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Abstract  

In the extant literature, a wide variety of processes for the production of H2 can be seen but the 

active, cost-effective and stable metal electrocatalysts for hydrogen evolution reaction (HER) are 

essential ones to achieve sustainable energy systems. As such, Pt is a widely used electro-catalyst 

for HER but its cost is significantly higher that what it needs to be. Taking this as the main 

motivation, in this review, cheap and effective transition metals for cost-effective electrocatalysts 

for hydrogen evolution reaction were reviewed. On course of this exploration, transition metals 

such as molybdenum (Mo), tungsten (W) and composites such as reduced graphene oxide-

supported PdAu nanoparticles and RuCo alloy nanoparticles embedded into N-Doped carbon were 

identified as some of the cost-effective electro-catalytic agents for HER. This review adds new 

insights into the stability and durability studies of these agents as well as prospects of their 

commercialisation and market readiness level for HER. Finally, a summary of the challenges in 

the future development of novel processing methodologies is presented which suggested that the 

artificial photosynthesis can be a very promising area of development. 
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Abbreviations: 

CC Carbon cloth 

CNT Carbon nanotubes 

EIS Electrochemical impedance spectroscopy 

FCEV                                   Fuel cell electric vehicles 

HER Hydrogen evolution reaction  

LSV Linear sweep voltammetry 

NF Ni foam 

PVDF Polyvinylidene fluoride 
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PEC                                      Photoelectrochemical 

RHE Reversible hydrogen electrode 

TMD Transition metal halides 

Nomenclatures: 

H2  Hydrogen gas 

1. Introduction 

The ongoing and forthcoming energy crisis and the imminent threat arising from the issue of 

climate change needs the world to rely on alternative sources of sustainable and clean energy. The 

efficient and cleaner production of hydrogen (H2) through electrocatalytic processes, such as the 

photoelectrochemical division of water or electrolysis coupled with renewable energy sources 

offers a promising and attractive next-generation energy conversion technique [1–4]. In fuel cell 

technology, hydrogen is at the heart of energy and environmental problems because it is a clean 

fuel for various energy conversion devices [5-7] and this makes electrocatalysts extremely 

important. Currently, fossil fuels and natural gases are the main source for the production of H2 

but it generates carbon emissions. Due to all these drawbacks, researchers are working on finding 

ways to generate hydrogen using renewable technologies such as water splitting. To achieve water 

splitting, the hydrogen evolution reaction (HER) is a crucial mechanism and electrocatalysts are 

materials necessarily to accomplish HER. Consequently, HER during electrochemical splitting of 

water has been the focus of many researchers around the world (Fig. 1). Splitting water into 

hydrogen and oxygen is one of the most interesting and cheapest options for conserving renewable 

energy [11-14]. 

As an ideal renewable energy, hydrogen based focus has attracted a lot of attention because of its 

high energy density and environmental benignity [15]. It is well documented that platinum group 

metals (PGM) are the most efficient electrocatalysts for HER (2H ++ 2e- = H2) [24,25]. Metallic 

platinum (Pt) shows a favourable activity for HER in acidic and alkaline media [16], however, the 

high cost and limited availability of Pt requires alternative and inexpensive catalysts [17-19]. In 

this context, it is of utmost importance to develop inexpensive and high efficiency HER 

electrocatalysts for Pt replacement and this review is dedicated to summarise great efforts that are 

made in developing highly active and resistant HER without Pt for economic production of 

hydrogen. 
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Fig. 1 (a) Water splitting mechanism (b) Strategies to generate hydrogen using transition metal [15] 

HER mechanisms  

Two mechanisms are commonly understood to describe the HER (i) the Volmer–Tafel and (ii) 

Volmer– Heyrovsky mechanisms [1]. In acidic solutions (Equations (1)–(3) where * denotes a free 

site on the surface and H* denotes a hydrogen atom adsorbed on the surface), the adsorbed hydrated 

protons (H3O
+) are reduced to produce H* (intermediate) via a Volmer step; subsequently, two H* 

(a) 

(b) 
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combine to form one H2 molecule via a Tafel route or one H* reacts with the hydrated proton to 

form hydrogen through a Heyrovsky step.  

H3O
 + + e − → H∗ + H2O (Volmer step)……………………………………………………...(1)  

H∗ + H∗ → H2 (Tafel step)…………………………………………………………………...(2)  

H∗ + H3O + + e − → H2 + H2O (Heyrovsky step)……………………………………….......(3)  

In comparison, Equations (4)–(6) shows the HER mechanism in neutral and alkaline electrolytes. 

In detail, H* is generated from the reduction of water molecules, followed by either a combination 

of 2 H* (a Tafel step) or the reaction between H* and H2O (a Heyrovsky step) to produce H2.  

H2O + e − → H∗ + OH− (Volmer step)……………………………………………………...(4)  

H∗ + H∗ → H2 (Tafel step)…………………………………………………………………..(5)  

H∗ + H2O + e − → H2 + OH− (Heyrovsky step)…………………………………………..…(6)  

In both mechanisms, HER is a two-step reaction, where either the Volmer step (adsorption) or the 

Heyrovsky/Tafel step (desorption) determines the reaction rate. Particularly, the pH of the 

electrolytes exerts a profound influence on the mechanism. In acidic solutions, the adsorption and 

electrochemical conversion of protons dominate the reaction kinetics in the Volmer step; while in 

neutral or alkaline conditions, the H2O dissociation and OH− desorption also play a crucial role in 

determining the rate kinetics. Besides, a Tafel slope is strongly related to reaction kinetics and acts 

as an indicator of the rate-determining step. In particular, the Volmer, Heyrovsky and tafel steps 

are reflected from the Tafel slope of 120, 40 and 30 mV·dec−1. Interestingly, under a high hydrogen 

coverage over 0.6, 120 mV·dec−1, the Tafel slope is also seen for the Heyrovsky step, suggesting 

the potential and coverage dependence of tafel slope [20].  

Various types of transition metals (Co, Fe, Ni, W and Mo) have been selected as effective 

electrocatalyst for HER in recent years as well as their derivative components. Various types of 

abundant transition metal compounds on earth such as MoS2, WS2, amorphous MoSx, CoS2, 

CoSe2, CoP, Ni2P, FeP, MoP, MoP and Ni-Mo alloy have recently been identified as promising 

HER electrocatalysts In this review, cheap and effective transition metals, such as molybdenum 

(Mo) & tungsten (W) were brought forward to be highlighted due to their high similarity with the 
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metals of the Pt group and their promising potentials as cost-effective electrocatalysts for HER 

[21, 22]. Mo, W, Pt, these all are d-block 2D transition metals. However, these single metal atom 

electrocatalysts are prone to aggregation, due to the large surface energy of the single metal atoms, 

even though they are good electrocatalysts for HER with low overpotentials. Among all these 

platinum (Pt) and Pt-group noble metals are rare and expensive, thus leading to the limitation of 

their applications in large scale, while Mo and W are alternative cost-effective electrocatalysts for 

the platinum-based systems. The intrinsic properties of transition metals include hydrogen 

adsorption Gibbs free energy ΔGH, active sites and electronic conductivity, which plays a 

fundamental role in determining the catalytic activity of HER. As a good activity descriptor, it is 

found that ΔGH largely determines the overall reaction kinetics of the HER. The ΔGH is always 

acquired through theoretical calculations, while the exchange current density can be obtained by 

experimental measurement. if the adsorption of hydrogen is too weak (ΔGH > 0), it is difficulty for 

the combination of the proton and electrocatalyst, thus leading to a limited Volmer step. In turn, if 

the adsorption is too strong (ΔGH < 0), the adsorbed hydrogen is hard to separate from surface of 

electrocatalysts, resulting in a limited desorption process (via either a Heyrovsky step or Tafel 

step) due to the active sites mostly occupied. That means the value of ΔGH closer to zero indicates 

the higher catalytic activities. Pt with a hydrogen adsorption Gibbs free energy (ΔGH) of 0.09 eV, 

whether it is 0.08 eV for Mo and 0.07eV for W, which both approach 0 eV, indicates a remarkable 

enhancement [18,19]. 

2. Mo-based electrocatalysts for HER  

2.1 Evaluation of the performance of electrocatalysts based on nanostructures of molybdenum for 

the HER 

The hydrogen generation or evolution using Mo transition metal halides (TMD) has gained interest 

due to its predominant conductivity, abundancy and low cost. However, there are almost no direct 

comparisons between the transition metal chalcogenides for LEI. Bhat et al. [22], presented the 

research study on a series of MoX2 (X = Se, S, Te) molybdenum chalcogenide nanostructures as 

an electrocatalyst for HER, MoSe2 nanoflowers, MoS2 nanograns and MoTe2 nanotubes and 

reported current densities of 10mA cm2 in the potential of 208mV, 173mV and 283 mV with 

measured Tafel slope values of 65.92 mV dec-1, 109.81 mV dec-1 and102.06 mV dec-1 respectively. 

In this study, different Mo based electrocatalysts will be briefly introduced by category as follows: 
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2.1.1 Carbon/Mo based composites  

Coupling with a carbon matrix or additives can increase surface area improving Mo dispersion and 

control particle size due to a mesoporous structures, nanoscale morphology and protective shell 

[20, 24-29]. In addition, integration with conductive carbons e.g., graphene, carbon nanotubes, and 

carbon black facilitates charge transport and accelerates reaction kinetics [30-33] that are discussed 

in this section.  

As reported by Gao et al. [20], various carbon materials including nanotubes [77], nanosheets [34], 

quantum dots [35] and nanofibers [36] with nanostructures can be introduced to Mo based catalysts 

to increase the surface area which enhances electron transfer. For example, by carbonizing the 

Mo–melamine polymer precursor on carbon nanotubes (CNTs), a high dispersion of β-Mo2C 

nanoparticles and enhanced electric conductivity were both realised, delivering a much lower onset 

potential vs reversible hydrogen electrode (RHE) (−195 mV for 10 mA·cm−2) than the counterpart 

without CNTs (−340 mV for same current density), suggesting superior electrochemical activity 

[29]. Moreover, in this study, a smaller Tafel slope of 75 mV·dec−1 was obtained for Mo2C/CNT 

than the 110 mV·dec−1 for the control sample, indicating a lower activation energy and faster 

reaction kinetics. The outstanding HER performance could be attributed to the abundant active 

sites on the uniformly dispersed Mo2C for H adsorption and activation, and the facilitated charge 

transport through the Mo2C–CNT interfaces [37]. Owing to its merits, no decay was observed even 

after 1000 cycles of cyclic voltammograms, demonstrating its great potential as a highly durable 

HER catalyst in practical applications. To further immobilize the Mo2C particles on the CNTs 

upon thermal treatment, oxalic acid was added to replace the ethoxy by forming oxalate groups 

with Mo ions (Fig. 2a). Benefiting from the steric hindrance of the complex and interaction with 

CNTs, the Mo2C agglomeration was considerably inhibited during the 800 ⁰C calcination, 

achieving a highly dispersed nanoparticles of diameter 4 to 8 nm (Fig. 2b) [38].  

Also, due to the reduced internal charge transfer resistance, the improved dispersion of active sites 

and large electrochemical surface area, the Mo2C/CNTs composite catalyst showed an 

overpotential of 110 mV over 10 mA·cm−2 and stable activity over 15 h and 1000 potentiodynamic 

sweeps. Additionally, the low Tafel slope of 51.34 mV·dec−1 suggested a Volmer–Heyrovsky 

mechanism, where the Heyrovsky desorption step determined the reaction kinetics [39]. Apart 

from the promotional effect on active site exposure by enhancing the dispersion and electric 
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conductivity by increasing the Fermi level, the addition of CNTs exerted a profound influence on 

the Mo valance state. In particular, more Mo3+ were reduced to Mo2+causing a reduced ratio of 

Mo3+/Mo2+ in presence of CNTs, which strengthened the Mo–H bond, accelerating the H3O
+ 

reduction in the Volmer step and facilitated the H* adsorption [40] (Fig. 2a). 

   

Fig. 2 (a) Growth mechanism of Mo2C on CNTs surface (b) Preparation schematic of MoP/Mo2C@C 

electrocatalyst (c) Formation scheme of Mo2C/C electrocatalyst (d) Fabrication of MoP/NCHS 

electrocatalyst [20] (e) Nanostructured molybdenum oxides from aluminium-based intermetallic 

compounds in HER [21]. 

 

To protect Mo species from agglomeration, oxidation and corrosion (etching), a core shell structure 

was developed with carbon layers as the shell covering the Mo based compounds [25,41, 42]. 

Meanwhile, the presence of the carbon shell promotes charge transfer through the electrode–

electrolyte interfaces [43]. For example, when Mo2C particles were embedded in the 3D carbon 
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network and encapsulated by the carbon shell, they interacted intimately with the carbon matrix 

and were separated from direct contact with the electrolytes, thus facilitating electron transfer and 

inhibiting corrosion [25]. Moreover, the size of the Mo2C was only 2 to2.5 nm due to the 

confinement effect of the carbon shell, possessing a large amount of active sites exposed to the 

reactant. Thus, in acidic and alkaline electrolytes, lower overpotential of 117 and 121 mV were 

needed to obtain 10 mA·cm−2 current density. In addition, the small Tafel slope of 73.5 

mV·dec−1 indicated a fast kinetics in HER, benefiting from the high electrochemical active area 

based on capacitance [44] and low internal charge transfer resistance (Fig. 2b). Different N 

configurations were compared regarding their contributions to the HER activity of N doped 

MoP@carbon, including pyrrolic N, pyridinic N and graphitic N [68]. In the preparation, N atoms 

were introduced by oxidative polymerization of pyrrole initiated by H3PMo12O40·nH2O (an Mo 

precursor). After calcination and phosphidation with the help of polystyrene spheres as the 

sacrificial template, MoP nanoparticles were encapsulated within the hollow N doped carbon 

spheres (Fig. 2d). After peak fitting, the N 1s spectra were deconvolved into four configurations 

(pyridinic N at 397.8 eV, pyrrolic N at 400.5 eV, graphitic N at 401.4 eV and pyridinic N–O at 

402.5 eV) [20].  Similarly, in one more research on HER [21], Mo3Al8, an intermetallic compound 

was used as a precursor to obtain nanostructured molybdenum oxides. It was prepared into ribbons 

by arc-melting and melt-spinning techniques. Single and double-step free corrosion of the as-

quenched material was studied in 1 M KOH, 1 M HF and 1.25 M FeCl3 at room temperature. In 

both cases, a few microns thick nanostructured molybdenum oxides were obtained on the surface 

layer. Two of the as-prepared samples were tested for their electrocatalytic capability for HER in 

0.5 M H2SO4 giving low onset potential (−50 mV, −45 mV), small Tafel slopes (92 mV dec−1, 9 

mV dec−1) and high exchange current densities (0.08 mA cm−2, 0.35 mA cm−2 respectively). They 

found the proposed nanostructured molybdenum oxides to be cost-effective and sustainable due to 

the cheap and abundant starting material used and the simple synthetic route, paving the way for 

their use as HER electrocatalysts (Fig. 2e). 

In addition to the preparation of mesoporous carbons from natural products and 

textiles, metal–organic frameworks (MOFs), as a precursor, can offer a confined environment with 

abundant pores generated by organic ligands. In particular, an Al-MOF (MIL53) was 

hydrothermally synthesised which was observed to possess a microporous structure based on the 

type I curves of adsorption/desorption [20]. Benefiting from the large surface area (1165 m2·g−1), 
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MoCl5 was homogeneously impregnated in the MOF frameworks. During the carbonization, 

Mo2C was in-situ formed from the reduction of Mo species under CH4 decomposition (Fig. 2c) 

2.1.2. Improvements in electrocatalysts stability 

Various metals (e.g., Ni, Co) can be doped with Mo based catalysts to improve their HER activity 

and stability by modulating the electronic structure, enhancing conductivity, tuning the binding 

energy of H and by generating more active sites [45-47]. For example, Hu et al. [27] doped Ni into 

an Mo2C/carbon fiber paper hybrid and found that the resistance to charge transfer decreased from 

12.7 to 9 Ω compared with an undoped counterpart. More importantly, a good balance was struck 

between the adsorption and desorption of H on/from the Mo2C by changing the valence state of 

Mo [48]. Thus, a low overpotential of 121.4 mV at 10 mA·cm−2 was exhibited with a 10-h stable 

operation [28]. To promote the electronic interaction between Ni and Mo, Ni was first 

electrodeposited on carbon cloth (CC) followed by preparing the Ni–Mo precursor by the 

hydrothermal treatment of molybdate; after calcination, an Ni-MoO2/CC hybrid catalyst was 

formed [49]. Based on the positive shift to 855.8 eV (Ni-MoO2) from 854.7 eV (Ni) in a Ni 2p 

XPS spectra, a strengthened interaction was suggested by the electron transfer from Ni to Mo [49]. 

Due to the strong Ni–Mo interaction, the O 2p orbitals in MoO2 were upraised, thus facilitating 

the hydrogen adsorption [51, 52]. In the meantime, water adsorption and dissociation got improved 

on the positive charged Ni species, further enhancing the H adsorption on MoO2. The modified 

metal–H bonds could interact with H2O molecules and electrons to release H2 via the Heyrovsky 

step (neutral and alkaline electrolytes) and Tafel recombination step (acidic electrolyte) [53]. As a 

result, this robust HER catalyst presented a low overpotential of 84, 69 and 46 mV at 10 

mA·cm−2 in neutral, acidic and alkaline electrolytes with a superior stability over 36 h in all pH 

ranges [49]. 

Apart from Ni doping, the dual atoms doping of Ni and Co synergistically optimizes the metal–H 

binding energy and facilitates electron transport. Through a facile physical mixing and calcination, 

Co, Ni codoped MoO2 possessed a homogeneous dispersion of Co, Ni, Mo and O elements. The 

weak Co–H and Ni–H bonds modulated the hydrogen adsorption and desorption behaviors. In 

addition, a larger electrochemical active area was enabled for co-doped MoO2, based on the higher 

Cdl value of 7.7 mF·cm−2, than the single doping (5.5 and 5.6 mF·cm−2 for Co- and Ni-MoO2, 

respectively). Moreover, benefiting from the optimized electronic structure, charge transfer 
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resistance was reduced with the dual doping, favoring a fast HER kinetics [54, 55]. As a 

consequence, the overpotential to achieve 10 mA·cm−2 was smaller for Co, Ni co-doped 

MoO2 (103 mV) in comparison to Co-MoO2 and Ni-MoO2. Table 1 shows a summary of the 

representative Mo based electrocatalysts for hydrogen evolution reaction gathered from the 

literature.  

Table 1: Summary of Mo based electrocatalysts for HER 

Catalyst Electrolyte Overpotential at 10 

mA·cm−2 (η10) 

Tafel 

Slope/(mV·dec−1) 

Ref 

NP-Mo2C 0.5 M H2SO4 210 64 24 

Mo2C/C 0.5 M H2SO4 117 60.5 25 

1 M KOH 121 73.5 

Mo2C/CNFs 0.5 M H2SO4 160 66 26 

1 M KOH 92 63 

MoP/Mo2C@C 1 M KOH 75 58 35 

MoC-MoP/N-

CNFs 

0.5 M H2SO4 158 58 56 

1 M KOH 137 65 

Mo2C/GNR 0.5 M H2SO4 152 65 57 

1 M KOH 121 54 

Mo2C/N-C 0.5 M H2SO4 155 73 58 

1 M KOH 78 64 

Mo2C/C 1 M KOH 165 63.6 59 

Co/Ni-MoO2 1 M KOH 103 80 60 

MoO2/MoS2|P 1 M KOH 45 64.2 61 

MoO2-Ni 0.5 M H2SO4 69 31 49 

1 M PBS 84 75.3 

1 M KOH 46 56.9 

MoP@NPSC 0.5 M H2SO4 71 75 62 

MoP@NCHSs 1 M KOH 92 62 63 

1 M KOH 42 127 64 
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CoP–

MoO2/MF 

0.5 M H2SO4 65 85 

MoS2/MoO2 1 M KOH 157 119 65 

 

The transition metal carbides/nitrides referred to MXenes also as a wonder material presenting 

newer opportunities owing to their unique properties such as high thermal and electrical 

conductivity, high negative zeta-potential and mechanical properties similar to the parent transition 

metal carbides/nitrides. These properties of MXenes can be utilized in various societal applications 

including for energy storage and energy conversion such as for hydrogen evolution [56]. Few 

literatures are reported on MXenes for HER such as; 2H-MoS2 on Mo2CTx MXene nanohybrid for 

efficient and durable electrocatalytic hydrogen evolution. In this study researcher presented a 

simple and scalable method to circumvent adventitious oxidation in Mo2CTx MXenes via in situ 

sulfidation to form a Mo2CTx/2HMoS2 nanohybrid. The intimate epitaxial coupling at the 

Mo2CTx/2H-MoS2 nanohybrid interface afforded superior HER activities, requiring only 119 or 

182 mV overpotential to yield −10 or −100 mA cm−2 geom current densities, respectively. Density 

functional theory calculations reveal strongest interfacial adhesion which was found within the 

nanohybrid structure as compared to the physisorbed nanohybrid, while showing the possibility to 

tune the HER overpotential through manipulating the extent of MXene sulfidation. Critically, the 

presence of 2H-MoS2 suppresses further oxidation of the MXene layer, enabling the nanohybrid 

to sustain industrially relevant current densities of over −450 mA cm−2 geom with exceptional 

durability. Less than 30 mV overpotential degradation was observed after 10 continuous days of 

electrolysis at a fixed −10 mA cm−2 geom current density or 100,000 successive cyclic voltammetry 

cycles. The exceptional HER durability of the Mo2CTx/2H-MoS2 nanohybrid presented a major 

step forward to realize practical implementation of MXenes as noble metal free catalysts for broad-

based applications in water splitting and energy conversion [57]. One more literature published on 

two-dimensional molybdenum carbide (MXene) as an efficient electrocatalyst for hydrogen 

evolution. In this study, researcher did computational screening study of 2D layered M2XTx (M = 

metal; X = (C, N); and Tx = surface functional groups) predicted Mo2CTx to be an active catalyst 

candidate for the HER. Researcher synthesized both Mo2CTx and Ti2CTx MXenes, and in 

agreement with their theoretical predictions, Mo2CTx was found to exhibit far higher HER activity 

than Ti2CTx. Theory suggested that the basal planes of Mo2CTx are catalytically active toward the 

HER, unlike in the case of widely studied MoS2, in which only the edge sites of the 2H phase were 
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active. This work paved the way for the development of novel 2D layered materials that can be 

applied in a multitude of other clean energy reactions for a sustainable energy future [58]. In this 

area, another study was carried out on tuning the basal plane functionalization of two-dimensional 

metal carbides (MXenes) to control hydrogen evolution activity. Previous theoretical and 

experimental results have shown that some two-dimensional (2D) transition metal carbides 

(MXenes) can be effective electrocatalysts for the HER, based on the assumption that they are 

functionalized entirely with oxygen or hydroxyl groups on the basal plane. However, it is known 

that MXenes can contain other basal plane functionalities, e.g., fluorine, due to the synthesis 

process, yet the influence of fluorine termination on their HER activity remains unexplored. In this 

research, author investigated the role and effect of basal plane functionalization (Tx) on the HER 

activity of 5 different MXenes using a combination of experimental and theoretical approaches. 

They first studied Ti3C2Tx produced by different fluorinecontaining etchants and found that those 

with higher fluorine coverage on the basal plane exhibited lower HER activity. Further they 

controllably prepared Mo2CTx with very low basal plane fluorine coverage, achieving a geometric 

current density of −10 mA cm−2 at 189 mV overpotential in acid. More importantly, their results 

indicated that the oxygen groups on the basal planes of Mo2CTx are catalytically active toward the 

HER, unlike in the case of widely studied 2H-phase transition metal dichalcogenides such as 

MoS2, in which only the edge sites are active. These results paved the way for the rational design 

of 2D materials for either the HER, when minimal overpotential is desired, or for energy storage, 

when maximum voltage window is needed [59]. 

3. W-based electrocatalysts for HER 

Tungsten sulfide (WS2) and tungsten carbide (W2C) are proposed to be superior candidates for 

various electrochemical applications, owing to their plentiful active edge sites and better 

conductivity. In this section, the integration of W2C and WS2 was studied by using a simple 

chemical reaction to form W2C/WS2 hybrid as a proficient electrode for HER. 

3.1 W2C nanoparticles for efficient electrocatalytic evolution of hydrogen  

Gong et al. [66] reported that W2C is potentially more active HER than WC. They developed an 

improved carburetion method and successfully prepared ultra-small and pure phase W2C 

nanoparticles. When evaluated by HER electrocatalysis, W2C nanoparticles showed an onset 
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potential of 50 mV, a Tafel slope of 45 mVdec-1 and excellent long-term cycle stability, which 

were far better than all the existing WC-based materials. 

In one more literature reported by Hussain et al. [67] a simple chemical reduction route was 

employed to produce the W2C nanoparticles. The product powder was kept under the gas mixture 

of H2 (80 standard cubic centimeters per minute, sccm), CH4 50 (sccm), and Ar environment in 

the tubular furnace at 850 °C for 3 h annealing process. Finally, the W2C powder was collected 

after the tube attained room temperature. Further they synthesized W2C/WS2 hybrid nanostructure 

and analyzed it’s HER performance. They used About 1 g of commercial W2C powder by 

dispersing it in the ethanol solution (50 mL), stirred at room temperature for 3 h. Then 0.25 g 

WO3 was dispersed in ethanol and DI water mixture solution followed by 0.5 g of thiourea 

dissolved aqueous solution blending with the W2C solution and stirred. After that, 2 mL of 

hydrazine solution and 30 mL of liquid ammonia were mixed with one-pot solution and stirred for 

5 h at 85 °C. The deposit was parted, cleansed with DI water, and dehydrated in a hot oven, 

overnight, at 60 °C. The powder was post-annealed in a furnace, at 850 °C, for 3 h, under the 

CH4 (50 sccm), H2 (80 sccm) and Ar atmosphere. Fig. 3 illustrate the synthesis of a hierarchically 

W2C/WS2 hybrid nanostructure. 



Accepted for publication in “International Journal of Hydrogen Energy” on 8th Sept 2022 

14 
 

 

(a) 
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Fig. 3 (a) Synthesis of W2C/WS2 hybrid with its derived structure, Hydrogen evolution polarization profiles 

for Pt/C, bare NF, W2C, WS2, and W2C/WS2 at 10 mV s−1 sweep speed in (b) 0.5 M H2SO4 and (c) 1 M 

KOH media. (d) Overpotential comparison of different electrocatalysts [67] 

3.1.1 HER performance 

For the working electrode preparation, researchers [67] have used polyvinylidene fluoride 

(PVDF), active material (W2C, WS2, and W2C/WS2), and carbon black in 10:80:10 mass ratio 

and N-methyl-2-pyrrolidone (NMP) was added drop-wise. The paste was layered on Ni foam (NF) 

and dehydrated overnight at 100 °C. For the reference electrode, Ag/AgCl and Hg/HgO were used 

in acidic and alkaline media performance, respectively, with a graphite counter electrode. They 

recorded iR corrected linear sweep voltammetry (LSV) by using an electrochemical system 

(model: 660D; company: CH Instruments, Inc., Austin, TX, USA) in 1 M KOH and 0.5 M 

H2SO4 media, with a scan speed of 10 mV s−1. Electrochemical impedance spectroscopy (EIS) 

results were noted at the frequencies of 0.01 Hz to100 kHz in acid and alkaline media. The HER 

potential values were converted for reversible hydrogen electrode (RHE) using the formula E (vs. 

RHE) = E (vs. Ag/AgCl) + E0 (Ag/AgCl) + 0.0592 × pH for acidic medium and E (vs. RHE) = E 

(vs. Hg/HgO) + E0 (Hg/HgO) + 0.0592 × pH for alkaline medium [67]. 

3.1.2 Hydrogen evolution studies 

Active-materials-coated NFs were engaged as working electrodes to enhance the HER 

activities in 0.5 M H2SO4 and 1 M KOH electrolytes, at room temperature [67]. Fig. 4a shows iR-

recompensed LSV polarization profiles in 0.5 M H2SO4, using 10 mV s−1 sweep speed. The W2C 

and WS2 produced 171 and 242 mV to attain 10 mA cm−2, respectively. In contrast, the 

W2C/WS2 hybrid produced an overpotential of 133 mV at 10 mA cm−2 (51 mV @ 10 mA cm−2 for 

Pt/C). The low overpotential shown in this case may be ascribed to the shared interfacial active 

edges and rapid electron conductivity in the W2C/WS2 which proves the importance of hybrid 

formation. In the 1 M KOH media (Fig. 4b), the W2C/WS2 electrode produced highly dynamic 

HER behavior with a small overpotential of 105 mV at 10 mA cm−2 than the WS2 (189 mV) and 

W2C (123 mV). The HER performance of W2C/WS2 was superior to most of the hybrid-based 

electrodes (Fig. 4c) [68-71]. Li et al. [72] prepared the nanocomposite of N, S-decorated porous 

carbon matrix encapsulated WS2/W2C (WS2/W2C@NSPC), which delivered the small 

overpotential of 126 and 205 mV in 0.5 M H2SO4 and 1.0 M KOH, respectively. In addition, 
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Nguyen et al. [73] reported the 170 mV of onset potential with 55.4 mV dec−1 of Tafel slope in 0.5 

M H2SO4 for W2C@WS2 nanoflowers which were synthesized using the hydrothermal method. 

Fig. 4 (a,b) Tafel plots for Pt/C, bare NF, W2C, WS2, and W2C/WS2 hybrid at 10 mV s−1 sweep speed in 

(a) 0.5 M H2SO4 and (b) 1 M KOH media; comparison of (c) Tafel slope and (d) exchange current density 

with different electrocatalysts; chronoamperometric profile of W2C/WS2 hybrid for 20 h continuous 

hydrogen evolution reaction (HER) operation in (e) 0.5 M H2SO4 and (f) 1 M KOH electrolyte (inset: LSV 

curves before and after 20 h operation) [67] 

 



Accepted for publication in “International Journal of Hydrogen Energy” on 8th Sept 2022 

17 
 

Tafel slope is a factor which indicates the inherent electrocatalytic activity of the electrode. The 

Tafel slope values of Pt/C, bare NF, W2C, WS2, and W2C/WS2 electrocatalysts in H2SO4 medium 

are 36, 168, 86, 138, and 70 mV dec−1, respectively. These values prove the outstanding 

electrocatalytic activity of the W2C/WS2 hybrid. Exchange current densities (j0) assessed by 

extrapolation Tafel lines to X-axis and their values observed were about ~1.03, 1.02, 0.55, and 

0.19 mA cm−2 for Pt/C, W2C/WS2, WS2, and W2C, respectively. W2C, WS2, and W2C/WS2 in 

KOH medium shows Tafel slopes of 141, 127, and 84 mV dec−1, respectively. The small Tafel 

slope of W2C/WS2 also supports high HER behavior of hybrid electrode in the KOH electrolyte. 

The extrapolated j0 in KOH electrolyte is 0.93, 0.72, and 0.38 mA cm−2 for W2C, WS2, and 

W2C/WS2, respectively. The Tafel slope range suggested that HER involved a Volmer–Heyrovsky 

mechanism for W2C/WS2 hybrid, with electrochemical desorption as the rate-regulatory direction 

[74-77]. Outstanding HER activity in the W2C/WS2 hybrid could be explained with electrode 

kinetics by the accumulated electrocatalytic edge facets and a high ratio of charge transfer. The 

j0 and Tafel values are superior to most reported hybrid electrocatalysts (Fig. 4 c,d). The low 

overpotential, large j0 value and small Tafel slope in the W2C/WS2 hybrid also confirm the 

importance of hybrid formation for efficient HER electrocatalytic activity in KOH and 

H2SO4 mediums [77-79]. CV profiles were acquired in the non-Faradaic region, to estimate the 

double-layer capacitance (Cdl). The Cdl by linear fitting was 3.81 mF cm−2 (in H2SO4) and 3.33 mF 

cm−2 (in KOH) for the W2C/WS2 hybrid. Electrochemical surface areas in H2SO4 and KOH were 

108 and 83 cm2 , respectively. A stability and durability evaluation of W2C/WS2 electrode was 

carried out by using chronoamperometric response at a persistent 133 and 105 mV overpotential 

in H2SO4 and KOH (Fig. 4 e,f), respectively. No significant decline was observed over 20 h in the 

H2SO4 medium, whereas slight deterioration was observed in the KOH medium. Researchers 

noted excellent robustness of W2C/WS2 electrode for HER in H2SO4, rather than KOH. LSV 

curves at initial and after 20 h of continuous HER operation are shown in the inset of Fig. 4 e,f, 

respectively. The summary of observed HER parameters are provided in table 2 for all the 

measured electrodes. 

Table 2. A survey of HER yields of W based electrocatalysts for HER  
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Materials Catalyst 

loading (mg 

cm-2) 

Electrolyte η @ j = 10 

mA cm-2 

(mV) 

Tafel slope 

(mV dec-1) 

Reference 

W2C/MWNT 0.556 0.5 M H2SO4 123 45 66 

WC NPs 1 0.5 M H2SO4 125 84 80 

α-WC/CB 0.724 0.5 M H2SO4 260 N/A 81 

Thin film W2C N/A 0.5 M H2SO4 >300 69 82 

Thin film WC 91 82 

W2C microspheres N/A 1 M H2SO4 ~170 118 83 

 

4. Hydrogen evolution on reduced graphene oxide-supported PdAu nanoparticles 

 

Lazar et al. [88] reported HER investigation of reduced graphene oxide (rGO)-supported Au and 

PdAu nanoparticles in an acid solution. Platinum group metals (PGM) are most extensively 

exploited catalysts for hydrogen evolution reaction (HER). Although PGM-based catalysts are 

expensive and scarce, they are still widely used for hydrogen production, but for practical use their 

design aims to limit their amount. Therefore, the synthesis of cost-effective PGM-based catalysts 

goes in the direction of their minimum consumption by using bimetallic nanoparticles supported 

by a conductive and cheap material. So, considering all these aspects researchers have investigated 

hydrogen evolution on Au/rGO and PdAu/rGO electrodes which have shown good performance. 

Fig. 5 shows LSV curves and the corresponding Tafel slopes for HER on bare rGO/GC, 

Au/rGO, and PdAu/rGO electrodes. Beside polarization curves of HER for other materials Fig. 5 

a, also presents those for PdAu/rGO recorded after holding the potential at −0.11 V for 10 min, 

and additionally at −0.04 V for 3 h. The onset potential of approx. −0.25 V for HER on rGO/GC 

was much higher than for similar carbon-based electrodes [85, 86], including various graphene 
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structures [86-89]. Besides, higher current densities for a given potential indicate higher activity 

for HER of the bare rGO/GC substrate electrode used in the work. The onset potential of –0.09 V 

for HER on Au/rGO obtained by a spontaneous deposition of Au on rGO/GC was the same for 

Au/GC prepared by the electrochemical deposition of Au on bare GC [91], demonstrating similar 

catalytic activity of both electrodes. 

On the other hand, the PdAu/rGO electrode showed an onset potential of approx. −0.01 V, which 

is almost equal to the equilibrium potential for HER. This demonstrated the extraordinarily high 

activity for HER of the electrode consisting of a low atomic percentage of Au and Pd [84, 88]. The 

PdAu/rGO electrode becomes even more active after holding the potential during the 

chronoamperometry measurements with the same onset potentials but higher current densities. 

Comparing the activity of HER for the Au/rGO at the same current density of −5.0 mA/cm2, the 

potential for HER shifted positively by 240 mV (from −0.33 V for Au/rGO to −0.09 V for 

PdAu/rGO), and an additional 30 mV after CA measurements. 

Fig. 5b shows the corresponding tafel slopes of HER on the bare and modified rGO electrodes. 

The high value of −270 mV/dec for bare rGO indicates a slow reaction rate, as already reported in 

the literature [88-90]. The Tafel slope of −130 mV/dec, obtained for Au/rGO, indicated that the 

Volmer step is the rate-determining step in the Volmer–Heyrovsky mechanism. The slope was 

reported for various gold structures [92, 93]. The slope of −65 mV/dec for the PdAu/rGO electrode 

indicates a faster reaction rate, and a Volmer–Heyrovsky mechanism with a slow Volmer step. 

The same is obtained in previous works for Pd and Au nanoparticles deposited on a GC substrate 

[90]. The lowest slope of −46 mV/dec was obtained on PdAu/rGO after CA measurements, which 

indicated faster kinetics. The same value was obtained for AuPd nanoclusters supported on 

graphitic carbon nitride [94]. The decrease in the Tafel slope followed the sequence of rGO/GC > 

Au/rGO > PdAu/rGO > activated PdAu/rGO and it indicated a respective increase in the reaction 

rate. In addition, the change in the rate-determining step, and the reaction mechanism for all 

investigated electrodes cannot be determined with certainty due to their dependence on the 

coverage of adsorbed hydrogen, as well as on the potential as discussed elsewhere [95]. 
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Fig. 5 Hydrogen evolution reaction (HER) on bare rGO, Au/rGO and PdAu/rGO electrodes. (a) LSV curves 

recorded in 0.5 M H2SO4 at a sweep rate of 10 mV/s and (b) the corresponding Tafel slopes (c) 

Chronoamperometry measurements recorded on the PdAu/rGO electrode at a constant potential of −0.11 V 

vs. the reference hydrogen electrode (RHE) for 10 min (insert figure), and at a constant potential of −0.04 

V vs. RHE for 3 h [88] 

 



Accepted for publication in “International Journal of Hydrogen Energy” on 8th Sept 2022 

21 
 

For the stability and durability test, chronoamperometry curves of HER on PdAu/rGO were 

recorded in deaerated 0.5 M H2SO4 at a constant potential and with the electrode rotating at 2500 

rpm as presented in Fig. 5c. The PdAu/rGO electrode was first subjected to a potential of −0.11 V 

for 10 min as shown in Fig. 5c. High hydrogen evolution current densities were immediately 

reached, with visible bubbles on the electrode surface, achieving a constant value of −22.3 

mA/cm2 after 7 min. The recorded LSV curve showed improved catalytic properties for HER 

compared to the one before holding the potential (Fig. 5a). In the second CA measurement, the 

holding potential was –0.04 V, and the duration was 3 h. The activity of HER increased during the 

first hour then stabilized at −5.3 mA/cm2. The LSV curve recorded after that showed no difference 

with the first one recorded after holding the potential for 10 min at −0.11 V (Fig. 5a). These 

indicated that the PdAu/rGO was activated and stabilized after the first CA measurement. Such 

activation of the electrode during prolonged test measurements is commonly found in the literature 

[87, 96, 97]. 

Besides, the hydrogen yield was calculated from the LSV curves recorded immediately after 

the PdAu/rGO electrode preparation (red curve in Fig. 5a) and after CA at a constant potential of 

−0.04 V for 3 h (olive curve in Fig. 5a). Both curves were integrated over the potential range from 

0.0 to −0.3 V, i.e., for the hydrogen evolution duration of 30 s. For HER on prepared PdAu/rGO, 

the amount of evolved hydrogen was 5.2 × 10−10 mol, while after activation during CA 

measurement, the hydrogen yield was 12.4 × 10−10 mol. Finally, the PdAu/rGO electrode activated 

during prolonged hydrogen evolution was the most active one concerning both the onset potential 

and reaction rate. This study revealed a low atomic percentage of both metals on the PdAu/rGO 

surface, and that PdAu nanoparticles consist of 15% Au and 85% Pd. Besides, the intrinsic Pd 

activity for HER enhances when diluted with a low amount of Au. Due to the low amount of both 

metals on the PdAu/rGO electrode, the density and size distribution of PdAu nanoparticles cannot 

be determined precisely. In many previous studies, the catalytic activity was correlated with the 

size and composition of PdAu nanoparticles. The catalytic effect of Au addition to Pd for hydrogen 

production, where it prevents Pd deactivation was also reported for formic acid dehydrogenation 

over a carbon-supported PdAu catalyst [97]. The effect of the composition on the activity for HER 

in an acid solution was reported for PdxAuy nanoparticles supported on carbon-based materials 

[91, 99, 100]. In this case, researchers speculated that graphene edges and other defect sites rich 

in PdAu nanoparticles provided many active surface sites for proton reduction and subsequent 
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hydrogen adsorption and evolution. The low content of Au in PdAu nanoparticles contributed to 

the dilution of the deposited Pd with Au and the formation of more active sites suitable for 

hydrogen adsorption, not only on the edges but also on top of the PdAu nanoparticles. The 

activation of the PdAu/rGO electrode for HER is most likely caused by the disintegration and 

rearrangement of PdAu nanoparticles during HER, either with prolonged cycling (LSV 

measurements) or while holding the potential in the HER potential region (CA measurements). 

Such disintegration and rearrangement of the deposited Ru and Os nanoislands spontaneously 

deposited on Au(111) and induced by higher potentials are previously reported [101, 102], and 

this most likely occurs during the hydrogen evolution reaction. In this reported study, activity of 

the PdAu/rGO electrode for the HER was remarkably high, with the overpotential close to zero. 

HER activity was stable over a 3 h testing time, with a low tafel slope of approx. −46 mV/dec 

achieved after prolonged hydrogen evolution at a constant potential. 

5. RuCo alloy nanoparticles embedded into N-Doped carbon for high efficiency HER 

For scalable and sustainable water electrolysis, it is of great significance to develop electrocatalysts 

that can replace platinum. Currently, it is difficult for most catalysts to combine high activity and 

stability. To solve this problem, Cheng’s research group [103] used cobalt to regulate the electronic 

structure of ruthenium to achieve high activity, and use carbon matrix to protect alloy nanoparticles 

to achieve high stability. Herein, based on the zeolitic imidazolate frameworks (ZIFs), a novel 

hybrid composed of RuCo alloy nano-particles and N-doped carbon was prepared via a facile 

pyrolysis-displacement-sintering strategy. Due to the unique porous structure and multi-

component synergy, the optimal RuCo500@NC750 material in both acidic and alkaline media 

exhibited eminent HER catalytic activity. 

They designed RuCo@NC catalyst for HER. The detailed fabrication process of RuCo@NC is 

shown in Fig. 6a. Firstly, ZIF67 was synthesized by self-assembly of Co2+ and 2-methylimidazole. 

Subsequently, Ru3+ ions were replaced with carbonized ZIF-67 to cover the surface of Co NPs, 

then sintered to form RuCo alloy NPs loaded on N-doped carbon. These catalysts were called as 

1-RuCo-T2@NC-T1, 2-RuCo-T2@NC-T1, 3-RuCo-T2@NC-T1, respectively, according to different 

Ru content. In addition, Ru NPs/CZIF67-750 have also been synthesized by NaBH4 reduction for 

comparison. 
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The electrocatalytic HER performance of a sequence of samples in acidic (0.5 M H2SO4) and 

alkaline (1.0 M KOH) media was evaluated by researchers [103] using a traditional three-electrode 

system. For comparison, Ru NPs/CZIF67-750 and commercial Pt/C (JM, 20 wt.%) were also tested 

under identical conditions. Firstly, they studied the HER activities of 1-RuCo500@NC-T1 in 

alkaline conditions. As shown in Fig. 6b, the LSV curves of 1-RuCo500@NC750 showed the 

minimum onset potential and maximum current density among the three samples generated at 

different pyrolysis temperatures, suggesting that 750 °C is the optimal pyrolysis temperature for 1-

RuCo500@NC-T1. The reason may be that there are fewer cobalt nanoparticles produced at 600 

°C which finds it difficult to displace Ru and form alloys, while the agglomeration of cobalt 

nanoparticles at 900 °C leads to the reduction in active sites. Secondly, the HER activities of 1-

RuCo-T2@NC750 were tested under alkaline conditions. As shown in Fig. 6c, 1-

RuCo500@NC750 has better HER activity than the other two samples. Compared to the pyrolysis 

temperature, the sintering temperature has less influence on HER activity. Fig. 6d shows that the 

overpotential of 3-RuCo500@NC750 is very small, only 31 mV at 10 mA cm−2, far lower than 

the 203.6 mV of Ru NPs/CZIF67-750 and even the benchmark Pt/C (32.7 mV). At high 

overpotential, the advantage of 3-RuCo500@NC750 is more obvious (Fig. 6e), indicating that it 

has good alkaline HER catalytic activity. The Tafel slopes obtained from the polarization curve 

were utilized to study the intrinsic HER dynamics of catalysts. As shown in Fig. 6f, the Tafel slope 

(47 mV dec−1) of 3-RuCo500@NC750 was found lower than that of commercial Pt/C (48 mV 

dec−1) and Ru NPs/CZIF67-750 (163 mV dec−1), indicating that RuCo@NC-600 has fastest kinetics 

for HER among them. Furthermore, the low Tafel slope value of 3-RuCo500@NC750 indicated 

that the HER takes place through the Volmer–Heyrovsky pathway [104]. In alkaline medium, the 

rate-determining step of both the material and Pt/C is the Volmer step. Since cobalt can accelerate 

the Volmer step, the material can achieve better performance than Pt/C. Electrochemical 

impedance spectroscopy (EIS) measurements can further disclose the kinetic characteristics of the 

catalyst. The charge transfer resistance (Rct) of 3-RuCo500@NC750 is 8.85 Ω, which is much 

smaller than 24.97 Ω of CZIF67-750 and 23.04 Ω of Ru NPs/CZIF67-750, implied that the interfacial 

charge transfer rate is faster after Ru doping. 3-RuCo500@NC750 showed strong HER activity 

that it surpassed many of the most advanced catalysts reported to date [103]. Besides, the HER 

behavior was evaluated by calculating electrochemical surface area (ECSA), which is an important 

factor in determining overall catalytic activity. Also, the electrochemical double-layer capacitance 
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(Cdl) was linearly proportional to the electrochemical surface area of the catalyst so ECSA was 

obtained by measuring Cdl using cyclic voltammetry (CV) at different scanning rates (0.01~0.1 V 

s−1).  

Researchers reported the Cdl value of 3-RuCo500@NC750 is as high as 63.81 mF cm−2, which is 

the largest among all tested materials. Additionally, it was more than twice that of CZIF67-750 

(30.15 mF cm−2), indicating that the formation of RuCo alloy in the catalyst can offer more active 

sites to effectively improve HER activity. Durability reflects the long-term stability of the catalyst 

and is another important index to measure the practical value of electrocatalyst. Firstly, it was 

evaluated by potential-cycle accelerated durability test (ADT). Through result analysis, 3-

RuCo500@NC750 exhibited almost the same polarization curve after 1500 cycles, indicating 

good durability. Secondly, only a small increase in overpotential was observed in at 15 h 

chronopotentiometry test, which further proved that it has robust stability in long-term operation. 

After the accelerated aging test, the crystal phase of 3-RuCo500@NC750 did not change 

significantly, demonstrated that it had good structural stability in alkaline medium [103, 105-107]. 

With the development of proton exchange membrane (PEM) electrolysis of water technology, 

acidic HER has received greater attention [108, 109]. As a consequence, the electrocatalytic HER 

performance of n-RuCo500@NC750 was also investigated under acidic conditions. In 0.5 M 

H2SO4 solution, 3-RuCo500@NC750 requires an overpotential of only 22 mV to obtain the 

current density of −10 mA cm−2, much lower than that of Ru NPs/CZIF67-750 (93.2 mV) and slightly 

higher than that of the reference Pt/C catalyst (15.6 mV). The same is true at high current densities, 

as shown in Fig. 6 (f, g). Meanwhile, the Tafel slope of 3-RuCo500@NC750 in 0.5 M 

H2SO4 solution was 52 mV dec−1, which is between the reference Pt/C (30 mV Dec−1) and Ru 

NPs/CZIF67-750 (90 mV Dec−1), corresponding to a Volmer–Heyrovsky pathway. The low 

overpotential and Tafel slope indicated that 3-RuCo500@NC750 is an excellent acid 

electrocatalyst for hydrogen evolution, which exceeds many non-platinum electrocatalysts (Fig. 

6i). 
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Fig 6. Schematic illustration of synthesis of RuCo@NC by a pyrolysis-displacement-sintering strategy; 

HER polarization curves of (a) 1-RuCo500@NC-T1 and (b) 1-RuCo-T2@NC750 in 1.0 M KOH. (c) 

Comparison of HER activities of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750. (d) HER 

overpotential of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750 at different current densities (10, 

30, 50 mA cm−2). (e) Tafel plots of 3-RuCo500@NC750, Ru NPs/CZIF67-750 and 20% Pt/C catalysts. (f) 

Polarization curves of 3-RuCo500@NC750 initially and after 1500 cycles during the accelerated durability 

tests. (g) HER polarization curves of Ru NPs/CZIF67-750, n-RuCo500@NC750 and 20% Pt/C in 0.5 M 

H2SO4. (h) HER overpotential of Ru NPs/CZIF67-750, 20% Pt/C and n-RuCo500@NC750 at different 

current densities (10, 30, 50 mA cm−2). (i) Tafel plots of 3-RuCo500@NC750, Ru NPs/CZIF67-750 and 20% 

Pt/C. (j) Linear fitting of capacitance current to CV scan rate for Ru NPs/CZIF67-750, n-

RuCo500@NC750 and CZIF67-750. (k) Nyquist plots of Ru NPs/CZIF67-750, n-RuCo500@NC750 and 

CZIF67-750. (l) Polarization curves of 3-RuCo500@NC750 initially and after 3000 cycles during the 

accelerated durability tests [103]. 

Although its hydrogen evolution activity is not as good as that of commercial 20 wt.% Pt/C, its 

cost is lower, so it still has some practical value for acidic HER. Likewise, the electrochemical 

double-layer capacitance by cyclic voltammetry was also obtained at different scan rates. 

The Cdl value of 3-RuCo500@NC750 was seen to be the largest among the tested samples (Fig. 

6j), indicating that it has the largest ECSA. From the point of view of the electrochemical 

impedance spectrum (Fig 6k), 3-RuCo500@NC750 has the smallest charge transfer resistance 

(4.34 Ω), which is beneficial to reduce the energy consumption in the process of hydrogen 

evolution. In addition, the 3-RuCo500@NC750 also possess the prominent cycling and long-term 

stabilities in acidic media, as assessed by chronopotentiometric measurements and the 

electrochemical accelerated durability tests (Fig. 6l). After 3000 scanning cycles, the performance 

degradation of 3-RuCo500@NC750 was almost negligible. In chronopotentiometry, 3-

RuCo500@NC750 maintained high HER activity for up to 15 h. Comparing the XRD patterns of 

the catalysts before and after the accelerated aging experiment, it was found that the crystal phase 

structure of the catalysts had little change, indicating that the catalyst had good stability and can 

run for a long time under acidic conditions. 

Based on the foregoing results and discussions [103], the excellent electrocatalytic HER 

performance of 3-RuCo500@NC750 may be attributed to its unique composite structure and 

composition, mainly considering that (i) the large electrochemical surface area provides more 

active sites for catalysis and the three-dimensional porous structure is beneficial for mass transport 

[110, 111] (ii) Nitrogen-doped graphitized carbon matrix can improve the conductivity of the 

catalyst, which is conducive to rapid transfer of electrons [112]. At the same time, the carbon 

matrix can protect the alloy nanoparticles from corrosion and prevent them from agglomeration 
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[113]. (iii) Alloy effect: According to the d-band center theory, the d-band center (Ed) energy level 

determines the adsorption intensity between the active site on the catalyst surface and the 

adsorption molecule [114, 115]. The higher the energy level is, the stronger the adsorption capacity 

[116]. Due to the high Ed energy level of single metal Ru, its adsorption capacity with H is strong, 

so its activity is poor when used as HER catalyst [117]. Co atoms, which are less electronegative, 

contribute electrons to Ru atoms when they form alloys. The electrons preferentially enter the 

bonding orbital of Ru, which reduces the Ed energy level of Ru, thus decreasing the strength of the 

Ru-H bond [113, 115,117]. In summary, the 3-RuCo500@NC750 catalyst has outstanding 

catalytic performance due to the advantages of the structure and composition mentioned above. 

Due to the unique porous structure and multi-component synergy, the optimal RuCo500@NC750 

material in both acidic and alkaline media exhibited eminent HER catalytic activity. Notably, the 

3-RuCo500@NC750 obtained a current density of 10 mA cm−2 at 22 mV and 31 mV in 0.5 M 

H2SO4 and 1.0 M KOH, respectively, comparable to that of the reference Pt/C catalyst. 

Furthermore, the Tafel slopes of the catalyst are 52 mV Dec−1 and 47 mV Dec−1, respectively, 

under acid and alkali conditions, and the catalyst has good stability, indicating that it could have 

broad application prospects in practical electrolytic systems. This work analysis reported here to 

understanding the role of carbon-supported polymetallic alloy in the electrocatalytic hydrogen 

evolution process, and provides some inspiration for the development of a high efficiency 

hydrogen evolution catalyst. Other than above compositions for HER, M. Umer et al., reported; 

out of ~364 catalysts, they found 20 more promising catalysts which exhibited excellent stabilities 

and superior activities toward the HER. Particularly, Pd@B4, Ru@N2C2, Pd@B2C2, Pt@B2N2, 

Ir@h-BN, Fe@C3, Rh@C3, and Pd@2DCP and ML-recommended systems Fe@P3, Mn@P4 and 

Fe@P4 exhibited an ultrasmall magnitude of the HER overpotential (0.01 to 0.03 V), much better 

than that of commercial Pt based catalysts [120-123]. 

6. Commercialisation and current market 

Fuel cells are a promising technology to be used as a source of heat and electricity for buildings 

and as a source of electricity for electric motors to drive vehicles. Hydrogen needed for fuel cells 

can be reformed from methanol, natural gas or even gasoline but these are costly extraction 

methodologies [114]. Further research efforts are required to develop cost effective and benign 

environmental friendly technologies through electrolysis process for producing the hydrogen fuel 
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for clean generation of hydrogen through water splitting thus achieving “net-zero” energy 

generation methods for reducing our carbon footprint on the environment.  

Annually, 98% of the 600 billion cubic meters H2 globally is produced from natural gas (CO2 as a 

byproduct) and only 2% is produced by electrolysis of H2O. Over 90 % of this (produced from 

natural gas) is used as a component for fertilizers or consumed in the petrochemical & oil refining 

industries. Production of hydrogen & distribution infrastructure both are dependent on the 

government initiatives for investment in this area to setup ambitious projects for achieving ”net-

zero” energy targets. At present, the main obstacle in tapping the full potentials of hydrogen 

technology is the lack of safe infrastructure as a slight leak of H2 can lead to catastrophic disasters. 

Few industries working on hydrogen fuel infrastructure are emerging from the automobile sector 

[124]. 

Toyota Mirai, the world's most popular FCEV, was launched in the United Arab Emirates in 

October 2017, when the country's first hydrogen station was opened by local Toyota distributor 

Al-Futtaim Motors from Masdar City of Abu. Dhabi and Air Liquide of France. Although these 

projects were pilot studies, these regional projects are supported by the increasingly evident reality 

of the hydrogen economy in the Asian markets and in particular in Japan, where 100 filling stations 

have already been established and the government aims to have 800,000 FCEVs on road by 2030 

and setting a target of 90% cost reduction of hydrogen by 2050 [125]. 

8. Conclusion and future directions 

In this review, a comprehensive summary of the recent development of Mo based electrocatalysts 

for the hydrogen evolution reaction (HER) is presented. The fundamentals of HER and 

representative Mo compounds catalysts are introduced following a series of active initiatives in 

developing hybrid Mo based structures. Particularly, by coupling with carbon nanostructures, 

doping with heteroatoms (nonmetallic and metallic elements), and constructing heterostructures, 

HER activity and stability are both enhanced. The improved performances can be attributed to the 

modulated adsorption, conversion and desorption of reactants and intermediates, the faster 

transport of electrons and ions, improved wettability and increased number of active sites. Despite 

exciting progress, several issues are still needing scientific solution. The review also offers fresh 

insights into the W-based electrocatalysts for HER, their electrocatalytic and hydrogen evolution. 
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Next, we discussed about the electro-catalytic activity of some composites such as reduced 

graphene oxide-supported PdAu nanoparticles and RuCo alloy nanoparticles embedded into n-

doped carbon; which have shown excellent electro-catalytic activity for HER. 

As we know is already earmarked to be the future fuel in the race to achieve “net-zero” targets in 

view of the imminent threat of the climate change the world is facing today. While various 

technologies can be used to generate hydrogen, only a few of them can be considered 

environmentally benign and friendly. Future efforts for generation of hydrogen may include 

artificial photosynthesis process through water splitting which could be a promising approach to 

store solar energy in the form of hydrogen in a scalable way. This is called as the 

photoelectrochemical (PEC) division of water. In the PEC water division, hydrogen can be 

produced from water just by using sunlight and specialised semiconductors called 

photoelectrochemical materials, which would use light energy to directly dissociate water 

molecules into constituting elements of hydrogen and oxygen. It is still long-term technological 

path, with the potential for low or zero greenhouse gas emissions. Continuous improvements in 

efficiency, durability and costs are still needed for market profitability.  

Hydrogen production technologies must be improved and expanded through research, 

development, and experimentation. Efforts to reduce manufacturing costs, maximize productivity, 

and establish carbon sequestration methods are needed. Improved strategies are required for 

fundamental hydrogen generation and uniformly distributed hydrogen production. SMR, multifuel 

gasifiers, water electrolysis, PEC electrolysis, biological technologies, and advanced techniques, 

such as biomass pyrolysis and nuclear thermochemical water splitting, should emphasize 

initiatives. On the other hand, global energy projections must accept that they cannot accurately 

portray future energy systems since they do not include all of the necessary minute elements and 

complexities. Much more transparency about the techniques and input assumptions underlying 

energy projections are required so that the consequences of the outcomes may be appropriately 

comprehended. Simulations designers should also strive to regularly improve their practices, 

drawing on results from other sources. The impact of emerging innovations in future energy 

systems may be explored in various ways, including phenomenological possibilities and more 

comprehensive energy system modeling in lower domains. This exploration should be taken into 

consideration. Additionally, there are obstacles related to hydrogen storage, distribution, and 
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transportation that negatively influence the widespread utilization of hydrogen as a transmitter and 

vector of energy. As a result of its high combustibility and exothermicity, hydrogen storage 

systems must fulfill strict regulatory standards. Several factors limit the practical utilization of 

hydrogen in passenger or heavy-duty vehicles, such as hydrogen’s high gravimetric and volumetric 

density. Hydrogen production, distribution, and uses might be commercialized if sophisticated 

hydrogen synthesis and storage techniques are developed. 
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