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Abstract: As a fundamental step of water splitting and the stepping stone toward exploring other 

multi-electron transfer processes, the electrocatalytic hydrogen evolution reaction (HER) is a 

poster child for both fundamental understanding and electrocatalyst design. Here, we review the 

fundamentals and recent developments of theoretical insights into HER, covering the mechanistic 

aspects, key activity descriptors, local environment considerations, and advances beyond the 

computational hydrogen electrode. Although it is experimentally challenging to explore the active 

sites and mechanisms in the electrocatalytic process, computational and theoretical advances show 

great potential in identifying active sites and reaction mechanisms. In this review we especially 

focus in depth on theoretical insights in revealing and designing the active sites for HER. Major 

challenges ahead will also be discussed at the end. 
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1. Introduction 

Hydrogen is a green energy carrier for power and transportation.1 Using renewable energy to 

split water and generate hydrogen via hydrogen evolution reaction (HER) is a vital clean-energy 

technology for a sustainable future. HER is also an important model reaction in understanding 

electrocatalysis and designing new electrocatalysts.2 Despite its long history, the study of HER on 

electrode surfaces has recently gone through a renaissance due to rapid experimental progress at 

various fronts.3, 4 In parallel, computational modeling based on density functional theory (DFT) 

has become a powerful tool in identifying active sites and exploring the mechanisms of catalytic 

processes at an atomic scale.2, 5 The correlation between the electronic structure and the 

electrocatalytic activity can be constructed to achieve a comprehensive understanding of a 

particular electrocatalytic process.3, 6, 7 Descriptors such as adsorption free energy of hydrogen, d-

band center, and valence-band orbital levels have been widely used in the (semi-)quantitative 

assessment of the HER electrocatalysts, providing useful guidance for the rational design and 

synthesis of HER electrocatalysts. Particularly, a descriptor-based volcano plot of the exchange 

current density vs the adsorption energy8-10 provides a convenient conceptual framework to 

rationalize the trends for many different types of electrocatalysts.6, 11-13  

The computational hydrogen electrode model developed by Nørskov et al.14 is an elegant way 

to probe reaction thermodynamics without the need to explicitly deal with the electrode/electrolyte 

interface.3, 15, 16 However, the local electrochemical environment such as the electrode potential, 

the electric double layer, the ion solvation, and pH can be important factors during HER.8, 17 An 

accurate electrochemical interface model is particularly important for describing these local factors 

surrounding the active site. In recent years, various methods have been proposed to simulate the 

electrochemical interfaces,18-23 but first principles simulation of the electrochemical interface is 

still facing many challenges.24, 25 

Several excellent reviews on electrocatalytic HER have been published.2, 26, 27 They are more 

on the experimental progress. Here we review and highlight recent advances in the theoretical 
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understanding of electrocatalytic HER. First, we discuss several fundamental aspects of HER, 

including the proton–coupled electron transfer, the reaction mechanisms, the kinetic analysis, and 

some key activity descriptors. Then, we present the applications of DFT-based modeling in 

identifying HER active sites, considering important local environment such as electrode potential, 

solvation, pH effect, electric field, and H coverage. Finally, major challenges and prospects for 

future theoretical research are put forward. 

  

Figure 1. Schematic representations of proton-coupled electron transfer (PCET) processes between M and H-A 

to form MH and A-: (a) various scenarios of PCET; (b) PCET in HER; (c) PCET in heterogeneous HER. ET, PT, 

and CPET represent electron transfer, proton transfer, and concerted proton-electron transfer, respectively. 

 

2. Mechanistic aspects 

2.1. Proton–coupled electron transfer. The proton-coupled electron transfer (PCET) plays a 

central role in many important chemical and biochemical reactions.28, 29 In electrocatalytic HER, 

the elementary steps formally involve two proton transfers (PT) and two electron transfers (ET).30-

36 Stepwise ET-PT or PT-ET process and concerted proton-electron transfer (CPET) process are 

possible (Figure 1a). In homogeneous HER (Figure 1b), the formation of M-H* species is 

generally considered to be driven via the ET-PT or CPET mechanism.37, 38 The heterogeneous HER 

on an electrode surface is most commonly through the concerted mechanism (Figure 1c).37 In 
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general, the stepwise ET-PT route forms charged intermediates, while the CPET route tends to 

have a high barrier.39 Extensive experimental and computational efforts have been devoted to 

understanding the kinetics of these processes.34, 35, 40-47  

2.2. HER mechanisms. HER is the cathodic half-reaction of electrochemical water splitting. It 

follows a two-step reduction. The initial step is the Volmer reaction, followed by Tafel or 

Heyrovsky process (Table 1 and Figure 2). Solvated protons such as hydronium ions in aqueous 

systems are the dominant HER reactants in strong acidic solutions.48-51 In the Volmer step 

(electrochemical adsorption), the adsorbed H3O+ from acidic electrolyte first couples with an 

electron on the surface to generate an adsorbed H*. Step 2 has two channels: if the H* 

concentration on the cathode surface is high, two nearby H* can combine to generate H2 (Tafel 

step, chemical desorption); otherwise, H* will react with a new set of H3O+ + e- (via PCET) to 

form H2 (Heyrovsky step, electrochemical desorption). The overall process is shown in Figure 2a. 

Likewise, the HER mechanism in aqueous alkaline electrolytes can be described as either Volmer-

Tafel or Volmer-Heyrovsky pathway with water as the reactant (Figure 2b). 

 

Figure 2. Volmer-Tafel and Volmer-Heyrovsky mechanisms of HER in acidic (a) and alkaline (b) conditions. E-

/C- refers to electrochemical/chemical, respectively. 
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Table 1. Aqueous HER mechanisms (* refers to an active catalytic site). 

Medium Step 1 

Volmer 

Step 2 

Tafel Heyrovsky 

Acidic H+ + e- + * = H* 2H* = H2 + 2* H+ + e- + H* = H2 + * 

Alkaline H2O + e- + * = H* + OH- 2H* = H2 + 2* H2O + e- + H* = H2 + * + OH- 

 

 

Figure 3. The pH-dependence of HER activity on Pt disk (solid) and Pt/C (open) electrodes in 0.5 M Na2SO4 

electrolyte with H2. Adapted with permission from ref 52. Copyright 2014 Wiley. 

 

HER mechanism under neutral and near-neutral conditions is more complex, due to the 

participation of both H3O+ ions and H2O molecules; the activities depend on many factors, e.g., 

the type of reactants, buffer species, and concentration of electrolyte.52-58 Two characteristics have 

emerged: at relatively low overpotential, H3O+ ions are the primary reactant of the first reduction 

step; at higher overpotential, the dominant reactant changes from H3O+ ions to H2O in the second 

reduction step.59 Conway et al.60 first proposed the switching of reactant from H3O+ to H2O for 

pH > 5. Later, Katsounaros et al. found significant pH difference between the electrode surface 
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and the bulk electrolyte in unbuffered or insufficiently buffered solutions.61 Takanabe et al. 

conducted a comprehensive study of HER electrocatalysis in several near-neutral pH solutions and 

found that the required overpotential increases sharply at about pH=4, which can be attributed to 

the reactant switching from H3O+ to H2O (Figure 3).52-55 A feasible strategy for improving HER 

activity in neutral electrolytes is to facilitate the reductive dissociation of water molecules.  

2.3. HER kinetics. Any of the elementary reaction (Volmer, Tafel, or Heyrovsky) could be the 

rate-determining step (RDS) in HER. Empirically, the Tafel relation 𝜂 = 𝑎 + 𝑏	𝑙𝑜𝑔(𝑖) holds, 

where 𝜂 is overpotential, 𝑖 is exchange current density, and b is the Tafel slope. The kinetic 

expressions and corresponding Tafel slopes are summarized in Table 2. In the Volmer-Tafel 

pathway, the Tafel slope is 118 mV dec−1 at 298K when the Volmer step is the RDS, which has 

been confirmed in experiment (e.g., on Pt and some Pt-group metals).62 When the Tafel step is the 

RDS, its slope is 30 mV dec−1 at 298K. For the Volmer-Heyrovsky mechanism, the Tafel slopes 

are 118 mV dec−1 for the Volmer RDS and 39 mV dec−1 for the Heyrovsky RDS. 

 

Table 2. Kinetic expressions and Tafel slopes for HER at 298 K for different rate-determining steps (RDS). 𝜂 is 

overpotential; α and β are symmetric coefficients for HER, α = β = 0.5. 

Mechanism RDS Kinetic expression Tafel slope, b 

b at 298 K 

(mV dec−1) 

 Volmer-Tafel Volmer 𝑖 = 2𝑖![−𝑒
"#$
%&

'
+ 𝑒

($
%&

'
] 

2.303𝑅𝑇

𝛼𝐹
 118 

Volmer-Tafel Tafel 𝜂 =
%&

)$
𝑙𝑛	(1 +

*

*&
) 

2.303𝑅𝑇

2𝐹
 30 

Volmer-Heyrovsky Volmer 𝑖 = 2𝑖![−𝑒
"#$
%&

'
+ 𝑒

(,-()$
%&

'
] 

2.303𝑅𝑇

𝛼𝐹
 118 

Volmer-Heyrovsky Heyrovsky 𝑖 = 2𝑖![−𝑒
"(,-#)$

%&
'
+ 𝑒

($
%&

'
] 

2.303𝑅𝑇

(1 + 𝛼)𝐹
 39 

 

 

2.4. Hydrogen adsorption  
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In HER, adsorption and desorption of H* intermediate on the electrode surface are competing. 

Based on the Sabatier principle, an excellent HER catalyst should form a strong enough bond with 

the adsorbed H* to facilitate the PCET, but not too strong to hinder formation and release of H2.63 

The most ideal case is that ΔGH* is close to 0 eV.2, 63 The thermodynamically derived ΔGH* can be 

correlated with the exchange current density (j0, the rate of hydrogen evolution per surface area at 

the equilibrium potential).11 Based on the micro-kinetic model, the theoretically calculated j0 can 

be represented as:9  

𝑗! = 𝐹𝑘!𝐶"#"$%[(1 − 𝜃)
&'(𝜃(]            (1) 

where k0, Ctotal, θ, and α refer to the standard rate constant, the total number of HER active sites 

on the electrode surface, the coverage of H* intermediate on the surface, and the relative slope of 

the energy curve at the intersection of initial state and final state, respectively. According to the 

Langmuir adsorption model, θ = (1+K)/K, where K is the equilibrium constant and can be directly 

related to the calculated ΔGH*.  

The correlation between ΔGH* and the experimental j0 value, first proposed by Parsons, led 

to the so-called volcano curve, to correlate the energetics of H* intermediate and HER reaction 

rate.64 The peak of the volcano corresponds to ΔGH* = 0. Further, Trasatti found a similar curve 

between the j0 value and the metal-H bond strength (Figure 4a).10 Thanks to the rapid development 

of computing hardware and software in the past couple of decades, predictive modeling based on 

density functional theory (DFT) allows one to not only understand the HER mechanism and 

kinetics, but also design the active sites and discover new HER catalysts that can guide the 

experimental efforts.2, 5  

3. Density functional theory in electrocatalytic HER 

Simulations based on DFT have proven very successful in providing insights into the 

structure-property correlation of electrochemical processes at the microscopic level.65 In this 

section, we focus on the extraordinary progress of DFT computation in electrocatalytic HER. 

3.1. Computational hydrogen electrode (CHE). The computational hydrogen electrode (CHE) 
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introduced by Nørskov and coworkers revolutionized computational electrocatalysis with its 

computational efficiency and thermodynamic rigor.14, 15 In the CHE model, the definition of zero 

voltage is based on the reversible hydrogen electrode (RHE), where the H+ + e- → ½ H2 reaction 

is defined as being at equilibrium at U=0, at all values of pH and temperatures. As such, the free 

energy of the proton-electron pair is half that of the standard H2 state: μ(H+) + μ(e-) = ½ μ(H2). 

The value of μ(H+) + μ(e-) can be further adjusted as a function of the applied potential (U). Since 

RHE is defined as 0 V at all pH values, no pH correction is required. As such, the CHE approach 

allows U to be explicitly included in the free energy change of each elementary step (ΔG). This 

simplified model has been widely used in simulating various electrochemical reactions and, in 

most cases, allows reliable alignment of theoretical potentials to those measured in experiment. 

Next, we will focus on the implementations of this model in HER. 

 

Figure 4. (a) Relationship between measured j0 and the strength of M-H bond derived from the heat of hydride 

formation. (b) Dependence of j0 on calculated ΔGH* for the wide range of catalyst surfaces. Adapted with 

permission from ref 2. Copyright 2015 Wiley. 

 

3.2. Calculating ΔGH*. As shown in Sec. 2.4, ΔGH* is an important factor for describing the HER 

activity. To compute ΔGH*, we first calculate the hydrogen adsorption energy (ΔEH*) using the gas-

phase H2 as reference states based on the CHE model,14 
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𝛥𝐸)∗ = 𝐸(,$"..)∗) − 𝐸,$". −
&

0
𝐸)0          (2), 

where ΔE(cat.+H*), ΔEcat., and EH2 refer to the total energy of catalyst with adsorbed H, the catalyst 

itself, and the free H2 gas, respectively. Next, ΔGH* is computed as follows:9 

𝛥𝐺)∗ = 𝛥𝐸)∗ + 𝛥𝐸123 − 𝑇𝛥𝑆)          (3), 

where ΔEZPE is the difference of zero-point energy between adsorbed H* and the gas phase H2.65 

ΔSH is the change of entropy from the gas phase H2 to the adsorbed H*.66 Under standard condition, 

ΔSH is approximately half the entropy of gas-phase H2. Thanks to its simplicity, ΔGH* from the 

CHE model has enjoyed wide adoptions.3 Figure 4b shows the volcano curve of j0 vs calculated 

ΔGH* for a wide range of catalyst surfaces, demonstrating the power of the CHE.2  

The CHE model has been very successful in predicting the activities and intermediates of 

various electrochemical reactions. Although this model is simple and widely used for HER, it 

oversimplifies several important factors:67 (1) the free energy of surface configurations is linear 

with potential, neglecting change in capacitive contributions to the energy;68, 69 (2) the CHE model 

neglects the effect from solvent environment, such as the H-bond network in water; (3) the CHE 

considers only the thermodynamics, while kinetics is equally important.17 Next we will describe 

some theoretical advances beyond CHE. 

3.3. Applying the potential. ΔGH* from the CHE provides a convenient thermodynamic reference. 

Further mechanistic insights, especially reaction barriers, can be obtained as a function of the 

applied potential. Filhol and Neurock proposed charging the surface by adding (subtracting) 

electrons to a metal slab, using the homogeneous neutralizing background to maintain charge 

neutrality.70 To account for the counter-ion, Neurock et al. reported another method by introducing 

solvated ions in solution or vacuum (Figure 5a).18 Otani20 and Sugino21 et al. introduced the 

effective screening medium by placing the counter charge in a layer outside of the water about 15-

20 Å from the electrode. Nørskov et al. used the electrochemical double layer model by adding 

solvated protons in the water layer, while electrons are distributed on the metal slab (Figure 5b).71 

The electrode potential can be tuned by varying the proton/electron concentration. 
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Figure 5. (a) Introducing background charge to the system by solvated ions for simulating electrode potential. 

Adapted with permission from ref 18. Copyright 2006 American Physical Society. (b) Top and side view of the 

model system for electrochemical double layer above Pt(111) electrode. Reproduced with permission from ref 

71. Copyright 2007 Royal Society of Chemistry. (c) Activation barrier (Ea) for the Volmer step as a function of 

electrode potential (U vs NHE) and (d) standard free energy diagram for the elementary HER steps on Pt(111). 

Adapted with permission from ref 8. Copyright 2010 American Chemical Society. 

 

In the Volmer and Heyrovsky steps, the change of the activation energy with the applied 

potential is more complicated for traditional DFT calculations, due to the great variation of the 

interfacial polarization between the initial and final states. To address this issue, Nørskov et al.8 

proposed a two-step extrapolation scheme to derive the barrier under different U, such as the 
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association of Ea for the Volmer step and U in Figure 5c: (1) simulate the surface under different 

U through the tailored number of protons in the first water layer; (2) calculate the barrier under a 

series of selected unit cell sizes, and then extrapolate these results to the limit where the change in 

potential, ΔU, approaches zero. Afterwards, the thermodynamics and reaction barriers of the 

elementary HER steps were used to establish the standard free energy diagrams at different 

electrode potentials (Figure 5d). The calculated HER exchange current using kinetic model that 

takes the free energy landscape as input shows good agreement with experimental data.8 Under 

this scheme, Nørskov et al. later proposed a much simpler way to determine the potential 

dependence of activation energy that use only (1) one single barrier calculation in an 

electrochemical environment and (2) the corresponding surface charge at each state (initial state, 

transition state, and final state).72, 73 The essence of the idea is that the potential-dependent 

activation energy can be mathematically expressed by the partial charge transferred in the 

transition state, which greatly reduces the computational effort for further DFT-based kinetic 

analysis of the electrochemical reactions beyond HER.  

To go beyond the constant-charge method (cnm) discussed above, Liu et al. proposed a 

constant-potential method (cpm) by using the grand canonical DFT as implemented in the JDFTx 

code to study the charge effect on the Volmer reaction for 2D materials.74 They found that cpm and 

cnm give significantly different values of ΔGH* for 2D materials, especially at higher U (Figure 

6). Hence, the surface-charge effect on HER is substantial in 2D materials. Recently, Goddard et 

al. developed the Grand Canonical Potential Kinetics method (GCP-K) (Figure 7), beyond the 

conventional Butler-Volmer Kinetics, to understand the electrochemical kinetics, which allows for 

the charge to change continuously to keep the applied voltage (U) constant during the 

electrochemical process.75, 76 The GCP-K method enables the U to be fixed by tuning the charges 

of the system to hold fractional occupations. In fact, the BV scheme can be regarded as a special 

case of GCP-K in which the electron transfer takes place instantly. The onset potentials predicted 

by the GCP-K method agree qualitatively with experimental findings. The GCP-K method 
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provides a theoretical foundation for a new understanding of heterogeneous electrochemistry. 

Particularly, this method combines fixed charge and fixed potential to allow the reaction barriers 

to change continuously with the potential, which leads directly to current density versus potential 

via micro-kinetic calculations and can describe the kinetics for direct comparison with experiment. 

 

Figure 6. (a) Calculated ΔGH* on selected 2D electrocatalysts and common 3D metals at pH = 0 and U=0/1.23V, 

using the cnm and cpm method. (b) |ΔGcpmH*-ΔGcnmH*| as the function of U for various materials. Adapted with 

permission from ref 74. Copyright 2018 American Chemical Society. 

 

 

Figure 7. The schematic showing the description of voltage-dependent electrochemical reactions based on BV-

K (a, c) and GCP-K (b, d). Adapted with permission from ref 76. Copyright 2018 American Chemical Society. 
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3.4. Solvation. The chemical interactions between reaction intermediates and the surrounding 

solvent play an important role in HER.8 An important feature of water solvent is that the H-bond 

network changes dynamically during the reaction, and the commonly used barrier evaluation 

methods cannot capture this change due to their reliance on the static configuration. There are 

mainly two methods to add solvation into DFT: explicit solvation and implicit solvation. The 

explicit method treats water molecules,23 one or two water bilayers,77 or complete solvation with 

several water bilayers explicitly in their DFT model.17, 78 A great deal of effort has been devoted 

to water adsorption on the surface of various catalysts, especially Pt(111).8, 79 The bilayer water 

was demonstrated in experiment at the solid/liquid interface of Pt (111),80 which was widely used 

in the theoretical studies of HER.8, 71, 78, 81, 82 To obtain an accurate statistical representation of the 

solvation effect, ab initio molecular dynamics (AIMD) and/or quantum mechanics/molecular 

mechanics simulations have been used as well.83-86  

The polarized continuum model (PCM) is the most commonly used implicit solvation 

model.87 In this model, the quantum-mechanical solute is embedded in a dielectric cavity 

surrounded by a continuum dielectric description of the solvent. Hennig et al.88 implemented the 

Poisson-Boltzmann implicit solvation in the framework of the plane-wave DFT code VASP to 

describe the effects of electrostatics, cavitation, and dispersion on the interaction between the 

solute and the solvent. This approach was used to investigate the H adsorption on the defected 

MXene surface:89 compared with the gas-phase model; the inclusion of the Poisson-Boltzmann 

implicit solvation (permittivity of ε = 80 for water) increases the H adsorption strength by 

0.17~0.18 eV, indicating that the solvation contributes to the stability of H* species.  

More advanced implicit solvation models treat the fluid distribution as an independent 

variable and optimizes it based on the interaction of the fluid with the solute. This approach 

captures the characteristics of the fluid distribution, such as the shell structure and the oscillation 

of the fluid density on the molecular size scale of the solvent.25 In practice, integral equation theory 

usually yields more accurate density distributions, and classical DFT usually yields more accurate 
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free energy, both of which can be combined with electronic DFT calculations of solutes or 

electrodes to achieve structured or cavity-free techniques of implicit solvation. For example, the 

integral equation theory in the reference interaction-site model (RISM) is combined with the 

electrostatic screening medium (ESM) technique to perform DFT solvation in the ESM-RISM 

method.90 Three-dimensional RISM (3D-RISM) is a molecular theory closely related to classical 

DFT.91 It describes the local solvent density around a solute using 3D spatial solute-solvent 

distribution functions, which are obtained via iterative solution of a system of integral equations. 

Using 3D-RISM, a series of thermodynamic properties and structural information of solvents can 

be calculated in a relatively short time. In principle, it can be applied to arbitrary solvent 

compositions and temperatures.  

Classical DFT of the solvents and the electronic DFT of the solutes can be combined in joint 

density functional theory (JDFT) of solvated system.92, 93 Unlike solvation of integral equations 

based on approximate coupling of interaction potentials (e.g., pair potentials) between solute and 

solvent atoms, JDFT directly approximate the free energy of the liquid and coupling terms as 

functional of the density. Note that the continuum charge-asymmetric nonlocally determined local-

electric (CANDLE) solvation model in JDFT adequately describes the basic features of the ideal 

electrochemical interface (the Gouy–Chapman–Stern model), but misses the nonlinear capacitance 

effects due to ion adsorption.94 This requires the inclusion of explicit ions into the quantum-

mechanical calculation.  

The challenges for implicit solvation are to accurately describe the interfacial region and 

define the near-surface region boundaries. In explicit DFT solvation, challenges include reducing 

computational overhead and designing computations in the grand canonical ensemble. For 

practical simulations, the inclusion of both implicit and localized explicit solvation might achieve 

a good compromise such that the chemical reactions around the electrochemical interface can be 

precisely described by QM calculations. 

3.5. pH Effect. The rate of electrochemical reaction is strongly dependent on solution pH. In 2013, 
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Rossmeisl et al. developed a novel generalization of the CHE to explicitly capture the respective 

pH and potential effects on the electrochemical interface.95 They determined the ground state 

interface structure as a function of pH and potential based on simple thermodynamic parameters. 

The basic principle is that for a given metal/solution interface, if the work functions of e– in metal 

(ф3! ) and the electrochemical potential of protons and electrons (𝜇)".3! ) are known, the 

corresponding pH can be determined by the following relation: 

𝜇)".3! = ф3!(𝑆𝐻𝐸) − 2.3𝑘𝑇 × 𝑝𝐻 − ф3!         (4). 

At electrochemical equilibrium (𝜇)".3! = 0), the free energy of each surface metal atom can be 

expressed as: 

𝐺45"(𝜇)".3! = 0,ф3!) =
6#,%'6#,&

7
−

&

0

5

7
𝐺)'         (5), 

where n and N represent the number of hydrogen and surface metal atoms, respectively. GN,n, GN,0, 

and GH2 represent the free energy of the metal|solution system, a reference metal system with no 

ions or adsorbates, and gas-phase H2 under standard conditions, respectively. Gint at another pH, 

i.e., 𝜇)".3! ≠ 0, can be given by a linear extrapolation scheme, as illustrated the blue arrows in 

Figure 8a. It follows from Eq.(6), 

𝐺45"(𝜇)".3! , ф3!) = 𝐺45"(𝜇)".3! = 0,ф3!) −
5

7
𝜇)".3!      (6), 

that under constant ф3!, the change of 𝜇)".3! is due to the change of pH (red lines in Figure 

8a). In the original CHE mode (Figure 8b), the influence of potential is only considered a 

posteriori by 𝜇)".3! = −𝑒𝑈8)9 . Rossmeisl’s scheme provides a computational approach to 

include the pH effect on electrochemical interface and electrocatalytic activity. 
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Figure 8. (a) Rossmeisl’s scheme vs. (b) the CHE. Adapted with permission from ref 95. Copyright 2013 the 

Owner Societies. 

 

HER proceeds several orders of magnitude slower in alkaline media than in acidic solutions.62, 

96-98 Several hypotheses attempt to explain this strong pH-dependent activity. First, the H-binding 

energy varies with the pH, resulting in pH-effect.51, 99, 100 Cheng et al. applied AIMD with explicit 

considerations of solvent and potential (U) to study the pH-dependent hydrogen binding on 

Pt(100).101 They found that water reorientates from parallel position to vertical position as pH 

increases or the potential decreases (Figure 9a), which decreases the surface hydrophilicity and 

enhances the surface binding for H. The predicted increase in hydrogen binding as a function of 

pH well reproduces the experimental observation (Figure 9b).101 The second hypothesis is that the 

proton donor is pH dependent. Rossmeisl et al. suggested that changes in proton configurational 

entropy cause pH dependence.95 A recent theoretical study by Chan and workers.102 clearly 

demonstrated the pH effect on the PCET barrier from H3O+ and H2O (Figure 9c). Their simulation 

found that as the pH increases, the proton donor shifts from H3O+ to H2O (Figure 9d). The 

resulting theoretical polarization curves and Tafel slopes were qualitatively consistent with the 

experimental observations. From microkinetic modelling, they proposed that the inherently larger 

barrier of water splitting compared to H3O+ is the cause of the slower HER kinetics in alkaline 

media than in acidic one. 
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Figure 9. (a) The snapshots with atomic details of the interfaces, and (b) comparison of apparent HBE between 

QMMD predictions vs. experiment at pH ranging from 0.2 to 12.8 or U ranging from +0.29 to -0.46 V. Adapted 

with permission from ref 101. Copyright 2018 American Chemical Society. (c) The effect of pH increases on the 

PET barrier from H3O
+ and H2O, and (d) simulated HER polarization curves at different pH using DFT activation 

energies & micro-kinetic modeling. Adapted with permission from ref 102. Copyright 2019 American Chemical 

Society. 

 

The third hypothesis is the pH-dependence of water reorganization energy at the 

electrode/electrolyte interface. This hypothesis stems from a contradictory fact that the Hupd peak 

on Pt (111) shows no significant shift with the pH, but there is a significant pH dependence of the 

HER kinetics.103 The electrochemical measurements by Koper et al. identified that the alkaline 

Hupd peak and HER occur at potentials far from the potential of zero free charge (PZFC), making 

the interfacial water interact strongly with the interfacial electric field and therefore resulting in 

higher barrier for water reorganization and proton−electron transfer.104 They further showed that 
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modification of the Pt(111) surface with nickel shifts the PZFC by 25 meV, which decreases the 

interfacial field, lowers the barrier for water reorganization and leads to improved HER kinetics. 

This hypothesis also implies that the hydrogen binding may not be the only descriptor for HER, 

and the interfacial electric field could also be important in HER kinetics by influencing the 

mobility and barrier of interfacial water reorganization.  

3.6. H Coverage. Direct experimental determination of hydrogen coverage on a catalyst surface 

is challenging, so this effect mostly relies on theoretical modeling.105, 106 Pickering et al. proposed 

the calculation of hydrogen coverage and the rate constants of HER on metal surfaces from 

polarization data analysis and showed that the hydrogen coverage (θH) increases as the electrode 

potential becomes more negative (Figure 10a).107 Morikawa et al. investigated the coverage effect 

on the energetic and vibrational properties of H on Pt (111) surface (Figure 10b).82 They found 

that at θH ≤ 1 ML (H prefers the fcc hollow site), the adsorption energy, the Pt-H stretching 

frequency (νPt-H) and the Pt-H bond length (dPt-H) show small changes with the coverage. While at 

θH > 1 ML (the fcc hollow sites are fully occupied, and H will appear at the atop site), the 

adsorption energy and νPt-H decrease rapidly as θH increases, and the corresponding Pt-H bond 

length is elongated, indicating the repulsive interaction between the absorbed H. The repulsion 

interaction of terminal H is also reflected in the Frumkin isotherm experiment performed by 

Kunimatsu et al.108, 109  
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Figure 10. (a) The relation between H-coverage and electrode potential obtained on copper in 0.1 N H2SO4 + 0.9 

N Na2SO4. Adapted with permission from ref 107. Copyright 2000 the Electrochemical Society. (b) Adsorption 

energy of hydrogen (Eads,H), Pt-H stretching frequency (νPt-H), and Pt-H bond length (dPt-H) as a function of 

hydrogen coverage. Adapted with permission from ref 82. Copyright 2008 American Chemical Society. 

 

3.7. Electric field effect. Physical properties of low-dimensional semiconductor electrocatalysts 

are sensitive to external electric field which can be used to tune the HER activity. For example, 

Wang and coworkers conducted an in-depth study on the effect of a gate electric field on 

electrocatalytic HER based on a backgated 2D MoS2 working electrode.110 They found that as the 

gate voltage increased from 0 to 5 V, both the overpotential and the Tafel slope gradually decreased, 

which was related to the increased conductivity of MoS2. This explanation is supported by a recent 

first-principles computational study.111 In addition, ∆GH* has also been found to be sensitive to the 

electric field: a positive electric field induces electron transfer from H to MoS2, resulting in 
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stronger H-MoS2 bonds, while a negative electric field suppresses electron transfer and weakens 

H* adsorption.111 A subsequent study predicted that an external electric field could tailor H* 

adsorption on MoS2 defects and edges.112 In addition, theoretical simulations unveiled that gate-

induced injection of excess electrons can stabilize H* bonding on pristine and S-deficient MoS2.113-

114 The electric field can also adjust the carrier type of the catalyst. For example, theoretical 

calculations manifested that ∆GH* of electron-dominated WSe2 is significantly lower than that of 

hole-dominated WSe2, due to charge redistribution induced by electrostatic doping.115 After hole 

doping, the adsorption is weakened because the H* will be surrounded by the depletion layer. 

Conversely, when electrons are doped, the adsorption is enhanced due to the accumulation of 

electrons around H*.   

The electric field can also affect the distribution of reactants in the electrolyte at the interface.116-

118 For example, it was found that as gate voltage changes from 0 to −1 V, overpotential first 

decreases and then slightly increases, which was attributed to a back gate electric field-induced 

ion redistribution at VSe2–electrolyte interface:119 a negative gate voltage accumulates H3O+ on 

the outer surface of VSe2. Moreover, the position of the Fermi level of the electrode can be tuned 

with respect to redox couples in the electrolyte for electrostatic doping.120 For instance, Zhang et 

al. observed that as gate voltage increases from 0 to 3 V, the HER overpotential on 2H MoS2 

decreases markedly from 228 to 74 mV.121 This is because the higher positive gate voltage caused 

electrons in 2H MoS2 to occupy a higher energy state through electrostatic coupling, reducing the 

potential barrier for electrons to traverse from catalyst to reactive species in the electrolyte. 

 

3.8. Descriptors beyond ∆GH*. As discussed extensively above, ∆GH* is the key descriptor and 

widely used to predict the HER performance of many materials. Besides ∆GH*, some other 

descriptors have been proposed, which will be discussed below. 

3.8.1. d-band Center. The d-band center (εd) defined as the central position of the d-orbitals has 

been widely used to understand and predict the catalytic behavior of transition metals.122 Taking 
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the H* adsorption as an example (Figure 11a), the localized metal d-electrons are participated in 

the formation of M-H bonds.122 The hybridization of H* s-state and the metal d-state will give rise 

to a low-energy, deep-lying filled bonding state (σ) and a high-energy, partially filled antibonding 

state (σ*), where the M-H bond strength is determined by the σ* occupancy (the higher the 

occupancy, the weaker the bonding). Since the energy of the metal d states varies significantly 

from one metal to the other, the energy level of the anti-bonding states will depend on the specific 

metal of interest. It is found that εd, as a single parameter, is linearly correlated with ∆GH* on 

transition metal surface (Figure 11b).5 As a general rule, the closer εd to the Fermi level, the higher 

the anti-bonding level, and thus the stronger the H* adsorption. An optimal HER catalyst should 

have a moderate εd with suitable affinity for H*, as evidenced by the volcano-shaped activity 

curve.123, 124  

 

Figure 11. (a) Schematic illustration of the formation of metal-H bond. Adapted with permission from ref 122. 

Copyright 2005 Springer. (b) Relations between εd with hydrogen binding strength ∆GH* on transition metals. 

Adapted with permission from ref 5. Copyright 2015 Royal Society of Chemistry. (c) Schematic of MX2 DOS, 

highlighting initial filled states in grey and newly filled states following H adsorption in green; (d) correlation 
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between εLUS and H adsorption energy Ea. Reproduced with permission from ref 125. Copyright 2017 Macmillan 

Publishers Limited.  

 

3.8.2. Levels of lowest unoccupied state and valence-band orbital. For transition metal 

compounds where the adsorption center is not a metal, Liu et al. identified the lowest unoccupied 

state (εLUS) as a key descriptor of surface activity of transition metal dichalcogenides (MX2, X = S, 

Se, Te; Figure 11c). They found that εLUS is directly correlated with the H adsorption energy (EH) 

on all MX2 surfaces (Figure 11d).125 The metallic MX2 compounds have lower εLUS and hence 

stronger Ea than the semiconducting ones, which led to the discovery of basal-plane-active group-

5 MX2 (H-TaS2 and H-NbS2).  

 

Figure 12. (a) Correlation between ΔGH* and Ediff for various N- and/or P-doped graphene models; (b) Schematic 

illustration of orbital hybridization between the valence band of active C atom and the bonding σ orbital of 

adsorbed H*. Adapted with permission from ref 126. Copyright 2014 American Chemical Society. 
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Many metal-free catalysts such as carbon-based materials have shown promising HER 

activity.2, 127 Using a cluster model and DFT calculations, Qiao et al. investigated the H adsorption 

on a series of heteroatom-doped graphene and discovered that N/P co-doping can synergistically 

activate adjacent C atoms to an optimal |∆GH*| of 0.08 eV.126 They came up with the Ediff descriptor, 

defined as the difference between the lowest valence orbital energy of the C active center and the 

highest valence orbital energy of the graphene matrix. Ediff displays apparent linear correlation with 

∆GH* (Figure 12a), and can thus be used to characterize the adsorption behavior. The hybridization 

between the valence band of the active C atom and the bonding orbital of adsorbed H* leads to the 

formation of bonding (v-σ) and anti-bonding (v-σ)* (Figure 12b). Compared to the pristine 

graphene (inert with highly positive ∆GH* of 1.85 eV), N and/or P doping leads to the lowering of 

the C valence orbital, which induces an increase in the filling of the (v-σ) state and strengthens the 

C-H interaction to optimize ΔGH*.  

 

3.8.3. Other descriptors. In 2020, Gao et al. successfully introduced an electronic descriptor (ψ) 

based on the valence electron numbers and electronegativity of transition metals, the coordination 

of active sites, and the valence of adsorbates for describing adsorption properties.128 Soon after, 

they demonstrated that the ψ descriptor can well explain the adsorption energy of hydrogen as well 

as HER activity on a variety of catalysts including transition metals, alloys, and single-atom 

catalysts.129 Beyond the traditional descriptor determined by the physical or chemical quantities, 

machine learning (ML), as a critical technique for data mining, is playing a more and more 

important role in accelerating the discovery of materials via big data. In addition to serving as a 

powerful means for discovery of electrocatalysts, these data-driven techniques also establish a 

deeper understanding for the relationships between intrinsic properties of materials and their 

electrocatalytic performance.130 For example, Rappe and coworkers used the regularized random 

forest ML algorithm to discover the relative importance of structure and charge descriptors in 

determining the HER activity of Ni2P(0001) under different doping concentrations.131 They found 
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that the intuitive Ni−Ni bond length is quite descriptive of HER activity, suggesting that the 

nonmetallic dopants induce a chemical pressure-like effect on the Ni3-hollow site. Recently, with 

the analysis of ML and DFT methods, Wang and coworkers found that various electronic structural 

properties of metal atoms and the p-band center of surface atoms are the key to governing the HER 

activity of 2D MA2Z4 materials.132 The rank of the five most important features by the random 

forest method showed that H adsorption is predominately affected by the electron affinity of the 

surface atom (εZ). 

 

4. Zoom-in on the Active Sites.  

Because it is experimentally challenging to locate active sites in catalysis,133 DFT-based first-

principles calculations prove to be an indispensable tool for identifying active sites on the catalyst 

surface that can be verified by the increasing development of advanced spectroscopy techniques 

and in situ/operando electrochemical methods.134 Below we highlight the theoretical insights on 

the identification of HER active sites in several different types of nanocatalysts. 

4.1. On surfaces of bulk materials. Pt is at the top of many volcano curves, so it is not surprising 

that Pt is one of the most active HER electrocatalysts. In the past few decades, research on the 

effects of surface structure and particle size of Pt has gradually emerged. DFT calculations by 

Nørskov8 and Chen135 et al. confirmed that the HER reaction on Pt is structurally sensitive, and its 

activity has a strong correlation with θH on different facets. To simulate the effects of low 

coordination defect sites, Nørskov et al. calculated the H adsorption energy at different θH on a 

number of stepped metal (211) surfaces (Figure 13a, in which the number indicates the order of 

H adsorption).8 In general, the overall adsorption trend is similar on metal surfaces: the steps are 

initially occupied; then the terrace will be filled with H at U = 0 V (Figure 13b-c). Based on 

microkinetic modeling and DFT calculations of H adsorption from CHE model, Chen et al. studied 

the HER kinetics and predicted that the exchange current density (j0) increased in the order of Pt 

(111) < Pt (100) ≈ Pt (110).135 They found that the H atom prefers to occupy the 3-fold fcc hollow 
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sites on Pt (111), the 2-fold bridge sites on Pt (100), and the short-bridge sites between the adjacent 

top atom rows on Pt (110). After those preferred sites are filled, H atoms will bind to the on-top 

sites above 1 ML on Pt (111) and the long-bridge sites between two adjacent Pt atoms next to the 

rim on Pt (110). In particular, when all surface atoms on the Pt (110) are covered (1ML), the next 

H* is more likely to bind to the bridge in the valley. On Pt (100), H atoms can occupy all the bridge 

sites up to 2 ML as each surface atom possesses two bridge sites. 

 

Figure 13. (a) The atomic structures above show the order of H adsorption. (b) and (c) Calculated different H* 

adsorption energy on a number of stepped surfaces. Adapted with permission from ref 8. Copyright 2010 

American Chemical Society.  

 

Transition metal phosphides (TMPs), nickel phosphides and cobalt phosphides in particular, 

have emerged as one of the most promising earth-abundant alternatives to noble metals for 
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HER.136-138 They also have high acid-stability. In 2005, Liu et al.139 predicted from DFT that the 

Ni2P(001) surface displays potentially higher HER activity than Pt(111) and Ni(111), and the Ni-

P bridge site is the preferential site for H adsorption after 1/3 surface coverage of H at the Ni3 

hollow sites. Their prediction was then confirmed by experiments as highly efficient 

electrocatalyst for HER and water splitting.138, 140 CoP is another widely studied HER 

electrocatalyst that exhibits high HER activities in diverse form of morphologies and grain 

sizes.141-143 Using DFT and first principles thermodynamics, Hu et al. studied the activity and 

stability of different crystalline facets of CoP.144 Among the investigated low-index surfaces, the 

(111) surface is predicted to be the most promising facet for HER. There are four types of stable 

H* sites on CoP(111) (Figure 14a): the Co-Co bridge sites for the first 25% H coverage; the Co-

Co bridge sites and P top sites for 25% to 75% θH; and the Co top sites for 75% to 100% θH. Their 

calculations estimated close-to-zero ∆GH* during 25% ~ 75% θH (Figure 14b), and suggested H 

in cobalt bridge sites and P top sites as likely active sites for HER on (111) surface. The synergy 

between Co and P is important in enhancing the adsorption of H over P site at medium coverage 

after H pre-occupying the Co site. In another work, the (011) surface of CoP is predicted to have 

lower surface energy than (111) and is also highly active where the thermo-neutral hydrogen 

binding is on the P sites rather than the Co sites.145 By correlating the experimental exchange 

current density with the DFT calculated ∆GH*, Jaramillo et al. showed that the TMPs follow the 

HER volcano relationship and the (101) surface of Fe0.5Co0.5P has more thermo-neutral ∆GH* and 

higher activity than pure FeP and CoP.146 The above works undoubtedly provide important 

theoretical insights for the demystification of the active sites and the understanding of the 

mechanism on the surface of bulk materials for HER. 
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Figure 14. (a) Optimized adsorption configuration on CoP (111) at 25%, 50%, 75% and 100% H coverage, 

respectively, and (b) the calculations estimated differential energy as a function of hydrogen coverage on 

CoP(111). Color legend: H, blue; Co, green; P, red. Adapted with permission from ref 144. Copyright 2016 the 

Owner Societies.  

 

4.2. 2D materials. Because of their unique physicochemical properties and atomically thin 

geometry, the 2D materials exhibit many fascinating properties differ from their bulk counterparts 

and have garnered widespread interest in catalytic energy conversion.147 Particularly, their ultra-

thin thickness enables great design flexibility to tune their catalytic properties via many techniques 

such as mechanical strain, doping, substrate effects, defect engineering, and ion intercalation.  

4.2.1. Transition metal dichalcogenides. The family of transition metal dichalcogenides (TMDs) 

have aroused particular interest as economical alternatives to accelerate the reaction kinetics in 
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HER, especially MoS2.148-151 The metastable 1T-MoS2 phase is not found in nature, but can be 

obtained via phase change induced by chemical or electrochemical Li-intercalation of the more 

stable hexagonal 2H phase.152-154 Experiments and theories have reached a consensus that the HER 

active site of the 2H-MoS2 polymorph is mainly contributed by its sulfided Mo edge.155-157 The 

basal plane of 2H-MoS2 is inert for HER due to the hindered charge transfer kinetics by its poor 

conductivity, thereby rendering the basal plane catalytically useless.156, 157  

Theoretical investigations suggested that the catalytic activity of 2H-MoS2 can be triggered 

by heteroatom doping, defect site generation (e.g., S vacancies), strain engineering and 

heterostructure construction.156, 158-160 For example, the substitutional doping of 2H MoS2 with 

hetero-metal can effectively tune the adsorption behavior of H at the in-plane S atom neighboring 

the metal dopant and lead to a volcano-shaped activity (Figure 15a).161 Metal dopants such as Pt 

and Ag bond with only four S atoms, leaving the other two S atoms unsaturated and causing 

stronger H adsorption; they are the top of the volcano plot with comparable activity to the MoS2 

edge. The high HER stability and activity of single Pt-doped MoS2 was confirmed 

experimentally.161 ∆GH* of doped MoS2 can be further optimized by applying compressive strain 

(Figure 15b-c),162 which weakens the hydrogen binding on the surface S atom next to the doping 

atom.  

Defect engineering is also effective in activating the inert basal plane. Wang et al. evaluated 

about sixteen types of structural defects, including point defects and grain boundaries (GBs) 

(Figure 15d, defect regions are framed by the dashed line, and the H atom is colored by cyan).163 

Their calculations showed that, in addition to the single S vacancies, other designated defects such 

as VMoS3 and MoS2 point defects, as well as 4|8a, S bridge, and Mo−Mo bond GBs can also greatly 

improve the in-plane HER activities (Figure 15e). In these defects, the Mo atoms around the defect 

region act as the main active site for hydrogen adsorption. The Mo-H bond strength is mainly 

determined by the localized d-states of Mo atom under and near the Fermi level. The defect 

concentration is an important tuning parameter. In the case of S vacancies, the coupling between 
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S-vacancies leads to the decreased band gap and enhanced H adsorption at the unsaturated Mo site 

with the increasing number of S vacancies, and the optimal S-vacancy concentration is found to 

be below 12.5 % for HER.164 Goddard et al. predicted the potential and pH dependent chemistry 

for HER at S vacancy of MoS2 using GCP-K based method. They found that under acidic and 

alkaline conditions, RDS of reaction is the Volmer step in which the second hydrogen atom is 

adsorbed at the S vacancy.76 

 

Figure 15. (a) The volcano-shaped relationship of MoS2 doped with a number of transition metals. Adapted with 

permission from ref 161. Copyright 2015 Royal Society of Chemistry. Energetics of HER on Rh (b) and Ag (c)-
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doped MoS2 at different strains. Adapted with permission from ref 162. Copyright 2016 American Chemical 

Society. (d) Examples of different structural defects of MoS2 with one adsorbed H atom (cyan balls) and (e) their 

corresponding free energy diagram for HER. Adapted with permission from ref 163. Copyright 2016 American 

Chemical Society. 

 

The conducting 1T MoS2 has been demonstrated by many experimental studies to possess 

appealing activity for HER on both the edge sites and the basal plane, and the much greater active 

surface area with respect to the metallic edges can thus guarantee its higher performance than 2H 

MoS2.152, 165-172 To elucidate the origin underlying the activity, Tang et al. studied the mechanism 

of 1T-MoS2 monolayer with the consideration of explicit solvation with water layer and different 

proton concentrations,155 allowing the study of PCET reactions. They showed that the basal plane 

activity arises from the facile affinity of the surface S atoms for H binding, and predicted an 

optimal 25% surface H coverage to balance the stability and activity of the 1T structure. Under 

this θH coverage, they examined the barriers of the three elementary reactions (Volmer, Heyrovsky 

and Tafel steps) at the water/1T-MoS2 interface and indicated that Volmer-Heyrovsky is the 

preferred mechanism (Figure 16a), in which the Heyrovsky process is the rate-limiting step. The 

H coverage and aqueous proton concentration are poised to impact on the reaction kinetics. Chen 

et al. predicted that 1T-MoS2 would go through the Volmer-Tafel route at a high surface H coverage 

of 37% and low H3O+ concentration.173 The activity of the surface S sites of 1T-MoS2 can be tuned 

and promoted by many approaches, such as substitutional hetero-metal doping (e.g., Mn, Cr, Cu, 

Ni, Fe) (Figure 16b-c), covalent functionalization,174 and metal intercalation.175 The insights 

above into the HER sites of MoS2 serves as a window on understanding HER on other 2D TMDs. 
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Figure 16. (a) The overall V-H mechanism on the surface of 1T-MoS2. (b) The monatomic doped 1T-MoS2 (the 

dashed circle indicates the surface S site for H adsorption), and (c) corresponding free energy diagram for HER. 

Adapted with permission from ref 155. Copyright 2016 American Chemical Society. 

 

4.2.2. MXenes. Discovered in 2011, MXenes are another fast-growing family of 2D materials with 

a general formula of Mn+1XnTx (n = 1 to 3), where M stands for early transition metals, X is C 

and/or N, and Tx is the surface functional groups such as O, OH, or F.176, 177 They are attractive for 

catalysis because of their high electrical conductivity, tunable surface terminations and high 

surface activity. In 2016, Seh et al. reported the first experimental study of MXenes as HER 

electrocatalyst.178 Since then, the HER activity of MXenes has been explored substantially by both 

theory and experiment; the basal-plane O atoms are suggested to be the main active site for HER.179 

Hence, the key to designing high-efficiency MXenes for HER is to tailor the strength of the O-H 
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bond.  

Wang et al. predicted the O-terminated surfaces of monometal carbides/nitrides (Ti2CO2, 

W2CO2, Ti2NO2, Nb2NO2) and bimetallic carbide (TiVCO2) have relatively high HER activity.180, 

181 They proposed a Fermi-abundance model that the occupied p electronic states of surface O 

atoms play a crucial role in the activity. Pandey et al. screened a large number of O-functionalized 

M2X, M3X2, and M4X3 compositions, and identified several promising candidates (e.g., Sc2CO2, 

Sc4C3O2, V3C2O2, Cr2CO2, Cr4C3O2, Mn4C3O2, Nb2NO2).182 For chemical modifications, the metal 

modification has been proposed to be very effective. Wang et al.183 and Song et al.184 reported that 

the HER performance of V2CO2 and Cr2CO2 MXene can be improved by decorating single atom 

metal (e.g., Fe, Co, Ni), where the transition metal functions as the promoter. Gan et al. examined 

the effect of metal decoration on the H adsorption over the surface O active centers that are not 

directly bonded to the TM atom (the possible active sites under different TM concentration are 

given in Figure 17a-c), and showed that the charge transfer from the decorated metal to surface O 

would result in the weakened adsorption of H on Mo2CO2.185 A Mn and Fe decoration at 12.5% 

ML coverage is found to be promising to tune the H adsorption to the optimal value (Figure 17d-

e). Differently, applying the tensile strain would enhance the O-H binding caused by the up-shifted 

p electronic states of surface O atoms. They proposed the synergistic effect between TM 

modification and strain engineering to realize efficient HER on MXene. For defect regulation, Gan 

et al. studied the intrinsic vacancy defects in M2CO2 MXene.89 Their DFT results showed that 

single C vacancy would weaken the H adsorption, while M vacancy and M + C vacancy tend to 

enhance the adsorption. Under this design principle, the single Ta vacancy is good enough to make 

Ta2CO2 an excellent HER electrocatalyst. The combined C vacancy and Zr/Hf vacancy is well 

suitable for activity optimization of Zr2CO2 and Hf2CO2. For V2CO2 and Cr2CO2 with intrinsic 

very strong H adsorption, double C vacancies modifications are more effective. In addition, the 

catalytic properties of MXene can be modified by changing the functional groups. Recent studies 

calculated the catalytic properties of S- and P-functionalized MXenes, and several promising 
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candidates with HER activities were identified, e.g., S-terminated Scn+1Nn, M2CP2 (M = Cr, Mo, 

W).186, 187 

We should note that most of the current theoretical predictions and catalyst screening are 

conducted based on the assumption that the MXenes are functionalized entirely by one uniform 

functional groups. However, in the synthesis process, the MXene surfaces have very complicated 

functionalities, which are known to contain mixed functional groups, e.g., the fluorine group is 

always present in most synthetic procedure. Yet the influence of mixed termination on the basal 

plane has been largely unexplored in theory, which is important in the modulation of surface 

stability and reactivity. A recent case study by Zhang et al. showed that the H adsorption free 

energy on the surface O site of Ti2CTx can be largely influenced by the surface F/O ratios.188 To 

shed light on the design of truly reliable and robust HER catalyst for practical use, there is an 

urgent need to develop advanced simulations to capture the plausible surface structures and explore 

the coverage effect of different functional groups on the HER activity. 

 

Figure 17. The computational models of 12.5% (a), 16.7% (b), and 25% (c) TM-modified Mo2CO2. T0, T1, T2 

and T3 are the active sites, where T represents the O top site, the subscripts (0, 1, 2, 3) represent the number of 
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surrounding Mo atoms that connected to both the TM atom and the active O atom. The calculated ΔGH* (d) and 

volcano curve (e), where A, B and C represent 12.5%, 16.7% and 25% TM coverage. Adapted with permission 

from ref 185. Copyright 2020 Wiley-VCH GmbH.  

 

4.2.3. 2D MA2Z4. Recently, novel 2D layered MoSi2N4 and WSi2N4 materials were 

sysnthesized.189 The 2D MoSi2N4 has 7 atomic layer thicknesses and the structure can be viewed 

as a 2H-MoS2-type MoN2 layer sandwiched between two InSe-type Si-N bilayers. Unlike the 

traditional 2D materials, the 2D MoSi2N4 has no known 3D layered parents and was realized by 

introducing Si during CVD growth of molybdenum nitride. Its successful synthesis opens up a 

new synthetic paradigm of realizing 2D vdW materials without existing 3D layered allotropes. 

This emerging 2D MA2Z4 structures are predicted to have intriguing electrocatalytic properties. 

Chen et al. explored the surface reactivity of MA2Z4 monolayers from 42 dynamically stable 

candidates, and predicted that IVB and VB MA2Z4 with N or P termination are promising catalysts 

for HER.190 Moreover, by varying the alignment mode of MZ2 and AZ layers, Liu et al.191 proposed 

four types of structural derivatives of MA2Z4 (2H-α, 2H-β, 1T-α, 1T-β, Figure 18a). Among the 

constructed 144 MA2Z4 materials from the combination of M (Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W), 

A (Si, Ge) and Z (N, P), they screened out seven metallic MA2Z4 that are highly active for HER 

(Figure 18b), where the outmost N or P layers have optimal |∆GH*| (< 0.1 eV) at a low H coverage 

<25%. The 2H-α-VGe2N4 is the closest to the volcano peak with ΔGH* of 0.01eV. They found that 

the electrocatalytic activity is closely correlated to the lowest unoccupied state energy (ELUS) of 

MA2Z4 (Figure 18c), which influence the electron filling and eventually determine the binding 

strength of H. The range of ELUS from −6.0 to −5.6 eV is suggested as a good descriptor for activity 

screening of 2D MA2Z4 materials. Thus far, the development of the 2D MA2Z4 family is still in 

their early infancy, the intriguing properties are mainly predicted from theory. Future efforts are 

highly expected to synthesize these novel MA2Z4 and apply them to HER and other catalytic 

reactions. 
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Figure 18. (a) Four types of structural configurations of MA2Z4. (b) Dependence of the exchange current density 

on calculated ΔGH* for the seven promising screened catalysts. (c) ΔGH* versus the ELUS for a 2 × 2 supercell of 

MA2Z4. Adapted with permission from ref 191. Copyright 2021 American Chemical Society. 

 

4.2.4. Metal-free 2D catalysts. Another type of eye-attracting 2D electrocatalysts for HER is the 

metal-free catalysts. The graphitic carbon nitride (g-C3N4) has received great attention due to its 

abundance and high stability. The pure g-C3N4 is a semiconductor and shows negligible activity 

for HER. In this regard, Qiao et al.13 reported the enhanced HER performance of g-C3N4 by 

chemical coupling of g-C3N4 with nitrogen-doped graphene (C3N4@NG). According to the 

predicted volcano curve, the C3N4@NG hybrid (ΔGH* of -0.19 eV) demonstrated a comparable 

electrocatalytic activity to the existing metallic catalysts (Figure 19a). In the preferred adsorption 

configuration, each H* bonds with two pyridinic-N in one tri-s-triazine periodic unit to form a 

C2N3H heteroring (Figure 19b-d). At low o4verpotential, a C3N4@NG unit cell prefers to adsorb 
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only one H* in view of its smallest |∆GH*|, yielding a mediated adsorption-desorption behavior at 

θH of 0.33 (Figure 19b). A followed up theoretical study by Du et al. further pointed that the 

improved hydrogen binding on the hybrid C3N4@NG is attributed to the interlayer charge-transfer 

induced strain in g-C3N4 monolayer.192 Such an atomic-level HER insight on the C3N4@NG 

surface clearly reveals the reason for its amazing electrocatalytic activity.  

 

Figure 19. (a) The volcano plot for C3N4@NG (red triangle) and other common catalysts. (b) Calculated HER 

diagrams on C3N4@NG under different H* coverage. (c) Possible H* adsorption sites (red circles) and (d) the 

most stable H* adsorption pattern on C3N4@NG. Adapted with permission from ref 13. Copyright 2014 
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Macmillan Publishers Limited. (e) ΔGH* and active sites (inset) on different graphitic/pyridinic-N,P dual-doped 

graphene. Ortho, Meta, and Para represents the relative positions of heteroatoms (N, blue; P, pink) in one benzene 

heteroring. Adapted with permission from ref 126. Copyright 2014 American Chemical Society.  

 

Graphene is a more well-known 2D material. However, the pristine graphene surface reveals 

little electrochemical activity, and the activity of the basal plane C atom can be initiated by 

heteroatom doping. Based on theoretical predictions, Qiao et al. discussed the trend of H* 

adsorption on different N,P co-doped graphene configurations with pyridinic or graphitic N groups 

as nonmetallic electrocatalysts for H2 production.126 In these models, the C atom between meta-

type N and P dual-doped in the heteroring acts as the most active site for H* binding (Figure 19e). 

The N and P heteroatoms can co-activate the adjacent C atom in the graphene matrix by tuning its 

valence orbital energy levels and inducing a synergistic enhancement. Their predictions are 

successfully verified by their experimental results. 

Furthermore, the monolayer phosphorene derived from layered black phosphorous (BP) is 

another fascinating metal-free catalyst for hydrogen evolution.193, 194 Like graphene, the perfect 

phosphorene is also catalytically inert in its basal plane. The unfavorable H binding results from 

the electron-rich surfaces linked to the lone-pair states of sp3 hybridized P atoms. There has been 

much effort in recent studies to improve hydrogen adsorption to boost the HER activity. Cai et 

al.195 and Lu et al.196 found that phosphorene can serve as a superior HER catalyst via the creation 

of atomic vacancy defects and exposed edges. However, a significant drawback that places 

restriction on the practical applications of phosphorene is its poor stability, which can be easily 

degraded upon exposure to air, water and light. To make phosphorene a truly realistic catalyst, not 

only the surface activity but also the structural stability need to be improved. Covalent 

functionalization has been demonstrated to be effective in improving the stability and protecting 

exfoliated BP from degradation.197 Cheng et al. showed that NH2-functionalized BP outperforms 

the un-functionalized bulk BP for electrocatalytic hydrogen evolution at a low overpotential.193 
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Zhou et al. performed DFT calculations to reveal the activity origin of functionalized 

phosphorene.198 They explored three types of aryl groups, 4-nitrophenyl (4NP), 4-methoxyphenyl 

(4MP) and 4-aminophenyl (4AP), and found that the formation of a new P-C bond via covalent 

functionalization is accompanied by the breaking of an intralayer P-P bond (Figure 20). The under-

coordinated sublayer P atom with unsaturated dangling bonds becomes active and greatly enhances 

the H adsorption (H is colored by green in Figure 20a). The HER activity of modified BP is mainly 

affected by the coverage of functional groups. The optimal coverage is found to be 8.33%, such 

that a small ∆GH* close to thermo-neutral can be achieved (Figure 20b). These understanding 

indicate that surface modification could be a promising strategy in enhancing both the stability and 

activity of phosphorene, which can be applied to other 2D cousins of phosphorene, such as 

arsenene, antimonene and bismuthene. 

 

Figure 20. (a) The H adsorption sites on the functionalized BP at different coverage (only the lowest energy H 

adsorption sites are given), the green balls represent H atoms. (b) to (d) corresponds to the calculated ΔGH* at 

different sublayer P sites of functionalized BP by 4-nitrophenyl (4NP), 4-methoxyphenyl (4MP) and 4-
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aminophenyl (4AP) groups at different coverage. Adapted with permission from ref 198. Copyright 2021 

American Chemical Society. 

 

4.3. 0D materials or nanoclusters. As compared to the conventional metal nanoparticles (NPs), 

atomically precise ligand-protected metal nanoclusters (NCs), also known as ultra-small NCs, can 

provide unprecedented opportunities to elucidate the structure-property relationships and active-

sites at the atomic level derived from their well-defined structures of both the core and the surface 

with atomic precision.199 Additionally, its ultrasmall size about 1 nm allows computational 

simulation of realistic NCs-adsorbate systems.200-202 Recently, a bimetallic [PtAu24(SR)18] NC (1.1 

nm) was first explored by Kwak et al. as an HER electrocatalyst, exhibiting an exceptionally higher 

catalytic activity than state-of-the-art Pt/C catalysts.203 The Pt dopant is at the central location, 

which can significantly modulate the electronic properties of this NC system from 8e in un-doped 

[Au25(SR)18]-1 to 6e in [PtAu24(SR)18]0 and finely tune the redox potentials and binding affinity 

during the catalytic process. The implicit solvation DFT calculation was employed to investigate 

the origin of the extraordinary catalytic activity of PtAu24. The combined experimental and 

theoretical analysis revealed that the Volmer-Heyrovsky route is the thermodynamically preferred 

path for H2 generation on PtAu24 (Figure 21): the reduced [PtAu24]2– species firstly reacts with 

one proton to form an [H-PtAu24]– intermediate with a ∆E1 of -0.059 eV, and then the hydrogen 

adsorbed on [H-PtAu24]– is coupled with another proton from the solution to generate H2 with a 

∆E2b of -0.155 eV. The H prefers to occupy the surface hollow site of the PtAu12 core, which will 

spontaneously migrate from subsurface to interact directly with the central Pt atom via breaking 

some surface Au-Au bonds, rendering a significantly shorter H-Pt bond (1.788 Å) than surface H-

Au bond (2.031 Å). This result underlines that H-Ptcenter bond formation is a facile process, and the 

stronger affinity of Ptcenter with H is a crucial factor in the favored HER activity observed in 

experiment.  
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Figure 21. DFT computed results of H2 evolution via Volmer-Heyrovsky (1-2b) and Volmer-Tafel (1-2a) route 

on PtAu24 NC catalyst. Adapted with permission from ref 203. Copyright 2017 Springer Nature Limited. 

 

Motivated by this seminal experimental work, the Jiang’s group then computationally studied 

how exactly H interacts with different charge states [Au25(SR)18]q (q = -1, 0, 1) and mono-atom-

doped bimetallic [M1Au24(SR)18]q clusters (M = Pt, Pd, Ag, Cu, Hg or Cd; q = -2, -1, 0, +1).204 For 

the [Au25(SR)18]q system, H prefers to absorb onto the bridge site associated with two core-coated 

Au atoms on the [Au25(SR)18]– surface, while the hollow site of the surface of the Au13 nucleus is 

energetically more favored for H on [Au25(SR)18]0 and [Au25(SR)18]+ (Figure 22a). The H bonding 

strength of [Au25(SR)18]q followed an order of 0> +1 > -1, with optimized H-Aucenter distances of 

1.979, 1.967, and 3.049 Å, respectively. For the central-doped Pt/Pd atom in NC, they found that 

6e [PtAu24(SR)18]0 and [PdAu24(SR)18]0 readily adsorb two H atoms to become an 8e superatom, 

being isoelectronic to [PtAu24(SR)18]2− and [PdAu24(SR)18]2−. Figure 22b shows the optimized H* 

adsorption configuration on [PtAu24(SR)18]0, where two H atoms prefer to occupy the opposite 

sides of the Pt center. The Pt-H interaction will cause geometrical distortion of the metal core. The 

Cu or Ag dopant can replace three different positions (center-doped, surface-doped, and staple-

doped). The calculations predict three different H* binding sites for the three isomers of 

[CuAu24(SR)18]0 (Figure 22c), similar to the [AgAu24H(SR)18]0. The energetics of H adsorption 

indicate that PtAu24(SR)18 is the best candidate for HER with the lowest ∆GH*, followed by 
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PdAu24(SR)18 and center-doped CuAu24(SR)18. The experimental studies by Lee et al.205 observed 

a higher HER rate in PtAu24 than PdAu24 NC, which is in good agreement with Jiang’s predictions. 

They also observed the same trend in HER for a larger Au36 NCs.205 The electrocatalytic potential 

of CuAu24(SR)18 needs to be tested experimentally in future. Particularly, another interesting 

finding from their calculations is that H behaves as a metal and contributes its 1s electron to the 

superatomic free-electron count of the Au25 NCs, which differs from the case of H in Cu or Ag 

NCs acting only as a hydride ligand. This is because the electronegativity of H is smaller than Au 

but larger than Ag and Cu.   

 

Figure 22. Optimized structures of different charge states [Au25(SCH3)18]
q (a) and Pt/Cu-doped bimetallic 

[M1Au24(SCH3)18]
0 (b, c) with adsorbed H atom. Protecting motifs are showed in line mode. Color legend: Au, 

colored magenta; Pt, yellow; Cu, orange; C, grey; S, green; H, blue. Adapted with permission from ref 204. 

Copyright 2017 American Chemical Society. 
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Unlike the fully protected Au NCs discussed above, the diphosphine-capped Au22 NC is 

structurally unique in that this cluster is partially protected with the exposure of eight coordination 

unsaturated (cus) Au sites, also known as in situ non-coordinated sites, at the interface of two Au11 

units.206 These cus sites have been identified as the catalytic active sites for CO and O2 

adsorption.207-209 Jiang et al. found that these unsaturated sites also offer unique opportunities for 

H adsorption.210 Their DFT results (Figure 23) indicated that Au22 can adsorb up to six H atoms 

with favorable energetics for HER. The first four H atoms prefer to occupy the long-bridge sites 

of the cus Au atoms, showing a moderate barrier to activate and dissociate H2 and favorable 

energetics of H adsorption (ΔGH* ~ -0.40 to 0.10 eV). After the eight cus Au atoms are fully 

passivated by H, the fifth and the sixth H atoms would adsorb at the bridge Au atoms at the opposite 

ends of this cluster protected by phosphine ligands. The charge analysis indicates that the adsorbed 

H in Au22 NC behaves as a negatively charged hydride, which is different from the near-neutral 

metallic H in thiolate-passivated Au NCs. This suggests that the behavior of H in gold NCs may 

depend on the type of ligand used. The Tsukuda’s group211 and Wang’s group212 subsequently made 

great progress in experimentally detecting the presence of negative H in several hydride-doped 

gold nanoclusters by various spectrometry techniques. Recently, a dramatic advance in synthesis 

has led to the successful isolation and characterization of a [Au22H4(dppo)6]2+ nanohydride 

cluster.213 The four H atoms are found to be located in the bridging positions, which is exactly the 

same as the prediction by Jiang et al.210 
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Figure 23. (a) ΔGH* (red) and ΔEH* (blue) as a function of the number of H atoms adsorbed on Au22 cluster, and 

their corresponding structures with adsorbed H atom (b). Cus Au, red; other Au, yellow; H at the cus Au sites, 

blue; H at the non-cus Au sites, green; other H, light grey; P, magenta; C, grey. Adapted with permission from 

ref 210. Copyright 2018 Royal Society of Chemistry.  

 

Just recently, Jin et al.214 reported a trimeric Au36Ag2(SR)18 NC with low ligand coverage for 

catalyzing HER efficiently where three icosahedral (Ih) units are face-fused together in a cyclic 

manner. This NC exhibits higher HER catalytic performance and lower overpotential than the 

monomeric Au25(SR)18
− and dimeric Au38(SR)24 NC (Figure 24a-b). Its higher activity is found to 



 

 45 

be related to the low ligand-to-metal ratio, the lower-coordinated Au atoms and unfilled 20e 

superatomic orbitals. DFT calculations reveal that the trimeric NC exhibits thermodynamically 

favorable hydrogen binding for the rate-determining Volmer step (∆GH* = 0.83 eV vs 1.29 eV in 

Au25(SR)18
− and 1.35 eV in Au38(SR)24, Figure 24c). The greater negative electron affinity of 

Au36Ag2(SR)18 (EA = −2.65 eV vs 0.41 eV for Au25(SR)18
− and -2.31 eV for Au38(SR)24) could 

also be a reason for its higher activity, which is crucial for the enhanced proton coupled electron 

transfer. The most feasible active site for H* formation on this NC is the exposed Au atom on each 

Ih unit of the fused Au27Ag2 shell (Figure 24d-e). This work suggests a design prospect to tune the 

HER activity of metal NCs by tailoring the geometrical and electronic structures. Note that the 

atomically precise metal NCs are a unique type of model catalysts. The promising examples we 

showed here are only the beginning of their electrocatalytic applications in HER. The available 

large number of NCs provide many opportunities to establish the structure-activity correlation and 

find the active site descriptor in NC-based HER, which need much more future efforts from the 

interplay of both theory and experiment. 

 

Figure 24. (a) HER voltammograms, (b) Tafel plots, (c) calculated ΔGH*, (d) illustrated kernel surfaces for H* 

adsorption, and (e) relaxed structures with adsorbed H on the NC catalysts. Au, magenta; Ag, light gray; S, 

yellow; adsorbed H, cyan; C, gray; other H, white. Adapted with permission from ref 214. Copyright 2021 

American Chemical Society.  
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Larger ligand-free nanoparticles (NPs) have been studied for HER as well, with size, shape, 

and facet being three key factors.215,216,217 Core-shell construction is another strategy, as shown by 

a high-throughput screening study.218 The reader is referred to a recent review215 on this topic. In 

the same spirit of the atomically precise nanoclusters discussed above, the ideal system for 

coupling theory and experiment here involves the realization of well-defined NPs up to a few 

nanometers in size.219 

4.4. Single atom catalysts. Single-atom catalysts (SACs) are regarded as the smallest size-limit 

of metal nanoparticles/nanoclusters, which are a new research frontier in heterogeneous 

electrocatalysis.220-223 They have been explosively studied due to their 100% atom utilization, 

excellent catalytic performance and convenient separation.224-226 The individual and uniformly 

dispersed atom on SACs acts as the active catalytic center, which provides ideal models for 

accurately monitoring the HER kinetics at an atomic level.227 So far, M-NX and M-CX have been 

developed as appropriate active sites for HER, and are expected to become promising alternatives 

to the commercial Pt/C catalysts.228-230 Recently, the synthesis and applications of SACs have been 

summarized in several excellent reviews.223, 231-233 For example, Li et al. reviewed the up-to-date 

atomic active centers and the existing synthetic strategies, focusing on the influence of diverse 

active centers (e.g., one metal atom, hetero dual-atom and non-metal atom) and coordination 

configurations on the HER activity at the atomic scale.231 Gong et al.232 and Li et al.223 summarized 

the theoretical understanding of the stability, electronic structures, metal-support interaction and 

their intrinsic connection to the catalytic performances of SACs for various chemical reactions. 

The coordination environment is found to be important in the regulation of active center electronic 

structure and adsorption of reaction intermediate and thereby tuning the catalytic properties.234 

Given that these reviews provide detailed summaries of the nature of the active sites, we will not 

dwell on the details of such materials here. Below we will select several typical studies to illustrate 

the applications of SACs for HER, namely noble Pt-based SAC, non-precious Co- based SAC, N-

doped graphene supported metal SACs, and non-metal single-iodine-atom electrocatalysts.  
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Compared with the conventional Pt-based catalysts, Pt-based SACs anchored in a conductive 

matrix have attracted intense interest due to the low precious metal loading.235-239 In 2019, Song 

et al. demonstrate that the atomically dispersed Pt immobilized on an nanosized onion-like carbon 

(OLC) matrix, i.e. curved supports, can be used as a highly active electrocatalyst for HER.240 Their 

simulations with the PtO2C295 model extracted from the experimental characterization suggested 

that H atoms show strong bonding to the unsaturated Pt. When three H atoms are adsorbed, the 

calculated ΔGH is adjusted to -0.01 eV (Figure 25a). Based on this, they argued that the active 

body on the catalyst formed in situ may be H2Pt1/OLC. The enhanced activity can be understood 

by a tip-enhancement effect at the Pt site that induces strong localized electric field from the curved 

OLC surface (Figure 25b) and a high local proton concentration near the surface (Figure 25c). 

 

Figure 25. (a) Calculated ΔGH*, (b) the map of the localized electric field, and (c) the high concentration 

distribution of protons on the Pt1/OLC catalyst. Adapted with permission from ref 240. Copyright 2019 Springer 

Nature. (d) Alkaline HER mechanism and (e) calculated energy diagram for H2O dissociation on HO-Co1/PCN. 

Adapted with permission from ref 241. Copyright 2018 Springer Nature.  
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Despite the fabulous performance of Pt-based SACs in HER electrocatalysis, their extensive 

applications are hindered for the fancy price and scarcity of Pt. As a consequence, the research of 

non-precious SACs is more imperative.242 Transition metals, especially nickel1, 243-245, cobalt246-249 

and iron49, 250, 251, are expected to be potential substitutes for Pt due to their abundant reserves and 

outstanding catalytic performance. For example, Wei et al. discovered that the isolated Co1-N4 

sites can link with electrolyte hydroxide to form a high-valence HO-Co1-N2 active moiety that can 

induce strong charge transfer under alkaline HER.241 Theoretical simulations rationalize a catalytic 

cycle over HO-Co1/PCN (alkaline Volmer-Heyrovsky, Figure 25d): the reaction is triggered by 

adsorption of a water molecule on Co (step Ⅰ); then the adsorbed H2O is dissociated into adsorbed 

OH* and H* which are bonded to Co and N, respectively (step II); afterwards, another proton from 

the adjacent water molecule will interact with the first H* to generate H2 (step III-V). The 

energetics of the Volmer step (Figure 25e) show a much lower barrier for water dissociation on 

HO-Co1/PCN than that on Pt (111). This suggests a faster supply of protons on HO-Co1/PCN that 

helps to overcome the efficiency loss of the Volmer process. The Wei’s research highlights the 

electrochemical susceptibility of active sites on SACs, opening up a coordination engineering 

strategy for the development of single-site catalysis. 

We should note that the HER activity on SACs is not solely governed by the metal center and 

the coordination environment, the size effect of the substrate should not be ignored, as indicated 

by Jiang et al. from their recent theoretical studies.252 Using N-doped graphene (NG) as the 

substrate, they made an interesting analogy between nanographene and 2D graphene supported 

metal SACs (Figure 26). The nanographene is sampled by hydrogen-saturated graphene clusters 

with three different sizes (small, medium and large). The H is found to preferentially adsorb at the 

top site of the TM atoms. The adsorption strength of H on the large and medium sized 

nanographenes is comparable to that on the extended 2D graphene, but a significantly weakened 

H binding by 0.1 ~ 0.3 eV is observed for the small ones. This insight can be used to improve the 

M-H interaction on the strongly interacted SACs by decreasing the substrate size. Among the 
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screened 3d, 4d, and 5d TM SACs, the V center embedded in the small N-doped nanographene is 

the best HER candidate. 

 

Figure 26. (a) SACs embedded in N-doped nanographenes of different sizes. (b) Comparison of ΔGH for SACs 

embedded in N-doped graphene (NG) and N-doped nanographenes. Adapted with permission from ref 252. 

Copyright 2020 American Chemical Society. 

 

In addition to the commonly studied metal-based SACs, the non-metal SACs have caught the 

recent research attention. In this context, Qiao et al. made a ground-breaking progress in the 

realization of atomically dispersed iodide (I) coordinated with O and Ni (SANi-I) on a Ni foam.253 

The SANi-I catalyst gives rise to good activity and stability for alkaline HER. The in situ Raman 

spectrum observed the formation of I-H vibrational band. They speculated that the single I atom is 

the active center to accelerate H2O dissociation and form I-Hads intermediate, which facilitates the 

HER kinetics. Building upon this experimental progress, it would be desirable for future study to 

develop a fundamental understanding of the catalytic mechanism, and guide the design of more 
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promising non-metal-based SACs. 

4.5. MOF–based Catalysts. Metal organic framework (MOFs) materials are a new class of 

crystalline porous materials, which are composed of metal ions/cluster centers and organic 

ligands.254 In recent years, MOFs and their derivatives have drawn great attention for possible use 

in the hydrogen production technologies.255 The MOF-based material can be either used in its 

pristine forms or as a support to disperse, stabilize, and separate extrinsic catalytically active 

species. MOFs can also be used as the precursor for the synthesis of various metal compounds or 

metal/carbon composites with deliberately designed elemental composition and structure.256, 257 At 

present, a lot of publications have reviewed the recent progress on the design, characteristics, 

synthesis and HER applications of MOFs.255, 258-260 These works are mainly overviewed from an 

experimental perspective. 

 

Figure 27. (a) Atomic structure of 2D TM3(HITP)2 monolayer. The different adsorption sites are labeled in the 

inset. (b) Volcano curve on TM3(HITP)2. (c) Calculated free-energy diagram of HER at the equilibrium potential 
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for TM3(HITP)2. Adapted with permission from ref 261. Copyright 2020 American Chemical Society. 

 

Particularly, the 2D MOFs nanosheets are gaining increasing attention for HER. They can be 

considered as a unique type of single-atom catalysts immobilized by organic linker in a highly 

robust and well-arranged form. Compared with the 3D counterparts, the 2D MOFs have many 

favorable features such as the higher accessibility of the active sites without diffusion limitations 

and the exchangeable coordination positions at the metal or linker nodes.262 This enables a flexible 

design of the coordination structure around the nodes to tune the electronic and catalytic properties. 

For example, based on the synthesized 2D cobalt dithiolene nanosheets,263 Li et al. theoretically 

designed a series of 2D π-conjugated MOFs by changing the metal atoms and the linker ligands, 

and discovered several promising catalysts (Rh–N, Ir–N, Ru–O, Rh–O, and Pd–S linkage) with 

metallic conductivity and high HER activity comparable to the experimental cobalt dithiolene 

catalysts.264 They found the coordinated metal center is the main active center for hydrogen 

adsorption. In another example, Zhao et al. explored the electrocatalytic activity of various 2D 

TM3(HITP)2 nanosheets (HITP = 2,3,6,7,10,11-hexaiminotriphenylene group, Figure 27), which 

are built upon the experimental Ni3(HITP)2 structure by altering the TM from Fe to Zn.261 They 

tested different adsorption sites, and found that the optimal active sites of 2D TM3(HITP)2 for 

hydrogen adsorption are on the top of the N atom, expect for Fe3(HITP)2 where the top of TM is 

more active. They attributed the high HER activity of the N atom to the p−d hybridization between 

N and TM atoms which tunes the interaction with adsorbed H. Finally, they predicted Cu3(HITP)2 

to be an active bifunctional catalyst for both HER and OER. In their another work, they showed 

that the TM embedded in the 2D polymeric phthalocyanine (PC) nanosheets exhibit 

multifunctional electrocatalytic activity and the pyridine N site is the preferred active center for 

HER.265 Although 2D MOFs show potential good activity and efficiency, their developments are 

still in an early stage, and the number of theoretical studies at the moment is quite low. The limited 

examples shown here are expected to trigger further research and theoretical understanding of 2D 
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MOFs in HER electrocatalysis. 

 

5. Summary and Perspectives 

In this review, the basic aspects of the HER have been introduced, including the proton–

coupled electron transfer, its reaction mechanisms, kinetic analysis and key activity descriptors. 

Moreover, some developments of DFT-based calculation toward HER are also emphasized 

systematically such as the CHE model introduced by Nørskov et al., ΔGH* calculation, Free-Energy 

Diagram, some local environment considerations in model system, electronic structure (d-band 

center, valence-band orbital levels), and some theoretical development beyond CHE, aiming to 

sort out a clear context for theoretical simulation of HER electrocatalysis. The essence of exploring 

the catalytic mechanism is to reach a reasonable understanding of the active sites of the catalyst, 

and theoretical simulations and related calculation algorithms can provide great opportunities for 

carrying out a series of basic research and comprehensively exploring the inherent active sites. The 

theoretical understanding and insights on the identification of active sites towards the HER process 

in some typical case examples are specially summarized, which is crucially important for 

theoretically exploring the structure-activity relationship and catalytic mechanism of HER 

electrocatalyst, thereby providing essential guidelines for the activity screening and design of such 

electrocatalysts at the atomic level. Therefore, the design of HER electrocatalysts under the 

guidance of theoretical calculations is expected to achieve efficient atomic utilization and large-

scale applications. 

Combining the existing calculation and experimental methods, it can be seen that great 

progress has been made in the design of high-efficiency HER electrocatalysts, but there are still 

some problems to be solved. Among them, the research of high-performance alkaline HER 

electrocatalysts has made significant progress, but the origin of its activity still needs the 

fundamental basis, especially there are still many controversies about the descriptors of alkaline 

HER. In addition, although the correlation between j0 and ∆GH* in DFT-derived volcano plots is 
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attractive, the model is still too simplistic, ignoring some important effects, such as double-layer 

effects and solvation. In general, the main process of theoretical simulation is carried out under 

ideal conditions such as ultra-high vacuum. At present, calculating ∆GH* in vacuum can 

fundamentally meet the requirements for efficient screening of HER electrocatalysts, but it will be 

of scientific significance to fully consider all experimental parameters and variables in a 

calculation scheme. In practice, the actual reaction atmosphere is complex, including reactants, 

environmental molecules, pH and solvation issues. The interaction between environment and 

reaction intermediates is of paramount importance to explore the accurate catalytic mechanisms. 

The current theoretical simulations are mainly focused on simple reactions involving only key 

intermediates and electronic structures. To address these challenges, from the perspective of atomic 

scale simulation, DFT methodology for accurately describing relatively complex surface and 

interface under real HER conditions is urgently needed to explore the essence of catalytic activity. 

Among them, the combination of various physical and chemical methods, such as ab initio 

constrained thermodynamics and micro-kinetic models, may be a promising simulation direction 

for the development of multi-scale computational modeling methodologies. However, extending 

this scheme to more complex reactions and systems will likely be computationally extremely 

expensive, so the exploitation for more readily developed and time-efficient DFT methods will 

also be an arduous challenge, which requires the close cooperation of various scientists, e.g. 

materials scientists, computational chemists and electrochemists. At the same time, it is also a 

promising method to establish a database combining theory and experiment to provide a data 

platform for systematic and comprehensive exploration of electrocatalysts. Then, use high-

throughput calculations, screening and other related methods to quickly and truly predict their 

structure-property relationships. In this regard, recent developments in artificial intelligence 

algorithms, such as the convolutional neural network based machine learning model, in lieu of 

DFT, has begun to show its ability to reveal complex heterogeneous reaction mechanisms, which 

may also become a trend of vigorous development in the future. 
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