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Supplementary note 1: Analysis of NiCo2O4 nanoneedle growth  

We have employed a hydrothermal method for the synthesis of NiCo2O4 nanoneedles. The 

orientation of nanostructure can be determined through several factors such as hydrodynamic 

forces, surface energy, surface roughness, etc. In the present work, hydrodynamic forces are 

similar owing to identical chemicals used and reaction parameters during a synthetic process. So, 

the nucleation and growth of the nanoneedle is driven by a minimization in free energy of the 

system based on surface energy between substrates and solution. The change in the Gibbs free 

energy of ΔG associated with the homogeneous nucleation process under the thermodynamic 

constraints of temperature and pressure is considered as follows [1-5]:

………………………………………….….……(1)∆𝐺ℎ𝑜𝑚𝑜= ∆𝐺𝑠+ ∆𝐺𝑣

where ΔGs and ΔGv are the Gibbs free energies required to create the crystal surface and to build 

the crystal volume, respectively. The change in the Gibbs free energy as a function of nucleation 

radius (r) can be expressed as below.
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where  is the interfacial energy. Υ

The Gibbs free energy is minimized at equilibrium state, where critical radius (rc) of the 

nucleation is achieved in chemical solution:
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Thus, the critical radius becomes:
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It notes that,  is negative quantity and  is positive, so  will be positive quantity as Δ𝐺𝑣 Υ 𝑟𝑐

expected. The equation (2) in terms of wetting angle for heterogeneous nucleation becomes:
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So, the critical radius size for heterogeneous nucleation becomes:
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Thus, the nucleation radius for heterogeneous growth on the substrate is directly 

proportional to interfacial surface energy ( ). Υ
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The contact angle measurements demonstrated that the pristine nickel foam (NF) and rGO 

coated NF exhibited hydrophilic (contact angle = 0°) and hydrophobic (contact angle = 102°) 

nature of substrate, respectively. Since these values correspond to high and low surface energies, 

respectively, the low surface energy of rGO interlayers lead to restrict the growth of nanostructure 

towards the smaller dimension. 

Supplementary note 2: XPS analysis

The high resolution XPS spectra of Ni 2p, Co 2p and C 1s of NiCo2O4@rGO hybrid and 

NiCo2O4 samples were shown in Fig. S4. The Ni 2P1/2, Ni 2P3/2, Co 2P1/2, and Co P3/2 core level 

peaks of NiCo2O4@rGO hybrid were centered at 872.32, 855.15, 794.55, and 779.45 eV, 

respectively, and those of NiCo2O4 at 872.47, 855.31, 794.70, and 779.60 eV, respectively. The 

C1s core level of rGO could be fitted into three components assigned to C=C, C-O-C, and O-C=O 

peaks at 284.49, 285.08, and 288.70 eV. On the other hand, the C1s core level of NiCo2O4@rGO 

hybrid was deconvoluted into four components at 284.64, 284.50, 285.26, 286.29 and 288.29 eV, 

which are assigned to C=C, C-C, C-O-C, and O-C=O bonds, respectively. The negative peak shifts 

of Ni 2p and Co 2p, positive peak shift of C 1S for C=C bond, and peak broadening of O 1s for 

NiCo2O4@rGO hybrid confirmed interaction between NiCo2O4 and rGO. The specific interaction 

between NiCo2O4 and rGO was confirmed by the change in the oxidation state of Ni and Co in 

XPS spectra from the binding energies of Ni 2P1/2, Ni 2P3/2, Co 2P1/2, and Co 2P3/2, additional 

contribution in O 1s spectra though peak broadening, as well as in the sp2-type hybridization of C 

from the binding energy of C 1S in XPS spectra.
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Figure. S1 FE_SEM images of NiCo2O4 nanostructures grown at different hydrothermal reaction 

times (a-d) 15 min, (e-h) 30 min, and (i-l) 1 hour on  bare NF surface (a-b, e-f, i-j) and rGO coated 

on NF surface (c-d, g-h, k-l), respectively.
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Figure. S2 Water contact angle images on (a) pristine NF and (b) rGO coated NF substrates.

Figure. S3 Crystallographic features of NiCo2O4 nanoneedles from XRD and HR-TEM 

measurements.
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Figure. S4 High resolution XPS spectra of (a) Ni 2p and (b) Co 2p for NiCo2O4 and 

NiCo2O4@rGO hybrid, and (c) C 1s for rGO and NiCo2O4@rGO hybrid on NF. Deconvolution 

fitted XPS spectra of (d) Ni 2p and (e) Co 2p, and (f) C 1s for NiCo2O4@rGO hybrid on NF.



7

Figure. S5 (a) CV curves of NiCo2O4 electrode at different scan rate. (b) GCD profile of NiCo2O4 

electrode at different current densities. (c) GCD curve of NiCo2O4 and NiCo2O4@rGO hybrid 

electrodes at constant current density of 8 A g-1. (d) Coulombic efficiency variation of NiCo2O4 

and NiCo2O4@rGO hybrid electrodes with GCD cycle number at 16 A g-1.  
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Figure. S6 FE-SEM images of NiCo2O4 and NiCo2O4@rGO hybrid electrodes before (a, c) and 

after (b, d) 10,000 GCD cycles at 16 A g-1.  
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Figure. S7 Variation of specific capacitances of rGO electrode at different scan rates in 2 M KOH 

electrolyte.  
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