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Abstract
In this investigation, nickel hydroxide Ni(OH)2 based nanostructured materials were synthesized by simple and low cost 
free template hydrothermal method at two different growth temperatures with and without SDS surfactant. The X-ray 
diffraction, Raman spectroscopy and field emission scanning electron microscopy analysis confirmed the formation of 
β-Ni(OH)2 pure brucite crystalline phase in spherical nanoparticle morphology with an average diameter ranging from 8 
to 27 nm. In the second step, these nanospherical agglomerated hydroxide particles with activated carbon addition were 
performed as electroactive materials deposited on nickel foam current collector as working electrodes. The electrochemi-
cal tests in a three-electrode configuration using 6 MKOH electrolyte show that the best electroactive NPs (βbc-Ni(OH)2 
and β-Ni(OH)2 obtained at optimized conditions, have a maximum specific capacitance (Cs) of 4697 F g−1 and 3431 F g−1 
at 5 mV s−1 scan rate with a specific capacity (Qs) of 744 mAh g−1 and 618 mAh g−1 at 1 A g−1 current density with an Rs of 
about 0.24 and 0.28 Ω, respectively. At 30 A g−1 after 1700 cycles, the coulombic retention is around 99.06% (or capacity 
retention 109 mAh g−1), demonstrating remarkable cycling stability for Ni based hydroxide.
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1  Introduction

Transition metal hydroxides and oxides at nanoscale with 
different morphologies such as nanoparticles, nanowires, 
nanotubes, nanorods, nanoflowers and nanoflakes consti-
tute an interesting research area in various technological 
applications mainly in nano-electronic devices, energy 
storage, nanosensing, etc. [1–3]. This is associated with 
their nanosize dependent novel physico-chemical prop-
erties, enhancing their effective surface area and conse-
quently maximizing their reactivity.

Recently, nickel hydroxides and oxides have attracted 
great attention due to their potential applications in thin-
film batteries, electrochromic films, optical materials, fuel 
cell electrodes, bio-sensing, photocatalysts and electro-
chemical supercapacitors. Also, nickel hydroxide “Ni(OH)2” 
has shown an excellent electrochemical properties these 
last years, including high power density, excellent cycla-
bility and high specific energy; which make it good can-
didate for many applications specially in batteries [4, 
5] and supercapacitors [6, 7]. Indeed, there is two poly-
morph Ni-Hydroxides: α- and β-Ni(OH)2, with an hexagonal 

Fig. 1   (Left) The β-Ni(OH)2 crystal structure represented by a unit cell projection and b ball-and-stick unit cell. (Right) the α-Ni(OH)2·xH2O 
ideal crystal structure represented by a unit cell projection and b ball-and-stick unit cell [11]
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layered structures as shown in Fig. 1 [8, 9]. Even though, 
the α-phase presents higher theoretical electrochemical 
capacity, it is a metastable turbostratic phase that rapidly 
changes to the β-phase during the synthesis or in strong 
alkali media. Therefore, the β-phase is a better candidate 
for electrochemical material due to their chemical and 
thermal stability. β-Ni(OH)2 is usually oxidized to β-NiOOH 
in a charge process and has a maximum theoretical spe-
cific capacity of 289 mAh g−1 [10].

Some previous works reported the remarkably high 
specific capacitances of Ni(OH)2 as electrodes in super-
capacitors, for instance, N. Parveen and M.H. Cho syn-
thesized 3D flower-like β-Ni(OH)2 with specific capaci-
tance of ~ 1567 F g−1 at a current density of 1 A g−1 with 
a solvothermal method based on “bottom up” approach 
chemistry [12]. Also, N. Naveen and C. Park have fabricated 
β-Ni(OH)2 nanoplatelets via dendrimer assisted growth 
on graphene using hydrothermal method with specific 
capacitance of 2043 F g−1 at 5 mV s−1 [13]. Moreover, Y. 
Zhu and C. Cao have obtained α-Ni(OH)2 nanosheets via 
microwave-assisted liquid-phase growth under low-tem-
perature atmospheric conditions with a specific capaci-
tance of 4172.5 F g−1 at 1 A g−1 current density [14].

In this framework, we present in this investigation, the 
synthesis of nickel hydroxides Ni(OH)2 using simple and 
low-cost free template hydrothermal method at two differ-
ent growth temperatures with and without SDS surfactant. 
After that, we have systematically studied the effect of 
activated carbon (AC, 800 m2 g−1) addition to these β-Ni 
(OH)2 products on their mixing electrochemical perfor-
mance through cyclic voltametric (CV), Galvanostatic 
charge–discharge (GCD) and electrochemical impedance 
spectroscopy (EIS) tests.

2 � Experimental procedure

2.1 � Synthesis of Ni(OH)2 electroactive nanoparticles 
“NPs”

In a typical synthesis of Ni hydroxide NPs “β-Ni (OH)2”, 
3 mM of NiCl2·6H2O was dissolved in distilled water and 
10 ml of NaOH aqueous solution was added in the solu-
tion. Then, 6 mM of Sodium dodecyl sulfate (SDS) sur-
factant was added in the final solution which was stirred 
after that for 1 h. The obtained green solution was then 
sealed into a 40 mL Teflon-lined stainless steel autoclave 
and placed in a preheated oven at two different growth 
temperatures (100 and 160 °C) during 24 h. Next, the fine 
green gel was filtered washed with distilled water and 
ethanol for several times to reach neutral pH. Finally, the 
collected powder was dried at 80 °C for all the night.

2.2 � Working electrode preparation

The synthesized β-Ni(OH)2 NPs deposited on Nickel 
foam (serving as a current collector with areal density of 
420 g m−2 as well as diameter and thickness of 1.6 mm 
and 0.2 mm, respectively) “NiF/Ni(OH)2” were prepared 
by mixing these obtained hydroxide based electroactive 
products with carbon black “CB” and/or activated carbon 
“AC” (porous carbon with 800 m2 g−1 specific surface area) 
(5 wt% CB and 5 wt% AC, or just 10 wt% CB) and polyvi-
nylidene difluride (PVdF) as a binder in a weight ratio of 
80:10:10. Nickel foam was covered by this mixture over 
1 cm2 working electrode area which was dried at 60 °C 
during all the night. According to synthesis condition and 
electrode preparation, each sample was named as follow:

2.3 � Characterization techniques

The product structure were firstly characterized by powder 
X-ray diffraction (XRD) using an X′ Pert PRO diffractometer 
(PANalytical BV, Netherlands) with theta/2theta geometry, 
operating with Cu-Kα. The mean crystallite size was calcu-
lated through the Debye–Scherer equation:

Where D is the mean crystallite size of the obtained product; 
λ is the wavelength of Cukα (1.54056 Å); β is the full width at 
half-maximum (FWHM) of the intense peak; θ is the Bragg’s 
diffraction angle and K is a constant usually equal to 0.9 [15].

The products morphology has been analyzed by Field 
Emission Scanning Electron Microscopy (FESEM) using 
Zeiss Ultra Plus 55 operating at 2 kV. For the FESEM analy-
sis, the products were fixed directly on the sample holder 
by a graphite paste and prior to all analyses the samples 
were covered by a thin layer of carbon in order to avoid 
any problems of charge effect.

The Raman measurements were performed using a 
JobinYvon Horiba TX 6400 micro-Raman spectrometer 
equipped with a triple monochromator system to eliminate 
contributions from Rayleigh lines. All the samples were excited 
with the 514 nm line of an argon laser with a power of 1.5 mW.

Electrochemical measurements were performed using 
a Gamry instrument (Reference 600™ Potentiostat/Galva-
nostat/ZRA) with a three-electrode experimental cell in 
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6 M KOH aqueous electrolyte. Hg/HgO and Pt electrodes 
were used as the reference and the counter electrodes, 
respectively. Cyclic voltammetry (CV) and galvanostatic 
charge discharge (GCD) experiments of these mixed 
products were carried out in the positive potential range 
from 0.6 V to0 V (vs. Hg/HgO), at different scan rate from 
1 to 100 mV s−1 and at different current density from 1 to 
100 A g−1, respectively. Electrochemical impedance spec-
troscopy (EIS) was performed in the frequency range of 
0.1 Hz–100 kHz at an open circuit.

The specific capacitance (Cs) and capacity (Qs) is usually 
calculated from CV and CD curves, respectively, according 
to the following equations [16]:

where IdV (mA V), indicates the integrated area under the CV 
curve, v is the scan rate (mV s−1), ΔV (V) indicates the voltage 
window, I (A) is the current, Δt (s) is the discharge time, m (g) 
represents the mass loading of electroactive material.

3 � Results and discussion

3.1 � Structural and morphological properties of Ni 
hydroxide based electroactive products

Figure 2 shows the XRD patterns of the as prepared sam-
ples under different hydrothermal conditions. These pat-
terns clearly show the formation of selective β-Ni(OH)2 

(2)
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phase according to the JCPDS Card [No 14-0117]. A few 
distinguishing features of these XRD patterns are for the 
corresponding peaks to all reflections found with sample 
(NiOH-3); which are considerably broadened compared 
to those in samples (NiOH-1) and (NiOH-2), indicating 
the poor crystallinity of the product which has crystalline 
badly «bc» form and hence named as βbc–Ni(OH)2 [17–19]. 
The mean crystallite size calculated according to Eq. (1) is 
found to be around 18 nm, 20 nm and 6 nm for the sam-
ples (NiOH-1), (NiOH-2), (NiOH-3) respectively, confirming 
thus the formation of the nanocrystalline structure. The 
broaded peaks found with NiOH-3 confirm the obtained 
low crystallite size of particles.

Table  1 compares the mean crystallite size of the 
obtained Ni(OH)2-NPs with others from the literature. From 
this table, we can clearly see that our results obtained by 
hydrothermal method with the optimized parameters 
show the lower mean crystallite size in the range 6–20 nm 
in comparison with the literature. 

Figure 3 illustrates Raman spectra of these obtained 
Ni based hydroxides which confirm the β-Ni(OH)2 and 
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Fig. 2   XRD patterns of the β-Ni(OH)2 hydroxides synthesized in dif-
ferent hydrothermal conditions

Table 1   Mean crystallite size of Ni(OH)2-NPs synthesized with differ-
ent process and at different conditions (evaluated from the Debye–
Scherer equation)

Synthesis procedure [References] Crystal-
lite size 
(nm)

Precipitation [19] 36.5
Electrodialysis [20] 35
Hydrothermal [21] 45.8
Our condition (hydrothermal) 6–20
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Fig. 3   Raman spectra of the obtained β-phase Ni(OH)2 hydroxide 
using hydrothermal method at different conditions
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βbc-Ni(OH)2 structural phase formation according to the 
literature [20, 22]. So, the obtained peaks at 312 and 
447 cm−1 can be ascribed to the E-type vibration of the 
Ni–OH lattice and the Ni-O stretch, respectively. An addi-
tional peak around 484 cm−1 is observed just for NiOH-3 
sample and can be ascribed to Ni–O stretching vibration 
of Ni+2 species associated with O−2 for βbc-Ni(OH)2 phase 
which is consistent with the XRD results.

Morphological characteristics of these Ni based 
hydroxide products were investigated by FESEM micros-
copy, as shown in Fig. 4. The observed morphology is 

spherical-like NPs in agglomerate nanoclusters. The 
nanoparticle size distributions found by measuring max-
imum diameters of more than 100 NPs are also shown 
in the right of the corresponding FESEM micrographs.

The average nanoparticles size was found to be 
around 22 nm, 27 nm, 8 nm for (a), (b) and (c), respec-
tively. We can clearly see that the addition of SDS as a 
surfactant and the growth temperature played a signifi-
cant role in decreasing hydroxide NPs diameter.

Fig. 4   FE-SEM micrographs of 
β-Ni(OH)2 hydroxides synthe-
sized at different hydrothermal 
conditions: a 160 °C/24 hwith 
SDS “Ni(OH)-1”, b 160 °C/24 h 
“Ni(OH)-2” and c 100 °C/24 h 
“Ni(OH)-3”
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3.2 � Electrochemical measurements

3.2.1 � Cyclic voltammetry results

Cyclic voltammetry (CV) test is considered as a suitable 
tool to indicate the capacitive behavior of an electroactive 
material. Figure 5 shows the obtained CV curves of the 
synthesized β-Ni(OH)2 at different experimental conditions 
with and without AC in 6 M KOH electrolyte at different 
scan rate from 1 to 100 mV s−1 at the positive potential 
range from 0 to 0.6 V (vs. Hg/HgO reference electrode). 
The shape of these CV curves indicates clearly the faradic 
or redox behavior different from the electric double layer 
capacitance (EDLC) behavior in which the shape is nor-
mally close to an ideal rectangular shape [23–25]. We can 
observe in all CV curves the redox pair peaks around 0.3 V 
and 0.5 V, corresponding to the following electrochemical 
reaction which confirms a pseudocapacitive mechanism 
according to the Ref. [26]:

The anodic and cathodic peaks potential shift to more 
positive and negative positions, respectively. It should be 
noted also that the current increases with increasing the 
scan rate and the CV curves shape change accordingly.

More precisely, Fig. 6a, b display the CV curves of these 
mixed electroactive materials (with and without AC) at 
5 mV s−1 scan rate where we can clearly see their effect 
on the resultant current. Note that the CVs of mixed 
β-Ni(OH)2/AC electrodes have higher current response 
and larger surface area than those of the pure hydrox-
ide, which suggests that the specific capacitance of elec-
troactive materials is higher. Also, a linear relationship 
is observed (Fig. 6d) between the peak current and the 
scan rate square root which demonstrates that this redox 
faradic reaction is controlled by proton diffusion [27, 28]. 
The enhanced performance of NiOH2/AC can be attributed 
to the improved electrical conductivity, facilitated ion 
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Fig. 5   Cyclic voltammograms of hydroxide samples at different scan rate
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transport and diffusion rate [29]. However, the potential 
difference (ΔE = EOxy − ERed) is taken as a measure of the 
redox reaction reversibility; smaller value, more reversibil-
ity. Figure 6d shows the dependence of the ΔE values on 
the sweep rate. These values are significantly increasing 
for electrode NiOH-1, NiOH-1/AC, NiOH-2 and NiOH-2/AC 
at faster scan rates, unlike NiOH-3 and NiOH-3/AC based 
electrodes. Therefore, products with least ΔE (< 200 mV) 
are more reversible than the others; this is in accordance 
with Ref. [30, 31].

The specific capacitance of these products was calcu-
lated using (Eq. 2) and represented in Fig. 7. We confirm, 

as already reported in the literature, that the capacitance 
decreases with the increase of scan rate. This decrease 
may be explained by referring to the diffusion effect, that 
is to say, the inner active sites in the electrode are inac-
cessible at high scan rates [32, 33]. In the case of NiOH-3, 
the product has the highest specific capacitance value 
about 4697 F g−1 at 5 mV s−1. Consequently, this is due 
to the fact that the electrochemical performances of βbc-
nickel hydroxide are higher than that of β-nickel hydroxide 
[19–34]. These values are higher than those obtained in 
literature for other hydroxide nanocomposites [14, 16, 33, 
35–40] (as summarized in Table 2).

Moreover, the presence of nickel hydroxide can produce 
the Faradaic pseudo-capacitance; at the same time, acti-
vated carbon with his high specific area can provide both 
a large double layer capacitance and an excellent conduc-
tivity, thus the specific capacitance of this electroactive 
material, as combination of double-layer capacitance and 
Faradaic pseudocapacitance, can be promoted greatly 
more with NiOH-1 and -2 [41].

3.2.2 � Galvanostatic charge–discharge results

To better understand the electrochemical properties of 
these produced hydroxides, the charge–discharge behav-
ior was performed, as shown in Fig. 8a. These obtained 
curves are similar and show a significant deviation from a 
straight and flat line, indicating that the capacity mainly 
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comes from the Faradaic redox reactions confirming the 
previous results. The discharge specific capacity of the 
obtained samples at different current density ranging from 
1 to 100 A g−1 were calculated using (Eq. 3) and depicted in 
Fig. 8b. Evidently, it presents already a diminution in values 
as a function with current density also we can say that the 
AC plays an important role.

The electrochemical charge storage capacity of nickel 
hydroxide is strongly correlated to the extent of structural 
disorder where crystalline samples exhibit poor electro-
chemical activity.

At a fixed discharge current density, the longer the 
discharge time is, the greater the corresponding specific 
capacity [32]. As shown in Fig. 8a, the NiOH-3 and NiOH-2/
AC based electrodes exhibits the highest specific capac-
ity which is consistent with the CV result, suggesting the 
remarkably improved electrochemical performance of this 
pure and mixed material.

3.2.3 � Electrochemical impedance spectroscopy results

To extensively characterize the electrochemical proper-
ties of these synthesized hydroxides and their mixing 
with AC, electrochemical impedance spectroscopy “EIS” 

over the frequency range of 0.1 to 100 kHz in 6 M KOH 
solution was measured in an open circuit potential (Eoc). 
Figure 9 shows their Nyquist plots with similar shape; 
they display a linear part in the low-frequency region 
and a small semi-circle in the high-frequency region.

The Nyquist plots are fitted to their specific electronic 
circuit model as shown in the figure; where Rs stands 
for the equivalent series resistance related to the ionic 
resistance of the electrolyte: the intrinsic resistance of 
the substrate and the contact resistance at the active 
material/current collector interface (equivalent to high 
frequency intercept on the real Z or x axis); L is the self-
inductance related to electrical connections [42]; W is a 
Warburg impedance arising from a diffusion-controlled 
process at low frequency; Rct is the charge transfer resist-
ance of the double-layer capacitance [43] and the con-
stant phase element (CPE, Q) was used to replace the 
double-layer capacitance (Cdl) because of the deviation 
from an ideal capacitor [44]. Moreover, the straight line 
found with angle lower than 45° for all samples is the 
capacitative behavior characteristic under diffusion 
control. However, the difference in straight lines slopes 
represents the diffusive resistance [42].

Table 2   Specific capacitance of some Ni hydroxide depending to the synthesis method, electrolyte and position of our results

Electroactive material Synthesis method Electrolyte Cs (F g−1) References

β-Ni(OH)2 Exfoliation-free sol–gel route 6 M KOH 1735 (5 mV s−1) [35]
α-Ni(OH)2 Microwave-assisted method 6 M KOH 4172.5 (1 A g−1) [14]
α-Ni(OH)2 Electrodeposition 1 M KOH 2424 (2 mV s−1) [16]
MWCNT/amor-Ni(OH)2 Coordinating etching and precipitating 1 M KOH 1540 (5 mV s−1) [36]
β-Ni(OH)2 Hydrothermal 2 M KOH 1295 (5 mV s−1) [33]
Ni(OH)2/GN Plasma-enhanced CVD 1 M KOH 1667(5 mV s−1) [37]
α-Ni(OH)2/G Microwave-assisted method 6 M KOH 1735(1 mV s−1) [38]
Ni(OH)2/GN In situ crystallization 6 M KOH 1444(5 mV s−1) [39]
Ni(OH)2/rGO/NF Oxidization and exfoliation 6 M KOH 1433(5 mV s−1) [40]
β-Ni(OH)2 Hydrothermal 6 M KOH 4697 (5 mV s−1) Our work
β-Ni(OH)2/AC 3431(5 mV s−1)

Fig. 8   a Galvanostatic charge–
discharge curves at 1 A g−1, b 
specific capacity as a function 
of the scan rate for β-Ni(OH)2 
products with and without AC
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Based on this simulation, the calculated values for 
equivalent series resistance and charge transfer resistance 
are shown in Table 3. It is found that the mixing based of 
β-Ni(OH)2 and AC display smallest Rs and Rct values than 
that pure one without AC; which is consistent with the 
CV and CD results indicating the lower electrode intrin-
sic resistance with better ability of storing charges. Also, 
we can say that these values are smaller than those men-
tioned in the literature [45, 46]. The low transfer resistances 
indicated that our simple strategy of AC addition could 
effectively enhance the conductivity and facilitate the 
redox reactions at the electrode/electrolyte interface.

3.2.4 � Electroactive mass loading effect

To investigate the effect of electroactive mass on the 
electrochemical performance of our products; EC meas-
urements have been carried out with different loading 
mass and were compared with previous results (NiOH-1, 
NiOH-3 and NiOH-3/AC). The new electrodes were labeled 
by mass: 3.3 mg NiOH-1, 7 mg NiOH-3, 1.2 mg NiOH-3/AC. 
Their CVs also showed the characteristic peaks assigned 
to Faradic reactions (Fig. 10a–c). We can see clearly that 
the current decreases with increasing the Ni(OH)2 mass, 
consistent with the diminution of discharge duration (see 
Fig. 10d–f ) and slightly increase in the internal resistance 
as shown in Fig. 10g–i.

The specific capacitance of these electrodes at differ-
ent scan rates were calculated according to the Eq. (2) and 
illustrated in Fig. 10g–i. The specific capacitance found 
with 3.3 mg NiOH-1, 7 mg NiOH-3 and 1.2 mg NiOH-3/
AC at 5 mV s−1 are 546 F g−1, 84 F g−1 and 1220 F g−1 while 
it’s up to 1467 F g−1, 4697 F g−1 and 1807 F g−1 for NiOH-
1, NiOH-3 and NiOH-3/AC, respectively, with 1 mg weight 
(see Fig. 11).

Moreover, the CD curves confirm that the electroactive 
product with less loading mass has the longer discharge 
time, so the highest specific capacity. So, with increasing 
the loading mass, the capacity decreased and the reason 
may be due to “more mass, so, large electroactive material 
thickness and high resistance for a fixed electrode size” 
[47]. Therefore, it can stated that the additional β-Ni(OH)2 
nanoparticles, especially for those located far away from 
the NiF surface, do not actively participate in pseudoca-
pacitive reactions [48].

3.2.5 � Cycling performance

Cycling stability is another important parameter for evaluat-
ing the electrochemical performance of our hydroxides for 
supercapacitor lifetime. Figure 12 displays the discharge spe-
cific capacity retention and the Coulombic efficiency for two 
of our products NiOH-2 and NiOH-3/AC as a function of the 
cycle number at 30 A g−1 constant current density. As shown 
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Fig. 9   Nyquist plots of β-Ni(OH)2 NPs based electrodes with and without AC, (right) equivalent fitting circuit and impedance at high fre-
quency region

Table 3   Equivalent series 
“Rs” and charge transfer “Rct” 
resistances of our β-Ni(OH)2 
products with and without AC

NiOH-1 NiOH-1/AC NiOH-2 NiOH-2/AC NiOH-3 NiOH-3/AC

Rs (Ω) 0.37 0.28 0.67 0.38 0.24 0.23
Rct (Ω) 0.42 0.37 0.68 0.32 0.49 0.43
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in this figure, the specific capacity of these two products ini-
tially increases and then becomes almost constant after 600 
cycles (slight decrease with number of cycles for NiOH-3/
AC). After 1700 cycles, the coulombic efficiency retention 
is around 99.06% (103 mAh g−1) and 99.05% (109 mAh g−1), 
for NiOH-2 and NiOH-3/AC, respectively, indicating an excel-
lent long-term stability for this kind of electroactive Ni based 
hydroxide.

4 � Conclusion

The hydroxide spherical agglomerate nanoparticles β-phase 
Ni(OH)2 and βbc-Ni(OH)2 with a low average size ranging from 
8 nm to 27 nm were successfully synthesized via a simple and 
low cost free template hydrothermal method. The structural 
study confirmed the obtention of β-Ni(OH)2 pure brucite crys-
talline phase in spherical nanoparticle morphology. Evidently, 
the additions of SDS as a surfactant and the growth tempera-
ture have played a significant role in decreasing hydroxide 
NPs diameter. The incorporation of activated carbon (AC) to 
these nanoparticles (βbc-Ni(OH)2 and β-Ni(OH)2) have shown 
enhancement in the capacitance of the electroactive material 
in the second case, the electrolyte–electrode accessibility and 
their conductivity. The electrochemical properties exhibited 
a very high specific capacitance (capacity) around 4697 F g−1 
(744 mAh g−1) and 3431 F g−1 (618 mAh g−1) at a scan rate 
of 5 mV s1 (or at current density of 1 A g−1), for NiOH-3 and 
NiOH-1 AC, respectively. Consequently, our results showed 
that the synthesized materials demonstrated an excellent 
cycle life with a coulombic efficiency of 99.5% after 1700 
cycles at a 30 A g−1 current density. These values are higher 
than those obtained in literature for other hydroxide nano-
composites suggesting their highly promising application in 
supercapacitors field.
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