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In our work, we report superior electrochemical performance of optimized 3D nanostructured, nickel-
cobalt carbonate hydroxide hydrate (Ni3 − xCox-CHH (1 ≤ x ≤ 2)) materials with flower like morphology 
synthesised via one-step hydrothermal methods. A Ni rich sample (x = 1) demonstrate better 
specific capacitance and the improvement is attributed to more oxygen deficient neighbourhood of 
Ni compared to that of Co. The structural, morphological and electronic properties of the samples 
were investigated using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
High resolution transmission electron microscopy (HRTEM), field emission electron microscopy 
(FESEM), Energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS). A 
comprehensive characterization was used for physicochemical properties-electrochemical performance 
correlation. Cyclic voltammetry (CV), Galvanostatic charging and discharging (GCD) shows the 
supercapacitor feature of the samples for the composition containing the highest nickel concentration 
achieving a specific capacitance of 1649.51 F g− 1 at a current density of 1 A g− 1 and excellent rate 
capability of 1610.30 F g− 1 at a high current density of 5 A g− 1. The sample shows high cyclic stability of 
80.86% after 3000 cycles. Improved specific capacitance is attributed to the synergy effect of bimetallic 
transition metals as well as improved surface area of flower like morphology. These findings show that 
Ni2Co-CHH electrode material demonstrates great potential as electrode material for supercapacitor 
device fabrication.
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Energy storage is a critical aspect of modern technological advancements, playing a pivotal role in addressing 
the intermittent nature of renewable energy sources, grid stability, and the burgeoning demands of portable 
electronics and electric vehicles1,2. The applications of supercapacitors (SCs) with high power density are plagued 
by its low energy density. A lot of efforts are directed towards attaining better energy density in supercapacitors. 
In this context, the development of high-performance electrode materials for energy storage applications is the 
most critical component for enhancing the efficiency, reliability, and sustainability of these devices3. Electrode 
materials, in particular, are crucial in determining the overall performance of various energy storage devices, 
such as batteries and supercapacitors, by facilitating charge storage and release processes4,5. Consequently, the 
quest for efficient and optimised electrode materials remains a vital pursuit in energy storage research, aiming to 
unlock higher energy densities, improved cycling stability, and enhanced electrochemical performance6.

SCs, which rely on Faradic redox reactions for charge storage and discharge, exhibit much higher power 
densities and longer life cycles but generally lower energy densities compared to batteries7,8. Conversely, SCs 
offer significantly higher energy densities than conventional capacitors, whose energy storage mechanism is non-
Faradic and depends on the polarisation of the dielectric material8,9. Based on their charge storage mechanisms, 
SCs are classified into two categories10: electric double-layer capacitors (EDLCs) and pseudocapacitors. 
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In EDLCs, charge is stored at the interface between the electrode and the electrolyte, resulting in limited 
capacitance; materials like activated carbon and graphite are commonly used as electrodes for EDLCs [2,11]. 
The choice of electrode material is especially critical for pseudocapacitors and batteries, where efficient charge 
storage depends on reversible Faradic redox reactions between the electro- active material and the electrolyte11,12. 
This mechanism involves both surface adsorption and intercalation, necessitating electrode materials with high 
surface areas and structural stability11,12. Additionally, these materials must possess high electrical conductivity. 
To achieve high surface area without compromising structural integrity, various nanostructures with hierarchical 
pores and varied surface morphologies have been used by researcher13,14. Enhancing ion kinetics and optimising 
performance parameters such as energy and power density, life cycle, coulombic efficiency, and rate capability 
have been achieved through engineered surface chemistry (dopants and chemically active sites) and defect 
structures9,15.

From the perspective of material, three primary classes are utilised as electrodes for SCs: (a) carbon-based 
materials, including activated carbon, carbon dots (0-D), carbon nanotubes (1-D), and graphene (2-D); (b) 
conducting polymers and their derivatives; and (c) transition metal compounds (TMCs) and their derivatives16,17. 
TMCs are particularly promising due to their high theoretical capacities and variable oxidation states, which 
enhance redox behaviour and electrochemical performance18–20. However, the use of transition metal oxides 
(TMOs) as electrodes in batteries and SCs is limited by their low electrical conductivity and poor cycle life, 
primarily due to issues like pulverisation and structural degradation during charge-discharge cycles18,19. While 
transition metal sulfides offer better electrical conductivity compared to oxides, their synthesis usually involves 
complex and high-temperature sulfurization processes in inert atmospheres, which can be impractical and 
costly18,21.

In recent years, a variety of carbonate hydroxides have been investigated, including nickel carbonate 
hydroxide (NiCH)22, nickel carbonate hydroxide hydrate (Ni-CHH), nickel copper carbonate hydroxide 
(NiCuCH)23, copper cobalt carbonate hydroxide (CuCoCH)24, graphene oxide-induced nickel cobalt carbonate 
hydroxide (GO/NiCoCH)25, cobalt carbonate hydroxide (CoCH)26,27, and nickel carbonate hydroxide/zeolitic 
imidazolate framework-8 (NiCH/ZIF-8)28. The remarkable electrochemical performance of these materials is 
largely attributed to the presence of hydrophilic CO₃²⁻ ions, which significantly enhance electrolyte wettability24, 
rich redox reaction and its layered structure induce easy mass transfer at the electrode-electrolyte interfaces. 
These attributes high surface area with enhanced active site accessibility. On the negative side, the material 
suffers from low electronic conductivity, which leads to slow reaction kinetics and overpotentials. Nickel-
based electrode materials, such as nickel oxide (NiO) and nickel hydroxide (Ni(OH)₂), have been extensively 
researched for their high theoretical specific capacity29. Furthermore, cobalt is known for its ability to modify 
morphology and enhance the conductivity of electrode materials, thereby improving their electrochemical 
properties. Consequently, incorporating cobalt into nickel carbonate hydroxide is anticipated to significantly 
boost its electrochemical performance30. Mono-metal materials like nickel carbonate hydroxide hydrate (Ni-
CHH) stand out due to their unique flower-like nanostructures and hierarchical pore architecture, positioning 
them as promising electrode materials for SCs31. The flower-like morphology of Ni-CHH not only facilitates 
efficient charge transport but also enhances redox behaviour due to the variable oxidation states of nickel, 
leading to superior electrochemical performance. The presence of hydroxide groups in Ni-CHH provides 
additional active sites for redox reactions, further enhancing electrochemical activity and structural stability 
during charge-discharge cycles. These features make Ni-CHH a viable candidate for high-performance energy 
storage applications, potentially overcoming the limitations of traditional transition metal oxides (TMOs). 
Similarly, cobalt carbonate hydroxide (Co-CHH) has been evaluated as an electrode material, exhibiting benefits 
such as improved charge transport and electrochemical activity due to its unique morphology and multiple 
oxidation states that facilitate efficient redox reactions. Co-CHH has demonstrated promising electrochemical 
performance32.

Bimetallic transition metal compounds, particularly those involving nickel and cobalt, have shown superior 
electrochemical performance compared to their monometallic counterparts33. For example, CoNi₂O₄ exhibits 
electrical conductivity that is orders of magnitude higher than either cobalt or nickel oxides alone34, an 
improvement often attributed to self-doping effects. Our recent studies on the electronic properties of nickel, 
cobalt, and bimetallic CHH using X-ray Absorption Near Edge Structure (XANES) and Soft X-ray Absorption 
Spectroscopy (XAS) revealed that in bimetallic CHH samples, nickel exhibits an oxidation state lower than 
+ 2, while cobalt shows an oxidation state of + 2. The presence of oxygen-deficient nickel sites likely enhances 
electrochemical properties35. Literature reports indicate that Nickel-CHH nanostructures exhibit notable 
specific capacitance, such as 353 mAh g⁻¹ at 1 mV s⁻¹ and 245 mAh g⁻¹ at a current density of 1.83 A g⁻¹31.

By combining unique features of bimetallic redox synergy and carbonate hydroxide hydrate charge stabilizing, 
our research demonstrates improved electrochemical performance for bimetallic Ni2CoCHH with optimum Ni 
and Co concentration i.e. 2:1. The electrode material have shown a high specific capacitance and excellent rate 
capability event at high current density. Using a straightforward one-step hydrothermal synthesis method, we 
successfully prepared hierarchical, flower-like spherical Ni2Co-CHH materials for advanced SCs applications. 
The specific capacitance of the synthesised Ni2Co-CHH demonstrated good cycling stability and prolonged 
performance, highlighting the potential of Ni2Co-CHH nanostructure as high-performance electrode materials 
for SCs.

Experimental section
Materials
Nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O, cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O), ) Urea 
(NH2CONH2), double deionized water, ethanol, acetone and Hydrochloric acid (HCl).
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Synthesis and growth mechanism of Ni3 − xCox-CHH (1 ≤ x ≤ 2)
Ni3 − xCox-CHH material was synthesized via a one-step hydrothermal synthesis method, optimized by varying 
the concentrations of nickel and cobalt salt in ratios of 1:2, 2:1, and 1:1 while keeping other constituent in 
same concentration31. For the preparation of NiCo2-CHH material, 4 mmol of nickel nitrate hexahydrate 
(Ni(NO3)2.6H2O), 8 mmol of cobalt nitrate hexahydrate (Co(NO3)2.6H2O), and 12 mmol of urea (NH2CONH2) 
were dissolved in 60 mL of deionised water and stirred for 30 min to form a light pink solution. We prepared 
four pieces of nickel foam (NF) with dimensions of 1 cm × 1 cm × 0.5 cm, which were used as the conducting 
surface/substrate for the material. These NF pieces were cleaned using acetone, ethanol, and diluted acid 
with bath sonication. Cleaning nickel foam removes contaminants like, dust particle, and chemical residues, 
ensuring better adhesion and uniform coating of Ni3 − XCox-CHH, which enhanced electrochemical activity and 
conductivity, improves electrical contact for better charge transfer, and reduces unwanted side reactions, thereby 
improving electrode performance. This solution along with cleaned NF was then transferred to a 100 mL Teflon-
lined stainless-steel autoclave, sealed, and subjected to hydrothermal treatment at 120 °C for 6 h in a hot air oven. 
After cooling to room temperature, the resulting precipitate was thoroughly washed with ethanol and double 
deionised water, followed by drying overnight in a vacuum oven at 50 °C. The schematic of the synthesis process 
is illustrated in Fig. 1, the sequence from precursor mixing to final material drying.

The growth mechanism of Ni3 − XCox-CHH involves several critical steps influenced by the hydrothermal 
conditions and precursor ratios. We employed hydrothermal synthesis method because it offers distinct 
advantages in morphology control via self-assembly, making it an efficient approach for producing hierarchical 
porous materials with outstanding electrochemical properties. During hydrothermal synthesis, the dissolved 
metal nitrates undergo complexation with urea in aqueous solution, leading to the formation of metal hydroxide 
precursors. These precursors nucleate and grow on the surface of the NF substrate, facilitated by the controlled 
temperature and pressure conditions inside the autoclave. The variation in nickel and cobalt concentrations in 
the precursor solution impacts the stoichiometry and morphology of the resulting Ni3 − XCox-CHH material. 
Higher nickel concentrations tend to promote the formation of flower-like hierarchical structures, while 
cobalt-rich compositions contribute to denser nanostructures with improved electrochemical properties36,37. 
The washing steps post-hydrothermal treatment remove residual salts and impurities, ensuring the purity and 
stability of the final Ni3 − XCox-CHH material. The finally synthesized materials are three types i.e. NiCo2CHH 
(S-01), Ni2CoCHH (S-02), Ni1.5Co1.5CHH (S-03).

In this hydrothermal process, urea serves as a source of both carbonate and hydroxyl ions. Under these 
conditions, the possible chemical reactions can be outlined as follows:

	 NH2CONH2 + 3H2O = 2NH+
4 + CO2 + 2OH−� (1)

	 CO2 + 2OH− = CO2−
3 + H2O� (2)

Fig. 1.  Schematic diagram of procedures for preparation of Nickel cobalt carbonate hydroxide hydrate 
nanomaterials (Created with Biorender.com).
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	 2Ni2+ + CO2−
3 + 2OH− = Ni2CO3(OH)2� (3)

	 2CO2+ + CO2−
3 + 2OH− = Co2CO3(OH)2� (4)

Using Eqs. 1–4, we get following possible reaction and formation of material:
(3-x)Ni2++ xCo2++ (2y-1)CO3

2−+ yOH−= Ni3 − xCox(CO3)2y−1(OH)y (Here: 1 ≤ x ≤ 2 1 ≤ y ≤ 1.5)

Sample characterisation
The examination of the NiCo-CHH material involved a thorough assessment of its morphological and structural 
characteristics, utilising a range of characterisation techniques. Synchrotron X-ray Diffraction (S-XRD) and 
Field Emission Scanning Electron Microscopy (FESEM) techniques were utilised for the structural and 
morphological characterisation of electrode nanomaterials, respectively. S-XRD measurements were conducted 
in transmission mode using an Image plate area detector (MAR 345 dtb), at a wavelength of 0.7187 Å on ADXRD 
beam-line (BL-12) at RRCAT-Indore, India. The FESEM analysis was carried out using a JEOL (model –JSM 
7610  F Plus). Electrochemical measurements were conducted with a Biologic instrument (model-VSP-128). 
Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out on ParkinElmer Frontier FTIR set-
up and X-ray Photoelectron Spectroscopy (XPS) was carried out using a Thermofisher scientific instrument 
(model – ESCALAB). These techniques offered a comprehensive understanding of the elemental composition, 
and chemical states present on the surface of the electrode material, adding an essential dimension to the 
characterization of material. In addition, electrochemical measurements (EC), includes cyclic voltammetry (CV), 
Galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS), were performed to 
get valuable insights into the electrochemical performance of the electrode material.

Electrochemical setup
EC measurements were performed using a standard three-electrode system connected to a Biologic (model 
VMP-128) electrochemical workstation. The synthesised electrode material was employed as a working electrode 
(1 × 1 cm² area) and 3.6 mg mass was loaded, Pt wire mesh was used as a counter electrode, and a calomel Hg/
Hg2Cl2 as a reference electrode. The evaluation of electrochemical performance was facilitated through three 
key measurements, CV, GCD and EIS. All measurements were performed in a 1 M-KOH electrolyte solution.

Results and discussion
X-ray diffraction (XRD) patterns of all the three samples (S-01, S-02, and S-03) are shown in Fig. 2 The obtained 
XRD patterns for all three samples exhibited multiple peaks corresponding to various crystal planes. The planes 
have been indexed and denotes P-62 m space group35. The material with a Ni: Co ratio of 1:2 (sample S-01) 
exhibited sharper diffraction peaks as compared to the other two samples, suggesting larger crystallite size for 
this sample in comparison to the other samples. The crystallite size for all three samples (S-01, S-02, and S-03) 
were calculated using Scherrer’s formula (Eq. 1) and values along with lattice parameter are shown in Table 1.38. 

Materials Lattice parameters Crystallite size

NiCo2CHH (S-01) a = b = 10.2410; c = 3.112 Å
α = β = 90o; γ = 120o 20 ± 1

Ni2CoCHH (S-02) a = b = 10.4462; c = 3.1013 Å
α = β = 90o; γ = 120o 9 ± 1

Ni1.5Co1.5CHH (S-03) a = b = 10.4361; c = 3.1048 Å
α = β = 90o; γ = 120o 11 ± 1

Table 1.  Lattice parameters of S-01, S-02, S-03 samples obtained from XRD results.

 

Fig. 2.  XRD patterns of S-01, S-02, S-03 samples in powder form.
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D = 0.94λ

β cosθ
� (1)

Where, D denotes crystalline size, λ  is wavelength (0.719 Å), β  is full width half maxima of peaks, and θ  is 
Braggs angle of XRD peaks. We find that the crystallite size decreases with the decrease in Ni concentration in 
the sample. Based on L2,3 edge and K-edge absorption spectroscopy, we find that the oxidation state for Ni in 
these samples is slightly less than + 2, whereas Co is in + 2 oxidation state35. This indicates that oxygen deficient 
sites are concentrated on Ni sites. This may be the reason for smaller crystallite sizes in Ni rich samples.

Figure 3(1) presents the FESEM and HRTEM images, along with EDX analysis for sample S-02. Additionally, 
FESEM images of all samples are provided at the same resolution, showcasing two different magnifications 
(20,000× and 10,000×). The high magnification FESEM images confirm homogeneous flower-like morphology 
of the material deposited on the cage like structure of NF as shown in Fig. 3(1.b-d), clearly defining the petals 
and near spherical outline of the flowers. The morphology indicates high surface area and hierarchy of length 
scales corresponding to the petals and the outlines. It has been observed that minor instances of aggregation 
were present in the sample. The agglomeration can significantly impact the surface area of material, which can 
affect performance of material. In the context of electrode materials, agglomeration can lead to reduced surface 
area and hinder the efficient transport of ions and compromise on the kinetics of material and charge storage 
capabilities39,40. Furthermore, agglomerates may create localised stress points, affecting the mechanical stability 
of the electrode material and potentially leading to structural degradation over time. The irregular distribution 
of agglomerates can also cause non-uniform reactions, limiting the overall electrochemical performance41. 
From Fig.  3(2), the comparison of FESEM images reveals that samples S-01 and S-03 exhibit a closed petal 
flower structure, while sample S-02 presents an open flower-like structure. The lower nickel concentration in 
samples S-01 and S-03 indicates evidence of agglomeration, which is responsible for diminishing performance. 
The superiority of homogeneity and increased surface area over agglomeration underscores the promising 
implications of these materials for electrode fabrication in energy storage applications.

This unique morphology of S-02 provides a higher surface area, which is beneficial for accommodating more 
ions during charge and discharge processes. This enhanced surface area can contribute to better energy storage 
performance and suitable ion transport kinetics, making the material well-suited for applications like batteries 
and super-capacitors. Each flower of the materials is the self-assembly of several nano dimensional petals, which 
is clearly observed in HRTEM images after making the dispersion of the material in an appropriate solvent 
(Fig. 3(1.e)). Petals of the flower-like structure exhibit an approximate average width of 6 nm and length of 
65 nm. This unique morphology enhances ion absorption, providing a large surface area for the Ni2Co-CHH 
material. Additionally, it facilitates faster ion diffusion and shorter transport pathways within the electrode 
material, leading to improved overall electrochemical efficiency. Thus, the morphology and particle size revealed 
by the FESEM and HRTEM analyses demonstrate the potential of material as a high-performance electrode 
for SCs applications. The Energy Dispersive X-ray Spectroscopy (EDX) analysis for all samples is presented in 
Fig. 3(2). For sample S-02, we identified the elements present in the material. Although precise quantification via 
EDX can be challenging, the estimated composition is approximately 43 atomic % nickel (Ni) and 22 atomic % 
cobalt (Co), which aligns closely with the nominal Ni: Co ratio of 2:1. In sample S-03, the EDX results indicate 
an estimated composition of 29.5 atomic % Ni, 26.2 atomic % Co, 33.2 atomic % oxygen (O), and 11.2 atomic 
% carbon (C). For sample S-01, the estimated composition includes 17.9 atomic % Ni, 40.5 atomic % Co, 27.4 
atomic % O, and 14.1 atomic % C.

The FTIR spectra of the three samples (S-01, S-02, and S-03) are shown in Fig. 4. The FTIR spectra provide 
valuable insights into the chemical composition and structural characteristics of these materials. A notable 
finding from these spectra is the remarkable resemblance in the infrared absorption peaks among all three 
samples. This uniformity strongly suggests the presence of a common functional groups hold by the samples. 
Three major absorption bands (~ 3400 cm− 1, ~ 1400 cm− 1 and ~ 750 cm− 1) and some minor absorption peaks 
are observed, for all the samples. The major bands contain multiple absorption peaks. The following absorption 
peaks are obtained for the samples: 3524, 3410, 3082, 3289, 2792, 1472, 1378, 1071, 968, 834, 761, 697, 606, 528 
and 440 cm− 1.The positions of most of these peaks are in very good agreement with the position of FTIR peaks 
in the mineral Zaratite42.

However, the peaks have not been assigned with functional groups, in literature. Here, band around 
3400 cm− 1 is assigned to O-H stretching mode of CO3

−.H2O (3524 cm− 1 and 3410 cm− 1) and (CO3)2−.H2O 
(3289 cm− 1 and 3082 cm− 1)43. A major band around 3400 cm− 1, in our samples confirm H2O is attached to CO3 
radical. The same band is also observed in Ni(OH)2 and is ascribed to the O-H stretching mode44. Absorption 
band around 1400 cm− 1 (1472 and 1380 cm− 1) is assigned to asymmetric stretching vibrations of carbonate 
anions45, whereas, 697 cm− 1 and 440 cm− 1 peaks are attributed to TM-O stretching modes46. Other absorption 
bands below 1000  cm− 1 are attributed to the TM-O stretching and TM-O-H bending modes47. From FTIR 
analysis, TM2+, CO3−, CO2−, and OH radicals are confirmed in the samples.

We performed X-ray photoelectron spectroscopy (XPS) for the analysis of surface composition and valence 
states of the Ni2Co-CHH samples. In Fig. 5(a), the survey XPS scan of the sample S-01 confirms the presence 
of carbon (C), Oxygen (O), nickel (Ni) and cobalt (Co), in the sample. Figure 5(b) shows the high-resolution 
spectrum of the C 1s absorption with the peaks at binding energy values of 283.8 eV, 285.5 eV corresponding 
to C − O, C − OH bonds, respectively. A peak corresponding to the binding energy 288.3 eV attributed to the 
satellite peak. The binding energy values agrees well (within 0.1 eV) to the values reported by Karthick et al.48. 
In Fig.  5(c), shows high-resolution spectra of the O 1s orbital displayed distinct peaks at binding energies 
of 529.8 eV, 530.5 eV, 531.4 eV, and 532.3 eV, indicating the presence of oxygen functionalities in the − OH 
(529.8 eV) and CO3 (530.5 eV) groups, along with the satellite peaks49 .
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In Fig. 5(d), we present high-resolution XPS Co 2p spectrum. We observe a splitting into Co 2p1/2 and Co 
2p3/2 levels due to spin-orbit coupling. Peaks at 781.1 and 796.5 eV corresponding to Co 2p1/2 and Co 2p3/2 
levels, respectively along with satellites at 784.9 and 801.8 eV, matches well with the values reported by Karthick 
et al.48. The fitting peaks at binding energies of 781.4 eV and 796.2 eV are indexed to Co2+ oxidation state50. 

Fig. 3.  (1) In-depth analysis of sample S-02, showing its detailed surface morphology and structural 
characteristics at various magnifications and (f) High-resolution TEM image of sample S-02, providing insight 
into the nanostructure and crystallinity of the material. (2) Comparison of the three samples at the same 
magnification and scale, highlighting differences in morphology and structural features.
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Fig. 5.  (a) XPS survey scan of S-02 followed by deconvolution of (b) C 1s, (c) O 1s, (d) Co 2p, and (e) Ni 2p 
spectra.

 

Fig. 4.  FTIR spectra of S-01, S-02 and S-03 samples.
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In our material, the peaks are observed at 781.1 eV and 796.5 eV. The slight shift in binding energies indicates 
that the cobalt in our material is also in a similar oxidation state to Co2+, but with subtle differences in the 
electronic environment. In Fig.  5(e), we show the detailed Ni 2p spectrum along with the fitted peaks. This 
spectrum also splits into Ni 2p1/2 and Ni 2p3/2 levels. The values at 855.5, 873.2, 861.2, and 879.2 eV indicates 
that both Ni 2p1/2 and Ni 2p3/2 peaks are blue shifted by about 1 eV compared to the peak positions reported 
by Karthick et al.48, reported for bulk Ni2CoCHH. For nickel compounds, energy difference between the mail 
transition peak and the satellite peak are 5.77 eV for the 2p3/2 peak and 5.68 eV for the 2p1/2.31. However, in 
our sample, the observed energy differences are 5.70 eV for the 2p3/2 peak and 6.0 eV for the 2p1/2. This slight 
change in the energy difference suggests material is in a slightly lower oxidation state than in the, as reported in 
the previous literature31. The changed oxidation state for Ni, therefore, indicates that Ni sites are more defective, 
and the defects are concentrated at Ni sites. This also justify lower crystallite size for Ni rich samples (S-02 and 
S-03) obtained by XRD measurements31,50. Additionally, it indicates that nickel is bonded to both hydroxyl 
and carbonate functional groups in partial oxidized state within the Ni2Co-CHH materials48,51. The elemental 
composition of Ni2CoCHH was assessed using XPS. XPS analysis revealed surface concentrations of 43.61% 
oxygen, 28.63% carbon, 8.37% nickel, and 4.28% cobalt, indicating the prevalence of surface-bound oxygen 
and carbon species, likely from hydroxides and carbonates group in material. In contrast, bulk composition 
measured via EDX revealed higher concentrations of nickel (42.2%) and cobalt (22.9%), demonstrating the 
difference between surface-sensitive XPS and bulk-sensitive EDX techniques. XAS data from our previous study 
further confirmed the electronic structure and oxidation states of the transition metals35, showing that nickel 
existed in a mixed spin state with oxygen vacancies preferentially located at Ni sites, while cobalt remained in 
a stable low-spin state. Together with the XPS and EDX findings, these results strongly support the successful 
formation of the Ni2CoCHH phase. This comprehensive analysis of both surface and bulk composition, as well 
as electronic structure, provides valuable insight into the characteristics of material, offering promising potential 
for SCs applications.

A comprehensive study using XRD, FESEM, HRTEM, FTIR, and XPS offers valuable insights into the 
structural, morphological, and chemical composition of Ni3 − xCox-CHH electrode materials, which are crucial 
for optimizing electrode performance. Furthermore, we performed Cyclic voltammetry (CV), Galvanostatic 
charging/discharging (GCD) and Electrochemical impedance spectroscopy (EIS) on all materials to evaluate 
their electrochemical performance. Figure 6(a) and Fig. 7(1–3.a) displays CV profiles of NixCo3−x-CHH@NF 
electrode, using a potential window ranging from − 0.2 to 0.45 V. The CV scans at various scan rates for samples 
S-01, S-02, and S-03, as shown in Fig. 7(1–3. a), exhibit a non-rectangular shape. This suggests the faradic nature 

Fig. 6.  (a) CV curves of all three samples measured at a scan rate of 1 mV/s. (b) GCD profiles of all three 
samples at a current density of 1 A/g. (c) Comparison for the three samples, highlighting their capacitive 
behaviour across varying current densities. (d-f) Cycling stability of the three samples, showing the specific 
capacitance retention over 3000 cycles at a current density of 5 A/g.
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of the electrochemical reactions and indicates a battery-like redox process. Specifically for sample S-02 (Ni2Co-
CHH), distinct oxidation and reduction peaks are observed, corresponding to the Ni²⁺/Ni³⁺ and Ni³⁺/ Ni²⁺ 
reversible conversion. It is proposed that, both cobalt and nickel should oxidize and reduce at the same potential. 
However, in samples S-01 and S-03, two closely spaced peaks appear, separated by approximately 30 mV each. 
Chen et al. proposed an additional step in the redox reaction of Ni-CHH, where Ni2(CO)(OH)₂ converts to 
Ni(OH)2 through the following reaction52:

Ni₂CO₃(OH)₂ + 4OH⁻ → 2NiOOH + CO₃²⁻ + 2 H₂O + 2e⁻.
It is worth mentioning that Ni(OH)₂ is also an excellent battery material, and the second peak may correspond 

to its redox reaction.
Moreover, the area of CV curve is directly related to the electrochemically active surface area, reflecting a 

significant number of electroactive sites at the heterointerfaces during redox reactions53. The ratio of nickel to 
cobalt salts used in the hydrothermal synthesis plays an important role in determining the characteristics of the 
electrode samples. The electrode S-02 (with a Ni-to-Co ratio of 2:1) exhibits the largest CV area as compared to 
S-01 and S-01 at similar scan rates as shown in Fig. 6(a), suggesting it has the highest electrochemically active 
surface area compared to S-01 and S-03 electrode materials. In contrast, the electrode S-01 (with a Ni-to-Co 
ratio of 1:2) and S-03 (with a Ni-to-Co ratio of 1.5:1.5) shows the smallest CV area than S-02, indicating its 
inferior capacitance performance. Figure 7(1–3.a) demonstrate that increasing the scan rate enhances both the 
cathodic and anodic current densities.

Fig. 7.   1 (a) Cyclic voltammetry (CV) curve, (b) galvanostatic charge-discharge (GCD) profile, and (c) anodic 
peak for sample S-1. 2 (a) Cyclic voltammetry (CV) curve, (b) galvanostatic charge-discharge (GCD) profile, 
and (c) anodic peak for sample S-2. 3 (a) Cyclic voltammetry (CV) curve, (b) galvanostatic charge-discharge 
(GCD) profile, and (c) anodic peak for sample S-3.
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The data reveal that the peak current is influenced by the scan rate, indicating a clear dependence of redox 
activity on this parameter. Interestingly, both the oxidation and reduction peaks exhibited shifts to positive 
and negative potentials, respectively, suggesting the quasi-reversibility of the electrode materials54. These results 
suggest that the higher nickel concentration in S-02 not only raises the oxidation potential but also contributes 
to improved electrochemical performance and stability of the electrode material.

Figure 7(c) Shows the behaviour of all sample (S-01, S-02 and S-03) toward the anodic peak, which was 
investigated using a power-law dependence Eq. 2mentionsed as following80,

	 ip = avb� (2)

Figure 7(c), shows anodic peak and calculated “b” value of all samples. Specifically, for Ni: Co ratios of 1:2, 2:1, and 
1:1, the b values were determined to be 0.537, 0.538, 0.538, respectively. The b value serves as a crucial indicator 
of electrochemical behaviour, where b = 0.5 signifies a battery-type material and b = 1 denotes a capacitance-
type material. Intermediate values between 0.5 and 1 (0.5 < b < 1) suggest a combined mechanism37,51. The b 
values observed for all three samples indicate a mixed battery-capacitive behaviour, with a significant capacitive 
component. The nearly identical “b” values for S-01, S-02, and S-03 (~ 0.538) suggest pseudo-capacitive 
behaviour across the samples, with a combined mechanism. The GCD profile of Ni3 − xCox-CHH (1 ≤ x ≤ 2)  has 
shown in Fig. 7(b). The specific capacitance of electrode material was evaluated using following equation-311,37. 
The measurement was done at various current densities ranging from 0.5 A g− 1 to 10 A g− 1.

	
Csp = I∆ t

m.∆ V
� (3)

Where, Csp is the specific capacitance (F/g), I is the discharge current (Amp), ∆t the discharge time (sec), ∆ V  
the potential window (volt) and m is the active mass of the electrode material (gm).

In this study, the GCD of three samples, S-01, S-02, and S-03, was evaluated to assess their specific capacitance 
and stability at varying current densities. Sample S-02 exhibited an impressive specific capacitance of 1649.51 F 
g⁻¹ at a current density of 1 A g⁻¹. Notably, at 5 A g⁻¹, the specific capacitance remained substantial at 1610.30 F 
g⁻¹, demonstrating a decrease of approximately 2.16% compared to its value at 1 A g⁻¹. Furthermore, at 10 A g⁻¹, 
S-02 maintained a high specific capacitance of 1332.08 F g⁻¹, showcasing a resilient performance with a 19.23% 
change from its initial value. In comparison, Sample S-01 achieved a specific capacitance of 876.39 F g⁻¹ at 1 A 
g⁻¹, with values of 471.31 F g⁻¹ at 5 A g⁻¹ and 385.24 F g⁻¹ at 10 A g⁻¹. Sample S-03 displayed a capacitance of 
932.78 F g⁻¹ at 1 A g⁻¹, decreasing to 678.50 F g⁻¹ at 5 A g⁻¹ and 573.77 F g⁻¹ at 10 A g⁻¹. Interestingly, the stability 
of the materials correlates with nickel concentration, as evidenced by the performance results. Figure 6(d-f) 
illustrates the stability of the materials over 3000 cycles at 5  A g⁻¹. Sample S-02 displayed superior stability 
(Fig.  6(e)), maintaining approximately 80.86% capacitance retention, while S-03 retained 71.06% (Fig.  6(f)), 
and S-01 showed the least stability at 45.42% (Fig. 6(d)). These findings highlight S-02 as the best candidate for 
supercapacitor applications, demonstrating a robust balance between high specific capacitance and enhanced 
stability, consistent with our previous study35. Higher specific capacitance for the sample S-02, with highest 
nickel concentration may be due to concentration of defects and lower crystallite size of the sample. Due to 
the defected centre around Ni, Co electrochemical oxidation remain partial to maintain the crystal structure, 
while feasible and preferential oxidation of Ni helps in enhancing the energy density. The presence of oxygen-
deficient defect sites in electrode was identified as particularly beneficial for charge storage through anionic 
charge balance. Optimum tuning of Ni and Co in Ni3 − XCox-CHH i.e. Ni2CoCHH found to be superior for 
energy storage in comparison to many similar existing materials studied before as illustrates in Table 2. The 
observed trends suggest that the enhanced nickel concentration contributes significantly to the stability of the 
electrode materials, indicating their potential for SCs applications.

Electrochemical impedance spectroscopy (EIS) analysis of samples S-01, S-02, and S-03 was performed over a 
frequency range of 10 mHz to 100 kHz, as depicted in Fig. 8. The data are fitted with an equivalent circuit, shown 
in the left inset of Fig. 8 using EC Lab software (Biologic)51. The internal resistance (R1​) values for the samples 
S-01, S-02, and S-03 were estimated to be 0.93 Ω, 1.01 Ω, and 0.96 Ω, respectively, while their charge transfer 
resistance (R2​) values were 0.92 Ω, 0.74 Ω, and 0.98 Ω, respectively. Interestingly, S-02 demonstrated superior 
electrochemical performance among the three samples, which correlates with its significantly lower R2. The 
equivalent circuit fitting revealed additional parameters for each sample. The best fit values of the capacitance 
(C), Warburg element (W) and the constant phase element (CPE) are given in the following Table.

Sample R1 (Ω) R2 (Ω) CPE (mF⋅cm− 2S) W (Ω⋅s− 1/2) C (mF)

S-01 0.93 0.92 4.9 10.95 1.1

S-02 1.01 0.74 10.7 13.54 3.4

S-03 0.96 0.98 7.3 12.4 1.6
 

The value of the fit parameters are in good agreement with published results51. It may be mentioned that 
CPE represents the non-ideal Debye behaviour. The high CPE and capacitance of S-02 reflect its superior charge 
storage capabilities, while its low charge transfer resistance​ underscores efficient charge transfer, validating its 
excellent conductivity and suitability for SCs applications. These findings confirm that the elemental tuning 
in S-02 leads to a unique morphology and outstanding electrochemical properties, solidifying its potential for 
future applications.
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Conclusion
In this work, we successfully synthesised bimetallic nickel cobalt carbonate hydroxide hydrate Ni3 − xCox-CHH 
(1 ≤ x ≤ 2) nano-materials with varying Ni and Co concentrations using a simple one-step hydrothermal method. 
The resulting material exhibited a 3D hierarchical structure with a high surface area and flower-like morphology. 
HRTEM analysis confirmed that the flower petal size is ~ 6 nm width and ~ 66 nm length, which assembled in 
form of flower as observed in FESEM. Interestingly optimised Ni-rich samples (Ni2Co-CHH) demonstrated 
smaller crystallite sizes (as confirmed by XRD) for better electrochemical performance. Electrochemical 
measurements revealed that the material with the highest Ni concentration (Ni2Co-CHH) exhibited the best 
specific capacitance and rate performance, achieving a remarkable specific capacitance of 1649.51  F g⁻¹ at 
current density of 1 A g⁻¹and 1332.08 F g⁻¹ at high current density of 10 A g⁻¹. Moreover, Ni2Co-CHH have 
performed superior stability, maintaining approximately 80.86% capacitance retention after 3000 cycles at 5 A 
g⁻¹. Thus, excellent electrochemical performance and stability can be attributed to the redox synergistic effect 
of bimetallic transition metals, the stable, open hierarchical structure and high porosity thus surpassing the 
previously reported values in literature. The hierarchical structure of electrode material significantly improved 
reaction kinetics and reduced material resistance, leading to outstanding specific capacitance. These findings 
highlight the promising potential of Ni2Co-CHH nano-materials as electrode for supercapacitor applications.

Material Synthesis Electrolyte Specific capacitance Reference

Ni3 − xCox-CHH (1 ≤ x ≤ 2) (S-02) Hydrothermal 1 M KOH 1649.51 F g− 1 at 1 A g− 1 In this study.

M(CO3)0.5(OH)·0.11H2O Hydrothermal 3 M KOH 9.6 mF cm− 2 at 0.300 mA cm− 2 55

cobalt carbonate hydroxide hydrate (CCHH)
/Polyanilines Hydrothermal 2 M KOH 1308.4 g− 1 at 1 A g− 1 49

Co(CO3)0.5(OH)⋅0.11H2O nanowires Hydrothermal 2 M KOH 693.0 C g− 1 at 1 A g− 1 56

Ni2(CO3) (OH)2/Co(OH)2 Hydrothermal 2 M KOH 632.8 C g− 1 at 1 A g− 1 57

Cobalt carbonate hydroxide nanowire with nickel/cobalt MOF
CCH-NCM Hydrothermal 3 M KOH 1044.68 F g− 1 at 2 A g− 1 58

NiCuCO3(OH)2 Hydrothermal 6 M KOH 971 F g− 1 at 1 A g− 1 23

MnCo2O4 nanoparticles Hydrothermal 2 M KOH 144 mF cm− 2 at 1 A g− 1 59

Copper Cobalt Carbonate Hydroxides
Cu1.79Co0.21CH Hydrothermal 6 M KOH 788.9 F g− 1at 1 A g− 1 24

Ni2CO3(OH)2 Hydrothermal 6 M KOH 668 F/g at 5 mV/s 28

Cobalt hydroxide carbonate/Activated carbon
Co2(OH)2CO3

Hydrothermal 6 M KOH 301.44 F g− 1 at 1 A g− 1 60

Sea-Urchin-like Nickel–Cobalt Carbonate Hydroxide Hydrothermal 6 M KOH 950.2 F g–1 at 1 A g− 1 37

CoV2O6 nanoparticles Hydrothermal ---- 271 mF cm− 2 at 1 mA cm− 2 61

Nickel carbonate hydroxide/ zeolitic imidazolate Hydrothermal 6 M KOH 851 F g− 1 at 1 A g− 1 28

Carbon cloth @CoCH@NiCoDLH Hydrothermal 2 M KOH 7.71 F cm− 2 at 10 A cm− 1 62

Aligned nickel − cobalt hydroxide nanorod Hydrothermal 1 M KOH 456 F g− 1 at 20 mV/g 63

Hierarchical nanoporous nickel/nickel hydroxide structure Hydrothermal 1 M KOH 4.76 F cm− 1 at 6.25 mA cm− 1 64

Monodisperse b-phase Co(OH)2 nanowires Hydrothermal 6 M KOH 358 F g− 1 at 0.5 A g− 1 65

Co3O4 nanotubes Hydrothermal 6 M KOH 574 F g− 1 at 0.1 A g− 1 66

CoMoO4 Hydrothermal 6 M KOH 211 F g− 1 at 0.5 A g− 1 67

MnCo2O4/ACWH Hydrothermal ----- 1392 F g− 1 at 1 A g− 1 68

NiFe2O4 Calcination 3 M KOH 490 F g− 1 at 1 A g− 1 69

Co3O4 nanotubes Hydrothermal 1 M KOH 165 F g− 1 at 10 mV s− 1 70

Co3O4 nanowire Hydrothermal 6 M KOH 746 F g− 1 at 5 mA cm− 1 71

Graphene/Co3O4/polypyrrole Hydrothermal 6 M KOH 385 F g− 1 at 1 A g− 1 72

1-D) wire-like NiO/Co3O Hydrothermal 2 M KOH 187 F g− 1 at 1 A g− 1 73

NiCo2O4 nanoparticles Hydrothermal 2 M KOH 720.04 F g− 1 at 1 A g− 1 74

Sea-urchin-like porous NiCo2O4 spinel Hydrothermal 1 M KOH 658 F g− 1 at 1 A g− 1 75

Flower-like nickel − cobalt oxides Hydrothermal 2 M KOH 750 F g− 1 at 1 A g− 1 76

Hierarchical porous nickel − cobalt oxides Hydrothermal 2 M KOH 867.3 F g− 1 at 1 a/g 77

FeCoP@Ni-CoCH hybrid, Hydrothermal 2 M KOH 795.5 C g− 1 at 1 A g− 1 78

Co-CHH nanostructure Hydrothermal 3 M KOH 515 F g–1 at 1 mA cm− 2 32

CuCoO2 nanostructure Hydrothermal 2 M KOH 250 F g− 1 at 0.5 A g− 1 79

Table 2.  Comparative data of specific capacitance of various TMO and carbonate hydroxide materials 
categories synthesised via the hydrothermal route.
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