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Abstract
A supercapacitor is a high-capacity device that interfaces electrolytic capacitors and batteries by possessing a capacitance 
value significantly larger than conventional capacitors but with lower voltage limits. Nickel hydroxide is a potential material 
exhibiting tempting properties such as high specific capacitance, various oxidation states, morphologies, and large surface 
area. However, various limitations must be overcome, such as increasing the current density and improving the stability after 
doping of vanadium in Ni(OH)2 material-doped Ni(OH)2microflowers were successfully fabricated using a chemical bath 
deposition process in this study. XRD studies show hexagonal crystal structure with γ-phase of Ni(OH)2. The presence of 
V=O at peak positions 1023, and 923 cm−1 reveals in the FT-IR study. Increased interlayer distance demonstrates the pres-
ence of vanadium ions between the superior and inferior layers of Ni(OH)2. The 0.3% V-doped Ni(OH)2 electrode displayed 
a remarkable specific capacitance of 1456.8 F g−1 at 3 mA cm−2 and high performance with 88.17% capacity retention at a 
scan rate of 100 mV s−1 over 2000 cycles.
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1  Introduction

Nickel-based materials are utilized in batteries and super-
capacitors [1]. The nickel-based material is in high demand 
for supercapacitor designs. Nickel oxides [2], hydroxides 
[3–5], sulphides [6, 7], and selenium [8] are used to make 
supercapacitors. Excellent electrochemical properties and 
environmental friendliness have made nickel hydroxide a 
strong contender in the list of supercapacitors [9, 10]. The 
specific capacitance of nickel hydroxide does not rise above 
a certain value and is not stable in alkaline solutions [11]. A 
better option to overcome the above problem is to develop 

nanomaterials [12, 13] or doping the transition metal with 
higher electrical conductivity and stability [14]. Different 
dimensional nanostructures were developed by chemical 
methods like sol–gel [15, 16], solvothermal [17], elec-
trodeposition [18], microemulsion [19], templet-derived 
method [16], etc. nanoparticles are used for different practi-
cal applications such as supercapacitor, photocatalyst [20], 
and antibacterial properties [21]. Cobalt [22], yttrium [23], 
aluminium [24], phosphorus [25], manganese [26], iron [27], 
etc., these metals are doped in nickel hydroxide, and their 
compositional, morphological, and electrochemical proper-
ties change to a great extent. Doping a metal will increase its 
electrical conductivity and stability properties.

Zhang et al. [26] used a doping approach to increase 
the specific capacitance of nickel hydroxide. Researchers 
realize that manganese is a better option for increasing 
specific capacity. The hydrothermal approach was used 
to make Mn-doped Ni(OH)2 using Ni(NO3)2 as a nickel 
source and Mn(CHCOO)2 as a manganese precursor. 
Hexamethylenetetramine surfactant was utilized to con-
trol the rate of reaction, and a deposition temperature of 
100 °C was maintained for 2 h. Nanosheets with a height 
of 200–300 nm are cross-connected during this reaction, 
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but there is no complex nanostructure present to give a 
substantial surface area for electrolyte interaction. Hussain 
et al. [27] have successfully deposited Fe-doped ultrathin 
curled nanosheets that will be used for water splitting in 
future fuel and supercapacitor applications. As the pre-
pared nanosheets of Fe-doped Ni(OH)2 have a high ‘d’ 
value hence, the effective surface area increases, leading 
to the mesoporous nature of the material. The mesoporous 
material has three times the energy density of ruthe-
nium oxide. Doping had the added benefit of widening 
the potential window. Current and power density of the 
undoped electrode is 67.4 Wh kg−1 and 16 W kg−1, respec-
tively and after Fe doping, the values, are 400 Wh kg−1 
and 40 W kg−1. Fe-doped nickel hydroxide has a specific 
capacitance value of 1503 F g−1 and stability is increased 
by 86% after 9000 cycles. Zhu et al. [23] tried to solve 
some of the drawbacks of Ni(OH)2 such as low electrical 
conductivity and stability. The researchers claim that if a 
metal with high conductivity is added to a lattice with low 
conductivity, the conductivity of the material increases. 
Due to doping, such a suitable metal can be added to the 
nickel hydroxide material. Accordingly, doping can pro-
mote the ion diffusion rate and electron transport conduct-
ance. Vanadium has many oxidation states that affect elec-
trochemical properties [28, 29]. With different oxidation 
states like + 3, + 4, and + 5 different compounds are formed 
like VO2, V2O3, and V2O5 show different electrochemi-
cal behavior [30, 31]. Vanadium oxide has a wide poten-
tial window up to 0.0–0.8 V vs SCE [30]. The theoretical 
value of specific capacitance lies between 1000 and 2000 F 
g−1 [29]. Many nanostructures were formed with vanadium 
oxide like hollow spheres [32], nanoflakes or nanowalls 
[33–35], nanotubes, or nanorods [36, 37], nanobelt [38], 
microflower [39], etc.

By observing the literature, there is scope to develop 
the vanadium-doped nickel hydroxide and study its super-
capacitor performance. After studying extensive literature 
there is not any relevant reference found on vanadium-
doped in nickel hydroxide and study their supercapacitor 
performance. The chemical bath deposition (CBD) method 
uses to deposit vanadium-doped nickel hydroxide mate-
rial. Then structural and morphological investigations are 
carried out by utilizing XRD, FTIR, and SEM. To study 
the supercapacitor performance EIS, CV, and charge–dis-
charge have been employed. The 0.3% V-doped Ni(OH)2 
electrode displayed a remarkable specific capacitance of 
1456.8 F g−1 at 3 mA cm−2 and high rate performance with 
88.17% capacity retention at scan rate 100 mV s−1 over 
2000 cycles. The present study shows vanadium-doped 
Ni(OH)2 exhibits battery type with a high rate of diffu-
sion. As a result, vanadium-doped Ni(OH)2 is a promising 
alternative for improved energy density and stability in 
battery-type supercapacitors.

2 � Experimental details

2.1 � Chemicals

Even without purification, AR-grade chemicals from Thomas 
Beaker Chemical Pvt. Ltd. in Mumbai were used in the syn-
thesis of V-doped Ni(OH)2. For the deposition of thin films, 
nickel sulphate hexahydrate (NiSO4.6H2O) and vanadyl sul-
phate (VOSO4.XH2O) were used as a source of Ni and V ions, 
respectively. Ammonium hydroxide (NH4OH, 30%) was used 
as a hydroxide ion source. Potassium persulphate (K2S2O8) 
was used as the oxidizing agent.

2.2 � Bath preparation

As current collectors, vanadium-doped nickel hydroxide 
samples have been successfully synthesized using the CBD 
method on stainless-steel substrates. First, a solution of 1 M 
nickel sulfate in 40 ml and 1 M vanadyl sulfate in 10 ml in 
double distilled water was prepared. By volume concentra-
tion method, 0.2% nickel sulfate solution was removed and 
an equal volume of vanadyl sulfate solution was added. In 
such a manner a solution of 0.2% vanadium-doped nickel 
sulphate was prepared. A solution of 0.25 M K2S2O8 in 
30 mL DDW was prepared and poured into the above solu-
tion after stirring for some time. Pour 20 mL of DDW solu-
tion into it and after a while add 10 mL of ammonia then stir 
again for a few minutes. Similarly prepare a bath solution of 
concentration 0.3, 0.4% vanadium-doped Ni(OH)2 solution. 
Now finally, dip the precleaned stainless steel substrate in 
that solution with the help of the holder. Remove the stain-
less steel substrate from the solution after 120 min and rinse 
it several times then let it dry naturally. Heat the fully dried 
films to 100 °C for 2 h.

2.3 � Growth mechanism

An apple-green solution of NiSO4 and VOSO4 turns dark 
blue-black when mixed with aqueous ammonia. When the 
steel substrates are immersed in the solution, the material 
is deposited on the substrate in three steps. In the first step, 
different ions react with each other and a monolayer of metal 
chalcogenide is deposited on the surface of the substrate 
[12]. In the second step, the monolayer acts as a catalytic 
surface then the metal ions are attracted. Condensation 
begins and the film grows on the substrate. Film growth 
depends on bath parameters. After a certain time, the termi-
nal phase growth of the film stops [13]. Ni2+ ions react with 
ammonia to form Ni(OH)2 shown in the chemical reaction 
through Eqs. 1, and 2, respectively.

(1)

[

Ni
(

H2O
)

6−x

(

NH3

)

x

]2+
→ Ni(OH)2+(6 − x)H2O + xNH3
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Potassium persulfate plays an important role in oxidiz-
ing agents by removing a hydrogen atom from Ni(OH)2 to 
form NiOOH. Simultaneously, persulfate ions play the role 
of the directing agent which controlled the morphological 
structure growth. This lowers the surface energy along a 
specific growth axis [14]. Hence the growth of a specific axis 
of the morphological structure is stunted. Since the doping 
concentration is very low and the vanadium ion is large, it is 
placed in two layers of Ni(OH)2 material rather than enter-
ing the crystal structure of nickel hydroxide. For doping 0%, 
0.2%, 0.3%, and 0.4% vanadium doping the obtained films 
were named V-0, V-1, V-2, and V-3, respectively.

3 � Results and discussion

3.1 � X‑ray diffraction study

Figure 1 includes the XRD patterns of samples V-0, V-1, 
V-2, and V-3. The XRD peak data closely matches the 
standard JCPDS data (Card No. 22-0444) [40]. The struc-
ture of Ni(OH)2 is illustrated in Fig. 2a, b with space group 
P-31 m and crystal lattice parameters taken from a JCPDS 
card. In XRD patterns, different peaks show angles of 12, 
33.4, 43, 44, 59.77, 74.6, and 90°. The peaks correspond-
ing to Ni(OH)2 appear at angles of 12, 33.4, and 59.77° 
correspond to the planes of (0 0 1), (1 1 0), and (3 0 0), 
respectively. Ni(OH)2 shows two polymorphs α and β. The 
β-polymorph has a close-packed hexagonal crystal structure 
but the α polymorph has more water molecules in the stack-
ing plane of Ni(OH)2. No significant peaks corresponding 

(2)2 Ni(OH)2 + S2O
2−

8
→ 2 NiOOH + 2SO2−

4
+ 2H+. to vanadium species were detected in the XRD pattern. The 

atomic radius of vanadium (1.34 × 10–10 m) is greater than 
that of nickel (1.24 × 10–10 m), so during the reaction, the 
vanadium atom intercalates between two layers of nickel 
hydroxide without replacing the nickel in the crystal [23]. As 
the vanadium concentration increases, many vanadium ions 
intercalate between two layers of nickel hydroxides, increas-
ing the interlayer spacing shown in Fig. 2c. Therefore, the 
intensity of nickel hydroxide peaks at 12, 33.4, and 59.77° 
decreases in the XRD pattern. The value of ‘d’ for Ni(OH)2 
is 6.5 Å and for 0.2%, 0.3%, and 0.4% doping samples are 
7.22, 7.29, and 7.32 Å, respectively. XRD analysis shows 
that the crystallinity of Ni(OH)2 decreases with increasing 
doping concentration [23].

3.2 � Fourier transform Infra‑red spectroscopy (FT‑IR)

Figure 3 shows the FT-IR analysis of electrodes V-0, V-1, 
V-2, and V-3. The seven sharp peaks were observed at 3536, 
1610, 1138, 1023, 923, 606, and 435 cm−1. The O–H stretch-
ing mode is indicated by the intense peak at wavenumber 
3536 cm−1. This indicates the presence of the free O–H 
group shows a brucite-like structure after heat treatment 
[41]. Bending vibration due to absorption of water mole-
cule observed at peak 1610 cm−1. Significant peaks observe 
at 435 cm−1 show Ni–O stretching of the bond [42]. The 
characteristics peak observed at 606 cm−1 shows confirma-
tion of the bending vibration of Ni-OH [43]. Peaks at 1023, 
and 923 cm−1 show stretching vibration of the V=O bond 
[44, 45]. This peak confirmed the doping of vanadium in 
Ni(OH)2 material.

3.3 � Scanning electron microscopy

Figure 4a illustrates the growth of nanoflakes anchored 
vanadium-doped Ni(OH)2 microflower. During the pro-
cedure, after the addition of ammonia solution becomes 
a precipitate then ions are attracted to the electron collec-
tor and deposited on the substrate. Nanoparticles clump 
together to form uniform-thickness nanoflakes. The 
microflower is formed when a large number of nanoflakes 
or nanosheets cluster together at the nucleation site. When 
vanadium is doped in solution vanadium ions are placed 
in between an adjacent layer of Ni(OH)2 which makes 
the material less crystalline [40, 46]. So the thickness of 
nanoflakes increases. Potassium persulphate is used for 
dual purposes as an oxidant and structural guiding agent. 
During the reaction, S2O8

−2 ions generate a large number 
of adsorption sites, making it much easier for Ni2+ and 
OH−ions to adhere to them. K2S2O8 limits crystal crystal-
lization along the Z-axis, resulting in a two-dimensional 
nanosheet structure. These nanosheets or nanoflakes 
become linked over time at nucleated sites, establishing Fig. 1   X-ray diffraction pattern of electrodes V-0, V-1, V-2, and V-3
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a three-dimensional f lower [47]. Figure  4b–e shows 
SEM images of microflowers of undoped, 0.2%, 0.3%, 
and 0.4% vanadium-doped Ni(OH)2 samples. Figure 4.5b 
displays well-developed undoped Ni(OH)2 microflow-
ers with interconnected nanoflakes with a flake’s thick-
ness of 62.17 nm and a diameter of 4.27 μm. Figure 4.5c 
shows well-developed 0.2% vanadium-doped Ni(OH)2 
microflower with interconnected nanoflakes with flakes 
thickness of 66.19 nm and diameter of 6.61 μm. Fig-
ure 4.5d depicts a well-developed 0.3% vanadium-doped 
Ni(OH)2microflower with linked nanoflakes ranging 
from 52.88 nm in thickness and 7.90 μm in diameter. Fig-
ure 4.5e shows a well-developed 0.4% vanadium-doped 
Ni(OH)2 microflower with interconnected nanoflakes 
assessing 71.19 nm in thickness and 5.48 μm in diam-
eter, as well as a well-developed 0.4% vanadium-doped 
Ni(OH)2 microflower with interconnected nanoflakes 
able to measure 71.19 nm in width and 5.48 μm in diam-
eter. For the V-3 sample, increasing vanadium doping up 
to a specific value of ‘d’ diminishes the crystallinity of 
the material, reducing the size of the microflower and 
increasing the thickness of nanoflakes. SEM analysis 

Fig. 2   Structural characterizations of vanadium-doped nickel hydrox-
ide thin films for different doping concentrations (0.0%, 0.2%, 0.3%, 
and 0.4%). a, b Crystal structure of Ni(OH)2. c Schematic demonstra-

tion of the value of interlayer distance varies concerning the concen-
tration of vanadium doping

Fig. 3   FT-IR study of electrodes V-0, V-1, V-2, and V-3
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reveals that the concentration of vanadium doping diam-
eter of microflower increases. Sample V-2 has ultrathin 
nanoflakes and larger size microflower which provide a 
large surface area.

3.4 � Electrochemical impedance spectroscopy

The Nyquist plot for the samples V-0, V-1, V-2, and 
V-3 electrodes is shown in Fig. 5a. The bode plot of all 

1μm

(b)

1μm

(c)

1μm

(e)

1μm

(d)

Ni 2+ ions OH ˉ ions S2O8 
2- ions V 2+ ions

Homogenous 
nucleation

Aggregation
Formation of
nanosheet

Self assembling

Formation of microflower

3D flower like structure

(a)

Fig. 4   a Schematic diagram of the formation of vanadium-doped Ni(OH)2 nanoflakes then self-assembled microflower. Morphological study of 
vanadium-doped Ni(OH)2 thin films for different doping concentrations (0.0%, 0.2%, 0.3%, and 0.4%) (b–e) respectively
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electrodes is shown in Fig. 5b. Equivalent circuits have 
two resistances one is solution resistance Rs and the other 
is charge transfer resistance Rct. The values of Rs and 
Rct for V-0, V-1, V-2, and V-3 are seen in Table 1. The 
solution resistance of each sample is approximately 3–5 
Ω cm−2. The charge transfer resistance of electrodes V-0, 
V-1, V-2, and V-3 are 38.11, 23.52, 11.38, and 26.78 Ω 
cm−2, respectively. The charge transfer resistance of sam-
ple V-2 is the lowest value because of enhanced electric 
conductivity due to the optimum doping of vanadium into 
Ni(OH)2 and its synergetic effect is seen in the electro-
chemical property [48]. The value of other components 
such as capacitance and, Warburg impedance is shown in 
Table 1.

3.5 � Supercapacitor properties

Supercapacitor study of vanadium-doped Ni(OH)2 electrode 
for various percentages of vanadium displayed in Fig. 6. 
Figure S1a–d shows the CV curves for the samples V-0, 
V-1, V-2, and V-3 at different scan rates 10, 20. 50. 80 and 
100 mV s−1. Figure 6a shows the CV curves of electrodes 
V-0, V-1, V-2, and V-3 at a scan rate of 1 mV s−1 and a 
potential window of 0.0 to 0.55 V vs SCE. For without a 
doping electrode, anodic peak and cathodic peaks observed 
at approximately 0.48 V and 0.25 V shifted after doping of 
vanadium. After observing the CV it can be seen that as the 
doping level increases, the vanadium ion is also contribut-
ing to an increase in the redox reaction in the area under the 
curve. The electrode with 0.3% vanadium doping has the 
maximum area under the curve. Because of the fast faradic 
reaction, cathodic and anodic peaks are observed on the 
cyclic voltammetry curve which postulates the battery type 
of material [49]. This redox reaction is given in Eq. 3.

During this process, γ-NiOOH accepts electron get reduced 
into α-Ni(OH)2, and then α-Ni(OH)2 donate its e− gets oxidized 

(3)� − NiOOH + H + e
+
↔ � − Ni(OH)2

(a) (b)

(c)

R
C

R W
Fig. 5   Study of electrochemical impedance spectroscopy (EIS). a Nyquist plot of V-0, V-1, V-2, and V-3electrode. b Bode plot V-0, V-1, V-2, 
and V-3. c Equivalent circuit diagram

Table 1   EIS analysis for electrodes V-0, V-1, V-2, and V-3

Samples 
name/param-
eters

Rs (Ω cm−2) C (F) Rct (Ω cm−2) W

V-0 5.06 6.039 × 10–5 38.11 0.2257
V-1 2.04 7.27 × 10–5 23.52 0.228
V-2 2.56 7.21 × 10–5 11.38 0.508
V-3 5.22 6.84 × 10–5 26.78 0.1957



Supercapacitor performance of vanadium‑doped nickel hydroxide microflowers synthesized…

1 3

Page 7 of 9  158

into γ-NiOOH [3, 50]. The maximum specific capacitance 
of electrodes V-0, V-1, V-2, and V-3 are 634, 733, 1339.8, 
and 573 F g−1 for a scan rate of 10 mV s−1. Specific capac-
itance at various scan rates is represented in Fig. 6c. From 
these results, it can be inferred that the specific capacitance 
increases as the doping concentration increases but after a 
certain concentration the specific capacitance decreases [51, 
52] 0.3% doping of vanadium has a better result as compared 
to other samples. The specific capacitance of 0.3% doping of 
vanadium is 1339.8, 905.2, 430, 252.7, and 189.44 F g−1 for 
scan rates 10, 20, 50, 80, and 100 mV s−1. The GCD graph 
of electrodes V-0, V-1, V-2, and V-3 is shown in Fig S2a–d 
at different current densities of 3.0, 4.0, and 5.0 mA cm−2. 

It reveals if the scan rate increases fast faradic redox reac-
tion is carried out which cannot sustain by inner active sites 
which decreases specific capacitance [53, 54]. The difference 
in potential between anodic and cathodic peaks increases as 
the scan rate is enhanced. This describes the polarization and 
surface diffusion control processes at the electrode–electrolyte 
interface [23]. The GCD analysis for V-0, V-1, V-2, and V-3 
samples is seen in Fig. 6 (b) at current densities of 3.0, mA 
cm−2. The specific capacitances for the electrodes V-0, V-1, 
V-2, and V-3 at 3.0 mA cm−2 are 357.6, 741.3, 1456.87, and 
603.12 F g−1, respectively. The values of specific capacitance 
for the V-3 electrode are 1456.8, 1441, and 1421.8 F g−1 at 
current densities of 3.0, 4.0, and 5.0 mA cm−2. A graph of 

Fig. 6   Supercapacitor study of Ni(OH)2 electrode for various depo-
sition times. a The relative study CV curves of V-0, V-1, V-2, and 
V-3 electrodes with scanning rate 10 mVs−1. b The relative study 
of GCD curves of Ni(OH)2 thin film for various deposition times 
at current density 3  mA  cm−2. c Comparison of scan rate and spe-
cific capacitance of electrodes V-0, V-1, V-2, and V-3 electrodes. d 

Comparison of current density and specific capacitance of electrodes 
V-0, V-1, V-2, and V-3 electrodes. e The plot of capacity retention vs 
cycle number of V-2 sample. Inset: first five (black) and last five (red) 
charging-discharging cycles of 2000 cycles. f The plot of peak current 
vs square root of peak current. g The graph of the Log of peak current 
vs Log of scan rate
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the change of specific capacitance for different current densi-
ties is displayed in Fig. 6d. Samples V-0, V-1, V-2, and V-3 
have energy density 24.80, 23.32, 32.37 and 13.40 Wh kg−1, 
respectively. Electrode V-2 has a maximum energy density of 
32.37 Wh kg−1 at a power density of 1000 W kg−1. Figure 6 (e) 
shows sample V-2 shows 88.5% retention after 1000 cycles at 
a scan rate of 100 mV s−1. Figure 6f shows a graph square root 
of scan rate vs peak current. The slope of this plot gives the 
rate of diffusion. The slope of samples V-0, V-1, V-2, and V-3 
is 4.14, 4.16, 5.95, and 3.79, respectively. So diffusion coeffi-
cients of all electrodes are 4.16 X 10–9, 4.63 × 10–9

, 5.12 × 10–9, 
and 4.54 × 10–9 cm s−1. Electrode V-2 has a maximum diffu-
sion coefficient which shows a larger rate of ion exchange. 
Figure 6g shows the graph log of scan rate vs the log of peak 
current. The slope of the graph shows the type of material. 
If the slope is less than 0.5, it shows battery type and if the 
slope is 1, it shows diffusion capacitive type behaviour [55]. So 
the slope of sample V-2 is approximately 0.5. Above analysis 
clear that the V-2 sample shows battery-type behavior. The 
structural, morphological, and structural study summarized 
as 0.3% doping of vanadium in Ni(OH)2 shows better results. 
This sample has a maximum specific capacitance of 1456 F 
g−1 at a C.D of 3 mA cm−2 and 1338 F g−1 at a scan rate of 
10 mV s−1. The value of the diffusion coefficient of this sam-
ple is also maximum. From the EIS study Rs and Rct value 
of the sample, V-2 is small which greatly affects supercapaci-
tor properties. The morphological properties also affect the 
electrochemical behavior of the material. Sample V-2 shows 
a larger size flower with ultrathin flakes which proved a larger 
area for electrode–electrolyte interaction. So, the V-2 sample 
shows enhance supercapacitor properties. Table 2 shows a 
comparisonal study between the present work and the issued 
literature work.

4 � Conclusion

Vanadium-doped nickel hydroxide micro-flowers were suc-
cessfully deposited by the chemical bath deposition method 
using nickel sulphate hexahydrate and vanadyl sulphate 

precursor. A hexagonal crystalline structure of Ni(OH)2 was 
verified by XRD. But interlayer distance increases which 
approve the presence of vanadium in between layers. In the 
FT-IR study peak at 1023, 923 cm−1 approves the occur-
rence of the V=O bond. Morphology would not be majorly 
affected by variation of doping concentration but size, the 
number of flowers deposited and the thickness of nanoflakes 
change. The maximum specific capacitance of the V-2elec-
trode is 1339.8 F g−1 from CV at 10 mV s−1 scan rates. The 
maximum specific capacitance of the V-2 electrode is 1456.8 
F g−1 from GCD at the current density of 3.0 mA cm−2. EIS 
study shows that electrode V-2 has the lowest charge trans-
fer resistance (Rct). The diffusion coefficient of electrode 
V-2 is 5.12 × 10–9 cm s−1 showing the maximum rate of ion 
exchange with electrolyte. Sample V-2 shows 88.5% reten-
tion after 1000 cycles at a scan rate of 100 mV s−1. Based 
on the results, it is concluded that 0.3% vanadium doping 
enhances the electrochemical supercapacitor performance 
in terms of specific capacitance and stability.
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