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16 Abstract: Nano-sized bimetallic Nickel-Cobalt hydroxide [NiCo(OH)4) with a 1:1 Co/Ni 

17 atomic ratio was synthesized via a surfactant-free co-precipitation-hydrothermal method, 

18 where the solution pH was systematically varied to direct structural evolution. The growth 

19 process begins with the nucleation of hydroxide nanoplates, followed by dissolution and 

20 recrystallization into stacked, hexagonal, disc-like architectures. Among the prepared samples, 

21 the material synthesised at pH 9.0 exhibited the most favourable electrochemical behaviour, 

22 delivering a high specific capacitance of 621 F g-1 at 0.5 A g-1 and retaining 400 F g-1 at 10 A 

23 g-1, surpassing samples obtained at pH 8.0, 10.0, and 11.5. Morphological, structural, and 

24 spectroscopic characterisations confirmed that the enhanced performance of NCH-2 arises 

25 from its porous nanostructure, defect centres, and improved ion/electron transport kinetics for 

26 energy storage applications.
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27 Keywords: Co-precipitation/hydrothermal synthesis, pH value, surface morphology, Defect 

28 sites.

29 1. Introduction:

30 Energy demand has increased rapidly in recent years. The need for alternative and green energy 

31 sources arises from the depletion of fossil fuel reserves and the resulting carbon emissions from 

32 their use 1,2. To address these issues and keep up with the always-rising need for energy, 

33 renewable energy sources, including wind, solar, and hydroelectricity, should be encouraged.  

34 Due to the intermittent nature of these renewable resources, efficient energy storage systems 

35 must be improved. Among various energy storage systems, electrochemical energy storage is 

36 most widely used due to its high efficiency, long cycle life, and design versatility. It mainly 

37 includes secondary ion batteries and supercapacitors, the latter comprising electric double-

38 layer capacitors (EDLCs) and pseudo-capacitors (PCs). EDLCs store charge through ion 

39 adsorption at the electrode-electrolyte interface, offering excellent cycling stability but low 

40 capacitance (~100 F g-1). PCs, in contrast, involve fast surface redox reactions, yielding 10-50 

41 times higher capacitance but limited stability. Carbon-based materials are commonly employed 

42 for EDLCs, while transition metal oxides such as RuO2 and IrO2 serve as high-capacitance PC 

43 electrodes despite cost constraints. Therefore, the first-row transition metal layered hydroxides, 

44 particularly Co and Ni hydroxides, have been the subject of many studies 3,4. Better specific 

45 capacitance and rate capacity have been reported for hydroxides compared to oxides 5. Our 

46 group has reported significant oxygen vacancies in α-FeCo2(OH)6, which may act as functional 

47 centres for charge storage 6. In addition to the defect, crystallinity and crystal structure (space 

48 group-P-3m1) 7, morphology consisting of surface area to volume ratio 8, average pore size and 

49 size distribution 9, accessibility of redox-active sites, and mass transport channels 10 affect the 

50 electrochemical performance of an electrode material. It has been reported that these 

51 parameters can be tuned by varying the synthesis parameters during hydrothermal synthesis of 
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52 electrode materials. Among the synthesis parameters, reaction temperature, hydrothermal time, 

53 pH of the solution, and reaction chemistry can be varied to achieve suitable material parameters 

54 for the best electrochemical properties11–13. Transition metal hydroxides such as NiCo(OH)4 

55 (NCH) crystallise in α, β, and γ phases, where the β-phase (P3̅m1) is stable, the α-phase is 

56 metastable, and the γ-phase is unstable. The α-phase, with a larger interlayer spacing (~7 Å), 

57 facilitates ion intercalation/deintercalation, enhancing capacitance. During cycling, α→β 

58 transformation occurs, while overcharging may reverse it. Co(OH)2 exhibits a high theoretical 

59 capacitance (~3600 F g-1). In bimetallic hydroxides, synergistic interactions between metal ions 

60 enhance electrical conductivity, ion diffusion, and active site density. For example, 

61 FeCo2(OH)6 with oxygen vacancies on Co sites shows improved redox activity, demonstrating 

62 that bimetallic synergy significantly boosts electrochemical performance. 

63 It is well reported in the literature that α-TM hydroxide samples exhibit better initial energy 

64 density but demonstrate poorer cyclic stability and rate capability than β-TM hydroxides. [Yin 

65 et al. 14, Akhtar et al.15  Rajkamal et al.16]. Yi et al.17 have reported that α/β phase synergies 

66 lead to improved electrochemical performance. Optimized α/β mixed-phase samples show 

67 enhanced capacity and superior capacity retention (~108 % after 1000 cycles at a current 

68 density of 20 mA cm-2) compared to ~ 50 % in the α-phase and ~ 87 % in the β-phase. The 

69 improved performance is attributed to the more stable structure and better electrical 

70 conductivity of the β-phase, along with the higher interlayer spacing in the α-phase, which 

71 facilitates efficient ion intercalation and charge transport. These combined effects are likely 

72 responsible for the superior electrochemical performance observed in the α/β mixed-phase 

73 sample in this study. Akhtar et. al. has synthesised nanoflowers of Ni(OH)2 and have achieved 

74 high capacitance of 1511 F g-1 at a current density of 10 mA cm-2 and 100 % capacity retention 

75 after 5000 cycles at 50 mA cm-2. The cyclic stability is higher for the mixed phase than both α 

76 and β pure phases. These studies propose a synergy between better phase stability of β phase 
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77 and higher initial capacitance of α phase; which in optimised ratio results in good initial 

78 capacitance and higher cyclic as well as rate efficiencies, as observed in this study.

79 In current study, NiCo(OH)4 (NCH) samples prepared under systematically varied pH 

80 conditions demonstrated marked differences in specific capacitance, highlighting the crucial 

81 role of synthetic control in achieving high-performance electrode materials. This approach 

82 underscores the importance of defect engineering and tailored nanostructure in advancing 

83 bimetallic hydroxide-based energy storage technologies. The pH of the reaction medium during 

84 synthesis plays a crucial role in influencing the morphology, defect concentration, structural 

85 stability, and electrical conductivity of the resulting materials. These factors directly affect the 

86 electrochemical performance, including specific capacitance, cyclic stability, and rate 

87 capability. 

88 Recent studies have highlighted that optimizing the pH conditions can significantly enhance 

89 electrochemical properties. For instance, Bhatt et al. 18 reported that controlled pH conditions 

90 lead to improved specific capacitance (~3061 F g⁻¹ at 0.5 A g⁻¹), excellent cyclic stability (~ 

91 99% retention after 5000 cycles), and superior rate capability in Ni-Co-based hydroxide 

92 systems. Similarly, Wang et al. 19 demonstrated that pH tuning influences the preferential 

93 growth direction and morphology of Ni-Co-Mn hydroxide nanostructures, which in turn 

94 enhances electrochemical performance. These studies clearly indicate that careful control of 

95 synthesis parameters such as pH is essential for optimizing electrochemical behavior. Hu et al. 

96 20 synthesized layered double Ni-Co hydroxide nanosheets by optimizing the pH conditions. 

97 The optimized material exhibited excellent electrochemical performance, delivering a high 

98 energy density of ~ 48.57 Wh kg⁻¹ at a power density of 800 W kg⁻¹, along with nearly 100 % 

99 capacity retention after 10,000 cycles at a current density of 10 A g⁻¹. Xiang-Yu You et al. 21 

100 reported the synthesis of transition metal hydroxides using a metal tetrafluoroborate precursor. 

101 In their study, the pH of the reaction medium was carefully controlled by varying the 
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102 concentration of 2-methylimidazole, which effectively induced precipitation and influenced 

103 the structural evolution of the material. These studies further emphasize that controlled pH 

104 conditions during synthesis play a crucial role in tailoring morphology, structural properties, 

105 and ultimately enhancing electrochemical performance.

106 We establish a correlation between pH-dependent structural features and electrochemical 

107 performance. By combining structural characterization with detailed kinetic analysis using 

108 Dunn’s model, the study reveals how an optimized balance between diffusion-controlled and 

109 capacitive contributions governs the superior performance of the NCH (pH-09) sample. This 

110 work provides deeper insight into the role of pH in tuning ion transport, defect states, and 

111 charge storage mechanisms, which is not extensively addressed in previous reports.

112 NCHs nanostructures with varying proportions of α and β phases were synthesised 

113 hydrothermally using ammonia hydroxide to adjust solution pH to 8.0, 9.0, 10.0, and 11.5, 

114 resulting in samples labelled NCH-1, NCH-2, NCH-3 and NCH-4 respectively. The sample 

115 formed at pH 9.0 (NCH-2) displayed the most favourable electrochemical properties, achieving 

116 a specific capacitance of 1230 F g-1 at 5 mV s-1, which was significantly higher than the other 

117 samples. Galvanostatic charge-discharge (GCD) measurements further confirmed its superior 

118 rate capability, delivering 622 F g-1 at 0.5 A g-1 and 400 F g-1 at 10 A g-1. Detailed 

119 characterisation demonstrated that its enhanced performance is due to a higher density of 

120 structural disorder/defect sites such as cobalt vacancies and oxygen interstitials, which 

121 facilitate efficient charge storage and ideal ion diffusion. The enhanced electrochemical 

122 kinetics of the NCH series are consistent with recent advancements in defect engineering for 

123 transition metal hydroxides. Recent reports by Gao et al.22 highlight that the introduction of 

124 structural defects effectively tunes the electronic structure and enhances carrier concentration, 

125 thereby providing additional extrinsic pseudo capacitance. Furthermore, Bhatt et al. 23 have 

126 identified that oxygen vacancies and lattice distortions in nickel-cobalt nanostructures act as 
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127 catalytic centres that lower charge transfer resistance and optimize ion adsorption. 

128 Consequently, the structural disorder inferred from our XRD and electrochemical data suggests 

129 a high density of active sites, facilitating the superior rate performance of the NCH-2 electrode. 

130 A comparison of the electrochemical performance of the sample NCH-2 with other bimetallic 

131 hydroxide and oxide materials without complex compositional modifications reported in the 

132 literature is shown in Table S1.

133 2. Experiments section:

134 2.1. Materials: 

135 Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O) and Nickel nitrate hexahydrate 

136 (Ni(NO3)2·6H2O) were procured from LOBA CHEMIE PVT.LTD. India. Ammonium 

137 hydroxide (NH4OH, 25% NH3) and Potassium hydroxide (KOH) were obtained from Sigma-

138 Aldrich (Lyon, France), and Emplura/Merck life science PVT.LTD. respectively. Chemical 

139 reagents are analytical grades and were used as received without further purification. Double 

140 distilled water was used throughout the experiments.

141 2.2 Synthesis process:

142 A Co-precipitation/hydrothermal method was used to synthesized Nano-sized bimetallic 

143 NiCo(OH)4 (NCH) using ammonia hydroxide (NH4OH, 25%) to adjust solution pH to 8.0, 9.0, 

144 10.0, and 11.5, resulting in samples labelled NCH-1, NCH-2, NCH-3 and NCH-4 respectively. 

145 A standard process involved dissolving 1.48 g of (Nickel and cobalt (1:1)) nitrate hexahydrate 

146 in 60 mL of Deionised (DI) water. Add respective amount of NH4OH dropwise in above 

147 solution and to ensure complete mixing, the solution was then magnetically stirred for 1 hour.  

148 The resultant suspension was put into a stainless-steel autoclave lined with Teflon and heated 

149 for 4 hours at 120°C. To get the final powder samples, the precipitate was collected after 
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150 naturally cooling to room temperature, extensively cleaned many times with ethanol and DI 

151 water to get rid of any remaining ions and contaminants, and then dried at 70 °C overnight.

152 2.3 Characterizations:

153 Synchrotron X-ray diffraction (SXRD) was used to study the crystallographic phases, particle 

154 size, and microstructure in the synthesised powder samples. At Indian synchrotron Indus-2, the 

155 synchrotron measurements were performed on an Angle Dispersive X-ray Diffraction beamline 

156 (BL-12) with x-ray wavelength of 0.719 Å 24. The morphology and the composition were 

157 analysed by FESEM and EDX, respectively (Model: JSM-7610F). FESEM images were 

158 captured for the Powder samples. Furthermore, The Oxidation states were confirmed by XPS 

159 analysis (Model: Thermo Fisher Scientific Escalab Xi+). While Electrochemical measurements 

160 (CV, GCD, EIS) were conducted using Platinum mesh as counter electrode and Saturated 

161 Calomel as reference electrode in the Biologic SAS, SP-150e (3-electrode Workstation) and 

162 CR 2032 Coin cell measurement by done by Bio-logic SAS Battery health cycler system at 

163 Battery Fabrication Lab, UPES Dehradun.

164 3. Results and discussions: 

165 3.1 X-ray Diffraction Pattern:  

166 Figure 1 presents the XRD patterns of Ni-Co hydroxide (NCH) samples synthesised at varying 

167 pH levels. Both Ni(OH)2 and Co(OH)2 exhibit two hexagonal polymorphs, α and β, differing 

168 in their layer stacking and interlayer composition. As in the α-phase, a hydroxyl-deficient phase 

169 having absence of OH- anions but presence of interlayer anions (NO3
-), the layers can be 

170 stacked randomly along the c-axis with water or anionic intercalates residing within the Van 

171 der Waals gap. On the other hand, they can be well-ordered and closely packed along the c-

172 axis, as in the β-phase, which has a stoichiometric composition and an interlayer separation of 

173 4.6 Å. The α-phase can form when ammonia is used as the precipitation agent. This is because 
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174 it can insert anions (NO-
3) and small molecules (NH3, H2O) into the structure between the 

175 layers. After the hydrothermal process, the stoichiometric β-phase is the more stable form 

176 because of the process of dissolving and recrystallising 25 and its compact brucite-like structure, 

177 higher crystallinity, and minimized surface energy under prolonged alkaline hydrothermal 

178 conditions. This process enhances phase purity and structural integrity, yielding β-NiCo(OH)4 

179 with superior cycling stability and conductivity. The diffraction patterns of the four samples 

180 show peaks at 2θ¸ = 8.98°, 15.23°, 17.74°, 23.67°, 26.55°, and 28.07°, with d-spacings of 4.63, 

181 2.74, 2.35, 1.77, 1.58, and 1.5 Å, respectively. These are the (001), (100), (002), (021), (003), 

182 and (111) planes, in that order, of hexagonal structure can be precisely linked to the β phase 

183 26,27 (JCPDS 1074-1057). The lattice parameters estimated are a = b = 3.1639 A⁰; c = 4.6343A⁰; 

184 α = β = 900; γ = 1200 are in good agreement with the literature. Also, the peaks for ±(001), 

185 ±(002), ±(110), and ±(101) can be seen at about 5.30°, 10.72°, 16.12°, and 29.24°, with d-

186 spacings of 7.85, 3.88, 2.59, and 1.44 Å. α-phase is also represented by the same space group 

187 as that of the β-phase, but with a larger c parameter. The lattice parameters for this phase are a 

188 = b = 3.1682 A⁰; c = 7.8469 A⁰, which are in good agreement with the literature 28. As seen 

189 from Figure 1, all four samples contain a mixture of the two phases. Since the space group of 

190 both phases is the same, we estimate the molar concentration of the phases by comparing the 

191 area under the curve for the same Bragg reflection (reflection (001) in this case). The molar 

192 concentration of the α (β) phase in all samples is mentioned in Table S2. The concentrations of 

193 α (β) phases were approximately estimated by taking ratio of the area under the highest 

194 intensity XRD peaks normalised by (A/|Fhkl|)2 in the two phases, where Fhkl is the unit cell 

195 scattering factor for diffraction by (hkl) planes and A is sum of atomic numbers of all the atoms 

196 in the unit cell. The difference in geometric factors like Lorentz polarisation factor and the 

197 absorption factor have been neglected in this estimation of phase ratios. We observe that the 

198 sample having lower (pH-09) NCH-2, has the lowest concentration of α-phase, followed by the 
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199 samples NCH-3, NCH-1, and NCH-4. We have estimated the particle size of samples and 

200 micro-strain using the Williamson-Hall (W-H) relation 29.

201 𝛽cosϴ = 4.𝜀sinϴ+Kλ 𝑑    (1)                                      

202 In equation (1), β, 𝜀, λ, K, and d are the full width at half maxima (FWHM) of the XRD Bragg 

203 peak at diffraction peak 2ϴ, micro strain, wavelength of the X-ray, a constant (K = 0.9), and 

204 particle size, respectively. We have estimated the micro-strain along (00h) by using (001), 

205 (002), (003), and (004) diffraction peaks of the β-phase. The W-H plots for the three samples, 

206 NCH-1, NCH-2, and NCH-3, are shown in Fig.1(b-d). For sample NCH-4, the W-H plot could 

207 not be achieved because of the small peak intensities of the β-phase. The particle size and the 

208 micro-strain was calculated from the intercept and the slope of the linear fit, as shown in Figure 

209 1(b-d). The particle size and micro-strain are summarised in Table S2. It may be noted that the 

210 particle size of the β-phase for the sample NCH-4 and that of the α-phase for all the samples 

211 are estimated using the Scherrer formula 30 . The α-phase of all the samples shows lower-sized 
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212 particles (10-16 nm) compared to the β-phase (32-45 nm). Micro-strain of samples NCH-2 and 

213 NCH-3 is found to be much lower (0.06 ± 0.01 %) than NCH-1 (0.145%). 

214

215 3.2 Fourier transform infrared spectroscopy (FTIR): 

216 The FTIR spectra of the four samples are shown in Figure S1. The spectra of all the samples 

217 show similar absorption bands. A broad and strong absorption band at 3621 cm-1 is related to 

218 O-H stretching modes. A sharper peak for the sample NCH-4 suggested a well-ordered 

219 hydroxyl group in a well-crystallised structure, whereas the sample NCH-1 indicated more 

Figure 1: (a) Shows the XRD of NCH samples, while (b-d) presents the W-H plots for 
NCH-1, NCH-2, and NCH-3 samples.

(a) (b)

(c) (d)

Page 10 of 28Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

11
:1

7:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6YA00006A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00006a


11

220 hydrogen bonding and interlayer water molecules. The spectra also showed bands at 2414 cm-

221 1 and 2847 cm-1, which were related to C-O/C-H group antisymmetric and symmetric stretching 

222 modes, respectively. The stretching vibrations of free water molecules in the material are 

223 responsible for the peak at roughly 1645 cm⁻¹. Additionally, the N-O band of NO-3, which is 

224 present in the material's interlayers, is responsible for the peak at 1384 cm⁻¹. In NCH samples, 

225 Co/Ni-OH stretching vibrations are represented by the band at 768 cm⁻¹. The stretching 

226 vibration of the Ni/Co-O bond is responsible for the peak at roughly 540 cm⁻¹. (NCH 2 and 

227 NCH-3 sample shows the sharpest Ni/Co-O bond, suggesting a better crystalline nature). 31

228 3.3 Morphology and Surface Area Studies 

229 3.3.1 Field Emission Scanning Electron Microscopy and EDX:

230 The surface morphology of the four samples in the form of electrodes (active material 80%, 

231 carbon black 10%, PVDF 10%) is examined by micro-graphing the surface using FESEM. The 

232 high magnification (8 ±1k) with (Scale bar: 1 µm) images are shown in Figures 2(a-d). The 

233 overall morphology in all the samples seems to consist of disc-like structures, with a diameter 

234 of 1 to 2 μm. However, in samples NCH-1 and NCH-4, the morphology consists of micron-

235 sized discs overlayed on finer particles. In general, the particles in all the samples are big, 

236 densely packed, and have slight asymmetry (disc-like). FE-SEM image of Sample NCH-2 at a 

237 resolution of 9 K shows more uniform and well-defined discs, and the morphology’s apparent 

238 openness is a sign of better ion transport channels.  At 9 K resolution, the NCH-4 sample shows 

239 signs of losing its porosity and having structures that are highly clumped together and not well-

240 defined. 
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241 Elemental compositions in the four samples were studied using EDX analysis, shown in Figure 

242 S2. From EDX analysis, we observe that as the pH of the reactants during sample synthesis 

243 increases, the atomic percentage of Ni decreases, and with Co increases, in NCH samples. The 

244 variation in Ni/Co ratio is attributed to the pH-dependent precipitation behavior of metal ions, 

245 which influences the structural and electrochemical properties of the samples.

246

247

248

Figure 2: FESEM images of NCH samples showing morphological variations: (a) NCH-1, (b) 
NCH-2, (c) NCH-3, and (d) NCH-4. Scale bars: 1 µm.

NCH-1 NCH-2

Scale bar: 1 µm Scale bar: 1 µm

NCH-3 NCH-4

Scale bar: 1 µm Scale bar: 1 µm

(a) (b)

(c) (d)
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249 3.3.2 Brunauer-Emmett-Teller (BET): 

250 BET characterises the specific surface area and the pore size distribution of NCH samples. The 

251 Adsorption-desorption isotherms of the samples are shown in Figure S3. All the isotherms with 

252 convex shapes and low hysteresis area are of type V, which represents a mesoporous structure 

253 with small adsorbate-adsorbate interaction. The pore volume, BET surface area, and BJH 

254 surface area were estimated using a literature report by Barrett et al. 32 and are summarised in 

255 Table S3.  Sample NCH-2 shows a minimum BET (BJH) surface area of 12.84 m²/g (13.86 

256 m2/g), among the four samples reported in this paper. The same sample also shows the 

257 minimum pore volume. This is also corroborated by the FESEM images, where the sample 

258 NCH-2 seems most compact and dense. For moderate to high pH values of the reactant during 

259 the synthesis of NCH samples, the surface area increases with increasing pH value. The sample 

260 NCH-4, synthesised at a pH-11.5 value, showed maximum BET surface area (pore volume) of 

261 52.33 m2/g (0.298 cm3/g). Low pH environment inhibits controlled nucleation, promoting rapid 

262 crystal growth and aggregation, resulting in dense morphologies with decreased porosity. 

263 Because of the limited availability of hydroxide ions restricts precursor hydrolysis and delays 

264 nucleation, resulting in non-uniform particle growth and poorly defined structures.

265 In general, it is believed that a larger surface area presents higher storage capacity mainly 

266 through intercalation. However, due to various reasons like smaller electrical conductivity in 

267 porous systems 33, ionophobic channels, mostly in the case of MOFs and other porous materials 

268 34 , the electrochemical performance of samples is poorer 35. Additionally, despite having the 

269 lowest BET surface area, NCH-2 exhibits superior performance, indicating that pore structure 

270 and ion transport kinetics play a more decisive role than surface area alone.

271

272
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273 3.4. X-ray Photoelectron Spectroscopy (XPS):

274 XPS was performed to examine the surface chemical composition and oxidation states of the 

275 NCH-1, NCH-2, NCH-3, and NCH-4 samples. The survey spectra confirm the presence of Ni, 

276 Co, and O elements in all samples (Figure 3(a) for NCH-2 and Figure S4 for NCH-1,3,4). For 

277 the NCH-2 sample, the Ni 2p3/2 region (Figure 3b) exhibits distinct peaks at 854.60 eV (Ni2+), 

278 855.89 eV (Ni3+), and a satellite peak at 860.59 eV. The Ni 2p1/2 region contains peaks at 

279 872.09 eV (Ni2+), 873.42 eV (Ni3+), and a satellite at 878.66 eV. The presence of Ni3+ on the 

280 surface suggests the existence of defect states such as Ni vacancies or oxygen interstitials, 

281 which are known to improve electrochemical performance by serving as active centres for 

282 charge storage 36–39. The Co 2p3/2 region (Figure 3c) exhibits peaks at 779.53 eV (Co3+), 

283 781.13 eV (Co2+), and 784.68 eV (Co2+), while the Co 2p1/2 region reveals peaks at 794.67 eV 

284 (Co2+) and 796.04 eV (Co3+) 40–42. The O-1s spectrum (Figure 3d) shows two peaks at 

285 529.17 eV and 530.12 eV, corresponding to lattice oxygen and metal-oxygen bonding, 

286 respectively 43,44. For the NCH-1 sample (Figure S5(a-c)), the Ni 2p3/2 peak appears at 

287 854.42 eV (Ni2+) and the Ni 2p1/2 peak at 872.04 eV (Ni2+), with no noticeable contributions 

288 from Ni³⁺. The Co 2p3/2 and 2p1/2 peaks are located at 780.40 eV and 796.23 eV, respectively, 

289 corresponding to Co2+. The O 1s spectrum displays peaks at 529.93 eV (O2-) and 531.26 eV 

290 (OH- species). In the NCH-3 sample (Figure S5(d-f)), the Ni 2p3/2 spectrum reveals peaks at 

291 854.55 eV (Ni3+) and 856.74 eV (Ni2+), while Ni 2p1/2 peaks are seen at 871.92 eV (Ni2+) and 

292 873.53 eV (Ni3+) 45,46. The Co 2p3/2 region shows peaks at 779.37 eV and 780.86 eV, both 

293 associated with Co2+, whereas the Co 2p1/2 region presents features at 795.06 eV (Co2+) and 

294 796.51 eV (Co3+) 47. The O-1s spectrum includes peaks at 528.76 eV (lattice oxygen) and 

295 529.96 eV (metal-oxygen bonds). Similar to NCH-2, the presence of both Ni³⁺ and Co³⁺ 

296 indicates the existence of beneficial defect states. For the NCH-4 sample (Figure S5(g–i)), Ni 

297 2p3/2 peaks are observed at 854.76 eV (Ni2+) and 856.11 eV (Ni³⁺), while Ni 2p1/2 peaks appear 

Page 14 of 28Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

11
:1

7:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6YA00006A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00006a


15

298 at 872.36 eV (Ni3+) and 874.11 eV (Ni2+). The Co 2p3/2 spectrum shows peaks at 779.48 eV and 

299 782.84 eV, both corresponding to Co³⁺, and the Co 2p₁/₂ region reveals peaks at 794.60 eV 

300 (Co3+) and 796.10 eV (Co2+). The O 1s region shows binding energies at 529.27 eV (metal 

301 oxides) and 530.16 eV (M–O–M bonding, where M = Ni or Co). Interestingly, the samples 

302 NCH-2 and NCH-3, which contain the majority β-phase composition, exhibit clear Co³⁺ peaks 

303 in their XPS spectra. These samples also display enhanced electrochemical performance 

304 compared to NCH-1 and NCH-4, which either lack Co³⁺ peaks or exhibit them in lower 

305 intensities. This correlation suggests that the presence of Co³⁺, indicative of Co vacancies or 

306 oxygen interstitials, acts as an effective functional site for charge storage, contributing to the 

307 improved electrochemical characteristics observed in NCH-2 and NCH-3. 

308
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309 3.5. Electrochemical Results: 

310 The electrochemical studies of NCH-1, NCH-2, NCH-3, and NCH-4 electrodes having mass 

311 loadings of ~ 3.7, 3.5, 3.8, and 3.9 mg cm-2, respectively, on a 1 cm2 Ni foam substrate were 

312 systematically evaluated in aqueous 3 M KOH electrolyte by using 3- electrode 

313 electrochemical workstation.

314 3.5.1. Cyclic Voltammetry (CV): 

315 Figure 4(a) shows anodic and cathodic current as a function of applied potential at 10 mV s-1 

316 scan rate. For the Full CV graph from 1 to 100 mV s-1 was see Figure S6. The curves are used 

Figure 3: XPS spectrum of NCH-2, (a) Survey scan, (b-d) Ni-2p, Co-2p, and O-1s edges, 
respectively.
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317 to initially assess the electrochemical performances of the electrodes in a 3-electrode 

318 configuration. A pair of redox peaks can be seen in their CV curves for low scan rates in the 

319 anodic peaks as well as for all the scan rates for cathodic peaks, which stem from the reversible 

320 reactions between Ni2+/Ni³⁺ and Co²⁺/Co3⁺, which are illustrated in Eqs. (1)-(4) in the 

321 electrochemical redox processes 48,49. 

322 Ni(OH)2 +OH ⇌ NiOOH+H2O+e-                (2) 

323 NiOOH+e- ⇌ NiO+OH                                 (3) 

324 Co(OH)2+OH ⇌ CoOOH+H2O+e-               (4)

325 CoOOH+OH ⇌ CoO2+H2O+e-                                (5)

326 The power-law given in Eq. (6) was used to study the charge storage mechanism in the 

327 electrodes. In Figure 4(b), we plot the log (Ip) versus log (v) (see Eq. (7)) 50,51.

328 𝐼𝑝 = 𝑎.𝑣𝑏  (6)

329 𝐿𝑜𝑔 (𝐼p) = 𝐿𝑜𝑔(𝑎) + 𝑏.𝐿𝑜𝑔(𝑣)   (7)

330 𝑖𝑝 = 𝑏1𝑣
0.5 

 𝑏2.𝑣       (8)

331   DIP (%) =
b1

b1 + 𝑏2
× 100   (9)

332                                                    SIP(%) = b2
𝑏1+ 𝑏2

× 100      (10)   

333

334 Eq. (8) can be rearranged as:

335
ip

v0.5 = b1 + b2.v0.5       (8∗)

336 A plot of (ip/v0.5) versus (v0.5) yields a straight line, where (b1) and (b2) are obtained from the 

337 intercept, and slope respectively.
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338 And constants a and b are parameters; the value of parameter b depends on the charge storage 

339 mechanism. The value of b is close to a value of 0.5 for charge storage by the Diffusion-

340 controlled intercalation process (DIP), whereas for surface-controlled capacitive processes 

341 (SCP) of charge storage, the value of b is close to 1 50. Dunn’s analysis reveals that charge 

342 storage arises from both capacitive and diffusion-controlled processes, as indicated by b-values 

343 of 0.48-0.64 was shown in Table S4 and Figure (4 b). Relative percentage contributions of DIP 

344 and SCP were quantified using the equation (8-10) and The NCH-2 and NCH-3 samples show 

345 a balanced contribution from both mechanisms, enabling efficient ion transport and improved 

346 electrochemical performance. In contrast, the higher diffusion contribution in NCH-4 may limit 

347 its rate capability.  The specific capacitance as a function of scan rate was calculated using the 

348 integrated area under the CV curve and using equation 11 given below 16

349 𝐶𝑠(𝐹.𝑔―1) =
∫𝐼𝑑𝑉

2 × 𝑣 × 𝑚 × 𝛥𝑉    (11)

350 The specific capacitance as a function of the scan rate is plotted in Figure 4(c). This illustrates 

351 the connection between specific capacitance and scan rates (which range from 1 to 100 mV s-

352 1). It was found that at slower scan rates, there is more time for electrolyte ions to reach and 

353 interact with the electrode surface, resulting in a higher specific capacitance for the 

354 supercapacitor 52. The capacitance did, however, decrease somewhat when the scan rate 

355 increased from 50 to 100 mV s-1. This finding suggests that faster scan speeds restrict ions to 

356 the electrode surface, giving them less time to diffuse into the electrode's pores, and the trend 

357 is in agreement with the literature 53. Out of the four samples, the NCH-2 sample shows much 

358 better specific capacitance. Typically, a specific capacitance at a scan rate of 5 mV s-1 was 1230 

359 F g-1 observed for the sample NCH-2 compared to 386 F g-1 for the sample NCH-1 and 380 F 

360 g-1 for the sample NCH-4. Sample NCH-3 shows moderate specific capacitance of ~ 880 F g-

361 1. 
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362 3.5.2. Galvanostatic Charge and Discharge (GCD):

363 The GCD plot of NCH samples at 10 A g-1 was shown in Figure 4(d). The electrochemical 

364 performance of all the samples at various current densities was further evaluated, as shown in 

365 Figure S7. The non-linear charging and discharging behaviour of these plots confirms that all 

366 four samples possess characteristics similar to those of battery-like behaviour 54,55.  The specific 

367 capacitance of electrodes was calculated using Equation (12), and the values are listed in Table 

368 S5. Specifically, the samples NCH-2 and NCH-3 show better storage capacity than samples 

369 NCH-1 and NCH-4, in agreement with the CV results. As the current density increases, the 

370 number of active sites that can be reached decreases because ions have less time to move into 

371 the porous structure of the electrode materials. NCH-2 has the best electrochemical 

372 performance among all the samples. It has the highest specific capacitance of 621 F g-1 at a 

373 current density of 0.5 A g-1, compared to 343 F g-1 at a discharge rate of 0.5 A g-1for the sample 

374 NCH-4.  We find a decrease in capacity as the discharge current density increases, in agreement 

375 with the literature 56. The rate capability of the samples was evaluated by comparing 

376 capacitance retention at higher current densities. The NCH-1, NCH-2, NCH-3, and NCH-4 

377 samples retain approximately 42%, 75%, 65%, and 26% of their initial capacitance at 5 A g⁻¹, 

378 respectively. Among these, NCH-2 and NCH-3 demonstrate superior electrochemical 

379 performance, exhibiting both higher specific capacitance and better rate capability.

380 𝐶𝑠(𝐹.𝑔―1) =
𝐼 × 𝛥𝑡

𝑚 × 𝛥𝑉      (12)

381 where I- applied current (mA), Δt - Discharge time, and ΔV- Potential window  

382 To decipher the reasons for the superior rate performance of samples NCH-2 compared to the 

383 other samples, because supercapacitor electrodes with low specific surface area (SSA) typically 

384 outperform high-SSA versions in rate capability thanks to their well-designed mesopores, 

385 which promote swift ion movement and cut down on internal resistance, sidestepping the ion 
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386 entrapment and extended pathways typical of the winding micropores in high-SSA materials. 

387 Consequently, they achieve stronger capacitance retention under high current loads, since 

388 overly high SSA elevates polarization and series resistance amid rapid cycling. Additionally, 

389 we have studied the surface morphology to comment on the reach of the electrolyte to the 

390 electrode active material. We further analyse the XRD data to find out the particle size, micro-

391 strain, and the fraction of the two stable phases (α and β), to see if the electrochemical 

392 performance has any correlation to these parameters. We have also studied the transition metal 

393 charge states and possible surface defect states using XPS measurements. It may be mentioned 

394 that the structural disordered/defect sites have been related to the centres promoting redox 

395 reactions 56. 

(a) (b)

(c) (d)

Figure 4: (a-d) Cyclic voltammetry plot of NCH samples at 10 mV s-1. (b) Log-Log plot of 
Specific capacitance vs Scan rate of NCH samples, (c) Specific capacitance vs Scan rate of 

NCH samples (d) GCD plot of NCH samples at 10 A g-1. 
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396 3.5.6. Electrochemical Impedance Spectroscopy (EIS): 

397

398 EIS is extensively used to probe the solution, as well as charge transfer resistance, and to assess 

399 electrode kinetics. Prior to EIS measurements, all electrodes were fully discharged to the lower 

400 potential limit and stabilized to ensure identical electrochemical states. In analysing EIS data 

401 from NCH samples plotted in a Nyquist plot across the frequency range of 100 kHz to 10 Hz 

402 was shown in Figure 5. The impedance spectra were fitted using an equivalent circuit of Rs- 

403 (Rct\CPE)-Zw, Here, Rs denotes the solution (Electrolyte) resistance, and Rct signifies charge 

404 transfer (polarisation) resistance, which arises from the polarisation of the electrode, causing 

405 current flow through the electrochemical reaction occurring at the electrode surface. ZW 

406 represents the Warburg element, which is the impedance arising from changes in the diffusion 

407 layer and the rate of diffusion in the working electrode. CPE stands for the Constant Phase 

408 Element, representing electric double-layer capacitance that does not exhibit ideal behaviour. 

409 This model was selected based on the characteristic Nyquist plot features, including a 

410 depressed semicircle at high frequency and a diffusion-controlled region at low frequency.  The 

Figure 5:  Nyquist plot of NCH samples (Inset: 
Equivalent Electrical Circuit)
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411 CPE impedance is expressed as 57. ZCPE = 1/T.(jw)p, where T is the capacitance pre-factor and 

412 P is the frequency exponent. P values of 0 and 1 correspond to pure resistance and dielectric 

413 capacitance, respectively. A p-value between 0.8 and 1 indicates a non-ideal double-layer 

414 capacitance, with non-ideality arising from roughness, inhomogeneity, and mixed charge 

415 storage. We fitted EIS data for four NCH samples, summarised in Table S6. We observed that 

416 Rs (=0.21 Ω) and Rct (=0.38 Ω) for sample NCH-2 are the lowest among the four samples 

417 reported here. Rct (=0.52 Ω) is also low for NCH-3. This correlates well with the 

418 electrochemical performance of the samples, where NCH-2 and NCH-3 demonstrate better 

419 performance. The Warburg exponent Zw-P (~0.5) for NCH-2 indicates ideal semi-infinite 

420 diffusion, while p > 0.5 for all other samples signifies finite length diffusion and therefore 

421 inferior electrochemical performance 58. Similarly, a conclusion was derived from the CPE 

422 exponent. For sample NCH-1, a low p (=0.41) indicates a poor-quality surface with a minimal 

423 form of kinetic reaction. NCH-3 and 4 show p ~ 0.97, which is close to ideal capacitance. For 

424 sample NCH-2, p (= 0.72) indicates double-layer capacitance behaviour in this frequency 

425 region. Thus, we conclude from the EIS analysis that sample NCH-2 exhibits ideal semi-

426 infinite diffusion in the low frequency (Warburg) region and functions as double-layer 

427 capacitance in the high frequency region. Furthermore, the low Chi square error value (χ2 ~ 

428 4.2× 10-4) confirms the reliability of the fitting. These results are consistent with the superior 

429 electrochemical performance observed for the NCH-2 sample.

430 4. Fabrication of Symmetric Coin Cell-2032 device.

431 To evaluate practical applicability, we fabricated a pair of uniform NCH-2 electrodes, each 

432 featuring a 1 cm2 active surface and a total mass loading of ~1.7 mg. To prevent short-

433 circuiting, we employed a cellulose -based separator that had undergone a 24-hr saturation in 

434 the same alkaline 3M KOH electrolyte. Finally, the device was assembled by placing the 

435 saturated separator between the electrodes and crimped tightly. 59

Page 22 of 28Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

11
:1

7:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6YA00006A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00006a


23

436 Energy density (E) =
0.5 × Csp × ∆V2

3600 × 1000   𝑊ℎ.𝑘𝑔―1 (13)   

437                                               Power density (P) = E ×3600
∆t

  𝑊.𝑘𝑔―1              (14)     

438 Where, Csp-specific capacitance, ΔV- Potential window, Δt- discharge time 

439 Cyclic voltammetry (CV) measurements were performed between 5 and 100 mV s⁻¹, displayed 

440 quasi-rectangular profiles with noticeable redox features, confirming the coexistence of electric 

441 double-layer and faradaic charge storage was shown in Figure S 8(a). From Figure S 8 (b,c), 

442 The steady rise in current response with increasing scan rate indicates favorable rate 

443 performance. The extracted b-values (~ 0.54 - 0.56) suggest that charge storage is governed by 

444 a combination of surface-controlled and diffusion-limited processes, which is further supported 

445 by Dunn’s analysis showing higher capacitive contribution at elevated scan rates. Galvanostatic 

446 charge-discharge (GCD) curves shown in Figure S 8(d) recorded within a 1.5 V window 

447 exhibited nearly symmetric triangular shapes, reflecting good reversibility. The specific 

448 capacitance (Table S7) decreased from 22.0 to 10.0 F g⁻¹ as the current density increased from 

449 0.25 to 1.0 A g-1, mainly due to kinetic limitations. The corresponding energy and power 

450 density was calculated from Equitation’s (13 and 14) and energy densities ranged from 6.86 to 

451 3.13 Wh kg⁻¹, while the power density increased from 178 to 714 W k g-1, demonstrating the 

452 expected trade-off between energy and power. The device retained ~ 74 % of its initial 

453 capacitance after 500 cycles with a Coulombic efficiency of ~ 93 %, indicating stable cycling 

454 behavior. Although the energy density is moderate, the Ragone plot (Figure S9) demonstrates 

455 the practical applicability and stable performance of the symmetric device. Further 

456 optimization of electrode architecture and device configuration is expected to enhance the 

457 energy density.
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458  Overall, the results confirm that the NCH-2 system exhibits reliable electrochemical 

459 performance with mixed charge storage characteristics suitable for practical applications. 

460 5. Conclusions: 

461 This study demonstrates the successful synthesis of nano-sized bimetallic NiCo(OH)4 using a 

462 surfactant-free co-precipitation/hydrothermal approach, where pH was used as a key parameter 

463 to tune the structural and electrochemical properties. The sample prepared at pH 9 (NCH-2) 

464 exhibited the most favourable characteristics, achieving a high specific capacitance and 

465 excellent rate performance. Through comprehensive analysis involving FESEM, BET, XRD, 

466 FTIR, XPS, and EIS, it was evident that the enhanced performance of NCH-2 is linked to its 

467 well-developed morphology, presence of structural defects such as cobalt and oxygen 

468 vacancies, and superior charge transport dynamics. These findings highlight how subtle control 

469 of synthesis conditions, particularly pH, can lead to significant improvements in electrode 

470 material performance for energy storage devices
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