  electro-
chemical properties of FeVO4. 
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