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Chapter 3: NiCo2O4/NiO/rGO as non-precious metal-based 

anode catalyst for methanol oxidation   

 

3.1 Introduction  

Conventional Pt-based electrocatalysts are difficult to commercialize because of their 

unavailability, high cost, and activity loss due to catalyst poisoning [1, 2, 3]. Conversely, 

non-noble metals and their oxides have been playing significant role in DMFC research 

as they may be potential replacement to the Pt-based catalysts. Easy availability, better 

electrochemical stability and low cost of transition metal oxides (TMOs) make them 

potential contenders of the noble-metal based anode catalysts [4]. The electrochemical 

characteristics of TMOs are enhanced by various redox sites provided by the varying 

oxidation states of transition metal ions [5]. Additionally, TMOs provide superior 

stability in alkaline media, surpassing the performance of noble-metal based catalysts in 

acidic media [2, 6, 7]. The performance of DMFC is basically dependent on the catalytic 

activity of the catalyst, rate of electron/ion transport within the catalyst and the interface 

between catalyst and electrolyte [8]. Among the plethora of TMOs, Co3O4 is a promising 

non-precious metal electrocatalyst on account of its better reversibility, stability, eco-

friendliness, and cost-effectiveness [9, 10]. Moreover, NiO is gaining attention as a 

potential material for energy conversion/storage devices, because of its high 

pseudocapacitive properties and low oxidation potential [11]. However, low electron 

transfer rate and slow catalysis of these monometallic TMOs restrain their further 

development [12, 13]. Mixed transition metal oxides can overcome this due to the 

presence of more than one metal cations exhibiting reversible electron transfer. 

Additionally, they have enhanced electrical conductivity and rich redox reactions due to 

the presence of two distinct metal cations [13]. One such mixed metal oxide is NiCo2O4, 

which is formed by substituting Co atom by Ni in Co3O4. It has spinel structure, in which 

Ni2+ ions occupy octahedral sites and Co3+ occupy both octahedral and tetrahedral sites. 

It exhibits better electrochemical activity because of its higher thermodynamic stability 

and electronic conductivity, which is two-fold that of Co3O4 and NiO [13-16]. Various 

structural alterations, such as the use of carbon-based support materials, varied 

morphologies facilitating electron transfer, and induction of porosity, can further boost 

the electrical conductivity and exposure of active sites of TMOs [16, 17]. Composites 

having different crystalline phases can induce extra charges at the interface, which leads 
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to enhanced charge transport. For instance, it is found that the capacitance of nickel 

cobaltite (NiCo2O4) increases by inducing secondary phase NiO, which enriches the 

interfacial charge, thereby facilitating more redox reactions [16]. Various morphologies 

of NiCo2O4, such as nanoplates [18], nanowires [19], micro/nano spheres [20], etc. have 

also been employed in different conversion and storage devices. For instance, NiCo2O4 

with various morphologies have been investigated for oxygen evolution reaction activity 

[21]. These nanosheets on subjection to 1.63V potential against reversible hydrogen 

electrode (RHE) in 1 M KOH can provide current density of 10 mA/cm2 [22]. In order 

to enhance the surface area, inner cavities and active sites, several hollow architectures, 

including hollow spheres [23], yolk-shell hollow spheres [24], and others, are being 

investigated. Nevertheless, the conductivity of metal oxides cannot compete with the 

carbonaceous materials. Graphene is superior to other carbonaceous materials in terms 

of conductivity, surface area, rigidity, and chemical stability. NiCo2O4 nanosheets coated 

on CNTs offer much greater electrocatalytic activity than pristine NiCo2O4 [25].  Two-

dimensional morphology of NiCo2O4 with a high concentration of active sites can operate 

as an effective OER reaction catalyst [21]. Au-NiCo2O4 supported on graphene sheet 

enhances the specific surface area and contributes to improved conductivity of NiCo2O4 

[26]. Graphene and its various derivatives carry great potential in energy storage devices 

[27]. Among these derivatives, reduced graphene oxide (rGO) is remarkable because of 

its hydrophilicity, which is provided by oxygen-containing functional groups, such as 

hydroxyl, epoxy and carboxyl. Combination of conductivity and hydrophilicity renders 

rGO great potential as catalyst support for methanol oxidation. However, restacking 

lessens its practical implications [3, 27]. By creating its heterostructures with other 

nanostructures, restacking issues can be resolved.  

In this chapter, layer-on-layer structure of binary mixed metal oxide, 

NiCo2O4/NiO is developed with rGO to form a porous nanocomposite. Secondary phase 

NiO is conjugated with NiCo2O4 to create additional active sites at the interface. The 

porous non-noble metal based nanocomposite (CNOG) endowed by layer-on-layer 

structure acts as a versatile electrode for methanol oxidation and supercapacitor. The key 

advantages of the nanocomposite are as follows: (i) Less aggregation of the metal oxides 

lead to effective use of the active sites; (ii) Enlarged surface area of the nanocomposite; 

(iii) Minimal restacking of rGO nanosheets; (iv) More electrode-electrolyte interactions 

due to enhanced surface area; (v) Mesopores on the electrode make it easier for 
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electrolyte ions to penetrate into the electrode; (vi) Non-noble metals lessen CO 

poisoning of the catalyst during methanol oxidation; and (vii) Increased conductivity of 

the nanocomposite due to presence of rGO. Hence, endowed by these improved 

properties, CNOG acts as a versatile electroactive material for catalysis of methanol 

oxidation reaction and supercapacitor electrode. 

The supercapacitor application of CNOG will be discussed in chapter 5. 

 

3.2 Experimental section 

3.2.1 Material synthesis 

3.2.1.1 Synthesis of NiCo2O4/NiO (CNO): In a 100 ml solution of DI water and ethanol, 

1 mmol of Co(NO3)2.6H2O (Merck) and 2 mmol of Ni(NO3)2.6H2O (Merck) were 

dissolved. After stirring for some time, hexamethylenetetramine (6 mmol) was added to 

the above solution. After obtaining a homogeneous solution, the solution was heated in 

an autoclave at 120 °C for 18 hours. Following the washing process the sample was dried 

at 60°C. The dried powder was then annealed at 600 °C in air for 2 hours. Conversely, 

NiCo2O4 (NCO) was synthesized by using Co:Ni precursor in 2:1 molar ratio with 

annealing conditions being 350 °C for 2 hours. 

3.2.1.2 Synthesis of NiCo2O4/NiO/rGO (CNOG): Graphite oxide was synthesised using 

improved Hummer’s method [28]. To exfoliate graphite oxide, 20 mg of graphite oxide 

was dispersed in 40 ml of ethanol and sonicated. A solution containing 1.8 mmol of 

hexamethylene tetramine, 0.48 mmol of trisodium citrate, 2 mmol of nickel nitrate 

hexahydrate, and 1 mmol of cobalt nitrate hexahydrate was made in DI water. Both the 

solutions were mixed thoroughly and autoclaved at 120 °C for 18 hrs. The sample 

obtained after washing was dried and the powder obtained thereafter was annealed at 

600°C to obtain CNOG. The heat treatment reduces graphene oxide (GO) to form 

reduced graphene oxide (rGO). 

 

3.2.2 Material characterizations: 

The structural characterizations of the samples were accomplished using X-ray 

diffractometer (XRD) Model D8, Make-Bruker Axs, Germany Focus, Fourier Transform 

Infrared Spectrometer (FTIR) (Model Frontier MIR FIR) in 400-4000 cm-1 range, and X-

Ray Photoelectron Spectrometer (XPS)- Model ESCALAB Xi+ of Thermo Fisher 

Scientific Pvt. Ltd., UK. Field emission scanning electron microscopy (FESEM) (Carl 

Zeiss Microscopy, Germany, Model Zeiss, Sigma) and transmission electron microscopy 



Chapter 3: NiCo2O4/NiO/rGO as non-precious metal-based anode catalyst for methanol oxidation 

71 

 

(TEM) (TECNAI G2 20 S-TWIN (200KV)) were used for the morphological 

characterizations. The elemental composition of the prepared samples was evaluated 

using energy-dispersive X-Ray spectrometer JEOL, JAPAN of make JSM 6390LV. Pore 

analysis and Brunauer-Emmett-Teller surface area measurements were made using 

Autosorb iQ MP-AG (2 STAT) by Anton Paar. 

3.2.3 Electrochemical characterizations:  

Electrochemical studies were conducted using three-electrode set up in Gamry (Model- 

Gamry Interface 1010 E) at ambient environment. The set-up of the three-electrode 

system is: Pt wire (counter electrode), Ag/AgCl (reference electrode) and glassy carbon 

electrode coated with prepared active material (working electrode). The catalyst slurry 

was prepared by mixing the active material: carbon black: nafion in 75: 15: 10 ratios in 

isopropanol and water. The working electrodes were prepared by coating the catalyst 

slurry on Glassy Carbon Electrode (GCE) (5 mm) and dried at room temperature. Active 

material deposited was measured to be 0.1 mg. Prior to drop casting, GCEs were washed 

by DI water followed by alumina suspension. They were allowed to air dry after being 

rewashed in distilled water. 0.5 M NaOH was the supporting electrolyte in all 

electrochemical characterizations of the fuel cell. Cyclic voltammetry (CV), 

chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) were 

performed. The parameters considered were: - Potential window: -0.2 to 0.65 V; CA at 

0.65 V for 1 hr; EIS 0.1 Hz-1 MHz with constant amplitude of 10 mV.  

3.3 Results and Discussion 

3.3.1 Morphological characterizations  

The layered stacks of NCO nanoflakes are evident from the FESEM images shown in 

fig. 3.1a, and 3.1b. TEM images of NCO (shown in fig. 3.1c and 3.1d) corroborate well 

with the FESEM images. The SAED pattern in fig. 3.1e reveals the formation of different 

crystalline planes of NCO, as it consists of different planes (220), (311), (440) planes of 

NiCo2O4 with calculated d-spacing 0.294, 0.248, 0.147 nm respectively [29, 15, 17]. The 

morphology of CNO is presented in fig. 3.2 and fig. 3.3. CNO consists of NiCo2O4 

nanoflakes and NiO nanoparticles, which adhere to one another to form chain like 

structures, as confirmed by the FESEM images in fig. 3.2a, 3.2b.  

 

 



Chapter 3: NiCo2O4/NiO/rGO as non-precious metal-based anode catalyst for methanol oxidation 

72 

 

 

 

Figure 3.1: Morphology of NCO: (a), (b) FESEM images, (c), (d) TEM images, (e) 

SAED pattern 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Morphology of CNO: (a), (b) FESEM images, (c)-(d) TEM images 
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The morphology of CNO is further established from the TEM images displayed in fig. 

3.2c and 3.2d. The lattice planes depicted in fig. 3.3a and 3.3b correspond to (511) plane 

of NiO and (642) plane of NiCo2O4 respectively, thus confirming the formation of NiO 

and NiCo2O4. The SAED pattern in fig. 3.3c further affirms the formation of both phases 

i.e., NiO and NiCo2O4 as the SAED consists of different rings suggesting the planes 

(220), (422), (440), (622), (642) planes of NiCo2O4 with calculated d-spacing 0.292, 

0.169, 0.148, 0.124, 0.110 nm respectively [29, 15, 17], and (331), (422), (511) planes of 

NiO with d-spacing 0.094, 0.087, 0.07 nm respectively [15].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Morphology of CNO: (a)-(b) TEM images, (c) SAED pattern 

The FESEM images (fig. 3.4a, 3.4b) of hybrid CNOG proves the presence of layered 

structure of NiCo2O4 nanoflakes and rGO nanosheets in which NiO nanoparticles stick 

together to form chain-like structures. The layer-on-layer structure of NiCo2O4 

nanoflakes and rGO nanosheets can also be observed from the TEM images of CNOG in 
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fig. 3.4c and 3.4d. As can be observed from the fig. 3.4c, NiO nanoparticles are dispersed 

on the layer-on-layer structure of NiCo2O and rGO. In-situ growth of NiCo2O4/NiO on 

GO nanosheets, leads to the formation of spherical NiO nanoparticles. As seen in fig. 

3.5a, these NiO nanoparticles adhere to one another to create an interconnected porous 

network. The -OH group of the NiO precursor, Ni(OH)2 develops strong bond with the 

oxygen rich surface functional groups of GO, thus restricting the formation of NiO 

nanosheets, and favouring the formation of NiO nanoparticles [30]. 

 

 

Figure 3.4: Morphology of CNOG: (a), (b)- FESEM images, (c)-(d) TEM images. 

 

The HRTEM image of the NiO porous network in CNOG is displayed in fig. 3.5b. The 

region indicated by the yellow circle in fig. 3.5b is enlarged to reveal the lattice fringes 

shown in fig. 3.5c. The lattice fringes correspond to (511) plane of NiO with d-spacing 

of 0.08 nm. The layered stack of NiCo2O4 nanoflakes (marked by red and yellow circles) 
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in fig. 3.6a are enlarged in fig. 3.6b and 3.6c respectively. The d-spacing of 0.207 and 

0.237 nm correspond to (400) and (222) plane of NiCo2O4 respectively. The selected area 

electron diffraction pattern in fig. 3.6d displays the presence of lattice planes (311), (400), 

(511), (533) of NiCo2O4, and (331), (511) of NiO. The energy-dispersive X-Ray 

spectroscopy (shown in fig. 3.7) and elemental mapping (in fig. 3.8) of CNOG confirms 

the uniform distribution of the elements Co, Ni, C and O throughout the structure. 

 

 

Figure 3.5: Morphology of CNOG: (a)-(c) TEM images. Yellow circle in fig. 3.5b is 

representing the area magnified in fig. 3.5c 
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Figure 3.6: Morphology of CNOG: (a)-(c) TEM images. Red and yellow circles in fig. 

3.6a are representing the area magnified in fig. 3.6b and 3.6c respectively, (d) SAED 

pattern  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: EDX spectra of NCO, CNO, and CNOG 
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Figure 3.8: Elemental Mapping of CNOG: (a) SEM image, (b)-(e) Mapping images of 

Co, Ni, O, and C respectively, (f) Superimposed image of Co, Ni, O and C 

 

3.3.2 Physical characterizations 

3.3.2.1 X-ray Diffraction (XRD) 

The XRD patterns of NCO, CNO and CNOG are displayed in fig. 3.9a. In the XRD 

pattern of NCO, characteristic diffraction peaks appear at 18.9˚, 31.41˚, 36.8˚, 44.7˚, 59˚, 

65.3˚ and 77.2˚ corresponding to (111), (220), (311), (400), (511), (440), and (533) planes 

respectively of the NiCo2O4 spinel structure (JCPDS No- 73-1702)) [31]. The diffraction 

peaks corroborate well with the standard pattern of NiCo2O4 with inverse spinel structure. 

In CNO, apart from the NiCo2O4 peaks, additional diffraction peaks are seen at 37.15º, 

43.53˚, 62.6˚, 75.2˚, and 79˚. These peaks correspond to NiO planes (111), (200), (220), 

(311), and (222) respectively (JCPDS No- 73–1519) [32]. The crystal structure formation 

of CNO can be confirmed as all the planes corresponding to NiCo2O4 and NiO are 

observed. Graphene oxide formation is ensured from the diffraction peak (as shown in 

fig. 3.9b) observed at around 10.3° which corresponds to (002) plane. On reduction of 

GO, this peak decreases in intensity and a hump is observed at around 25º, thus 

confirming the formation of rGO [27, 33] (fig. 3.9a of CNOG). The shift to higher 2θ 

value results from the partial removal of oxygen-containing functional groups 

incorporated between the graphene nanosheets caused by the reduction of GO. 
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Figure 3.9: Structural characterizations: (a) XRD pattern of NCO, CNO and CNOG, (b) 

XRD of GO, (c) FTIR spectra of CNO, GO and CNOG, (d) Raman spectrum of GO 

 

3.3.2.2 Fourier transform infrared spectroscopy (FTIR) and Raman Spectroscopy 

FTIR spectrum of CNO (shown in fig. 3.9c) consists of vibrational bands at 483, 558, 

663, 1030, 1375, 1621, 2850, 2923, 3433 cm-1 which correspond to Ni-O antisymmetric 

stretching vibrations of NiO, Co-O stretching vibration, Ni-O stretching vibration of 

NiCo2O4, bending vibration of H2O molecule, C-O bond, bending mode of H2O 

molecule, symmetric and asymmetric CH2 stretching, O-H stretching mode of water 

molecule respectively [34, 16, 35]. The FTIR spectrum of GO in fig. 3.9c confirms the 

presence of its functional groups. Vibrational bands are observed at 1052, 1243, 1370, 

1625, and 1731 cm-1, which correspond to C-O alkoxy, C-O epoxy, C-O carboxyl, C=C, 

and C=O stretching of carboxyl group, respectively. Additional bands appear at 2847, 
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2925, and 3420 cm-1, which appear due to symmetric CH2 stretching, asymmetric CH2 

stretching, and O-H stretching of H2O molecules. In the nanocomposite CNOG, all the 

vibrational bands of CNO are found in addition to C=C band of graphene. A weak 

absorption peak appears at 748 cm-1, which corresponds to metal-oxygen vibrations [34]. 

When GO is converted to rGO, all of the vibrational bands corresponding to the epoxy 

and carboxyl groups vanish. Moreover, the Raman spectrum of GO prove the successful 

formation of GO. In the Raman spectrum of GO shown in fig. 3.9d, the D and G bands 

are observed at 1330 and 1583 cm-1 respectively. The D band represents the breathing 

modes of carbon with A1g symmetry, which represent the presence of defects in GO, and 

G band corresponds to first order scattering from E2g phonon modes of sp2 hybridized C 

atoms in GO [33]. 

 

3.3.2.3 X-ray photoelectron spectroscopy (XPS) 

XPS was performed to understand the chemical bonds and redox states of the metal ions 

Ni and Co in CNO and CNOG nanocomposite. The full-scan survey in fig. 3.10a 

confirms the presence of elements Ni, Co, O, and C in CNO and CNOG. The C 1s peak 

of CNO arises because of the residual HMT used in the synthesis of CNO; whereas in 

CNOG, the C 1s peak occurs due to rGO nanosheets and residual HMT. To better 

visualize the multiple deconvoluted spectra, differential graphs of intensity versus 

binding energy of each deconvoluted spectrum are plotted and displayed in fig. A1 in 

Appendix A). As seen in fig. 3.10b, Ni 2p of CNO exhibits two peaks at 854.11 and 

871.57 eV attributed to Ni2+ of 2p3/2 and 2p1/2 spin-orbit doublets respectively. The 

presence of Ni3+ state is established by the peaks appearing at 855.79 and 873.29 eV 

arising due to Ni3+ 2p3/2 and 2p1/2, respectively [29, 36]. The two satellite peaks around 

861.23 and 879.26 eV further confirm the existence of both Ni2+/Ni3+ oxidation states. 

Another peak appears at 865 eV in both CNO and CNOG; this peak refers to satellite 

peak of Ni 2p3/2 in NiO [37, 38]. On adding reduced graphene oxide to CNO, the peaks 

evolve at slightly higher value of binding energy (i.e., at 854.15, 855.86, 861.25, 871.65, 

873.41, 879.35 eV) suggesting that the electron transfer is taking place from Ni to its 

neighbouring rGO nanosheets in CNOG. The high-resolution spectra of Co 2p (fig. 

3.10c) displays two broad peaks at 780 and 795 eV, which correspond to the spin-orbit 

doublets 2p3/2 and 2p1/2 respectively [37]. On deconvoluting these peaks for CNO, two 

peaks at 781.16 and 796.6 eV arise due to Co2+ state, whereas 779.7, 794.9 eV peaks 
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correspond to Co3+ oxidation state [37]. While in case of CNOG, peaks are observed at 

781, 796.48 eV and 779.73, 794.9 eV corresponding to Co2+ and Co3+ respectively. It is 

observed that the binding energy of Co2+ in CNOG shifts to lower value, which is due to 

electron transfer from the surrounding to the Co2+ ions [38]. 

 

 

Figure 3.10: XPS of CNO and CNOG: (a) Survey spectra, High-resolution XPS spectra 

of (b) Ni 2p, (c) Co 2p, (d) O 1s, and (e) C 1s  

Two satellite peaks are also observed which confirms the presence of Co2+ and Co3+
 state. 

O 1s spectra of CNO (shown in fig. 3.10d) are observed at 529.65, 529.88, 531, 533 eV, 

which correspond to Ni-O bond, Co-O bond, C=O, and O-H bond of 

physically/chemically adsorbed water molecules, respectively. In case of CNOG, these 

peaks shift to 529.52, 529.79, 530.49, 531.38, and 533.26 eV [10]. The peaks at 530.49, 

531.38 eV correspond to the oxygenated species of the functional group O-C=O and C=O 

of GO [39]. The increase in binding energy of the peak corresponding to 531 and 533 eV 

in CNOG is because of the oxidization of the graphene layers. In the C 1s spectra of 

CNOG (depicted in fig. 3.10e), four peaks appear after deconvolution. The peaks at 

284.47, 285.03 eV are ascribed to the C-C and C=C of the graphitic sp3 and sp2 hybridised 
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carbons, respectively [40, 41, 42]. Another two peaks at 285.62 and 288.69 eV 

correspond to the functional group C-OH (hydroxyl group) and C=O (carboxyl group), 

respectively [40] due to the addition of reduced graphene oxide nanosheets to CNO.  

 

3.3.2.4 Nitrogen (N2) adsorption-desorption analysis 

The surface area and porosity of the developed materials have been analyzed using BET 

method. All the catalysts developed are mesoporous in nature and exhibit type IV 

isotherm (shown in fig. 3.11). Compared to the pristine metal oxides NCO (26 m2/g) and 

CNO (47 m2/g), the hybrid catalyst CNOG exhibit the highest surface area of 53 m2/g. 

As obtained from pore size distribution the size of pore lies in the mesopore range 3-7 

nm. 

Figure 3.11: N2 adsorption-desorption isotherms along with pore size distribution in inset 

(i) NCO, (ii) CNO, (iii) CNOG 
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3.3.3 Electrochemical characterizations 

3.3.3.1 Electrochemical activity of the electrodes in absence of methanol 

The electrochemical behaviours of the electrodes (on GCE substrate) are assessed by 

cyclic voltammetry and as shown in fig. 3.12a, the hybrid electrode CNOG offers the 

highest current density because of the synergistic contribution of rGO, NiCo2O4 and NiO. 

A redox pair is observed which is attributed to the redox couples Co2+/Co3+ and Ni2+/Ni3+. 

The redox reaction governing this peak is- 𝑁𝑖𝐶𝑜2𝑂4 + 𝑂𝐻− + 𝐻2𝑂 →  2𝐶𝑜𝑂𝑂𝐻 +

𝑁𝑖𝑂𝑂𝐻 + 𝑒−. 

 

Figure 3.12: Cyclic voltammetry of the electrodes in 0.5 M NaOH - (a) NCO/GC, 

CNO/GC and CNOG/GC at a 10 mVs−1, (b) NCO/GC, (c) CNO/GC, (d) CNOG/GC at 

varying scan rate 

 

As scan rate affects the redox reactions, the variation of current density with scan rate is 

studied for all the three electrodes as shown in fig. 3.12b, c and d. It is seen that with 

increase in scan rate the peak-to-peak separation, ΔEp increases; however, the shape of 

CV remains the same, which represents quasi-reversibility of the electrodes. NiCo2O4 

exhibits the highest ΔEp value of 237 mV at 10 mV/s scan rate, which decreases by 

developing the mixed metal oxide composite NiCo2O4/NiO (ΔEp = 87 mV). On 
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developing composite of NiCo2O4/NiO with rGO nanosheets, the value decreases further 

to 83 mV in CNOG. The hybrid CNOG offers high surface area and conductivity to the 

system as a result of which reversibility increases.  

 

 

Figure 3.13: (a), (b), (c): Ip vs. ν plot of NCO/GC, CNO/GC, and CNOG/GC respectively. 

(d), (e), (f): Ip vs. ν1/2 plot of NCO/GC, CNO/GC, and CNOG/GC respectively 

 

Furthermore, it is clear from fig. 3.13 that all the three electrodes exhibit the surface 

adsorbed process and the diffusion-controlled process, since the peak current density (Ip) 

varies linearly with both scan rate, ν (fig. 3.13a, b, c), and square root of scan rate (fig. 
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3.13d, e, f), respectively. It is also evident from the slope of log Ip vs log ν plot (fig. 

3.14a) which is equal to 0.6, 0.8 and 0.8 for NCO, CNO, and CNOG respectively. The 

surface coverage of adsorbed redox species is calculated to be 3.4 × 10-5, 2.3 × 10-5, and 

2.5 × 10-5 mol/g.cm2, respectively for NCO, CNO, and CNOG, based on Brown-Anson 

model [43]. Using Laviron’s method (Laviron’s plot displayed in fig. 3.14b, c, d), the 

electron transfer coefficient (α) and heterogeneous rate constant (ks) are calculated and 

listed in table 3.1. The enhanced value of α and ks of CNOG indicate that the interfacial 

contact between the metal oxides and graphene increases the kinetics of the redox 

reactions by providing more channels for ions to access the active sites. Additionally, the 

mesopores and large surface area of CNOG facilitate increased electron transfer by 

reducing the diffusion path of ions. 

 

 

Figure 3.14: (a) Plot of logarithm of peak anode current density vs. logarithm of scan 

rate, Laviron’s plot: (b) NCO/GC, (c) CNO/GC, (d) CNOG/GC 
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Table 3.1: α and ks value of the electrodes 

Catalyst Anodic electron transfer 

coefficient (α) 

 

Average heterogeneous 

rate constant (ks) 

NiCo2O4 0.4 0.05 

NiCo2O4/NiO 0.07 0.22 

NiCo2O4/NiO/rGO 0.79 0.56 

                

3.3.3.2 Electrochemical activity of the electrodes in presence of methanol 

Cyclic voltammetry is used to investigate the catalysis of the methanol oxidation process 

(MOR) at methanol concentrations ranging from 1 to 6 molar. Figure 3.15a shows the 

CV of all the electrodes in 3 M methanol at 50 mV/s sweep rate. Among the three, CNOG 

exhibits the highest current density. Figures 3.15b, c, and d show the cyclic 

voltammograms of NCO, CNO, and CNOG at a scan rate of 200 mV/s. In all the three 

electrodes, 3 M is obtained as the optimized methanol concentration. MOR current 

beyond 3 M concentration decreases due to reaction-kinetics controlled process [44]. 

CNOG/GC offers the highest current density of 26.86 A/g at 200 mV/s. The onset 

potential obtained for CNOG/GC, CNO/GC and NCO/GC catalysts are 0.32, 0.36, 0.40 

V respectively at 50 mV/s. rGO nanosheets, NiCo2O4 nanoflakes, and NiO nanoparticles 

render CNOG large specific surface area and more exposed active sites. The poor 

conductivity and tendency of metal oxide nanostructures to agglomerate or dissolve 

during the methanol oxidation reduces their catalytic activity. When these transition 

metal oxide nanostructures NiCo2O4/NiO are grown on rGO nanosheets, the resulting 

hybrid structure increases the conductivity and structural stability of the catalyst CNOG. 

Co2+ and Ni2+ get oxidised to higher oxidation state Co3+ and Ni3+, which get reduced 

back to the lower state (II) after accepting an electron from methanol molecule. Thus, 

NiOOH and CoOOH are the reactive oxidising species present on the catalysts. So, the 

probable chemical reactions involved in methanol oxidation reaction can be expressed 

by equations 3.1-3.2. 

𝑁𝑖𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 + 1.25𝑂2 → 𝑁𝑖(𝑂𝐻)2 + 𝐶𝑂2 + 1.5𝐻2𝑂   (3.1)                                     

2𝐶𝑜𝑂𝑂𝐻 + 2𝐶𝐻3𝑂𝐻 + 2.5𝑂2 → 2𝐶𝑜(𝑂𝐻)2 + 2𝐶𝑂2 + 3𝐻2𝑂    (3.2) 
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Figure 3.15: Cyclic voltammetry in presence of methanol: (a) NCO/GC, CNO/GC, and 

CNOG/GC at 50 mVs−1 in 0.5 molar sodium hydroxide solution in 3 molar CH3OH, (b) 

NCO/GC, (c) CNO/GC, (d) CNOG/GC at varying concentrations of CH3OH at 200 mV/s 

 

To see the effect of scan rate on MOR, the scan rate is varied from 10-200 mV/s and the 

scan rate varied CV profiles are displayed in fig. 3.16a-3.16c, where MOR current 

increases with scan rate. With increase in scan rate, the cathodic current density of 

Co(III)/Co(II) and Ni(III)/Ni(II) conversions increases, which suggests the availability 

of more active sites for MOR. Thus, the MOR current increases at higher scan rate, which 

occurs due to the high conductivity and porosity of the electrodes. The kinetics of MOR 

is studied using Tafel equation [45] given by 𝐸𝑝 =
2.303𝑅𝑇

𝛼𝑛𝐹
[𝑙𝑜𝑔𝐼𝑝 − 𝑙𝑜𝑔𝐼𝑜],  where, Ep 

represents overpotential, Ip and Io denotes methanol oxidation current and exchange 

current density respectively, α being the electron transfer coefficient, and F is the Faraday 

constant.  
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Figure 3.16: Cyclic voltammetry in presence of methanol: (a) NCO/GC, (b) CNO/GC, 

and (c) CNOG/GC in 3 molar CH3OH at varying scan rate 

 

A smaller Tafel slope (slope of 𝐸𝑝 𝑣𝑠. 𝑙𝑜𝑔𝐼𝑝 plot) characterizes a good electrocatalyst. 

Electron transfer coefficient and Tafel slope of all the electrodes are listed in table 3.2. 

Figure 3.17a represents Tafel plot of NCO, and fig. 3.17b and c corresponds to that of 

CNO at low and high potential respectively. As displayed in fig. 3.17b and c, the Tafel 

plot of CNO exhibits two slopes which suggests the presence of two different rate 

determining step dependent on the operating potentials [46]. Similarly, CNOG exhibits 

two slopes depending on the potential (shown in fig. 3.17d and e). At potential up to 0.46 

V vs. Ag/AgCl, Tafel slope of 77 mV/dec is obtained; and beyond that, higher Tafel slope 

of 317 mV/dec is attained. Low Tafel slope favours methanol oxidation, whereas higher 

slope is the indicator of catalyst degradation by CO intermediates.  Minimum Tafel slope 

and highest electron transfer coefficient of CNOG suggest better kinetics of methanol 

oxidation. The potential dependent Tafel slope of the electrodes manifest adsorption of 
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the oxidation intermediate products on the catalyst surfaces and oxidation of these 

products interferes methanol oxidation [47]. 

 

 

Figure 3.17: Tafel plot in 3 M methanol at 10 mVs−1: (a) NCO/GC, (b) CNO/GC at low 

overpotential, (b) CNO/GC at high overpotential, (d) CNOG/GC at low over potential, 

(e) CNOG/GC at high over potential 
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Figure 3.18: (a) Chronoamperograms of NCO/GC, CNO/GC, and CNOG/GC in 3 molar 

CH3OH at 0.65 V for 1 hr, (b) Nyquist plots (Top inset: zoomed view of higher frequency 

Nyquist plot, bottom inset: equivalent circuit), (c) Cycling stability of CNOG/GC at a 30 

mVs−1 in 3 molar CH3OH 

Electrochemical stabilities of the electrodes are assessed by chronoamperometry for 1 hr 

and are displayed in fig. 3.18a. The current decreases for the first 400 s due to coverage 

of the catalyst surface by CO and oxidation intermediate products, and remains constant 

thereafter. The tolerance to these CO intermediates can be measured quantitatively by a 

parameter called deterioration rate. Lower deterioration rate implies better tolerance. The 

deterioration rate and retention of current of the three catalysts are tabulated in table 3.2. 

CNOG offers the lowest deterioration rate and highest current retention, which suggest 

better durability of the catalyst. The hydroxyl groups present on the surface of rGO 

nanosheets react with the adsorbed CO to form CO2, thereby releasing the active sites 

free from CO. To understand the reaction kinetics and processes EIS was performed in 3 
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M methanol solution containing 0.5 M NaOH as the supporting electrolyte (shown in fig. 

3.18b). In order to get proper understanding, the experimental data are fitted with 

electrochemical circuit model (shown in inset of fig. 3.18b) consisting of series resistance 

(Rs), charge transfer resistance (Rct), constant phase element (CPE), capacitance (C), and 

Warburg impedance (W). In the high frequency region, the semicircle represents the 

presence of RC circuit. The high and intermediate frequency region is dominated by 

charge transfer kinetics, whereas the low frequency region is dominated by mass transfer 

i.e. diffusion of ions [48]. The intercept of the X-axis gives the Rs and the diameter of the 

first semicircle give the Rct value. Amongst all the three electrodes, CNOG offers the 

least charge transfer resistance (6 Ω); whereas NCO and CNO shows 7.8 Ω and 11.65 Ω 

respectively. On making the binary composite of NiCo2O4 with NiO, the charge transfer 

resistance of CNO becomes higher than NCO, which may be due to the presence of more 

oxides in the system, which is again compensated by CNOG due to the presence of 

conducting rGO nanosheets. The constant phase element used in the circuit represents 

the heterogeneous properties of the active material arising due to mesopores of the 

electrodes. In the lower frequency region, lower value of Warburg diffusion coefficient 

corresponds to easy access of electrolyte ions into the electrode’s active sites. The slope 

of the Nyquist plot of CNOG is almost 45º at low frequency, which suggests good ionic 

diffusion. Thus, better conductivity, high surface area, presence of pores, multiple redox 

sites exposed to the surface, and the layer-on-layer structure of CNOG provide excellent 

electrode-electrolyte interaction and favours methanol oxidation reaction. Durability of 

the catalyst CNOG is studied by observing CV for 1000 cycles at 3 M methanol and 30 

mV/s scan rate as shown in fig. 3.18c. It is observed that MOR current does not decrease 

much with current retention of 83.34%, 81.47% and 65.63% after 200th, 500th and 1000th 

cycles respectively. The 65.63% current retention even after 1000th cycle corroborates 

well with the low deterioration rate obtained from chronoamperometry study. The 

minimal current decay is mainly due to the blocking of the active sites of the catalyst by 

the oxidation intermediates byproducts. 
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Table 3.2: Tafel slope, Electron transfer coefficient, Calculated values of current 

retention and Deterioration rate of all the electrodes 

Sl. 

No. 

Catalyst Tafel slope 

(mV/dec) 

Electron Transfer 

Coefficient 

α (s-1) 

Retention 

% 

Deterioration 

rate (s-1) 

1 NCO 95 0.62 38 5.7 × 10-5 

2 CNO 155 (V < 0.46 V vs. 

Ag/AgCl) 

626 (V > 0.46) 

0.38 (V < 0.46) 

0.09 (V > 0.46) 

35 4.7 × 10-5 

3 CNOG 77 (V < 0.46 V vs. 

Ag/AgCl) 

317 (V > 0.46) 

0.76 (V < 0.46) 

0.18 (V > 0.46) 

66 4 × 10-5 

 

 

3.3.4 Characterizations of the electrode after cycling stability 

After the stability test, XPS was done to know the changes in chemical states of the 

catalyst after the methanol oxidation process. It is seen that after active participation in 

methanol oxidation, the intensity of Ni 2p and Co 2p orbitals (fig. 3.19a) decreases; 

which suggests the degradation of catalyst over time. As observed from fig. 3.19b, the 

binding energy increment of Ni2+ 2p3/2, Ni3+ 2p3/2 and Ni3+ 2p1/2 implies the charge 

transfer taking place on Ni sites. The disappearance of 865 eV satellite peak after 

methanol oxidation occurs due to charge transition from O 2p to Ni 3d states of NiO [38]. 

The binding energy of Ni2+ 2p1/2 decreases which may be due to accumulation of electron 

density near these sites produced during oxidation of methanol molecules. Moreover, the 

decrease in intensity of all the Ni peaks signifies the decrease in Ni content after the 

methanol oxidation. The loss of Ni content may be due to degradation of the catalyst 

surface and dissolution of Ni ions. As depicted in fig. 3.19c, Co 2p spectra upon 

deconvolution shows similar trend in binding energy enhancement, which confirms the 

redox reactions taking place on these Co sites as well. One additional peak centred at 

773.26 eV appears whose origin is still not understood.  
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Figure 3.19: XPS of CNOG after methanol oxidation: (a) Survey spectra, High-resolution 

XPS spectra of (b) Ni 2p, (c) Co 2p, (d) O 1s, and (e) C 1s  

 

In the O 1s spectra (fig. 3.19d), the Co-O peak appears at 530.9 eV, whereas the Ni-O 

peak disappears due to decrease in Ni content due to degradation of the catalyst. The 

other two interactions (O-C=O and C=O) also change their binding energy to higher 

value due to oxidation taking place. An additional peak appears in O 1s spectra at 535.7 

eV which is attributed to formaldehyde formed as an oxidation by-product of methanol.  

After the methanol oxidation is processed for a longer time period, the C 1s exhibits 6 

peaks at 284.7, 285.3, 289, 289.3, 291.8, and 293.3 eV. The 284.7, 285.3, 289, and 289.3 

peaks correspond to C-C, C=C of sp2 hybridized carbon atoms and C-OH (hydroxyl), 

and C=O (carboxyl) groups, respectively of rGO nanosheets (fig. 3.19e). The extra peaks 

291.8 and 293 eV correspond to CHO compound mainly formaldehyde [49, 50], and 

formate [51] formed as a product of methanol oxidation. It is observed that post methanol 

oxidation, the 285.3 peak increases in area, which is due to overlapping of C=C 

interaction with methoxy, formed as a by-product [52]. 
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Figure 3.20: Characterizations of CNOG after methanol oxidation: (a)–(c) FESEM 

images. In fig. 3.20a, the red circles are displaying the lumps and blue circles marking 

the fragmentation of NiCo2O4 flakes, (d) XRD, and (e)-(f) FTIR pattern after 1000 CV 

cycles in 3 molar CH3OH + 0.5 molar sodium hydroxide aqueous solution 

The hybrid CNOG appears fibre-like structure after oxidation of methanol for 1000 CV 

cycles (as shown in fig. 3.20a, b). The enlarged view of the fig. 3.20a are displayed 

separately in fig. 3.21a and 3.21b to see clearly the agglomeration lumps and restacking, 
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respectively. Morphology change in CNOG after continuous methanol oxidation is 

mainly due to the catalytic reactions taking place on its surface leading to dissolution and 

redistribution of the metal oxides NiCo2O4, NiO and rolling of rGO nanosheets [53, 54].  

The areas marked by red circles in fig. 3.20a and 3.21a display lumps of NiCo2O4 and 

NiO scattered on the nanofiber matrix of rGO.  

 

Figure 3.21: FESEM of CNOG after methanol oxidation: (a) Enlarged image of fig. 3.20a. 

Red circles are marking the lumps, (b) Enlarged image of fig. 3.20a. The areas marked 

by blue circles are displaying the non-uniform restacking and fragmentation of NiCo2O4 

flakes, (c) Magnified image of the lumps shown inside red circle in fig. 3.21a.  

The magnified image of the lump can be seen in fig. 3.20c and 3.21c, where the 

agglomeration can be observed. The restacking and fragmentation of the NiCo2O4 flakes 

can be observed in the areas marked by blue circles in fig. 3.20a and 3.21b. Thus, the 

NiO nanoparticles agglomerate and NiCo2O4 flakes do not retain their regular stacking 

pattern. As the dimension of the NiCo2O4 and NiO are smaller than the nanofiber 

dimension, so the agglomeration of NiCo2O4 and NiO are seen only in few places as they 

may be covered by the rGO nanofibers. However, the agglomeration and restacking can 
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be seen in few places as confirmed from the portions shown inside the red and blue 

circles, respectively in the FESEM image. The resulting morphology decreases the 

interfacial interactions and inhibits the electrolyte ions from reaching the active sites, 

thereby reducing methanol oxidation. 

To observe any new structural phase and to monitor the structural stability of the 

catalyst after methanol oxidation, XRD was performed. As observed in fig. 3.20d, the 

XRD peak corresponding to (111) plane of NiCo2O4 shifts to lower value (16.36°) which 

may be due to insertion of methanol and other electrolyte ions inside the NiCo2O4 

nanosheets, which leads to increase in interplanar distance. The other XRD peaks 

decrease in intensity which implies the reduction in crystallinity of the sample. The 

change in vibrational absorption bands of the catalyst after methanol oxidation was 

monitored by FTIR and are displayed in fig. 3.20e and 3.20f. As shown in fig. 3.20f (the 

magnified view of the portion shown by circle in fig. 3.20e), in the wavenumber range 

450-750 cm-1, the absorption peaks of CNOG shifts to lower wavenumber value which 

suggests modification of electron distribution of the molecular bonds Ni-O and Co-O. 

This modification of electronic distribution occurs as a result of increase in bond length 

due to changing electronegativity of the neighbouring atoms. Moreover, the decreased 

intensity of these absorption peaks implies the utilization of these molecules in methanol 

oxidation reaction. The vibrational bands in the wavenumber region 1116-1308 cm-1 

occur due to bending of water molecules. A weak peak appears at 1474 cm-1 which arises 

because of adsorbed methanol molecules. As shown in fig. 3.20e, the increased intensity 

of 2852, 2925, and 3441 cm-1 infers the fact that after prolonged methanol oxidation, the 

catalyst surface gets covered with methoxy species, methanol molecules, and water 

molecules, respectively [10], which corroborates well with the XPS results. Two 

additional absorption peaks appear at 1548 and 1725 cm-1 which correspond to carboxylic 

acid functional groups attached to the catalyst surface [55, 56]. 

3.4 Conclusion 

In conclusion, a mesoporous electrode material NiCo2O4/NiO/rGO (CNOG) is developed 

as anode catalyst for methanol oxidation. FESEM and TEM images clearly reveal the 

layer-on-layer morphology of the nanocomposite CNOG. Low conductivity and 

aggregation issues of transition metal oxides are compensated by making nanocomposite 

of NiCo2O4/NiO with conducting reduced graphene oxide. The layer-on-layer structure 
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of hybrid CNOG enlarges the surface area and increases interfacial interactions among 

the components. The mesopores facilitate rapid ion transfer by reducing the diffusion 

paths of ions and increasing electrode-electrolyte interactions. CNOG exhibits surface-

controlled as well as diffusion-controlled process. Higher electron transfer coefficient 

and heterogeneous rate constant of the hybrid CNOG lead to more methanol oxidation 

current, which occurs due to the presence of conducting rGO nanosheets and the strong 

interfacial interconnections among the individual components. Methanol current density 

of 26.86 A/g is obtained with low onset potential of 0.32 V vs Ag/AgCl. The hybrid 

electrode offers less charge transfer resistance due to the conducting network of reduced 

graphene oxide and the developed good interfacial interactions. Low Tafel slope of 77 

mV/dec, low deterioration rate and good MOR current retention (65.63%) after 1000 CV 

cycles suggest better stability and reactivity of CNOG as anode catalyst.  Formaldehyde, 

formate, methoxy are expected intermediates products of methanol oxidation as 

confirmed by post methanol oxidation XPS and FTIR results. The decrease in 

crystallinity and reduction in intensity of vibrational bands are observed due to utilization 

of the active sites of the catalyst and degradation of the catalyst over time. After 

continuous methanol oxidation, the morphology of CNOG changes to fibre-like structure 

which reduces the efficiency of the catalyst after prolonged use. Thus, CNOG proves 

itself a durable and efficient anode catalyst for methanol oxidation. 
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