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Green hydrogen, a clean and renewable energy carrier, is a sought solution for decarbonization 

and meeting net-zero greenhouse gas emissions by 2050. The central challenge in producing green 

hydrogen is to improve electrolysis performance via designing low-cost, high-efficient catalysts 

for hydrogen evolution reaction (HER) – the cathodic reaction in water splitting. 

First-principles simulations provide a simple, yet effective, strategy to screen and identify 

HER catalysts. For the past two decades, the computational hydrogen adsorption free energy, 

proposed by Nørskov, has been the norm to gauge the exchange current – the electrochemical 

current that is generated at zero overpotential and is analogous to the reaction rate. However, this 

model misses a linkage with the fundamentals of electrochemistry and notably leads to inaccurate 

predictions of experimental measurements.  

My research aims to develop an easy-to-compute model for HER exchange currents 

building on the Butler-Volmer relation for a one-step, one-charge transfer process. I show that the 

exchange current is solely a function of the hydrogen adsorption free energy that can be obtained 

from first-principles methods. Benefiting from an absolute rate constant and the universality of the 

transfer coefficient, the new model successfully predicts the experimental exchange currents 

within two-orders of magnitude for various catalysts. This model is further validated by employing 

a data-driven approach based on experimental cyclic voltammograms – current-potential 

characteristics obtained from analytical measurements. Beyond Nørskov’s approach, the new 

model, with its rigorous linkage to theoretical electrochemical methods, not only boosts the 
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prediction accuracy of the exchange current, but also addresses several decades-long controversies 

in the field.  

Using this model in conjunction with first-principles, ab initio thermodynamics, and cluster 

expansion, I determine the catalytic activity towards hydrogen evolution of several low-cost novel 

catalysts, focusing on molybdenum carbides (MoyC). Computational screening shows that doping 

with titanium or iridium, and the coupling of MoyC with graphene increase the HER activity of 

MoyC. These findings are validated experimentally and further confirm the high fidelity of the 

model. In addition, my overarching theoretical approach for developing the model is transferable 

to other electrochemical reactions.  
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1-0 Introduction 

One of the critical challenges in realizing net zero emissions of greenhouse gases by 2050 is to 

establish hydrogen economy, especially for reducing the cost for green hydrogen production. In 

this chapter, I will briefly discuss the environmental issues and the current stage of the 

developments of catalysts for hydrogen evolution reaction. Further, I will touch on the basic 

concepts of experimental and first-principles studies on catalysts for hydrogen evolution reaction. 

This chapter underscores the importance of catalyst development for hydrogen evolution reaction 

as well as providing a basic understanding of my research topics. 

1-1 Environmental Issues 

The greenhouse effect traps solar radiations inside the Earth’s atmosphere providing suitable 

temperatures for living conditions. However, greenhouse gases, such as carbon dioxide, methane, 

nitrous oxide and fluorinated gases produced from human activities, trap excess heat in the 

atmosphere and cause climate change - a long-term shift in weather patterns that may severely 

impact the lives on Earth. To date, the global averaged surface temperature has risen more than 

1 ̊C since 1970s13 that resulted in a decrease of artic sea-ice extent from 7 to 5 million square 

kilometer, as well as a new record high of global sea level (3.6 inch) measured in 2020.14 While 

this problem has been noticed as far back as 1896 when Svante Arrhenius published a paper to 

quantify the impact of carbon dioxide on the atmosphere15, the global emission of carbon dioxide, 

which encompasses over 70 weight-percent of the greenhouse gases in each year, has been rising 
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by about 1% per year since 1960, and nearly 78% greenhouse-gas emissions were contributed by 

fossil fuels each year from 1970 to 2010.16-18 

To replace fossil fuels as energy sources, replenished natural sources, such as sun light, 

wind and water, can generate renewable energies with no greenhouse-gas emissions. One of the 

most potential solutions is using hydrogen as an energy carrier due to its high gravimetric caloric 

value of 120 MJ kg−1.19 Currently, over 90% of hydrogen is produced from fossils through natural 

gas steam reforming, naphtha/oil reforming, and coal gasification. Only 10% of hydrogen is 

generated from water electrolysis – a sustainable, renewable, greenhouse gas-free process to 

produce hydrogen by splitting water molecules into hydrogen and oxygen.20 

1-2 Water Electrolysis 

Hydrogen with a 99.9% purity can be produced through water electrolysis,21 

H2O(𝑙𝑖𝑞𝑢𝑖𝑑) → H2(𝑔𝑎𝑠) +
1

2
O2(𝑔𝑎𝑠) 

An energy input of 237.1 kJ/mol is required to drive the water electrolysis at standard conditions, 

which is equivalent to 1.23 V.22,23 A typical water electrolysis proceeds in an electrochemical cell, 

which is composed of an anode and a cathode immersed in an electrolyte. At the anode, H2O(𝑙𝑖𝑞𝑢𝑖𝑑) 

splits into H+ and O2(𝑔𝑎𝑠) through oxygen evolution reaction (OER). The electrolyte shuttles H+ 

to the cathode to generate H2(𝑔𝑎𝑠) through the hydrogen evolution reaction (HER). In an acidic 

electrolyte, the half-reactions are, 

H+ + 𝑒− →
1

2
H2(𝑔𝑎𝑠) (HER) 
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H2O(𝑙𝑖𝑞𝑢𝑖𝑑) → 2H+ +
1

2
O2(𝑔𝑎𝑠) + 2𝑒

− (OER) 

In alkaline electrolyte, the half-reactions are, 

H2O(𝑙𝑖𝑞𝑢𝑖𝑑) + 𝑒
− →

1

2
H2(𝑔𝑎𝑠) + OH

− (HER) 

2OH− →
1

2
O2(𝑔𝑎𝑠) + H2O(𝑙𝑖𝑞𝑢𝑖𝑑) + 2𝑒

− (OER) 

There are two reaction pathways for HER namely the Volmer-Tafel or the Volmer-Heyrovsky. In 

acidic media, the elementary steps are 

H3O
+ + 𝑒− ↔ H∗ + H2O (Volmer) 

H3O
+ + 𝑒− + H∗ ↔ H2O + H2 (Heyrovsky) 

H∗ + H∗ ↔ H2 (Tafel) 

where H∗ indicates hydrogen atom in the adsorbed state. In alkaline solution, the elementary steps, 

H2O + 𝑒
− ↔ H∗ + OH− (Volmer) 

H2O + H
∗ + 𝑒− ↔ H2 + OH

− (Heyrovsky) 

H∗ + H∗ ↔ H2 (Tafel) 

Both of the Volmer and Heyrovsky reactions describe reduction processes of hydrogen atoms 

resulting in adsorbed hydrogen or hydrogen gas, respectively. The Tafel reaction describes the 

formation of hydrogen gas from the combination of hydrogen atoms in adsorbed state. The reverse 

of the HER is called the hydrogen oxidation reaction (HOR), which follows the same elementary 

steps as listed above except in reverse order. The elementary steps of OER can be found elsewhere 

(e.g.,24) as we are only focusing on HER.  

Catalysts play an important role to increase the rate of the reaction. For OER, transition 

metal oxides are promising catalysts. For example, three-dimensional transition metals 

hydr(oxy)oxides25-29 and perovskite materials ABO3 in alkaline solution. (A: alkali earth or rare 
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earth cation; B: 3-d transition metal cation).30-32 In acidic media, ruthenium and iridium oxides are 

potential catalysts for OER.33-37 Since the mid-20th century, platinum has been considered to be 

the most effective HER catalyst.38-40 However, platinum is one of the rarest elements with 0.4 

µg/kg in earth crust,41 and thus has a high price that is comparable with gold.42 In addition, 

platinum can easily be oxidized in both alkaline and acidic media.43 

To reduce the use of platinum as HER catalysts, on-going research focuses on several 

approaches including 1) searching for earth-abundant efficient catalysts such as, molybdenum 

carbide and molybdenum sulfides, 2) developing low-cost heterostructures as catalysts, 3) refining 

the morphology of catalysts, and 4) reducing platinum content by stabilizing platinum atoms or 

platinum nanoclusters on two-dimensional materials including graphene, graphene oxides and 

carbon matrix.57,58 Table 1-1 shows some recent studies on HER catalysts in acidic and alkaline 

media including the two most general experimental descriptors for HER rates: the exchange 

Table 1-1. Recent studies on HER catalysts designed for acidic and basic electrolytes with the reported exchange 

current densities 𝑗0 (A/cm2) and the potential to generate the exchange current density of 10 mA/cm2 (𝜂10 in mV).
1 

Catalyst 𝒋𝟎 (A/cm2) 𝜼𝟏𝟎 Electrolyte Ref. 

Ru-Based Catalysts 

Carbon supported Ru Nanocrystal 1 × 10-3 n/a 0.5 M KOH 44 

Ru Nanoclusters Supported on N-Doped Carbon 6 × 10-3 13 1.0 M KOH 45 

RuP Clusters Encapsulated in Few Layers of N, P-Doped Carbon 3 × 10-3 15.6 0.5 M H2SO4 46 

Ru Nanoparticles Attached on MoO2 Nanoparticles 4 × 10-3 16 1 M KOH 47 

Ru Nanoparticles Anchored on Nickle-Metal–Organic Hybrids 3 × 10-3 22 1 M KOH 48 

Metal Phosphates 

Nickel Di-Phosphide Composites n/a 134 1 M KOH 49 

Hierarchical FeNiP/MoOx supported on NiMoO4 Nanorods 3 × 10-3 20 1 M KOH 50 

High-entropy Metal Phosphorus Tri-Chalcogenides Nanosheets 9 × 10-4 65.9 1 M KOH 51 

Molybdenum Carbides and Sulfides 

MoS2 (002) and α-MoC (111) In-Plane Heterostructures n/a 78 0.5 M H2SO4 52 

MoS2 Monolayer 9 × 10-4 201 0.5 M H2SO4 53 

Porous Nanostructure β-Mo2C with a 575 V Lamp Flash n/a 160 1 M H2SO4 54 

Porous High Surface Area Molybdenum Carbide Aerogel 2 × 10-2 185 0.5 M H2SO4 55 

MoS2 Basel Plane with Sodium Dodecyl Sulfate in Electrolyte n/a 130 0.5 M H2SO4 56 

Single-Atom Platinum 

Single-Atom Pt Immobilized NiO/Ni Heterostructure 21 (A/mg2 Pt) 26 1 M KOH 57 

Single-Atom Pt stabilized on Graphene with Chloride Ligands 1 × 10-3 n/a 0.5 M H2SO4 58 

Others 

Mo1−xNbxSe2 Nanosheets with Vacancies and Adatom Defects n/a 140 0.5 M H2SO4 59 

Gold–Rhodium Core–Shell Nanoflowers n/a 170 1 M KOH 60 
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current densities and the overpotential at 10 mA/cm2 (𝜂10). The exchange current density is the 

current density generated from HER at zero overpotential and 𝜂10 is the potential required for 

generating 10 mA/cm2 current density. The convention of 𝜂10 is based on designing the solar cell 

systems with 10% efficiency of solar-to-fuels conversion using 10 mA/cm2 current density.61 

1-3 Experimental Study on the Hydrogen Evolution Reaction 

In electrochemical analysis, HER activities are measured using a three-electrode system composed 

of the working, auxiliary and reference electrode. There is a power supply that activates HER 

between the working electrode and the auxiliary electrode, and the voltage at the working electrode 

is referenced with respect to the reference electrode. The working electrode is made of the catalyst 

under investigation, and the auxiliary electrode (counter electrode) is used to regenerate HER 

redox couples. There are three common reference electrodes: the normal hydrogen electrode (NHE) 

Figure 1-1. Schematic of three-electrode system. The figures are obtained from the chapter 1 in Reference 1.1 
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is a platinum electrode that undergoes the reaction H+ → H2(𝑔𝑎𝑠)  with H+ in one normal 

concentration. If hydrogen gas is bubbling at standard conditions of 25 ̊ C at 1 atm from 1 molarity 

of proton, the reference electrode is called the standard hydrogen electrode (SHE). In more 

practical situations with varying pH values or proton concentration, the reversible potential 

electrode (RHE) is usually used as a reference electrode, obtained from the NHE as ERHE =

𝐸SHE − 0.059 × pH where 𝐸SHE = 0 V by definition.1 

Cyclic voltammetry is a technique to study HER current-voltage characteristics (cyclic 

voltammogram) by applying a voltage 𝐸(𝜏) as a function of time 𝜏 between the working and 

auxiliary electrode. Figure 1-2 shows a cyclic voltammogram for HER/HOR on low-index single-

crystal platinum surfaces in acid solution at room temperature. The sign conventions for cathodic 

and anodic currents are negative and positive, respectively. Near 0 V vs. RHE, HER and HOR are 

reversible; the current densities generated from the two reactions are equal however opposite, thus 

leading to a zero total current density. At a potential above/below 0 V vs. RHE, an overpotential 

Figure 1-2 (a). The cyclic voltammogram of HER and HOR on platinum electrodes with the exposed (110), (100) 

and (111) surfaces at 303 K in 0.05 M H2SO4. (b) The Tafel plot of the HER and HOR of the three surfaces in 

0.05 M H2SO4 at 274 K. Figures adapted from Ref.5. 2 
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drives the HOR/HER current density linearly with positively/negatively increasing potential. At 

0.5 V vs. RHE, HOR current density saturates at a constant value of ~2 mA/cm2 due to the diffusion 

limit of H2. 

Tafel analysis provides useful information of HER kinetics. There are two important 

experimental descriptors that can be obtained from Tafel analysis namely the exchange current 

density and the Tafel slope. The Tafel slope is defined as the ratio of the logarithm of current 

density to the overpotential in the linear region near the reversible potential. The value of the Tafel 

slope is typically used to infer the reaction mechanism: For HER, the values of 120, 40 or 30 

mV/dec indicates respectively that the rate-determining step is the Volmer, Heyrovsky or Tafel 

reaction.62 Figure 1-3(b) plots the Tafel slope for HER/HOR in alkaline solution, as  obtained by 

taking the logarithm of the current densities from the cyclic voltammogram of Figure 1-3(a). In 

Figure 1-3(b), the exchange currents can be found by extrapolating the linear regions (−0.2 < V 

vs. RHE < −0.1) of the HER currents to 0 V vs. RHE. On platinum with (110), (100) and (111) 

surface terminations, the exchange current density is 7 ×  10-4, 4 ×  10-4 and 7 ×  10-5 A/cm2, 

respectively. The slope of the extrapolated lines is 140 mV/dec indicating that the reaction 

Figure 1-3. (a) The cyclic voltammogram and (b) The Tafel plots for the HER and HOR on (100), (111) and (110) 

platinum surfaces in 0.1 M KOH at 3600 rpm. Figures adapted from Ref. 4.3 

(a)                                                                  (b) 
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mechanism is more likely to be the Volmer-Tafel with the Volmer reaction as the rate-determining 

step. As the analytical current density encompasses all possible reaction pathways, the slope is not 

equal to the theoretical value of 120 mV/dec.   

1-4 First-Principles Investigations of Hydrogen Evolution Reaction 

First-principles calculations have been extensively applied for examining the HER kinetics on 

various systems. Following the Sabatier’s principle stipulates that the maximum catalytic rate takes 

place for moderate interactions between the reactants and catalyst,63 Nørskov et. al proposed one 

of the most popular frameworks to predict the HER rate using the hydrogen adsorption free energy 

Δ𝐺H , typically computed using density functional theory (DFT).7 Δ𝐺H  quantifies the 

thermodynamic accessibility from hydrogen atoms in proton state to gas state; for Δ𝐺H = 0, HER 

has the maximum activity, as with the case of platinum electrodes. When Δ𝐺H is positively or 

Figure 1-4. (a) Free energy diagram for hydrogen evolution reaction on four transition metals. (b) The correlation 

between the exchange current densities of transition metals and the DFT based hydrogen adsorption free energy 

Δ𝐺H and hydrogen adsorption energy Δ𝐸H. Figures adapted from Ref. 7.4 

(a)--------------------------------------------------------(b) 
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negatively away from zero, the HER rate decreases because hydrogen atoms prefer to stay 

respectively in either proton dissolved or gas states. Figure 1-4(a) shows the free energy along the 

reaction pathways for the selected metals Pt, Au, Ni and Mo. The free energy difference between 

the two states, H+ + 𝑒− and H∗, or between H∗ and H2, is the hydrogen adsorption free energy 

Δ𝐺H . Figure 1-4(b) shows that the experimentally measured exchange current densities on 

transition metal surfaces are strongly correlated with the corresponding Δ𝐺H, as obtained from 

DFT calculations. The metal surfaces can be grouped into three categories:  

1) the precious metals such as Pt, Rh, Pd and Ir that are highly HER active (Δ𝐺H ~ 0).  

2) metals such as Cu, Au and Ag that weakly interact with the reactant H+ (Δ𝐺H > 0).  

3) metals such as Re, Ni, Co, W, Mo and Nb that strongly interact with H+.  

In addition, Δ𝐺H is also an indicator of the atomic positions of the HER active sites and adsorption 

sites. For example, the sites with the lowest Δ𝐺H are the most probable adsorption sites that will 

be occupied and the sites with Δ𝐺H close to zero are the HER active sites.  

Figure 1-5 (a) The minimum reaction pathway of the Heyrovsky reaction on Pt (111) in acidic media. Figure 

adapted from Red. 6 (b) The DFT calculations on the potential of the Helmholtz layer of Pt (111) surface in acidic 

solution. Figure adapted from Ref. 11.5 

(a)--------------------------------------------------------(b) 
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HER kinetics can also be investigated using first-principles calculations. Figure 1-5(a) 

shows the minimum reaction pathway of the Heyrovsky reaction on Pt (111) obtained using the 

nudged elastic band theory (NEB). The simulation models utilize only one water layer to model 

bulk water that is shown to be a good approximation. Namely, Nørskov et. al. modeled the solid-

liquid interface of an electrochemical system (also known as Helmholtz layer or double layer) with 

one to three water layers, and showed that the potential of the interface can be well described by 

one water layer, as shown in Figure 1-5(b).11 In an actual electrochemical systems, the potential in 

the Helmholtz double layer remains constant during redox reactions. However, the total charge 

remains the same in the supercell models employed computationally, which alters the potential in 

the simulated Helmholtz double layer along the reactions’ pathways. To resolve the problem, 

Nørskov et. al proposed an extrapolation scheme to calculate the activation/reaction energy of 

redox reactions based on the findings that the free energy stored in the Helmholtz double layer and 

the potential of the normal hydrogen electrode can be readily obtained from first-principles 

calculations. Nørskov et. al further proposed a method, utilizing the partial charge transfer effects 

in the Helmholtz double layer, to mitigate the excessive computational cost incurred with the use 

of large supercell models. 

We have briefly introduced the basics for investigating thermodynamics and kinetics of 

HER using first-principles calculations and analytical measurements. Although integrated 

computational and analytical approaches have been to applied to a variety of systems including 

two-dimensional,64 coupled65 and doped surfaces,66,67 there are still considerable limitations for 

providing accurate HER mechanisms that may be a bottleneck for developing advanced HER 

catalysts. These challenges will be discussed in Chapter 2. In Chapter 3, I will focus on discussing 

computational strategies that are employed to design catalysts.  
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2-0 Research Motivations and Objectives 

Activity, durability, and cost are the major considerations for designing the catalysts for the 

hydrogen evolution reaction (HER). Table 1-1 shows that the HER performance of the most 

recently developed HER catalysts still fall behind state-of-the-art platinum electrodes that have 

optimal exchange currents ~10-1 A/cm2.68 To reach the optimum HER catalytic activity, several 

strategies have been applied to study the HER using analytical and first-principles approaches, as 

reviewed in the previous chapter. In this chapter, I will discuss the limitations of the approaches 

and introduce general first-principles strategies for HER studies. Further, I will discuss a 

systematic plan to develop an electrochemical computational model to address and sort out the 

limitations. 

2-1 Limitations on Investigating the HER using Analytical Approach 

The cyclic voltammetry (CV) is the most general analytical strategy to directly access and quantify 

HER activities. However, CV suffers from several shortcomings that impact the understanding of 

HER at the atomic scale. One of the most obvious shortcomings is that the CV displays the current-

potential characteristics from various sources including charge impedance, diffusion and the 

Faradaic current. While the former two can be much or less corrected, the Faradaic current reflects 

the overall charge transfer reactions. This hinders identifying the HER active sites, which is 

essential for optimizing the HER activity via e.g., tailoring synthesis strategies. In addition, many 

catalysts are prone to oxidization under electrochemical environments, which could lead to 
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misleading results when measuring the HER currents using CV. Indeed, several transition metals 

have been detected to be covered with oxide films such as Mo,69,70, W71, Nb72, Ti73 and Ta74. Also, 

oxide growth on platinum surfaces has been reported in both alkaline and acidic environments.43  

Mass transfer limitation is also an issue that causes misleading HER rates especially for 

high HER active catalysts such as Pt, Ir and Pd. Current electrochemical analysis uses a rotating 

disk electrode that rotates at a fast speed to spin off the hydrogen gas on the electrode surface in 

order to maximize the diffusion of protons across the stagnant layer to the electrode surface. It has 

been argued that the exchange current densities on platinum reflect the mass transfer rate and not 

the true HER rate as the former is the rate-limiting step.75 Even though ultramicroelectrodes can 

mitigate the mass transport limitation, only limited catalysts can be made into ultramicroelectrodes 

depending on particles size and stability due to fabrication difficulties.76,77 

The HER activity may originate from nanostructure engineering rather than intrinsic 

properties of the catalyst such as nature of the active sites and hydrogen-catalyst interactions. For 

example, manipulating exposed facets78-81 or morphology82,83 of nanoparticles can lead to 

enhancements in HER activity. It has also been shown that synergistic effects84-86,77 between two 

surfaces and doping mechanisms87-90 can induce new HER active sites. Although high-resolution 

electron microscopy is currently the most precise tool that can be used to identify the atomic 

structure of catalytic surface composition,91 the chemistry of the surface-atom arrangements can  

hardly be identified solely using the experimental tool. For example, the atop sites of the basal 

MoS2 plane are not HER active while the bridge sites between sulfur atoms at the edge of the plane 

are HER active.92,93 Such knowledge on the nature of active sites, which is extracted from first-

principled methods, cannot be obtained from analytical electrochemical analysis that only provide 

the properties of the ensemble of different sites on the electrode. 
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2-2 Limitations on Investigating the HER based on First Principles  

Employing the DFT-based hydrogen adsorption Gibbs free energy Δ𝐺H  is one of the most efficient 

ways to predict the HER activity. For example, the highest HER activity corresponds to a zero 

value of Δ𝐺H based on the Sabatier’s principle. However, it has been recently argued that platinum 

is not a thermoneutral catalyst with ΔGH that deviates from zero.94-96 In addition, although a strong 

correlation between Δ𝐺H  and the experimental exchange current densities has been found, 

ΔGH lacks of accuracy to predict the true experimental values.7 For example, as shown in Figure 

1-4, the errors on the predicted exchange current densities can be up to six orders of magnitude. 

Although the errors are significant only for the transition metals with large |Δ𝐺H| that are less 

attractive for HER catalysts, the predicted exchange current with Δ𝐺H ~ 0 can still appreciably 

deviate from the experimental value. For example, the experimental exchange current of platinum 

(~10-1 A/cm2)68 is less than the predicted one (~10-2 A/cm2)7 by one order magnitude. 

Analyzing the hydrogen adsorption Gibbs free energy Δ𝐺H  provides a measure of the 

thermodynamic accessibility to HER activity. However, kinetic details such as the minimum 

energy pathways and the kinetic barriers cannot be easily obtained from first-principles 

calculations; NEB calculations suffer from artificial potential changes in the Helmholtz layer due 

periodic supercell models, and the simulations of electrochemical environments require extensive 

computational resources. In addition, the current-overpotential relation is important for 

applications. For example, 10 mA/cm2 may be achieved by applying a relatively small 

overpotential for 10% efficient solar-to-fuels conversion in solar cell systems.61 Although there 

have been several investigations on the simulations using numerical approaches such as by 
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Shinagawa97, Chialvo,98 Kucernak and Zalitis,99 none of these previous studies provide an end-to-

end approach to compute CV for HER chiefly based on ab initio calculations. 

2-3 Research Objectives and Hypothesis 

The proposal will focus on (1) developing of an easy-to-apply, first-principles electrochemical 

model for HER and (2) designing novel catalysts for the hydrogen evolution reaction via materials 

engineering based on first-principles methods.  

 

Development of electrochemical model for HER 

The Nørskov’s volcano trend has been widely applied to predict HER performance by qualitatively 

inspecting Δ𝐺H. However, due to its empirical nature, without a clear connection to fundamental 

electrochemistry, it cannot be applied to quantify the exchange current as well as providing 

theoretical insights to HER mechanism. My research aims to develop an electrochemical model 

that can easily and accurately quantify the exchange current, as well as proving atomistic insights 

to analytical measurements and atomistic HER mechanism. To achieve the goal, I will focus on 

the following targets: 

• Refine the experimental values of the exchange currents that are utilized for developing the 

Nørskov’s volcano trend 

• Re-analyze the relation between the reliable experimental exchange currents and the DFT-

based on Δ𝐺H 

• Deeply understand the theoretical insights obtained from the DFT-based hydrogen 

adsorption Gibbs free energy Δ𝐺H 
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• Deeply understand at the atomic level, theoretical insights obtained from the empirical 

Butler-Volmer models for HER 

• Develop a DFT-based model for HER exchange current 

• Develop a DFT-based model of cyclic voltammogram for HER 

The Nørskov’s volcano trend is developed mainly based on analyzing experimental exchange 

current values. However, the accuracy of these values was questioned due to experimental 

limitations such as mass transfer and surface oxidation (more discussion about the experimental 

limitation on analytical measurements are in Chapters 4, 5 and 6). Thus, I plan to first critically 

examine the experimental values and select the most reliable ones to re-analyze the volcano trend. 

Based on the Nørskov’s volcano trend that shows an increasing difference between the 

experimental and computational values of the exchange current with large Δ𝐺H, I hypothesize that 

the reaction rate, that was assumed to have a constant value in the Nørskov’s volcano trend, is 

metal dependent. Further, to explain the empirical relationship, I plan to build a new 

electrochemical model from a fundamental relation in electrochemistry that describes the current-

potential characteristics − the Butler-Volmer equation for a one-charge, one electron transfer 

process. I hypothesize that the Butler-Volmer equation can be computed using first principles if 

the free energy of the HER elementary steps can be quantified using Δ𝐺H. The anticipated results 

of this research thrust are:  

• The electrochemical model can quantify the HER exchange current with high fidelity using 

only the easy-to-compute hydrogen adsorption free energy Δ𝐺H  obtained from first-

principles calculations.  
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• The electrochemical model can be utilized to explain the analytical results that have been 

remaining controversial for decades because of lacking a strong reconciliation with 

theoretical electrochemistry. For example, there are disputes on determining the reactions’ 

kinetics based on the Tafel analysis due to an unclear connection between theoretical-

quantum mechanical concepts and analytical electrochemistry, which is also compounded 

by limitations from experiment and modeling.  

• The electrochemical model can be utilized to predict experimental results from cyclic 

voltammetry using end-to-end first-principles calculations. 

• The theoretical framework of utilizing the Butler-Volmer equation to build the 

electrochemical model for HER is general for electrochemical reactions. It is anticipated 

that the framework can be applied to any electrochemical reaction once an easy-to-compute 

descriptor for the reaction’s thermodynamics is defined from first principles. 

 

Design of low-cost materials as high-efficient HER catalysts 

In my research, I aim to design low-cost molybdenum carbides for HER via coupling with 

graphene and doping with metals. I will focus on the following targets: 

• Synergistic effects between molybdenum carbides and two-dimensional supports 

• Impacts of doping on the HER mechanism of molybdenum carbides 

• Strategies to mitigate surface oxidation of molybdenum carbides 

I hypothesize that first-principles strategies and my new computational model can be utilized to 

design HER catalysts via materials engineering. For designing low-cost molybdenum carbides for 

HER, effective dopants are selected based on the following criteria: (1) having favorable 

segregation tendencies where they can be stabilized on the surface; (2) introduce new high active 
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sites and/or improve on the activity of the intrinsic sites; (3) can mitigate negative surface oxidation 

tendencies. The anticipated results of this research thrust are:   

• Coupling molybdenum carbide with graphene activates graphene for HER 

• Most of transition metal dopants can be stabilized into the molybdenum carbides and have 

favorable segregation tendencies to the surface 

• Ti and Ir doping enhance intrinsic HER activity of molybdenum carbides 

• Water adsorption and dissociation on the pristine molybdenum carbides decrease HER 

activity because oxygen and hydroxide occupy the HER active sites 

Nitrogen dopants onto the substitutional carbon site can prevent formation of strong C-O bonding, 

and therefore mitigates water adsorption and dissociation that leads to surface oxidation. 
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3-0  Computational and Theoretical Methods for Investigating Hydrogen Evolution  

In this chapter, I will provide a guide to systematically study the hydrogen evolution reaction (HER) 

using first-principles calculations that will be applied for the proposed research topics. The core 

of the first-principles calculations is the hydrogen adsorption free energy Δ𝐺H  that can be 

computed using density functional theory (DFT). In conjunction with ab initio thermodynamic 

analysis, Δ𝐺H can be applied to determine hydrogen adsorption sites and HER active sites. It can 

also be used to study hydrogen adsorption isotherms as well as HER thermodynamic reaction free 

energy pathways in electrochemical environments. Further, I will introduce an extrapolated 

scheme in conjunction with NEB that can be employed to study HER kinetics such as the energy 

barriers along the HER reaction pathways.  

3-1 Hydrogen Adsorption Energy 

Hydrogen adsorption energy is the energy required to remove hydrogen atoms in the adsorbed 

state; a positive/negative value indicates that the adsorption process is endothermic/exothermic. 

Using DFT calculations, the averaged hydrogen adsorption energy at zero temperature limit is 

defined as 

Δ𝐸H∗ =
1

𝑛
(𝐸𝑛H/𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 −

1

2
𝑛𝐸H2) (3-1) 

where 𝐸𝑛H/𝑠𝑙𝑎𝑏 and 𝐸𝑠𝑙𝑎𝑏  are the energies of the slab with 𝑛 adsorbed hydrogen atoms and of a 

clean slab model, respectively. 𝐸H2  is the energy of a hydrogen gas molecule. To inspect the 
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hydrogen adsorption with consecutively increasing 𝑛, we use the differential hydrogen adsorption 

energy defined as 

Δ𝐸H∗ = 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 − 𝐸𝑛H/𝑠𝑙𝑎𝑏 −
1

2
𝐸H2 (3-2) 

where 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 and 𝐸𝑛H/𝑠𝑙𝑎𝑏 are the energies of the slab model with (𝑛 + 1) and 𝑛 adsorbed 

hydrogen atoms, respectively. That is, this is the adsorption energy of the (𝑛 + 1)th adsorbed 

hydrogen atom on a surface with 𝑛  pre-adsorbed hydrogen atom, which encompasses the 

interactions between the pure surface and the pre-adsorbed hydrogen atoms.  

3-2 Hydrogen Adsorption Gibbs Free Energy 

To study hydrogen adsorption beyond zero-temperature limit, we introduce the hydrogen 

adsorption free energy Δ𝐺H defined as 

Δ𝐺H = Δ𝐸H∗ + Δ𝐸𝑍𝑃𝐸 − 𝑇Δ𝑆 (3-3) 

Here, the adsorption energy can be either the averaged or the differential Δ𝐸H∗ defined in Eq. (3-

1) or (3-2). The zero-point energy Δ𝐸𝑍𝑃𝐸 is the phonon energy difference 𝐸𝑣𝑖𝑏 =
1

2
∑ ℎ𝜈𝑖𝑖 , where 

𝜈𝑖 the frequency of a phonon 𝑖, between the hydrogen in adsorbed state and gas state. For hydrogen 

adsorption on transition metal surfaces, Δ𝐸𝑍𝑃𝐸  ~0.04 eV is a good approximation irrespective of 

the metal surface.2 For other systems, Δ𝐸𝑍𝑃𝐸  can be substantially different from that of the 

transition metals. For example,  Δ𝐸𝑍𝑃𝐸 is ~0.2 eV for hydrogen adsorption on MoC supported 

graphene system.86 The change of the entropy Δ𝑆 between the hydrogen adsorbed state 𝑆H∗ = 0 

and the gas state 𝑆H2 = 130.68 J ∙ K-1mol-1 at room temperature can be obtained from the NIST-
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JANAF thermochemical tables.100 At 𝑇 = 298 K, we obtain 𝑇Δ𝑆 = 𝑇 (𝑆H∗ −
1

2
𝑆H2) = −0.2 eV. 

For Δ𝐺H > 0 and < 0, HER is endothermic and exothermic, respectively. For Δ𝐺H ≈ 0, HER is 

thermoneutral that results with the maximum activity. 

Equation (3-3) can be defined with either the Eq. (3-1) or (3-2). The former is a good 

approximation for hydrogen adsorption sites with similar hydrogen adsorption strength. On the 

other hand, the later one is convenient to study the adsorption strength of a hydrogen atom on a 

surface with pre-adsorbed hydrogen atoms. In the original literature of the introduction to Δ𝐺H, 

Nørskov used the averaged Δ𝐸H∗ for pristine transition metal surfaces where the adsorption sites 

are identical and the hydrogen-hydrogen interactions are minimal.2 

3-3 Nørskov’s Exchange Currents Model for the Hydrogen Evolution Reaction 

Derived from the basic relation that the current is linearly proportional to the concentration of 

reactants H+ (H∗) for 𝛥𝐺H > 0 (Δ𝐺H < 0), Nørskov et al. proposed a simple kinetic model for 

exchange currents as a function of 𝛥𝐺H,2 namely,   

𝑗0 = {
𝑒𝑘𝑎𝑛𝑎 exp (−

Δ𝐺H
𝑘𝐵T

)𝐶𝑡𝑜𝑡(1 − 𝜃)

𝑒𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡(1 − 𝜃)

 

for ΔGH > 0 

for ΔGH < 0 

(3-4) 

where 𝜃 = 𝐾/(1 + 𝐾) with 𝐾 = exp(−ΔGH/𝑘𝐵𝑇), and 𝐶𝑡𝑜𝑡 is the areal concentration of active 

sites. Note that Eq. (3-4) is equivalent to the original form2 however 𝐶𝑡𝑜𝑡 is written explicitly. 

Although the model can be simply computed using a single variable ΔGH, it has been seldom 

applied to estimate experimental exchange currents due to its low prediction accuracy of the 
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exchange current. Instead, most studies still rely on inspecting the value of Δ𝐺H to identify HER 

active sites on the catalyst. 

3-4 Ab Initio Study of Hydrogen Adsorption in Electrochemical Environments 

The hydrogen adsorption free energy Δ𝐺H can be utilized to study hydrogen adsorption profile on 

an electrode surface under electrochemical environments. For an electrode surface with 𝑛 

adsorbed hydrogen atoms with an applied potential 𝑈, we can define the total adsorption free 

energy as 

where 𝜂 = 𝑈 − 𝑈𝑆𝐻𝐸 is the overpotential, which is defined as the applied potential 𝑈 with respect 

to the standard hydrogen potential 𝑈𝑆𝐻𝐸 . To obtain the hydrogen coverage as a function of applied 

potential, we inspect the values of Δ𝐺𝑡𝑜𝑡 with all possible 𝑛 at each potential 𝑈 in the potential 

window of interest. The hydrogen coverage that is stable at a given potential 𝑈 corresponds to the 

configuration with the lowest Δ𝐺𝑡𝑜𝑡 . 

We apply Eq. (3-5) to study the hydrogen coverage as a function of 𝑈 for Pt, Ir, Co and Ag 

metals as shown as the dashed lines in Figure 5-2. For Pt and Ir with Δ𝐺H ≈ 0, the hydrogen 

coverage is approximately 0.5 ML at 0.1 V vs. SHE, and rapidly reaches 1 ML at 0 V vs. SHE. 

This is in line with the experimental cyclic voltammogram101 showing that hydrogen atoms are 

adsorbed at positive potentials. For Co with Δ𝐺H < 0, the surface coverage reaches 1 ML at 0.25 

V vs. SHE, indicating that the adsorption process is highly exothermic. On the other hand, for Ag 

Δ𝐺𝑡𝑜𝑡 =∑Δ𝐺H
𝑛

− 𝑛|𝑒|𝜂 
(3-5) 
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with Δ𝐺H > 0, the adsorption is endothermic with the surface reaching 0.1 ML at a very negative 

potential of –0.7 eV. 

Among different adsorption isotherms, hydrogen coverage for the metal surfaces can be 

well described by the Langmuir and Frumkin isotherms defined as2,5 

[𝜃/(1 − 𝜃)] = 𝐾exp(−𝑈𝑓) (Langmuir) 

(3-6) 

[𝜃/(1 − 𝜃)]exp(−𝑔𝜃) = 𝐾exp(−𝑈𝑓) (Frumkin) 

where 𝐾 = exp(−Δ𝐺H/𝑘𝐵𝑇) and 𝑓 = 𝐹/𝑅𝑇 with 𝐹 the Faraday constant. Figure 5-2 compares 

the Langmuir and Frumkin isotherms with the ab-initio curves. For Pt, Ir, Co and Ag, respectively, 

the Langmuir model can be well-fitted with the ab-initio curves as inferred from the high r-square 

values of 0.87, 0.97, 0.98 and 0.98. In the Frumkin isotherm, the interactions between adsorbates 

are described by constant 𝑔 i.e.,  𝑔 > 0 and 𝑔 < 0 for repulsive and attractive interactions, and 

𝑔 = 0 for no interactions. 

3-5 Ab Initio Thermodynamics of Hydrogen Evolution Reaction 

The thermodynamics of the HER can be analyzed from investigating the free energy of the three 

elementary steps,  

Δ𝑔 = {

𝐺H∗ − (𝐺H+ − |𝑒|𝜂)

𝐺H2 − (𝐺H∗ + 𝐺H+ − |𝑒|𝜂)

𝐺H2 − 2𝐺H∗
 

(Volmer) 

(Heyrovsky) 

(Tafel) 

(3-7) 

where 𝐺H+, 𝐺H∗ and 𝐺H2  are the free energy of the hydrogen atom at the proton, adsorbed state 

and gas state, respectively. To compute Δ𝑔  for the three reactions, we will first build the 

connection with the hydrogen adsorption free energy Δ𝐺H. From Eq. (3.3), we can recognize that 
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Δ𝐺H is the free energy of hydrogen atoms at adsorbed state with respect to hydrogen gas under 

the standard conditions of 298 K and 1 atm, which can be expressed as Δ𝐺H = 𝐺H∗ −
1

2
𝐺H2. In 

addition, we will also utilize the relation that 𝐺H+ = |𝑒|𝑈𝑆𝐻𝐸 +
1

2
𝐺H2, where GH+  is the free energy 

of proton at the standard conditions. This relationship is justified given that H+ is in equilibrium 

with H2(g) at SHE. Using the above relations, we can rewrite Eq. (3-7) as  

Δ𝑔 = {

Δ𝐺H + |𝑒|𝜂

−Δ𝐺H + |𝑒|𝜂
−2Δ𝐺H

 

(Volmer) 

(Heyrovsky) 

(Tafel) 

(3-8) 

3-6 Extrapolated Scheme 

The minimum reaction pathways can be obtained from first-principles calculations using NEB 

theory. However, due to the limitation that the total charge in simulation models remains constant, 

that is, the potential in the simulated Helmholtz double layer changes during the reaction pathways, 

the energy differences between different states do not represent the true condition that the potential 

in the Helmholtz double layer remains nearly constant along the reaction pathways. To address 

such limitation, Nørskov et al. used the capacitance of the Helmholtz double layer to correct the 

energy differences by the following relation, 

{
𝐸2(Φ1) − 𝐸1(Φ1) = 𝐸2(Φ2) − 𝐸1(Φ1) + (𝑞2 − 𝑞1)(Φ2 −Φ1)/ 2

𝐸2(Φ2) − 𝐸1(Φ2) = 𝐸2(Φ2) − 𝐸1(Φ1) − (𝑞2 − 𝑞1)(Φ2 −Φ1)/ 2
 (3-9) 

where 𝐸1(Φ1) and 𝐸2(Φ2) are the DFT energies with the corresponding work functions of Φ1 and 

Φ2 at state 1 and state 2, respectively. The work function Φ = ℰ𝑉 − ℰ𝐹 can be obtained from 

calculating the fermi energy ℰ𝐹 and the vacuum energy ℰ𝑉 of the slab models. 𝑞1 and 𝑞2 are the 
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interfacial charge at states 1 and 2, respectively, that can be obtained from calculating the excess 

charge on the surface, e.g., using Bader charge analysis. To calculate the reaction barriers (reaction 

energies), states 1 and state 2 in Eq. (3-9) are specified for the initial state and transition (final) 

state, respectively. 

To extrapolate the reaction barriers and the reaction energies to any potential, or work 

function Φ, we use the relation that 
𝑑Δ𝐸(Φ)

𝑑(Φ)
= −Δ𝑞  where Δ𝐸  is 𝐸2(Φ) − 𝐸1(Φ) at any Φ and 

Δ𝑞 = 𝑞2 − 𝑞1. The relation is obtained from subtracting the two expressions in Eq. (3-9) and is 

given a physical interpretation based on the Butler-Volmer relation for a single electron transfer 

process assuming that the transfer coefficient is 𝛼 = −Δ𝑞. The standard hydrogen electrode (SHE) 

is the potential where the kinetic studies are of interest, and can be corelated with the work function 

of the metal catalyst electrode,  

𝑈SHE =
Φ−ΦSHE

𝑒
 (3-10) 

where ΦSHE is the absolute potential of the standard hydrogen electrode, that is determined to be 

4.44 eV experimentally.102 
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4-0 Revisiting Trends in Exchange Current for Hydrogen Evolution Reaction 

Note: The chapter is based on the published manuscript Revisiting trends in the exchange current 

for hydrogen evolution (Yang, T. T., Patil, R. B., McKone, J. R. & Saidi, W. A., Catal. Sci. 

Technol., 2021, 11, 6832). Most of the writings are not rephrased. 

 

Nørskov and collaborators proposed a simple kinetic model to explain the volcano relation for the 

hydrogen evolution reaction (HER) on transition metal surfaces in such that 𝑗0 = 𝑘𝑎𝑛𝑎𝑓(Δ𝐺H) 

where 𝑗0 is the exchange current density, 𝑓(Δ𝐺H) is a function of the hydrogen adsorption free 

energy Δ𝐺H  as computed from density functional theory (DFT), and 𝑘𝑎𝑛𝑎 is a universal rate 

constant. From observing noticeable discrepancies between the computed 𝑗0  using the simple 

kinetic model and experimental 𝑗0 for various transition metals, and these discrepancies increase 

with Δ𝐺H, I hypothesize that 𝑘𝑎𝑛𝑎 is metal-dependent that can be correlated to Δ𝐺H. Focusing on 

the HER in acidic medium, I revisit the original experimental data and find that the fidelity of this 

kinetic model can be significantly improved by invoking metal-dependence on 𝑘𝑎𝑛𝑎 such that the 

logarithm of 𝑘𝑎𝑛𝑎 linearly depends on the absolute value of Δ𝐺H. I further confirm this relationship 

using additional experimental data points obtained from a critical review of the available literature. 

My analyses show that the new model decreases the discrepancy between calculated and 

experimental exchange current density values by up to four orders of magnitude. 
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4-1 Introduction 

The Sabatier’s principal is the herald of the descriptors of chemical reactions for screening the 

materials for the design of electrocatalysts. It states that that the optimal reaction rate corresponds 

to a moderate interaction between the reactant and the catalytic surface. That is, the interaction can 

neither be too strong nor too weak.63 In the year of 1947, Bockris103 studied a group of the metals 

which are less active for HER, and found that the overpotential showed a direct trend with the 

current density while a reverse trend with the work function. In addition, the trend of the 

overpotential and the work function was not obvious with the atomic number.  between the atomic 

number. Ten years later, a linear trend between the HER exchange currents and the work functions 

of two different groups of metals were discovered by Conway and Bockris from studying the 

correlations between the exchange current, work function, d-band electron orbitals and the heat of 

hydrogen adsorption.104 The trend between the exchange current and the work function was 

extensively studied by Petrenko105 and Kita106 in the 1970s. Not long after that, Trasatti proposed 

a significant work on discussing the correlations between the exchange current, the work function, 

the metals’ zero-point energies and the Pauling electronegativities.107 

On the other direction, a more correlated descriptor to the Sabatier’s principal than the 

work function and the other material’s properties is the hydrogen adsorption strength. In the year 

of 1958, Parsons proposed the descriptor Δ𝑔0 – the standard free energy change of the reaction 

H2 → H∗ where H2 and H∗ are the hydrogen atoms at the gas and adsorbed phase. Following the 

Butler-Volmer relation, Parsons developed theoretical models for the HER reaction pathways and 

show the volcano trend of Δ𝑔0 and exchange currents.108 At Δ𝑔0 = 0, the exchange current has 

the maximum value while the logarithm of exchange currents linearly decreases when Δ𝑔0 

positively and negatively deviates from zero. The same concept is independently proposed 
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Gerischer.109 Trasatti107 attempted to measure Δ𝑔0 using the Eley-Stevenson method.110 However, 

the experimental results contradicted with the theoretical values that the optimal exchange current 

did not appear at Δ𝑔0 = 0. 

In the year of 2004, Nørskov and collaborators proposed a computational based hydrogen 

adsorption free energy Δ𝐺H as a descriptor for HER. From studying a large dataset of experimental 

exchange current densities for transition metal surfaces, they confirmed the Parsons theoretical 

volcano trend by showing a zero value Δ𝐺H  for the maximum exchange current density on 

platinum electrode. Further, they build a simple kinetic model for exchange current to explain the 

volcano trend.111 We will refer to this model as the Nørskov simple kinetic model hereafter. The 

easy-to-compute descriptor Δ𝐺H provides a rational approach to catalyst design, which improves 

on expensive traditional trial-and-error methodologies. The Nørskov simple kinetic model has 

been widely accepted by the electrochemistry community (e.g., see Refs.23,112,113), and evolved as 

a guiding principle in the design of not only HER catalysts but electrocatalysts in general.114-118 

Several criticisms on the Nørskov model have been made: In the Nørskov model the 

theoretical Δ𝐺H is obtained for the most stable pure metallic surface. However, Schmickler et.al 

argued that several of the metals are oxide-covered such as Ag and Mo, or exhibit amorphous 

surface structure. It was also discussed that the electrostatic effects on metal-water interfaces and 

the effects from the adsorption of water and oxygen were not included in the Nørskov model.119 

The d-band characteristics were also needed to put into consideration for the model.120,121 To 

simplify all the uncertainties, Nørskov included all these effects into a rate constant, suggesting 

that it is universal for all metals. Peterson et.at investigated the HER kinetic pathways on Pt (111) 

and show that the hydrogen atoms with Δ𝐺H positively away from zero are HER active while the 

ones with Δ𝐺H close to a zero value are less HER active.94 Different from the HER pathways 
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studied by Peterson, Nørskov et. al includes the diffusion of hydrogen atoms on Pt (111) surface 

to show that the hydrogen atoms with Δ𝐺H close to zero are HER active.6 Several studies proposed 

HER models based on microkinetic analysis.99,122  However, these models are generally complex 

with many parameters that are obtained by some approximation for by fitting to experimental data. 

These caveats notwithstanding, the Nørskov model remains a leading framework for the design of 

HER catalysts and heterogeneous electrocatalysts in general.114-118 

4-2 Nørskov’s Exchange Current Model  

We will revisit the Nørskov’s simple kinetic model and show that the calculated exchange current 

densities deviate from the corresponding experimental values by up to six orders of magnitude.111 

To reduce the discrepancy, we will impose an material-dependent rate constant rather than the 

universal constant assumed in the Nørskov model111. Specifically, the material-dependent rate 

constant is a function of ΔGH. Further, we will validate the findings based on reliable data obtained 

from a critical review of experimental exchange current densities on transition metal surfaces from 

the available research literature. 

In the Nørskov model, the exchange current density 𝑗0, which describes the magnitude of 

the forward and reverse reaction rates at equilibrium, is defined as 

𝑗0 = {
𝑒𝑘𝑎𝑛𝑎exp (−Δ𝐺H/𝑘𝐵T)𝐶𝑡𝑜𝑡(1 − 𝜃)

𝑒𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡(1 − 𝜃)
 

for 𝛥𝐺H > 0 

for 𝛥𝐺H < 0 

(4-1) 

where 𝑒 is the charge of an electron and 𝐶𝑡𝑜𝑡 is the areal concentration of adsorption sites. Note 

that while the Nørskov model was presented in terms of the exchange current (e.g., amps), Eq. (4-
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1) is defined in terms of the exchange current density (e.g., amps per square cm), which 

necessitates the inclusion of an area-normalized 𝐶𝑡𝑜𝑡. The model is derived from the basic relation 

that the current is linearly proportional to the concentration of reactants H+ (H∗) for Δ𝐺H > 0 (Δ𝐺H 

< 0). Further, 𝑘𝑎𝑛𝑎 encompasses several factors such as additional concentration factors due to 

applied and formal potentials, reaction rates for all elementary steps, and the effects from transfer 

coefficients in microkinetic models.62,99,122 Based on ab initio thermodynamic analysis,123 we 

assume that the hydrogen coverage is at the lowest limit for metal surfaces that repel hydrogen 

(i.e., with Δ𝐺H  > 0), and attains a full monolayer coverage for surfaces that are attractive to 

hydrogen (i.e., with Δ𝐺H < 0).  At a given temperature T, the fraction of surface occupied sites by 

hydrogen follows the Langmuir model such that 𝜃 = 𝐾/(1 + 𝐾) with 𝐾 = exp(−Δ𝐺H/𝑘𝐵T) . 

𝑘𝑎𝑛𝑎 is the rate constant that is assumed to have a universal value for all metals, which is taken as 

𝑘𝑎𝑛𝑎 = 200 s-1site-1 by linearly fitting exchange currents to experimental data.111 In a previous 

study we have shown that 𝑘𝑎𝑛𝑎 assumes a different value for β-Mo2C nanoparticles by fitting to 

experimental results.124 

The hydrogen adsorption free energy Δ𝐺H  is obtained from the free energy difference 

between the hydrogen in gas phase and in adsorbed phase, which can be computed as,  

Δ𝐺H = Δ𝐸H∗ + Δ𝐸𝑍𝑃𝐸 − 𝑇Δ𝑆 (4-2) 

where Δ𝐸𝑍𝑃𝐸 is the zero-point energy that is found to be less than 0.05 eV for all metals, consistent 

with prior results.111 Δ𝑆 is the entropy between the hydrogen adsorbed state and the gas state. It 

can be approximated as −
1

2
𝑆H2
0  where 𝑆H2

0 = 1.35×10-3 eV/K is the entropy of hydrogen in the gas 

phase at room temperature, as obtained from experimental measurements.125 The hydrogen 

adsorption energy Δ𝐸H∗ is defined as, 
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Δ𝐸H∗ =
1

𝑛
(𝐸𝑛H/𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 −

1

2
𝑛𝐸H2) (4-3) 

where 𝑛 is the number of adsorbed hydrogen atoms, 𝐸𝑛H/𝑠𝑙𝑎𝑏 and 𝐸𝑠𝑙𝑎𝑏 are the energies of the slab 

with 𝑛 adsorbed hydrogen atoms (H∗) and of a clean slab respectively, and 𝐸H2 is the energy of 

H2 in gas phase. All terms in Eq. (4-3) are directly computed from DFT. The Nørskov model of 

Eq. (4-1) shows that the maximum catalytic activity is at Δ𝐺H = 0 and the activity decreases when 

Δ𝐺H moves away from zero, thus reproducing the volcano relationship for exchange current and 

adsorption free energy Δ𝐺H. 

The data labeled “Nørskov Model / Nørskov Data” in Figure 4-1 shows the experimental 

exchange current densities 𝑗0 obtained from the original report vs. the computed values based on 

the Nørskov model. For consistency, we use the same Δ𝐺H values as in the original report to 

compute 𝑗0 from Eq. (4-1). As seen in Figure 4-1, the Nørskov model qualitatively captures the 

Figure 4-1. Comparison of experimental and calculated exchange current densities. We use the experimental data 

provided from the original work of Ref. 2(Nørskov Data) and our database (Present Data). The models from the 

original work (Nørskov Model) and our modified model (Present Model) are used for the calculation of 𝑗0. To 

avoid clutter, we only labeled few elements belonging to three categories that are excellent (Pt and Ir), moderate 

(Ni and Cu) and poor (Ag, Au, Bi, In and Cd) HER catalysts. All data are shown in Table 4-3.6 
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experimental trend for the currents among the different metals. However, the model 

underestimates the experimental exchange currents by 3 ~ 6 orders of magnitude for the metal 

surfaces with low HER activity such as W, Nb, Au, and Ag, while it is in better agreement (within 

two orders of magnitude) for the highly catalytic surfaces of Pt, Pd, Ir, and Rh. We further confirm 

that the underestimation of exchange currents on low activity surfaces is not due to experimental 

errors. For example, for Bi, In and Cd, the experimental values are ~10-10 A/cm2 that we have 

carefully examined from available literature (see Table 4-7). In contrast, the corresponding 

exchange currents obtained from Nørskov model are ~10-21, ~10-17 and ~10-19 A/cm2, respectively. 

The large discrepancy between experimental and theoretical predictions, in addition to the 

systematic variation in the discrepancy, strongly suggests that the model does not capture one or 

more relevant physical parameters. 

4-3 Metal-Dependent Rate Constant 

In the Nørskov model, the rate constant 𝑘𝑎𝑛𝑎 is assumed to be constant for all metals, which was 

justified considering that 𝑘𝑎𝑛𝑎  includes mainly effects of solvent reorganization during proton 

transfer to electrode surfaces. However, this approximation is too simplistic given the significant 

differences in the HER kinetics between highly efficient surfaces such as Pt and Ir, and surfaces 

with lower HER activity such as W and Ag. For example, a very weak H-binding surface is likely 

to have a transition state that is similar in nature to a surface-bound hydrogen (the Volmer reaction 

as the rate-determining step), whereas a strong H-binding surface is likely to have a transition state 

that resembles H+ in the electrolyte or a weakly bound H2 (the Heyrovsky or the Tafel reaction is 

rate-determining). Thus, outer-sphere effects that can be rationalized as the reorganization of 
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solvents126 may be more significant for strong H-binding surfaces than weak H-binding surfaces.127 

Further, other factors contribute to different HER dynamics between metal surfaces, such as the 

solution pH and the composition and structure of the double layer, particularly for inefficient 

catalysts that require very large overpotentials (and commensurately large electric fields across the 

double layer) to drive the HER.128  

Re-examining the data provided in the original report111, our analyses clearly show that a 

universal 𝑘𝑎𝑛𝑎 value is not justified. Figure 4-2 presents implied 𝑘𝑎𝑛𝑎 values obtained from linear 

regression analysis of Eq. (4-1) using experimental 𝑗0 values and the DFT computed Δ𝐺H. This 

approach amounts to testing the hypothesis that deviations between the experimental and DFT-

predicted 𝑗0 using the Nørskov Model can be attributed to a metal-dependent value of 𝑘𝑎𝑛𝑎. As 

seen in the figure, for both low and high coverage limits, 𝑘𝑎𝑛𝑎 varies systematically with Δ𝐺H over 

several orders of magnitude, where metals that weakly interact with hydrogen have low 

𝑘𝑎𝑛𝑎 values and those that strongly interact with hydrogen, either repulsive or attractive, have 

Figure 4-2. The correlation of ln(𝑘𝑎𝑛𝑎)  vs. absolute value for the hydrogen adsorption free energy 

|Δ𝐺H| calculated from DFT for (a) low- and (b) high-coverage limits. All data including experimental currents 

and computed ΔGH are from Ref. 77 
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larger 𝑘𝑎𝑛𝑎 values. Further, as shown in Figure 4-2, we find a strong linear correlation between 

ln(𝑘𝑎𝑛𝑎) and |Δ𝐺H|. Indeed, invoking this linear relationship is found to substantially decrease the 

inconsistency between the kinetic model and the experimental values, as shown in Figure 4-1 for 

the data labeled “Present Model / Nørskov Data”. We conclude from the analysis based on data in 

Ref. 111 that 𝑘𝑎𝑛𝑎 is not universal but is material-specific, at least to the extent that efficient versus 

inefficient metals should exhibit characteristically different 𝑘𝑎𝑛𝑎 values. Notably, when restricted 

to a model that only incorporates metals with a similar range of H-binding energies, this effect is 

diminished – hence the fit is relatively good near the peak of the volcano only.  

Recently, the Brønsted–Evans–Polanyi (BEP) relation, a linear relation between a 

reaction’s free energy and its activation energy 𝐸𝑎𝑣𝑡 , is confirmed for the HER on pure metal 

Figure 4-3. (a) Correlation between ln(𝑘𝑎𝑛𝑎) and |Δ𝐺H| using “Present Data” of Figure 4-1 (see Table 4-3). From 

the linear fitting, we obtain ln(𝑘𝑎𝑛𝑎) = 23.16|Δ𝐺H| + 3.17 with a correlation factor of 𝑟2 = 0.82. (b) The new 

volcano curve of 𝑗0 based on the Present Model / Present Data. The dotted and solid red lines are obtained using 

Eq. (4-1) with the maximum and the minimum 𝐶𝑡𝑜𝑡 in our data, respectively.8 
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surfaces129 using a computational approach that corrects for finite-size effects  in periodic supercell 

simulations.  

For example, for the metals with Δ𝐺H < 0 (Δ𝐺H > 0), the activation barrier of the rate-

limiting Heyrovsky (Volmer) reaction decreases with increasing (decreasing) Δ𝐺H . The BEP 

relation on HER is also confirmed experimentally on precious metals of Pt, Ir, Pd and Rh.143 If we 

assume that  𝑘𝑎𝑛𝑎  of the Nørskov model is the HER reaction rate constant, it follows from 

Arrhenius relation that ln(𝑘𝑎𝑛𝑎) is linearly proportional to activation energy 𝐸𝑎𝑣𝑡 , and in 

conjunction with the BEP relationship, we can infer the linear dependence between ln(𝑘𝑎𝑛𝑎) and 

|Δ𝐺H| that is obtained using our data-driven approach. Further, the enthalpy-entropy compensation 

where 𝐸𝑎𝑣𝑡  (or Δ𝐺H ) has a linear relationship with entropy144 suggests that ln(𝑘𝑎𝑛𝑎) includes 

Table 4-1. The collected exchange current densities from experiments.2 

Electrode Reported 𝒋𝟎 (A/cm2) Electrolyte Temperature Reference 

Pt (111) 4.5×10-4 

0.05 M H2SO4 303 K 5 Pt (100) 6.0×10-4 

Pt (110) 9.8×10-4 

Pt/C 1.6×10-2 0.2 M H3PO4 293 K 130 

Pt/C 1.2×10-1 0.1 M HClO4 313 K 68 

Ir/C 3.6×10-2 0.1 M HClO4 313 K 68 

Ir/C 1.28×10-2 0.2 M H2SO4 293 K 130 

Pd 1.9×10-4 0.5 M H2SO4 Not mentioned 131 

Pd/C 3.0×10-3 0.1 M HClO4 313 K 68 

Pd/C 8.4×10-4 0.1 M HClO4 293 K 130 

Rh/C 5.2×10-3 0.1 M HClO4 313 K 68 

Rh/C 6.7×10-3 0.1 M HClO4 293 K 130 

Ru 4.5×10-3 1M HCl + NaCl 298 K 132 

Cu 1.45×10-7 0.1 N HCl Not mentioned 133 

Co 3.6×10-6 1 M H2SO4 293 K 134 

Ni 2.6×10-6 0.5 M H2SO4 295 K 135 

Au (111) 2.5×10-7 

0.1 M HClO4 Not mentioned 136 Au (100) 0.5×10-7 

Au (110) 0.3×10-7 

Au (111) 3.38×10-7 0.5 M H2SO4 Not mentioned 137 

Poly Au 1.40×10-7 0.1 M HClO4 Not mentioned 136 

Re 1.25×10-6 0.5 M H2SO4 298 K 138 

Re 1×10-6 0.5 M H2SO4 298 K 139 

Cd 1.7×10-11 0.5 N H2SO4 Not mentioned 140 

Bi 8×10-10 4.8 M H2SO4 Not mentioned 141 

In 1.51×10-11 0.1 M HClO4 303 K 142 
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effects from activation entropy that is metal-dependent97, which also supports our findings. 

However, we believe that a careful derivation is needed to formally derive the dependence between 

𝑘𝑎𝑛𝑎 and 𝐸𝑎𝑣𝑡. 

To further examine the metal-dependence of 𝑘𝑎𝑛𝑎, we have compiled an additional set of 

experimental 𝑗0 values from a thorough literature search (see comments and references in Table 4-

7) and re-analyzed Δ𝐺H using different DFT functionals. The comparison between experimental 

and present model data are shown in Figure 4-1 under “Present Model / Present Data”. Figure 4-

3(a) shows the correlation between ln(𝑘𝑎𝑛𝑎) and |Δ𝐺H| and Figure 4-3(b) shows the volcano 

relationship corresponding to the new data. The DFT calculations are carried out using the Vienna 

Ab Initio Simulation Package (VASP).145-147 More details about the DFT computational 

framework are provided in the Supporting Information. We employ the conventional148 (PBE) and 

revised149 (RPBE) Perdew-Burke-Ernzerhof exchange-correlational functional with and without 

van der Waals (vdW) corrections150,151 to assess the variability of the results with the 

computational framework. The results shown in Figure 4-1 and Figure 4-3 are based on RPBE + 

vdW; however, the findings are found not to be sensitive to the functional. 

The library of experimental exchange current densities5,68,130-142 labeled as “Present Data” 

in Figure 4-1 and used in Figure 4-3 was collected from a larger set of prior literature reports, 

which were then down-selected to only those reports that minimized or otherwise accounted for 

the impacts of electrolyte/surface contamination, electrode roughness, and mass transfer effects. 

Table 4-1 summarizes experimental results. A detailed discussion of this down-selection process 

is included in the Supporting Information. We also chose to exclude metals that are expected to be 

oxidized under HER conditions in acidic solution, such as Mo, W, and Nb.152 Finally, we added 

measurements on Cd, In, and Bi and Ru that were not included in Ref. 111 Figure 4-3 shows that 
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considerably more experimental data are available for HER-active metals, which accounts for the 

greater density of points with small |Δ𝐺H|. The spread in these data likely reflects uncertainty both 

in DFT-calculated Δ𝐺H and experimental 𝑗0.
153 Nonetheless, as shown in Figure 4-3(a), there is a 

clear linear relationship between ln(𝑘𝑎𝑛𝑎)  and |Δ𝐺H|  that can be described as  ln(𝑘𝑎𝑛𝑎) =

23.16|Δ𝐺H| + 3.17.  This is specifically evidenced in clustering of three metal groups with 

characteristically different H binding energies: the precious metals (Pt, Ir, Pd and Rh) near 

|Δ𝐺H| = 0.1 eV, the metals near |Δ𝐺H| = 0.5 eV, and the HER inert metals near |Δ𝐺H| = 1 eV. 

Our results clearly show that Δ𝐺H more accurately describes 𝑗0 for the HER if we include 

an additional exponential relationship between |Δ𝐺H| on 𝑘𝑎𝑛𝑎  However, it is conceivable that 

𝑘𝑎𝑛𝑎 and hence the exchange current density, also depends on other metal properties besides Δ𝐺H. 

For instance, previous studies postulated that the HER rate can be modeled by using atomic 

number, work functions, and Pauling electronegativities as material descriptors.103-107,154,155 To 

investigate this, we used a machine learning approach based on SISSO (sure independence 

screening and sparsifying operator)156-159 to develop an accurate and physically interpretable model 

for ln(𝑘𝑎𝑛𝑎). We investigated the following primary atomic features in this analysis: empirical 

radius, mass, number, period in Periodic Table, electron affinity, ionization energy, and Pauling 

Table 4-2. Ten best models identified by SISSO. Primary features used are atomic radius (𝑅), atomic number (N), 

atomic mass (M) period in Periodic Table (P), metal density (𝜌), work function (𝜙), electron affinity (𝐸𝐴 ), 

ionization energy (I), Pauling electronegativity (𝜒), and hydrogen adsorption energy (∆GH).3 

SISSO Model r2 

((χ+(∆𝐺H+χ))+((P∆𝐺H)( ∆𝐺H/χ))) 0.9795 

(((Nχ)(χ/M))+(( ∆𝐺H𝐸𝐴)( ∆𝐺H/χ))) 0.9789 

(((PR)(P/M))((PR)(∆𝐺H+χ))) 0.9782 

(((M+N)(χ/M))+((P∆𝐺H)(∆𝐺H/χ))) 0.9775 

((χ(Rχ))+((R∆𝐺H)(∆𝐺H+𝐸𝐴))) 0.9768 

(((∆𝐺H+χ)( ∆𝐺H/χ))((∆𝐺H/χ)+(χ/∆𝐺H))) 0.9766 

((R(∆𝐺H+χ))+((R∆𝐺H)(∆𝐺H/χ))) 0.9762 

(((∆𝐺H+ 𝜙)(χ/𝜙))/((χ/𝜙)+(𝜙 /χ))) 0.9759 

(((R∆𝐺H)( ∆𝐺H+𝐸𝐴))+((Rχ)( ∆𝐺H+χ))) 0.9753 

((∆𝐺H(∆𝐺H+χ))((EA/χ)+(χ/∆𝐺H))) 0.9751 
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electronegativity, in addition to the following metal features: density and work function. In the 

SISSO approach, potential descriptors for ln(𝑘𝑎𝑛𝑎) are formed from the primary features with up 

to ten level interactions of complexity utilizing three mathematical operations (addition, 

multiplication, and division). The limited size of the experimental dataset (12 metals) precludes a 

full investigation, and thus, we used a relatively small number of primary features and 

mathematical operations in the construction of only one-dimensional descriptors. By searching the 

massive space of potential descriptors, SISSO identified many models for ln(𝑘𝑎𝑛𝑎) that capture a 

large proportion of the variations among different elements. Table 4-2 lists the best ten models 

with correlation coefficients 𝑟2 > 0.975. Notably all these models are found to depend on |Δ𝐺H| 

indicating its prime effect on 𝑘𝑎𝑛𝑎 . However, a larger experimental database is needed to 

unambiguously validate the findings, and to identify other, if any, important material properties 

that affect 𝑘𝑎𝑛𝑎.  

In summary, we agree with the original work by Nørskov and collaborators that the trend 

of 𝑗0 can be explained by a kinetic model that relies on Δ𝐺H as the sole descriptor. However, after 

carefully analyzing the experimental and computational results, we propose that the same kinetic 

model better matches with experiments over a wide range of metals by treating the logarithm of 

the rate constant 𝑘𝑎𝑛𝑎 as a linear function of the absolute value of Δ𝐺H. 

4-4 Supporting Information 

Computational Details. We use the Vienna Ab Initio Simulation Package (VASP) for the first-

principles DFT calculations. We use the Perdew-Burke-Ernzerhof (PBE) exchange-correlational 

functional and Revised Perdew-Burke-Ernzerhof (RPBE) to solve the Kohn-Sham equations 
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within periodic boundary conditions, and the PAW pseudopotentials to describe electron-nucleus 

interactions.160-163 The dDsC dispersion correction is used for the Van der Waals (vdW) 

corrections. The electronic self-consistent loops are terminated within energy-change tolerance of  

1×10-6 eV. The periodic slab models are 3×3 supercells cleaved using the calculated bulk structures 

in Table 4-1 with a thickness of at least 10 Å. We used 15 Å vacuum perpendicular to the surfaces. 

The relaxations are done by fixing at least two layers in bulk position and relaxing the top three 

layers for all surfaces. We use the most stable terminations: for the metals in Fm3̅m and P63/mmc 

phase164,165, we use (111) and (001), respectively, (111) for Bi and In surfaces166, and (110) for Mo 

surface.167 The calculated free energy Δ𝐺H  values in Table 4-4 corresponds to the hydrogen 

coverages of 1/9 ML or 1 ML for the surfaces with positive or negative ∆GH, respectively. A single 

water layer is added to test the solvation effects. We find that the effects on adsorption energies 

are less than 0.05 eV for all the metals therefore not included. Comparing all the Δ𝐺H values for a 

metal, it is observed that the PBE results are systematically ~0.15 eV less than the results obtained 

from RPBE for the cases with and without vdW corrections. For each functional, the vdW 

corrections amounts to less than 0.06 eV. In summary, the trends we show in Figure 4-3 will be 

similar for the four cases of Δ𝐺H calculations. 
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Table 4.3. Bulk structures obtained with PBE and RPBE functionals.4 

 K-points Phase PBE RPBE 

Ag 12×12×12 Fm3̅m 
a=b=c=2.93 

α=β=γ=60 

a=b=c=2.97 

α=β=γ=60 

Au 12×12×12 Fm3̅m 
a=b=c=2.94 

α=β=γ=60 

a=b=c=2.97 

α=β=γ=60 

Bi 12×12×12 R3̅m 
a=b=c=4.83 

α=β=γ=56.69 

a=b=c=4.99 

α=β=γ=54.98 

Cd 12×12×12 P63/mmc 
a=b=3.05; c=5.59 

α=β=90; γ=120 

a=b=3.10; c=5.67 

α=β=90; γ=120 

Co 12×12×12 Fm3̅m 
a=b=c=2.44 

α=β=γ=60 

a=b=c=2.46 

α=β=γ=60 

Co 12×12×12 P63/mmc 
a=b=2.45; c=3.95 

α=β=90; γ=120 

a=b=2.47; c=3.98 

α=β=90; γ=120 

Cu 12×12×12 Fm3̅m 
a=b=c=2.57 

α=β=γ=60 

a=b=c=2.60 

α=β=γ=60 

In 12×12×12 R3̅m 
a=b=c=8.49 

α=β=γ=23.139 

a=b=c=8.61 

α=β=γ=23.134 

Ir 12×12×12 Fm3̅m 
a=b=c=2.74 

α=β=γ=60 

a=b=c=2.75 

α=β=γ=60 

Mo 8×8×8 Im3̅m 
a=b=c=2.73 

α=β=γ=109.471 

a=b=c=2.74 

α=β=γ=109.471 

Ni 12×12×12 Fm3̅m 
a=b=c=2.48 

α=β=γ=60 

a=b=c=2.50 

α=β=γ=60 

Pd 12×12×12 Fm3̅m 
a=b=c=2.78 

α=β=γ=60 

a=b=c=2.81 

α=β=γ=60 

Pt 12×12×12 Fm3̅m 
a=b=c=2.81 

α=β=γ=60 

a=b=c=2.82 

α=β=γ=60 

Re 12×12×12 P63/mmc 
a=b=2.77 c=4.48 

α=β=90; γ=120 
a=b=2.78; c=4.50 α=β=90; γ=120 

Rh 12×12×12 Fm3̅m 
a=b=c=2.70 

α=β=γ=60 

a=b=c=2.72 

α=β=γ=60 

Ru 12×12×12 P63/mmc 
a=b=2.72; c=4.28 

α=β=90; γ=120 

a=b=2.73; c=4.30 

α=β=90.000; γ=120 

Nb 12×12×12 Im3̅m 
a=b=c=2.88 

α=β=γ=109.471 

a=b=c=2.89 

α=β=γ=109.471 

W 12×12×12 Im3̅m 
a=b=c=2.75 

α=β=γ=109.471 

a=b=c=2.76 

α=β=γ=109.471 
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Table 4-4. The calculated Δ𝐺H from two functionals with and without vdW correction.5 

 PBE RPBE PBE with vdW RPBE with vdW 

Ag 0.416 0.565 0.381 0.527 

Au 0.418 0.574 0.388 0.532 

Bi 1.040 1.127 1.004 1.099 

Cd 1.051 1.038 1.058 1.031 

Co (Fm3̅m) -0.355 -0.202 -0.411 -0.252 

Co (P63/mmc) -0.352 -0.201 -0.407 -0.250 

Cu 0.040 0.188 -0.002 0.147 

In 0.847 0.948 0.813 0.912 

Ir -0.208 -0.081 -0.273 -0.136 

Mo -0.453 -0.321 3.620 -0.352 

Ni -0.388 -0.231 -0.445 -0.280 

Pd -0.286 -0.123 -0.359 -0.176 

Pt -0.192 -0.038 -0.232 -0.082 

Re -0.293 -0.154 -0.333 -0.195 

Rh -0.270 -0.116 -0.318 -0.159 

Ru -0.330 -0.180 -0.375 -0.220 
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Table 4-5. The experimental log (𝑗0/(𝐴 · 𝑐𝑚
2)) from Ref 111 (Nørskov Data) is compared with the calculated 

log (𝑗0/(𝐴 · 𝑐𝑚
2))  using Eq. (4-1) with constant 𝑘𝑎𝑛𝑎 =  200 s-1 (Nørskov Model) and with 𝑘𝑎𝑛𝑎 =

exp (23.16|Δ𝐺H/𝑒𝑉| + 3.17) (Present Model).6 

 Nørskov Data Nørskov Model Present Model 

Pt -3.1 -1.95 -2.58 

Pt -2.63 -1.95 -2.58 

Pt -3.34 -1.95 -2.58 

Ir -3.7 -1.93 -2.55 

Ir -3.46 -1.93 -2.55 

Pd -3 -2.85 -2.87 

Pd -3 -2.85 -2.87 

Rh -3.6 -2.35 -2.67 

Rh -3.22 -2.35 -2.67 

Ni -5.21 -5.09 -3.70 

Ni -5.2 -5.09 -3.70 

Co -5.32 -5.41 -3.82 

W -5.9 -11.26 -6.25 

W -5.9 -11.26 -6.25 

Cu -5.37 -5.41 -4.42 

Mo -7.07 -10.25 -5.84 

Re -2.87 -4.85 -3.66 

Nb -6.8 -10.80 -6.09 

Au -6.6 -9.89 -6.29 

Au -6.8 -9.89 -6.29 

Au -5.4 -9.89 -6.29 

Ag -5 -10.90 -6.69 

Ag -7.85 -10.90 -6.69 
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Table 4-6. The experimental log(𝑗0/(𝐴 · 𝑐𝑚
2))from Table 4-7 (Present Data) is compared with the calculated 

log (𝑗0/(𝐴 · 𝑐𝑚
2))  with 𝑘𝑎𝑛𝑎 = exp(23.16|Δ𝐺H/eV| + 3.17)  (Present Model). The first column label reflects 

experimental setup. The “Present Model” utilize slabs of well-defined terminations as described before.7 

 Present Data Present Model 

Pt (111) -3.35 -2.83 

Pt/C -1.80 -2.83 

Pt/C -0.92 -2.83 

Ir -1.44 -3.15 

Ir -1.89 -3.15 

Pd -3.72 -3.44 

Pd -2.52 -3.44 

Pd -3.08 -3.44 

Rh/C -2.28 -3.30 

Rh/C -2.17 -3.30 

Ru -2.35 -3.71 

Cu -6.84 -4.13 

Co -5.44 -3.84 

Ni -5.59 -4.04 

Au (111) -6.60 -6.84 

Au (111) -6.47 -6.84 

Poly Au -6.85 -6.84 

Re -5.90 -3.56 

Re -6.00 -3.56 

Bi -9.10 -11.05 

Cd -10.77 -10.24 

In -10.82 -9.54 
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Table 4-7. The data used in Figure 4-3 in the main paper. The experimental 𝑗0s are collected from reliable literatures 

listed in Table 4-6. The calculated ln(𝑘𝑎𝑛𝑎) and Δ𝐺H are obtained using Eq. (4-1) and Eq. (4-2), respectively, in the 

main document. The area is determined from the structures obtained using RPBE functional listed in Table 4-3.8 

 𝚫𝑮𝐇 Exp. 𝒋𝟎 log 𝒋𝟎 𝐥𝐧(𝒌𝒂𝒏𝒂)  Area (cm2) # Sites Ref. 

Pt (111) -0.082 4.50 × 10-4 -3.35 3.87 6.20 × 10-15 9 5 

Pt/C -0.082 1.60 × 10-2 -1.80 7.43 6.20 × 10-15 9 130 

Pt/C -0.082 1.20 × 10-1 -0.92 9.46 6.20 × 10-15 9 68 

Ir -0.136 3.60 × 10-2 -1.44 10.27 5.89 × 10-15 9 68 

Ir -0.136 1.28 × 10-2 -1.89 9.23 5.89 × 10-15 9 130 

Pd -0.176 1.90 × 10-4 -3.72 6.60 6.16 × 10-15 9 131 

Pd -0.176 3.00 × 10-3 -2.52 9.37 6.16 × 10-15 9 168 

Pd -0.176 8.4 × 10-4 -3.08 8.08 6.16 × 10-15 9 130 

Rh/C -0.159 5.20 × 10-3 -2.28 9.20 5.77 × 10-15 9 68 

Rh/C -0.159 6.70 × 10-3 -2.17 9.45 5.77 × 10-15 9 130 

Ru -0.220 4.50 × 10-3 -2.35 11.40 5.81 × 10-15 9 132 

Cu 0.147 1.45 × 10-7 -6.84 0.34 5.25 × 10-15 1 133 

Co -0.252 3.60 × 10-6 -5.44 5.31 4.70 × 10-15 9 169 

Ni -0.280 2.60 × 10-6 -5.59 6.09 4.89 × 10-15 9 135 

Au (111) 0.532 2.50 × 10-7 -6.60 16.05 6.86 × 10-15 1 136 

Au (111) 0.532 3.38 × 10-7 -6.47 16.35 6.86 × 10-15 1 137 

Poly Au 0.532 1.40 × 10-7 -6.85 15.47 6.86 × 10-15 1 136 

Re -0.195 1.25 × 10-6 -5.90 2.30 6.04 × 10-15 9 138 

Re -0.195 1.00 × 10-6 -6.00 2.07 6.04 × 10-15 9 139 

Bi 1.099 8.00 × 10-10 -9.10 33.10 1.65 × 10-14 1 141 

Cd 1.031 1.7 × 10-11 -10.77 25.83 7.49 × 10-15 1 140 

In 0.912 1.5 × 10-11 -10.82 21.33 9.30 × 10-15 1 142 

 

 

Selection of HER Exchange Current Densities from the Research Literature. Experimental 

exchange current densities (Table 4-1) were collected from prior literature reports that showed 

evidence for a high level of analytical rigor. Each of the following were treated as exclusion criteria 

by incrementally decreasing a “rigor score” for the associated report:   

• Electrolytes were not pre-purified or noted to be of highest available commercial purity 

• Counter electrodes comprised materials with higher HER activity than the working 

electrode; these can dissolve and re-deposit on the working electrode and significantly 

modify its catalytic activity  

• Electrode cleaning protocols (if used) involved exclusions to potentials outside the stability 

limits for the noted pure metal in strong acid conditions 
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• Evidence that the working electrode was not completely flat (e.g., roughness factor ≥ 2) 

and the surface roughness was not taken into consideration in the reported exchange current  

• Tafel plots used for kinetic analysis did not give rise to clearly linear behavior over at least 

1 order of magnitude in current density 

• Mass transfer limitations convoluted kinetic analysis; note this is especially important for 

high-performing catalysts like Pt, whose HER activity is so high that conventional 

hydrodynamic methods like RDE cannot achieve a pure kinetic limit 

• Control measurements using comparatively well understood HER catalysts (usually Pt) 

exhibited excessively low or inconsistent catalytic activity 

HER measurements exhibiting one of the deficiencies listed above very often suffered from 

several, which resulted in a subset of measurements with high rigor and another subset with 

relatively low rigor. Reports with high rigor are shown in the table, and these were used for 

the regression analyses in the main text. Notes have also been included in Table 4-1 

summarizing the associated experimental protocols, where the bold text notes relatively minor 

experimental concerns or incomplete information. Mo and W entries are included in Table 4-

1, but these metals were not included in our analysis because neither is thermodynamically 

stable as a zerovalent metal under HER conditions in acid; accordingly, DFT-calculated H-

binding energies are not directly comparable to experimental results, which most likely involve 

HER on partially oxidized Mo and W sites. Several other metals (e.g., Ni and Co) are also only 

stable in an oxidized form at applied potentials near 0 V vs RHE in strong acid solution, but 

the oxidation products are soluble (and therefore do not irreversibly modify the electrode 

surface) and rigorous measurements can be executed over sufficiently negative applied 

potentials to maintain a metallic composition. 
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The collected exchange current densities from experiments with comments 

Electrode 
Reported 

𝒋𝟎 (A/cm2) 
Electrolyte Temperature Reference 

Pt (111) 4.5×10-4 

0.05 M H2SO4 303 K 5 Pt (100) 6.0×10-4 

Pt (110) 9.8×10-4 

• Studied different crystal facets of Pt at different temperatures 

• Single crystal electrodes tested, RDE measurement 

• Low electrolyte concentration chosen to be able to clearly distinguish hydrogen activity 

• Electrode surface protected by a drop of water, luggin capillary for reference electrode to avoid Cl- 

contamination 

• HUPD characterization correlated to the theoretical charge to determine adsorption layers 

• Tafel plots determined from the kinetically limited region 

• Exchange current densities obtained from micropolarization region 

• 𝒋𝟎 might still contain contribution from diffusion 

Pt/C 1.6×10-2 0.2 M H3PO4 293 K 130 

• Studied precious metal catalysts at different pHs  

• Commercial powders tested, RDE measurement 

• Luggin capillary, Pt counter  

• Performed CVs in 0.1 M KOH prior to testing at different electrolytes (contamination risk) 

• ECSA determined from HUPD peaks in 0.1 M KOH 

• ECSA obtained from HUPD is 1.6 times lower than that obtained by CO-stripping 

• Exchange current densities obtained from Butler-Volmer, are consistent with the measurements from H2-

pump; may still be transport limited 

Pt/C 1.2×10-1 0.1 M HClO4 313 K 68 

• Studied precious metal catalysts at different temperatures  

• Commercial powders were tested in H2 pump configuration (speeds up mass transfer) 

• Pt/C counter/reference electrode, scrupulous cell cleaning 

• ECSA calculated by CO-stripping at 293 K are consistent with TEM analysis 

• 𝑗0 values were calculated by Butler Volmer and micro-polarization region, and was within 10 % error 

Ir/C 3.6×10-2 0.1 M HClO4 313 K 68 

• Studied precious metal catalysts at different temperatures  

• Commercial powders were tested in H2 pump configuration 

• Pt/C counter/reference electrode, rigorous cell cleaning 

• ECSA calculated by CO-stripping at 293 K are consistent with TEM analysis 

• 𝑗0 values were calculated by Butler Volmer and the micro-polarization region and were nearly same. Oxide 

covering did not have a huge influence 

Ir/C 1.28×10-2 0.2 M H2SO4 293 K 130 

• Commercial powders tested, RDE measurement 

• Luggin capillary, Pt counter  

• Performed CVs in 0.1 M KOH prior to testing at different electrolytes 

• ECSA determined from HUPD peaks in 0.1 M KOH 

• ECSA obtained from HUPD is almost same as that obtained by CO-stripping 

• Exchange current density values obtained from Butler Volmer, are consistent with the measurements from 

H2-pump; may still be transport limited 

Pd 1.9×10-4 0.5 M H2SO4 Not mentioned 131 

• Studied nanoporous Pd (powder) 

• Carbon counter, nitrogen purge, RDE measurement 

• Current normalization not mentioned, appears to be from electrode area 

• ECSA calculated from Cdl 

• Linear Tafel fitting 

Pd/C 3.0×10-3 0.1 M HClO4 313 K 68 
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• Commercial powders were tested in H2 pump configuration 

• Pt/C counter/reference electrode, rigorous cell cleaning 

• ECSA calculated by CO-stripping at 293 K are consistent with TEM analysis 

• 𝑗0  values were calculated by Butler Volmer and the micropolarization region and were nearly same. 

Hydride covering did not have a significant influence 

Pd/C 8.4×10-4 0.1 M HClO4 293 K 130 

• Commercial powders tested, RDE measurement 

• Luggin capillary, Pt counter  

• Performed CVs in 0.1 M KOH prior to testing at different electrolytes 

• ECSA determined from PdO peaks in 0.1 M KOH 

• ECSA obtained from HUPD is slightly lower (by 1.2 times) than that obtained by CO-stripping 

• 𝑗0 values obtained from Butler-Volmer, consistent with the measurements from H2-pump  

Rh/C 5.2×10-3 0.1 M HClO4 313 K 68 

• Commercial powders were tested in H2 pump configuration 

• Pt/C counter/reference electrode, rigorous cell cleaning 

• ECSA calculated by CO-stripping at 293 K are consistent with TEM analysis 

• 𝑗0 values were calculated by Butler Volmer and the micropolarization region and were nearly same. Oxide 

covering did not have a significant influence 

Rh/C 6.7×10-3 0.1 M HClO4 293 K 130 

• Commercial powder tested, RDE measurement 

• Luggin capillary, Pt counter  

• Performed CVs in 0.1 M KOH prior to testing at different electrolytes 

• Currents normalized by ECSA measured in 0.1 M KOH 

• ECSA obtained from HUPD is 1.8 times lower than that obtained by CO-stripping 

• Exchange current density values obtained from Butler Volmer, are consistent with the measurements from 

H2-pump 

Ru 4.5×10-3 1M HCl + NaCl 298 K 132 

• Studied Ru cylinder, mounted on ptfe cup 

• Pt counter, separated from working electrode using frit 

• Pre-electrolysis performed but conditions are unclear (pre-electrolysis implies rigorous purification) 

• After pre-electrolysis potential sequence of +1 V vs RHE for 10 s followed by -1 V for 10 mins was 

repeated 6 times with final cathodic pulse for 10 minutes. Rest potential was observed to be -1 V vs 

RHE 

Cu 1.45×10-7 0.1 N HCl Not mentioned 133 

• Wire working electrode 

• Graphite counter 

• Pre-electrolysis was performed for several hours; HCl electrolyte may allow for some Cu dissolution 

• Statistical analysis included 

Co 3.6×10-6 1 M H2SO4 293 K 134 

• Studied rod electrode, electrolytically polished in H3PO4 

• Detailed cleaning procedure followed 

• Cathodically pre-polarized starting from low current density 

• Overpotential increased by applying cathodic current or with several hours of electrolyte contact  

• Calculated Tafel slope for the dissolution process, consistent with prior literature 

Ni 2.6×10-6 0.5 M H2SO4 295 K 135 

• Studied electrodeposited Ni as control, Ni could be coated with Ni2+ compounds 

• Pt counter separated from main cell using glass frit, argon purge 

• Electrode was polarized at HER potentials to remove surface oxides 

• Tafel plot measured in kinetically controlled regime 

• Tafel slope is higher than theoretical value; attributed to Ni oxidation 

• 𝑗0 obtained from tafel plot 

Au (111) 2.5×10-7 
0.1 M HClO4 Not mentioned 136 

Au (100) 0.5×10-7 
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Au (110) 0.3×10-7 

• Studied single crystals with different crystal facets 

• Hanging meniscus rotating disc technique, nitrogen purge, Au counter electrode 

• Surface of electrode protected with electrolyte drop 

• HER activity was independent of the potential history (scanning even to oxidation potentials), contrary to 

literature, owing to cleaner surfaces and solutions 

• Did not document detailed cell cleaning protocols 

• Tafel slope in the low potential region is reported (< 150 mV) 

Au (111) 3.38×10-7 0.5 M H2SO4 Not mentioned 137 

• Studied single crystal as control 

• Pt counter, nitrogen purge, hanging meniscus 

• Current normalized to geometric area; no ECSA 

Poly Au 1.40×10-7 0.1 M HClO4 Not mentioned 136 

• Hanging meniscus rotating disc technique, nitrogen purge, Au counter electrode 

• Surface of electrode protected with electrolyte drop 

• HER activity was independent of the potential history (scanning even to oxidation potentials) owing to 

cleaner surfaces and solutions 

• Did not document detailed cell cleaning protocols 

• Tafel slope in the low potential region is reported (< 150 mV) 

Re 1.25×10-6 0.5 M H2SO4 298 K 138 

• Polished wire working electrode 

• Pt counter, hydrogen purge 

• Native surface oxide formation was minimized by polarizing at -0.4 V vs NHE 

• Tafel fit included narrow range at low overpotential (-0.11 to -0.2 V vs NHE) 

Re 1×10-6 0.5 M H2SO4 298 K 139 

• Polished wire working electrode 

• Pt counter, hydrogen purge 

• Polarized at -0.1 V vs RHE, claim to have metallic Re 

• Current normalized to geometric area; no ECSA 

Cd 1.7×10-11 0.5 N H2SO4 Not mentioned 140 

• Metal wire working electrode 

• Heated electrode in hydrogen 

• Detailed cleaning procedure followed 

• Electrolyte was purged with pre-purified nitrogen to remove excess oxygen and then purged with hydrogen  

• Electrolyte was further purified by pre-electrolysis at 1 mA/cm2 for 15 – 20 hours  

Bi 8×10-10 4.8 M H2SO4 Not mentioned 141 

• Polished metal wire working electrode 

• Pt counter electrode 

• Held the potential at HER potential for 10 mins prior to analysis 

• Tafel plot measured in kinetically controlled regime 

In 1.51×10-11 0.1 M HClO4 303 K 142 

• Cylindrical working electrode 

• Electropolished at negative potential to remove oxide layer before analysis 

• Pt counter and reference electrode, Luggin capillary used 

• Varied electrode treatment conditions and electrolyte concentration 
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5-0 Reconciling Volcano Trend with the Butler-Volmer Model for Hydrogen Evolution 

Note: The chapter is based on the published manuscript Reconciling the Volcano Trend with the 

Butler–Volmer Model for the Hydrogen Evolution Reaction (Timothy T. Yang and Wissam A. 

Saidi, J. Phys. Chem. Lett. 2022, 13, 23, 5310–5315). Most of the writings are not rephrased. 

 

The Nørskov’s volcano trend has been widely utilized to forecast new optimum catalysts in 

computational chemistry while the Butler–Volmer (BV) relationship is the norm to explain 

current–potential characteristics from cyclic voltammetry in analytical chemistry. In Chapter 4, I 

show that the accuracy of predicting experimental exchange currents using the Nørskov’s volcano 

trend can be significantly enhanced when applying a metal-dependent 𝑘𝑎𝑛𝑎 . However, the 

empirical relation of 𝑘𝑎𝑛𝑎  as a function of Δ𝐺H  has not been explained by the theoretical 

electrochemistry. I posit that such empirical relation can be linked with electrochemical principles 

based on the BV equation. Herein, I develop an electrochemical model for the hydrogen evolution 

reaction exchange currents that reconciles the device-level analytical chemistry, atomic-level 

volcano trend, and the BV relation. I show that the model is a function of the easy-to-compute 

hydrogen adsorption energy computed from first principles. Further, the model reproduces with 

high fidelity the experimental exchange currents for elemental metal catalysts over 15 orders of 

magnitude, and is consistent with the recently proposed analytical model based on a data-driven 

approach. The findings based on fundamental electrochemistry principles are general, and can be 

applied to other reactions including CO2
 reduction, metal oxidation, and lithium (de)intercalation 

reactions. 
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5-1 Introduction 

Hydrogen evolution reaction (HER) is a critical reaction for hydrogen production using renewable 

water-splitting methods. Currently, the grand HER challenge is in finding low-cost and high-

efficient catalysts to replace or reduce the use of precious platinum, the most efficient HER catalyst. 

Computational screening using first-principles quantum-mechanical approaches has been 

instrumental not only for identifying the HER mechanism56,86,170-173 at the atomic scale but also in 

material’s catalytic efficiency.124,174-179 Central to the computational design approach, is having a 

predictive, accurate, and easy-to-compute model to quantify the electrochemical catalytic 

efficiency of new candidate materials.  

Following the Sabatier’s principle that the maximum reaction rate corresponds to the 

optimum reaction activity, Nørskov et al. proposed a computational model based on hydrogen 

adsorption free energy Δ𝐺H to determine HER exchange currents.7 The Nørskov model explained 

the volcano trend - the optimum catalyst has a moderate adsorption strength indicated by Δ𝐺H = 0 

while the exchange currents decrease linearly with increasing or decreasing Δ𝐺H. Such trend is 

obtained from a simple kinetic model assuming that Δ𝐺H  is the only descriptor for exchange 

currents with other effects universal for all metals. The computational framework based on Δ𝐺H  

has been widely employed for HER catalysts design owing to the easy-to-compute descriptor, 

which can be obtained from first-principles quantum mechanical methods.86,172,180-188  

Despite the success of Nørskov’s volcano trend, it has been the center of several debates. 

For instance, whether catalysts that bind hydrogen thermoneutrally are optimum catalysts for HER 

was challenged. By investigating the HER kinetic pathways on Pt (111), Peterson et al. argued that 

the sites that bind hydrogen atoms with Δ𝐺H > 0 are HER active while the Δ𝐺H ≅ 0 sites are 
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not.94 Investigating the same  Pt (111) surface, Nørskov et al. showed that hydrogen atoms with 

Δ𝐺H ≅ 0 are HER active6 through hopping to the sites identified by Peterson94 with a negligible 

diffusion barrier. Schmickler et al. re-examined the Nørskov’s volcano trend and showed that the 

calculated and experimental exchange current densities are off by two orders of magnitude for 

several metal surfaces.119 This discrepancy is attributed to the growth of native oxide layers that 

cover the metal surfaces in an electrochemical environment, which are not accounted for in 

modeling.119 In addition, this study argued that Nørskov’s kinetic model is too simplistic and does 

not fully account for the electronic properties of the catalyst. In a recent study, we revisited 

Nørskov’s model and showed that imposing a metal-dependent rate constant decreases the 

deviations from experimental results by up to four orders of magnitude.189 Central to this finding 

was establishing a large reliable experimental data base that was employed within a statistical 

approach to infer the dependence. Although the revised Nørskov model significantly improves the 

estimation on exchange currents, it is based on a data-driven approach that lacks a theoretical 

background. Furthermore, one of the concerns about the original or the revised Nørskov model is 

that it is not reconcilable with the electrochemical modeling employed experimentally. 

In analytical chemistry, HER has been widely evaluated using cyclic voltammetry that 

provides current-potential ( 𝑖 − 𝑉 ) characteristics (cyclic voltammogram) as an output of 

electrochemical behaviors. The norm to explain the cyclic voltammogram is the empirical Butler-

Volmer (BV) relation 𝑖 ∝ 𝑖0 exp[(𝛼𝑎𝐹𝜂/𝑅𝑇) − (𝛼𝑐𝐹𝜂/𝑅𝑇)]  where 𝛼𝑎/𝑐  are the transfer 

coefficients for the anode/cathode reaction, 𝐹 is the Faraday constant, 𝑇 is the temperature, and 𝜂 

is the overpotential.190,191 The exchange current 𝑖0 is the most significant descriptor of HER rate, 

and 𝛼𝑎/𝑐  is the key indicator of HER kinetics.62 The BV relation is not only limited to 
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HER68,75,130,192-194 but is widely applied for many electrochemical reactions such as electron 

transfer reactions in modern lithium ion batteries195-199 and fuel cells200-202. 

Herein, we discuss theoretical insights based on the empirical volcano trend and propose 

an electrochemical model for the HER exchange-currents. First, we study the dependence of Δ𝐺H 

on the thermodynamics of the HER pathways and show that the rate-determining step (rds) can be 

determined solely based on the value of Δ𝐺H . Such dependency allows us to construct an 

electrochemical model for exchange currents based on the BV relation for a one step, one electron 

transfer process. We show that the model is solely a function of Δ𝐺H and the transfer coefficient 

of the rds. Further, we show that the model is equivalent to the revised Nørskov model for proton 

adsorption process that includes the material-dependent rate constant that was proposed in a 

previous study based on statistical approach of experimental data189. 

5-2 Derivation of the Gibbs Free Energy for the Hydrogen Evolution Reaction  

The overall hydrogen evolution reaction H+ + e− →
1

2
H2 proceeds with the Volmer-Heyrovsky or 

Volmer-Tafel pathways with, 

H+ + 𝑒− ↔ H∗ (Volmer) 

H∗ + 𝑒− + H+ ↔ H2 (Heyrovsky) 

2H∗ ↔ H2 (Tafel) 

where H+, H∗ and H2 are the hydrogen atoms in liquid, adsorbed and gas state, respectively. The 

Gibbs free energy of the three elementary reactions are, 
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Δ𝑔 = {

𝐺H∗ − (𝐺H+ − |𝑒|𝑈) = Δ𝐺H + |𝑒|𝜂

𝐺H2 − (𝐺H∗ + 𝐺H+ − |𝑒|𝑈) = −Δ𝐺H + |𝑒|𝜂

𝐺H2 − 2𝐺H∗ = −2Δ𝐺H

 

(Volmer) 

(Heyrovsky) 

(Tafel) 

(5-1) 

where 𝜂 = 𝑈 − 𝑈𝑆𝐻𝐸 is the applied potential 𝑈 in reference to the standard hydrogen electrode 

(SHE) 𝑈𝑆𝐻𝐸 . To derive the final form in Eq. (5-1), we define 𝐺H+ = |𝑒|𝑈𝑆𝐻𝐸 +
1

2
𝐺H2 as H+ is in 

equilibrium with H2(g) at SHE, and use Δ𝐺H = 𝐺H∗ −
1

2
𝐺H2 as proposed by Nørskov.7  

In the original literature, Δ𝐺H  is defined as the free energy of the adsorbed state with 

respect to hydrogen gas under the standard conditions of 298 K and 1 atm, which is the free energy 

of the process 
1

2
H2 → H∗.7 However, this definition does not link the hydrogen adsorption from 

gas phase H2 and from H+ in acidic solution as stipulated for the overall HER. We posit that such 

connection can be recovered from Eq. (5-1). For the Volmer reaction, at the equilibrium potential 

𝐸 = 0 where the exchange current density is defined, Δ𝑔 = Δ𝐺H  implies that the free energy 

change from either the gas phase or the proton phase H+ are identical. Additionally, for 𝐸 = 0,  

the opposite signs of Δ𝐺H  for the Volmer and the Heyrovsky (or Tafel) suggest that the two 

elementary steps in a reaction pathway cannot be both endothermic or exothermic at the same time. 

Therefore, based solely on thermodynamics, we can posit that the Volmer reaction is the rds when 

Δ𝐺H > 0 while the Heyrovsky is the rds for Δ𝐺H < 0. The Tafel reaction can only be the rds at 

Δ𝐺H = 0 with additional kinetical conditions where the barrier of the Tafel reaction is the lowest 

among the three elementary steps. These inferences are indeed justified by the HER kinetics 

determined from first-principles calculations.129 Further, the thermodynamic analysis implies that 

the maximum thermodynamic accessibility for any reaction pathways is at Δ𝐺H = 0, which agrees 

with Nørskov’s volcano trend.7 
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5-3 Derivation of the Exchange Current Model 

In general, the electrochemical current 𝑗 = 𝑒[𝐶𝑓𝑟𝑓 − 𝐶𝑏𝑟𝑏]  is contributed by the forward and 

backward processes of a reaction, where 𝑒 is the electron charge, and 𝑟𝑓/𝑏 and 𝐶𝑓/𝑏 are the rate 

constant and the reactant concentration for the forward/backward reaction, respectively. 𝑟𝑓/𝑏 can 

be expressed with the BV equation for a one-step, one-electron process as,1 

{
𝑟𝑓 = 𝑘0 exp[−𝛼𝑓(𝐸 − 𝐸

0′)]

𝑟𝑏 = 𝑘0 exp[(1 − 𝛼)𝑓(𝐸 − 𝐸
0′)]

 (5-2) 

Here, 𝛼 is the transfer coefficient, 𝐸 and 𝐸0
′
are the applied and the formal potentials associated 

with the rds. The standard rate constant 𝑘0 is defined when the forward 𝑟𝑓 and backward 𝑟𝑏 rates 

are the same at 𝐸0
′
. Using Eq. (5-2), the total electrochemical current can be expressed as,   

𝑗 = 𝑒𝑘0{𝐶𝑓 exp[−𝛼𝑓(𝐸 − 𝐸
0′)] − 𝐶𝑏 exp[(1 − 𝛼)𝑓(𝐸 − 𝐸

0′)]} (5-3) 

Under the equilibrium condition 𝐸 = 𝐸𝑒𝑞 where 𝐸𝑒𝑞 is the equilibrium potential, 𝑗𝑓 and 𝑗𝑏 have 

equal magnitudes that lead to a zero-total current. This equality defines the exchange current 

density,  

𝑗0 = 𝑒𝑘0𝐶𝑓 exp[−𝛼𝑓(𝐸𝑒𝑞 − 𝐸
0′)] = 𝑒𝑘0𝐶𝑏 exp[(1 − 𝛼)𝑓(𝐸𝑒𝑞 − 𝐸

0′)] (5-4) 

Employing the Nernst relation, exp[𝑓(𝐸𝑒𝑞 − 𝐸𝑖
0′)] = 𝐶𝑓/𝐶𝑏 , we express the exchange current 

density of Eq. (5-4) as,  

𝑗0 = 𝑒𝑘0𝐶𝑓
1−𝛼𝐶𝑏

𝛼  (5-5) 

which is general for any single step, single electron transfer process,1 and thus can be readily 

applied to the Volmer and Heyrovsky reactions. In addition, from the previous thermodynamic 

analysis of Eq. (5-1), we show that the total reaction rate depends on the rds for all cases except 
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for the surface with Δ𝐺H = 0. Based on these conditions, we will utilize Eq. (5-5) for HER in an 

acidic environment hereafter. 

For a water-solid interface that is free from the diffusion limit of H+ and H2, only the 

proton concentration 𝐶H+ near the adsorption sites and the concentration of adsorbed hydrogen 

atoms 𝐶H∗ control the HER process. Therefore, we can approximate the areal concentration of the 

total adsorption sites as 𝐶𝑡𝑜𝑡 = 𝐶H+ + 𝐶H∗ .
1 For the Volmer reaction, 𝐶𝑓 = 𝐶H+ = 𝐶𝑡𝑜𝑡(1 − 𝜃) 

and 𝐶𝑏 = 𝐶H∗ = 𝐶𝑡𝑜𝑡𝜃 where 𝜃 is the fraction of occupied sites. For the Heyrovsky reaction, 𝐶𝑓 =

𝐶H∗ = 𝐶𝑡𝑜𝑡𝜃 and 𝐶𝑏 = 𝐶𝑡𝑜𝑡(1 − 𝜃) as the forward reaction is controlled by the concentration of 

the adsorbed hydrogen atoms for proton reduction process and the backward reaction is controlled 

by the concentration of hydrogen gas near the empty adsorption sites. In summary, we cast the 

HER electrochemical exchange current model as, 

𝑗0 = {
𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃)

(1−𝛼)𝜃𝛼

𝑒𝑘0𝐶𝑡𝑜𝑡𝜃
(1−𝛼)(1 − 𝜃)𝛼

 
(Volmer) 

(5-6) 

(Heyrovsky) 

We note that the Tafel reaction is not a charge-transfer reaction hence cannot be described by the 

BV relation. The electrochemical model of Eq. (5-6) is general for HER with a distinct rds in acidic 

environment. Further, Eq. (5-6) is the central equation in our study that follows from fundamental 

electrochemistry principles in addition to the BV relation for a one-step, one-electron process. 

Considering that a proton reduction process begins with the Volmer reaction, this suggests re-

writing Eq. (5-6) with H+ concentration 𝐶𝑡𝑜𝑡(1 − 𝜃) shown explicitly as, 

𝑗0 = {
𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃)(1 − 𝜃)

−𝛼𝜃𝛼

𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃)𝜃
(1−𝛼)(1 − 𝜃)(𝛼−1)

  
(Volmer) 

(Heyrovsky) 
(5-7) 

To validate the new model of Eq. (5-7) and cast into a computationally tractable model, we apply 

the model to eight transition metal surfaces. First, we obtained the hydrogen adsorption isotherms 

from ab-initio thermodynamics (See Supporting Information), and compared to three isotherm 
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models, the Langmuir,203-205 Frumkin205,206 and Temkin203,207.208 Our analyses show that the 

Langmuir and Frumkin models agree well with the DFT results with a fitting confidence r2 values 

over 0.87 and 0.94, respectively. In the rest of the study, we apply Eq. (5-7) based on the Langmuir 

model for simplicity as this form is amenable to an analytical solution. In addition, as we will show 

below, the Langmuir model allows us to gain more insight of the new electrochemical model and 

to compare with previous models.  

Using the Langmuir model 𝜃 = 𝐾/(1 + 𝐾) as well as defining the equilibrium constant as 

𝐾 = exp(−Δ𝐺H/𝑘𝐵𝑇), we write (1 − 𝜃)−𝛼𝜃𝛼 and 𝜃(1−𝛼)(1 − 𝜃)(𝛼−1) in Eq. (5-7) as,   

𝑗0 = {
𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃) exp(−𝛼Δ𝐺H/𝑘𝐵𝑇)

𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃) exp(−(1 − 𝛼)Δ𝐺H/𝑘𝐵𝑇)
 

(Volmer) 

(5-8) 

(Heyrovsky) 

We note that 𝐶𝑡𝑜𝑡(1 − 𝜃) can also be expressed as a function of Δ𝐺H using the Langmuir model. 

However, we explicitly include it here to show that the revised Nørskov model with metal-

dependent rate constant189, follows naturally from the new model.  

To fully define the new electrochemical model of Eq. (5-8), the rate constant 𝑘0 must be 

determined. We hypothesize that 𝑘0 is metal independent based on its original definition in Eq. (5-

2). To obtain the universal 𝑘0 value, we fit the theoretical model to experimental data. Specifically, 

we utilize 𝑗0 and 𝛼 from an experimental data base that we previously compiled, which includes 

reports that minimized or otherwise accounted for the impacts of electrolyte/surface contamination, 

electrode roughness, and mass transfer effects189 (also included in the Supporting Information). 

Further, we use first-principles methods to compute the adsorption energy Δ𝐺H. Figure 5-1(a) 

shows the strong linear correlation between the experimental and computed 𝑗0  currents as 

demonstrated with a r2 value of 0.89. As seen from the figure, differences between the experimental 

and calculated 𝑗0 for the 12 metals are within two orders of magnitude, as indicated by the dashed 
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lines. These results, and particularly the significant correlations between computed and 

experimental 𝑗0, lend strong credibility to the new model and the universality of 𝑘0. Also, from 

the fit, we obtain 𝑘0 =126 𝑠−1 that can be expressed as 𝑘0 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (−

0.65

𝑘𝐵𝑇
), as will be reasoned 

and justified later. 

Figure 5-1(b) shows the computed exchange current densities using Eq. (5-8) with the fitted 

value of 𝑘0.  The blue and the red curves are computed using 𝐶𝑡𝑜𝑡  for Au (or Re) and Pt, 

respectively, and are in agreement with their experimental values, as shown in green dots.68,130,136-

139 Here we used Pt as a reference given it is the most efficient single metal HER catalyst, and 

chose Au and Re because these two metals have similar 𝐶𝑡𝑜𝑡 except that Re has Δ𝐺H > 0  and Au 

has Δ𝐺H < 0. As seen from the figure, 𝑗0 for high catalytic metals (Δ𝐺H ≅ 0) is less sensitive to 𝛼 

than 𝑗0 for inert surfaces (|Δ𝐺H| >0). For example, for Pt with Δ𝐺H = −0.09 eV, the calculated 𝑗0 

changes by less than half order of magnitude between 𝛼 = 0.5 and 0.8. In contrast, for Au with 

Δ𝐺H = −0.50 eV the calculated 𝑗0 differs by more than one order magnitude when 𝛼 is off by 0.1. 

The sensitivity of the results to the combination between 𝛼 and Δ𝐺H is justified given that the 

current depends exponentially on these terms, as seen in Eq. (5-8). 

Having fully defined and established the new electrochemical model based on first-

principles methods and experimental results, we show next that this model is in agreement with 

the revised Nørskov model that accounts for the metal-dependent rate constant189. To show this 

clearly, it is convenient to introduce a new rate constant 𝑘𝑎𝑛𝑎,   

 ln(𝑘𝑎𝑛𝑎) =

{
 

 (1 − α)
Δ𝐺H
𝑘𝐵𝑇

+ ln(𝑘0)

−(1 − α)
Δ𝐺H
𝑘𝐵𝑇

+ ln(𝑘0)

 

(Volmer) 

(5-9) 

(Heyrovsky) 
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This new expression is the summation of the barrier of the backward reaction (1 − 𝛼)
Δ𝐺H

𝑘𝐵𝑇
 and the 

metal-independent barrier ln(𝑘0). The introduction of 𝑘𝑎𝑛𝑎   is motivated given that Nørskov’s 

model  accounts only for the forward proton reduction process where adsorption rate is explicitly 

shown as exp(−Δ𝐺H/𝑘𝐵𝑇) .7 Thus, ln(𝑘𝑎𝑛𝑎)  encompasses all effects except for the forward 

adsorption rate. Substituting 𝑘0 in Eq. (5-8) with the relations of Eq. (5-9), we obtain, 

𝑗0 = {
𝑒𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡(1 − 𝜃) exp(−Δ𝐺H/𝑘𝐵𝑇)

𝑒𝑘𝑎𝑛𝑎𝐶tot(1 − 𝜃)
 

(Volmer) 

(5-10) 

(Heyrovsky) 

Equation (5-10) is similar to Nørskov’s model with two important differences. First, in the original 

Nørskov’s model, 𝑗0 is driven by the proton adsorption through either an endothermic (Δ𝐺H > 0) 

or exothermic (Δ𝐺H < 0) process. Equation (5-10), on the other hand, correlates the two conditions 

to the Volmer and Heyrovsky reactions as the rds, respectively. This distinction between the two 

pathways is consistent with the thermodynamic analysis discussion of Eq. (5-1), and with the 

computed kinetic barriers on metal surfaces26.  
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Second, different from the Nørskov’s assumption that stipulates the universality of 𝑘𝑎𝑛𝑎 

for all metal surfaces, we previously uncovered its material dependence based on a data-driven 

statistical approach of experimental measurements189. Namely, we find that 𝑘𝑎𝑛𝑎 has the empirical 

form,189 

ln(𝑘𝑎𝑛𝑎) = 23.16|Δ𝐺H| + 3.17 (5-11) 

and is in indeed consistent with the definition of Eq. (5-9). Equating Eqs. (5-9) and (5-11), we find 

that (1 − α)
Δ𝐺H

𝑘𝐵𝑇
= 23.16 𝛥𝐺H implies α = 0.4, and ln(𝑘0) = 3.17 The value obtained for α = 0.4 

is close to 0.5 that is recommended experimentally.1,68,130 On the other hand, expressing 𝑘0 in 

terms of the transition state theory 𝑘0 =
𝑘𝐵𝑇

ℎ
exp (−

Δ𝐺0
+

𝑘𝐵𝑇
), we obtain an activation energy Δ𝐺0

+ = 

0.7 eV that is close to the Tafel activation energy 0.8 eV on twelve pure metal surfaces6,129.   

In summary, this Letter reconciles the volcano trend and the BV empirical relationship. 

The first is widely employed in computational modeling to design new catalysts based on the easy-

Figure 5-1. (a) Compassion between experimental and calculated  𝑗0 of metal surfaces. The 𝑗0 values are provided 

in the Supporting Information. (b) The computed volcano curves via Eq. (5-8).  The red and blue lines are specified 

with 𝐶tot for Pt and Au (or Re). The red (blue) solid and dashed lines are computed with 𝛼 = 0.5 (0.5) and 0.8 

(0.6), respectively. The filled green circles show experimental values of Re, Pt, and Au.9 
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to-compute descriptor while the second is the norm in analytical chemistry to interpret cyclic 

voltammograms. In addition, we derive a new electrochemical model based on the BV relation of 

a one-step, one-electron transfer process in conjunction with Δ𝐺H, which is easy to compute as it 

depends only on Δ𝐺H and the transfer coefficient of the rate-determining step. We validate the 

model by comparing to a large set of experimental-database for metal surfaces that have been 

verified before. Finally, we show that the model agrees with the Nørskov model after accounting 

for metals-dependence in the rate constant, which has been uncovered recently based on a data-

driven approach. 

The framework of constructing the new electrochemical model is not only limited to HER 

but is general for other electrochemical reactions that follow the BV relation such as CO2
 

reduction,209 metal oxidation210 and lithium (de)intercalation reactions209,211. This is also justified 

because the Langmuir,203-205 Frumkin205,206 and Temkin203,207 models can be generally applied to 

adsorption isotherms. Thus, through a systematic study of the empirical relation between the 

computational adsorption free energy and the experimental exchange currents, a general value of 

α and 𝑘0 can be found for a reaction with similar electrochemical conditions.  

5-4 Supporting Information 

Computational Details. The first-principles DFT theory calculations are performed using the 

Vienna Ab Initio Simulation Package (VASP). The Kohn-Sham equations within periodic 

boundary conditions are resolved using the Revised Perdew-Burke-Ernzerhof (RPBE) with the 

PAW pseudopotentials for electron-nucleus interactions.160-163 The dDsC dispersion correction is 

used for the van der Waals (vdW) corrections. The energy-change tolerance of electronic self-
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consistent loops are within 1×10-6 eV. The periodic slab models, with the thickness of at least 10 

Å, are cleaved from the 3×3 supercells of well-optimized bulk structures. In addition, 15 Å vacuum 

is applied perpendicular to the surfaces. For all surfaces, the bottom half of the layers are fixed in 

bulk position while the other layers are relaxed in the optimization process. The most stable 

terminations are (111) and (001) for the metals in Fm3̅m and P63/mmc, respectively. phase164,165. 

In addition, we use the termination of (111) and (110) for Bi and In, respectively.166,167 For DFT 

calculations, the hydrogen adsorption free energy is defined as 

Δ𝐺H = Δ𝐸H∗ + Δ𝐸𝑍𝑃𝐸 + Δ𝐸H2O − 𝑇Δ𝑆 + Δ𝐸H2O 

with 

Δ𝐸H∗ =
1

𝑛
(𝐸𝑛H/𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 −

1

2
𝑛𝐸H2) 

where 𝐸𝑛H/𝑠𝑙𝑎𝑏 and 𝐸𝑠𝑙𝑎𝑏 are the total energies of the surface with 𝑛 and zero adsorbed hydrogen 

atoms, respectively. The energy of H2 molecule 𝐸H2  is obtained using the model of 15 Å vacuum. 

We use the coverage of 1/9 for all the metal surfaces. We have confirmed that Δ𝐺H values are 

converged with decreasing and increasing coverage for the surfaces with Δ𝐺H > 0 and Δ𝐺H < 0, 

respectively. The hydrogen adsorption sites, which are the most stable sites with the lowest Δ𝐸H∗, 

which are the atop sites for Ir and FCC hollow sites for all the other metal surfaces.123 The change 

of zero-point energy Δ𝐸𝑍𝑃𝐸 between the hydrogen in adsorbed state to gas state is ~0.04 eV,2 and 

the entropic contribution 𝑇Δ𝑆 is −0.2 eV at 298 K.100 The solvation energy Δ𝐸H2O is found to be 

less than ±0.1 eV for all surfaces calculated by adding a single water layer with an H3O
+ close to 

an adsorbed hydrogen in supercell models.  
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In the manuscript, we show that the electrochemical model for exchange current of Eq. (5-

7) can be written into an exact form when assuming that 𝜃 follows the Langmuir isotherm on 

transition metal surfaces that 𝜃 = 𝐾/(1 + 𝐾). To validate the assumption, we perform an ab initio 

thermodynamic analysis on the hydrogen coverage on transition metal surfaces by calculating the 

total Gibbs free energy of a system defined as 

where 𝜂 = 𝐸 − 𝑈𝑆𝐻𝐸  is the applied potential 𝑈 with reference to the normal hydrogen electrode 

𝑈𝑆𝐻𝐸 . Δ𝐺H is the hydrogen adsorption free energy as defined in the main text. 𝑛 is the number of 

electrons adsorbed on a surface. At each potential 𝐸, we calculate Δ𝐺𝑡𝑜𝑡 for all possible 𝑛 values. 

At a given 𝐸, the most probable hydrogen coverage has the lowest Δ𝐺𝑡𝑜𝑡. In Figure 5-2, we show 

the coverage friction 𝜃 vs applied potential in dashed red lines. Here, 𝜃 is the 𝑛 that corresponds 

to the lowest Δ𝐺𝑡𝑜𝑡 over the maximum number of adsorption sites. 

Table 5-1. The trends of hydrogen coverage determined by the ab initio thermodynamic analysis (red lines) are 

fitted by the Langmuir isotherm (magenta lines) and the Frumkin isotherm (blue lines).9 

Metal Langmuir Frumkin 

Pt 0.87 0.94 (𝑔 = -3) 

Ir 0.97 0.96 (𝑔 = -1) 

Cu 0.96 0.98 (𝑔 = 1) 

Au 0.91 0.98 (𝑔 = 4) 

Ag 0.98 0.98 (𝑔 = ± 1) 

Ni 0.97 0.98 (𝑔 = -1) 

Co 0.98 0.99 (𝑔 =-1) 

Mo 0.95 0.96 (𝑔 =-1) 

Δ𝐺𝑡𝑜𝑡 =∑Δ𝐺H
𝑛

− 𝑛|𝑒|𝜂 
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The Adsorption Isotherms. The Langmuir and Frumkin isotherms describe the pattern that the 

hydrogen coverage converges to a constant at low and high coverage, and are defined as2,5 

[𝜃/(1 − 𝜃)] = 𝐾exp(−𝐸𝑓) (Langmuir) 

[𝜃/(1 − 𝜃)]exp(−𝑔𝜃) = 𝐾exp(−𝐸𝑓) (Frumkin) 

where 𝐾 = exp(−Δ𝐺H/𝑘𝐵𝑇) and 𝑓 = 𝐹/𝑅𝑇 where 𝐹 is the Faraday constant. In Table 5-1, we 

show the r-square values for fitting the Langmuir and Frumkin isotherms on the hydrogen coverage 

determined by the ab initio thermodynamics calculations. For the Frumkin isotherm, we show the 

𝑔 values for the best fit. In Figure 5-2 for Pt (111), we show that the Temkin isotherm well 

describes the region in between 𝜃 = 0 and 1. However, it does not capture the full range of the 

potential. 

Table 5-2. The detailed values of the computed 𝑗0  and the experimental 𝑗0  in Figure 5-1(a). We provide the 

calculated Δ𝐺H and the experimental 𝛼 used in computing 𝑗0.10 

 𝚫𝑮𝐇 Calculated 𝐥𝐨𝐠(𝒋𝟎) Experimental 𝐥𝐨𝐠(𝒋𝟎) Experimental 𝜶 Ref. 

Pt/C -0.09 -2.35 -1.80 0.5 130 

Pt/C -0.09 -2.35 -0.92 0.5 68 

Ir -0.14 -2.72 -1.44 0.5 68 

Ir -0.14 -3.44 -1.89 0.8 130 

Pd -0.18 -2.75 -2.52 0.4 168 

Pd -0.18 -3.35 -3.08 0.6 130 

Rh/C -0.20 -3.89 -2.28 0.7 68 

Rh/C -0.20 -3.55 -2.17 0.6 130 

Ru -0.25 -3.59 -2.35 0.5 132 

Cu 0.25 -5.81 -6.84 0.8 133 

Co -0.37 -3.91 -5.44 0.4 169 

Ni -0.33 -3.68 -5.59 0.4 135 

Au (111) 0.50 -6.78 -6.60 0.5 136 

Au (111) 0.50 -6.78 -6.47 0.5 137 

Poly Au 0.50 -6.78 -6.85 0.5 136 

Re -0.33 -4.30 -5.90 0.9 138 

Re -0.33 -4.30 -6.00 0.9 139 

Bi 1.07 -13.80 -14.50 0.6 141 

Cd 1.03 -9.56 -10.77 0.4 140 

In 0.91 -10.39 -10.82 0.5 142 
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Figure 5-2. The adsorption isotherms on metal surfaces. The red dashed red lines are computed using ab initio 

thermodynamic calculations, the magenta and the blue lines are the fitted lines with the red dashed lines using the 

Langmuir and Frumkin isotherm models, respectively.10 
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6-0  Cyclic Voltammetry Model for Hydrogen Evolution Exchange Current 

Note: The chapter is created from the published manuscript Simple Approach for Reconciling 

Cyclic Voltammetry with Hydrogen Adsorption Energy for Hydrogen Evolution Exchange Current 

(Timothy T. Yang and Wissam A. Saidi, J. Phys. Chem. Lett. 2023, 14, 18, 4164–4171). Most of 

the writings are not rephrased. 

 

Chapter 5 explains the empirical relation of 𝑘𝑎𝑛𝑎 using the Butler-Volmer relation and propose an 

electrochemical model for the exchange current of hydrogen evolution reaction. This model is only 

a function of Δ𝐺H attributed to the finding of an absolute rate constant and the universal transfer 

coefficient. Although my electrochemical model is built under the potential-independent limit, I 

hypothesize that the model can also be applied, or with a small variation on the electrochemical 

parameters, under the potential-dependent limit. Cyclic voltammetry is a standard technique to 

analyze current-potential characteristics of the hydrogen evolution reaction. Herein, I develop a 

computational quantum-scaled cyclic voltammetry model for the hydrogen evolution reaction 

building on the Butler-Volmer relation for a one-step, one-charge transfer process. Owing to a 

universal and absolute rate constant verified by fitting to experimental cyclic voltammograms of 

elemental metals, I show that the model quantifies the exchange current – the main analytical 

descriptor for the activity of the hydrogen evolution reaction – solely using the hydrogen 

adsorption free energy obtained from the density functional theory calculations. Furthermore, the 

model resolves controversies over analytical studies for the hydrogen evolution reaction kinetics. 
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6-1 Introduction 

Green hydrogen is a clean and sustainable energy carrier, which can replace traditional fossil fuels 

that aggravate the greenhouse effect. Accordingly, it is critical to identify effective routes for green 

hydrogen production via optimizing electrochemical catalysts for hydrogen evolution reaction 

(HER) – the cathodic reaction in electrolysis.86,212-219 Cyclic voltammetry (CV) is a standard 

technique to obtain current-potential characteristics of electrochemical reactions, which have been 

routinely analyzed using the Butler-Volmer (BV) relation to infer reaction mechanisms.68,75,193 

However, due to the empirical nature of the BV relation and the lack of justification of the CV at 

the atomic level, there are invariably controversies on the interpretations of the HER mechanisms 

deduced from these analytical measurement.190 In addition, experimental limitations can 

significantly impact the analysis of the Faradaic currents that further hamper CV measurements. 

For instance, Gasteiger’s group showed that up to a hundred-fold of HER activity on platinum 

electrode is hindered by slow mass-transport of protons.68,192,193 Also, Bard et al. showed that the 

native metal oxide, that grows on electrode surfaces under electrochemical conditions, appreciably 

affects the CV measurements for the surface of interest due to additional charge-transfer 

reactions.220,221 

Several microkinetic analyses have been proposed to interpret the cyclic voltammograms 

(CVs).62,98,99,222,223 For modeling HER, Chialvo and collaborators developed a numerical model 

for HER current in the steady state limit under zero-scan rates;98 Kucernak and Zalitis constructed 

general HER microkinetic models to rationalize experimental CVs using kinetic parameters of the 

elementary steps under different electrochemical conditions by accounting for the spectrum of 

hydrogen adsorption isotherms.99 Shinagawa and collaborators derived theoretical microkinetic 

models to interpret the Tafel slope dependence on hydrogen coverage and HER kinetics.62 
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Generally, while the microkinetic models elucidate, to various degrees of success, experimental 

CVs at the atomic scale, these are not easily constructed from first-principles. This complexity 

significantly impacts the development and screening of cost-effective and efficient HER catalysts. 

 The exchange current density 𝑗0 is the main descriptor for electrochemical reaction rate that can 

be obtained from CV with Tafel analysis. To computationally screen for 𝑗0, Nørskov proposed the 

density-functional theory (DFT) based hydrogen adsorption free energy Δ𝐺H as an important and 

sole descriptor in acidic environment – the 𝑗0 decreases with increasing |Δ𝐺H|, and the maximum 

𝑗0 corresponds to zero Δ𝐺H.7 Although the Nørskov’s exchange current model well-establishes the 

volcano trend qualitatively, it lacked quantitative agreement with experiments. Specifically, the 

model can only accurately predict 𝑗0 for precious metal electrodes that interact thermoneutrally 

with hydrogen, but significantly fails to match experimental results by several orders of magnitude 

for metal electrodes that interact weakly or strongly with hydrogen.189 Importantly, from a 

fundamental, and even a practical perspective to analytical chemistry, the Nørskov's exchange 

current model lacks a connection with the BV relation – a fundamental relation that describes the 

current-potential characteristics for electrochemical reactions. In our previous work, we employed 

a data-driven approach to show that the accuracy of the Nørskov's exchange current model can be 

significantly improved using a material-dependent constant that is linearly correlated with Δ𝐺H.189 

Further, in a follow-up study, we derived a computational model for 𝑗0 from the BV relation for a 

one-step, one-electron transfer process employing Δ𝐺H  as the main descriptor.224 This model, 

referred to as Yang-Saidi hereafter, accurately computes 𝑗0 solely using the easy-to-compute Δ𝐺H 

for metals with a wide variation of 𝑗0 up to fifteen orders of magnitude. Importantly, the Yang-

Saidi model reconciles the missing link between the Nørskov's exchange current model and the 

empirical BV relation. Notwithstanding, both the Nørskov and the Yang-Saidi models for 𝑗0 are 
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limited at the equilibrium potential and cannot be applied at a finite potential to model 

experimental CVs. 

Herein, we develop a CV model for computing exchange currents building on the BV 

relation for a one-step, one-charge transfer process. The computational CV model is confirmed by 

high-quality fittings to the experimental CVs of twelve transition metal electrodes using the charge 

transfer coefficient of the rate-determining step (rds), potential-independent activation free energy, 

and the DFT based hydrogen adsorption free energy Δ𝐺H . Importantly, we find that the 

experimental exchange currents can be reproduced from the computational CV model solely using 

Δ𝐺H; thus, reconfirming the Yang-Saidi model for exchange currents and solidifying our finding 

of an universal and absolute reaction rate constant for HER.189,224 The success and high-fidelity of 

the computational CV model for HER exchange current is attributed to identifying a non-changing 

reaction mechanism, and hence rds, in the experimentally-relevant potential window for the 

Faradaic HER currents. 

6-2 Theory of the Computational Model for Cyclic Voltammograms  

The hydrogen evolution reaction proceeds with the Volmer-Heyrovsky or Volmer-Tafel pathway 

with the elementary steps, 

H+ + e− → H∗ (Volmer) 

H∗ + e− + H+ → H2 (Heyrovsky) 

2H∗ → H2 , (Tafel) 

where H+, H∗ and H2 are hydrogen ion, adsorbed hydrogen atom and hydrogen gas, respectively. 

The overall electrochemical current density is the sum of the forward and backward currents,  
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𝑗 = 𝑗𝑓 + 𝑗𝑏 = 𝑒[𝐶𝑓𝑟𝑓 − 𝐶𝑏𝑟𝑏] (6-1) 

where 𝑒 is the elementary charge, 𝑟𝑓/𝑏 and 𝐶𝑓/𝑏 are the rate constant and the concentration of the 

reactant for the forward/backward reaction, respectively. Assuming that the total reaction rate 

merely depends on the rds, we can apply the BV equation for a one-step, one-electron transfer 

process to Eq. (6-1) by writing the total reaction rate,224,225 

{
𝑟𝑓 = 𝑘𝑓 exp[−𝛼𝑓(𝐸 − 𝐸

0′)]

𝑟𝑏 = 𝑘𝑏 exp[(1 − 𝛼)𝑓(𝐸 − 𝐸
0′)]

  (6-2) 

Here, 𝑓 = 𝐹/𝑅𝑇, 𝐹 is the Faraday’s constant, 𝑅 is the gas constant, 𝑇 is the temperature and 𝐸 is 

the applied potential. The transfer coefficient 𝛼 and the formal potential 𝐸0
′
 are specified for the 

rds. For the purpose of distinguishing from the charge transfer-dependent part of the total reaction 

rate, i.e., exp[−𝛼𝑓(𝐸 − 𝐸0
′
)]  or exp[(1 − 𝛼)𝑓(𝐸 − 𝐸0

′
)] , we introduce the charge transfer-

independent rate constants 𝑘𝑓/𝑏 defined as, 

{
𝑘𝑓 = (𝑘𝐵𝑇/ℎ)𝑒𝑥𝑝(−Δ𝐺𝑓

+/𝑘𝐵𝑇)

𝑘𝑏 = (𝑘𝐵𝑇/ℎ)𝑒𝑥𝑝(−Δ𝐺𝑏
+/𝑘𝐵𝑇)

  (6-3) 

where Δ𝐺𝑓
+ and Δ𝐺𝑏

+ are the potential-independent activation energy for the forward and backward 

reactions, respectively. We note that the Tafel reaction cannot be described by Eq. (6-2) as it is not 

a charge transfer reaction. Combining Eqs. (6-1) and (6-2), we obtain,  

𝑗 = 𝑒𝐶𝑓 𝑘𝑓exp[−𝛼𝑓(𝐸 − 𝐸
0′)] − 𝑒𝐶𝑏 𝑘𝑏exp[(1 − 𝛼)𝑓(𝐸 − 𝐸

0′)] (6-4) 

To make Eq. 6-4 amenable to first-principles calculations, we express 𝐶𝑓 = 𝐶𝑡𝑜𝑡(1 − 𝜃), 𝐶𝑏 =

𝐶𝑡𝑜𝑡𝜃  and 𝐸0
′
= −Δ𝐺H/|𝑒|  for the Volmer reaction, and 𝐶𝑓 = 𝐶tot𝜃 , 𝐶𝑏 = 𝐶𝑡𝑜𝑡(1 − 𝜃)  and 

𝐸0
′
= Δ𝐺H/|𝑒| for the Heyrovsky reaction. See Supporting Information for detailed derivations. 

Here, 𝐶𝑡𝑜𝑡 is the areal concentration of HER active sites and Δ𝐺H is the DFT based hydrogen 

adsorption free energy defined in Eq. (3-1) and (3-3). The hydrogen adsorption fraction can be 
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written in the Langmuir form 𝜃 = 𝐾/(1 + 𝐾) with the equilibrium constant 𝐾 = exp(−Δ𝐺H/

𝑘𝐵𝑇) .7,189,224 We show in the SI that the Langmuir isotherm successfully describes, with a 

coefficient of determination 𝑟2~ 0.9, hydrogen adsorption on metal surfaces. It is in agreement 

with the results obtained from ab initio thermodynamics. 

Assuming that the rds dominates the total HER activity with constant values of 𝑘𝑓 and 𝑘𝑏 

throughout the HER potential window, we can apply the constraints that are defined at the 

equilibrium, that is 𝑘0 = 𝑘𝑓 = 𝑘𝑏 or Δ𝐺0
+ = Δ𝐺𝑓

+ = Δ𝐺𝑏
+. Here, the standard rate constant 𝑘0 is 

defined when the forward and backward rates are the same at the equilibrium,225 and Δ𝐺0
+ is the 

forward/backward activation energy at the equilibrium. Further, we assume that the rds is the same 

throughout the HER potential window, which justifies having a non-changing value 𝛼 along the 

reaction pathway. This is justified by our ab initio thermodynamics calculations (see Ref. 172 for 

detailed explanation) showing that the hydrogen adsorption sites are non-changing for all metal 

surfaces, as the intermediates that interact with different adsorption sites undergo different charge-

transfer mechanisms. We note that the proposed computational CV model, which is fully defined 

in Eqs. (6-2), (6-3) and (6-4), requires the values of Δ𝐺H, Δ𝐺0
+ and 𝛼 for computing 𝑗. We will 

show next that the computational CV model is only a function of Δ𝐺H for HER exchange current 

by confirming that Δ𝐺0
+ and 𝛼 are universal for all metal electrodes through fitting to experimental 

CVs. 

6-3 Validation of the Computational Model 

To validate and establish the computational CV model of Eq. (6-4), we fit the experimental CVs 

based on the rds that is inferred by examining Δ𝐺H; the Volmer/Heyrovsky reaction is the rds when 
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Δ𝐺H is positive/negative, as confirmed theoretically and computationally.129,224 The experimental 

CVs of the mono-metallic systems were shortlisted from a larger set of prior literature 

reports.5,68,130-142,169 Namely, the selected experiments are based on the criteria that limits or 

otherwise account for electrolyte/surface contamination, electrode roughness, surface corrosion, 

mass transfer effects and charge impedance.189 Especially, for platinum group metal electrodes 

with the highest activities, the HER currents can be entirely limited by mass diffusion in traditional 

rotating disk electrode (RDE) measurments.68,193 To avoid this limitation, we use the experimental 

CVs from the study of Gasteiger et al. that mitigated the mass diffusion limitation using a proton 

exchange membrane fuel cell setup with a H2 pump approach.68 In addition, unlike RDE, this 

approach can measure the effective surface area with an accuracy higher than 1 mA/cm2, which is 

needed to distinguish between the HER activities of the precious metals.226-229 

For the selected experimental CVs, we carefully inspect the potential region where mass-

transport could limit the currents to be non-Faradaic particularly at elevated applied potential. In 

addition, we ensure that the catalysts do not experience a change in reaction pathways in the HER 

potential window, which violates the assumption of a non-changing 𝛼 in Eq. (6-4). Based on this 

analysis, we concluded that of all investigated metals, Pt, Ir and Re cannot be described with high 

fidelity using Eq. (6-4) without confining to the potential regions that are free of mass-transfer 

limitation. Previous studies have shown that the experimental currents for Pt and Ir follow the BV 

behavior only in the low-overpotential region above −0.05 V vs. SHE (VSHE) as the currents are 

mass-transfer limited at higher low-overpotential region.68,230,231 This agrees with our findings 

where the model of Eq. (6-4) is found to well-describe the experimental CVs in the low-

overpotential region −0.05 to 0 VSHE while the experimental currents are lower than the computed 

currents below −0.05 VSHE (see Supporting Information). For Re, such mass-transfer limited 
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current are observed below −0.35 VSHE where the noise from the formation of H2 bubbles are 

reported in experiment, which alters the determination of the HER current232 (see Figure 6-5). We 

note that for Pt and Ir, both the forward and backward charge transfer processes, as described in 

Eq. (6-4), significantly contributes to the total net current near the equilibrium potential; thus, their 

CVs exhibit linear dependency between 𝑗 and VSHE, as shown in Figure 6-1(a) and 6-2(a). This is 

different from the other metals with 𝐸0
′
 values that are away from zero, resulting a negligible 

backward charge transfer process. 

Figures 6-1 and 6-2 show that the computational CV model of Eq. (6-4) fits the 

experimental CVs with high fidelity, as reflected from the high value of the coefficient of 

determination, 𝑟2 >  0.990. The quality of the fits is determined by whether the model can 

successfully describe the experimental CVs using the DFT computed Δ𝐺H, in addition to two 

Figure 6-1. (a) The cyclic voltammograms as a function of potential (V vs. SHE) and (b) the Tafel slopes as a 

function of overpotential (V) for six pure-metal electrodes (see also Supporting Information for additional six 

electrodes). The experimental cyclic voltammograms (black dots) are reproduced from the references listed in 

Table 6-1 and are fitted with the computational CV model of Eq. (6-4) shown in red line. The Tafel slopes are 

obtained from the computational CV model of Eq. (6-4).
11 
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fitting values Δ𝐺0
+  and 𝛼 . Table 1 lists the fitting parameters as well as the experimentally 

measured Tafel slopes and the numerically computed Tafel slopes from the computational CV 

model. As seen from the table, the values of  𝛼, 0.52 ± 0.15, fall within a narrow range compared 

to the theoretical range 0 < 𝛼  < 1. In addition, the activation energy for the charge transfer-

independent rate Δ𝐺0
+ =  0.69 ± 0.10 eV is nearly a constant for all metals electrodes despite the 

wide spectrum of HER activities −0.92 < log(𝑗0/(𝐴 ∙ 𝑐𝑚
2)) < −12.28 reported experimentally. 

For the twelve metal electrodes, the medium (averaged) values ΔG0
+ = 0.69 eV (0.68 eV) and 𝛼 = 

0.52 (0.51) are consistent with the Yang-Saidi model for the exchange current density,189,224 

𝑗0 = {
𝑒𝑘0𝐶𝑡𝑜𝑡(1 − 𝜃)

(1−𝛼)(𝜃)𝛼

𝑒𝑘0𝐶𝑡𝑜𝑡(𝜃)
(1−𝛼)(1 − 𝜃)𝛼

  (Volmer) (6-5) 
(Heyrovsky) 

where 𝛼 = 0.5 and 𝑘0 = (𝑘𝐵𝑇/ℎ)exp(−Δ𝐺0
+/𝑘𝐵𝑇) with Δ𝐺0

+ = 0.7 eV is the absolute form of 

the standard rate constant. Note that the Yang-Saidi model of Eq. (6-5) is obtained from Eq. (6-

4) following the detailed derivation in our previous works (see Ref. 23 and 24).  

Based on the classic BV theory,233 the physical interpretation of 𝛼 = 0.5 is that the “shape” 

of the activation barrier of the one-step, one-electron process, i.e., Eq. (6-4) is symmetrical. 𝛼 = 

0.5 can be also justified from Marcus theory,234,235 which stipulates that no work is required to 

establish the charge transfer reaction at the electrochemical condition where the forward and the 

backward currents of the charge transfer process have the same behavior with the external potential, 

i.e., 𝑗𝑓 = −𝑗𝑏 at a negative or positive |𝐸| for the forward and the backward reactions, respectively. 

Δ𝐺0
+ can be interpreted as the potential independent part of the total activation barrier for HER. 

Thus, for the most HER active surfaces where the adsorption (Volmer) and desorption (Heyrovsky) 

can be established without applying an external potential, i.e.  𝐸0
′
~ 0, the overall HER current is 

determined by the value of Δ𝐺0
+. We acknowledge that a deeper connection with a theoretical 
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explanation is still missing for Δ𝐺0
+. However, the values Δ𝐺0

+ = 0.7 eV obtained from fitting is 

consistent with several studies. Using DFT calculations, Sku´lason et al. and Tang et al., showed 

that the activation barrier for HER to be 0.6 eV with the Heyrovsky reaction as the rds on Pt 

(111).6,129 Also, based on solvated jellium method and Marcus theory,234,235 Peterson et al.,94 

computed the activation barrier 0.77 eV at the thermoneutral condition for the Heyrovsky reaction 

(rds) on Pt (111).  

It can be posited that there are several uncertainties that hinder determining whether Δ𝐺0
+ 

and 𝛼  are truly universal in nature. For example, we use the most stable termination for the 

calculation of Δ𝐺H although other terminations of the electrodes could contribute to the exchange 

current. Also, while the experimental currents are assumed to be solely from the rds, there are 

additional charge transfer reactions originated from H2O  adsorption that are not easily 

distinguished from the total current.220,221,236 Nonetheless, we will show next that the 

Figure 6-2. (a) The cyclic voltammograms as a function of potential (V vs. SHE) and (b) the Tafel slopes as a 

function of overpotential (V) for six pure-metal electrodes (see also SI for additional six electrodes). The 

experimental cyclic voltammograms (black dots) are reproduced from the references listed in Table 1 and are fitted 

with the computational CV model of Eq. (6-4) shown in red line. The Tafel slopes are obtained from the 

computational CV model of Eq. (6-4).12 
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computational CV model is insensitive to small variations in Δ𝐺0
+ and 𝛼 when reproducing the 

experimental exchange currents.  

In Figure 6-3, we report the exchange current densities 𝑗0 obtained from the Yang-Saidi 

model of Eq. (6-5) with the universal values of 𝛼 = 0.5 and Δ𝐺0
+ = 0.7 eV. For comparison, we 

also show 𝑗0 based on the computational CV model of Eq. (6-4) using the fitting values of 𝛼 and 

Δ𝐺0
+,  see Table 1. In these calculations, we utilized Δ𝐺H  from DFT calculations and the 

temperatures specified in experiments, as listed in Table 6-1. As seen from the figure, the two sets 

of 𝑗0 are in agreement despite the wide variations of the metal electrodes reflected with a Δ𝐺H 

varying from −0.1 eV to 1.1 eV, which corresponds to nearly fourteen-orders of magnitude 

variations in exchange currents. It should be expected that the experimental 𝑗0 values are in line 

with the computed ones using the fitting parameters, as Eq. (6-4) or (6-5) show high fitting fidelity 

with experimental CVs. However, small discrepancies in experimental 𝑗0 values are due to the 

Tafel analysis when selecting the overpotential region where log (𝑗) is linearly extrapolated to 0 

VSHE. For example, from the experimental CVs of Au (111),136 we measure 𝑗0 to be 9.7 × 10-6 

A/cm2 at the potential region from −0.1 to −0.2 VSHE overpotential. This value is higher than the 

reported value of 2.5 × 10-7 A/cm2 measured below −0.1 VSHE.136 

Figure 6-3. Comparison of the computed and the 

experimental 𝑗0 . The computed 𝑗0  values are obtained 

using the Yang-Saidi model with the universal constants 

𝛼 = 0.5 and Δ𝐺0
+ = 0.7 eV (red scatters), and with the 

fitted 𝛼  and Δ𝐺0
+  in Table 1 (gray scatters). The 

horizontal lines indicate the experimental 𝑗0 values of 

the corresponding metal electrodes, and are reported 

from the references listed in Table 1. The solid line 

indicates parity and the dashed lines indicate the 

boundary within two orders of magnitude difference. 

All the values are listed in Table 6-2 and 6-3.13 
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Our model shows that Pt (111) is the most HER active among the metal surfaces via 

quantifying the 𝑗0 with Δ𝐺H ~ 0 eV. However, we note that there is a debate in the community on 

whether the maximum HER activity corresponds to thermoneutral Δ𝐺H. Peterson et al. showed 

that hydrogen atoms at atop sites (with Δ𝐺H > 0 eV) are more active for HER compared to those 

at the hollow sites (with Δ𝐺H ~ 0 eV).94 On the other hand, Tang et al.129 and Skúlason et al.6 

argued that the Heyrovsky reaction is the rds for H2 formation, which is associated with the on-

top hydrogen atoms that diffuse from the hollow sites (with Δ𝐺H ~ 0 eV) with a negligible barrier. 

The findings of Tang and Skúlason based on first-principles are consistent with experimental 

results showing the hydrogen coverage does not exceed 1 monolayer (ML) 237,238; i.e., atop sites 

are very unlikely to be occupied below 1 ML. From our DFT calculations, we find that the hollow 

sites are the most probable (stable) adsorption sites with Δ𝐺H ~ 0 eV below 1 ML, and the atop 

sites are only occupied above 1 ML with Δ𝐺H ~ 0.5 eV through the Volmer reaction. Therefore, 

we posit that the atop hydrogen atoms with Δ𝐺H > 0 are the intermediate states, which are HER 

“activated” from the thermoneutral hydrogen atoms at the hollow sites with Δ𝐺H ~ 0.  

Herein, not only we show that 𝛼 and Δ𝐺0
+ are universal at the equilibrium limit, we have 

confirmed again in the HER potential window, that such universality is critical for the Yang-Saidi 

model to be solely a function of the easy-to-compute Δ𝐺H. Although the model using the fitted 𝛼 

and Δ𝐺0
+, that are materials dependent, has higher accuracy (within one order of magnitude with 

experimental 𝑗0) for computing 𝑗0 than using the universal ones (within two orders of magnitude 

with experimental 𝑗0), the universality gives a great advantage to quantify 𝑗0 with a sufficient 

accuracy without fitting to experimental cyclic voltammograms. 

We next assess the accuracy of the CV model to predict the Tafel slope, 𝑏 = 𝑑𝜂/𝑑log (𝑗). 

In analytical studies, the Tafel slope is routinely employed to uncover the HER reaction pathways 
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based on the empirical BV relation 𝑗 ∝ 𝑒−𝛼𝑐𝑓𝜂 , where 𝛼𝑐  is the empirical cathodic transfer 

coefficient and 𝜂 is the overpotential. Note that 𝛼𝑐  is distinguished from 𝛼 in Eq. (6-2) as the 

former describes the total current while the latter describes the current limited from either the 

Volmer or the Heyrovsky reaction. It is commonly argued that the rds is determined based on the 

empirical Tafel slope 𝑏 = 2.303𝑅𝑇/𝐹𝛼𝑐 where the values 120, 40 and 30 mV/dec correspond to 

the Volmer, Heyrovsky and the Tafel reactions as the rds, respectively.239-245 However, these 

standard values are based on the assumption that 𝛼𝑐 = 0.5. In addition, there has not been a 

consensus in the community on determining the rds purely based on these standard values. 

Shinagawa et. al. utilized microkinetic analysis to argue that the Tafel slope for the Heyrovsky 

reaction can be either 120 or 40 mV/dec for high or low hydrogen concentrations.62 Zheng et al. 

argued that the HER activity on high active catalysts are limited by mass-transport yielding a 30 

mV/dec Tafel slope, which nevertheless does not indicate that the Tafel reaction as the rds.246 

To resolve these controversies, we employ the computational CV model to compute the 

Tafel slope as a function of overpotential 𝜂 = 𝐸 − 𝐸0
′
. Figure 6-1(b) shows that the computed 

Tafel slope increases with 𝜂 and converges to a constant value. If the Volmer or the Heyrovsky 

reaction is the rds, the converged value is  𝑏 = 2.303𝑅𝑇/𝐹𝛼, which can be derived from Eq. (6-

4) by neglecting the second term. This approximation is justified given that the current of the rds 

is polarized away from the equilibrium potential i.e., 𝐸 − 𝐸0
′
> 0 V. This form of the Tafel slope 

agrees with what was proposed before by Shinagawa et al.62 Further, our results shows that the 

Tafel slope can be 120 mV/dec for the Heyrovsky reaction at 𝜃 ≈ 1 with 𝛼 ≈ 0.5, in agreement 

with the arguments of Shinagawa et al.62 

As seen in the table, all the experimentally measured Tafel slopes are in agreement with 

our computed values except for Re, Au and Bi. We will elaborate below that the discrepancy 
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originates from the selection of the potential region for measuring the Tafel slope. In analytical 

Tafel analysis, the experimental Tafel slopes are determined in the linear region near the 

equilibrium potential. Figure 6-1(b) confirms that the linear region is at ~0.1 V overpotential for 

all metals where the computed Tafel slopes converge to a constant value. For Re, the experimental 

value of 65 mV/dec is different from the calculated one of 92 mV/dec. This is because our value 

is obtained from modeling the CVs in the potential region (−0.11 to −0.15 VSHE) while the 

experimental value is obtained from averaging over a wide potential region (−0.11 to −0.69 

VSHE)138 where the HER experiences a change of reaction pathway, as argued before.  For Au, 

there are two reported values 60 and 120 mV/dec at low and high overpotentials, respectively.62 

This can be readily explained by our computed values in Figure 6-1(b) where the Tafel slope 

increases from 0 to 60 mV/dec for 0 to 0.25 VSHE, and converges to 120 mV/dec above 1 VSHE. 

For Bi, our converged Tafel slope value is 129 mV/dec determined above 0.3 V overpotential, 

which is higher than the reported value of 100 mV/dec obtained from the linear fitting in the 

reported overpotential region of 1.1 to 1.5 overpotential (with respect to 0 VSHE).141 This can be 

readily explained from the trend observed in Figure 6-4 – the experimental Tafel slope decreases 

with decreasing overpotential. 

 

Table 6-1. The values of the parameters for generating the cyclic voltammogram of Figure 6-1(a) using Eq. (6-4). 

The values of 𝛼 and Δ𝐺𝑓
+ are obtained from fitting to the experimental cyclic voltammograms in the references 

listed below. 𝑇 is set at 298 K unless reported otherwise in the experimental studies. The experimental Tafel slope 

(Exp. 𝑏) is reported from the references and the calculated Tafel slope (Cal. 𝑏) is obtained from the computational 

CVs.11 

 Pt Ir Pd Rh Re Ru Co Ni Au In Cd Bi 

𝜟𝑮𝐇 -0.08 -0.14 -0.18 -0.16 -0.33 -0.22 -0.25 -0.28 0.53 0.91 1.03 1.07 

𝜟𝑮𝟎
+ 0.61 0.60 0.68 0.61 0.79 0.68 0.67 0.76 0.58 0.74 0.69 0.78 

𝛂 0.48 0.42 0.50 0.66 0.55 0.53 0.37 0.47 0.42 0.48 0.43 0.46 

𝑻 313 313 313 313 303 298 293 295 298 303 298 298 

Exp. 𝒃 124 124 127 95 65 117 163 119 125 120 135 100 

Cal. 𝒃 129 148 124 91 109 112 157 125 141 125 138 129 

Ref. 68 68 68 68 232 132 169 135 136 142 140 141 
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In summary, we propose a computational cyclic voltammetry (CV) model for the exchange 

current of hydrogen evolution reaction building on the BV relation for a one-step, one-electron 

transfer process. Solely based on the easy-to-compute descriptor Δ𝐺H , the computational CV 

model reproduces experimental exchange currents for a wide variety of pure metal electrodes with 

high fidelity. The key success of the computational CV model is attributed to the universal and 

absolute reaction rate constant that is confirmed by the fitted values of 𝛼 = 0.52 ± 0.15 and 

Δ𝐺0
+ = 0.69 ± 0.10 eV from scrutinizing the experimentally relevant potential window for the 

Faradaic HER currents with a non-changing reaction mechanism. The findings reconfirm the 

Yang-Saidi model for the exchange current that was derived under equilibrium conditions where 

HER currents are potential-independent.189,224 Further, from the computational CV model, we 

show that the calculated Tafel slopes are comparable with the experimental reported values. 

Importantly, these results, based on the atomistic view, resolves controversies on the studies of 

HER mechanism based on empirical Tafel analysis. Our findings are crucial to understand the 

empirical cyclic voltammetry in views of theoretical electrochemistry, which provides a 

framework to compute the cyclic voltammetry solely using end-to-end ab initio calculations for 

electrochemical reaction rate. 

6-4 Supporting Information 

Computational Details. The first-principles DFT calculations are performed using the Vienna Ab 

Initio Simulation Package (VASP). The Revised Perdew-Burke-Ernzerhof (RPBE) is employed to 

solve the Kohn-Sham equations within periodic boundary conditions, and the PAW 

pseudopotentials are utilized to describe electron-nucleus interactions.160-163 In addition, the Van 
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der Waals (vdW) corrections are described by the dDsC dispersion correction.247,248 For all 

systems, the convergence is determined when the energy-change of the electronic self-consistent 

loops is within the tolerance of 1×10-6 eV. The periodic supercell models are cleaved from the 

optimized bulk structures. To mitigate the fictitious interactions between periodic images, we use 

3×3 supercells that have slabs with 5-layer thickness and 15 Å vacuums perpendicular to the 

surfaces; the bottom two layers are fixed at bulk position while relaxing the top 3 layers. All the 

supercell models are as described before except that the Bi surface model has 8 layers with the 

bottom half layers fixed at bulk position. All metal electrodes are represented by their most stable 

terminations: for metals in Fm3̅m and P63/mmc phase164,165, we use (111) and (001), respectively. 

For Bi and In in R 3̅m, we use (111) termination.166 For Δ𝐺H > 0  (Δ𝐺H <  0), the hydrogen 

coverage is 1/9 ML (1 ML). The approximation is based on the ab initio thermodynamic analysis123 

that has been shown valid for experimental exchange currents.189,224 We also study the solvation 

energy Δ𝐸H2O by adding a single water layer in hexagonal structure with 1/6 ratio for H3O/H2O. 

We find that Δ𝐸H2O is less than 0.1 for all metal surfaces. 

 

Table 6-2. Variables that are employed to compute the exchange current in Figure 6-2. For computations, we use 

the bulk structures from our previous work in Ref 224.12 

 
Temperature 

(K) 

Surface 

Area (cm2) 

𝚫𝑮𝐇 

(eV) 

𝚫𝑮𝟎
+ 

(eV) 
𝜶 

# Sites per 

surface area 

Pt 313 6.20 × 10-15 -0.082 0.608 0.48 9 

Ir 313 5.89 × 10-15 -0.136 0.605 0.42 9 

Rh 313 5.77 × 10-15 -0.159 0.612 0.66 9 

Pd 313 6.16 × 10-15 -0.176 0.678 0.50 9 

Re 303 6.04 × 10-15 -0.327 0.787 0.55 9 

Ru 298 5.81 × 10-15 -0.220 0.679 0.53 9 

Co 293 4.70 × 10-15 -0.252 0.671 0.37 9 

Ni 295 4.89 × 10-15 -0.280 0.764 0.47 9 

Au 298 6.86 × 10-15 0.532 0.583 0.42 9 

Bi 298 1.65 × 10-14 1.071 0.782 0.46 9 

Cd 298 7.49 × 10-15 1.031 0.692 0.43 9 

In 303 9.30 × 10-15 0.912 0.742 0.48 9 
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Table 6-3. (a) The experimental  log(𝑗0) values. (b) The computed log(𝑗0) using the Yang-Saidi model with 𝛼 = 

0.5 and Δ𝐺0
+ = 0.7 eV and (c) the computed log(𝑗0) values using the fitted 𝛼 and Δ𝐺0

+ reported in Table 1. The 

unit of 𝑗0 is A/cm2. The experimental log(𝑗0) values are taken directly from the references provided in Table 1. For 

the references that do not report the values, we measure the values from the reported cyclic voltammogram using 

Tafel slope analysis; for Co, Au and Bi, log(𝑗0) is linearly extrapolated to 0 V vs SHE at the potential window of 

0.2 to 0.4 V vs SHE, 0.1 to 0.2 V vs SHE and -1.3 to -1.6 V vs SHE, respectively.13 

 (a) (b) (c) 

Pt -0.921 -2.792 -1.263 

Ir -1.444 -3.187 -1.453 

Rh -2.284 -3.362 -2.328 

Pd -2.523 -3.526 -3.151 

Re -6.228 -5.192 -6.903 

Ru -4.347 -4.511 -4.268 

Co -3.783 -4.928 -3.873 

Ni -5.585 -5.088 -6.042 

Au -5.013 -7.221 -4.523 

Bi -12.276 -12.162 -12.824 

Cd -10.770 -11.479 -10.123 

In -11.000 -10.244 -10.632 

 

Derivation of the Formal Potential 𝑬𝟎
′
. At the reversible HER potential 𝐸 = 0 V vs. SHE, we 

can apply the Nernst relation to obtain the formal potentials of the rate-determining step, 

𝐸 = 0 = 𝐸0
′
+
𝑅𝑇

𝐹
ln (

𝐶𝑓

𝐶𝑏
) 

Here, we utilize the total adsorption sites 𝐶𝑡𝑜𝑡 = 𝐶𝑓 + 𝐶𝑏 by assuming that all the adsorption sites 

are in contact with either the reactants or products of the rate-determining step near solid-liquid 

interface. Specifically, each site is in contact with either hydrogen ion H+, adsorbed hydrogen 

atom H∗ or hydrogen gas molecule H2. For the Volmer reaction, the concentration of the reactants, 

i.e., the concentration of proton, 𝐶𝑓 = 𝐶𝑡𝑜𝑡(1 − 𝜃) is the concentration of unoccupied sites, and 

the concentration of products, i.e., the concentration of adsorbed hydrogen atom, 𝐶𝑏 = 𝐶𝑡𝑜𝑡𝜃 is the 

concentration of occupied site. Here, 𝜃  is the fraction of adsorption sites. For the Heyrovsky 

reaction, the reactants are the pairs of adsorbed hydrogen atoms and protons. Therefore, the 

concentration of the pairs is equal to the concentration of adsorbed hydrogen atoms that 𝐶𝑓 =

𝐶𝑡𝑜𝑡𝜃 , and write 𝐶𝑏 = 𝐶𝑡𝑜𝑡(1 − 𝜃) for the concentration of H2 formed near the sites that are 
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previously occupied by the adsorbed hydrogen atoms. With the approximations of 𝐶𝑓 and 𝐶𝑏, we 

can further write Eq. (A-1) as, 

𝐸0
′
= {

−
𝑅𝑇

𝐹
ln(

𝐶𝑡𝑜𝑡(1−𝜃)

𝐶𝑡𝑜𝑡𝜃 
)

−
𝑅𝑇

𝐹
ln(

𝐶𝑡𝑜𝑡𝜃

𝐶𝑡𝑜𝑡(1−𝜃)
)
  

(Volmer) 

(Heyrovsky) 

Writing 𝜃  with the Langmuir form that 𝜃 = 𝐾/[1 + 𝐾]  where 𝐾 = exp(−Δ𝐺H/𝑘𝐵𝑇)  is the 

equilibrium constant, we can obtain that 

𝐸0
′
=

{
 
 

 
 −

𝑅𝑇

𝐹
ln (

1

1+𝐾
𝐾

1+𝐾

) = −
Δ𝐺H

|𝑒|

−
𝑅𝑇

𝐹
ln (

𝐾

1+𝐾
1

1+𝐾

) =
Δ𝐺H

|𝑒|
    

  

(Volmer) 

(Heyrovsky) 

 

Exchange Current and the Tafel slope for Bi. For the purpose to measure the exchange current 

and resolve the contraversy on the values of the Tafel slope 𝑏  reported experimetnally and 

calculated using the computational CV model, we regenerated the experimetal Tafel plot from 

reference 141, as shown in Figure 6-4. Among the total reported overpotential region 0 to 1.60 V, 

we focus on analyzing the Tafel slope in the region that displays the most linear behavior, 1.3 to 

Figure 6-4. The Tafel Plot of Bi electrode. The 

experimental values are reproduced from reference 

shown as dots. For the low, medium, high 

overpotential regions, shown in gray, green, and 

magenta, respectively, the Tafel slopes are obtained 

from linear fitting.14 
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1.60 V. This agrees with our computed Tafel plot in 6-2 that the Tafel slope starts to converge 1.2 

V overpotential. The linear fitting is performed in the three overpotential regions; 1.32 to 1.48 V, 

1.48 V to 1.55 V and 1.56 V to 1.60 V. The corresponding Tafel slopes calculated from the three 

regions are 114, 165 and 175 mV/dec, respectively. The trend - the Tafel slope decreases with 

decreasing overpotential - explains that the experimentally reported Tafel slope of 100 mV/dec 

obtained from the linear fitting in the reported overpotential region of 1.1 to 1.5 overpotential (with 

respect to 0 VSHE) is lower than the calculated Tafel slope of 134 mV/dec. We note that the 

experimental 𝑗0  of Bi is not reported in the original literature. Therefore, we calculate the 

experimental 𝑗0  by performing the Tafel analysis in the region − 1.32 to − 1.60 V of the 

experimental Tafel plot, shown in Figure 6-4, and obtain log(𝑗0) of 12.28. We find that the 

experimental Tafel slope shows a minimal change from −1.30 to −1.60 V. Therefore, performing 

the linear fitting at a lower potential region, −1.32 to −1.48 V leads to a lower value of log(𝑗0) of 

14.5 as we showed before224. However, this variation of the experimental Tafel slopes measured 

at different potential region does not affect our results of the Yang-Saidi model as well as our 

computational CV model.  

  

Figure 6-5. Cyclic voltammograms (CVs) of 

the precious metals. At the elevated potential 

regions where the experimental cyclic 

voltammograms (black dots) are heighted, the 

currents are limited by mass-transfer 𝐽𝑚𝑎𝑠𝑠 . 

Here, 𝐽𝑚𝑎𝑠𝑠 are smaller than the currents from 

HER 𝐽𝐻𝐸𝑅, which are computational CV model 

of Eq. (6-4) in the main document. The 

experimental CVs are reported from the 

references listed in Table 6-3.15 
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7-0 Enhanced the Hydrogen Evolution on Graphene-Coated Molybdenum Carbide 

Note: The chapter is created from the published manuscript Graphene Activation Explains the 

Enhanced Hydrogen Evolution on Graphene-Coated Molybdenum Carbide Electrocatalysts 

(Timothy T. Yang and Wissam A. Saidi, J. Phys. Chem. Lett. 2020, 11, 7, 2759–2764). Most of 

the writings are not rephrased. 

 

Graphene has shown high catalytic activities towards the hydrogen evolution reaction when 

coupled with Molybdenum carbides (MoyC). Because graphene is inert to the hydrogen evolution 

reaction due to the weak interaction with hydrogen, I posit that the enhanced activity originates 

from modulating the electronic properties of the graphene via coupling with MoyC. Herein, I use 

density functional theory (DFT) calculations in conjunction with ab initio thermodynamics and 

electrochemical modeling on γ-MoC supported graphene to determine the origin of the enhanced 

HER activities. In addition to previous claims that graphene’s main role is to prevent 

agglomeration of MoyC nanoparticles, I show that the interplay between γ-MoC coupling and 

graphene defect chemistry activates graphene for HER. For all γ-MoC supported graphene systems, 

the HER mechanism follows Volmer-Heyrovsky pathway with the Heyrovsky reaction as the rate-

determining step. To simulate the electrochemical linear sweep voltammetry at the device level, I 

develop a computational current model purely from the thermodynamic and kinetics descriptors 

obtained using DFT. This model shows that γ-MoC supported graphene with divacancies is 

optimum for HER with an exchange current density ~1 × 10-4 A/cm2 and Tafel slope ~50 mV/dec-

1, which is in good agreement with experimental results. 
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7-1 Introduction 

Water electrolysis is a promising approach for hydrogen production with no greenhouse gas 

emissions as long as renewable energy resources are used to drive water splitting. For this case, 

hydrogen is generated at the cathode site through hydrogen evolution reaction (HER). Despite the 

promise of molecular hydrogen for electrochemical energy storage and conversion, the high-cost 

of the optimum catalyst, platinum, has been the bottleneck of wide-scale deployment for 

electrochemical hydrogen production.172,249 Molybdenum carbide (MoyC) is an attractive catalyst 

for HER due to its low cost and high stability.250,251 Recent studies have demonstrated a good HER 

catalytic activity of MoyC in various structures including  nanowires252, microspheres253, 

hierarchically porous architecture254 or nano-octahedrons255. It is generally believed that Mo2C 

phases such as β-Mo2C exhibit excellent HER electrochemical catalytic behaviors252,256 as their 

Mo-C mixed bands across the Fermi level provide a platinum-like metallic d-band structure.257,258 

On the other hand, MoC phases in hcp, fcc or WC structure (γ-MoC)  are less favored for catalytic 

activities owing to their covalent or mixed ionic–covalent characters.3,257  

Several studies have shown that the catalytic activities of MoyC nanoparticles can be 

further enhanced by coupling to carbon-based materials.259-265 To date, the main role of graphene 

in MoyC/graphene heterostructures is not clear. Since graphene is extremely inert to HER,266 it is 

generally believed that graphene hinders the aggregation of MoyC nanoparticles, therefore 

maximizing the number of active sites.253,255,262,264,267 However, previous studies showed that HER 

activities can also be induced at the interface of heterostructures268-270 such as nitrogen-doped 

graphene/g-C3N4
271 and graphene/MoS2.

266,272
.This raises the question whether the coupling of 

graphene to MoyC functionalizes graphene towards HER. Moreover, if this is the case, then a 
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fundamental understanding on the coupling behavior at the nanoscale can provide an opportunity 

to further enhance the HER activity. 

7-2 Adsorption Sites on Supported Graphene 

The Zur and McGill scheme273 is applied to build a supercell model for the heterostructure 

employing a small lattice misfit between γ-MoC Mo-terminated (001) and graphene. γ-MoC (001) 

termination is chosen as this is a stable termination with low surface energy251,257,274. The optimum 

interface structure was determined from the minimum of the potential energy surface constructed 

by shifting graphene with respect to the Mo- or C-terminated MoC and relaxing all atomic 

coordinates. Using this approach, we find that the Mo-terminated MoC interface to be the most 

stable with Mo sitting atop C sites of graphene. Using the same interface model, in addition to 

pristine graphene (MoC-G), we have investigated graphene with Stone-Wales (MoC-SW), 

monovacancy (MoC-MV) and divacancy (MoC-DV) defects. We find that graphene and γ-MoC 

form a stable interface. The adhesion energies are relatively large and varies between −1.73 and 

−2.82 J/m2 for graphene with or without defects (see Supporting Information). We note that these 

defects can be controlled by chemical treatments and irradiation techniques.275 

To study hydrogen adsorption on the surfaces, we use a single hydrogen atom to probe all possible 

adsorption sites to obtain the differential hydrogen adsorption energy, 

Δ𝐸H∗ = 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 − 𝐸𝑛H/𝑠𝑙𝑎𝑏 −
1

2
𝐸H2 

(7-1) 

where 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 and 𝐸𝑛H/𝑠𝑙𝑎𝑏 are the total energies of the system with 𝑛 + 1  and 𝑛 adsorbed 

hydrogen, and 𝐸H2  is the energy of H2  molecule. Figure 7-1 shows Δ𝐸H∗  on all the possible 
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adsorption sites schematically. On MoC-G, H∗ is located only on atop C sites whereas hollow and 

bridge sites are unlikely to be occupied. For MoC-MV and MoC-DV, the most stable sites (Δ𝐸H∗ = 

−0.3 and −0.7 eV) correspond to carbon atoms with dangling bonds. Also, on MoC-SW, a strong 

adsorption site (Δ𝐸H∗ = −0.3 eV) appears at the apex of a pentagon carbon ring. In addition to the 

direct interaction of H∗  with C, the Mo d-band orbitals of subsurface Mo layers also affect 

hydrogen bonding. For example, on MoC-G, the Δ𝐸H∗  of H∗  at the atop sites of C which is 

supported on top of subsurface Mo is about 1 eV weaker than the C which is at Mo bridge sites. 

Overall, the filling sequence of these sites follows the adsorption strength: sites having strong 

interaction with H∗  are occupied first. This is similar to β-Mo2C surface as we have verified 

before.276 Further, the induced-curvature of graphene due to its interaction with MoC causes sp2-

sp3 hybridization also affects hydrogen adsorption strength,277-279 which causes small variations of 

Δ𝐸H∗ on some symmetric sites especially for MoC-DV.  

Figure 7-1. The hydrogen adsorption energies Δ𝐸H∗  of the HER activation sites on γ-MoC supported graphene 

with graphene defects. The adsorption sites are located on atop sites of the carbon atoms of surface graphene. 

These surface carbon atoms are color coded to represent the hydrogen adsorption energy. The supporting sub-

layer Mo atoms of γ-MoC are shown as dashed circles.16 
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We compute the hydrogen adsorption free energy Δ𝐺H (obtained from Δ𝐸H∗ after adding 

phonon contributions, see Supporting Information) to study HER thermodynamically. For Δ𝐺H > 

0, HER is endothermic while it is an exothermic process for Δ𝐺H < 0. The optimum HER activity 

corresponds to  Δ𝐺H ≅ 0, i.e., smallest free energy is needed for hydrogen to switch from gas state 

to adsorbed state or vice versa.111 Figure 7-2(a) shows Δ𝐺H for different hydrogen coverage 𝐶H 

(defined as number of H∗ per surface area). While Δ𝐺H increases monotonically with 𝐶H for MoC-

G and MoC-SW due to repulsive H − H interactions, Δ𝐺H oscillates at low 𝐶H for MoC-MV and 

MoC-DV due to mesomeric effect and compensation of dangling bonds. The mesomeric effect is 

caused by hydrogen adsorption that breaks graphene π bonds and delocalizes the electrons of H∗ 

at neighboring sites (ortho or para sites). These sites then become favored sites for subsequent 

hydrogen adsorption.280  

To determine the hydrogen coverage under different electrochemical environments, we 

compute the total hydrogen adsorption free energy Δ𝐺𝑡𝑜𝑡 with considerations of pH and external 

Figure 7-2. (a) Hydrogen adsorption free energy Δ𝐺H as a function of hydrogen coverage 𝐶H. The red-dashed line 

indicates Δ𝐺H = 0 for the optimum HER rate. (b) Total hydrogen adsorption free energy Δ𝐺𝑡𝑜𝑡 as a function of 

external potential U at different hydrogen coverages 𝐶H. See Figure 6-5 for 3D representations of the adsorption 

configurations near 0 vs SHE. For Figures 6-2(a) and 6-2(b), we only show the values at the hydrogen coverages 

that are relevant to the HER potential window from 0 to −0.5V vs. SHE.17 
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potential 𝑈  (see Supporting Information).281 Figure 7-2(b) shows Δ𝐺𝑡𝑜𝑡  of the four coupled 

systems; the most favored 𝐶H has the lowest Δ𝐺tot, and the corresponding Δ𝐺H for different 𝐶H is 

shown in Figure 7-2(a). On MoC-G, H∗ interacts weakly with the surface (Δ𝐺H = 0.21 eV) at 

𝐶H = 1.15 H∗/nm2 from 0 to −0.3 V. In contrast, hydrogen adsorption is stronger on MoC-SW 

and MoC-MV at 1.15 H∗/nm2 (𝛥𝐺H = −0.27 eV) and 2.30 H∗/nm2 (𝛥𝐺H = −0.32 eV) below −0.1 

V, respectively. Surprisingly, MoC-DV is predicted to have a strong HER activity (Δ𝐺H = −0.14 

eV) at 5.76 H∗ /nm2 with only a small overpotential −0.05 V. This will be also validated by 

examining the exchange current density as will be discussed later.  

7-3 Mechanism of the Hydrogen Evolution Reaction on Supported Graphene 

The overall HER reaction H+ + 𝑒− →
1

2
H2  takes place via two possible pathways namely the 

Volmer-Heyrovsky or the Volmer-Tafel. In an acidic solution, the three elementary steps can be 

written as,  

H3O
+ + 𝑒− ↔ H∗ + H2O; (Volmer) 

H3O
+ + 𝑒− + H∗ ↔ H2O + H2 (Heyrovsky) 

H∗ + H∗ ↔ H2. (Tafel) 

The Volmer reaction refers to hydrogen deposition from liquid water to surface. To form H2 gas, 

H∗ can either react with H+ in solution through the Heyrovsky reaction or with another H∗ on 

surface through the Tafel reaction. Figure 7-3 shows that the Volmer-Heyrovsky pathway is 

preferred for all structures with an activation barrier 𝐸avt less than 0.3 eV for the Volmer reaction 

and 0.9 eV for the Heyrovsky reaction. Thus, the Heyrovsky reaction is the rate-determining step 
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(rds). In contrast, the Volmer-Tafel pathway is hindered by the large activation barriers (𝐸avt > 

2.4 eV) of the Tafel reaction. For comparison, we also show the corresponding activation barriers 

on Pt (111) where both of the Volmer-Heyrovsky and the Volmer-Tafel pathways are accessible 

with 𝐸avt than ~0.5 eV.282 We also use an extrapolation scheme283,284 to eliminate finite-size effect 

for reaction energy and activation energy but our conclusions did not change that the Volmer-

Heyrovsky is the favorable route with the Heyrovsky reaction as the rds for all systems (see 

Supporting Information for calculation details and Table 7-2 for the corrected 𝐸avt).  

7-4 Electrochemical Current Modeling 

The overall HER with the Heyrovsky reaction as the rds can be described from the current-

potential285 

𝑗 = 𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡𝜃 exp(−α𝑓𝜂) (7-2) 

where 𝑓 = 𝐹/𝑅𝑇 with 𝐹 the Faraday constant, 𝑅 the gas constant and the temperature 𝑇 is chosen 

to be at room temperature 298 K. 𝑛 is the total electron involved per active site, 𝑘𝑎𝑛𝑎 is the rate 

constant. 𝐶𝑡𝑜𝑡 is the concentration of reactants near the electrode i.e., H∗, which is rationalized as 

the number of active sites per surface area. The transfer coefficient α is defined as the fraction of 

the activation barrier induced by 𝜂.225,286 For each γ-MoC supported graphene system, we compute 

𝛼 by evaluating the change of excess charge between transition and initial states using Bader 

analysis, as suggested by Chan et al.283 We note that the strategy only gives a rough estimate of 𝛼 

while is waited to be confirmed. See Supporting Information and Table 7-2. We find that 𝛼 = 0.1 

~ 0.35. 𝛼 < 0.5 indicates that the transition state of a reaction is final-state-like rather than initial-
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state-like.225 Thus, for the coupled systems, the transition states are final-state-like as can be also 

verified from examining the C − H bond length shown in Figure 7-3.   

Near the electrode surface, the fraction of hydrogen atoms that are involved in HER can be 

written as 

𝜃 =

{
 

 
1

𝐾exp(𝜂𝑓) + 1
𝐾

exp(𝜂𝑓) + K

 

for Δ𝐺H < 0 

for Δ𝐺H > 0 

(7-3) 

where 𝐾 = exp( − Δ𝐺H/𝑘𝐵𝑇) with the averaged Δ𝐺H among all adsorption sites corresponding to 

the hydrogen coverage near zero overpotential (see detailed discussion for Δ𝐺H and the derivation 

of 𝜃 in Supporting Information).111 For 𝜂 = 0,  𝜃 is of the form of a Langmuir model that has been 

applied widely to study HER on various catalytists.111,123,285𝜃 rapidly increases with 𝜂 attaining 1 

when 𝜂 is negatively away from 0. Thus, expectantly more hydrogen atoms are involved in HER 

at negative potentials that can be understood from the enhanced stabilization of H+ on electrode 

surface with negative potential. This behavior of 𝜃 is also consistent with the trend of increasing 

𝐶H with negative potential from the ab initio thermodynamics results in Figure 7-2(b). Furthermore, 

Figure 7-3. Minimum-energy pathways for the (a) Volmer, (b) Heyrovsky and (c) Tafel reactions. The reaction 

pathway is gauged using the bonding distance between C and H in (a) and (b), or the distance between two 

hydrogen atoms that are involved in the formation of H2 in (c). The hydrogen coverage for each reaction is selected 

at 𝜂 = −0.05 V, as shown in Figure 6-2(b). The dots indicate the images employed in the NEB simulations.18 
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H+ that comes to the surface at higher 𝐶H is more likely to from H2 as can be seen from Figure 7-

2(a) that Δ𝐺H  increases with increasing 𝐶H . Note that Δ𝐺H  is an intrinsic property that is 

independent to 𝜂 as defined in the supporting information. 

The rate constant 𝑘𝑎𝑛𝑎 ~ 200 site-1s-1 is universal for ideal HER catalysts.111 To validate 

that this value of 𝑘𝑎𝑛𝑎 is also applicable on the MoyC supported graphene systems, we fit Eq. (7-

2) to various experimental currents on similar systems (see Supporting Information). We find 

excellent fits with 𝑘𝑎𝑛𝑎 from 162 to 383 site-1s-1. The obtained range for 𝑘𝑎𝑛𝑎 is consistent with 

the previous estimate ~200 site-1s-1 on transition metals and β-Mo2C surfaces.111,276  In addition, 

the curvature of the experimental currents corresponds to 𝛼 =  0.3 ~ 0.4, which is in good 

agreement with our computed values from DFT 𝛼 = 0.1 ~ 0.35 for the different γ-MoC supported 

graphene systems. 

Figure 7-4(a) depicts the HER polarization curves from Eqs. (7-2) and (7-3). For 

comparison, we also reproduce the curves of isolated pure graphene, 𝛾-MoC bulk, and 20 wt% Pt 

on carbon black (Pt-C) obtained from experiments.12,251,262 We show clearly that the coupling of 

γ-MoC and graphene enhances the HER activity, which are sluggish on graphene or γ-MoC bulk 

in their isolated form. Further, the presence of graphene defect chemistry modulates the HER 

activities of the coupled systems: MoC-SW shows a similar HER activity with MoC-G while as 

MoC-MV and MoC-DV displays enhanced activities. Using Eq. (7-2) and (7-3), we calculate the 

exchange current densities 𝑗0 at zero external potential and are reported in the SI. The MoC-DV 

has the highest 𝑗0 of ~1 × 10-4 A/cm2 that is comparable to the optimum HER catalysts.111  

To further compare with experimental studies, we measure the Tafel slopes 𝑑𝜂/𝑑log (𝑗) 

that is often used to determine the HER mechanism. Figure 7-4(b) shows the Tafel slopes as 

obtained numerically from the currents in Figure 7-4(a) or in a closed form −2.303𝑅𝑇/𝐹(1 + 𝛼) 
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that can be derived from Eqs. (7-2) and (7-3). As seen from the figure, the Tafel slope ranges 45 ~ 

53 mV/dec-1 for the γ-MoC supported graphene systems suggesting that the Heyrovsky is the 

rds.240 This corroborates the NEB calculations. It should be noted that even though there is debate 

in the literature on whether the Tafel slope can be evaluated using 𝑑𝜂/𝑑log (𝑗) =

−2.303𝑅𝑇/𝐹(1 + 𝛼),287 such an expression follows from the exchange current model of Eq. (7-

2) that is a very good fit to experimental results as discussed before.  

Experimentally, enhanced HER activities have been reported on several graphene-coated 

MoyC catalysts with nitrogen or phosphorous doped graphene, or reduced graphene oxide.262,288-

290 Our study shows that the optimization of these catalysts requires a fine tuning between MoyC 

supports and graphene bonding chemistry. Such interplay between both effects ultimately would 

stabilize hydrogen on graphene that is otherwise inert. The underpinning of this stabilization is due 

to charge transfer effect. Extra electrons (holes) on graphene will occupy graphene’s anti-bonding 

π* (bonding π) bands, which weakens graphene π bonding and increases hydrogen stabilization as 

less energy is required to break the graphene π bonds.290,291 While MoyC in previous experiments 

Figure 7-4 (a). The polarization curves for γ-MoC supported graphene systems. For comparison, we show 

experimental Pt-C from Ref. 3, as well as computed currents for isolated 𝛾-MoC from Ref. 9
 and pure graphene 

(PG) from Ref. 12. The computed curves are obtained using Eqs. (7-2) and (7-3) with 𝑘𝑎𝑛𝑎 = 200 site-1s-1. (b) The 

Tafel slopes of the corresponding γ-MoC supported graphene systems in (a).19 
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belonged to different phases such as Mo2C (JCPDS 15-0457262, 65-8766289 and 01-079-0744292) 

and MoC (PDF 65-3558)288, and graphene is modified in different ways, there are two main factors 

that makes our findings general. First, charge donation from MoyC to graphene is expected to be 

from Mo irrespective of MoyC phase, as carbon terminated surfaces are not favorable with 

graphene. Second, the doping nature of graphene can be characterized by charge buildup or 

depletion irrespective of the defect chemistry, which directly impacts the bonding of the hydrogen 

adsorbates.293,294 These factors explain why our results on γ-MoC supported graphene are similar 

to experimental results on graphene-coated MoyC catalysts260,288,289 in terms of displaying similar 

HER exchange rates 1 × 10-4 A/cm2 and in having the Volmer-Heyrovsky as preferred HER 

mechanism with the Heyrovsky reaction as rds.  

Using first principles calculations, we have investigated the HER on γ-phase MoC 

supported graphene with graphene defects including Stone-Wales, mono-vacancies and 

divacancies. We show that the reaction processes take place via the fast-rate Volmer reaction 

followed by the Heyrovsky reaction as the rate-limiting step, while the Tafel reaction experiences 

high activation barrier over 2 eV. We have used a computational approach to obtain 

electrochemical linear sweep voltammetry and to quantify the overall HER rate using kinetic and 

thermodynamic variables obtained from first-principles calculations. We show that the supported 

γ-phase MoC and divacancy defects play a role to modulate the hydrogen adsorption events 

resulting in an exchange current density of 1 × 10-4 A/cm2. This study provides atomistic insights 

on general graphene coated MoyC electrocatalysts. 
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7-5 Supporting Information 

Computational Details. We use the Vienna Ab Initio Simulation Package (VASP) for the first-

principles DFT calculations. We use the Perdew-Burke-Ernzerhof (PBE) exchange-correlational 

functional to solve the Kohn-Sham equations within periodic boundary conditions, and the PAW 

pseudopotentials to describe electron-nucleus interactions.160-163 We include Tkatchenko and 

Scheffler van der Waals corrections for all calculations150. The electronic self-consistent loops are 

terminated within energy-change tolerance of 1 × 10-6 eV. The climbing NEB method is applied 

for finding minimum energy pathways with the tolerance of 0.05 eV/Å.295  

To model the HER mechanisms in acidic solution, we use a standard setup for solid-liquid 

interface by employing a single water monolayer located at ~3 Å above surface to replicate bulk 

water.11 In the water monolayer, each H3O
+  is bonded with three H2O  in Eigen structure.296 

Starting from an ice-like configuration, similar to what was done for Pt (111) with proton 

Figure 7-5. The structure of γ-MoC supported graphene systems (top and side views). The carbon atoms of 

graphene (γ-MoC) are in magenta (gray), and the Mo atoms of γ-MoC are in blue.20 
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concentration of 1/8,297 we find that the H2O molecules can be in three different configurations 

such that their H atoms point toward (H-down) or away (H-up) from the surface, or their molecular 

planes are in parallel to the surface (H-flat). The most stable water layer corresponds to half of the 

H2O molecules in H-down and the other half in H-flat configuration, and a less stable water layer 

is also found by turning 1/4 H2O  from H-down to H-up configuration. We verified that the 

different water configurations have a small effect of less than 0.1 eV on the activation barriers of 

the HER elementary steps. 

In DFT calculations, the relaxed γ -phase MoC in 𝑃6̅𝑚2 hexagonal structure (WC-type) 

has the lattice parameters of 𝑎 = 𝑏 =  2.89 Å  and 𝑐 =  2.81 Å , in agreement with 

experiments.298,299 The γ-MoC (001) surface is chosen to couple with graphene as it has been 

verified to be a stable termination with low surface energy that is exposed on γ-MoC 

nanoparticles251,257,274. The periodic heterostructure slab models are constructed using 4 × 4 single 

graphene supported by 2√3 × 2√3 MoC-(001). The γ-MoC supported graphene is constructed 

using Zur and McGill scheme whereby the interface translational symmetry is compatible with the 

symmetry on both sides of the interface.273 The interface separation between the γ-MoC Mo-

terminated (001) and graphene is 2.2 Å. The models are composed of 5-8 atomic layers with a 14 

Å vacuum to minimize the interactions between images in non-periodic direction. We fixed bottom 

2 ~ 4 layers at bulk positions, and allowed all the other coordinates to relax with a tolerance of 1 

× 10-6 eV. We use 2 × 2 × 1 Monkhorst-Pack k-point to sample the Brillion zone and planewave 

cutoff of 400 eV. For the supported graphene with defects, we have verified that there is no surface 

reconstruction by doubling the surface supercell. 

 

To quantify the structure stability of γ-MoC (001) Mo-terminated supported graphene, we 

compute the adhesion energy defined as 
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𝐸𝑎𝑑ℎ =
𝐸γ−MoC /𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 − 𝐸γ−MoC − 𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝐴
 

where 𝐸γ−MoC /𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒, 𝐸γ−MoC  and 𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 are the DFT energies of the γ-MoC (001) Mo-

terminated supported graphene system, γ-MoC (001) Mo-terminated surface and unsupported 

graphene, respectively, and 𝐴 is the contacting surface area between the two isolated interfaces. 

The adhesion energy of MoC/graphene systems are summarized in Table 7-1.  

 

Table 7-1. The adhesion energies 𝐸𝑎𝑑ℎ of γ-MoC (001) Mo-terminated systems. We also show the vertical distance 

between graphene and γ-MoC (001) in addition to graphene rumpling. 14 

Systems 𝑬𝒂𝒅𝒉 (J/m2) Vertical Distance (Å) Graphene Rumpling (Å) 

MoC-G -1.73 2.12 0.54 

MoC-SW -1.93 2.12 0.39 

MoC-MV -2.78 2.18 0.05 

MoC-DV -2.82 2.18 0.09 

 

Table 7-1 shows that the adhesion energy of the γ-MoC Mo-terminated (001) supported graphene 

is −1.73 J/m2 that is about five times larger than that of SiO2/graphene300 (−0.35 J/m2) interface. 

Graphene defects are found to enhance the interface stability especially for the case of divacancy 

defects resulting in the adhesion energy of −2.82 J/m2. On the other hand, γ-MoC C-terminated 

Figure 7-6. The hydrogen adsorption configurations near the HER reversible potential for the four γ-MoC supported 

graphene systems. The carbon atoms of graphene (γ-MoC) are in magenta (gray), and the Mo atoms of γ-MoC are 

in blue. The hydrogen atoms are in green. For the MoC-G, MoC-SW, MoC-MV and MoC-DV, the hydrogen 

coverages are 1/32 ML, 1/32 ML, 2/31 ML and 5/30 ML, respectively (monolayer, H∗ per surface carbon atoms). 

These hydrogen coverages are presented by the lowest line near the potential of 0 vs. SHE in Figure 7-2(b).21 
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(001) supported graphene are less stable with the adhesion energy of −0.90 J/m2
, and exhibits poor 

HER activity as an isolated graphene.266 

Hydrogen adsorption and free energies are determined using Eq. (3-3) with 𝛥𝐸ZPE = 0.18 

eV which is the averaged value obtained from MoC-G and MoC-DV at low coverages. This is 

obtained by relaxing graphene and the supporting Mo layer. Comparing to metal surfaces 

(𝛥𝐸ZPE ≅ 0.04 eV), this high value is attributed to the high C-H bond stretching mode.256 The 

entropy difference 𝑇𝛥𝑆 between the adsorbed and gas phase H2(g) at standard conditions is −0.20 

eV as obtained experimentally.100 The total hydrogen adsorption free energy is defined as,  

𝛥𝐺𝑡𝑜𝑡 =∑ 𝛥𝐺H
𝑛

1
+ 𝑛|𝑒|𝑈 − 𝑘𝐵𝑇 ln[H

+] + ∆𝐸water 

Here, the adsorbate-water interactions ∆𝐸water is verified to be smaller than ± 0.1 eV, and hence 

will be ignored. Also, in acidic environment, −𝑘𝐵𝑇 ln[H
+] is negligibly small. 

 

Table 7-2. Δ𝐸 and 𝐸𝑎𝑣𝑡  (in eV) for the three HER elementary steps at 𝑈SHE obtained from the model with water 

layer in H-up and H-down configuration. We list the symmetry factor 𝛽 of the Volmer and Heyrovsky reaction. 

Note that 𝛽 = 0 for the Tafel reaction as there is no charge transfer between the water layer and the surface.15 

H-up 

configurat

ion 

Volmer Heyrovsky Tafel 

 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 

MoC-G 0.46 0.40 0.07 0.60 0.85 0.12 0.33 2.98 0 

MoC-SW 0.30 0.27 0.04 0.82 1.32 0.19 0.63 2.58 0 

MoC-MV 0.30 0.30 0.07 0.96 1.62 0.29 0.89 2.70 0 

MoC-DV 0.66 0.50 0.10 0.33 1.29 0.28 0.51 2.42 0 

 

 

 

 

 

 

 

H-down Volmer Heyrovsky Tafel 

 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 𝚫𝑬 𝑬𝒂𝒗𝒕 𝜷 

MoC-G 0.04 0.46 0.14 0.28 0.94 0.20 0.33 2.98 0 

MoC-SW 0.43 0.23 0.00 1.24 1.45 0.27 0.63 2.58 0 

MoC-MV 0.61 0.16 0.10 1.06 1.58 0.32 0.89 2.70 0 

MoC-DV 0.45 0.45 0.13 0.29 0.69 0.30 0.51 2.42 0 
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Application of Thermodynamic Exchange Current Model. Using the definition of reversible 

hydrogen electrode, 𝐺H+ = |𝑒|𝑈SHE +
1

2
𝐺H2, we can write the standard free energy of the Volmer 

reaction, 2H+(𝑎𝑞) + 2𝑒− → H+(𝑎𝑞) + 𝑒− + H∗, as 

Δ𝐺0 = (𝐺H∗ − |𝑒|𝑈 + 𝐺H+) − (2𝐺H+ − 2|𝑒|𝑈) = 𝐺H∗ + |𝑒|(𝑈 − 𝑈SHE) −
1

2
𝐺H2 

Using the definition of hydrogen adsorption free energy as defined in the main text, 𝛥𝐺H = 𝐺H∗ −

1

2
𝐺H2, we can get 

Δ𝐺0 = Δ𝐺H + |𝑒|𝜂 

Figure 7-7. The extrapolation scheme of the γ-MoC supported graphene systems. The circles represent the total 

energies of the initial and final states for Δ𝐸 and of the initial and transition states for 𝐸𝑎𝑣𝑡 . The results obtained 

using the H-up and H-down water layer models are represented by the dashed and the solid lines, respectively.22 
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where 𝜂 = 𝑈 − 𝑈SHE . At equilibrium, 𝜂 =  0, the total free energy is zero that  0 = Δ𝐺H +

𝑘𝐵𝑇 ln(𝐾), which leads to 𝐾𝑉 = exp (−
Δ𝐺H

𝑘𝐵𝑇
). The forward and the backward rate of the Volmer 

reaction are 

𝑟 = {
𝑘𝑉
0(1 − 𝜃) exp(−𝛼𝑓𝜂)

𝑘−𝑉
0 𝜃 exp[(1 − 𝛼)𝑓𝜂]

 (forward) 

(backward) 

At equilibrium, the forward and the backward rates are equal, we can write that 
𝑘𝑉
0(1−𝜃)exp(−𝛼𝑓𝜂)

𝑘−𝑉
0 𝜃 exp[(1−𝛼)𝑓𝜂]

= 

1 or 𝜃 =
𝐾

exp(𝜂𝑓)+𝐾
  where 𝐾𝑉 =

𝑘𝑉
0

𝑘−𝑉
0  for 𝛥𝐺H > 0. If we define that 𝐾 =

𝑘−𝑉
0

𝑘𝑉
0  for Δ𝐺H < 0, we get 

the other expression that 𝜃 =
1

𝐾𝑉 exp(𝜂𝑓)+1
. This expression of 𝜃 is also obtained by Shinagawa et. 

al using a theoretical approach.285 It follows a Langmuir isotherm which is conditioned to three 

requirements: 1) there is only a monolayer of adsorption sites, 2) the H∗ − H∗ interactions are 

minimal compare to surface−H∗ interactions, 3) the adsorption sites are identical, and 4) each 

adsorption site cannot be occupied by more than one H∗. Nørskov et. al. applied such expression 

of 𝜃(𝜂 = 0) to study the thermodynamic exchange currents (defined at zero overpotential) on 

metal surfaces111. These metal surfaces satisfy the requirements: the adsorption sites on metal 

surfaces are identical with a nearly constant Δ𝐺H below and at 𝜃 = 1, which shows negligible 

H∗ − H∗ interactions. However, the Δ𝐺H sharply increases above 𝜃 = 1, which indicates that all 

the adsorption sites are fully occupied.123  

We claim that this 𝜃 model can also be applied on γ-MoC supported graphene systems. For 

MoC-G and MoC-SW, we find that a constant Δ𝐺H = 0.2 eV or −0.2 eV under 1/32 ML 

(monolayer, H∗ per surface carbon atoms), respectively, and Δ𝐺H sharply increases above 1/32 

ML. For MoC-MV and MoC-DV, Δ𝐺H wiggles with hydrogen coverage, as can be seen in Figure 

7-2(a). However, if we remove the strong adsorption sites, i.e., where the last H∗ occupied at 2/31 
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ML for MoC-MV, or 1/30, 2/30 ML and 5/30 ML for MoC-DV, we can see the same trend 

(constant Δ𝐺H vs hydrogen coverage) as discussed. We can ignore these stronger adsorption sites 

because H∗ adsorbed at these coverages are less likely to be involved in HER than the other sites. 

Therefore, to compute the exchange current using the thermodynamic exchange current model, we 

use the averaged Δ𝐺H  at the region where Δ𝐺H  is nearly constant with increasing hydrogen 

coverage: 1/32 ML for MoC-G and MoC-SW, and (1, 3, 4, 5, 6, 7)/31 ML and (3, 4, 5, 6, 7)/30 

ML, for MoC-MV and MoC-DV, respectively. Eq. (7-2) in the main text, 𝑗 =

𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡𝜃 exp (−𝛼𝑓𝜂), can be written in the Butler-Volmer form as 𝑗 = 𝑗0 exp(−𝛼𝑓𝜂), where 

𝑗0 is a constant called exchange current density. At 𝜂 = 0 where 𝑗0 is defined, we can use the 

averaged Δ𝐺H to compute 𝑗0. The results are shown in Table 7-3. 

 

Table 7-3. The averaged Δ𝐺H used for the exchange current model and the computed 𝑗0.
16 

Systems 𝚫𝑮𝐇 (eV) 𝒋𝟎 (A/cm2) 

MoC-G 0.21 -1.14×10-6 

MoC-SW -0.27 -8.92×10-8 

MoC-MV 0.21 -5.78×10-6 

MoC-DV 0.10 -3.34×10-4 

 

The value of 𝑘𝑎𝑛𝑎  for the γ-MoC supported graphene systems is determined by fitting the 

experimental values with the current model of Eq. (7-2) and (7-3) on graphene coated MoyC 

systems in experiments.262,288,289 All the experimental currents are perfectly fitted with the model 

using 𝛼 in the range of 0.3 and 0.4. Note here that the overall curvature of the experimental currents 

is controlled by 𝛼 and is independent to 𝑘𝑎𝑛𝑎 . We show the data in Table 7-4 below. All the 

currents are fitted with 𝑟2 = 0.99. To derive the Tafel Slope, we employ Eq. (7-2) and Eq. (7-3), 
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𝑗 =

{
 

 𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡
1

𝐾exp(𝜂𝑓) + 1
exp(−𝛼𝑓𝜂)    for Δ𝐺H < 0

𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡
𝐾

exp(𝜂𝑓) + 𝐾
exp(−𝛼𝑓𝜂)      for Δ𝐺H > 0

 

Near the zero overpotential; 𝐾 exp(𝜂𝑓) ≫ 1 for Δ𝐺H < 0 and exp(𝜂𝑓) ≫ 𝐾 for Δ𝐺H > 0, we can 

rewrite that 

log(𝑗(𝜂 ≈ 0)) ≅ {
log(𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡) − log(𝐾) −

1

2.303
𝜂𝑓 +

1

2.303
(−𝛼𝑓𝜂)

log(𝑛𝐹𝑘𝑎𝑛𝑎𝐶𝑡𝑜𝑡) + log(𝐾) −
1

2.303
𝜂𝑓 +

1

2.303
(−𝛼𝑓𝜂)

 
for Δ𝐺H < 0 

for Δ𝐺H > 0 

Taking the derivative with respect to 𝜂 for both cases, we can obtain 

𝑑log(𝑗(𝜂 ≈ 0))

𝑑𝜂
≅ −

1

2.303
𝑓(𝛼 + 1) 

The Tafel slope is defined as 𝑑𝜂/𝑑log (𝑗), therefore, near 𝜂 ~ 0, 

𝑑𝜂

𝑑log(𝑗(𝜂 ≈ 0))
= −

2.303𝑅𝑇

𝐹(𝛼 + 1)
 

 

Table 7-4. The 𝑘𝑎𝑛𝑎 fitted from experimental values by choosing 𝛼 in the range of 0.3 and 0.4.17 

EXP. 1 (Ref. 23, Fig. 4a) 𝜶 𝒌𝒂𝒏𝒂 

Mo2C/NC750 0.3 168 

Mo2C/NCS750 0.4 189 

Mo2C/G3-NCS750 0.4 295 

EXP. 2 (Ref. 24, Fig. 4a)   

MoCx@C-1 0.3 214 

EXP. 3 (Ref. 25, Fig. 5a)   

1.1g 0.3 162 

2.2g 0.3 263 

3.3g 0.4 383 
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8-0 MoS2 Supported Platinum Nanoparticles for the Hydrogen Evolution Reaction 

Note: The chapter is created from the published manuscript High activity for hydrogen evolution 

reaction on the edges of MoS2 supported platinum nanoparticles from cluster expansion and 

electrochemical modeling (Timothy T. Yang, Teck Leong Tan, and Wissam A. Saidi, Chem. Mater. 

2020, 32, 3, 1315–1321). Most of the writings are not rephrased. 

 

Platinum nanoparticles (NPs) show advanced activity for the hydrogen evolution reaction (HER) 

than bulk platinum. I posit that in addition to exposed surface-area effect, there are additional edge 

sites that are created on the nanoparticles. I show that tuning the edge sites of catalysts can as well 

enhance HER activities from studying platinum NPs supported on a single-layer molybdenum 

disulfide. First, I determine the active catalytic sites using a cluster expansion method in 

conjunction with an ab initio thermodynamic approach, and show that the system is 

thermodynamically active at HER reversible potential under electrochemical conditions. I show 

that the Volmer-Tafel pathway is the preferred reaction mechanism with the Volmer reaction as 

rate-determining step in the HER potential window. Using a novel Butler-Volmer kinetic model 

to simulate linear sweep voltammogram, I obtain exchange current densities of 10-3 ~ 10-2 A/cm2 

that are in the same order as those measured on Pt (111) and supported platinum NPs. Importantly, 

I show that contrary to expectations, the enhanced HER mechanism is only attributable to the edges 

of the supported platinum NPs but not due to support interactions. My findings are general and are 

applicable for NPs with different sizes and shapes on various supports, as well as to different 

catalytic reactions. 
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8-1 Introduction 

The diminishing supply of fossil fuels and the pollution problems associated with their combustion 

led to the search for sustainable and environmentally benign energy sources. Hydrogen is one of 

the potential alternatives that can be produced via HER, a critical reaction of water electrolysis by 

splitting water using electrical energy from solar or wind power.301 While platinum is the most 

efficient catalyst for HER, its relatively high cost of $34 per gram limits commercial 

applications.302 This explains the huge interest in reducing the content of platinum in HER 

electrodes or in finding cost-effective and equally efficient alternative catalysts.303-305  

Platinum NPs offer a very attractive route to reduce the usage of platinum.306,307 platinum 

NPs are tiny building blocks of matter containing a finite number of platinum atoms, which are 

often attached to substrates to prevent agglomeration. In contrast to the bulk counterparts, the 

efficiency of metallic NP catalysts can be tuned by modifying their morphology or supports. For 

example, Anderson et al. demonstrated that the size of platinum NPs affects oxygen reduction and 

carbon oxidation;308 Nakajima et al. showed that HER activity can be maximized for a certain size 

of platinum NPs.309 Recently, Huang et al. found that supported platinum NPs on MoS2 have 

superior catalytic activities towards HER, that is comparable to bulk platinum despite a  ~70% 

reduction in platinum content.8 However, the atomistic mechanism of the HER activity of the 

supported platinum NPs on MoS2 is lacking thus hampering further improvements and 

optimizations of the catalyst. 

There are several challenges associated with understanding the HER mechanism of 

supported or even unsupported metal particles. platinum NPs mainly expose (111) and (100) low-

index surfaces310,311 both of which exhibit similar HER rates, as evidenced by less than one order 

magnitude difference in the exchange currents.312,313 However, the hydrogen adsorption and hence 
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the mechanism for the catalytic activity of the NPs can differ from that of the corresponding bulk 

counterparts.6,314 This difference is because the NPs are rich  in edges and vertices that could 

dominate the HER activity over the facets.315,316 Additionally, the supporting substrate of the NPs 

can also influence the HER activity either through exposing edge sites, modifying charges in basal 

plane317 or  due to a concerted interplay between the support and the NP.318 

Experimentally, it is also challenging to infer the HER mechanism using conventional 

electrochemical analysis. First, most experimental methods can only provide an ensemble 

assessment over different active sites.319 For example, previous studies have shown that the HER 

activity from either platinum atoms or platinum clusters cannot be distinguished.10,307,319 Second, 

the HER rates for high-catalytic surfaces system such as platinum are relatively fast, which results 

in a depletion of the reactants near electrode surface. The concentration gradients in both oxidants 

and reactants make the hydrogen mass transport the dominant rate for HER. Sheng et al. argued 

that such limitation cannot be avoided using conventional rotating electrodes.320 Additionally, the 

impendence resistance from electrolyte can also affect the current measurements on fast HER 

electrodes even with a highly conductive electrolyte such as 0.1M HClO4.
321  

First-principles calculations are attractive alternatives to experiments that can provide 

atomistic descriptions of active sites and mechanisms of supported platinum systems. However, in 

comparison to surfaces and periodic systems, supported metal clusters pose a significant challenge 

due to the combination of periodic (supports) and non-periodic (platinum NPs) elements in the 

hybrid system. Thus, it is computationally daunting to find the optimum hydrogen adsorption 

configurations on non-equivalent adsorption sites of supported metal clusters.2 under 

electrochemical conditions. 



105 

 

8-2 Adsorption Configurations on Platinum Nanoparticles 

We use CP2K322 for the first-principles density functional theory (DFT) calculations employing  

the revised Perdew-Burke-Ernzerhof exchange-correlational functional to solve the Kohn-Sham 

equations.149 More details are given in the Supporting Information. We investigate MoS2/Pt20 as a 

representative of a supported platinum NPs on 2H-MoS2. The 20-atom-platinum NPs (Pt20) has ~ 

1 nm in diameter with 12 atoms in the bottom layer that is in contact with MoS2 and 8 platinum 

atoms in the top layer with an average Pt-Pt distance of 2.7 ± 0.2, in agreement with experimental 

HRTEM analysis.8,323 To evaluate hydrogen adsorption strength, we define the hydrogen 

adsorption energy as, 

Δ𝐸H∗ = 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 − 𝐸𝑛H/𝑠𝑙𝑎𝑏 −
1

2
𝐸H2 

(8-1) 

where 𝐸(𝑛+1)H/𝑠𝑙𝑎𝑏 and 𝐸𝑛H/𝑠𝑙𝑎𝑏 are the DFT energies of the system with 𝑛 + 1 and 𝑛 adsorbed 

hydrogen H∗, and 𝐸H2 is the energy of H2 in the gas phase. 

We use a cluster expansion (CE) method, as implemented in the TTK code package,324,325 

to model the effective interactions between H∗ at different coverages. We identify the symmetry-

unique adsorption sites including hollow, bridge, corner and atop sites.  For each site, 𝑘, we assign 

an occupation variable 𝜉𝑘 with the value of 1 (0) to represent a site with (without) H∗.314 Using 𝜎 

to represent a particular configuration of small hydrogen clusters 𝛼 described by 𝜙α = ∏ 𝜉𝑘𝑘∈α , 

the cluster expansion energy is written as  

𝐸CE(𝜎) =∑𝑉α

α

𝜙α (8-2) 

where 𝑉α is the effective cluster interaction (ECI). In practice, a properly truncated Hamiltonian 

will predict the energies accurately as most 𝑉α is close to zero with increasing distances between 
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H∗. Only the symmetrical ECIs in the truncated Hamiltonian are evaluated from a finite set of DFT 

configuration energies as the training set. In the initial iteration, random distributions of H∗ with 

their energies 𝐸𝐶𝐸(𝜎) are obtained via Monte Carlo sampling across different coverages as well as 

the optimal ECIs. Another round of Monte Carlo sampling is required to obtain new low-energy 

structures to compare with the DFT structures. The DFT-verified structures are added to the 

training set for the subsequent round of cluster expansion, except for the highly distorted structures 

at high coverages. This process is repeated three times for finding low-energy hydrogen adsorption 

configurations, until no new low-energy 𝜎 are suggested by the Monte Carlo simulations. We note 

that structural relaxations for the Pt and H atoms are allowed during DFT calculations. 

Hydrogen mainly interacts with the platinum NP but not with the MoS2 support.326,327  

Figure 8-1(a) shows a schematic of the supported platinum cluster with three main potential 

hydrogen adsorption sites, namely atop site (t) of a Pt atom, bridge (b) site in between two Pt atoms, 

and edge (𝑒) site associated a single Pt atom at the edges of the cluster. Further, the adsorption 

strength is also found to be sensitive to the platinum cluster’s local topology as identified by micro 

facets 𝑓𝑖. The strongest adsorption is at bridge sites 𝑏12 (−0.71 < Δ𝐸H∗(𝑛=0) < −0.68 eV) located 

at the edges of side facets 𝑓1 and 𝑓2, while as the weakest are atop sites 𝑡45 (−0.15 < Δ𝐸H∗(𝑛=0) < 

−0.10 eV) of the corner Pt at the edges of 𝑓4 and 𝑓5. The other strong adsorption sites are bridge 

sites 𝑏𝑖5/𝑏𝑖6 (−0.60 < Δ𝐸H∗(𝑛=0) < −0.47 eV) at top/bottom layer 𝑓5/𝑓6, and the edges/corners of 

two/three facets such as 𝑒𝑖5, 𝑒𝑖6/𝑒𝑖𝑗5, 𝑒𝑖𝑗6 (−0.45 < Δ𝐸H∗(𝑛=0) < −0.28 eV) for any 𝑖 and 𝑗 with 

𝑖 ≠ 𝑗. There are few moderate adsorption sites such as the bridge sites on top of the platinum 

cluster, 𝑏5, and the top site at Pt terrace, 𝑡5 (−0.38 < Δ𝐸H∗(𝑛=0) < −0.26 eV). We find that the 

adsorption strength near 𝑓4 is relatively weaker while is stronger near 𝑓1. 
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We have trained a CE effective Hamiltonian using 400 different configurations with up to 

57 adsorbed hydrogen atoms distributed among 47 adsorption sites on the platinum NP. Figure 8-

1(b) shows the total hydrogen adsorption energy  ∑ Δ𝐸H∗
𝑛
𝑖  for configurations with  𝑛 = 1, 2 … 57. 

For each 𝑛, we identify the lower-energy configurations with the lowest ∑ Δ𝐸H∗
𝑛
𝑖  as indicated by 

red dots.314 The inset in the figure depicts a few of these low-energy configurations. The hydrogen 

coverage 𝜃 = 1 corresponds to 𝑛 = 47 at which  ∑ Δ𝐸H∗
𝑛
𝑖  has the lowest value among all 𝑛. This 

indicates that the adsorption sites on the NP are fully occupied. The defintion of full occupation is 

chosen to be consisent with the periodic metal surfaces that undergo a sharp weakening of 

hydrogen adsorption strength at 𝜃 = 1.123 As 𝜃 increases, the top layer of the platinum NP distorts 

to a less symmetrical form while as the bottom layer remains relatively intact due to its strong 

affinity with MoS2.
328 

Hydrogen adsorption strength is highly affected by adsorption configurations due to 

adsorbate-adsorbate and adsorbate-surface interactions. In agrees with our previous findings on 

(a) 

Figure 8-1. (a) Schematic of MoS2/Pt20 and hydrogen adsorption sites. Facets of the supported Pt20 labeled as 𝑓𝑖 
(𝑖 = 1 − 4) correspond to the sides of the cluster. 𝑓5  and 𝑓6  (not shown) are top and the bottom facets. Few 

adsorption sites are labeled as white spheres while as Pt atoms at the top/bottom layer are represented by green/grey 

spheres. (b) The total adsorption energies  ∑ Δ𝐸H∗
𝑛
𝑖 for different adsorption configurations on MoS2/Pt20. The 

configurations with the distortion of the supported Pt20 is measured by the displacement of top Pt atoms for less 

than 0.5, between 0.5 and 1, and above 1 Å/atom, are represented by blue, green and yellow dots, respectively. 

The number of adsorbed hydrogen atoms at bridge/corner/top sites, are represented respectively by 

magenta/blue/yellow spheres in the insets, are shown as triplets in prentices.23 

(b) 
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the surface with non-equivalent adsorption sites,124 we show that the filling sequence follows the 

adsorption strength of single H∗ as shown Figure 8-1(b); 𝑏12, 𝑏23 and 𝑏15 are occupied starting at 

𝜃 = 0.06, followed by 𝑏𝑖5, 𝑏𝑖6, 𝑒𝑖5, 𝑒𝑖6, 𝑒𝑖𝑗5 and 𝑒𝑖𝑗6 up to 𝜃 = 0.4. Moderate adsorption sites 𝑏5 

are filled at 𝜃 = 0.6 followed by 𝑡5 up to 𝜃 = 1.  

8-3 Ab Initio Thermodynamics under Electrochemical Environments 

The overall hydrogen evolution reaction 2H+ + 2𝑒− → H2 describes the formation of hydrogen 

gas H2 from hydrogen ions. Parsons argued that HER rate is related to atomic hydrogen adsorption 

ability on surface,108 which was quantified by Nørskov using the hydrogen adsorption free energy 

Δ𝐺H from first principles calculations defined as25 

where Δ𝐸H∗ is from Eq. (8-1), Δ𝐸𝑍𝑃𝐸 and Δ𝑆 are respectively the differences of zero-point energy 

and entropy between  H∗ and H2. Using experimental thermodynamic results for H2, we determine 

Δ𝐺H = Δ𝐸H∗ + Δ𝐸𝑍𝑃𝐸 − 𝑇Δ𝑆 (8-3) 

Figure 8-2. (a) Thermodynamic isotherm constructed using Eq. (8-4). At a given potential, the lowest line 

indicates the corresponding hydrogen coverage on the cluster. The corresponding Δ𝐺H for each 𝜃 are shown in 

parenthesis. (b) 𝜃 as a function of 𝐸 extracted from (a). Inset shows the low-energy hydrogen configurations at 

different 𝐸.24 

(a) (b) 
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𝑇Δ𝑆 to be −0.2 eV at room temperature assuming that H∗ entropy is approximately zero.329 We 

obtain Δ𝐸𝑍𝑃𝐸  ~0.04 eV that is similar to that of Pt (111) and other metal surfaces.2 For 𝛥𝐺H = 0, 

hydrogen interacts neither too strongly nor too weakly with catalytic surface resulting in an optimal 

HER activity. Away from Δ𝐺H = 0, HER activity decreases as hydrogen in adsorbed state is more 

favored than in gas state for Δ𝐺H < 0 while the opposite for Δ𝐺H > 0. 

Figure 8-2(a) shows hydrogen adsorption isotherms obtained from evaluating the total 

adsorption free energy, 

where 𝜂 = 𝑈 − 𝑈SHE is the overpotential.311 For an applied external potential 𝑈 with respect to the 

standard hydrogen potential 𝑈SHE, the most stable coverage has the lowest value of Δ𝐺𝑡𝑜𝑡. The 

coverages at different potentials are summarized in Figure 8-2(b). As seen in the figure, the 

hydrogen coverage is nearly zero above 0.5 V vs. SHE. At 0 V vs. SHE where the HER is reversible, 

the high activity is indicated by Δ𝐺H = −0.08 eV in line with previous study6 showing Δ𝐺H = 0 

eV for Pt (111). Meanwhile, the corner and edge sites are mainly occupied whereas the site on top 

of the NP remains empty, as shown in Figure 8-1(b). Such draws an important conclusion that the 

high HER activity is due to the edges of the platinum NP. 

In an acidic solution, there are two pathways for HER, namely the Volmer-Tafel and 

Volmer-Heyrovsky with the elementary reactions as,  

The corresponding reaction free energies of the three elementary steps can be written as (see 

detailed derivation in Supporting Information), 

Δ𝐺𝑡𝑜𝑡 =∑ Δ𝐺H
𝑛

𝑖
− 𝑛|𝑒|𝜂 

(8-4) 

H3O
+ + 𝑒− → H∗ + H2O (Volmer) 

H3O
+ + e− + H∗ → H2O + H2 (Heyrovsky) 

H∗ + H∗ → H2 (Tafel) 
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Δ𝑔 = {
Δ𝐺H + 𝑒𝜂
−Δ𝐺H + 𝑒𝜂
−2Δ𝐺H

 

(Volmer) 

(8-5) (Heyrovsky) 

(Tafel) 

To mechanistically understand the HER kinetics on MoS2/Pt20 and quantify the HER rate in an 

electrochemical environment, we determine the minimum energy pathways for the three 

elementary reactions using a standard setup for solid-liquid interface (see Supporting 

Information).11 We focus at 𝜃 = 0.6 and 1, which are the equilibrium coverages under 0 V and 

below −0.2 V, as shown in Figure 8-2. For the Volmer and Heyrovsky reactions, we investigate 

several reaction sites focusing mainly on 𝑡5  and 𝑏5 . For the Tafel reaction, we tested several 

combinations on adsorption sites including 𝑡  and 𝑏  sites. In real electrochemical solid-water 

interface, the potential across the Helmholtz layer does not change during redox reactions while it 

is not the case for finite-size solid-water interface models. To correct for this finite-size supercell 

effect, we use the extrapolation scheme which was recently employed for HER on Pt (111) surface 

(see Supporting Information).330 

8-4 Kinetics of the Hydrogen Evolution Reaction on Platinum Nanoparticles 

Figure 8-3 shows Δ𝑔 of Eq. (8-5) for three different potentials −0, −0.6 and −0.8 V. Additionally, 

we show in the figure the reaction pathways where the peaks of the curves represent the kinetic 

barriers. At 0 V vs. SHE, the kinetic barrier 1.1 eV of the Heyrovsky reaction is the highest 

followed by the Volmer 0.7 eV while the Tafel 0.6 eV is the lowest. Thus, the HER follows the 

Volmer-Tafel pathway with the Volmer as the rate-determining step (rds). This pathway remains 

unchanged until the applied voltage decreases to −0.6 V. At −0.8 V, the barrier of the Volmer 

reaction decreases below that of the Tafel reaction, thus the rds for the preferred Volmer-Tafel 
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pathway becomes the Tafel reaction. As the kinetic barriers of the redox reactions (the Volmer and 

the Heyrovsky) decreases with increasing negatively applied potential, and the nearly unchanging 

barrier of the Tafel reaction, we expect that the Volmer-Heyrovsky route will eventually become 

the preferred reaction pathway at a sufficiently large overpotential below −0.8 V. Our result is 

consistent with bulk platinum where the contributions of the Volmer-Tafel or the Volmer-

Heyrovsky pathways to the HER current is found to be potential dependent.331  Further discussions 

on the comparison between the HER reactions on the MoS2/Pt20 and periodic Pt (111) system are 

in the SI. While these investigations are not exhaustive, we do not expect the results to appreciably 

underestimate the kinetic barriers given that H∗ diffusion on the cluster is fast with barriers less 

than 0.1 eV (see Supporting Information).  

The Butler-Volmer relation is commonly used to study the HER on platinum 

catalysts,10,130,320,332,333 which describes the total Faradaic current, 𝑗 , as the sum of cathodic 

𝑗0𝑒
−𝛼𝑓𝜂  and anodic 𝑗0𝑒

−(1−𝛼)𝑓𝜂 currents, 

𝑗 = 𝑗0(𝑒
−𝛼𝑓𝜂 − 𝑒(1−𝛼)𝑓𝜂) (8-6) 

Figure 8-3. The reaction pathways at three selected overpotentials. The solid horizontal lines represent the free 

energies calculated from Eq. (8-5), and the dashed curves represent reaction paths with the kinetic barriers 𝐸𝑎𝑣𝑡  at 

the peaks.25 
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Here 𝑓 = 𝐹/𝑘𝐵𝑇  with 𝐹  the Faraday’s constant and 𝑘𝐵 Boltzmann constant. 𝛼  is the transfer 

coefficient that implicitly describes the charge transfer kinetics from water layer to electrode 

surface between initial and transition state. Experimentally, 𝛼 is determined to be 0.5 for platinum 

NPs.10 The exchange current density 𝑗0 can be written as,  

where 𝐶𝑡𝑜𝑡 is the total concentration of H+ and H∗ near electrode surface. Thus, we can define  

𝑛𝐹𝐶𝑡𝑜𝑡 = 𝑒𝑁𝑠𝑖𝑡𝑒(1 − 𝜃)/𝐴, where 𝑁𝑠𝑖𝑡𝑒 is the number of active sites on the surface with area 𝐴. 

The energy barrier 𝐸𝑎𝑣𝑡 corresponds to the rds (Volmer reaction) determined at zero potential. 

Using the upper/lower limit of 𝐸𝑎𝑣𝑡, 0.79/0.70 eV to account for variations in kinetic barriers at 

non-homogeneous activation sites, we find the minimum/maximum 𝑗0 to be 6 × 10-4 ~ 2 × 10-2 

A/cm2. Figure 8-4 shows the MoS2/Pt20 current using the Butler-Volmer kinetic model of Eqs. (8-

6) and (8-7) with the minimum/maximum 𝑗0. We further compute the current of Pt (111) for 

comparison. Note that Pt (111) surface is one of the most exposed termination on bulk platinum 

as well as stable in electrochemical conditions.310-312 In Ref. 8, the current of MoS2 supported 

platinum cluster is smaller than our prediction of MoS2/Pt20. We believe that the origin of this 

𝑗0 = 𝑛𝐹𝐶𝑡𝑜𝑡(1 − 𝜃)
𝑘𝐵𝑇

ℎ
exp (−

𝐸𝑎𝑣𝑡
𝑘𝐵𝑇

) (8-7) 

Figure 8-4. Exchange currents of 

MoS2/Pt20 and Pt (111) computed from the 

Butler-Volmer kinetic model are compared 

with experimental results for MoS2, Pt-C 

and MoS2/Pt NP from Ref. 8, and for 

platinum NP from Ref. 10. The red shaded 

region corresponds to the currents of 

MoS2/Pt20 computed by the upper/lower 

limit of 𝑗0.26 
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discrepancy is due to the slow mass diffusion of H+ onto surface as well as solution impedance, a 

well-known effect in catalysts with a fast HER redox rate.321 To validate this conclusion, we 

compute the Tafel slopes of Pt-C (commercial 10% platinum supported on activated charcoal) 

obtained from the same experimental setup and find a values of 40 and 300 mv/dec-1 at 0V and 

above −0.15V, respectively.8 These values are previously reported for platinum NPs without 

correcting for the solution impendence and diffusion limits.321 To further collaborate our 

arguments, we show in Figure 8-4 that our computed currents are in excellent agreement with 

currents of carbon supported 2 nm platinum NPs, which have been corrected for H2 diffusion and 

solution impedance.10,334 

Finally, we discuss the potential role of MoS2 on the catalytic activity of the supported 

platinum NPs. Besides the beneficence of MoS2 in hindering the sintering of NPs, MoS2 can also 

modulate HER catalytic activities due to charge transfer effects.335 To investigate this, we 

examined an isolated Pt20 using the similar procedure as done for MoS2/Pt20. Further to aid in the 

comparison, we keep the morphology of the Pt20 as that of the supported one, although this 

configuration is clearly not optimum without the substrate. Also, we block hydrogen adsorption 

on the bottom surface of the Pt20 as it is in contact with MoS2 for MoS2/Pt20. Figure 8-8 shows the 

isotherm of the Pt20, which is very similar to that of the MoS2/Pt20. Further, at the HER reversible 

potential, we obtain 𝜃 = 0.69 with Δ𝐺H = −0.08 eV that is very close to 𝜃 = 0.60 with Δ𝐺H = 

−0.08 eV for MoS2/Pt20. Therefore, we conclude that the MoS2 support does not have a significant 

effect on the catalytic activity of the Pt20 despite that the NPs adheres strongly to the support.323 

Indeed this is also corroborated by noting that our results are in agreement with supported NPs on 

carbon supported 2 nm platinum NPs10,334 that have weaker interactions with the substrates 

compared to MoS2. The minimal impact of the substrate on the HER activity concluded in our 
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study is in contrast to  previous studies, which showed that the HER activity of a single or few 

atoms supported metal clusters have strong dependence on substrates.303,336 The different behavior 

can be explained by the differences in the thickness of the cluster; our study shows that only a 

single Pt layer can shield the reactants from the support interactions. Hence, this makes our 

findings general for metal NPs of different shapes and sizes as well as to different substrates and 

different reactions.262,337 

We have carried out first-principles calculations to understand the electrochemical 

hydrogen evolution reaction on MoS2 supported platinum NPs. We use a cluster expansion method 

in conjunction with thermodynamic analysis to show that the HER adsorption free energy on 

MoS2/Pt20 is comparable to that of Pt (111). We find that the preferred HER reaction pathway for 

MoS2/Pt20 is the Volmer-Tafel with Volmer as rate-determining step at HER reversible potential, 

in agreement with experimental results on platinum electrode. To best explain the experimental 

findings, we develop a kinetic Butler-Volmer model to study the voltammograms of platinum 

systems. We find that the current-potential characteristics of MoS2/Pt20 with exchange current 

density 6 × 10-4 to 2 × 10-2 A/cm¬2 that is comparable to that of Pt (111) as well as the experimental 

results of platinum NPs. We also argue that the experimental HER currents on MoS2 supported 

platinum NPs in Ref. 8 are underestimated due to solution impedance or diffusion limitations in 

electrochemical environments. Finally, we show that substrate interactions have no effect on the 

intrinsic HER activity of the NPs, which is different from the behaviors reported for single or few 

atom catalysts. The underpinning of this behavior is because metal NPs with at least two layers of 

thickness would be exempt from the impact of substrates. Thus, our findings are general and are 

applicable for NPs with different sizes and shapes on various supports, as well as to different 

catalytic reactions. 
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8-5 Supporting Information 

Computational Details. We use CP2K322 for the first-principles DFT calculations employing  the 

revised Perdew-Burke-Ernzerhof exchange-correlational functional to solve the Kohn-Sham 

equations. The electronic self-consistent loops are terminated within energy-change tolerance of 

1×10-6 eV. We use Gamma centered sampling for Brillion zone and a planewave cutoff of 400 eV. 

To model the electrochemical environment, we placed a single water monolayer at 3Å above Pt 

surface to replicate bulk water (see Supporting Information).11 The water layer has an ice-like 

configuration297 at a ratio of 1/8 for  to , with each  bonded with three H2O in Eigen structure.296 

There are three different configurations for  molecules such that H points toward (H-down), away 

(H-up) from the surface, or its molecular plane is parallel to surface (H-flat). The most stable water 

layer corresponds to half of H2O in H-down and the other half in H-flat configuration, and a less 

stable water layer is also found by turning 1/4 H2O from H-down to H-up configuration. The water 

configurations are implicit to Helmholtz layer potential, which we account for to determine the 

activation energies. We also verified that the water layer will have negligible effects on hydrogen 

adsorption as indicated by a variation of adsorption energy to less than 0.1 eV.  

Figure 8-5. The total adsorption energy of hydrogen configurations for (a) unsupported Pt (b) Pt/MoS2
27 
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We contrast between the activation energies of the HER reactions on the cluster and the 

periodic Pt (111) system. At 0 V vs. SHE, our values for the kinetic barriers of the Volmer, Tafel 

and the Heyrovsky reactions are respectively 0.7, 0.6 and 1.1 eV, as seen in Figure 8-3. On the 

other hand, Nørskov and co-workers showed that the reaction barriers for the corresponding three 

reactions on Pt (111) are 0.5, 0.6 and 0.6 eV.6 As seen, the Heyrovsky reaction has a smaller barrier 

for Pt (111) compared to the supported cluster while as the Volmer and Tafel reactions have similar 

values. The differences in the Heyrovsky reaction are because the coverage employed in the 

periodic system 𝜃 = 1.1 is larger than that for the cluster 𝜃 = 0.9. To verify this, we re-examined 

the Heyrovsky reaction on Pt (111) at a lower coverage of 𝜃 = 0.9 and indeed found a higher barrier 

of ~1.0 eV that is equivalent to that of the platinum nanoclusters on MoS2. Additionally, we 

observe that the mechanism of Heyrovsky reaction on Pt (111) and MoS2/Pt20 are different. While 

charge exchange occurs when a proton is directly on top of H∗ without being in contact with 

surface Pt on Pt (111), such a process results in a high activation barrier of 1.8 eV on MoS2/Pt20. 

Instead on the cluster, we find that the proton reduction requires the assistance of a surface Pt, at 

Figure 8-6. The energy barriers 𝐸𝑘 of the 

Volmer and the Tafel reactions at selected 

hydrogen coverages 𝜃. The lines show the 

increasing or decreasing trend of 𝐸𝑎𝑣𝑡  
along 𝜃  for the Volmer or the Tafel 

reactions.29 

Figure 8-7. Hydrogen diffusion barriers 

(eV) on platinum cluster. The red arrows 

indicate diffusion pathways.29 
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which a proton is first in contact with surface Pt to form a hydrogen pair with another H∗ on the 

same surface Pt before the formation of H2. This two-step process significantly reduces the barrier 

from 1.8 eV to 1.1 eV.  

We have showed that surface sites of MoS2 neither participate in HER due to weak 

hydrogen adsorption nor affect the hydrogen adsorption events on supported platinum cluster. This 

suggests that the HER kinetics on Pt/MoS2 are similar to the unsupported platinum cluster. 

Measuring the Tafel slope 𝑏 = −2.303𝑅𝑇/𝐹𝛼 is the most simple and common strategy to verify 

the HER kinetics. For the Volmer, Heyrovsky or Tafel reaction as the rate-limiting step, the value 

of  is found to be 120, 40 and 30 mv/dec-1 corresponding to the transfer coefficient  of 0.5, 1 and 

2.338 Such argument is in line with the theoretical explanation by Erdley-Gruz of treating the HER 

into a sequence of elementary steps with a single rds.339 The HER mechanisms on platinum 

electrodes are mostly determined to be the Tafel reactions as the rate-determining steps with 30 

mV/dec-1 in acidic environment. However, Sheng et al. argued that this value of 30 mV/dec-1 

reflect the mass-limiting current as the conventional rotating disk electrode cannot eliminate the 

Figure 8-8. Thermodynamic isotherm of (a) unsupported Pt and (b) Pt/MoS2.
30 
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effects of hydrogen diffusion from bulk solution to electrode surface. To overcome the diffusion 

complications, analytical strategies such H2 pump and microelectrode are used for studying the 

fast kinetics of HER on platinum. Durst et.al used hydrogen pump to limit the diffusion effects, 

and found that the Volmer reaction is the rate-determining step with 120 mV/dec-1. On the other 

hand, Shinagawa et. at argues that the Tafel slope of 120 mV/dec-1
 also calls the Heyrovsky 

reaction at high hydrogen coverage.338 Watzele et. al, using an electrochemical impedance 

spectroscopy, showed that both of the total HER contribution from the Volmer−Heyrovsky and 

Volmer−Tafel varies with overpotential as well as the Tafel slope, which raises the question 

whether the Tafel slope is valid to identify the HER kinetics on platinum systems with multiple 

reaction pathways. In conclusion, it is generally believed that relying on the Tafel slope to 

determine the HER kinetics is too simple to be conclusive. In addition, most studies report 𝑗0 for 

platinum class catalysts as 1 ×  10-3 A/cm2  without correcting for issues with the diffusion 

limitation, thus their rates are under-estimated.307,340 Using H2 pump measurement or Koutecky-

Levich type analysis to avoid the diffusion limit, previous studies reported 𝑗0 = 7 × 10-2 A/cm2 

and 4.5 × 10-3 A/cm2.321,341 To compute MoS2/Pt20 and Pt (111) currents, we Eq. (8-8) and (8-9) 

with the parameters shown below. The parameters for Pt (111) are obtained from Ref. 6We also 

use the parameters in Ref. 10, as recorded below, to compute for platinum NP. 

 

Table 8-1. The parameters for computing the current for platinum NP. 18 

 𝑬𝒂𝒗𝒕 (eV) 𝜶 𝑺𝒊𝒕𝒆/𝒄𝒎𝟐 𝒋𝟎 (A/cm2) 
MoS2/Pt20 0.70/0.79 0.63/0.70 1.45×1015 1.54×10-2/5.78×10-4 

Pt (111) 0.6 0.4 6.17×1015 1.54×10-1 

Pt-NP  0.5  1.6×10-1 

  



119 

 

9-0  Doped β-Mo2C Catalysts Toward the Hydrogen Evolution Reaction 

Note: The chapter is created from the published manuscript Computationally Guided Design to 

Accelerate Discovery of Doped β-Mo2C Catalysts toward Hydrogen Evolution Reaction (Timothy 

T. Yang, Anqi Wang, Stephen D. House, Judith Yang, Jung-Kun Lee, and Wissam A. Saidi, ACS 

Catal. 2022, 12, 19, 11791–11800). Most of the writings are not rephrased. 

 

Low-cost molybdenum carbides have shown a rapid increase in their efficiency of catalyzing the 

hydrogen evolution reaction owing to their structural flexibility for metal doping and nanostructure 

engineering. I posit that the hydrogen evolution reaction (HER) activity of β-Mo2C can be further 

enhanced by metals doping. I employ first-principles quantum mechanical calculations in 

conjunction with thermodynamic analysis to shortlist ideal single metal dopants that improve 

hydrogen evolution reaction catalytic activity of β-Mo2C. I show that Ir or Ti substitutional doping 

at the Mo sites of β-Mo2C introduce thermoneutral hydrogen adsorption sites for HER, while the 

other elements in the first-row transition metals as well as Pt and Ag are not effective dopants for 

HER. To validate the computational results, I employ a microwave-assisted solvothermal method 

to synthesize metal-doped β-Mo2C nanoparticles, and assess their HER performance and structure 

using a suite of electrochemical and ex situ structural characterization. From cyclic voltammetry, 

I find that the hydrogen evolution reaction onset voltage of pristine β-Mo2C nanoparticles 

decreases by more than 20% through impurity doping with Ti or Ir, and is accompanied by a 

discernable increase in exchange current density. Transmission electron microscopy, high-angle 

annular dark-field scanning transmission electron microscopy, and energy-dispersive X-ray 

spectroscopy confirm that such increase in hydrogen evolution reaction activities originates from 
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the impurity doping, and not due to morphological or phase changes of the catalyst. The present 

study demonstrates that a combined and synergistic experimental and computational approach is 

indispensable to uncover the atomistic origins of catalytic activity, and to provide a rational design 

of the catalyst. 

9-1 Introduction 

Green hydrogen produced from electrolysis – the electrochemical process of splitting water using 

electricity generated from solar or wind power, is a key enabler of the global transition to 

sustainability and net-zero emission by 2050.301 Hydrogen has high potential to be stored cost-

effectively342 and thus can support the integration of different renewables in the electric grid. Also, 

hydrogen can be utilized to decarbonize a range of energy sectors such as iron and steel, chemical, 

and cement production that are proven difficult to reduce emissions.343 One of the central 

challenges in the production of hydrogen from water electrolysis is the use of expensive precious 

metals to catalyze the hydrogen evolution reaction (HER) – the critical process in water splitting 

to generate hydrogen via combining electrons and protons. This is emphasized in a 2020 workshop 

on Advances, Challenges, and Long-Term Opportunities in Electrochemistry344. Among the newly 

investigated HER catalysts, low-cost molybdenum carbides (MoyC) are reported to have high HER 

activities.251,345,346 

MoyC can be stabilized into several phases including α-Mo2C, β-Mo2C, α-MoC, γ-MoC, 

δ-MoC, and η-MoC.251,347-349 Among these phases, β-Mo2C is found to be the most catalytically 

active phase.251,350 In a previous study, we showed that the active sites of β-Mo2C originate from 

the (011) surface that exposes Mo-C atoms, and is found to have low surface energy and to bind 
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hydrogen optimally.124 In the past few years, considerable attention has been devoted to further 

improving the HER efficiency of MoyC catalysts via a complex nano-structuring approach that 

involves a hybrid of several mechanisms. For example, Wu and collaborators synthesized η-MoC1-

x via a confined in situ carburization process of Mo-based polyoxometalates and Cu-based metal-

organic framework, and showed that the composite system exhibits excellent HER activity.351 

Notably, incorporation of carbon supports – such as carbon nanotubes352-354, graphene (GA) 

54,261,262,355-358, reduced GA oxide (RGO)261,359, or nitrogen-doped carbon nanostructues360-362 – are 

found to appreciably enhance HER for β-Mo2C and δ-MoC262,356,357. Non-metallic (P363,364, 

N361,365,366, and S367,368) and metal dopants (Fe38 and Co39) have also been reported to improve HER 

activity. In addition, coupling of MoyC phases369-374 or MoS2 
375-378 also has been shown to improve 

activity. Recently, Yang and Saidi showed that nano-structuring not only create HER active sites 

Figure 9-1. The segregation energy Δ𝐸seg
𝑖  in eV. For each metal-doped surface, the doping layer 𝑖 increases from 

left to right with 𝑖 = 1 corresponding to the top exposed surface layer and 𝑖 = 7 for the bulk-like layer. Each two 

consecutive values correspond to the same 𝑖 with slightly different depth. Odd (even) numbers correspond to layers 

that are composed of Mo-C (Mo), as shown in Figure 9-2(b).31 



122 

 

on MoyC but also on the supports due to the modification of the support electronic structure 

through the interactions with MoyC.86  

While it has been widely observed that heteroatom doping into MoyC enhances HER 

activity, there is inconsistency across studies.87,379 Leonard and Wang groups observed an 

insignificant improvement for the HER overpotential of Mo2C with Fe doping87,380 (300 ~ 400 mV 

at 10 mA/cm2); however, Li group reported a much lower overpotential of 150 mV at 10 

mA/cm2.379 In addition, the reported exchange currents between the Fe, Co, Ni, and Cu doped 

Mo2C are similar with differences less than 1.7 × 10-2 mA/cm2,380 while we show that the 

corresponding computed hydrogen adsorption free energies differ by 0.4 eV suggesting a 

significantly larger difference up to a fourth order of magnitude in exchange currents according to 

the volcano trend2,189,224. These controversies underscore the complexity of uncovering the HER 

mechanisms of the doped structures. For instance, HER enhancements could originate from 

different mechanisms, such as modulations in the morphology of nanoparticles (NPs), evolution 

of MoyC phases under electrochemical conditions, or the modifications of catalytic sites under 

doping. We posit that while it is challenging for a solely experimental or computational approach 

to discern between the different mechanisms, a combined approach could provide an effective 

route for untangling the problem, if any, and enable a rational design of the catalyst381.   

Using ab initio thermodynamics in conjunction with density functional theory (DFT) 

calculations, we investigate the modulations of the morphology and hydrogen adsorption sites of 

β-Mo2C via doping with first-row transition metals and three precious metals. The main criterion 

for our investigations is focused on the long-term stability and enhanced HER activity of the new 

catalyst.  We find that all studied dopants are thermodynamically stable on the exposed β-Mo2C 

surface layer albeit with different tendencies. However, only Ir and Ti dopants are predicted to 
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introduce optimum HER active sites on β-Mo2C surface. To validate the computational findings, 

we synthesize Ir- and Ti-doped β-Mo2C NPs using a microwave-assisted solvothermal method. 

From cyclic voltammetry, we confirm the enhanced HER activities on Ti- and Ir-doped β-Mo2C 

indicated by an overpotential that is 20% less than pristine β-Mo2C NPs. In addition, the exchange 

current densities of the Ir- and Ti-doped β-Mo2C NPs are, respectively, 1.78 ×10-4 and 2.24 ×10-4 

A/cm2, which are higher than the 5.37×10-5 A/cm2 for the pristine β-Mo2C NPs. Using high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), high-

resolution transmission electron microscopy (HRTEM), and energy-dispersive X-ray 

spectroscopy (EDS), we confirm that the enhanced HER activities on the Ir- and Ti-doped β-Mo2C 

NPs are due to the electronic structure modulations and not due to morphological changes of the 

catalysts. 

9-2 Computational Investigation of the Hydrogen Evolution Reaction 

Using first-principles calculations, we examine the hexagonal β-Mo2C (011) surface with single-

metal dopants that substitutes at all Mo sites resulting in one-to-four dopant-to-Mo ratio per layer. 

We have systematically investigated all different Mo sites up to the seventh subsurface layer. The 

dopants are selected from the first-row transition and precious metals, namely, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, Pt, Ir, and Ag. Clearly, the list of the investigated elements is not complete but 

here our emphasis is on developing a strategy to explore the materials space rather than performing 

an exhaustive search over all elements. Note that the (011) termination, which may be referred to 

as (101) in some literature382, has been identified as the most stable β-Mo2C termination124,383,384. 

To assess the segregation tendencies of the dopants, we compute the segregation energy Δ𝐸seg, 



124 

 

defined as the energy of a doped surface layer with respect to the energy of a doped “bulk-like” 

layer, 

Δ𝐸seg
𝑖 = 𝐸𝑀(𝑖) − 𝐸𝑀(bulk) (9-1) 

where 𝐸𝑀(𝑖) and 𝐸𝑀(bulk) are the energies of the slab with a metal dopant 𝑀 in the 𝑖th and in a 

“bulk-like” layer, respectively. Beyond the 7th surface layer of the slab model, 𝐸𝑀(𝑖) is found to 

converge to a constant value and hence  𝐸𝑀(𝑖) ≈ 𝐸𝑀(bulk) . From Eq. (9-1), a negative Δ𝐸seg
𝑖  

indicates that a dopant located at the 𝑖th layer is more thermodynamically stable than at bulk sites.  

Figure 9-1 summarizes Δ𝐸seg
𝑖  as a function of the depth of the doping metal site. As seen from the 

figure, Δ𝐸seg
1  for Pt, Ag, Ir, Cu, Ni, Co, Zn, Fe, and Mn are significantly lower than Δ𝐸seg

7 , 

suggesting that these dopants stabilize at exposed layers rather than at bulk layers. This is notably 

Figure 9-2. (a) Top and (b) side views for the most stable adsorption sites of the metal-doped β-Mo2C (011) 

surface. Mo atoms are shown as blue, C as gray, H as green, and a metal dopant as pink. Potential hydrogen 

adsorption sites are shown: C1, C2, and C3 are C top sites; M1 and M2 are Mo top sites; B1, B2, B3, and B4 are 

bridge sites; and D1 is top site of a dopant. (c) Hydrogen Gibbs free energy (in eV) at the potential adsorption 

sites. The whiteouts correspond to unstable adsorption sites.32 
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the case for the precious metals Pt, Ir, and Ag. On the other hand, Δ𝐸seg
𝑖  approaches zero for all 𝑖 

for Cr, Ti, and V dopants, and hence these dopants are likely to spread equally among the different 

layers. Also, we observe an inverse correlation between the stability of the first-row transition 

metals and their radii where smaller-sized dopants are more stable than the larger ones. It is to be 

noted that the lack of a surface-segregation tendency is not cost-effective for precious metal 

dopants, as only dopants that are on the top surface layers are expected to influence the catalytic 

activity. In summary, although there are some variations in their segregation tendencies, all 

dopants can thermodynamically occupy exposed surface sites, and thus could potentially influence 

the HER activity of β-Mo2C.  

The hydrogen adsorption Gibbs adsorption energy ΔGH has been widely accepted2,189,224 to 

accurately predict the experimental measurement on HER rates. For Δ𝐺H = 0, the HER activity is 

maximum while the activity decreases with increasing |ΔGH| , in accordance with Sabatier’s 

principle where a reaction has the maximum rate when intermediates interact neither strongly nor 

weakly with a catalytic surface. ΔGH is defined as 

Δ𝐺H = Δ𝐸H∗  + Δ𝐸𝑍𝑃𝐸 − 𝑇Δ𝑆 (9-2) 

where Δ𝐸𝑍𝑃𝐸 is the zero-point energy, which is found to be less than 0.05 eV for the doped β-

Mo2C (011), consistent with prior results for metal surfaces.111,189,224 ΔS is the change of entropy 

between hydrogen atoms in the adsorbed state and in the gas state. From experimental 

measurements, Δ𝑆 ~ −
1

2
𝑆H2
0  where 𝑆H2

0 = 1.35×10-3 eV/K is the entropy of hydrogen gas at room 

temperature125. The hydrogen adsorption energy Δ𝐸H∗ is defined as,  

Δ𝐸H∗ =
1

𝑛
(𝐸𝑛H/𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 −

1

2
𝑛𝐸H2) (9-3) 
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where 𝐸𝑛H/𝑠𝑙𝑎𝑏 and 𝐸𝑠𝑙𝑎𝑏 are the energies of the slab with n adsorbed hydrogen atoms (H∗) and of 

the clean slab, respectively, and 𝐸H2 is the energy of H2 in gas phase.  

Figure 9-2 summarizes the hydrogen adsorption sites on the pristine and the metal-doped 

β-Mo2C (011) with their corresponding Δ𝐺H probed by a single hydrogen atom. We have verified 

that Δ𝐺H is nearly independent of hydrogen coverage β-Mo2C (011) due to negligible hydrogen-

hydrogen interactions. For the pristine surface, the unique Mo/C composition creates moderate 

adsorption bridge sites (B3) between two Mo atoms. With the safe assumption that HER largely 

proceeds through the B3 sites with ΔGH = ~0.1 eV, the exchange currents are predicted to be 10-5 

A/cm2 using a simple kinetic model, which is consistent with experimental results124. The other 

sites on the pristine surface, namely the strong adsorption sites with ΔGH = −0.3 eV, such as C 

atop (C1 and C2) sites, and weak adsorption sites with ΔGH = 0.4 eV, such as Mo atop (M1) sites, 

are HER inactive.  

Metal doping creates new adsorption sites on the β-Mo2C (011) surface, such as C3, M2, 

B1, B2, B4, and D1 (see Figure 9-2(a) and 9-2(b)). As indicated by large positive Δ𝐺H values in 

Figure 9-2(c), hydrogen adsorption on C3, M2, B1, and B2 sites is endothermic and requires a 

substantial overpotential in the Volmer step. Doping, however, introduces thermoneutral sites – 

B3 on the Ti-doped surface and D1 on the Ir-doped surface – that are expected to be more HER 

active than on the pristine β-Mo2C (011), as the sites are characterized by ΔGH = − 0.01 eV and 

−0.04 eV, respectively. The concentration of the active sites on the pristine, Ir- and Ti-doped β-

Mo2C (011) are identical assuming that only sites with |Δ𝐺H| < 0.1 eV are active for HER. 

Compared to the pristine surface, Ir and Ti dopants significantly improve the HER activities by 

introducing new HER active sites while the other dopants annihilate the original active sites of the 

β-Mo2C (011) surface. Given that (011) is a stable termination representing the β-Mo2C catalyst 
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under electrochemical and synthesis conditions, and only the sites corresponding to ΔGH ≈ 0 

contribute the most to HER among the other sites, we expect that Ir and Ti doping can significantly 

improve HER activity. 

9-3 Experimental Investigation of the Hydrogen Evolution Reaction 

To validate the computational predictions, we use a microwave-assisted solvothermal method to 

synthesize pristine β-Mo2C, Ir-doped, Ti-doped, and Fe-doped β-Mo2C NPs supported on 

graphene oxide nanosheets. Note that we will focus first on comparing experimental results for 

pristine β-Mo2C, Ir-doped, and Ti-doped. Figure 9-3(a) shows the XRD patterns of pristine β-

Mo2C NPs, and the NPs doped with 4% Ir and Ti. The pristine β-Mo2C NPs exhibit sharp 

diffraction peaks that are indexed as hexagonal β-Mo2C (JCPDS pattern: 35-05-0787). No second 

phase is found in the XRD pattern for pristine β-Mo2C NPs. When the pristine β-Mo2C NPs are 

Figure 9-3. (a) XRD patterns of pristine and 4% Ir/Ti/Fe-doped Mo2C NPs supported on 3wt% graphene oxide 

mixture films. (b) XRD patterns of pristine and (4, 6, 8, 10%) Ir-doped β-Mo2C NPs supported on 3wt% graphene 

oxide mixture films.33 
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doped with 4% Ir and Ti, we observe no crystal structure change other than a small decrease in 

lattice parameters. In Figure 9-3(b), we show the XRD patterns of the pristine β-Mo2C NPs doped 

with different percentages of Ir dopants. When more than 4% of Ir is doped, the formation of an 

Ir-Mo phase is indicated by the broad diffraction peak at 2θ = 43o. In none of the patterns is an 

amorphous or non-crystalline MoyC phase detected in any meaningful quantity. As the Ir-Mo 

phase exhibits different HER behaviors than the Ir-doped phase (see Figures 9-10(a) and 9-11(b)), 

we limited the doping concentration to 4% for all dopants for subsequent electrochemical analysis 

of HER activity.  

Linear sweep voltammetry is performed at a 20 mVs-1 scan rate in 0.5 M H2SO4 electrolyte 

on pristine, 4% Ir-doped, and 4% Ti-doped β-Mo2C NPs. The cyclic voltammograms of the 

samples are shown in Figure 9-4(a). To compare relative HER activities, the overpotential values 

𝜂10 determined at a current density of 10 mA/cm2 are 134, 106, and 103 mV for the pristine, 4% 

Ir-doped, and 4% Ti-doped β-Mo2C NPs, respectively. With Ir or Ti doping, 𝜂10 is reduced by 

~20% compared to the pristine β-Mo2C NPs. Figure 9-4(b) shows the Tafel plots deduced from 

Figure 9-4(a). For pristine, 4% Ir-doped, and 4% Ti-doped β-Mo2C NPs, the Tafel slopes are 64, 

Figure 9-4. (a) HER polarization curves and (b) Tafel plots for pristine and Ir, Ti, and Fe-doped β-Mo2C.34 
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53, and 46 mV/dec, respectively. The corresponding exchange current densities are 5.37×10-5, 1.78 

×10-4, and 2.24 ×10-4 A/cm2, as obtained based on Tafel slope.   

Electrochemically active surface area (ECSA) analysis is performed using cyclic 

voltammetry. Figure 9-5 shows the changes of the current densities as a function of scan rate. The 

double-layer capacitance (Cdl) is measured at scan rates from 5 to 200 mV/s, with an increment of 

16 mV/s, in non-Faradic potentials from 0.1 to 0.3 V vs. RHE. The Cdl of pristine β-Mo2C is 12 

mF/cm2 as determined in our recent study.385 In contrast, 4% Ir- and 4% Ti-doping increases Cdl 

to 18.3 and 22.8 mF/cm2, respectively, almost doubling that of the pristine β-Mo2C NPs. According 

to our computational predictions the concentration of active sites on the pristine and metal doped 

Figure 9-5. Current density – potential curves of (a) Ir 4%-doped, (b) Ti 4%-doped, (c) Fe 4%-doped Mo2C-3wt% 

graphene oxide (GO) mixture films, cycled between 0.0 and 0.3 V (vs. RHE) at a scan rate from 5 to 200 mV s -1 

in an acidic medium, (d) 0.5△J0.2V (half of current density difference at 0.2V) as a function of scan rate.35 
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Mo2C β-(011) are the same, which indicates that Ti and Ir dopants have a dramatic effect on the 

chemistry of electrochemical active sites of β-Mo2C.  

The experimentally measured electrochemical performances for Ir and Ti show HER 

enhancements based on lower overpotentials and higher exchange currents than the pristine β-

Mo2C, which agrees with theoretical predictions that Ir doping creates new active sites i.e., D1 

sites and Ti doping alters the active sites on pristine β-Mo2C to be thermoneutral. However, based 

only on electrochemical measurements, it is premature to argue for agreement, or lack thereof, 

between theory and experiment. Namely, it is important to ensure that the theoretical models in 

terms of the Mo2C phase, metals dispersion and surface terminations are consistent with the 

synthesized samples.  

Fully interpreting the electrochemical data requires knowledge of the nanoscale structure 

and chemistry from which it arises; in particular, particle size and morphology, and the presence 

of dopant dispersion or segregation. To obtain this information, we employed Transmission 

electron microscopy (TEM), high-angle annular dark-field scanning TEM (HAADF-STEM), and 

Figure 9-6. Representative atomic-resolution 

HAADF-STEM micrographs of the (a) pristine 

-Mo2C, (b) 4% Ir-doped, (c) 8% Ti-doped, and 

(d) 7.5% Fe-doped samples. Insets show the 

corresponding FFTs for each image, indexed to 

(yellow) β-Mo2C and (magenta) α-MoC. (Note: 

some plane spacings have many potential 

corresponding planes. Here, one plane has been 

chosen to represent each given spacing.)36 
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energy-dispersive X-ray spectroscopy (EDS). In general, the pristine and metal-doped -Mo2C 

NPs are fused together either directly or with a carbonaceous material between, possessing 

morphologies ranging from nearly spherical to faceted, and isotropic to high-aspect ratio, as shown 

in Figure 9-11. Atomic-resolution HAADF-STEM and HRTEM examples of the NPs are shown 

in Figures 9-6 and 9-11, respectively. Selected area electron diffraction (SAED) (Figure 9-11) and 

Fast Fourier Transform (FFT) analysis reveals that the NPs are predominantly in the -Mo2C phase, 

but with varying amounts of NPs in the α-MoC phase observed, especially for 4% Ir-doped NPs. 

For simplicity, and due to the significantly smaller presence of α-MoC, only -Mo2C is mentioned 

in subsequent references to the MoyC with the existence of additional phases in this work. Most of 

the NPs are not sharply faceted, but in those NPs with a high degree of faceting, such as Figure 9-

12(a) and 9-12(d), the (011), (002), and (100) facets predominated, with the former being slightly 

more common. Additional morphological and structural details are included in the Supporting 

Information. No evidence of dopant segregation is observed from the contrast in HAADF-STEM 

images of the Fe- and Ti-doped specimens (e.g., Figure 9-6(d) and 9-6(c)). In the 4% Ir-doped 

Figure 9-7. Violin plots (kernel density 

estimates) of -Mo2C NPs sizes. Dashed lines 

indicate the median and dotted lines indicate the 

quartiles. The vertical axis has been truncated for 

easier comparison of the distributions. Nominal 

metal doping for Ir, Ti, and Fe is 8, 8, and 7.5%, 

respectively. Swarm plot versions of these 

distributions are included in Figure 9-13. Color 

corresponds to those used in Figure 9-3(a) for 

identifying the dopants. 37 
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specimen (Figure 9-6(b)), copious amounts of few-atom nanoclusters are observed uniformly 

distributed all over the -Mo2C particles, either decorating the surface or incorporated into the 

surface layer(s). The increased image intensity of these nanoclusters compared to the Mo2C 

support indicates they are Ir, as the image intensity is predominantly atomic-mass-dependent under 

the imaging conditions used. Occasional small Ir-rich NPs are also observed on the surface, but 

they are uncommon in comparison.  

The size distributions of the pristine and metal doped  -Mo2C NPs are plotted in Figure 

9-7. Population summary statistics and the calculation details are described in Table 9-1. The 

average size of pristine -Mo2C NPs (15.8 ± 15.0 nm) is slightly smaller than the size of Ti-doped 

NPs (17.8 ± 10.6 nm). In contrast, the size of Ir-doped NPs is significantly narrower and of smaller 

mean (8.9 ± 22.6 nm, with a 75% percentile of 9.3 nm) than any other sample. The Ir-doped -

Mo2C NPs possessed large quantities of small (<10 nm) particles, whereas relatively few are 

observed in the Ti-doped NPs.  

Figure 9-8. Background-subtracted EDS elemental maps from -Mo2C NPs doped with (a,d) 4% Ir, (b,e) 8% Ti, 

and (c,f) 7.5% Fe. Middle images are Mo (magenta) + primary metal (Ir, Ti, Fe; green) maps, while the bottom 

images have been overlain onto the HAADF image. Elemental quantification is provided in Table 9-2.38 
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EDS elemental mapping is employed to verify and quantify NP composition and dopant 

dispersion. Example maps are provided in Figure 9-8(a) ~ 9-8(c) – at higher magnification to 

observe intra-particle distribution – and Figure 9-8(d) ~ 9-8(f) – at lower magnification to examine 

distribution at the aggregate level. The sum spectra for these maps are shown in Figures 9-15 and 

9-16, respectively, and a quantification of the ratio of dopant metals to Mo are listed in Table 9-2. 

Ti-doped samples exhibit a uniform incorporation of dopants, with no segregation observed. The 

surface segregation of the Ir dopant, and appearance of occasional Ir-rich NPs, suggest that 4 at% 

is at the limit of Ir incorporation in -Mo2C prepared via these methods. Above 4 at%, Ir-rich NPs 

nucleated on the -Mo2C, which have additional HER active sites other than our focus on the Ir-

doped -Mo2C. Although the Ti- and Fe-doped samples examined in TEM are of higher dopant 

concentration than those tested electrochemically, the lack of any observed segregation even at 

these higher dopant levels indicates that segregation is highly unlikely to occur at lower 

concentrations. This is in contrast to the Ir-doped sample, where segregation is observed at 8%, 

and thus the lower concentration warranted examination. More information on the Ir-doped -

Mo2C morphology characterization with different at% is included in the Supporting Information. 

9-4 Linkage between Experiments and Computations 

The experimental results are in accordance with computational analysis. From cyclic voltammetry, 

we find that the exchange current densities for Ir- and Ti-doped -Mo2C NPs are 1.78 ×10-4 and 

2.24 ×10-4 A/cm2, respectively, which are nearly one-order of magnitude higher than that of 

pristine -Mo2C NPs with 5.37×10-5 A/cm2. In addition, the overpotential for the pristine -Mo2C 
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NPs is ~20% less than the Ir- and Ti-doped -Mo2C NPs. This agrees with the computational 

findings that Ir- and Ti- doped -Mo2C (011) have nearly thermoneutral sites with ΔGH ≈ 0 that 

are more HER active than the sites on the pristine -Mo2C (011) with ΔGH ≈ 0.1 eV. We posit 

that the enhanced HER on Ir- and Ti-doped -Mo2C is due to the new active sites facilitated by 

the dopants based on the following reasons: (1) The Tafel slopes of the Ir-doped and Ti-doped β-

Mo2C NPs are different than the Tafel slope of the pristine β-Mo2C NPs. This supports our 

modeling results that there are new active sites for HER that are generated by doping. (2) XRD, 

STEM, and EDS confirm that doping with Ir and Ti does not cause a phase change of -Mo2C; 

only a negligible amount of α-MoC phase appears in Ir-doped -Mo2C NPs. This agrees with our 

computational results showing that the Ir dopants homogeneously segregate into the upper layers 

of the -Mo2C NPs while the Ti dopants are equally distributed among all layers. As we do not 

detect any of the amorphous or non-crystalline phases of the metal-doped -Mo2C, and we have 

ruled out the effects of Ir segregation, these findings suggest that the HER activities mainly come 

from the metal-doped -Mo2C (011) terminations. (3) From ECSA, the values of Cdl for Ir- and 

Ti-doped β-Mo2C NPs nearly double the value of pristine -Mo2C NPs. The larger ECSA on the 

doped -Mo2C NPs suggests higher HER activities than the pristine -Mo2C NPs, assuming that 

the surface areas of the samples are similar. 

To further enhance our rationalization of the connections between the computational and 

experimental results, we also examined Fe-doped -Mo2C NPs, which are predicted to be non-

optimal for HER based on our first-principles calculations (see Figure 9-2(c)). Fe doping is 

selected because previous studies were controversial, reporting both insignificant87 and 

significant87,379 improvements for the HER activity of Fe-doped β-Mo2C. From the 

electrochemical analysis, we find for the Fe-doped NPs, that the overpotential 131 mV, exchange 
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current 4.79 × 10-5 A/cm2, and Cdl 11.5 mF/cm2 are of similar magnitude to the corresponding 

values of the pristine -Mo2C NPs. We posit that the HER activity on Fe-doped -Mo2C NPs arises 

from the active sites of pristine -Mo2C NPs based on the findings: (1) Our computations show 

that the sites on pristine -Mo2C (011) with ΔGH = 0.1 eV are significantly more active than the 

new sites on Fe-doped -Mo2C (011) that are either too strong, ΔGH = −0.4, or too weak, ΔGH > 

0.4 eV; (2) The experiments found that Fe doping generate NPs of smaller size. Although the mean 

size of -Mo2C NPs somewhat increase with Fe-doping compared to pristine, 15.8 ± 15.0 nm and 

20.4 ± 24.7 nm, respectively, it substantially increased the relative number of small particles (<5 

nm, see Figure 9-13).  This suggests that the HER current for Fe-doped -Mo2C NPs is expected 

to be slightly higher than that of the pristine -Mo2C NPs as the active sites on pristine -Mo2C 

NPs are more exposed on smaller particles than on larger ones. 

We computationally screen twelve metal dopants from first-row transition metals (Ti, V, 

Cr, Mn, Fe, Co, Ni, Cu, Zn) and precious metals (Pt, Ir, Ag) on -Mo2C with respect to HER 

activity enhancement. We find that only Ir and Ti doping introduce new HER active sites that bind 

hydrogen thermoneutrally, and thus are expected to enhance the catalytic activity. For validation, 

we synthesize metal-doped -Mo2C NPs using a microwave-assisted solvothermal method. Cyclic 

voltammetry measurements show that the overpotential decreases by ~20% when pristine -Mo2C 

NPs are doped with Ir or Ti. Also, the exchange currents for Ir- and Ti-doped -Mo2C are, 

respectively, 1.78 ×10-4 A/cm2 and 2.24 ×10-4 A/cm2, which are nearly one-order of magnitude 

larger than the corresponding value of 5.37×10-5 A/cm2 for the pristine -Mo2C NPs. Fe-doping is 

found not to enhance the HER currents based on computational and electrochemical experimental 

results. Further, we employ TEM, HAADF-STEM, and EDS to examine the atomic structure of 

the metal-doped -Mo2C. We find that Ir and Fe are favorable to segregate on the exposed surface 
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and Ti tends to distribute equally among the layers, which agrees with our computational analysis 

of segregation tendencies. From showing that there is a larger proportion of small NPs in Fe-doped 

-Mo2C NPs than for the Ir- and Ti-doped -Mo2C NPs, we justify that the HER is activated by Ir 

and Ti dopants rather than by exposing original sites due to the increase of effective surface area. 

We have confirmed that Ir and Ti doping enhance HER activity by manipulating the catalytic 

chemistry, which demonstrates the synergetic role of computational and experimental approaches 

to rationalize the design of enhanced catalysts.   

9-5 Supporting Information 

Computational Details. The Vienna Ab Initio Simulation Package (VASP) with the Revised 

Perdew-Burke-Ernzerhof (rPBE) functional is carried out for the first-principles DFT calculations. 

The pristine and doped systems are metallic, and thus the employed semi-local functional is 

expected to be accurate for these systems. We use the PAW pseudopotentials to describe electron-

nucleus interactions.160-163 In addition, the dDsC dispersion correction is used for Van der Waals 

(vdW) interactions. The electronic self-consistent loops are terminated when the energy change is 

(a) (b) (c) 

Figure 9-9. (a) The top view and (b) side view of β-Mo2C primitive cell, and (c) the β-Mo2C (011) surface model. 

The blue spheres are Mo atoms and the gray spheres are C atoms.39 
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within 1×10-6 eV with 400 eV planewave cutoff. For all doped systems, we confirmed that spin 

polarization effects are negligible. Also, all calculations correspond to neutral charged systems. 

The surface models are cleaved from the bulk β-Mo2C with hexagonal structure.386 We focus on 

the mixed Mo/C (011) as it is the most stable termination among low-Miller index surfaces of β-

Mo2C at common synthesis conditions.124,383,384 Further, such surface shows an enhanced activity 

towards HER. Note that the (011) surface is referred to as (101) surface in some studies.124,383  We 

use a supercell approach to represent the slab models with 14 layers cleaved from (1×1) supercells 

with the same atomic structure in the top and the bottom layers. All the atoms in the slab models 

are relaxed to assess their stability. Atoms that are more than 3 layers below the exposed layer 

showed very little relaxations compared to the pristine bulk positions, suggesting that the slab 

models have negligible finite-size dependence. The minimum reaction pathways are determined 

using the NEB theory387 with the spring constant of -5 between images. The images are converged 

when their ionic relaxation loops are within the tolerance of 0.05 eV/Å. The computational surface 

models are cleaved from the most stable hexagonal β-Mo2C structure among all possible 

arrangements of carbon atoms that are partially occupied at defined carbon sites.386 The primitive 

cell of the β-Mo2C has the lattice constants of 6.09, 6.08, 4.73, 90.00, 90.00 and 120.00 optimized 

using the k-points of 4×4×4 to sample the Brillouin zone. We have verified that the k-grid is 

sufficient to converge all energy differences to less than 0.05 eV. The (011) surface models, with 

a 15 Å vacuum perpendicular to the surfaces, have ten atomic layers with the bottom four layers 

fixed at bulk positions during optimization. The exposed layer has the Mo:C of 1:1, and the second 

and the third layers are composed by Mo atoms only. 
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Pristine and Metal-Doped β-Mo2C Synthesis.  β-Mo2C nanoparticles (NPs) are synthesized by 

the microwave-assisted solvothermal method using MoCl5 (99.6%, Alfa Aesar), ethanol (200 

proof, Decon), urea (Sigma Aldrich), TiCl4 (0.09M in 20% HCl, Sigma Aldrich), IrCl33H2O (53-

56% Ir, Acros Organics), FeCl36H2O (97%, Sigma Aldrich) and graphene oxide nanosheets (ACS 

Material). Doping is achieved by mixing 1g MoCl5 and dopant in 5 ml ethanol for 10 min, followed 

by the addition of urea (7 molar ratio). After vigorous mixing, 3 wt% of graphene oxide (GO) 

nanosheets (1~5μm in diameter) in comparison to the weight of β-Mo2C NP is added to the 

precursor solution. The fully mixed solution is reacted with microwave radiation (CEM microwave 

reactor) until the solution temperature reached 150 ℃ and is then held at this temperature for 10 

minutes. Microwave power and pressure are maintained at 800 W and 800 kpsi, respectively, 

throughout the reaction. After the reaction, the amorphous solid is collected and subsequently 

Figure 9-10. (a), (c), (e) HER polarization curves of Ir, Ti, and Fe doped Mo2C, (b), (d), (f) Tafel plots of Ir, Ti, 

and Fe doped Mo2C NPs.40 
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crystallized at 800 ℃ for 180 min under N2 atmosphere. Specimens for TEM examination is 

prepared via drop-casting, wherein small quantities of powdered sample are dispersed in ethanol 

and sonicated for 1 minute to uniformly disperse the particles in solution. A 4 μL droplet of each 

solution is then pipetted onto ultrathin carbon-coated Cu TEM grids (Ted Pella Inc.) and allowed 

Figure 9-11. TEM micrographs of representative -Mo2C aggregates, showing typical particle sizes and 

morphologies of (a) pristine -Mo2C (with no GO support), (b) pristine -Mo2C (with GO support), (c) Fe-doped, 

(d) 8% Ir-doped, and (e) 8% Ti-doped material. The white arrowheads indicate the corresponding selected-area 

electron diffraction patterns of the aggregates. The major rings of diffraction spots have been labeled with colored 

arcs, indexed to -Mo2C.41 
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to dry. These specimens are subsequently examined using a Thermo Fisher Themis G2 200 probe-

aberration-corrected S/TEM operated at 200 kV and equipped with a Super-X energy-dispersive 

X-ray spectroscopy system for elemental mapping and quantification (using Velox software). A 

probe current of 45 pA is used for High-angle annular dark-field (HAADF) STEM imaging and a 

300-425 pA probe current for EDS mapping. The Circular Hough Transform plugin388 for Gatan 

Digital Micrograph is used to measure diffraction ring spacing in any ring patterns, and a custom-

scripted worksheet is employed to match diffraction and FFT spacings against a library of plane 

spacings. 

 

Electrochemistry and XRD. The crystal structure, size, morphology, and composition of the 

synthesized materials are determined using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and scanning transmission electron microscopy (STEM). XRD (X’Pert 

PaNalytical) patterns of the samples are measured. For HER testing, 1 g of undoped or doped 

Mo2C NPs is mixed with 0.08 g of ethyl cellulose and 4.46 g of α-terpinol. Each mixture is then 

processed with a three-roll mill (Model: 50i, Exakt) to form a paste. The paste is coated onto 

fluorine-doped tin oxide (FTO) glass using a screen-printing process, and the organic part of the 

paste is slowly burned away at 250 ℃ for 3 hr in a tubular furnace under N2 atmosphere. The 

geometrical surface area of the electrode is 1 cm2 and the catalyst loading is 0.54 mg/cm2 for all 

β-Mo2C NPs or Mo2C-GO electrodes. The electronic properties of the printed thick films are 

determined using 4-point probe electric conductivity measurements. All electrochemical 

measurements are performed using a three-electrode electrochemical workstation (CHI 660 

potentiostat). A saturated calomel electrode (SCE) and Pt plate are chosen as the reference and 

counter electrodes, respectively, and are de-aerated with argon before use. The β-Mo2C electrode 
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is tested in a 0.5 M H2SO4 aqueous electrolyte. Polarization curves are obtained through linear 

sweep voltammetry (LSV) in 0.5 M H2SO4 at a scan rate of 20 mVs-1.  

Aggregate Packing Density. The density of particle packing in the aggregates appeared to vary 

somewhat by sample, with the Ir- being most tightly packed, but this may merely a byproduct of 

Figure 9-12. HRTEM micrographs of example Mo-C particles – showing the crystallinity and surfaces – of (a) 

pristine -Mo2C (with no GO support), (b) pristine -Mo2C (with GO support), (c) Ir-doped, and (d) Ti-doped 

samples. Insets show the corresponding indexed FFTs for each image – -Mo2C in yellow, α-MoC in magenta. 

Some of the facets of the highly faceted particles in (a) and (d) are labeled.42 
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constituent particle size and/or processing. The Fe-doped sample exhibited the lowest degree of 

particle connectivity.  

 

Mo2C Particle Morphology and Structure. As noted in the main document, the Mo2C particles 

possessed wide variety of morphologies, from nearly spherical, to highly faceted, to shard/flake-

like. The example particles in the main text and Supporting Information have been selected to 

present some examples of this variety. Twinning, such as in Figure 9-6(d) and Figure 9-12(a), was 

observed in all, but particularly common in the pure -Mo2C and Ti-doped specimens. The quantity 

and close proximity of plane spacings in the assorted -Mo2C polymorphs can make completely 

indexing ED ring patterns a difficult task, so we typically only focused on the strongest/major 

diffraction rings. Fast Fourier Transform (FFT) analysis from many individual particles in each 

sample also  

Figure 9-13. Swarm plots of particle size, to better 

show the significant increase in the relative number 

of smallest-size particles in the Fe-doped sample.44 

Figure 9-14. (a) HAADF-STEM micrograph and (b) 

corresponding EDS elemental maps from the 8 at% 

Ir-doped sample, showing the extensive presence of 

Ir-rich nanoparticles decorating the -Mo2C.44 
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revealed predominantly hexagonal (P63/mmc) β-Mo2C, but with occasional hexagonal α-MoC 

particles, more so in the Ir-doped material than the others. A deeper examination of the crystal 

structures and their potential reliance on synthesis details, are the subject of a later study. No 

appreciable amount of amorphous or non-crystalline MoyC phase is observed in any of the samples 

examined. Given the aggregated nature of most particles, the -Mo2C particle size was determined 

using the following criteria. Where particles were polycrystalline and/or connected, e.g., a “string 

of pearls” or denser aggregates, a particle was designated as such if (1) it possessed a different 

lattice orientation than its neighbors and it had (2.1) a distinct neck between its neighbors OR (2.2) 

was clearly protruding from an underlying particle. The resulting size distributions are shown in 

Figures 9-5 and 9-13, and assorted summary statistics are included in Table 9-1. 

 

Table 9-1. Summary statistics for the particle size distributions in Figure 9-7 and Figure 9-13. All values other than 

the number of measured particles is in units of nanometers.19 

 Pristine -Mo2C 

(No GO) 

Pristine -Mo2C 

(with GO) 
Fe-doped Ir-doped Ti-doped 

# of Particles Measured 247 479 647 805 487 

Minimum 3.0 0.7 0.8 0.7 1.2 

25% Percentile 19.5 7.1 4.7 4.1 10.4 

Median 28.9 11.5 13.2 6.2 15.9 

75% Percentile 39.6 19.6 24.0 9.3 22.8 

Maximum 80.7 161.1 204.2 565.6 82.0 

Mean 30.8 15.8 20.4 8.9 17.8 

Std. Deviation 15.4 15.0 24.7 22.6 10.6 

Std. Error of Mean 1.0 0.7 1.0 0.8 0.5 

Table 9-2. Quantification of the EDS spectral images in Figure 9-8 and Figures 9-14 to 9-16. All values are atomic 

%. All elements except those listed were used in the deconvolution only. C was not attempted to be quantified as 

the samples were supported on C membranes.20 

Figures Material Ti Fe Mo Ir 

8a, S7a 4% Ir-doped 0.0 0.0 96.4 3.6 

8b, S7b 8% Ti-doped 1.3 0.0 98.7 0.0 

8c, S7c Fe-doped 0.0 11.9 88.1 0.0 

S5, S7d 8% Ir-doped 0.0 0.0 93.1 6.9 

S8a Mo2C-GO 0.0 0.0 100.0 0.0 

8d, S8b 4% Ir-doped 0.0 0.0 96.5 3.5 

8e, S8c 8% Ti-doped 0.8 0.0 99.2 0.0 

8f, S8d 7.5% Fe-doped 0.0 9.6 90.4 0.0 
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Figure 9-15. Whole-map sum spectra corresponding to the EDS spectral images in (a-c) Figure 9-8(a)-(c), 

respectively, and (d) Figure 9-14. The Cu peaks are from the copper washers, clamps, and TEM grids.45 
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Figure 9-16. Whole-map sum spectra corresponding to the EDS spectral images of (a) a pristine β-Mo2C aggregate, 

and (b-d) Figure 8d-f, respectively. The Cu peaks are from the copper washers, clamps, and TEM grids.46 
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Discussion on Composition of the Catalysts. Fe concentration (9.6-11.9 at%) is found to be 

reasonably consistent with the nominal doping. Ti concentration, however, is significantly lower 

(0.6-1.2 at%) in all areas mapped than would be expected from the nominal doping of 8 at%. Other 

than the occasional small Ti oxide particle – not nearly enough to explain such low overall 

concentrations – no segregation of Ti was observed, leaving the remaining Ti’s residence unclear. 

This suggests the Ti is not fully incorporated into the -Mo2C, remaining in solution, and thus 

removed, during synthesis. Ir concentration (3.5-3.6 at%) is effectively identical to the expected 4 

at%, and is uniformly present across the particles.  

The surface segregation of the Ir dopant, and appearance of occasional Ir-rich NPs, 

suggested that 4 at% may be near or at the limit of Ir incorporation in -Mo2C prepared via these 

methods. To investigate this, an 8 at% Ir-doped sample was examined using the same methods. As 

seen in the example HAADF-STEM image and corresponding EDS maps of Figure 9-8, in addition 

to the surface nanoclusters, copious amounts of Ir-rich nanoparticles decorated the -Mo2C 

Figure 9-17. (a) HAADF-STEM image and corresponding EDS elemental maps and sum spectrum from a patch 

of Ir-rich nanoparticles in the 8% Ir-doped material. Quantification of various regions features are listed on Table 

9-3. (b) HAADF-STEM and corresponding EDS elemental maps and sum spectrum from a patch Ir nanoparticles 

on the surface of a Zn oxide particles in the 8% Ir-doped material. Quantification of the map area is listed on Table 

9-3. (c) HAADF-STEM image and corresponding EDS elemental maps and sum spectrum from a patch of Mo-C 

and Ir-rich nanoparticles in the 4% Ir-doped material. Some predominantly Ir particles are indicated by arrows 

(they appear in the Ir map but not the Mo). Quantification of the map area is listed on Table 9-3.47 
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particles. The size of the Ir-rich decorations also appeared to be concentration-dependent: in the 

4% Ir sample, they are mostly small nanoclusters, whereas in the 8% Ir sample they formed NPs 

of ~1-2 nm in size (with some up to ~5 nm).  

In the Ir-doped samples, some areas were found where the Ir-rich NPs were detached from 

the -Mo2C (e.g., Figures 9-17), allowing for their composition to be determined via sub-region 

segmentation without confounding signal from underlying support particles. The resulting average 

composition as a function of particle size is included in Table 9-3 and Figure 9-18. These clearly 

indicated that NP composition was dependent both on doping level and on particle size. In the 

former case, the higher the nominal doping, the higher Ir concentration in the NPs. For example, 

particles of <2 nm in size averaged ~30:70 Ir:Mo in the 4% Ir-doped sample yet ~60:40 in the 8% 

Ir-doped sample. This is consistent with there being a maximum amount of Ir that remains in the 

-Mo2C particles, and that excess Ir beyond this level segregates into increasingly Ir-rich NPs on 

the surface. At both doping levels, a size-dependent composition was also measured, when 

comparing the compositions of <2 nm and 2-5 nm. For 4% doping, the Ir:Mo ratio decreased from 

30:70 to 89:11, respectively, and for 8% doping from 60:40 to 46:54, respectively. Individual 

measurement of the few-atom nanoclusters, particularly prevalent in the 4% specimen, are beyond 

the practical ability of this approach and so were not included in this analysis. The nucleation of 

Figure 9-18. Plot of 4% (blue) and 8% 

(orange) Ir concentration as a function of 

particle size, measured from unsupported 

particles in the EDS maps of Figure 9-17 

and one other 4% Ir-doped map. Elements 

other than Mo and Ir were deconvolved for 

the quantification. Error bars are the 

quantification error.48 
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nanoparticles from “excess” dopant can explain the appearance of the Ir-Mo XRD peak in the 6% 

Ir sample (Figure 9-4(c)). The observed trends suggest that Ir doping concentration – and judicious 

tailoring of processing parameters – can be used to control the size and relative population of Ir-

rich nanoclusters/particles and, if sufficient control over their size can be achieved, potentially 

even enable tuning of their composition. 

 

 

  

Table 9-3. Quantification of segmented sub-regions of unsupported nanoparticles from the EDS spectral images in 

Figure 9-17, and one other 4% Ir-doped EDS map. All values are atomic %. Elements other than Mo and Ir were 

deconvolved for the quantification. These data are plotted in Figure 9-18.21 

Material 
Particle Size 

(nm) 

At % At% Error 

Mo Ir Mo Ir 

4% Ir-doped <2 69.5 30.5 16.9 7.0 

 2-5 89.0 11.0 11.3 1.7 

8% Ir-doped <2 40.6 59.4 7.3 10.8 

 2-5 53.8 46.2 14.9 10.3 
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10-0 Interplay of Oxidation and Nitrogen Doping on β-Mo2C for Hydrogen Evolution 

β-Mo2C does not show the expected activity for the hydrogen evolution reaction, as predicted 

using first-principles. I posit that surface oxidation under electrochemical and synthesis 

environments negatively impacts the catalytic properties for the hydrogen evolution reaction and 

explains the difference between predicted and measured hydrogen evolution reaction activities. 

Herein, using first-principles, I study the impact of water on the hydrogen evolution reaction 

activity for. I find that water adsorption and dissociation are thermodynamically spontaneous, 

which leads to surface oxidation and its decoration with O and OH. On the oxidized β-Mo2C 

surface, I find that the hydrogen adsorption strength, with the adsorption free energy (Δ𝐺H ~ −0.15 

eV) is stronger than that of the pristine unoxidized surface (Δ𝐺H ~ −0.09 eV). The stronger 

hydrogen adsorption in absolute value on the oxidized surface is indicative of its lesser catalytic 

activity towards hydrogen evolution compared to the pristine surface. This finding explains why 

modeling of the hydrogen evolution reaction on pristine surface results in favorable hydrogen 

adsorption similar to Pt while experimental studies show that hydrogen evolution reaction 

exchange currents on β-Mo2C are three orders of magnitude smaller than that of platinum catalysts. 

Furthermore, I show that nitrogen doping can appreciably rectify the negative oxidation effects as 

it hinders the water adsorption and dissociation, and preserves the active sites of the pristine β-

Mo2C surface. The findings on nitrogen doping are consistent with experimental results. 
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10-1 Introduction 

The beta-phase of molybdenum carbide β-Mo2C exhibits high activity for the hydrogen evolution 

reaction (HER). 9 Further, the efficiency of the HER activity for β-Mo2C can be improved through 

surface engineering such as modifying the Mo-valence states by creating Mo vacancies in 

MoyC,389 substitutional doping with transition metals at the Mo sites of β-Mo2C
219, and coupling 

β-Mo2C with 2-D materials385. In our previous study, I found that the (011) termination is the most 

HER active among low-Miller index surfaces. In addition, this HER active termination is  expected 

to be exposed with over 80% of the surface area on β-Mo2C nanoparticles based on ab initio 

thermodynamics.124 I found that the high activity of β-Mo2C (011) originates from the bridge sites 

between surface Mo and C that have a moderate binding strength Δ𝐺H ~ −0.09 eV. Using the 

Yang-Saidi computational model of Eq. (5-6) for HER exchange currents, Δ𝐺H  ~ −0.09 eV 

corresponds to a high HER activity similar to that of the Pt electrodes.189,224 However, while the 

experimental exchange current for β-Mo2C is relatively high (1.7 × 10-5 A/cm2)9, the current is 

nearly 3 orders magnitude less than the platinum electrodes390, and thus is not consistent with the 

modeling results. Also, other noble metals that have larger |Δ𝐺H| than the corresponding value on 

β-Mo2C (011), have also their exchange currents that are more than 2 orders magnitude larger than 

that of the β-Mo2C electrodes. For example, Ir, Pd and Rh have respectively Δ𝐺H values of −0.14, 

−0.18 and −0.16 eV, which correspond to the exchange currents of 1 × 10-1, 4 × 10-2, 3 × 10-3, and 

5 × 10-3 A/cm2.390 These findings strongly suggest that  the β-Mo2C (011) is not in its pristine form 

and is likely to have an interaction with hydrogen that is in absolute value appreciably larger than 

0.09 eV.  

Under standard or electrochemical conditions, β-Mo2C is prone to oxidization since 

transition metals are exophilic. Using first-principles studies, Tian et. al. argued that the adsorption 
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of oxygen and hydronium are more stable on β-Mo2C than water molecules suggesting that water 

molecules can thermodynamically dissociate into O and OH thus inducing surface oxidation.391 It 

has also been reported that surface oxidation of β-Mo2C degrades the HER activity.392,393 In 

contrast, another study argued that tuning the β-Mo2C surface to be superhydrophilic increases the 

HER activity89, which is expected to increase water deposition and dissociation that leads to 

surface oxidation.  

Various studies have shown that N-doping at the substitutional C sites increases the HER 

activity.365,367,394,395 However, it is unknown whether the increased HER activity originates from 

the change of surface electronic properties for moderating the hydrogen adsorption, or by 

preventing surface oxidation effects, if any. From the study of Ang et. al.367 showing that nitrogen 

doping induces hydrophilic effects on Mo2C, I posit that nitrogen doping may also affect the water 

adsorption and dissociation. It is not obvious, however, how the interplay between nitrogen doping 

and surface oxidation may impact the HER activity.  

Herein, I use ab initio thermodynamic analysis to study water adsorption and dissociation 

on the most stable β-Mo2C (011), both for pristine and N-doped surfaces, and their impacts on the 

HER activity. At standard conditions, I show that water adsorption and dissociation are 

endothermic, thus resulting in a surface that is covered with O or OH. Further, I find that the O- 

and OH-decoration degrade the HER activity on β-Mo2C (011) as indicated by a stronger hydrogen 

adsorption free energy in absolute value compared to the pristine surface. Nitrogen doping is 

shown to have beneficial effects on the HER activity that can mitigate negative oxidation effects. 

Specifically, I find that N-dopants prevent the surface oxidation by increasing the barriers for water 

dissociation into O and OH, as well as for OH dissociation into O and H2. In addition, N-dopants 

are found to preserve the HER active site on the pristine β-Mo2C (011). 
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10-2 Ab Initio Thermodynamics for Surface Oxidation 

The ab initio thermodynamic analysis is conducted on the surface slab model of the (011) 

termination of β-Mo2C in order to study the potential reaction pathways for the surface oxidation 

process from water adsorption and dissociation namely: 

H2O(𝑙) → H2O
∗ → OH∗ + H∗ → O∗ +H2 (Pathway A) 

H2O(𝑙) → H2O
∗ → OH∗ +

1

2
H2 → O∗ + H2 (Pathway B) 

where the asterisk sign denotes the species in the adsorbed state, H2O(𝑙) is water in the liquid state, 

and H2  is hydrogen in the gas state. Computational details are presented in the Supporting 

Information of Chapter 9. The reaction free energy Δ𝑔 of the elementary steps of the two reaction 

Pathways A and Pathway B are computed using DFT, 

Δ𝑔 =

{
 
 
 
 
 

 
 
 
 
 
1

𝑛
(𝐸𝑛H2O − 𝐸𝑠𝑙𝑎𝑏) − 𝐸H2O − 𝑇Δ𝑆H2O + 𝐸𝑍𝑃𝐸

(1)

1

𝑛
(𝐸𝑛OH∗+𝑛H∗ − 𝐸𝑠𝑙𝑎𝑏) −

1

𝑚
(𝐸𝑚H2O∗ − 𝐸𝑠𝑙𝑎𝑏) + 𝐸𝑍𝑃𝐸

(2)

1

𝑛
(𝐸𝑛OH∗ − 𝐸𝑠𝑙𝑎𝑏) + 𝐸H2 −

1

𝑚
(𝐸𝑚H2O∗ − 𝐸𝑠𝑙𝑎𝑏) +

1

2
𝑇Δ𝑆H2 + 𝐸𝑍𝑃𝐸

(3)

1

𝑛
(𝐸𝑛O∗ − 𝐸𝑠𝑙𝑎𝑏) + 𝐸H2 −

1

𝑚
(𝐸𝑛OH∗+𝑛H∗ − 𝐸𝑠𝑙𝑎𝑏) + 𝑇Δ𝑆H2 + 𝐸𝑍𝑃𝐸

(4)

1

𝑛
(𝐸𝑛O∗ − 𝐸𝑠𝑙𝑎𝑏) + 𝐸H2 −

1

𝑚
(𝐸𝑛OH∗+𝑛H∗ − 𝐸𝑠𝑙𝑎𝑏) +

1

2
𝑇Δ𝑆H2 + 𝐸𝑍𝑃𝐸

(5)

 

(H2O(𝑙) → H2O
∗) 

(H2O
∗ → OH∗ + H∗) 

(H2O
∗ → OH∗ +

1

2
H2) 

(OH∗ + H∗ → O∗ + H2) 

(OH∗ +
1

2
H2 → O∗ + H2) 

𝐸𝑛𝑖 is the energy of the slab system with the number of 𝑛 adsorbed 𝑖 species, 𝐸𝑠𝑙𝑎𝑏 is the energy 

of the pure slab; 𝐸H2O and 𝐸H2 are the energies of  H2O and H2 molecules, respectively. At room 

temperature, 𝑇Δ𝑆H2O = 0.67 eV is the entropy change of H2O from the liquid state to the adsorbed 

state, and 𝑇Δ𝑆H2 = 0.41 eV is the entropy change of  H2 from the gas state to the adsorbed state. 

The entropic values are determined from thermodynamic data.7 For each of the elementary steps, 

𝐸𝑍𝑃𝐸
𝑗

, for 𝑗 = 1, 2, 3, 4 or 5, is the zero-point energy difference between the final and the initial 
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state. For example, 𝐸𝑍𝑃𝐸
(3)

= 𝐸𝑍𝑃𝐸
OH∗ +

1

2
𝐸𝑍𝑃𝐸
H2 − 𝐸𝑍𝑃𝐸

H2O
∗

 where 𝐸𝑍𝑃𝐸
OH∗, 𝐸𝑍𝑃𝐸

H2  and 𝐸𝑍𝑃𝐸
H2O

∗

 are respectively 

the zero-point energies of  OH∗, H2 and H2O
∗. For the adsorbed configurations, I use ab initio 

thermodynamical, as explained in Chapter 3.4, to determine the most stable adsorption 

configurations and coverage under standard electrochemical conditions, i.e., 1 atm and 298 K.  

Figure 10-1(a) and 10-1(b) show the computed thermodynamic reaction Pathways A and 

Pathway B for the oxidation processes on pristine β-Mo2C (011), respectively. For the Pathway A, 

a water molecule adsorbs on the surface and further dissociates into OH∗ and H∗ endothermically. 

The co-adsorbed OH∗/H∗ is the most stable state along the pathway with the lowest energy. To 

further proceed toward the surface oxidation, hydrogen from OH∗ and H∗ combine to form H2 

molecule and leave the surface. This hydrogen formation process is exothermic with a barrier 

larger than 0.2 eV. Pathway B is similar to Pathway A except that the most stable state is a single 

species OH∗ adsorption with a hydrogen molecule in gas phase. The (OH∗ + H∗) state of Pathway 

B is ~ 0.3 eV less stable than the OH∗/H∗ co-adsorbed state suggesting that the surface is more 

probable to be occupied by OH∗ and H∗ species at the same time rather than being occupied by 

only OH∗. In addition, compared to Pathway B, Pathway A experiences a ~ 0.3 eV larger barrier 

Figure 10-1. (a) Reaction Pathway A and (b) Pathway B for the oxidation processes on the pure β-Mo2C (011) 

and the N-doped β-Mo2C (011), as indicated by the black and the blue lines, respectively.49 
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from the state with OH∗ adsorption (the OH∗ + H∗ state for Pathway A or the OH∗ +
1

2
H2 state for 

Pathway B) to the surface oxidation state (O∗ + H2). All of these suggest that the (OH∗ + H∗) state 

is the most probable for the pristine surface followed by the (OH∗ +
1

2
H2) state, then (O∗ + H2), 

and the water adsorbed state, as shown in Figure 10-1. The clean pristine surface state denoted as 

(H2O(𝑙)) in Figure 10-1 is the least stable state among the investigated oxidized surfaces. Since the 

oxygen decorated state (O∗ + H2) and the water adsorbed state have comparable energies, and the 

hydroxide decorated state (OH∗ + H∗) must be achieved by overcoming a large energy barrier, I 

posit that the water adsorbed state is more probable than the surface oxidation state. In summary, 

based on ab initio thermodynamic analysis, the most probable state is (OH∗ + H∗) followed by 

(OH∗ +
1

2
H2) > (H2O

∗) > (O∗ + H2) > (H2O(𝑙)), as shown schematically in Figure 10-1.  

To evaluate the most stable structure of the N-doped β-Mo2C, I study the segregation 

energy defined in Eq. (9-1) by substituting C with N in each of the layers. I find that the most 

stable substitutional site is on the exposed layer with the C/N ratio of 4/1, as shown in Figure 10-

2. Using this most stable N-doped β-Mo2C (011), I employ ab initio thermodynamics to study 

water adsorption and dissociation, as I have done for the pristine β-Mo2C (011). Figure 10-1 shows 

that the water dissociation via Pathway A becomes less spontaneous than that of the pristine β-

Mo2C (011). However, the barrier from the OH∗- saturated state (OH∗ + H∗) to the oxidation state 

(OH∗ +
1

2
H2) is smaller than that of the pristine surface in Pathway A. This suggests that the N-

doped surface has a less favored state for OH∗ adsorption than that of the pristine surface. For 

Pathway B, the pristine and the N-doped surface have comparable tendency for the water 

dissociation while the N doping-doped β-Mo2C (011) has a higher barrier for surface oxidation 

from the OH∗ adsorbed state. When comparing the overall oxidation process from  H2O(𝑙) to O∗ +
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H2 state, the N-doping has a smaller barrier than the pristine surface. All of these results suggest 

that N-doping prevents, to a certain degree, surface oxidation compared to the pristine surface. 

10-3 Surface Activity for Pristine and Nitrogen Doped β-Mo2C 

It is important to verify that N-doping does not annihilate the HER active site on the pristine 

surface. Thus, I study the hydrogen adsorption free energy ΔGH  on the pristine and N-doped 

surfaces using Eq. (3-1) and (3-3) in Chapter 3. Here, 𝐸𝑠𝑙𝑎𝑏 in Eq. (3-3) is the energy of the surface 

with the pre-adsorbed species (OH∗ or O∗, or the surface with both of the OH∗ and H∗) at the most 

stable configuration, as shown in Figure 10-2. These configurations are determined using the ab 

initio thermodynamic strategy explained in Section 3-6. Comparing the pristine and the N-doped 

surfaces, the pristine, O∗ and OH∗ decorated surfaces have similar ΔGH suggesting that N-doping 

does not create or annihilate the HER sites on the pristine surface. When the pristine surface is 

covered by OH∗  or O∗ , the ΔGH  values decrease from 0.09 eV to −0.13 eV and −0.16 eV, 

respectively. Employing the Yang-Saidi model of Eq. (5-6), I predict that the OH∗ saturated and 

the oxidized pristine β-Mo2C (011) have the exchange current ~1×10-5 A/cm2, which is in 

Figure 10-2. Hydrogen adsorption 

free energy ΔGH (eV) on the most 

stable OH∗ -adsorbed and oxidized 

(a) pristine and (b) N-doped β-

Mo2C (011). The Mo atoms are in 

blue, C atoms are in gray, N atoms 

are in purple, oxygen atoms are in 

red, and hydrogen atoms are in 

green.50 
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agreement with the experimental values.9 Because the pristine surface tends to be O∗ or  OH∗ 

decorated, as shown in Figure 10-1, these adsorption energies suggest that the exchange currents 

of β-Mo2C electrodes are ~3 orders of magnitudes less than that of the platinum electrodes, which 

resolve the controversy that platinum and β-Mo2C electrodes have similar ΔGH while the platinum 

electrodes are significantly more HER active than the β-Mo2C electrodes.  

In summary, I analyze the energetics of surface oxidation from water adsorption on the 

pristine and N-doped β-Mo2C (011). For both systems, I find that surface oxidation is spontaneous 

following energetically favorable adsorption and dissociation of water molecules. Examining the 

energy profiles of the oxidation pathways, I find that the OH-decorated surfaces are the most 

probable followed by the O-decorated surfaces. For the N-doped β-Mo2C (011), the energy barriers 

from the OH-saturated state to O -decorated surface are larger compared to that of the pristine 

surface, suggesting that N-doping mitigates the surface oxidation. Further, for the pristine β-Mo2C 

(011), I find that the hydrogen adsorption free energies ΔGH on the O - and OH-decorated surfaces 

are respectively −0.13 eV and −0.16 eV, which are less optimal than that of the clean surface. 

These results explain why although the pristine β-Mo2C has a comparable ΔGH with that of the 

platinum electrodes, the exchange current of β-Mo2C is nearly 3 orders of magnitudes lower than 

that of platinum. Last, I show that N doping does not annihilate the HER active sites of the pristine 

surfaces under the clean, with O- or OH-decorations, as indicated from the comparable ΔGH values 

to those of the pristine surfaces. These results explain the atomistic mechanisms for the enhanced 

HER activity with nitrogen doping reported experimentally, and show that N-doping can prevent 

the surface oxidation of β-Mo2C.   
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11-0 Conclusion and Perspectives 

Though still in its early days, the potential of the hydrogen economy is enormous. Hydrogen is an 

energy carrier that can replace fossil fuels for energy generation. However, only 10% of hydrogen 

is generated from electrolysis using sustainable, renewable energies with no greenhouse gas 

emissions. One of the central drawbacks in hydrogen production from electrolysis is the use of 

expensive precious metal catalysts to facilitate the hydrogen evolution reaction. To search for 

alternative catalysts, first-principles simulations provide an efficient way to screen across materials 

accessibility for HER. 

In the first part of the dissertation (Chapters 4-6), I develop an electrochemical model for 

HER building on the Butler-Volmer relation for a one-step, one-charge transfer process. I reconcile 

the model with the Nørskov’s volcano trend for the exchange current, and identify the absolute 

rate constant and the universal value of the charge transfer coefficient for a one-step, one-charge 

transfer process. These findings enable the electrochemical model to quantify the exchange current 

with high fidelity, requiring only using the easy-to-compute hydrogen adsorption free energy. 

Further, from fitting the model to experimental cyclic voltammograms, I confirm the universality 

of the absolute rate constant and the transfer coefficient at the potential-dependent limit. This opens 

the opportunity to quantify experimental cyclic voltammograms only using the easy-to-compute 

hydrogen adsorption free energy. 

In the second part of the dissertations (Chapters 7-11), I apply first-principles calculations 

in conjunction with ab initio thermodynamics/kinetics as well as my electrochemical model to 

design novel HER catalysts via materials engineering. In Chapter 7, I show that the HER-inert 
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graphene surface can be HER active via coupling with Mo-terminated γ-MoC as well as via 

vacancy engineering in graphene including Stone-Wales vacancies, mono vacancies and 

divacancies. In Chapter 8, I show that tailoring the morphology of platinum nanoclusters is a cost-

effective way for HER catalyst design. Different from Pt (111) surface where the optimal HER 

active sites are fcc hollow, I show that platinum nanoclusters have of a variety of edge sites that 

have equivalent HER activities to those of the hollow sites on Pt (111). In addition, these edge 

sites are more compact than the fcc hollow sites suggesting that platinum nanoclusters are more 

mass-effective than platinum bulk for HER. In Chapter 9, I design enhanced molybdenum carbides 

catalysts for HER through doping with metals. From screening a large number of transition metals 

via applying the electrochemical model discussed in the first part of the dissertation, I find that Ti- 

and Ir-doping enhance the HER activity of the pristine β-Mo2C. These findings are further verified 

experimentally by ex situ structural characterization and cyclic voltammetry. In Chapter 10, I study 

the impact of surface oxidation and nitrogen doping on HER of β-Mo2C. While hydroxide can 

easily block the HER active sites on pristine β-Mo2C due to spontaneous water dissociation 

processes, I show that nitrogen doping can largely mitigate this effect. This finding is consistent 

with experimental results, which show that HER nitrogen doping on β-Mo2C significantly 

improves the HER activity. I further illustrate that this is not because nitrogen doping creates new 

HER active sites on β-Mo2C but rather because of its mitigation of negative oxidation effects. The 

study also underscores the importance of mitigation strategies to inhibit surface oxidation. 

I list below few research directions that are of interest to explore in future investigations 

on developing the electrochemical model for effectively and accurately screening the cyclic 

voltammograms 
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• My electrochemical model is justified based on identifying an absolute reaction rate. From 

a theoretical perspective, the rate is equivalent to that of an optimal HER catalyst that has 

a thermoneutral hydrogen adsorption free energy, i.e., 𝛥𝐺H = 0 eV. There is a need to 

develop this connection further. 

• In the electrochemical model, the transfer coefficient is assumed to be universal with the 

value of 0.5. However, there is a lack of theoretical insight that can either explain or 

quantify the transfer coefficient solely based on first-principles calculations. Importantly, 

this is the missing piece for an end-to-end approach to compute HER cyclic 

voltammograms using first-principles calculations. 

• It will be interesting to explore applying a similar computational framework as developed 

to HER for studying other reactions including CO2 reduction, metal oxidation, and lithium 

(de)intercalation reactions. 

Hydrogen economy has been considered to be one of the most promising solutions to the Net-Zero 

Emission by 2050. Developing the electrochemical model and the computational framework is 

essential for designing catalysts not only for HER but any electrochemical reactions that are 

essential for the hydrogen economy. 
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