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Abstract 
A substantial and steady decrease in the energy cost produced from renewable sources has 
revived interest in hydrogen production through water electrolysis. Deployment of 
electrolysis for H2 production is now closer to reality than ever before. Yet, several 
challenges associated with production cost, infrastructure, safety, storage, and so forth 
remain to be addressed. One of the overriding challenges is the production cost caused by 
a platinum electrode. To overcome such limitations, developing low-cost and stable electro-
catalysts very close to the same electrode activity as platinum (Pt) metal is crucial to solving 
the efficiency issue in the process. Therefore, this review is in the direction of designing 
binary and ternary alloys of transition metal-based electrocatalysts anchored on carbon and 
focuses more on routes to enhance the performance of the hydrogen evolution reaction 
(HER). The strategic routes to reduce overpotential and enhance electrocatalysts perfor-
mance are discussed thoroughly in the light of HER mechanism and its derived descriptor. 
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Introduction 

Considering the foreseeable undesired energy crisis, which conceivably is caused by dominating 

energy insecurity due to ever-growing demand tied with associated environmental problems, the 

development of clean, renewable and sustainable energy sources has become one of the major 
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directions taken today by the global communities to relief the crisis even before it comes and meet 

the future energy requirements. In the rhetoric of sustainable development and resource utilization 

mechanisms, which is based on scientific principles to create a balance between developmental 

requirements and the environment, energy has become a thing of necessity and one of the pivotal 

issues in today's modern society for economic and social development [1,2]. It has been reported that 

almost 80 % of the energy supply of the world economy comes from conventional fossil energy 

sources such as petroleum, associated and non-associated natural gas, and coal, which are non-

renewable and are persistently depleting if not affecting the quality of the natural environmental 

scenery [3]. The continual expansion of energy demand globally due to population explosion and 

economic growth can expose humankind globally to a myriad of serious energy and environmental 

crisis if not careful handle beforehand with global rhymes song of energy-mix, not necessarily only the 

issue of climate change and turbulence caused by the ever-increasing levels of CO2 in the atmosphere. 

To deal with such energy crisis and environmental problems, demanding interest in clean and 

sustainable energy sources has become a global motive for seeking alternatives to fossil fuels. 

Although nature provides renewable energy sources, including solar, wind and biomass, for electricity 

generation, cost, need for sophisticated technology, and low-efficiency output compromises the 

feasibility. In addition, irregular electricity supplies depending on the weather and the time-of-day 

control by variation in regional and/or seasonal dynamics limit many of their benefits [4]. In addition, 

such energy sources also often suffer from intermittent availability. It is this limitation that incubates 

the idea of converting the energy supply into a chemical fuel source as an ideal solution to the myriad 

problems of energy and is of high environmental benefit, as the energy in such form can be stored 

and preserved in chemical bond as well as transported at the desired time for subsequent utilization 

[5-7]. This constitutes a research topic, a primary driving force behind numerous advancements in 

energy conversion and storage systems. In energy conversion and storage, hydrogen production by 

water oxidation via electrolysis has gotten much attention in the last few decades [8]. Although solar 

and wind power can generate electricity on a massive scale, an alternative pathway for energy storage 

technologies is required in order to meet and ease the energy demands from the vast continuum of 

solar and wind energy reserves. Accordingly, the possibility of converting solar energy into hydrogen 

tackles one of the major drawbacks of electricity generation from renewable energy sources, such as 

solar. Hence, hydrogen generation by electricity-driven water oxidation process has emerged as a 

promising approach for converting huge amounts of stored energy in renewable energy sources to 

clean fuel known as hydrogen fuel (H2). Hydrogen, as a sustainable energy carrier, not only has high 

efficiency in energy conversion and storage, but it also emits no pollutants because its combustion 

process produces only water as a by-product, thereby limiting unwanted releases into the 

environment and eventually can sustain Earth’s hospitality.  

Within the realm of common efforts in the ongoing science and needed areas of research to 

combat climate change and the other important issues of CO2 levels in the atmosphere, 

decarbonization of global energy sources remains an urgent need while simultaneously fulfilling 

energy needs for global development. To understand the future production and storage of zero-

carbon energy by switching to low and ultimately no-carbon generation options, the history of 

past transitions can help to understand how the entire world moves towards climate-neutral energy 

transition where there are clearly visible changes and more significant and weighty ones are still to 

come. The bell-ringing weather statistics of the growing levels of CO2 in the Earth’s atmosphere 

(Figure 1a) causing a rise in average global temperatures coupled with projections of these data 

under different scenarios by environmentalists, geologists, and climatologists have led to suggested 
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paths of action [9]. As a result, a dominant trend in the change of energy source transition dynamics 

is the pursuance of different approaches in energy decarbonization from the high-carbon energy 

source to zero-carbon energy option in the form of a clean fuel-hydrogen (Figure 1b). The impetus 

for this change comes from the deep impacts human societies have had on the Earth’s ecological 

environment during the past decades and the forecasts about what will happen in the future if stay 

without transformative action within the next decades. Accordingly, more and more countries are 

seeking ways toward zero emissions in the energy sector, which is the central focus that pulls the 

attention of the scientific communities in today’s energy research ─ the need for decarbonization in 

the global energy landscape. As a result, the development of water oxidation through the electro-

chemical splitting process using electrolytic cells for hydrogen production from renewable sources 

and fuel cells for efficient hydrogen fuel conversion and usage for electric power has become a 

global motive for a future sustainable energy package (Figure 2). Specifically, this technological 

advancement is paving the road to resolving many of the previously discussed and shown conflicting 

issues between energy and the environment. It is evident that tremendous progress has been made 

in the field of electrolytic water splitting cells [1,2,10-15] and fuel cells [16-21] and thus, providing 

promises and hopes for a sustainable energy transition to a carbon-neutral operative regime.  

 a b 

 

Figure 1. (a) CO2 emission from fossil fuel combustion worldwide. Reproduced with the authors’ permission 
from ref. [22]. Copyright of World Carbon Budget, 2017, (b) a diagram depicting the evolution and transition 
of fuels in terms of H:C ratio. Reproduced with permission from ref. [23]. Copyright of Springer Open, 2021 

Among many aspects of the progress made in addressing the worsening energy crisis and long-

term environmental pollution, electrocatalysis has an impact and thus can play a crucial role in 

disabling or breaking the kinetic energy barrier limiting the efficiency of the electrochemical 

reactions of water oxidation and combustion that evolve oxygen and hydrogen as well as water 

during the splitting process and fuel cell energy consumption, respectively (Figure 2). Hence, the 

role of carbon-supported transition metal alloyed materials in enhancing the performance of the 

electrocatalytic water splitting process for hydrogen generation and their prospects is the focal 

point of this review. However, the primary focus is centrally vested on the routes to enhanced 

performance in electrolytic hydrogen evolution reactions (HER). 
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Figure 2. Display of a dual cell functioning as an electrolytic water oxidation cell for hydrogen generation 

from renewable solar energy and fuel cell for conversion of hydrogen to electricity, an illustration of 
sustainable energy generation and the role of electrocatalysis. Reproduced with permission from ref. [23]. 

Copyright of Springer Open, 2021 

In recent times, intensive research interest has been dedicated to hydrogen production from water 

electrolysis, and as a result, its evolutionary process and growth of research in HER have been 

extensively reviewed and documented in the literature [4,12,24]. However, despite the in-depth 

progress made in the field, several reviews largely focused on comprehensive overviews of the 

mechanisms of the reactions in both acidic and alkaline media. On the other hand, the progress 

overview relative to routes to enhance the performance of electrolytic hydrogen reactions upon the 

low-cost noble metal-free electrocatalysts, particularly 3d-transition metal alloys integrated with 

conductive carbon supports to enhance long-term activity and durability for HER at low energy 

consumption, has not been thoroughly reviewed. Thus, this review has chosen to do so because 

alloying of transition metals (emphasis is mainly on metals, not of their other forms such as oxides or 

sulphides, phosphides, nitrides, carbides, borides, etc.) has been found to be an effective route for 

enhancing performance in terms of the activity of electrocatalysts for hydrogen evolution reaction 

[1,11,24], but suffered instability and other morphological deficiencies caused by aggregation during 

synthesis. These limitations have opened windows for integrating conductive carbon supports with 

transition metal alloyed electrocatalysts. Thus, there remain numerous avenues to discuss detailed 

routes to enhanced performance in terms of electrocatalysts structure and morphology, and 

synergistic effects between various components composition. Because these are variant factors that 

facilitate the adsorption/desorption ability towards the key reaction intermediates or regulate charge 

transfer during water electrocatalysis [11]. This includes multifunctional active sites and improved 

electrical conductivity, porosity, and surface area architectural design to overcome diffusion and mass 

transport of ions and produced gases and their relationship with HER activity and stability in both 

acidic and/or alkaline mediums [11]. These are design routes targeted toward one fundamental aim 

to reduce energy consumption or overpotential. In particular, identification of the key contribution of 

surface adsorption/binding free energies of the carbon-supported transition metal alloyed 

electrocatalysts for the reaction intermediates in enhancing the overall water splitting process has 

been reportedly achieved [12] but is dispersed and characterized by heterogeneity. Thus, guidelines 

or routes for designing electrocatalysts towards achieving that have not been fully established and 

therefore largely lacking. This implies that an obvious gap must be bridged between the two 
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disconnects. Therefore, more efforts are required to be devoted to this point to establish the inherent 

trends in the electrocatalytic ability of carbon-supported transition metal alloyed electrocatalysts in 

HER processes. These are what constitute the focus of the present review. The idea of the focus stems 

from the fact that, in addition to the electronic conductivity of noble metal-free nanoparticles, carbon 

matrix serves as a conducting medium that quickens the electron and charge transfer. Besides, carbon 

enhances hydrogen binding/adsorption and provides a protective layer that enhances phase stability 

and prevents the aggregation of noble metal-free nanoparticles [15]. Moreover, the flexibility of 

carbon-containing electrocatalysts offer the feasibility to manipulate material structural design and 

electronic conductivity modulations via (i) constructing unique architectural surfaces that expose a 

large density of surface active sites; (ii) integrating the noble metal-free nanoparticles with conducting 

carbon supports accelerates charge transfer and mobility of electrons and ions, thereby limiting the 

kinetic reaction barriers of the electrochemical process; (iii) building nanostructured architecture of 

the noble metal-free nanoparticles over high-conducting carbon supports to tuning electronic 

structure and optimize the thermodynamic hydrogen adsorption/desorption on the surfaces of 

electrocatalysts; (iv) capping the surface of carbon matrix with different surface dopants or functional 

groups not only disable the spontaneous surface oxidation of noble metal-free nanoparticles but also 

results in increase in charge carrier density of the target nanocomposite which leads to increase in 

electrode-electrolyte interaction and enhance surface charge capacitance of the prepared material; 

(v) building architecture of the target electrode with an enormous surface area and varied hole sizes 

(porosity that controls diffusion) on which the hydrogen evolution reaction occurs seamlessly, as large 

bubbles of hydrogen escape easily through the big holes in the carbon matrix [2,15]. The structural 

architecture of carbon-based electrocatalyst nanocomposite prevents wetting of electrode surface—

a common problem that makes electrodes less efficient. Also, opportunities to further manipulate 

carbon-supported noble metal-free alloyed nanoparticles remain open for more exploration. The 

introduction of hetero-species rich with lone pair of electrons into bulk carbon matrix in order to 

enhance electrocatalyst performance with multifunctional surface sites/groups of such as N, and/or 

−NH2 that will play important roles in electron-transfer reactions. This, in effect, offers further 

enhancement of carbon-based electrocatalyst performance activity due to reduced O-containing 

functionality and increased N-containing terminal nucleophilic sites instead of electrophiles.  

In this review, the discussion begins with a description of hydrogen production system cleanliness 

- the involvement of no carbon in the natural cycle of electrochemical production of hydrogen 

energy. This follows by focusing largely on modifications with respect to manipulation of structural 

design and electronic conductivity modulations that have been carried out to enhance the perfor-

mance of noble metal-free alloyed materials supported on a carbon framework.  

Electrochemical hydrogen generation from water - the zero-carbon energy system 

Now, the renewed interest in hydrogen has come from moving toward decarbonizing global 

energy systems in the possible nearest future. The increasing demand for hydrogen energy is 

associated with its zero-carbon potential, which is an important thought in the global energy 

transition and is a key complement to the electricity supply chain [25]. Electrolysis of water makes 

hydrogen without CO2 emission, and therefore, such technological practice is a solution to CO2 and 

climate change crisis, particularly when the process is powered by renewable energy sources (Figure 

3). This is the only non-fossil fuel means of hydrogen production, which has the potential to play a 

large role in supporting the journey to zero-carbon energy generation systems. 

http://dx.doi.org/10.5599/jese.1446


J. Electrochem. Sci. Eng. 12(5) (2022) 947-974 ELECTROLYTIC HYDROGEN EVOLUTION REACTION  

952  

 
Figure 3. Clean and renewable cyclic production and consumption of hydrogen from renewable sources, 

which involves generation from water splitting process using solar energy, storage, transportation, 
distribution and combustion without CO2 emission. Reproduced with permission from ref. [26].  

Copyright of Royal Society, 2010 

The atmospheric environment hosts numerous cycles of compounds, including oxygen, nitrogen, 

water, and the climate change agent-the CO2. The decarbonization potential of hydrogen lies in its 

offer as clean energy that produces only water as a combustion product, while the combustion by-

product(s) of any other kind of fuel is water, CO2 and/or nitrogenous oxides, which are cumulatively 

injurious to the climatic ecosystem. Hence, hydrogen is environmentally wholesome with zero net 

challenge of causing pollution and also considered renewable energy only if it is produced via energy 

supply derived from a renewable source, e.g., solar radiation. However, the production of hydrogen 

through the electrolysis of water is not only an uphill reaction, as proven by the positive value of ΔG 

(Gibbs free energy), but also limited by a significant kinetic barrier [9,23]. In fact, it is a 

thermodynamically unfavourable reaction, as the reaction is accompanied by ΔG = 237.2 kJ mol−1 

and a theoretical potential of 1.23 V [27,28], which requires additional voltage to proceed against 

standing obstacles to this promising energy production technology. Therefore, the electrochemical 

reaction process needs highly active and durably stable electrocatalysts, which can play a dominant 

role in lowering the reaction process barrier (Figure 4a). Indeed, electrocatalysts are the heart-

materials for the conversion process, as they are necessary to speedily drive the production of H2 at 

the cathode electrode through the hydrogen evolution reaction. The benchmarked performance 

indexes of an electrocatalyst for the electrochemical water splitting process are based on several 

key important parameters for activity, stability, and efficiency [27], as presented in Figure 4. The 

electrocatalyst activity evaluation is characterized by overpotential, Tafel slope, and exchange 

current density (Figure 4b). On the other hand, stability is evaluated by reflective changes of the 

overpotential or current over time (Figure 4c), whereas efficiency is generally adjudged by the 

faradaic efficiency and turnover frequency in terms of observable experimental results against 

theoretically predictable data (Figure 4d).  
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Figure 4. (a) Display of the role of electrocatalyst in lowering the activation energy barrier; (b–d) graphical 

presentations of the activity performance evaluation parameters of an electrocatalyst, including, (b) activity 
performance displayed in terms of overpotential, Tafel slope, and exchange current density, (c) stability 

shown in terms of current- and potential-time curves, and (d) efficiency illustrated in terms of faradaic effici-
ency and turnover frequency. Reproduced with permission from ref. [23]. Copyright of Springer Open, 2021 

Fundamentals of electrocatalytic reactions of water splitting process 

Electrolysis of water is nowadays considered an essential and clean way to produce hydrogen, 

which aims to address the global energy crisis and long-term energy-causing environmental 

pollution, given the fact that hydrogen could be believed to be an everlasting and promising energy 

resource owing to global water volume estimated to be around 1.4×109 km3 and the process can be 

easily integrated with renewable energy sources such as solar [29,30]. Thus, water is widely 

accepted as the most interesting source of sustainable hydrogen production [30]. 

The overall electrochemical water splitting process can be simply presented as in Equation (1): 

H2O → H2 (g) + ½ O2 (g) (1) 

The electrolytic reaction appears simple, but this production method of hydrogen through 

electrochemical reactions taking place between two electrodes is more complicated than the 

described simple reaction. The reaction process involves multiple reaction steps. The multiplicity of 

the process is described by electrons being captured or released by electrolytic ions at the electrode’s 

surface, resulting in a multiphasic gas-liquid-solid transition occurring within the overall process. 

During the multiphasic switch, water is continually split into hydrogen and oxygen (O2) through two 

crucial multi-proton/electron combined half-cell reactions-the cathodic hydrogen evolution reaction 

(HER) and anodic oxygen evolution reaction (OER). Therefore, in the quest to achieve an efficient 

water oxidation/splitting process, a clear and thorough understanding of HER mechanisms in different 

pH environments is crucial. This is also an important part considered in designing efficient and 

effective electrocatalysts. Also, it is undoubtedly an important factor that determines the easiness of 
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future large-scale application of the technology to satisfy the global clean energy demand and free 

the environment from pollution liabilities caused by conventional hydrocarbon energy sources.  

Hydrogen evolution reaction (HER) 

It has been known that the electrochemical reaction activities responsible for the cathodic evolution 

of hydrogen during the electrolytic water splitting process are accomplished by a two-electron transfer 

process [27,31], which is a multistep reaction that proceeds through two possible mechanisms that are 

highly pH-dependent (Figure 5) [32]. From the Figure 5 illustration, the electrochemical HER proceeds 

either via the reduction of protons governed by acidic conditions or H2O species in an alkaline medium 

to generate molecules of H2 upon the surface of the cathodic electrode, which the reaction is preferably 

required to be driven with a minimum external energy supply [33,34].  

 
Figure 5. Mechanistic reaction pathways of the hydrogen evolution at the electrocatalyst surfaces in acidic 
and alkaline reaction media. Reproduced with permission from ref. [27]. Copyright of American Chemical 

Society, 2021 

For convenience and easy comprehension, Figure 5 means that HER involves the transfer of 

electrons in a stepwise process that proceeds through successive events of reaction taking place on 

the surface of cathode. The sequential reaction steps involve the two most common surface HER 

reaction mechanisms, namely Volmer-Tafel and Volmer-Heyrovsky, where the former occurs in an 

acidic reaction environment while the latter in alkaline (Figure 5). Both mechanisms involve 

adsorption and desorption processes. The latter process leads to the release of H2 molecules from 

the surface of the cathode electrode via chemical and electrochemical desorption in the Volmer-

Tafel and Volmer-Heyrovsky reaction routes, respectively. Of all the reaction routes, the sequential 

reaction steps can be summarized coupled with the surface participation of the active site of the 

cathode electrode catalyst as follows:  

(1) Volmer reaction route 

H3O+ + M + e─ → M―H* + H2O (acidic reaction medium)  (2)  

H2O + M + e─ → M―H٭ + OH─ (alkaline reaction medium) (3)  

It is obvious that an electrochemical hydrogen adsorption mechanism dominates the Volmer 

reaction pathway, where H+ and H2O molecule react with an electron over the cathodic electrode 

surface labelled as M and initiates an active H٭ intermediate in acidic and alkaline medium, 

respectively.   

(2) Heyrovsky reaction route 

M―H٭ + H+ + e─ → M + H2 (acidic reaction medium) (4)  

M―H٭ + H2O + e─ → M + OH─ + H2 (alkaline reaction medium) (5) 
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The Heyrovsky mechanism is a product-yielding reaction, where an electrochemical desorption 

process leads to the production of H2 molecules after an active H ٭ intermediate chemically combines 

with H+ in an acidic reaction medium or H2O in an alkaline electrolytic solution and electron (e-).  

(3) Tafel reaction route 

2M―H 2 → ٭M + H2 (acidic or alkaline reaction medium) (6) 

However, in the above reaction route, the adsorbed active H٭ intermediates on the surface of 

the cathode electrode catalyst combine, leading to the release of H2 molecules through the chemical 

desorption process. 

On the elucidation of the above reaction mechanisms, the Volmer reaction is basically an 

activation route for the formation of active H٭ intermediate on the surface of cathode catalyst, 

while production of H2 during the electrochemical process of splitting H2O molecules is concluded 

through the Heyrovsky and Tafel reaction mechanisms. Therefore, irrespective of whichever HER 

follows, the Volmer-Heyrovsky or Volmer-Tafel reaction route, the key factor involved in the HER is 

the adsorbed active H٭ intermediate that occurs on the surface of the cathode electrode catalyst. 

For this reason, Gibbs free energy of active H٭ intermediate (∆GH*) has been made to serve as a 

parametric value for evaluating cathode electrode catalyst over HER activity performance. For 

example, a too positive value of ∆GH* makes Heyrovsky or Tafel reaction process to become so 

sluggish due to strong adsorption of active H٭ intermediate on the surface of cathode electrode 

catalyst, which of course, will be responsible for slow desorption process causing to require 

additional voltage for the reaction to proceed. On the other hand, if the value is strongly negative, 

the Volmer reaction route will be affected owing to the weak interaction between the active H ٭ 

intermediate and the surface of the cathode electrode catalyst. This could halt the proceeding of 

the Heyrovsky and Tafel reaction processes and eventually lead to the cessation of hydrogen 

evolution during the electrochemical reactive process. Therefore, a balanced hydrogen 

adsorption/desorption behaviour of the cathode electrode catalyst is needed to circumvent the 

sluggish HER rate (Figure 6a). In addition, neither too strong nor too weak adsorption of hydrogen 

over cathode electrode catalyst is energetically and kinetically favourable for hydrogen evolution 

reaction (Figure 6b and c) [35]. This implies that for HER to be achieved efficiently, rapid hydrogen 

(reactant) supply and quick active H ٭ intermediate (product) release are needed to be met 

simultaneously and satisfactorily. To achieve that, it requires both strong hydrogen adsorption and 

strong hydrogen desorption behaviours on the surface of the cathode electrode catalyst. Therefore, 

this information is important in the selection of cathode electrode catalyst for enhanced hydrogen 

evolution electrocatalysis. For instance, corresponding adsorption energy between metal electro-

catalysts and H atom has been measured by density functional theory (DFT), from which a volcano 

scale relationship has been drawn to tactically display the adsorption behaviour of each metal 

electrocatalyst surface towards hydrogen (H) (Figure 6d) [36,37]. This is in addition to the earlier 

illustration of Figure 6a-c showing different hydrogen/desorption behaviours over the solid surface 

of electrocatalysts. From the volcano curve, the noble-metal electrocatalysts, like Pt-based 

electrocatalysts, have an adsorption free energy of hydrogen (∆GH*) value close to zero making them 

the referenced performing electrocatalysts for HER process. 

Let us now analyse the situation conclusively. For the cases of HER, the electrochemical reaction of 

HER is recognized by three thermodynamic parameters that are fundamental in the water splitting 

electrocatalysis, namely proton affinity (PA) of electrocatalyst controlled by pKa of the surface active 

site, electron affinity (EA) of the formed species of intermediate for the production of hydrogen 

governed by the pH of the reaction medium, and the pH (or GH+) itself of the reaction medium. 
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Figure 6. (a) Graphical diagram of balanced hydrogen adsorption and desorption mode of behaviours,  

(b and c) too strong and too weak hydrogen adsorptions, respectively. The dark yellow ball represents a 
hydrogen atom. Reproduced with permission from ref. [35]. Copyright of Nature Publishing Group, 2019,  
(d) volcano scaling curve for the hydrogen evolution reaction (HER) on the metallic electrodes in an acidic 

reaction medium. Reproduced with permission from ref. [36,37]. Copyright of American Chemical Society, 2010 

It is because the electrochemical reaction proceeds through direct protonation and electronation 

of the surface active site of the electrocatalyst under the influence of the pH of the reaction medium. 

Therefore, H+ and e- affinity at the operational pH of the electrochemical reaction medium is a key 

issue in the electrocatalysis of HER. In this case, there are two situations of required consideration: (i) 

a surface active site could have a favourable proton affinity at the working pH (pKa > pH); (ii) an 

unfavourable proton affinity at the working pH (pKa < pH); and pKa = pH (corresponds to an optimum 

condition with approximately zero thermodynamic overpotential) [38]. It has been reported that an 

optimum electrocatalyst with approximately zero thermodynamic overpotential can only be found if 

pKa = pH and defined by EA = 0 (Figure 7a) [38]. However, the best sub-optimum electrocatalyst activity 

performance will always proceed under the condition of the other two cases [38,39]. On the other 

hand, since EA is difficult to be accessed and quantified in the solution of electrochemical reaction, 

the same reaction possibility analysis as operationalized above can be performed with pH as the 

activity performance ‘‘descriptor’’ instead of EA. In this case, three possibilities of EA influence on the 

activity performance of electrocatalyst are considered: (i) EA < 0; (ii) EA = 0; and (iii) EA> 0. In a similar 
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analysis as above, an optimum activity performance of electrocatalyst in HER is observed only if EA = 0 

and PA = GH+ or pH = pKa (Figure 7b). The two other scenarios lead to sub-optimum activity perfor-

mance of electrocatalyst in HER accompanied with a price of overpotential burden thermodynamical-

ly [38]. Overall, in all situations, it is clearly shown that an electrocatalyst operates best with optimum 

activity performance during electrochemical reaction for hydrogen evolution when pH comes very 

close to pKa of the surface active site of the electrocatalyst and/or of the intermediates. It, therefore, 

means that the electrochemical process of HER is sensitive to the electrocatalysts surface structure.  

 
Figure 7. (a) The thermodynamic volcano plot for the mechanism of electrochemical reaction of HE where 

pKa = pH, or PA = GH+, (b) the thermodynamic volcano plot with GH+ = ─2.303 RT pH as the reaction descriptor 
for the mechanisms representing protonation and electronation in the hydrogen evolution reaction. 

Reproduced with permission from ref. [38]. Copyright of the Royal Society of Chemistry, 2013 

Integration of transition metal alloys and conductive carbon nanomaterials for HER process 

Transition metal alloys 

Several studies in the past several years produced a significant number of transition metal 

compounds, including their alloys, which are primarily designed and developed as efficient HER 

electrocatalysts. Because that transition metals possess several unique physical and chemical 

properties with flexibility of fine-tuning such properties into desired structures electronically and 

crystal form as well as the creation of defect sites, for example, for the adsorption of intermediates, 

oxygen vacancy/excess and excellent charged ions transport ability. In addition, these materials are 

mated into alloys to contain enough surface active sites for an excellent electrocatalytic activity for 

HER in the case of the water splitting process. It is with such uniqueness; that transition metal alloys 

are considered ideal model materials for major electrocatalytic studies with the prime objective to 

establish a correlation between their physico-chemical properties and the corresponding 

electrocatalytic activities in the HER process. In this context, the discussion here will dwell on the 

structure-properties-electrocatalytic activity relationship in terms of reactants and intermediates 

surface interactions for HER during the cause of hydrogen production by the electrochemical water 

splitting process because structure provides a framework for arrangement, rearrangement and 

strategic placement of key surface active sites.  

Based on the influence of different reaction media, the reaction processes for the HER proceed 

as presented in the several reaction equations shown above, where surface active sites and 

intermediates in any case of the commonly known water-splitting reaction pathways are 

appropriately characterized. However, whether the water splitting process is conducted in acidic or 

alkaline media, hydrogen adsorption is the fundamental phase in the HER. Accordingly, the Gibbs 

free energy of hydrogen adsorption stands as an excellent characteristic feature that describes the 
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activity performance of an electrocatalyst for the HER and is enough to serve as an indicator for 

evaluation. For a case in point, Pt-based electrocatalyst with the best ∆GH* (approaching zero) still 

remains the performance model with the highest activity for the HER. When the value of ∆GH* is too 

negative, it means that the adsorption/binding strength between the electrocatalyst and the 

adsorbed H is too strong, which makes it not easy for the Hads to be dislodged from the surface of 

the electrocatalyst and that eventually leads to slowing down the kinetics of Tafel or Heyrovsky 

mechanistic steps. On the contrary, a too positive ∆GH* value markedly results in weak interaction 

between Hads and surface of the electrocatalyst, which is a hindrance to the Volmer step in the 

overall electrochemical H2O oxidation process. Therefore, the design of efficient HER electro-

catalysts must be directed to optimize the ∆GH* value. To this effect, it is important to direct 

discussion on the adsorption behaviour of carbon-supported transition metal alloyed materials 

(TMAs/C) used in the overall electrochemical water splitting reactions towards their mode of 

interaction with the H* intermediates for the HER process.  

As shown in Figure 6d, apart from the typical noble metals, a few transition metals such as Co, Cu, 

Fe, and Ni are the closest to noble metals in the volcano curve and thus have low ∆GH* values 

compared to the other metal electrocatalysts used for HER in the electrochemical water splitting 

process. At the same time, their surface ability to release molecules of H2 based on the Sabatier 

principle has been regarded as a broad-spectrum type of highly efficient HER electrocatalysts [35]. As 

the positions of the earlier mentioned transition metals are close to the apex of the HER activity 

volcano curve, it can certainly be understood why their family materials, apart from the noble metals, 

are the most commonly chosen electrodes for electrolysis in the acidic medium in the early research 

and practices of electrochemical processes. Therefore, apart from the noble metals, transition metals 

have been accepted as the most reliable electrocatalysts for HER in the water splitting process, which 

was earlier explained by the volcano curve. However, despite occupying positions nearby the summit 

of the volcano curve, transition metals intrinsically always suffer severe corrosion both in acidic and 

alkaline electrolytes [39-41]. This is the distressing characteristic in the view of using electrodes in 

scalable applications that require long-lasting working period. In addition, among the earlier 

mentioned transition metals, some are comparatively characterized by low activity due to low 

conductivity [41]. All these, to some extent, limit the utilization of transition metals as candidates for 

HER in the water splitting process. So, the development of noble metal-free electrocatalysts, as 

substitutes for noble metals, with acceptable electrochemical performance, low cost and long-lasting 

durability was quite challenging [42-44]. However, to overcome such challenges, the electrochemical 

performance and material stability are synergistically boosted through alloying of the transition 

metals [45,46]. Based on the volcano curve, designing multi-constituent alloys of transition metals 

constructed with optimized surface chemistry is an ideal way to develop bi- or multifunctional 

electrocatalysts with optimized ∆GH* for enhanced water splitting process. This involves intermixing 

of properties of two or more different metals together to create alloys with a different surface affinity 

for hydrogen intermediates. Specifically, it is inferred that transition metal alloying is expected to tune 

and alter the d-band electron filling, Fermi level, and interatomic spacing [47], which could modify the 

electronic structure of the alloyed materials and induce optimum adsorption/binding strength over 

the surface of the materials for the intermediates. This is caused by lattice mismatch due to the 

creation of twin structures in alloyed materials and is responsible for the surface strain that controls 

the adsorption strength of intermediates [47].  

Overall, the alloying approach allowed the development of hybrid structures of transition metal-

based materials with a synergetic effect, which has been achieved with acceptable and enhanced HER 
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activity in the electrocatalytic water splitting process [48]. Alloying of transition metals is a strategy 

that weakens the adsorption strength of H ٭ intermediates due to a strain caused by shifting the d-

band centres down to the Fermi level. In addition, the interface between two or three blended 

transition metals could result in the formed alloyed metals retaining the suitable hydrogen (H) 

adsorption energies, leading to an optimum Gibbs free energy of the H* intermediates’ state and thus 

granting a superior HER in the overall water splitting technological process. This could be possible, for 

example, as transition metal atoms hold a large number of unpaired d-band electrons and unfilled d-

orbitals. Therefore, according to Brewer―Engel theory, the unpaired d-band electrons are susceptible 

to initiating chemisorption bonds with hydrogen atoms [49], which could easily facilitate HER in the 

water splitting process. Thus, alloying binary or ternary composition of transition metals offers more 

possibilities for improving the electrocatalytic performance of their electrocatalysts through tuning 

metals’ composition and proportions [50,51]. On the other hand, bare alloyed transition metal-based 

electrocatalysts suffer from a shortage of low conductivity due to aggregation normally caused by a 

lack of self-supporting platform, thus causing low surface area that results in poor mass transport and 

stability in acidic and alkaline electrolytic solutions [52-64]. These are some of the challenges, which 

to date, have greatly obstructed the actual and full utilization of unsupported transition metal alloyed 

electrocatalysts for broad applications, sustainable and large-scale production of hydrogen through 

the electrolytic water splitting process. To address these challenges with one way out, the addition of 

highly conductive materials such as carbon has become necessary.  

Transition metal alloys―carbon-encapsulated transition metal alloyed electrocatalysts transition 

As generally known, conductive carbon supports such as graphite, carbon nanotubes, and graphene 

possess excellent stability and conductivity. It has been reported that integrating carbon nanomaterials 

with transition metal into hybrids or alloys addressed the above-mentioned challenges encountered in 

the utilization of bare transition metal alloyed materials in electrocatalysis [65-69]. In addition, it has 

been identified that the mode of adsorption of integrated forms of transition metal alloys and carbon 

supports is directly linked to their electronic structure [70]. Therefore, supporting transition metal alloys 

on the conductive carbon phase openly tunes to extend the surface utilization and stability of the alloyed 

phase and enhance the electrical conductivity. This is closely related to the creation of cooperation 

resulting from interfacial interaction between carbon and metal alloyed particle components. As shown 

in Figure 8, the carbon phase provides a conductive network that enhances electrical connectivity 

between the alloyed metal phase and the electrode, which could grant full utilization of the alloyed 

electrocatalyst for the HER process. Also, in the hybrid, carbon phase enhances surface active sites 

exposition and acceleration of transport of charged carriers and intermediates, as well as electron 

transfer that always occurs at the and across hetero-interface of transition metal alloyed particles and 

carbon phase. Thus, the electronic structural hybridization between the carbon phase and transition 

metal alloyed particles can regulate their adsorption behaviour towards HER reactants and inter-

mediates, which can greatly enhance the electrochemical activity of the water splitting process for 

hydrogen production.  

In comparison with the corresponding counterparts with a single metal part or not alloyed, carbon-

supported transition metal, alloyed electrocatalysts are more promising owing to their demonstration 

of highly impressing activity for the HER in the water splitting process compared to single or unalloyed 

systems (see Table 1). The promotion in their activity resulted from the promoted synergy between 

carbon nanostructure and the transition metal alloyed nanoparticles [72-74]. 
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Figure 8. Imagery modelling of the role of carbon in the carbon-supported transition metal alloyed 

electrocatalyst for hydrogen evolution and oxygen evolution reactions.  
Adapted with permission from ref. [71]. Copyright of Wiley-VCH, 2017 

Hybridization between the transition metal alloyed atomic orbitals and carbon nanostructure 

creates a unique interface that exposes and augments surface area and active sites. This promotes 

adsorption and transportation of reactants and intermediates for HER processes and stimulates high 

electrocatalytic water splitting performance [75-77]. It is also inferred that the insertion of one 3-d 

metal into another in the alloyed material is able to modify their d-band centres, which can facilitate 

modulation of the adsorption of H* intermediate and which, at the same time, is able to downshift 

the activation barrier of the bond cleavage that easily facilitates the release of H2 molecules 75,77]. 

On the material protection functionality, the integration of transition metal alloys with carbon 

supports reduces aggregation and oxidation of the active components of the formed material 

through supporting and coating, respectively, by the carbon supports. As a result, the material's 

activity lifespan is boosted with superior, long-lasting stability [78-88]. This was further confirmed 

with the alloys of CoNi and FeCo supported on GRO designed for the HER process. The unique 

structure of the carbon in the materials promoted electron transfer, mass transport ability and 

stability of the material [83,88]. In addition, it was also reported that carbon support restricted 

aggregation and oxidation of Mo nanoparticles, and consequently, the electrocatalyst exhibited a 

low overpotential and excellent long-lasting stability with a negligible current density loss at 

20 mA cm─2 within 10 hours [78]. 

It is, therefore, worthwhile to show a series of electrocatalytic performances of carbon-

supported transition metal alloyed materials relative to material design for water oxidation electro-

catalysis on the scale of descriptors of Gibbs free energy of adsorption for H* (∆GH*) intermediates 

for HER in the overall water splitting technological process.  

Table 1. Comparison of HER activity performance between the carbon-supported single transition metal and 
carbon-supported alloys of transition metals 

Electrocatalyst η10 / mV Tafel slope, mV dec-1 Electrolyte Reference 
FeCo@N-G shells 211 77 1.0 M KOH [88] 

Fe@N-CNTs 590 114 0.1 M H2SO4 [89] 

Co@N-CNTs 320 78 0.1 M H2SO4 [89] 

FeCo@N-CNTs 310 72 0.1 M H2SO4 [89] 
FeNi@N-C 260 112 0.1 M KOH [90] 
FeCo@N-C 330 125 0.1 M KOH [90] 
NiCoFe@C 256 102 1.0 M KOH [91] 
NiMnFeMo 290 Not stated 1.0 M KOH [92] 

N-CNTs = nitrogen-doped carbon nanotubes; N-C = nitrogen-doped porous carbon support; C = carbon support,  
N-G = N-doped graphene layer 
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Designing efficient HER electrocatalysts based on ∆GH* as a descriptor of activity performance 

Recently, carbon-supported transition metal alloyed materials have been commonly embraced and 

considered to fully explore their potential as active electrocatalysts for HER and to optimize ∆GH* for 

high intrinsic electrocatalytic activity. The design of carbon-supported multi-constituent alloys of 

transition metals with improved surface chemistry suitable for HER is an ideal but, at the same time, 

quite interesting challenge. Conventionally, observed enhancement in HER electrocatalytic perfor-

mance is commonly assessed by experimental characterization and electrochemical studies. In 

addition to the two mentioned performance indicators, thermodynamic DFT calculations can easily 

reveal the origin of an observed HER enhancement for particular carbon-supported multi-metal 

engineered alloys. For example, DFT calculations revealed that Mo2C@NP/PRGO showed a favourable 

∆GH*, which was advantageous and helpful for the adsorption and desorption of hydrogen, and thus, 

the observed low overpotential of the electrocatalyst compared to Pt/C was directly related to the 

optimum adsorption behaviour of the material [76].  

In another example, which convincingly evidenced the role of ∆GH* as a descriptor for enhanced 

HER activity, three different transition metal-based electrocatalysts (Fe, Co, and FeCo alloy) supported 

on carbon nanotube (CNT) were prepared and tested with the FeCo alloy supported on CNT exhibited 

superior performance [86]. From this study, it was evidently deduced with DFT that the reduced 

adsorption free energy of hydrogen was responsible for the observed improvement of HER 

electrocatalyst performance. In a similar work comprised of CoNi alloy encapsulated in an ultrathin 

graphene shell with three different hierarchical layers of 1-3 separately, DFT calculation indicated that 

the observed excellent activity was ascribed to the increased electronegativity of the graphene shell 

induced by penetrated electrons from the CoNi core, which in effect decreased the H adsorption free 

energy of the graphene surface and favoured key hydrogen adsorption for the HER [83]. More 

interestingly, particularly with regard to material surface engineering, the group also found that 

graphene thickness in the design of the electrocatalyst had a great influence on the HER activity and 

increasing the graphene support thickness to more than three layers could have been different 

materials with an unintended barrier of electron transfer ability from the CoNi core to the surface of 

the graphene shell, thereby reducing the HER activity (Figures 9a and b). In addition, calculated 

electronic structure also revealed that the stabilization of the H* intermediates on the surface of the 

electrocatalysts might also originate from the increased closeness of cloud of electron density 

between graphene shell and CoNi cluster, which perhaps was a part of electrochemical events that 

remoted the HER activity (Figure 9c). This implies that the thinner the graphene shell, the higher the 

performance of HER activity. In addition, the result further suggests that apart from the regulation of 

the thickness of graphene shell, adjustment of the chemical composition of transition metal alloy core 

constituents was also an important factor in boosting the HER activity of the metal alloy/carbon hybrid 

made of the graphene-encapsulated nanostructure, which is all guided by the descriptor of Gibbs free 

energy of adsorption of hydrogen (∆GH*). Still, on the utilization of ∆GH* for gaining an in-depth 

understanding of the electrocatalytic processes of HER, DFT calculations were carried out to get a 

further understanding of the nature of the electrocatalytic process, which can serve as an avenue for 

subsequent improvement in designing the carbon-supported transition metal alloyed electrocatalysts 

for HER process. The electrochemical chain of events that presumably occurred during the HER is 

summarized in a three-state diagram, involving initiation of H+, followed by propagation of an 

intermediate H* and termination with ½H2 as the final product (Figure 9d). On the analysis of the 

obtained result, it was found that the adsorption H* over the surface of CoNi alloy was too strong while 

too weak on the N-doped graphene, which led to low HER activity in both cases. Interestingly, the 
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value of ∆GH* for the CoNi@C alloy was effectively modified by the encapsulation effect of the 

graphene shell to the core CoNi alloy, which resulted in a high HER activity (Figure 9d). 

Therefore, a good electrocatalyst can be prepared with the guide of adsorption free energy for 

H, ∆GH*, through which the surface of an electrocatalyst can be engineered and modulated to 

achieve a moderate surface adsorption free energy for H that can compromise the barriers of the 

adsorption and desorption steps in the overall HER [84,85. The importance and need for ∆GH* in 

the current design trend of electrocatalysts were shown and represented by a volcano curve 

(Figure 9e). On the analysis of the structural configuration of the graphene shell encapsulated alloy 

electrocatalyst (CoNi@C), it was found that electronic potential on the side much closer to the 

enclosed alloy cluster was 0.3 eV lower than the other sides, and was the side with higher H+ 

affinity of the graphene shells (Figure 9f). This demonstrates that the carbon shell not only modified 

the Gibbs free energy of hydrogen adsorption for the electrocatalyst but also offered better 

conductivity that facilitated charge transfer, which is also a key factor that enhances HER activity 

[86,87]. It also defines that synergistic effects between the core metallic component of the alloy and 

graphene shell occurred. The carbon layers effectively protected the core metal alloy nanoparticles 

and prevented direct exposure of the core alloyed constituents by shielding contact between metal 

atoms of the alloy and electrolytic solution. This further enhanced the corrosion resistance of the 

electrocatalyst and improved long-lasting stability.  

 
Figure 9. (a) Imagery modelling of CoNi alloy encapsulated in 3-layer graphene; (b) a plot of ∆∆GH* versus 

electric potential as a function of the number of graphene layers represented in red and blue lines, 
respectively where ∆∆G = ∆G (without metal) ─ ∆G (with metal); (c) imagery models showing variation in 
electron density with respect to different (1-3) layers of graphene. The charge variation (∆ρ) is defined as 

the difference in the electron density with and without the CoNi cluster. The red and blue regions of intensity 
represent increase and decrease of electron density, respectively; (d) Gibbs free energy (∆G) profile of the 

hydrogen evolution reaction over the surface of various electrocatalysts; (e) a plot volcano curve of the 
polarized current (і0) versus ∆GH* for CoNi cluster, CoNi@C, and an N-doped graphene shell (Ncarbon); (f) the 

electronic potential of CoNi@C, the vacuum level was set to zero; (g) the free energy of H adsorption ∆GH* 

on the pure and N-doped (1-3 nitrogen atoms per shell) graphene shells with and without an enclosed CoNi 
cluster, of which carbon, cobalt, and nickel are represented with grey, red, and green colours, respectively. 

Reproduced with permission from ref. [83]. Copyright of Wiley-CVH, 2015 

From the different features of the material, the increased number of doped nitrogen atoms from 

0-3 per shell also contributed to decreasing ∆GH* from 1.3 to 0.1 eV for graphene shell without an 

enclosed CoNi cluster, while an additional decrease in the value of ∆GH* was observed with the 

material comprised of CoNi cluster enclosed in graphene shell. This implies that doped-nitrogen 

atoms and enclosed transition metal alloyed nanoparticles participated synergistically in the 
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promotion of adsorption of hydrogen over the graphene shells (Figure 9g). The effect of decreasing 

∆GH* by the doped nitrogen in the carbon-supported transition metal alloyed material may be 

associated with its nucleophilic nature that facilitated its affinity to bind with H+ via facile adsorption.  

With an in-depth understanding of previous studies, another research group crafted two different 

transition metal alloys encapsulated in graphene layers. The carbon-supported metal alloy hybrids 

comprised of a binary mixture of Fe and Co (FeCo alloys) and a ternary mixture of Fe, Co, and Ni 

(FeCoNi alloys) encapsulated in graphene layers separately (Figure 10a) [88]. In response to the 

electrochemical reaction of hydrogen production, the DFT calculations revealed that compositional 

and proportional control of the metal alloy constituents were the key factors responsible for changing 

the electron transfer ability from the alloy core constituents to the graphene shell. Such also enhanced 

the optimization of hydrogen adsorption over the metal alloys/carbon hybrid electrocatalysts, as well 

as tuned the HER performance (Figures 10b and c). In short, the DFT calculations indicate that the 

design of an active electrocatalyst does not only rely on the normal choice of components of an 

electrocatalyst but also careful tuning of their rightful proportion is needed before a highly enhanced 

electrocatalytic performance can be achieved. This was observed by the enhancement of the activity 

performance by the reduced content of Ni in the alloy [87]. Therefore, the intrinsically low electrical 

conductivity, the sluggishness of the reaction kinetics, limited surface adsorption sites for H, and 

inappropriate H-adsorption/binding energy of most of the transition metals that are barriers to 

achieving high electrocatalytic properties [93-95] can be overcome through alloying with tunable 

composition protected by conductive carbon support.  

 
Figure 10. (a) FeCoNi alloy encapsulation into graphene shell, (b) illustration of the adsorption and 

desorption of H* and H2 over optimized structure of the N-doped graphene-encapsulated FeCoNi alloys, of 
which yellow, pink, and green spheres represent Fe, Co, and Ni, respectively, (c) graphical diagram of 

calculated ∆GH* of different model materials, Reproduced with the permission from ref. [88]. Copyright of 
American Chemical Society, 2017 

The lack of intrinsic stability of transition metal alloys in both acidic and alkaline electrolytic media 

has been the foremost obstacle to achieving a remarkable HER performance with these materials. 
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Therefore, coupling the alloys with a highly protective and conductive substrate is an important way 

to enhance their electrocatalytic activity. Several studies have demonstrated that transition metal 

alloys integrated with conductive substrates were quite protected and, simultaneously, boosted the 

overall HER activity of the hybrid electrocatalyst by enhancing electronic conductivity and regulated 

∆GH* value [96,97]. For example, among the carbon-based materials, carbon nanotubes (CNTs) have 

shown great potential as carbon supports for molybdenum-based materials owing to their high 

conductivity and stability [98-107]. The hybridization of transition metal alloys with CNTs is a 

promising strategy for improving the conductivity of the alloys couple with the promotion of HER 

electrocatalytic activity. The group designed highly efficient HER electrocatalysts comprised of Fe, Co, 

and FeCo alloys encapsulated in N-doped CNTs. The electrocatalysts exhibited high activity and long-

term stability.  

As was earlier demonstrated in the explanation of the observed HER activity of graphene-transition 

metal alloys, DFT calculations were also helpful in understanding the origin of the HER activity of the 

CNTs encapsulated transition metal alloys [83-85]. The deduction is usually derived from the volcano 

curve of the relationship between ∆GH* and measured current, from which an electrocatalyst with 

moderate surface adsorption free energy ∆GH* close to zero was suggested to be a good material 

candidate for the HER process [85]. Initially, the adsorption free energy of hydrogen (∆GH*) on the 

carbon surface of pristine CNT used to encapsulate the transition metal alloy was calculated and the 

value was found to be 1.29 eV. Interestingly, after the insertion of the enclosed Fe4 cluster, the ∆GH* 

on the carbon support decreased greatly from 1.29 to 0.3 eV. In the same way, the same HER 

electrocatalytic activity performance descriptor was also calculated for the outer surfaces of CNTs 

contained of Co4 and Fe2Co2 clusters encapsulated separately, and their values were 0.18 and 0.11 eV 

for their encapsulated forms of Co@CNTs and FeCo@CNTs, respectively, which are found to be even 

lower than that on the Fe@CNTs. This implies that the insertion of Co in the formulation of the 

electrocatalyst was quite an advantage that enhanced HER activity efficiently, which agreed with the 

experimental results. In addition, the value of ∆GH* was further drastically decreased to 0.05 eV upon 

the introduction of the N atom in the carbon lattice of Fe@CNTs. This clearly specifies that when it 

comes to the design and formulation of carbon-encapsulated transition metal alloys using CNTs, 

nitrogen doping can significantly promote the hydrogen adsorption on CNTs through synergetic effect 

between the two components of the electrocatalyst. 

It is of significant importance to make analysis of the results above. Beginning with the pristine CNT, 

the calculated value of 1.29 eV signifies that hydrogen adsorption on the pristine CNTs was thermo-

dynamically unfavourable due to the inert CNT walls, which is perhaps caused by low delocalization 

influx of electrons due to thickness. Because it was previously shown that the electronic structure of 

CNTs was modified close to the Fermi level by the clustered ions of Fe due to charge transfer from the 

Fe cluster to nearby carbon atoms [106]. Likewise, in the same study, the band centre of the occupied 

states of the C―H bond on the Fe@CNTs was reportedly shifted to a lower energy regime compared to 

the pristine CNTs (Figure 11a). This means that a small energy barrier was achieved with the introduction 

of Fe clusters, corresponding to the fast adsorption and desorption kinetics of H atom and H2 molecule, 

respectively, over the carbon surface in the Fe@CNTs electrocatalyst. The analysis of the electronic 

structure of the electrocatalyst revealed that the stabilization of H* intermediates in the HER arose from 

the carbon-enhanced charge density near the Fe cluster, as well as the N-dopants [89]. For this reason, 

on the reaction mechanism on the carbon surfaces of CNTs, DFT calculation was also used to explain the 

reaction mechanism that occurred on the carbon surface of the three different materials comprised of 
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CNTs tested for HER. In view of that, the free energy profiles, together with the intrinsic reaction 

coordinate (IRC), are presented in Figures 11b and c.  

 

 
Figure 11. (a) Illustration showing differences in projected density of states (DOS) of H (1s) when adsorbed 

on different surfaces of the bare CNTs, Fe@CNTs, and Fe@NCNTs and in the diagram, the dashed lines 
represent the center of the occupied band, (b) the free energy profiles of Tafel and Heyrovsky routes for the 

Fe@CNTs electrocatalyst (c) the free energy profiles of the Heyrovsky reaction mechanistic route for the 
bare CNTs, Fe@CNTs, and Fe@NCNTs, (d) an imagery representation of the occurred hydrogen evolution 

reaction process over the surface of Fe@NCNTs, in which the gray, yellow, blue, red, and white balls 
represent C, Fe, N, O, and H, respectively, (e) Tafel plots for FeCo@NCNTs, FeCo@NCNTs-NH, and 40 % Pt/C, 

respectively. Reproduced with permission from ref. [89]. Copyright of Royal Society of Chemistry, 2014 
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As presented in Figure 11b, it is demonstrated that the activation barrier of Fe@CNTs for the 

Heyrovsky reaction step is 1.02 eV, which was much lower than that of the Tafel reaction step 

(2.44 eV). So, because of its low energy barrier, the predominant route of the observed HER in the 

operated electrocatalytic system was mainly through the Volmer-Heyrovsky reaction mechanism, 

which was quite consistent with the experimentally measured Tafel slopes, as shown in Figure 11e. 

Besides, from the presentation of the adsorption free energy profiles of the Heyrovsky route for 

pristine CNTs, Fe@CNTs, and Fe@NCNTs (Figure 11c), it is also very clear that HER is hardly to occur 

on the pristine CNTs except at a very high overpotential, which is not economical in terms of energy 

consumption. On the contrary, the HER can easily occur over the surface of carbon in the Fe@CNTs 

and Fe@NCNTs due to thermodynamically favourable surface adsorption of H atoms and stabilized 

formation of H* intermediates, and thereafter, the imagery illustration of HER over the surface of 

Fe@NCNTs was schemed as presented in Figure 11d. 

However, it is noteworthy to mention that sometimes the correlation of poor or outstanding HER 

activity with the thickness of the carbon shell is confusing. As indicated above, the thickness of the 

carbon shell was a problem in the CNTs considering electrical conductivity. Still, in the case of the 

carbon-encapsulated WOx anchored on carbon support labelled as WOx@C/C, it was the opposite, 

as the activity performance of the electrocatalyst was closer to Pt-like electrocatalytic behaviour for 

HER with a super low η60 of 36 mV (η60 represents the overpotential achieved at a current density 

of 60 mA cm⁻²) and an ultra-small Tafel slope of 19 mV dec-1 (Figure 12a) [108].  

 
Figure 12. (a) Illustration of polarization plots with IR compensation of Pt/C and WOx@C/C, (b) the 

computed Gibbs free energy of H* values for the adsorption sites on the WOx@C/C model, the sole WOx, and 
graphene, as well as the reported value for Pt16 as a benchmark. Reproduced with permission from ref. 

[108], Copyright from John Wiley and Sons, 2018 

The remarkable HER activity of WOx@C/C was primarily connected to the thickness of the carbon 

shell used in the electrocatalyst, which offered a good electrical conductivity and, as a result, 

accelerated the charge transfer and modified the Gibbs ∆GH* value to the best possible ground level 

(Figure 12b) [108]. From this, the H adsorption free energy was the key descriptor used in theory to 

predict the performance of their activity, and therefore, appropriate surface engineering of the 

transition metal alloyed nanoparticles combined with carbon nanostructures is required to be the 

desirable approach to balance the H adsorption free energy through a modulated interface. Because 

the theoretical prediction is mainly guided by the volcano curve from which a good electrocatalyst is 

expected to have a moderate H adsorption free energy close to 0 eV, expectantly resulting in an 

optimum HER activity due to a low H adsorption energy barrier. Fundamentally, in an attempt to 

design rationally and exploit the electrochemical potential of carbon-supported transition metal 

alloyed materials for the HER process, aiming to replace the noble-metal-based electrocatalysts, 
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emphasis is quite needed to be placed on promising strategies that regulate surface adsorption free 

energy of hydrogen (∆GH*) through structural modulation and surface engineering of electronic 

structures of integrated carbon supports and transition metal alloy nanoparticles. This quite 

indispensable before low energy consuming (a low overpotential) electrocatalytic water splitting 

process is to be achieved.  

Strategies for optimizing H* adsorption/desorption over carbon-supported transition metal 
alloyed electrocatalysts 

In summary, the strategies that provide procedural guidelines for rational design of efficient 

electrocatalysts for HER through the employment of free energy of H adsorption including (i) 

increasing density of reaction surface active sites by increase of specific surface area that impedes 

aggregation of alloy nanoparticles, thereby enhances both H2O and H adsorptions for fast evolution 

of H2 molecules, as presented in a model below (Figure 13); (ii) modulation of electronic structure 

through increase of electronegativity within the carbon-supported transition metal alloyed matrix; (iii) 

infusion of hetero-atom that possesses lone pair of electrons into the design to optimize adsorption 

strength of H* on the carbon-supported transition metal alloyed electrocatalyst and also by imply-

cation decreases water dissociation barrier; (iv) increase conductivity and electron/mass transfer 

ability by intimate interface between carbon support and the core-metal alloyed nanoparticles via 

thickness modulation of carbon-support shell and metal proportion of the metal alloy constituents, 

which also shortens distance of diffusion to reactants and intermediates. The density of the metals in 

the alloy can be controlled by tuning the metal content neither too high nor too low, aiming to 

optimize the interface between the two phases of the carbon support and core metal alloys in the 

electrocatalysts sphere. In addition, designing of heterostructure is quite a vital strategy for creating 

active interfaces for HER electrocatalysis. The strategy creates new electrocatalytic sites by modifying 

the interfacial electronic structure as well as improving the kinetics of interfacial charge transfer by 

shortening the distance between the components of the formed electrocatalyst through 

heterostructural engineering [109,110]. Accordingly, these stipulated strategies guided by hydrogen 

adsorption free energy (∆GH*) are enough to serve as guidelines for the rational design of high-

performance carbon-supported transition metal alloyed electrocatalyst for HER. Generally, high-

quality formation of heterostructure unavoidably induces electronic structure reconfiguration owing 

to differences in their Fermi level energies, which are obviously shown to affect the H* adsorp-

tion/binding energy and in effect optimizes the H* adsorption behaviour of the surface active sites of 

the formed electrocatalyst and remarkably improved the HER electrocatalytic performance [109].  

 
Figure 13. Schematic illustration of the HER process over carbon-encapsulated transition metal alloyed 

electrocatalyst 
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Summary and outlook 

The review summarized and discussed the progress of alloys of transition metals dispersed on 

carbon supports for electrocatalytic hydrogen evolution reaction. The reaction mechanisms of HER 

were thoroughly discussed. On the basis of the majority of research findings, it seems reasonable to 

infer that the integration of one transition metal with another anchored on conductive carbon 

support offers great potential to (i) enhance the activity through offering routes to modification of 

d-band centres by insertion of the 3-d of one metal into another in the alloyed system that facilitates 

modulation of the surface adsorption/binding free energies of the reaction intermediates; (ii) 

modify the interface that exposes and augments surface area and active sites by hybridization 

between metal alloyed atomic orbitals and carbon nanostructure that promotes adsorption by 

downshifting the activation barrier, mass transport of reactants and intermediates, as well as 

transfer of electrons; (iii) improve the electronic state of metals d-orbital close to Fermi level, and 

(iv) enhance dispersion of core metal nanoparticles and long-lasting stability through supporting and 

coating effect of the carbon supports. Some compositions, FeCo and FeNi clusters supported carbon, 

for instance, exhibited promising electrocatalytic activity for the HER process (Table 1). However, to 

further enhance their performance to comparable levels of the benchmark Pt/C electrocatalyst, 

more efforts need to be directed at (i) exploration of vital insights on the basis of activity descriptors 

need to be complemented with reaction kinetics data to thoroughly investigate the HER mechanistic 

route under realistic conditions with aim to lead to the rational design of the highly efficient earlier 

mentioned electrocatalysts; (ii) in order not to recede the electrocatalytic performances of the 

mentioned electrocatalysts, increase mechanical robustness, long-lasting durability and reliability 

of carbon supports by glazing with antioxidant could make improvement of oxidation resistance of 

carbon supports under high anodic overpotentials; (iii) tailoring the shape to expose optimum facet 

of the metal alloy nanoparticles of the electrocatalysts that can regulate activity by providing 

different atomic arrangements and electronic structure to affect adsorption/binding and activation 

energies of reactants and intermediates at the their surfaces.  

Overall, in pursuance of further optimization of the carbon-supported transition metal alloyed 

electrocatalysts with desired catalytic behaviour for the HER process greater efforts are required.  

i. Although significant progress in gainful insight into the detailed mechanisms of the 

electrocatalytic process of HER has been made in the past decade, direct in situ observation on 

the routes of the identifiable mechanisms through which HER follows during the electrolysis of 

water based on the structural design and transformation of carbon-supported transition metal 

alloyed electrocatalysts is still lacking. Therefore, integration of in situ characterization couple 

with theoretical modelling in an advanced approach to gain insight into that would significantly 

help in the rational design of the electronic structure of electrocatalysts with specificity to a 

particular mechanistic route towards achieving the desired reaction product(s) with fast kinetics 

that translates to a very low overpotential.  

ii. To achieve an overall water splitting process with low consumption of energy (low over-

potential), understanding the working mechanism is essential. Therefore, ex situ characteri-

zation techniques to probe the active sites and substantiate the distinction between the 

Volmer-Heyrovsky and Volmer-Tafel reaction mechanisms in the course of HER are highly are 

and be of great if they could be made realizable in the future. This is essential in the logical 

development of experimental strategies required to target the most favourable mechanism 

among all the possibilities in HER processes.  
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iii. At the moment, DFT calculations are used for the rational design of electrocatalysts based on 

the interpretations of the classical theories derived from the activity of the noble metal 

electrocatalysts. This may not be adequate enough to reflect the real electrocatalytic 

operational conditions and thus, investigation under realistic conditions needs to be 

accompanied.  

iv. It has been commonly shown that the surface adsorption free energies of the reaction 

intermediates of HER, i.e., ∆GH*, are connected and correlated with the electrocatalytic activity 

of the process, which obeys the volcano relationship. However, the correlation between the 

inherent characteristics of the surface active sites of electrocatalysts that govern the 

adsorption/binding strength of the intermediates still remains indescribable. In addition, 

modulating the adsorption/binding energy of reaction intermediates towards desirable 

electrocatalytic activity is unrealistic experimentally. This is supported by the fact that direct 

measurements of the adsorption energy of H* intermediates is impracticable under the 

operational conditions of water electrocatalysis. Hence, there is a need in the future to make it 

practical to easily engineer the surface active sites of carbon-supported transition metal alloyed 

electrocatalysts to optimize the ∆GH* based on the relationships between the intrinsic activity 

and adsorption/binding energy values of the adsorbates. This is a prime target for achieving low 

consumption of energy (low overpotential).  

v. Because the adsorption/binding energies of the reaction intermediates of the process cannot be 

determined experimentally, the use of ∆GH* is inconvenient for the fast screening of electro-

catalysts. Therefore, they lack predictive guidance for the design of new carbon-encapsulated 

transition metal alloyed electrocatalysts rationally. This has now become a key issue in the 

electrocatalytic water splitting process and therefore, it is essential in the future to identify and 

determine the underlying electronic structure of active sites on the surface of the electrocatalysts. 

Thus, can be easily fine-tuned and manipulated experimentally to directly adjust the adsorpti-

on/binding energies of the reaction intermediates and electrocatalytic activity. 
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