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Chapter 4: NiCo2O4/NiO/MXene as non-precious metal-based 

anode catalyst for methanol oxidation 

 

4.1 Introduction 

In the era of critical energy situation, researchers are pouring in efforts to find efficient 

energy storage and conversion devices to replace the prevailing fossil fuels. Direct 

methanol fuel cell (DMFC) is a potential energy conversion device owing to its high 

conversion efficiency, high power density, low pollutant emission, methanol being the 

simplest among all other alcohols, etc [1, 2]. On the other hand, performance of DMFC 

is affected by the sluggish redox reactions on the anode/cathode surface, poisoning of the 

catalyst surface, etc. Thus, anode catalyst plays a major role in determining more efficient 

methanol oxidation reaction. High-performances of these anode catalysts are dependent 

on electrode properties namely, specific surface area, porosity, hydrophilicity, 

conductivity, interfacial contact, ion diffusion pathway, concentration of surface-active 

sites, etc. Two-dimensional materials and their nanocomposites possess high surface area 

with more exposed active sites endowing them with excellent electrochemical properties 

[1]. Among various two-dimensional nanomaterials, MXenes have garnered attention in 

the field of supercapacitors, lithium ions batteries, and catalysis [3, 4, 5]. MXene is a 2D 

material consisting of transition metal carbides and/or nitrides having formula Mn+1XnTx, 

where M represents the transition metal from group 13-16, X is carbon and/or nitrogen, 

and Tx represents the surface functional groups [1, 6]. The distinct chemical and electrical 

properties of MXenes have open vast opportunities to explore, making them exciting 

candidate in electrocatalysis. Despite of their remarkable advancement, MXene-based 

electrocatalysts are still in the developing stage. Their performance is lower than non-

noble metal and the traditional Pt-based electrocatalysts. Although a number of MXenes 

have been predicted, only a limited MXenes are experimentally investigated [7]. More 

studies should be done to discover new MXenes and identify simpler methods of 

developing MXene based nanocomposites. Self-restacking of MXene sheets causes 

reduction in its effective surface area which inhibits the insertion of electrolyte ions into 

the surface of the electrode. In this regard, developing hybrids of MXenes with noble and 

non-noble metal nanostructures [1, 8, 9], transition metal dichalcogenides [8, 10, 11]; 

reduced graphene oxide, CNT [1, 11], conducting polymer [12], etc. have performed 
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better than the pristine components. For instance, Ni is regarded as brilliant choice for 

electrochemical devices such as energy conversion, storage, etc. because Ni and its alloys 

may increase the rate of CO oxidation at the active sites of its oxides, thereby resisting 

CO poisoning. MoS2, a 2D transition metal dichalcogenide is also resistive to CO 

poisoning. By doping Ni or any other metal ions into MoS2, one can achieve higher 

methanol catalysis as the ions get hybridized inside the 2D layers and increases the ion 

diffusion pathways. The methanol oxidation current density improves significantly on 

making a composite of this Ni doped MoS2 with MXene attributed to the synergistic 

effects of low onset potential of Ni, high mechanical stability and conductivity of MoS2 

and MXene respectively [8, 9]. In another work, Ti3C2Tx and graphene oxide nanosheets 

were designed to form a porous three-dimensional cross-connected nanostructure being 

covered with Pd nanoparticles (NPs). Formic acid oxidation is further increased by the 

strong interaction between Pd NPs and Ti3C2Tx, which decreases the CO adsorption on 

the Pd active sites. Furthermore, lower charge transfer resistance of the nanocomposite 

is because of the 3D network, which offers numerous channels for redox reactions to 

occur. These numerous channels increase the triple-phase boundaries, which improves 

the oxidation of formic acid [1]. Conducting polymers are also explored with MXene in 

energy devices. When combined with Pd, polyaniline (PANI) gives rapid electron 

transfer kinetics and exceptional electrode stability. Pd/PANI when composited with 

MXene, performs even better as the surface of MXene couples with the transition metal 

lattice to facilitate interfacial electron transfer and lattice mismatch [12]. However, the 

study of MXene based non-noble metal electrocatalyst in DMFC is in a nascent stage, 

which needs to be explored. 

In this chapter, a nanocomposite based on hybridization of MXene nanosheets 

with binary mixed metal oxide NiCo2O4/NiO is developed as anode catalyst for methanol 

oxidation. It is expected that the high corrosion resistance of these binary metal oxides 

in synergy with their interfacial interaction with layered MXene structures, will facilitate 

more penetration of electrolyte ions into the electrode. The conductivity of NiCo2O4 is 

about two-fold that of pristine metal oxides Co3O4 and NiO. Thus, the binary metal oxide 

NiCo2O4/NiO is developed to compensate the low conductivity and to achieve synergistic 

effects of the individual transition metal oxides. Moreover, the restacking of MXene 

sheets is resolved by developing the hybrid with NiCo2O4/NiO. These metal oxides 
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provide plenty of redox sites which in synergy with the high surface area, hydrophilicity 

of MXene lead to enhanced electrocatalytic activity of the nanocomposite.  

The supercapacitive performance of this developed nanocomposite will be studied in 

chapter 6. 

 

4.2 Experimental section 

4.2.1 Material synthesis 

4.2.1.1 Synthesis of NiCo2O4/NiO/MXene (CNOT): 0.5 g of MAX phase (Ti3AlC2) was 

added slowly to 30 ml of etchant (2M NH4HF2) and the solution was left to stir for 24 

hours at room temperature. The reaction product was washed with distilled water and 

ethanol until the pH becomes neutral. The resulting slurry was dried in a drying oven for 

12 hours at 80° C. The MXene nanosheets were obtained thereafter by dispersing the 

etched MXene in distilled water and sonicating for few hours in a nitrogen environment 

to prevent oxidation of the MXene nanosheets [13]. The hybrid NiCo2O4/NiO/MXene 

(CNOT) is synthesized by sonication-assisted mixing to develop a homogeneous solution 

of binary mixed metal oxide composite NiCo2O4/NiO with MXene. The synthesis of 

NiCo2O4/NiO (CNO) and NiCo2O4 (NCO) are done by following the methods explained 

in section 3.2.1.1 of chapter 3. 

 

4.2.2 Material characterizations: 

X-Ray Diffraction was carried out by using X-ray diffractometer, Make-Bruker Axs of 

Germany, Model-D8 Focus. Fourier transform infrared (FTIR) spectroscopy analysis 

was done to study the chemical structures of the samples (PerkinElmer spectrometer, 

Model: Frontier MIR FIR) and for X-Ray Photoelectron Spectroscopy (XPS) by Thermo 

Fisher Scientific Pvt. Ltd. of UK, Model-ESCALAB Xi+ was employed. The morphology 

of the samples was observed by Transmission Electron Microscopy (TEM) (TECNAI G2 

20 S-TWIN) and Field emission scanning electron microscopy (FESEM) (Model: Zeiss, 

Sigma). BET was done to study the surface and pore size analysis (Anton Paar, Autosorb 

iQ MP-AG (2 STAT)).  
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4.2.3 Electrochemical characterizations:  

Electrochemical studies were conducted using three electrode and two-electrode system 

in Gamry (Model- Gamry Interface 1010 E) at ambient environment. Pt wire (counter), 

Ag/AgCl (Reference) and glassy carbon electrode (GCE of 0.5 cm diameter) coated with 

sample (working electrode) were used for the three-electrode study. Catalyst slurry was 

prepared by mixing the active material, carbon black and nafion in the ratio of 75:15:10 

in isopropanol and DI water. The electrochemical characterizations were performed in 

0.5 molar sodium hydroxide aqueous electrolyte. Performances of the electrodes were 

evaluated by performing cyclic voltammetry (CV), chronoamperometry (CA), and 

electrochemical impedance spectroscopy (EIS). Potential window of -0.2 to +0.65 V was 

considered for cyclic voltammetry. CA was performed at 0.65 V for 1 hr. EIS was 

performed in frequency range 0.1 Hz - 1 MHz with constant amplitude of 10 mV.   

All the structural and electrochemical characterizations of pristine metal oxide NiCo2O4 

(NCO) and NiCo2O4/NiO (CNO) are discussed in chapter 3. This chapter contains 

basically the study of the nanocomposite CNOT. 

4.3 Results and Discussion 

4.3.1 Morphological characterizations  

The porous nature of the nanocomposite CNOT is prominent from the FESEM images 

in fig. 4.1a. The removal of Al layers from the Ti3AlC2 layers leads to the increase in 

distance between the layers of MXene, which is clearly visible from fig. 4.1b. The 

removal of aluminium can also be inferred from the minimum Al concentration in EDX 

spectra shown in fig. 4.4. As observed from the TEM images in fig. 4.1c and 4.1d, the 

NiCo2O4/NiO nanoparticles are uniformly dispersed on the MXene nanosheets. From the 

HRTEM image in fig. 4.2a, lattice d-spacing of 0.25 and 0.48 nm are observed which 

correspond to (311) and (111) plane of NiCo2O4. On the other hand, lattice spacing of 

0.5 nm is found which occurs due to (0004) plane of MXene [14]. The SAED pattern of 

CNOT in fig. 4.2b confirms the presence of different planes (222), (400), (422), (533) 

planes of NiCo2O4 with calculated d-spacing 0.245, 0.206, 0.177, 0.127 nm respectively, 

and (400), (511) planes of NiO with d-spacing 0.104, 0.082 nm respectively [15, 16]. 

Fig. 4.2c shows the particle size distribution of the NiCo2O4/NiO particles in fig. 4.1d 

and the average size is calculated to be 67.5 nm.  



Chapter 4: NiCo2O4/NiO/MXene as non-precious metal-based anode catalyst for methanol oxidation 

106 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Morphological characterizations of CNOT: (a)-(b) FESEM images, (c)-(d) 

TEM images 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Morphological characterizations of CNOT: (a) HRTEM image with d-value, 

(b) SAED pattern, (c) Particle size distribution of CNO in CNOT 
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Figure 4.3a displays the SAED pattern of NiCo2O4, which confirms the presence of 

different planes (111), (220), (222), (331), (422), (511), (440), (533), (800) with 

calculated d-spacing 0.45, 0.279, 0.238, 0.198, 0.161, 0.15, 0.138, 0.12, and 0.101 nm 

respectively [15, 16]. Nanoflake morphology of NCO is evident from fig. 4.3b. At higher 

magnification TEM image of NCO in fig. 4.3c, the grains are observed whose average 

size is calculated to be 17.6 nm as shown by histogram in fig. 4.3d. 

Figure 4.3-: Morphology of NCO: (a) SAED pattern, (b)-(c) HRTEM images, (d) Grain 

size distribution of NCO 

The EDX spectra of MXene in fig. 4.4a confirms the presence of O and F terminations 

on MXene surface. The aluminium, fluorine and nitrogen observed may arise because of 

the formation of the by-products AlF3, and (NH4)3AlF6 during the etching process, which 

also corroborates well with the XRD pattern. The presence of the required elements of 

CNOT can be observed from the EDX spectra of CNOT in fig. 4.4b. 
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Figure 4.4: EDX spectra: (a) Etched MXene, (b) CNOT 

 

4.3.2 Physical characterizations 

4.3.2.1 X-ray Diffraction (XRD) 

The formation of MXene and diminishing of MAX phase is confirmed from the 

disappearance of the XRD peak corresponding to (104) plane of Ti3AlC2, as shown in fig 

4.5a(i) [13]. In MXene, the peak corresponding to (002) plane of Ti3AlC2 gets shifted 

from 9.53° to 7.1°, which further confirms the formation of MXene from MAX phase. 

Additional peaks appearing at 28.3°, 34.3°, and 61° represent the (006), (101), and (110) 

plane of Ti3C2 [13]. Two additional MXene peaks are observed at 72° and 76.3° [17]. 

The production of by-products during the etching process can also be identified by their 

XRD peaks. The peaks at 25.5°, 40.6° correspond to AlF3 and peaks at 35.8°, 41.6°, 54.8° 

are attributed to product (NH4)3AlF6 [13]. After delamination of MXene, the interplanar 

spacing between (002) plane increases further which is confirmed by the shift of 7.1° 

peak to 6.83° as depicted in fig. 4.5a(ii). The XRD spectrum of CNOT in figure 4.5a(iii) 

displays the characteristic diffraction peaks of NiCo2O4 at 18.6˚, 31.3˚, 37˚, 54˚, 59.5˚, 

and 65.2˚ corresponding to (111), (220), (311), (422), (511), and (440) planes 

respectively [18]. The diffraction peaks corroborate well with the JCPDS (No- 73-1702) 

pattern for face-centered cubic NiCo2O4 with spinel structure. Diffraction peaks at 

43.3˚,62.6˚,75.5˚, and 79˚correspond to (200), (220), (311), and (222) planes of NiO 

(JCPDS No- 73–1519) [19]. The crystal structure formation of NiCo2O4/NiO is 

confirmed as all the planes corresponding to NiCo2O4 and NiO are observed. 
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Figure 4.5: (a) XRD of (i) MXene, (ii) delaminated MXene, (iii) CNOT, (b) FTIR of 

CNOT 

 

4.3.2.2 Fourier transform infrared spectroscopy (FTIR) 

In FTIR spectra of CNOT in fig. 4.5b, the vibrational band observed at 490 cm-1 is due 

to overlapping of Ni-O antisymmetric stretching vibrations of NiO, along with Ti-C bond 

of MXene. Similarly, the absorptions occurring at 656 cm-1 is due to contribution from 

Ni-O bond and Ti-O bond respectively. The absorption peak at 558 cm-1 correspond to 

Co-O stretching vibration of NiCo2O4. The vibrational bands at 1392, 1627, 2854, 2925, 

and 3427 cm-1 correspond to C-O bond, bending mode of H2O molecule, symmetric and 

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

Additional absorption peaks are situated at 785 and 1151 cm-1 which correspond to Ti-F 

and C-F bond respectively [20]. The absorption at 1222 cm-1 occurs due to the bending 

mode of water molecules. Thus, from FTIR spectra the presence of different surface 

terminals i.e., -F and -O can be concluded. 

 

4.3.2.3 Nitrogen (N2) adsorption-desorption analysis 

 N2 adsorption-desorption curve is obtained using Brunauer–Emmett–Teller method. As 

presented in fig. 4.6, CNOT exhibits fourth class of isotherm along with H3 hysteresis, 

confirming mesoporous structure. Due to its porous surface, CNOT offers high specific 

surface area of 86.8 m2/gm. Average pore size of around 3.4 nm is obtained using 

Barrett–Joyner–Halenda method. From calculation, CNOT is found to be 50 % porous. 
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Figure 4.6: N2 adsorption-desorption isotherms of CNOT. Inset-Pore size distribution 

curve 

4.3.3 Electrochemical characterizations 

4.3.3.1. Electrochemical activity of the electrodes in absence of methanol 

To understand the electrochemical behaviour of the catalyst CNOT in alkaline medium, 

cyclic voltammetry is performed in 0.5 M NaOH aqueous solution. From the CV profile 

of CNOT presented in fig. 4.7a, a pair of redox peaks is observed, which correspond to 

the change in oxidation states of Co (Co2+/Co3+) and Ni (Ni2+/Ni3+). The redox reaction 

behind the peaks can be expressed as: 𝑁𝑖𝐶𝑜2𝑂4 + 𝑂𝐻− + 𝐻2𝑂 →  2𝐶𝑜𝑂𝑂𝐻 +

𝑁𝑖𝑂𝑂𝐻 + 𝑒−. With increase in scan rate, the anodic peak shifts towards higher side, 

whereas the cathodic peak shifts to lower value, indicating the quasi-reversibility of the 

electrochemical reactions taking place on the electrode surface. Peak-to-peak separation 

(ΔEp) of 25.62 mV obtained at 10 mV/s scan rate, represents good reversibility of the 

electrode CNOT at low scan rate. This separation increases to 132.6 mV on reaching 200 

mV/s scan rate, which implies quasi reversibility of the electrode material at higher scan 

rate. The good reversibility of the hybrid electrode CNOT arises due to- (i) conductivity 

of the hybrid, (ii) pores on the electrode, which facilitate quick and facile charge transfer. 

The peak current density (Ip) varies linearly with scan rate (ν) (fig. 4.7b) and square root 

of scan rate (fig. 4.7c), suggesting presence of both mechanisms surface-controlled and 

diffusion-controlled reaction of CNOT. The presence of both these processes in the 

electrode is further confirmed by the slope of log Ip vs log ν (shown in fig. 4.7d) equal to 
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0.6. The concentration of surface adsorbed species can be calculated using Brown-Anson 

Model. 

 

Figure 4.7: (a) Cyclic voltammetry of CNOT/GC in 0.5 molar sodium hydroxide, Plot of 

(b) Ip vs. ν, (c) Ip vs. ν 1/2, (d) log Ip vs log ν, (e) Laviron’s plot: Anodic and cathodic peak 

potential (V) vs logarithm of scan rate of CNOT 

 

According to Brown-Anson Model, Ip =
n2F2

4RT
νAГ∗ where, Ip signifies the peak current 

density, n denotes the number of transferred electrons, F is the Faraday constant, ν is the 

sweep rate, A signifies the area of the electrode, Г* is the surface coverage of the adsorbed 

species in mol/gcm2 [21], R and T represent the gas constant and absolute temperature, 

respectively. The surface adsorbed redox species of CNOT is calculated using Brown-

Anson Model and found to be 1.5 ×10-5 mol/gcm2
. The high value of surface adsorbed 
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redox species of CNOT in comparison to reported works, suggests good electrochemical 

activity of the catalyst. The kinetics of the catalyst is understood by using Laviron’s 

equation which gives electron transfer coefficient (α) and heterogeneous rate constant 

(ks) [13]. The Laviron’s equations are written as- 

𝐸𝑝𝑎 = 𝐸𝑜 + 2.3 𝑅𝑇
log ν

(1−𝛼)𝑛𝐹
 , 𝐸𝑝𝑐 = 𝐸𝑜 − 2.3𝑅𝑇

𝑙𝑜𝑔ν

𝛼𝑛𝐹
  and                                                                                     

𝑙𝑜𝑔𝑘𝑠 = 𝛼 log(1 − 𝛼) + (1 − 𝛼)𝑙𝑜𝑔𝛼 − 𝑙𝑜𝑔
𝑅𝑇

𝑛𝐹ν
−

𝛼(1−𝛼)𝑛𝐹𝛥𝐸𝑝

2.3𝑅𝑇
                                            

where Epa and Eca are the anodic and cathodic peak potentials, respectively, n is the 

number of electrons transferred, Eo represents formal potential, and other terms represent 

their traditional meanings. From the slope of plot Ep vs log ν (shown in fig. 4.7e), the 

electron transfer coefficient (α) of catalyst CNOT is found to be 0.37 and average 

heterogeneous rate constant (ks) is calculated to be 0.9 s-1. The high heterogeneous rate 

constant implies excellent electrochemical performance of the hybrid CNOT in alkaline 

electrolyte. 

 

4.3.3.2 Electrochemical activity of the electrodes in presence of methanol 

On adding methanol to the 0.5 M NaOH solution, an abrupt increase in anodic current is 

observed, which is because of the oxidation of methanol. In figure 4.8a, the methanol 

oxidation in presence of different methanol concentration is observed at 10 mV/s scan 

rate. Methanol oxidation current density of 15 A/g with low onset potential of 0.30 V vs. 

Ag/AgCl is obtained for CNOT electrode at 5 M methanol concentration. The current 

density of CNOT is higher than the pristine NCO and binary electrode CNO (discussed 

in section 3.3.3.2 of chapter 3), due to the interfacial interactions between MXene 

nanosheets and NiCo2O4, NiO. The presence of MXene nanosheets provide 

hydrophilicity and conductivity to the nanocomposite CNOT. At higher methanol 

concentration higher than 5 M, the active sites get impassable and the methanol oxidation 

cannot be increased further. So, keeping the concentration 5 M constant, the effect of 

scan rate is studied by changing the scan rate from 10-200 mV/s (shown in fig. 4.8b). 

With increase in scan rate, the methanol oxidation current decreases, which is because of 

the quasi-reversibility of the oxidation reaction. Moreover, with increase in scan rate, the 

increase in cathodic peak current corresponding to Co3+/Co2+ and Ni3+/Ni2+ conversion 

corroborates well with the reduction of methanol oxidation with scan rate. The probable 

chemical reactions involved in methanol oxidation are as follows (equations 4.1-4.2): 
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𝑁𝑖𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 + 1.25𝑂2 → 𝑁𝑖(𝑂𝐻)2 + 𝐶𝑂2 + 1.5𝐻2𝑂   (4.1)                                     

2𝐶𝑜𝑂𝑂𝐻 + 2𝐶𝐻3𝑂𝐻 + 2.5𝑂2 → 2𝐶𝑜(𝑂𝐻)2 + 2𝐶𝑂2 + 3𝐻2𝑂   (4.2) 

 

Figure 4.8: Cyclic voltammetry in presence of methanol: (a) different concentration of 

methanol at 10 mV/s, (b) 5 M methanol concentration, Tafel plots of CNOT/GC in 5 M 

methanol at 10 mVs−1, (c) low overpotential, (d) high overpotential  

 

Tafel equation helps understanding the kinetics of methanol oxidation. Tafel equation is 

expressed as 𝐸𝑝 =
2.303 𝑅𝑇

𝛼𝑛𝐹
[𝑙𝑜𝑔𝐼𝑝 − 𝑙𝑜𝑔𝐼𝑜] where, Ep is the overpotential given by (E-

Eeq), E represents the operating potential, Eeq is the equilibrium potential; Ip represents 

the methanol oxidation current density, Io is the exchange current density, α and F 

represent electron transfer coefficient and Faraday constant, respectively [22]. From the 

Tafel plot of CNOT/GC as shown in fig. 4.8c, 4.8d, it is observed that the electrode 

behaves differently at low and high overpotential values. At working potential lower than 

0.45 V vs. Ag/AgCl, a lower Tafel slope of 88.6 mV/dec is obtained, whereas at potential 

higher than that, a higher Tafel slope of 141.16 mV/dec is obtained. The different Tafel 
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slopes signify that the methanol oxidation reaction has different rate determining step at 

these potentials [23, 24]. The lower Tafel slope suggests higher methanol 

dehydrogenation at lower potential; whereas at higher potential, the electrode surface 

gets adsorbed by CO intermediates. So, oxidation of these CO becomes the rate 

determining step at higher potential.  Electron transfer coefficient (α) of 0.667 and 0.41 

is obtained at lower and higher potential respectively. Comparatively higher α value 

signifies higher methanol oxidation at lower potential.  

 

Figure 4.9: (a) Chronoamperometry in 5 M methanol at 0.65 V for 1 hr, (b) Nyquist plot 

of CNOT in 5 M methanol solution. (Left inset: zoomed image of high frequency region 

Nyquist plot, Right inset: Equivalent circuit), (c) Cycling stability at 20 mVs−1 in 5 M 

methanol. The supporting electrolyte is 0.5 M NaOH aqueous solution 

 

To understand the electrochemical stability of the electrode, chronoamperometry is 

performed for one hour at 0.65 V. As shown in fig. 4.9a, the current initially decreases 

up to 800 s due to formation of CO intermediates and then remains constant for the rest 

of the time. The CO tolerance of the electrode can be assessed by calculating the 
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deterioration rate during the interval 800 to 3600 s. 67 % current retention and low 

deterioration rate of 5.85 × 10-6 s-1 obtained for CNOT/GC confirms the durability of the 

electrode, which is found to be durable than many carbon-based catalysts [25, 26]. The 

hydrophilic terminations on MXene surface react with the adsorbed CO intermediates, 

thereby releasing the active sites. Thus, it increases the lifetime of the electrode. The 

charge transfer resistance offered by CNOT in 5 M methanol solution containing 0.5 M 

NaOH is assessed by Nyquist plot as shown in fig. 4.9b. The small diameter of the 

semicircle suggests low charge transfer resistance (4.46 Ω) offered by the electrode. The 

high surface area, available hydrophilic terminations, presence of multiple active sites 

contribute to charge transfer. The stability of the electrodes is studied by observing the 

cycling stability of the electrode CNOT/GC for about 1000 CV cycles in 5 M methanol 

(fig. 4.9c). Current retention of around 32%, 28% and 25% is obtained after 200, 500 and 

1000 cycles. The sudden decrease in MOR current is due to the consumption of methanol 

molecules and coverage of the active sites with intermediate products. The current 

retention after 200 CV cycles does not change much which indicates good cycling 

stability of the catalyst CNOT. 

 

4.3.4 Characterizations of the electrode after cycling stability 

The elemental composition and oxidation states of the different metal ions before and 

after methanol oxidation are confirmed by XPS. The presence of Ni, Co, O, Ti, C as the 

main constituting elements is confirmed from the survey spectra shown in fig. 4.10a. As 

depicted in fig. 4.10b, the high-resolution spectra of Ni 2p on deconvolution gives rise to 

7 peaks with binding energy 853.9, 855.8, 861, 865.45, 871.5, 873.3, and 879.26 eV. The 

peaks at 853.9 and 871.5 eV corresponds to 2p3/2 and 2p1/2 spin-orbit doublets of Ni2+, 

and the peaks at 855.8, 873.3 eV are attributed to 2p3/2 and 2p1/2 orbitals of Ni3+ [27, 28]. 

The presence of satellite peaks (861, 879.26 eV) confirms the II, III oxidation state of Ni. 

The peak at 865.45 eV in CNOT refers to the satellite peak of Ni 2p3/2 in NiO [29]. After 

methanol oxidation, the change in binding energy of the different oxidation states of Ni 

2p occurs because of the change in chemical surrounding of the metal ions. The increase 

in binding energy of Ni3+ 2p3/2 (857.1 eV) and Ni3+ 2p1/2 (874.3 eV) is due to release of 

electrons from the Ni3+ ions. The decrease in intensity of these peaks also suggests the 

consumption of Ni ions in oxidation of methanol molecules. Furthermore, the decrease 

in binding energy of Ni2+ 2p3/2 (853.7 eV) and Ni2+ 2p1/2 (864.7 eV) suggests reduction 
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of the Ni species in the methanol oxidation process. The disappearance of 865 eV satellite 

peak after methanol oxidation suggests charge transfer from O 2p to Ni 3d orbital of NiO. 

In fig. 4.10c, the Co 2p spectra exhibits two main peaks at around 780 and 795 eV, arising 

due to 2p3/2 and 2p1/2 orbitals respectively, which on deconvolution give rise to four peaks 

centred at binding energies 779.6, 781.3, 794.7, and 796.5 eV. Two satellite peaks (787.2, 

802.6 eV) appear which confirm the presence of Co2+ and Co3+ oxidation states. The 

peaks at 779.6 and 794.7 eV are attributed to Co3+ 2p3/2 and Co3+ 2p1/2, and the 781.3, 

796.5 eV peaks confirm the presence of Co2+ 2p3/2 and Co2+ 2p1/2 [13]. Post methanol 

oxidation, it is found that binding energy of Co3+ 2p3/2 (776.2 eV), Co3+ 2p1/2 (789.9 eV) 

and Co2+ 2p3/2 (781 eV) get reduced, which implies the increase in electron density on 

the catalyst’s surface due to oxidation of methanol molecules. The change in oxidation 

states of Co can be inferred from this change in binding energy. The high-resolution 

spectra of Ti 2p is shown in fig. 4.10d. The peaks correspond to interactions Ti-O 2p3/2 

(458.3 eV) [13, 30], Ti (2p 1/2)–Ti (2p1/2) (459.4 eV) [13], Ti-C 2 p1/2 (461.5 eV) [31], C–

Ti (2p1/2)–Tx (463.65 eV) [30, 32], and 465.07 eV (Ti-O 2p1/2) [30, 32, 33]. After 

methanol oxidation the XPS spectra of Ti 2p are observed at 453.08 eV which is due to 

the Ti-C bond [29].  The other XPS peaks are found at 458.8, 459.4, 459.9, and 465.3 eV 

which correspond to Ti-O (2p3/2), Ti-O, Ti-C 2 p1/2, and Ti-O 2p1/2, respectively. The 

change in binding energy after methanol oxidation is because of change in chemical 

environment of the Ti atoms due to the incoming methanol molecules and its oxidation 

by-products. The decrease in binding energy and intensity of Ti-C peak (461.5 to 459.9 

eV) and the disappearance of the 463 eV peak implies the formation of TiO2. It is 

corroborated by the increase in binding energy and intensity of Ti-O 2p3/2 and Ti-O 2p1/2 

interactions (i.e., 458.8 and 465.3 eV respectively). The high-resolution spectra of C 1s 

spectra reveal four peaks on deconvolution (shown in fig. 4.10e). These 4 peaks are 

centred at 283.75, 284.76, 285.32, and 287.82 eV which can be ascribed to the 

interactions C-Ti [27], C = C of sp2 hybridized carbon, C-OH, and C=O, respectively 

[15, 27, 30]. The 283.75 eV peak suggests the fact that the structure of MXene do not 

change after hybridization with NiCo2O4/NiO.  After methanol oxidation these four 

peaks shift to higher binding energy which is due to the charge transfer from C to its 

surrounding during the methanol oxidation. Three additional peaks appear at 291.9, 

292.21, 293.36 eV after methanol oxidation by CNOT. These peaks are attributed to 

CHO compound primarily formaldehyde, formate formed as a product of methanol 
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oxidation [34, 35]. The 285.46 eV is attributed to C-OH; however, it also corresponds to 

methoxy. As the area of this peak increases after methanol oxidation, it may be due to 

the presence of these methoxy formed as an intermediate product of methanol oxidation. 

On resolving the O 1s spectra of CNOT (fig. 4.10f), five peaks centred at 528.9, 529.68, 

530.6, 531.7, and 533 eV which arise due to the Ni-O, Co-O, C=O, crystal defect (C-Ti-

(OH)x), and adsorbed water molecules, respectively [36]. 

 

Figure 4.10: (a) XPS spectra of CNOT before and after methanol oxidation: (a) Survey 

spectra; High-resolution spectra of (b) Ni 2p, (c) Co 2p, (d) Ti 2p, (e) C 1s, and (f) O 1s  

The peaks appearing at 529.68 and 530.6 eV also suggests the Ti-O and C-Ti-Ox 

interactions [13], respectively taking place on the surface of Ti3C2 which also 

corroborates well with the fact that the surface of MXene gets oxidised during its 

synthesis. The presence of terminal -OH on the surface of MXene can also be inferred 

from the peak 531.7 and 533 eV. After methanol oxidation, these O 1s peaks get shifted 

to 529.8, 530.7, 531.5, 532.7, 535.4 eV. The increase in binding energy of Ni-O and Co-

O implies the electron transfer, signifying the redox reactions Ni2+/Ni3+ and Co2+/Co3+ 
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during the oxidation of methanol molecules. Additionally, the Ni-O peak reduces in 

intensity which suggests the consumption of Ni in methanol oxidation. It is also observed 

that the defects and the adsorption of water molecules on the surface of the catalyst 

CNOT increases which is reflected from the increase in intensity of the peaks. The 535.4 

eV also arises due to formaldehyde obtained as by-product of methanol oxidation [37].  

Figure 4.11: Post methanol oxidation characterizations of CNOT: (a)–(c) FESEM 

micrographs, (d) XRD pattern, and (e) FTIR spectra 

 

To unveil any morphological, crystalline structure changes in the electrode after cycling 

stability, FESEM and XRD are performed. It is observed from fig. 4.11a, 4.11b, 4.11c 

that after methanol oxidation for a longer time, MXene sheet loses its layered structure 

and get restacked. Some of them take the shape of block like structure as can be clearly 
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visible in fig. 4.11c. The crystalline peaks of CNOT appears with less intensity which 

may be due to reduction of crystallinity of the sample, disordered restacking or partial 

reorientation in some specific direction. Increase in intensity of the XRD peak (shown in 

fig. 4.11d) of MXene at 8.5° may be due to the rolling of the MXene nanosheets, leading 

to reorientation of the (002) plane in that particular direction. Thus, rolling may lead to 

the formation of rod-shaped clay like structure as corroborated by the FESEM image in 

fig. 4.11b and 4.11c. The change in chemical composition of the catalyst is observed by 

FTIR spectroscopy in fig. 4.11e. Additional absorption peak at 849 cm-1 arises due to 

bidentate carbonate [13]; the band around 1062-1212 cm-1 correspond to the bending 

mode of water, C-O stretching and also appears due to δOH−1 of the hydrogen carbonate 

species formed on the surface of CNOT. Another absorption at 1462 cm-1 occurs due to 

C-O bond and O-H bonding of surface adsorbed methanol molecules. Thus, the surface 

of the catalyst gets modified by different intermediate products, which decreases the 

activity after a large number of CV cycles. 

 

4.4 Conclusion 

In conclusion, a versatile electroactive material CNOT is developed to explore the 

synergistic effect of redox-site enriched NiCo2O4 and NiO, with high surface area, 

hydrophilicity and conductivity of MXene. FESEM and TEM images reveal the porous 

layered structure of the nanocomposite. The NiCo2O4/NiO nanoparticles are decorated 

over the MXene nanosheets. The mesopores present on hybrid CNOT provide easy 

insertion of electrolyte ions into the active sites, thus facilitating reversibility to the 

system. The hydrophilic terminations -O, -F, -OH on the surface of MXene create sites 

for interfacial interactions with the metal oxides. This interfacial interaction facilitates 

more charge transfer by increasing the specific surface area and reducing the ion transfer 

pathways. CNOT exhibits both surface adsorbed and diffusion-controlled mechanisms. 

The high concentration of surface adsorbed redox sites leads to high methanol current 

density (15 A/g) with low onset potential (0.30 V vs Ag/AgCl) and low overpotential. 

Low Tafel slope (88.6 mV/dec), high heterogeneous rate constant (0.9 s-1), and less 

charge transfer resistance (4.46 Ω) suggest good methanol oxidation ability of the 

catalyst. The electrode outperforms several carbon-based catalysts by achieving 67% 

current retention and low degradation rate of 5.85 × 10-6 s-1. The hydrophilic terminations 

-OH on MXene surface help in adsorbing CO to form CO2, thereby preventing the 
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catalyst surface from CO poisoning and recreating the active sites. Thus, high CO 

tolerance of the catalyst, and almost constant current retention of CNOT after 200 CV 

cycles suggest electrochemical stability of the catalyst. The change in binding energies 

of Ni and Co ions reflect the charge transfer taking place during methanol oxidation, 

which leads to alterations in their oxidation states. Formaldehyde, formate and methoxy 

are some of the intermediate oxidation products adsorbed on the catalyst surface which 

are identified by spectroscopic results. The decrease in crystallinity of NiCo2O4 and NiO 

implies its active participation in methanol oxidation. After continuous methanol 

oxidation for 1000 cycles, the MXene sheets get rolled up and some block like structures 

of the nanocomposite is observed. It reduces the access to active sites for the ions and 

due to the coverage of the active sites by several carbonate species and water molecules, 

the methanol oxidation reduces after prolonged use of the catalyst. 
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