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3.1 Introduction 

In this chapter, we present the development of MoNi4/MoO2:rGO nanocomposites and their 

structural characterizations, such as (XRD, Raman, FESEM, and TEM/HRTEM) followed by 

application for hydrogen evolution reaction (HER). Over the past few years, several 

nonprecious materials have been exploited for HER via water splitting, including, transition 

metal di-chalcogenides (TMDs) [1-4], borides [5, 6], nitrides [7], carbides [8], phosphides 

[9], metal alloys and intermetallics [10-12], oxides [13], plasmonic nanoparticles [14, 15], 

and heteroatom-doped carbon nanostructures [16, 17], and several others. Among them, 

metal alloys and carbon allotropes (such as CNTs, graphene, rGO) draw increasing research 

interest due to their tuned electronic structure, high electrical conductivity, accelerated charge 

transfer kinetics, faster hydrogen adsorption/desorption, smaller diffusion coefficient, 

remarkable mechanical properties, and outstanding aqueous stability [10, 11, 18, 19].  

Recently, Mo-Ni based intermetallics (MoxNiy) have been proposed as promising candidates 

for the HER electrocatalysts owing to their alloying, where Mo atoms shows superior 

adsorption properties towards hydrogen, while Ni atoms act as an excellent water dissociation 

centers [11, 20, 21].
 

Therefore, Ni–Mo-based alloy electrocatalysts (MoxNiy) can be 

promising candidates to speed up the sluggish HER kinetics under alkaline medium and 

effectively reduce the Volmer-step energy barrier. Zhou et al. demonstrates that Mo-Ni alloy-

based hollow structure (MoNi-HS) exhibits excellent HER activity in alkaline solution [22]. 

Lihua An et al. reported graphene embedded MoNi4-NiMoO4 nanorods for overall water 

splitting in a 1M KOH solution [19]. Chen et al. synthesized MoNi4/MoO3-x nanorods for 

HER application where the dual activity of MoNi4 nanocrystal embedded on MoO3-x boosts 

the overall catalytic activity [10]. Zhang et al. reported MoNi4 alloys covered by MoO2 

nanosheets on Ni foam exhibiting high HER performance due to their exposed active sites, 

high specific surface area, and high conductivity [11]. Similarly, Singh et al., showed that 
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MoNi4/MoO2 nanorods can be simultaneously used as catalysts as well as the conducting 

pathways for a TMDs-based hybrid structure [18]. These reports further suggest that the 

highly efficient MoxNiy alloys could have the potential for anticipated applications in HER 

via water dissociation reactions.  

Furthermore, graphene is a two-dimensional planer sheet of sp
2
 bonded monoatomic carbon 

layer, which was packed into a sp
2
 bonded honeycomb crystal lattice. Since its invention, 

graphene has been widely used as a supercapacitors [23], batteries [24], solar cells [25], 

catalysis/electrocatalysis [26], optoelectronics devices [27], photocatalysis [28], and good 

support material [29, 30], for graphene-based high-capacity composites due to its unique 

properties such as ultrahigh specific surface area, excellent mechanical flexibility, superior 

electrical conductivity, and high chemical and thermal stability [31, 32]. In particular, the 

extremely high electron mobility is expected to be beneficial for electrode material for overall 

water splitting via the electrochemical process [33]. Graphene, graphene oxide (GO), and 

reduced graphene oxides (rGO) have been widely proposed as potential non-noble materials 

to replace Pt owing to their extraordinary electrical conductivity and electron mobility, rapid 

charge transfer kinetics, inert basal plane, and faster Heyrovsky steps that could even 

accelerate the rate of water splitting [33-37]. Among other graphitic allotropes, reduced 

graphene oxide (rGO) exhibits more favorable electrocatalytic performances because of its 

enhanced surface defects [38], surface-bound functional molecules [39, 40], localized 

electron concentrations [41], and improved hydrophilicity while having high electrical 

conductivity [41-43]. 

In this chapter, we report the synthesis of MoNi4/MoO2 nanorods, reduced graphene oxide 

(rGO) sheets and MoNi4/MoO2:rGO nanocomposites and demonstrate the electrocatalytic 

activity for HER via electrochemical water splitting (EWS).  Reduced graphene oxide (rGO) 

was synthesized using the modified hummers‟ method followed by the heat-treatment and 
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used as the nucleation point on which MoNi4/MoO2 forms in the hydrothermal method. The 

nanocomposites were characterized using XRD, SEM, TEM/HRTEM, and Raman 

spectroscopy in order to check the structure, morphology, and bonding properties followed by 

electrochemical testing for investigating the electrocatalytic activity of the nanocomposite for 

HER via water splitting.  

3.2. Results and discussions  

The MoNi4/MoO2:rGO nanocomposite is synthesized by using the hydrothermal method and 

the entire processes were described in detail in chapter 2 (sections 2.1.2 to 2.1.5). The phase 

and crystal structure of as-synthesized MoNi4/MoO2:rGO nanocomposite were investigated 

by the X-ray diffraction (XRD) technique. Figure 3.1a shows the nanocomposite's X-ray 

diffraction pattern (XRD) of MoNi4/MoO2:rGO (green curve). Diffraction peaks located at 2θ 

= 36.72ᵒ, 53.20ᵒ, and 66.12ᵒ correspond to (11-2), (121), and (202) crystal planes of metallic 

MoO2 nanorods (JCPDS No. 98-001-7724), while the presence of XRD diffraction patterns 

observed at 2θ = 26.08ᵒ and 44.26ᵒ correspond to the (002) and (100) crystal plans of reduced 

graphene oxide (rGO) (JCPDS No.01-0640). A few XRD peaks are obtained at 2θ = 44.26ᵒ, 

51.58ᵒ, and 66.12ᵒ corresponding to the (121), (002), and (512) crystal planes of MoNi4 

(JCPDS No. 98-007-4658). There are no other impurity peaks observed in the XRD data of 

the nanocomposite, which further confirms the presence of MoNi4/MoO2 and rGO in the as-

synthesized nanocomposite.  

Figure 3.1b shows the Raman spectrum of rGO, MoNi4/MoO2, and MoNi4/MoO2:rGO 

nanocomposite, the D and G band vibration mode of graphene can be observed from 1300 to 

1600 cm
-1

. In MoNi4/MoO2:rGO nanocomposite, two Raman modes were observed at 1340 

and 1560 cm
-1

, which corresponds to the D and G band of graphene sheets. The D band G 

band is associated with the in-plane starching vibration of the pairs of C sp
2
 atoms (E2g 
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phonons) and the breathing modes of rings or K-point phonons of the A1g symmetry. Apart 

from graphene characteristics peaks, Raman modes were observed at 339, 811, 883, and 936 

cm
-1

, respectively, which are corresponding Mo-O-Mo and Mo=O stretching modes of MoO2, 

further conforming to the successful synthesis of MoNi4/MoO2:rGO nanocomposite. 

 

Figure 3.1: Shows (a) X-ray diffraction (XRD) pattern; (b) Raman spectra of rGO, 

MoNi4/MoO2, and MoNi4/MoO2:rGO nanocomposite. 

Scanning electron microscopy (SEM) was employed to investigate the morphology of as-

synthesized MoNi4/MoO2 nanorod and MoNi4/MoO2:rGO nanocomposite. We have 

characterized as-synthesized MoNi4/MoO2 nanorods as shown in Figure 3.2a and Figure 3.2b, 

which indicate the MoO2 nanorods of length of ~3-5 m. It is also observed that MoNi4 

nanocrystals form on the surface of the MoO2 nanorods, as depicted in Figure 3.2b. The size 

of the MoNi4 nanocrystals is around 30-50 nm, homogeneously dispersed throughout the 

surface of the MoO2 nanorods. Figure 3.2c and Figure 3.2d show the MoNi4/MoO2:rGO 

nanocomposite reveals that MoNi4/MoO2 nanorods are supported by the reduced graphene 
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oxide (rGO) sheets. Thus, these MoNi4/MoO2 supported with rGO sheets exhibit a 

significantly high surface area. 

 

Figure 3.2: Shows the FESEM images of (a) MoNi4/MoO2 nanorods; (b) MoNi4 nanocrystals 

grown on MoO2 nanorods; (c and d) MoNi4/MoO2:rGO nanocomposites where MoNi4 

nanocrystals grown on MoO2 nanorods were supported with the rGO sheets.  

Figure 3.3 shows the transmission electron micrograph (TEM)/high-resolution transmission 

electron micrographs (HRTEM) of the as-synthesized MoNi4/MoO2 nanorods. The TEM 

images of MoNi4/MoO2 nanorods are shown in Figure 3.3a and Figure 3.3b, which illustrate 

that black dots of MoNi4 nanocrystals are well-dispersed on the matrix of MoO2 nanorods. 

These dispersed nanosized MoNi4 activate the nanostructure for the improved electrocatalytic 

reactions. Figure 3.3c shows the HETEM of nanorods with lattice fringes with lattice 

distances of 0.16 nm and 0.35 nm correspond to the (031) plane of MoNi4 and the (110) plane 
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of MoO2, respectively. The selected area electron diffraction pattern (SAED) shows 

diffraction patterns of the (121), (031) crystal planes of MoNi4 and the (112), (024) lattice 

planes of MoO2 as shown in Figure 3.3d.  

 

Figure 3.3: Shows the transmission electron micrographs (TEM) of (a and b) MoNi4/MoO2 

nanorods where MoNi4 nanocrystals are grown on MoO2 nanorods (black dots); (c) high-

resolution transmission electron micrographs (HRTEM) and (d) SAED pattern of 

MoNi4/MoO2. 
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Figure 3.4: Illustrates (a) Transmission electron micrograph and (b) SAED pattern of 

graphene oxide (GO); (c) Transmission electron micrograph (TEM) and (d) SAED of 

reduced graphene oxide (rGO). 

Figure 3.4 shows the transmission electron micrographs of the as-synthesized graphene oxide 

(GO) and reduced graphene oxide (rGO) sheets along with their SAED pattern. Figure 3.4a 

represents the morphology of GO sheets along with SAED data. It is clearly observed that as-

prepared GO samples are comparatively thick as it consists of a few graphene layers stacked 

to each other. The SAED of GO shows the (110) and (100) characteristic planes of sp
2
 

bonded graphitic crystal. The morphology of as-synthesized rGO shows the stacked layers 
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are separated out and forms crumpled single-layered structure as (Figure 3.4b), and it also 

shows that the single layer rGO exhibits large flake size of ~ 5-10 μm. 

 

Figure 3.5: Shows the transmission electron micrographs (TEM) of (a, b and c) 

MoNi4/MoO2:rGO nanocomposite where MoNi4 nanocrystals are grown on MoO2 nanorods 

are supported by rGO sheets (d) SAED pattern of MoNi4/MoO2:rGO nanocomposite. 

Figure 3.5 shows the transmission electron micrograph (TEM) of the as-synthesized 

MoNi4/MoO2:rGO nanocomposites. MoNi4/MoO2 nanorods were supported with the rGO 

sheets as shown in Figure 3.5 (a-c). It can be seen from the TEM images that the 

MoNi4/MoO2 nanorods are entangled with flaky rGO sheets and in a few places, there are 
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some junction/interface formations occurred between MoNi4/MoO2 nanorod and rGO. 

Therefore, our as-synthesized MoNi4/MoO2:rGO nanocomposite showed a hierarchical 

nanostructures, where rGO sheets provided a conducting channel to the MoNi4/MoO2 

nanorods to accelerate the charge transfer and reaction rate, thereby improving the 

performance of electrocatalytic HER. It can also be assumed that the graphene edge-planes 

are also play significant role in the process of charge transfer, thus, enhancing the 

electrocatalytic activity as well as the structural stability of those electrodes. The selected 

area electron diffraction pattern (SAED) shows diffraction patterns of the (110), (021) facet 

of MoNi4, (210) facet of MoO2, and (110) facet of rGO, respectively, as shown in Figure 

3.5d. Overall, the SEM morphology, TEM/SAED associated with XRD further suggest the 

formation of an unique nanostructure consists of MoNi4/MoO2 nanorod embedded with rGO 

sheets nanocomposites, which we use as electrocatalytic electrodes as discussed in the next 

part of this chapter.  

For electrochemical characterizations, we have prepared the electrocatalytic electrodes by 

drop-casting the ink as-prepared using the as-synthesized powder on nickel foam, which we 

used as working electrodes for all the samples. The ink was prepared by dispersing the known 

amount of MoNi4/MoO2:rGO powder in isopropanol stabilized with Nafion (5 wt. %) 

solution on Ni foam with the effective area of 1 cm
2
 as discussed in chapter 2 (section 2.3.1).  

In detail, dispersion was done by adding 3 mg of the catalyst power (i.e., MoNi4/MoO2:rGO) 

in a 1030 µL solution prepared by adding 30 µL 5% Nafion, 750 µL DI water, 250 µL 

isopropanol and sonicated for 60 min. to form a homogeneous ink. 1030 µL dispersion is 

drop-cast on Ni foam in multiple steps of 20 µL followed by drying in ambient conditions. 

Electrochemical characterizations were performed as discussed in detail in chapter 2 (section 

2.3.2), where all the experimental parameters are discussed elaborately. HER activity of the 

as-synthesized catalysts was investigated in 1M KOH solution by a three-electrode setup 



95 | P a g e  
 

where a graphite rod, Ag/AgCl (saturated with KCl), and as-synthesized catalysts were 

coated on Ni foam (1×1 cm
2
) were used as the counter, reference and working electrode, 

respectively. In the linear sweep voltammetry (LSV) curve, the ƞ10 (as potential at which a 

current density of 10 mA/cm
2
 is achieved) is a critical parameter for assessing the 

electrocatalytic ability of an electrocatalyst. In general, the small ƞ10 value indicated the 

superior electrocatalyst activity of the electrocatalysts for HER. Figure 3.6a shows the LSV 

curve of MoNi4/MoO2 nanorod, rGO, and MoNi4/MoO2:rGO nanocomposite electrocatalysts 

coated on the Ni foam electrode in 1M KOH solution. Commercial Pt wire (99.9%) was used 

as a reference to compare with the as-synthesized catalysts for HER. The electrocatalytic 

performance of pure Ni foam was also studied to preclude the Ni-foam substrate role in the 

electrochemical reactions. Pt wire exhibits the small ƞ10 indicating high catalytic activity. In 

Figure 3.6a, MoNi4/MoO2:rGO nanocomposite exhibits smaller ƞ10 values indicating their 

catalytic activity is superior compared to Ni foam, MoNi4/MoO2 nanorod, and rGO catalysts 

(Table 3.1). This may be attributed to the graphene sheet providing a high surface area and 

accelerating the charge transfer to the electrode. Figure 3.6b summarized the ƞ10 value of the 

as-synthesized electrocatalysts and the order of the ƞ10 value is as follows: Ni foam (249 mV) 

> MoNi4/MoO2 nanorods (167 mV) > rGO (142 mV) >MoNi4/MoO2:rGO nanocomposite 

(122 mV), respectively. Figure 3.6c shows the corresponding Tafel slope of the as-

synthesized catalysts, which was obtained from the LSV polarization curve. Generally, a 

small Tafel slope represents the fast reaction kinetics of the catalysts for HER. Tafel slopes 

are the intrinsic property of electrocatalysts which are calculated using the Tafel Equation ( 

Equation 3.1):  

                                                                                             (3.1) 

Where, ƞ = overpotential, J = current density, b = Tafel slope, and a = intercept, respectively. 

As shown in Figure 3.6c, MoNi4/MoO2:rGO catalysts possesses the smallest Tafel slope (~53 
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mV dec
-1

) compared with the Ni foam (~130 mV dec
-1

), MoNi4/MoO2 (~82 mV dec
-1

), and 

rGO (~64 mV dec
-1

), indicating faster reaction kinetics and the HER processes are dominated 

by the Volmer- Heyrovsky reaction mechanism.  

                                          (Volmer reaction)                                         (3.2)   

                                            
   (Heyrovsky reaction)                        (3.3)  

                                         (Tafel reaction)                                                        (3.4)  

HER kinetics at the electrode/electrolyte interface for as-synthesized MoNi4/MoO2, rGO, and 

MoNi4/MoO2:rGO electrocatalysts were investigated through electrochemical impedance 

spectroscopy (EIS) under the 1M KOH solution. The Randles circuit is used for fitting the 

EIS experimental results of MoNi4/MoO2, rGO, and MoNi4/MoO2:rGO  as shown in the inset 

of Figure 3.6d, where Rs is the solution resistance, Rct represents the charge transfer 

resistance, Rp is the adsorption resistance, and CPE was corresponding to the constant phase 

elements. The corresponding values of Rs, Rct, Rp, and CPE are listed in Table 3.1. As shown 

in Figure 3.6d, MoNi4/MoO2:rGO (2.10 Ω) exhibited a small charge transfer resistance 

compared with the MoNi4/MoO2 (4.20 Ω) and rGO (3.34 Ω), indicating an improved charge 

transfer rate (Figure 3.6e). It should be mainly due to the formation of conducting rGO layer 

and MoNi4/MoO2 that accelerates the charge transfer and reaction rate, improving its 

electrocatalytic hydrogen production performance. Apart from the electrochemical 

impedance spectroscopy (EIS), the long-term stability of MoNi4/MoO2:rGO nanocomposite 

was evaluated with the chronoamperometry (j-t) technique at a constant overpotential at 200 

mV (vs. RHE) with a current density of 10 mA/cm
2
 in 1M KOH solution. It is shown in 

Figure 3.6f that MoNi4/MoO2:rGO nanocomposite could maintain a steady current for over 

12h without no detectable fade, exhibiting excellent stability in 1M KOH solution.  
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Figure 3.6: (a) Polarization curve for HER on Ni foam (1×1cm
2
) area; (b) corresponding 

overpotential (ƞ10); (c) Tafel plots for the various catalysts derived from the LSV; (d) EIS 

Nyquist plot; (e) corresponding charge transfer resistance (Rct), and (f) Chronoamperometric 

(j-t) response for MoNi4/MoO2:rGO nanocomposite at a constant overpotential of 200 mV. 
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Table 3.1: Lists the electrochemical parameters of various electrocatalysts samples of 

MoNi4/MoO2, rGO, and MoNi4/MoO2:rGO nanocomposite.  

Sample name  (mV) at 10 

mA/cm
2
 

β (mV 

dec
-1

) 

Rs 

(Ω) 

Rct 

(Ω) 

Rp 

(Ω) 

CPE1 

(S-sec
n
) 

CPE2 

(S-sec
n
) 

Ni foam 249 130 - - - - - 

MoNi4/MoO2 167 82 0.98 4.20 0.75 0.0004 0.0005 

rGO 142 64 0.84 3.34 0.43 0.0001 0.0023 

MoNi4/MoO2:rGO 122 53 0.77 2.10 0.57 0.0004 0.0005 

Pt 15 34 - - - - - 

  

Overall, in the MoNi4/MoO2:rGO nanocomposite material, we obtained the simultaneous 

effects of both MoNi4/MoO2 and rGO while properties of both the materials play an 

important role in enhancing the catalytic activities of the composite. In the composite 

structure both the signature of MoNi4/MoO2 and rGO were obtained as discussed in XRD and 

Raman analysis. Owing to the in-situ synthesis of the composite material, it seems chemically 

derived interface was formed, which helps binding both the components together as discussed 

in the TEM section. Finally, the nanocomposite materials showed enhanced HER 

performance compared to both its components, which manifests the simultaneous 

electrocatalytic effects of both MoNi4/MoO2 and rGO. Specifically, MoNi4/MoO2 contributes 

towards water electrolysis via Volmer-Heyrovsky mechanisms and promotes the faster 

adsorption and desorption of H3O
+
 in aqueous medium. On the other hand, rGO typically act 

as a conducting channel for the electron transport and imparts the stability of the HER 

electrodes. Since the rGO retain a defective structure with various functional molecules and 
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localized carbon vacancies [41], it exhibits localized electron concentrations that also play a 

significant effect in water electrolysis. In addition, the edge-plane like structures of rGO takes 

part in the catalytically active charge transfer at the interface, which simultaneously 

accelerates the charge-transfer kinetics at the electrode/electrolyte interface [19]. Thus, apart 

from conducting pathways, rGO in the nanocomposite significantly enhance the 

electrocatalysis along with MoNi4/MoO2, which together improve the HER performance of 

the nanocomposite electrodes. We believe that such type of work will opens up numerous 

possibilities of developing noble-metal-free high-performance hierarchical nanocomposites 

comprises of 2D-nanostructures and nano-scale electrocatalysts for improving the HER 

performance via water electrolysis.     

3.3 Chapter summary 

In summary, the graphene layer supported MoNi4/MoO2 nanorods were synthesized by using 

one-pot hydrothermal process followed by annealing at 500 ºC. The nanocomposite exhibits 

the presence of both the MoNi4/MoO2 and rGO structures intact as designated via XRD, 

Raman and TEM/SAED data. The as-synthesized MoNi4/MoO2:rGO nanocomposites shows 

the active catalytic performance for hydrogen evaluation reaction (HER), as well as stable 

durability for 12 h in 1M KOH solution. The electrocatalytic HER performance of 

nanocomposite supersedes the efficacy of both the MoNi4/MoO2 and rGO, while graphene 

support provides a high surface area, conducting pathways for the electron transfer. Also, the 

edge-plane like structure of catalytically active sites and localized surface defects of rGO 

contributes towards improving the performance of the overall HER efficiency of the 

nanocomposite, thereby, accelerates the charge transfer and lowering the diffusion coefficient 

for accelerating the charge-transfer kinetics. In general, this work fundamentally highlights 

the advancement on developing noble-metal-free electrocatalytic materials for hydrogen 

evaluation reaction (HER). 
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