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Abstract 

In most of the important aspects of modern civilization such as food production, energy 

usage, or biomedical and biochemical advances, catalysis plays a crucial role in supporting 

these efforts. For a greener and sustainable future, catalysis research has been increased 

many-fold, and one of the first steps toward this end is to understand the fundamental 

structure-property relationships underlying catalysis for crucial systems. Another critical 

step to advancing the field of catalysis is to look into the microscopic details of the 

underlying reaction pathways and key intermediates. In order to probe these steps and gain 

new insights, computational modeling employing computational chemistry and chemical 

engineering principles from the atomistic to macroscopic levels is a potent tool. In the 

dissertation presented, the catalytic phenomena of enzyme and electrolysis is elucidated 

with computational chemistry tools. 

In the study of biocatalysis, the activity of one of the most commonly used industrial 

biocatalysts, serine protease, has been explored to provide new insights. The reaction 

pathway analysis of serine protease is investigate using quantum mechanical cluster (QM-

cluster) calculations with density functional theory (DFT). A new pathway has been 

proposed to resolve the long standing debate surround the His-flip mechanism established 

in literature. The Gibbs free energy of activation, rate coefficient, and the Gibbs free energy 

of reaction are used compare the both pathways. With these critical thermochemical and 

kinetic parameters, detailed reaction path analysis has been performed on a peptide bond 

cleavage by the active site of a serine protease, and hitherto results of this study indicate 

the viability of the proposed pathway. 
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In the study of electrocatalysis, first, a systematic study of various non-hybrid and hybrid 

molybdenum dichalcogenides/graphene (MoCh2/Gr; Ch = S, Se, Te) nanocomposite for 

the hydrogen evolution reaction (HER) has been performed using periodic plane-wave 

DFT calculations. The electronic structure, adsorption energetics, and adsorption site 

specificity for hydrogen adsorption for several different catalytic sites on the 

nanocomposite have been investigated. Combining the computational results with 

experimental descriptors provided by a collaborative group, screening of MoCh2/Gr 

materials for HER electrocatalyst is carried out, MoSTe/Gr is found to be the best cathodic 

material for HER. 

In the second project of electrocatalysis, a rational strategy has been developed to design a 

better cathodic material for HER. The material for this catalyst is based on the result of 

previous project: molybdenum sulfotelluride/graphene (MoSxTey/Gr) nanocomposite. 

Molecular modeling studies have been performed with periodic plane-wave DFT, and 

hydrogen binding energetics for various MoSxTey/Gr is carried out with multiple ratio of 

Mo, S, and Te. These studies show that the nanocomposites consisting of slightly more Te 

than S atom and higher amount of Mo than the stoichiometric ratio should demonstrate 

enhancement in catalytic performance. An independent experimental study performed by 

a collaborative group supported these computational findings. 
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1. Introduction: 

1.1. Introduction to Catalysis: 
 

From the beginning of life on earth to modern-day civilization, catalysts play crucial roles 

by efficiently accelerating essential chemical and biochemical reactions. The annual 

catalyst-manufacturing business was valued at around 18 billion USD in 2019 with a 4.4% 

complex annual growth rate (CAGR)1, where more than 30% of the global gross domestic 

product (GDP) depends on industrial catalysis2,3. In addition to the fact that more than 80% 

of industrial chemical processes depend on catalysts4, the practicing chemical engineer 

uses catalysis mainly for three reasons in process scale-up efforts. Firstly, catalysts make 

reaction rates faster, thus shortening the production time. Secondly, catalysts can make 

reactions occur in relatively milder conditions (i.e., lower pressure and temperature) in 

many situations, thus saving energy. Finally, catalysts help increase the selectivity of 

desired products relative to undesired products, resulting in a decrease in the production of 

waste and lower cost in separations processes. These three aspects are also essential for a 

greener and sustainable future. 

The term catalysis for the current chemical context was coined by Jön Jacob Berzelius in 

1835. However, the concept of catalysis was first discovered and described by the Scottish 

scientist Elizabeth Fulhame in 1794. The etymological source of the term is the ancient 

Greek word κατλύεινω (pronunciation: ka.taˈly.o) meaning unbind or loosen. 

By definition, a catalyst is generally a substance added to a reacting mixture that can change 

(generally increase) the rate of a specific chemical reaction without itself being consumed 
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in the reaction.5 Catalysis is classified broadly into four classes: positive catalysis, negative 

catalysis, auto-catalysis, and induced catalysis.  

In positive catalysis, the catalyst increases the rate of a chemical reaction. Commonly, 

when the word catalysis is mentioned, it generally refers to positive catalysis.  

Negative catalysis is the process where the presence of a specific substance (also known as 

a reaction inhibitor) decreases the rate of a chemical reaction. An example is the 

decomposition of hydrogen peroxide, where the reaction rate is reduced in the presence of 

acetanilide (N-Phenylethanamide). Similarly, presence of alcohol acts as a negative 

catalyst for the oxidation of chloroform.  

2H2O2 (aq.)
− (C6H5NH−CO−CH3)
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�2H2O (l) + O2 (g)  

2CHCl3 (l) + O2 (g)
− (C2H5OH)
�⎯⎯⎯⎯⎯⎯⎯�2COCl2 (g) + 2HCl (g) 

 

In autocatalysis, the product of a chemical reaction acts as a catalyst and increases the 

reaction rate. For example, in the reduction reaction of permanganate, the product 

manganese ion behaves as a catalyst. In the case of hydrolysis of ethyl acetate, the product 

acetic acid also acts as an autocatalyst. 

2MnO(aq.)
4− + 5(HOOC)2 (aq.) + 6H(aq.)

+
Mn(aq.)

2+

�⎯⎯⎯� 2Mn(aq.)
2+ + 10CO2 (g) + 8H2O 

CH3COOC2H5 (aq.) + H2O
CH3COOH (aq.) 
�⎯⎯⎯⎯⎯⎯⎯⎯⎯�CH3COOH (aq.) + C2H5OH

 (aq.)
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In induced catalysis, the rate of reaction increases due to another chemical reaction, not 

due to any specific catalyst. An example is the oxidation of sodium arsenite (Na2AsO3), 

which does not occur with the presence molecular oxygen in air. However if it is mixed 

with sodium sulphite (Na2SO3), oxidization happens to both substances with increased 

reaction rates. Another example is the reduction of HgCl2 by oxalic acid, which is also 

catalyzed inductively by the reduction of acidic KMnO4. 

Na2AsO3 +
1
2

O2

Na2SO3+
1
2
O2→Na2SO4

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�Na2AsO4 

2HgCl2 + (COOH)2
2KMnO4+6HCl+5(COOH)2→2KCl+2MnCl2+8H2O+10CO2 
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�Hg2Cl2 + 2HCl + 2CO2 

 

Our research is focused on positive catalysis, and in this document, the term “catalysis” 

will be used instead of “positive catalysis” unless otherwise stated. 

Catalysis is not a thermodynamic but a kinetic phenomenon. It increases both forward and 

backward rate of the reactions. Thus, catalysis cannot change the extent of reactions or the 

equilibrium constant. It simply serves as a means to reach chemical equilibrium faster. The 

change in the reaction rate occurs due to the change in the energy difference between 

reactants and the transition states, usually known as activation energy barrier. Catalysts 

achieve this through multiple ways, e.g. stabilizing the transition state thus lowering the 

free energy, or by accessing an alternative reaction pathway through different transition 

state(s). These different catalytic processes for catalysis are illustrated in figure 1.1.   

Furthermore, catalysts are broadly classified based on their phase and phase of reactants 

(or substrates). The three types of catalysts are, homogeneous catalyst, heterogeneous 
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catalyst, and biocatalyst. Homogeneous catalysts function in the same phase as the 

reactants, generally in solution phase. Heterogeneous catalysts function in a different phase 

(e.g., solid) than the reactants (e.g., liquid or gaseous). Electro-catalysts are a special type 

of heterogeneous catalyst which catalyze electrochemical reactions while acting 

simultaneously as an electrode. Lastly, biocatalysts function by catalyzing virtually all 

metabolic reactions pertaining to life from bacteria to humans. Most biocatalysts are 

globular proteins called enzymes. Enzymes can function as homogeneous or heterogeneous 

catalysts, and thus enzymes are considered as an intermediate between the two catalyst 

types and classified separately as biocatalysts.  

 

  

Figure 1.1:  Comparative reaction energy profiles (Gibbs free energy vs. reaction 
coordinate) of catalyzed and uncatalyzed reactions. 
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1.2. Enzymes and Electrocatalysts for a Sustainable Future: 
 

The importance of environment and eco-friendly technologies in the fields of science and 

engineering has become apparent since the publication of the ‘Silent Spring’ by Rachel 

Carson and other similar books in the 1960s.6,7 It developed into a robust discipline of 

science and engineering in the 1990s and become known as green technology or sustainable 

technology, with twelve guiding principles.8–10 These principles are prevention of waste, 

atom economy, less hazardous chemical synthesis, safer chemical design, use of benign 

solvents and auxiliary, use of renewable raw materials, minimizing the generation of 

derivatives, catalysis, designing ecofriendly degradation of materials, real-time monitoring 

and controlling the pollution, and using inherently safer chemistry and process.  

Catalysis plays a key role among the above mentioned twelve points, since it allows 

attaining atom economy and minimizing the generation of derivatives (through raising 

selectivity) and converting the process inherently safer (by reaction occurring in relatively 

milder conditions). Since the inception of Green Chemistry Challenge Awards in 1996, 

catalytic process and products are frequently awarded by US environment protection 

agency (EPA).11 Among the various type of catalysts, electrocatalysts and biocatalysts hold 

more promises than the homogenous and heterogeneous catalysis. One of the problems of 

heterogeneous catalysis is the harsh reaction conditions, and in case of homogeneous 

catalyst, the solvent in many cases are not necessarily benign and the catalyst recovery can 

be very expensive.12 The general focuses of this research (i.e. biocatalysts and the 

electrocatalyst for hydrogen generation (HER)) have the common theme of green catalysis.  
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Biocatalysis has a great potential for green technology, since it can provide mild reaction 

conditions (pH and temperature), and the catalysts (enzymes) and the solvent (usually 

water) are environmentally compatible. Enzymes also have very high selectivity, thus high 

atom economy. Almost all enzymes are safe catalysts: non-flammable, non-toxic, and non-

toxic. The ecofriendly applications of enzymes for many industrial sectors are already in 

places. Especially hydrolytic enzymes (hydrolases) are used in pulp and paper industry, 

laundry and dishwashing detergents, industrial/medical cleaning puposes.  

Electrocatalysts allow efficient conversion of electrical energy to chemical energy and vice 

versa. Since production of electricity from renewable and environment friendly sources 

such as solar, wind, and water has become economically competitive, electrocatalysts are 

showing a lot of promises for diverse applications. Research on electrocatalysis spans 

transition to clean energy, energy storage, CO2 capture, electrosynthesis of important small 

molecules (NH3, hydrocarbons, alcohols), and electrosysnthesis of more complex organic 

reactions. A great advantage of elctrocatalysis is the relatively safer process due to milder 

reaction conditions. Electrocatalytic generation of molecular hydrogen (H2) is one of the 

cleanest and atom efficient raw materials with diverse applications.13,14  

Chemical engineering is a diverse multidisciplinary branch of engineering that has been 

playing a key role in the developments of green technology since its inception. Multiscale 

modeling techniques provide a versatile toolbox for the chemical engineering research in 

the fields of sustainable technology and catalysis.15 

Multiscale modeling can be defined as a methodology to solve problems by spanning 

multiple scales of time and/or length. In multiscale (also known as multilevel) modelling, 

usually the following strata are distinguished, e.g. quantum mechanical models 
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(information about electrons), molecular mechanics/dynamics (information about 

individual atoms), coarse grained models (information about atoms and/or groups of 

atoms), continuum models, and process level macroscale models (Figure 1.2).15 

Computational chemistry or molecular modeling (i.e. the first three levels described in 

Figure 1.2) provides the fundamental insights of the multiscale modeling used in key 

structure-property relationships.16–18 

In this research, the reaction pathway analysis, thermodynamic and kinetic properties have 

been probed with the molecular modeling. These insights provides the pivotal parameters 

Figure 1.2: A general schematic for multiscale modeling at various time and 
length scale 
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for designing process level reactors and catalysts by way of more traditional chemical 

reaction engineering principles.19–21 

 

 

 

  

Figure 1.3: Connectivity of studied research project topics and objectives 
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1.3. Background physical theory: 

Physical laws describing the world, are conventionally categorized into two strata: classical 

and quantum. Most of the common day observable phenomena can be described by 

classical mechanics, which is deterministic and continuous in nature. Quantum mechanics 

(QM) come into play in the realm of extremely small scale (e.g. fundamental particles such 

as electrons, neutrons, and protons). The main features of QM are discrete values 

(quantization), the wave-particle duality of objects, the effect of measurement on the 

system (uncertainty principle), and inherent probabilistic nature. In QM, all measurable 

quantities are called observables, and each observable is associated with a mathematical 

operation called an operator which imparts specific mathematical properties when applied. 

These operators work on a certain mathematical function called quantum state or wave 

function (typically denoted asψ or Ψ ). The wavefunction (ψ/Ψ ) can provide the 

probability of values for certain observables, when attached to the pertaining operator. One 

of the ways to determine the wave function is solving of time-dependent Schrödinger 

equation. 

H�Ψ(r, t) = iℏ
∂Ψ(r, t)
∂t

 

 

Here, H� is called Hamiltonian operator and ℏ is the reduced Planck’s constant. For a single 

nonrelativistic particle, the Schrödinger equation can be represented by the equation below. 

The Hamiltonian operator representing the total energy of the system can be expanded into 

two operating terms which provide information on the respective kinetic and potential 

energies of a single nonrelativistic particle. 
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iℏ
∂
∂t
Ψ(r, t) = �−

ℏ2

2m
∇2 + V(r, t)�Ψ(r, t) 

 

As mentioned, the two equations shown above are also known as the time-dependent 

Schrödinger equation. However, the structural and electronic properties of atoms or 

molecules can be approximately described with a simpler formalism known as time-

independent Schrödinger equation. The corresponding equations are 

H�ψ(r) = Eψ(r) 

 

and for single nonrelativistic particle 

�−
ℏ2

2m
∇2 + V(r)�ψ(r) = Eψ(r) 

 

In the time independent Schrödinger equation, the Hamiltonian operator ( H� ) is still 

described as a sum of the kinetic energy operator and the potential energy operator. E 

represents the discrete energy values which are allowed for the system (also called energy 

eigenvalues).  
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For the sake of simplification, considering atoms and molecules are consisted of only 

nuclei and electrons and only electrostatic potentials exist among each the electrons and 

nuclei, the time-independent Schrödinger equation becomes 

�−
ℏ2

2 ��
1

me
∇i2

i

+ �
1

mk
∇k2

i

� −��
e2Zk
rikki

+ �
e2

riji<j

+ �
ZkZle2

rklk<l

�ψ(r) = Eψ(r) 

 

Here, indices i and j denotes electrons, k and l denotes nuclei, me is the mass of an electron, 

mk is the mass of a nucleus k, ∇2 is the Laplacian operator, e is the elementary charge, Zk 

is the atomic number of the nucleus k, and rmn is the distance between particles (can be an 

electron or nucleus) m and n. The nucleus comprised of protons and neutrons is treated as 

a single lumped particle, and this lumped particle is significantly heavier than an individual 

electron relatively. 

 

Further simplification of this equation is performed with the Born-Oppenheimer 

approximation, which states that the motions of nuclei and electrons in a molecule can be 

treated separately. While considering only the motion of an electron, nuclear motion can 

be considered stationary compared to electronic motion since nuclei are many thousands 

fold heavier than electrons. With this approximation, the kinetic energy term for nuclear 

motion is removed and the repulsion potentials between the nuclei are then considered as 

constant for a given geometry. The resultant equation becomes 
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Here H�𝑒𝑒 = −ℏ2

2
∑ 1

me
∇i2i − ∑ ∑ e2Zk

rikki + ∑ e2

riji<j  and 𝑉𝑉𝑁𝑁 = ∑ 𝑍𝑍𝑘𝑘𝑍𝑍𝑙𝑙e2

R𝑘𝑘𝑘𝑘k<l  

Here, the subscript e denotes application of the Born-Oppenheimer approximation, and Rmn 

represents the constant distances between the center of mass of nuclei for a given geometry. 

Eigenvalue Ee is the electronic energy of the system, and Ee − VN is pure electronic energy. 

Besides simplifying the Schrödinger equation, the Born-Oppenheimer approximation also 

provides the firm idea of the shape of molecule, thus making the modeling of potential 

energy surfaces (PES) feasible.  
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1.4. Computational Chemistry: 

Computational chemistry (also known as molecular modelling or atomistic simulation) is 

a branch chemistry that utilizes the methods of theoretical chemistry and computer 

simulations. It facilitates investigation of molecular shape, energies of molecules, 

transition states, chemical reactivity, various spectroscopic peaks, interaction between 

molecules, physical properties of molecules in macroscopic amounts, and many additional 

areas as the computational tools (i.e., supercomputing resources) become more readily 

available.  

 

 

There are four major methods under computational chemistry: molecular mechanics (MM) 

and molecular dynamics (MD), ab-initio, semi-empirical, and density functional theory 

(DFT). In a broader sense, the MM and MD approach treats the atoms and bonds in 

molecules as balls (hard spheres) connected by springs, respectively, and the interactions 

Figure 1.4:  General schematic for molecular mechanics. Spheres and springs represent atoms 
and bonds respectively. 
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that exist among the balls (atoms) and springs (chemical bonds) follow classical Newtonian 

mechanics. Since this method does not take QM into account, electronic structure and 

properties cannot be evaluated with MM and MD. Among all the approaches under 

computational chemistry, MM is the least expensive from a computational resources 

perspective. In MD, physical movements of atoms and molecules are simulated by 

numerically solving Newton’s laws of motion. The forces are generally computed with 

interatomic potentials, and these interatomic potentials are parameterized with models in 

the MM force field. The following equations are the fundamental equations underlying the 

MM and MD methods. 

 

F�⃗ (r) = −∇V(r) = ma�⃗ = m
dv�⃗
dt

= m
d2r⃗
dt2

 

V(r) = Vbond stretching(r) + Vbond bending(r) + Vtorsion(r) + Vnonbonded(r) + Vcross(r) 

Vnonbonded(r) = Velectrostatic(r) + Vvan der Waals(r) 

 

MM and MD are mainly utilized to study a system comprised of a large number of atoms 

such as proteins and polymers, which may contain on the order of hundreds to thousands 

of atoms in the computational model. 

 

In ab-initio methods, the exact electronic Schrödinger equation is approximately solved for 

the wavefunction and energy of the system. Since the electronic Schrödinger equation 

cannot be solved exactly for a system containing more than one electron, ab-initio 
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approaches use approximations. With milder approximations, the ‘higher’ the level of the 

ab-initio calculations is said to be. The simplest level of ab initio calculation is the Hartree-

Fock method, where the average electron-electron repulsion effects (mean field) of 

electrons are considered instead of instantaneous change in the effect due to the movement 

of the electron. Many higher level ab-initio methods begin calculation with Hartree-Fock 

method, and then correct for the instantaneous change in repulsion effect. These higher 

level theories are called post-Hartree-Fock methods, such as Møller-Plesset perturbation 

theory (MPn), couple cluster theory (CC), configuration interaction (CI), etc. 

 

In the semi-empirical method, additional levels of approximation are used to determine the 

solution of the exact Schrödinger equation. A major difference between the semi-empirical 

and ab initio methods is that in semi-empirical methods some quantities are parameterized 

with the help of experimental data, where as in ab-initio all quantities are calculated without 

using any parameters other than fundamental physical constants (hence, the name ab initio 

meaning from fundamentals). Semi-empirical methods are computationally less expensive 

than ab initio methods. Examples of some established semi-empirical methods are Hückel 

Method, Extended Hückel Method, Austin Model 1 (AM1), Neglect of Diatomic Overlap 

(NDO), Modified Neglect of Diatomic Overlap (MNDO), Parametric Method 3 (PM3), 

etc. 

 

Lastly, the density function theory (DFT) method is based on two Hohenberg-Kohn 

theorems. Here, the approximate electronic Schrödinger equation is exactly solved for the 
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electron density (i.e., the wavefunction squared, instead of the wavefunction) and energy 

of the system. The first theorem states that the ground state properties (including energy) 

of a many-electron systems can be expressed as a functional of the electron density of that 

system. A functional is a mathematical rule that can turn a mathematical function into a 

number (e.g., definite integral). The second theorem states that for the value of the 

functional that gives the energy of a system, is minimized by the correct ground state 

electron density. Based on these two theorems, the Kohn-Sham equation is constructed 

considering a model system (also called a reference system or Kohn-Sham system) where 

electrons do not interact with each other. This model system contains a local effective 

potential (known as Kohn-Sham potential, typically denoted as vs(r)) so that the electron 

density of the Kohn-Sham system is the same as the real target system. For this model 

system the Kohn-Sham equation is 

�−
ℏ2

2me
∇2 + vs(r)� φi = εiϕi 

 

Here φi is the Kohn-Sham orbital for ith electron and εi is the energy eigenvalue of this 

orbital. The kinetic energy operator for this equation is T�s = − ℏ2

2me
∇2, and the electron 

density is expressed as  

ρ(r) = ρs(r) = ∑ |ϕi(r)|2i . 

 

Now, in DFT formalism, energy of the particle in a real system is expressed as 
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h�𝑖𝑖ϕ𝑖𝑖 = ε𝑖𝑖ϕ𝑖𝑖 

 

Here, h�𝑖𝑖 = − ℏ2

2me
∇𝑖𝑖2 + VN(r) + VH[ρ(r)] + VXC[ρ(r)]. VN terms represent the electron-

nuclear attraction potential, VH denotes the electron-electron coulomb repulsion as it is in 

the Hartree-Fock method, and the term VXC is called exchange-correlation potential. VXC 

includes all the corrections due to electronic effects according to the Pauli’s exclusion 

principle (or the exchange effect), instantaneous changes in the repulsion potential (also 

known as the correlation effect), and the deviation of the Ts from the real system kinetic 

energy. Based on the second Hohenberg-Kohn theorem, changing φi iteratively so that its 

effects on VH and VXC can minimize the total energy E, make DFT self-consistent. DFT 

can be relatively less expensive than the higher level ab initio methods, while keeping 

similar level of accuracy. One of the major drawbacks of DFT methods is that, unlike ab 

initio methods, systematic improvement of accuracy is not yet achieved. In other words, 

ab initio methods are becoming more accurate as greater computational resources become 

available to access higher levels of theory to better describe the real system. Another 

problem of DFT is the inability to account accurately for van der Waals dispersion force, 

although this can be remedied with inclusion additive terms or using improved functional 

form22–25. Nonetheless, DFT methods are used widely in many applications from electronic 

structure to reaction pathway analysis to successfully reproduce experimental data trends, 

provide novel microscropic insights, and serve as a virtual screening tool to reduce 

experimental costs.26,27 
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1.5. Computational Chemistry to Investigate Enzymatic catalysis and 
Electrocatalysis: 
 

1.5.1. Tools for Computational Study of Reactions Catalyzed by Enzymes 
 
There are multiple computational methods have been employed over the last decades. (Fig. 

1.5). Except for the reactive forcefield method, all are based on QM methodologies.  

 

 

 

The reactive forcefield methods use classical theory with embedded parameterized terms 

allowing chemical reactivity. Such forcefields include ReaxFF, MMPT (Molecular 

Mechanics with Proton Transfer), ARMD (Adiabatic Reactive Molecular Dynamics), etc. 

 

Among the molecular modeling methodologies employing QM, linear scaling DFT (a.k.a. 

large-scale DFT) is a relatively new approach. Whereas applying conventional DFT (and 

other QM approaches) for a large system is unfavorable resource-wise, the development of 

Figure 1.5:  Molecular modeling methodologies to study enzymatic catalysis. 
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linear-scaling DFT allows to circumvent such computational bottlenecks.28 This method is 

already applied successfully to study enzymatic systems, and also holds a lot of potential 

for future applications.29,30 

 

The hybrid QM/MM method and the QM cluster method are the two most commonly used 

computational chemistry tools to study enzymatic catalysis. In both cases, QM 

methodologies range from ab initio techniques to DFT to various semi-empirical schemes.  

In the hybrid QM/MM scheme, QM methods are employed to study the relatively smaller 

chemically reactive part of the system (substrate, active site, and necessary residues), while 

the remaining large portion of the system (surrounding protein and solvents) are modeled 

with MM. On broad stroke the hybrid QM/MM can be classified into two farther 

methodology, QM(EVB)/MM and QM(SCF)/MM. In empirical valence bond (EVB) 

method QM part is modeled with a two-diabatic-state using Marcus parabola based on 

valence bond theory. It should be mentioned that  application-wise QM(EVB)/MM is more 

similar to the reactive force field methods.31–34 In our study of biocatalyst, this method was 

initially used. 

 

In the QM(SCF)/MM, QM part is treated with conventional first principle based 

methodologies. The overall general scheme in this methodology to generate potential 

energy surface can be expressed with following equations. 

𝐸𝐸 = 𝐸𝐸1
𝑄𝑄𝑀𝑀 + 𝐸𝐸1,2

𝑀𝑀𝑀𝑀 − 𝐸𝐸1𝑀𝑀𝑀𝑀 

Here 𝐸𝐸1
𝑄𝑄𝑄𝑄 is the energy of the QM calculated energy of the QM system (subsystem 1), 

𝐸𝐸1𝑀𝑀𝑀𝑀 is the MM energy of the same subsystem, 𝐸𝐸1,2
𝑀𝑀𝑀𝑀 is the MM energy of the total system 
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(subsystem 1 and larger subsystem 2). In another approaches, the following additive 

method is used 

𝐸𝐸 = 𝐸𝐸1
𝑄𝑄𝑄𝑄 + 𝐸𝐸2𝑀𝑀𝑀𝑀 + 𝐸𝐸𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀 

𝐸𝐸𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀  represents the interaction energy between QM treated subsystem 1 and MM 

treated subsystem 2. Three approaches have been widely used to express these interactions 

between QM and MM parts: (i) electrostatic, (ii) mechanical, and (iii) polarizable 

embedding. 

 

A significant issue in all QM/MM models is the treatment of the covalent bonds across the 

QM-MM boundary. Multiple schemes have been employed to address this issue (e.g., 

boundary schemes, link atom schemes, boundary atom schemes, and localized orbital 

schemes.) 

 

The method used to study enzymatic catalysis in this dissertation is the QM-cluster (also 

known as 'QM-only').35 Instead of treating the whole enzymatic system, this model treats 

only the part of the system that is quantum-mechanically significant; which usually consists 

of the active site and the surrounding residues relevant for the course of enzymatic 

catalysis. A QM-cluster model is generally built from an existing structure from a protein 

databank. It should be mentioned that the resolution of the structure can play a critical role 

in the QM-cluster method; for accurate results, better resolution (<2Å) is necessary. Thus, 

selecting the truncated system is one of the most significant issues in cluster modeling. 
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The selection of the truncated system from the enzyme plays a crucial role in QM-cluster 

modeling, since the system contains only limited number of atoms compared to the total 

enzyme. For accurate result the truncated system should contains all atoms participating in 

the reaction, as well as ll residues responsible for binding and stabilizing substrate and 

maintaining necessary configurations with short and long-range non-covalent interactions.  

 

Due to the absence of a sizable part of the enzyme in a QM-cluster model, addressing the 

steric and polarization effects of the complete systems can be a significant issue. The 

conventional strategy to model the electrostatic influence of the protein environment is by 

assuming a homogeneous polarizable medium using a dielectric constant. Although the 

continuum solvation model brings many advantages toward an accurate description of 

solvation effects, the choice of dielectric constant seems arbitrary. However, it has been 

pointed out that as larger models are employed, the choice of dielectric constant becomes 

increasingly less important.35 
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1.5.2. Computational Tools for Electrocatalytic Reaction Study: 
 

 First-principles-based quantum mechanical calculations have allowed elucidation of 

reaction mechanisms for various heterogeneous catalysis processes, but for electrocatalytic 

reactions, it has a significant drawback. Conventional QM calculations (mainly DFT) can 

be used to investigate the thermodynamics of electrochemical reactions but are not very 

suitable for kinetic study. Moreover, allowing an electrochemical double layer into QM 

models to elucidate the structures and interactions of the electrolyte over the electrode is 

very challenging.  Several DFT modeling approaches have been developed and can be 

found in literature to study electrocatalytic reactions (Fig. 1.6). 

 

DFT methods can be differentiated by cluster and periodic representation of the electrode 

surface. The ‘‘reaction center’’ model, is an early attempt to evaluate potential dependent 

reaction energies and activation barriers. It relies on using a small cluster to represent the 

‘‘reaction center’’ of the electrode and evaluates the electron affinity of such cluster. Its 

Figure 1.6:  Various QM based computational chemistry methods to study electrocatalytic 
system. 
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fidelity is questionable given its arbitrarily small representation of the electrode when 

considering its electronic structure and lack of scalability to a more accurate electrode 

representation. 

The remaining models to be discussed typically use a periodic representation of the 

electrode surface, allowing for accurate consideration of the electronic structure of the 

extended solid. All of the methods take advantage of thermochemical relationships to 

represent the chemical potential of electrons, ions, or electron–ion pairs. This method 

employed the linear free energy relationship and applied a computational reference 

electrode to perform reaction energy calculations. Because this approach allows the direct 

use of standard DFT calculations for heterogeneous catalysis, it has been widely used in 

electrocatalytic systems to predict the reactivity of metal or alloy catalysts. As discussed 

above, it is not possible to take into account the dynamic electrolyte structure within a DFT 

model, and therefore all of the methods surveyed represent an approximation to the actual 

system. 
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2. Reaction Pathway Analysis of Serine Protease with QM Cluster 
Study 
 
2.1. Introduction to Enzymatic Catalysis: 
 

Enzymatic catalysis is one of the key factors underlying the existence of life. Virtually all 

metabolic reactions essential for life, cannot occur without an enzyme. Besides sustenance 

of life, enzymes have been used by mankind from prehistoric time, e.g., for the 

fermentation of cereal products to form alcoholic beverages around 3000 BC.36 The current 

global enzyme market has been estimated to be around eight billion dollars with increasing 

market demand (Figure 2.1)37.  

In addition to the financial perspective, enzymes have become a major interest among 

scientific researchers for a greener and sustainable future. Compared to traditional 

heterogeneous catalysts, enzyme (or biocatalysts) can ensure higher selectivity, lower 

Figure 2.1:  Enzyme market estimation with future projection in USA (with the 
permission of GrandViewResearch Inc.) 
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toxicity, and the ability to function under milder conditions (pressure and temperature) thus 

increasing process safety12. 

Enzymes are globular proteins, each of which acts as a catalyst for a particular type of 

biochemical reaction. Currently around 5,000 reactions are known to be catalyzed by 

enzymes38. In these catalytic processes, a reactant or substrate is bound to a specific site of 

enzyme, which called the active site. Substrate binding to the active site can occur multiple 

ways, such as covalent bonding, hydrogen bonding, van der Waals interactions, or 

electrostatic interactions. Some enzymes need an additional organic or inorganic chemical 

substance (known as the cofactor) to carry out the full catalytic function. Based on the 

reaction that is catalyzed enzymes are classified into six major different classes (with 

additional subclasses)39. 

 

1. Oxyreductases: This class of enzymes catalyzes redox reactions. An example of this is 

alcohol dehydrogenase enzyme, that facilitate the reaction below 

1.1. CH3CH2OH + NAD+ alcohol dehydrogenase
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  CH3CHO + NADH + H+ 

 

2. Transferases: Transferase enzymes work as a catalyst in the reaction where a functional 

group is transferred from one molecule to other. For example, phosphotransferase 

catalyzes the reaction below 

2.1. R′ − PO4
2− + R − OH

phosphotransferase
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  R −  PO4

2− + R′ − OH 
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3. Hydrolase: Hydrolase enzymes catalyze various types of bond cleaving through 

hydrolysis. The overall reaction for the hydrolase enzyme is generally described as 

 A − B + H − OH
hydrolase
�⎯⎯⎯⎯⎯�A − H + B − OH  

 

There are thirteen subclasses under the hydrolase class based on the type of bonds the 

hydrolase facilitates to cleave. These thirteen subclasses are as follows  

 

3.1. Hydrolases acting on ester bonds 

3.2. Glycosidases, or hydrolases acting on glycoside bonds  

3.3. Hydrolases acting on ether bonds 

3.4. Protease, or hydrolases acting on peptide bonds (i.e., amide bonds) 

3.5. Hydrolases acting on carbon-nitrogen bond other than the peptide bonds (i.e., 

amide bonds) 

3.6. Hydrolases acting on acid anhydrides 

3.7. Hydrolases acting on carbon-carbon bonds 

3.8. Hydrolases acting on halide bonds 

3.9. Hydrolases acting on phosphorous-nitrogen bonds 

3.10. Hydrolases acting on sulfur-nitrogen bonds 

3.11. Hydrolases acting on carbon-phosphorous bonds 

3.12. Hydrolases acting on sulfur-sulfur bonds 

3.13. Hydrolases acting on carbon-sulfur bonds  
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Hydrolases have the largest (more than 80%) share on the current enzyme market (Figure 

2.2)40. In this document the hydrolase enzymes are one of the main focus of research 

interest. The study has been carried out with serine proteases. 

 

4. Lysase: This type of enzyme catalyzes the removal of a functional group from the 

substrate molecule. An example of lysases is deaminase. 

R − CH2 − CH(NH2) − R′ deaminase�⎯⎯⎯⎯⎯⎯�  R − CH2 = CH − R′ + NH3  

  

Figure 2.2:  Market share of different types of enzyme. Carbohydrase, protease, and lipase all 
fall under the hydrolase class. (GrandViewResearch Inc.) 

Amounts in Million USD 
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5. Isomerases: Isomerase enzymes function as catalysts by converting one isomer to 

another. An example of isomerases is racemases that catalyze the inversion of 

stereochemistry in biological molecules. Racemases catalyze the stereochemical 

inversion around the asymmetric carbon atom in a substrate having only one center of 

asymmetry. 

 

 

racemase
�⎯⎯⎯⎯⎯� 

 

 

 

6. Ligase: This class of enzyme catalyzes reactions leading to the joining of two molecules 

usually accompanying a bond breaking in some other molecule. 

CH3C − CO − COO− + H2CO3 + ATP
pyruvate carboxylase
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�HOOC − CO − COO−

+ ADP + P 

 

Reaction mechanisms involved in enzyme catalysis can vary from one enzyme to another. 

In enzymes the catalytic processes occur in a relatively small active sites where the 

substrate molecules bind and undergo the relevant reactions. The main principle is lowering 

the overall activation energy barrier (Ea or Δg‡). The catalytic power, or proficiency (KP), 

of an enzyme can be expressed as  

KP =
rate coefficient with enzyme, kc

rate coefficient of uncatalyzed reaction, k
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Using the Eyring equation, we can express KP as the equation below 

KP =
kBT

h e−
∆gc

‡

RT

kBT
h e−

∆g‡

RT

= e
∆g‡−∆gc

‡

RT = e
∆H‡−∆Hc

‡

RT × e
∆Sc

‡−∆S‡

R  

Here, kB, R, and h denotes Boltzmann constant, universal gas constant, and Planck’s 

constant, respectively. H, S, and g represent the enthalpy, entropy, and Gibbs free energy, 

respectively. The superscript ‘‡’ denotes the thermodynamic property is an activation to 

form a transition state, the subscript ‘c’ represent the catalytic process, and the ‘Δ’ denotes 

the difference of the thermodynamic properties between transition state and the reactant(s). 

The enthalpic terms in the equation represent the ability of the enzyme to stabilize a  highly 

strained transition (or high energy transition state)41, and the entropic term represents the 

ability of the enzyme to increase the probability of collision to form transition state42.  In 

the case of certain enzymes, instead of decreasing the activation barrier of transition state, 

the enzyme decreases the energy of near attack conformation of substrates, thus decreasing 

overall barrier43.  

 

One of the aspects in the mechanism of enzyme catalysis is the conformational changes (or 

allosteric transition) of enzyme44. Despite the fact that allosteric transition or 

conformational coordinate is a relatively slow process (in the range of microseconds to 

milliseconds) compared to the reaction phenomena or chemical coordinate (femto seconds 

to nanoseconds)45,46, the allosteric transition can play a major role in catalysis through two 

mechanisms. Firstly, there is the select-fit model, which states that only certain 

conformation(s) of enzyme allow substrates to bind47; whereas, the second model known 
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as induced-fit model allows the initial substrate binding itself to cause the allosteric 

changes in enzyme48.  

Several organisms and micro-organisms have been considered, from an anthropocentric 

point of view, to successfully thrive in extreme environmental conditions due to a diverse 

array of adaptive strategies spanning from structural to physiologic adjustments49,50. 

Temperature is one of the most important environmental factors for life and the 

clarification of adaptation mechanisms at different temperature conditions are of crucial 

relevance for both fundamental research51–53 and industrial applications aimed at 

developing new biocatalysts, active in different temperature ranges 54. On the two opposite 

sides of the scale of temperature adaptation, psychrophilic and thermophilic micro-

organisms have to cope with extremely low or high temperature environments, 

respectively. Among the available adaptive strategies, these micro-organisms have evolved 

their enzymatic repertory through natural selection to be able to survive and reproduce 

successfully. It has been suggested that the optimization of enzyme function at a given 

temperature requires a proper balance between a sufficient structural rigidity for the 

maintenance of the enzyme three-dimensional (3D) architecture and flexibility for the 

‘‘breathing’’ of critical protein functional regions to incorporate water or allow limited 

structural reorganization of amino acid side chains55,56. However, the molecular 

determinants and the relationships between catalytic activity, thermal stability, and 

flexibility in psychrophilic enzymes are still a matter of debate.  

 

Ionizable residues in proteins play major roles in almost all biological processes, including 

enzymatic reactions, proton pumps, and protein stability. Understanding these roles can 
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require evaluating both the interactions of the ionized groups and the energetics of the 

ionization process itself. Thus, an ability to calculate pKa of ionizable groups in proteins 

can be crucial for structure–function correlations as well as for validating different 

treatments of electrostatic energies57. Extremely high or low pH values generally result in 

complete loss of activity for most enzymes. pH value is also a factor in the stability of 

enzymes. As with activity, for each enzyme, there is also a region of pH values for optimum 

stability. The optimum pH value will vary greatly from one enzyme to another, and, for 

native alkaline proteases of both bacterial and fungal origin, this optimum pH value range 

can be as wide as 8.0 to 13.058. In addition to temperature and pH values, there are other 

factors, such as presence of other soluble molecules or properties of solvent, which can 

affect the enzymatic reaction efficacy.59–61 Each of these physical and chemical 

environmental variables must be considered and optimized in order for an enzymatic 

reaction to be accurate and reproducible. 

 

2.1.1. Introduction to Serine Proteases: 
 

As previously mentioned, the preliminary results for modeling enzymatic catalysis that are 

presented herein were carried out on the serine protease. The largest known category in the 

protease enzyme subclass with more than one third of all proteases is the serine protease 

category62,63. Due to its ubiquitous presence in nature (all known organisms), evolution 

allowed serine proteases active under diverse conditions with temperature ranges from 4ºC 

to 65ºC64,65.  
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More than ninety percent share of current global protease market is held by serine protease 

based products66–68. The application sectors span household detergent products, leather 

processing industry, food industry, waste management, biomedical applications, among 

many others66. Almost all US Food and Drug Administration (FDA) approved proteases in 

biomedical applications are serine proteases69.  

 

 

Structurally serine proteases can be categorized broadly into two types: chymotrypsin-like 

and subtilisin-like70 (Figure 2.3). Chymotrypsin-like serine proteases have a dominant 

double beta-barrel sheet present in its structure. The structure of subtilisin-like serine 

proteases consists of several alpha-helices and a large beta-sheet. In spite of the structural 

differences, the active site of all serine proteases is conserved and contains the same 

catalytic triad of amino acids with a charge relay network. This catalytic triad is comprised 

of an aspartate (Asp), a histidine (His), and a serine (Ser) amino acid62,71–73. All serine 

enzymes perform covalent catalysis using this catalytic triad. The serine amino acid of the 

Figure 2.3:  Structures of chymotrypsin-like (left image) and subtilisin-like (right 
image) serine proteases with the active sites highlighted. The red color represents 
alpha helices and cyan represents beta sheets in each enzyme crystal structure 

 



44 
 

triad acts as the nucleophile attacking the targeted scissile peptide bond, thus the critical 

role of this amino acid during catalysis gives the serine protease its namesake.  

In the generally accepted reaction pathway of serine proteases71 (Figure 2.4), the first step 

is histidine acting as a general base and the proton receptor from serine hydroxyl group, 

leaving serine as a net negatively charged nucleophile. This nucleophilic serine then attacks 

the carbonyl of the scissile peptide bond, thus forming the first tetrahedral intermediate. In 

the subsequent step nitrogen breaks away from the peptide bond by taking the proton from  

His-H+ (which acts as an acid) to yield the acylenzyme intermediate.  The acylenzyme 

intermediate is characterized by the acyl moiety of the substrate being transiently attached 

to a serine hydroxy group of the protease. This step is known as His-flip (or ring-flip), and 

all amino acids and intermediates become net neutral charged in the active site.  

 

 

 

In the next step, the water molecule is then deprotonoted by the histidine, attacks the 

carbonyl of the acylenzyme moiety on the substrate side, and forms a second tetrahedral 

intermediate. This second tetrahedral intermediate immediately collapses by breaking a 

nearby bond to form a negatively charged serine on the enzyme side and the product 

carboxylic acid functionality on the substrate side. In the final step, the net negatively 

Figure 2.4:   Reaction pathway of the serine protease according to literature.  
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charged serine takes the proton away from His-H+, and thus restoring the enzyme. The role 

of aspartate, which is net negatively charged, is to stabilize the protonated histidine (net 

positively charged) by forming hydrogen bond supported by additional strong nonbonded 

electrostatic interactions. The tetrahedral intermediate is stabilized by the presence of an 

oxyanion hole. The reaction mechanism analysis for the established pathway is given 

below: 

For this pathway reaction kinetics can be shown with following equations: 

VP1 = k4[ES′] =
k1k2k3k4

k−1k−2k−3 + k−1k−2k4 + k−1k3k4 + k2k3k4
[E][S] = VP2 = V 

[ET] = �1 +
k1

k−1k−2k−3 + k−1k−2k4 + k−1k3k4 + k2k3k4
�k−2k−3 + k−2k4 + k3k4

+ k2k−3 + k2k4 + k2k3 +
k2k3k4

k5[H2O] +
k2k3k4

k6
+

k2k3k4
k7

� [S]� [E] 

 

With this kinetic equations takes the form of Michaelis-Menten equation: 
V

ET
=

kcat[S]
1 + KM[S]

 

 

 

 

 

Where catalytic rate constant, kcat = k1k2k3k4
k−1k−2k−3+k−1k−2k4+k−1k3k4+k2k3k4

 ,  
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and Michaelis constant, KM =  k1
k−1k−2k−3+k−1k−2k4+k−1k3k4+k2k3k4

�k−2k−3 + k−2k4 +

k3k4 + k2k−3 + k2k4 + k2k3 + k2k3k4
k5[H2O] + k2k3k4

k6
+ k2k3k4

k7
� 

 

Despite being the established, some serious issues have been raised about the details of this 

pathway62,74–77, especially about the His-flip step78. For nitrogen to take the proton from 

the imidazole ring of histidine, the ring needs to flip, thus the name (Figure 2.5). For this 

flipping to occur, three hydrogen bonds need to be broken, which requires a significant 

amount of energy79,80. Moreover, there is a significant steric barrier also present for 

imidazole ring to donate proton to the nitrogen atom.  

To probe the complications around the reaction mechanism, atomistic modeling and 

simulation are powerful tools to test and validate hypotheses. Although many 

computational studies have been carried out on serine proteases, only a very few 

computational studies calculating the thermochemical and kinetic properties have been 

performed for the full reaction pathway(s) 75–77,81. 

 

Figure 2.5:  The ‘His-flip’ mechanism. Enzyme, substrate, and the scissile bond is represented 
with green, blue and red color respectively  
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In our study herein, another alternative yet potentially competitive reaction pathway is 

hypothesized for serine protease catalysis.  

 

 

This proposed pathway differs from the established one in the third step (His-flip), that is, 

instead of a net positively charged imidazole ring, a reactant water is considered for the 

donation of the proton to the scissile nitrogen atom (Figure 2.6). Histidine remains 

protonated, and thus, in all intermediate steps of our proposed mechanism, the net charge 

separation remains between ionized amino acids. Our proposed reaction mechanism is 

consistent with ‘proton shuttling’ mechanisms which are common in solvents, such as 

water, with relatively high dielectric constants.82 

Construction of thermochemical and kinetic profiles for both the established and proposed 

reaction mechanisms with atomistic modeling tools is ongoing. The preliminary results 

presented herein are from QM cluster calculations employing DFT methodology. The DFT 

cluster calculated used a truncated active site model comprised of a peptide substrate, 

reactant water molecule, and only the histidine and serine amino acids of the catalytic triad 

of the protease. Here, the peptide employed is arbitrary, and other amino acid pairs or 

polypeptides undergo a similar reaction pathway and could have been used. The 

Figure 2.6:  Proposed alternative reaction pathway of the serine protease.  



48 
 

comparative profiles based on this QM cluster data show that the alternative pathway is 

competitive in terms of the overall apparent activation barrier with the established pathway. 

From the current available literature, the value of expected activation free energy barriers 

ranges from 18 to 25 kcal mol-1 (depending upon both the substrate and the enzyme), and 

shape of the reaction energy profile according to the established mechanism appears to 

have a deep potential energy well immediately after the his-flip step, where all amino acids 

and intermediate states in the active site are net charge neutral (Figure 2.4).  

The preliminary results from our study for the established reaction mechanism are in 

accordance with the expected reaction profile shape. The shape of the free energy profile 

for the proposed reaction mechanism constructed from the preliminary QM cluster 

calculations does not have any potential energy well, but it does have the same overall 

apparent activation barrier height as the established pathway. The value of the overall 

apparent activation barrier height for both reaction mechanisms is found to be relatively 

high and over predicted with our QM cluster calculation. Due to the nature of the truncated 

active site model used in the QM cluster calculations, the overall apparent activation barrier 

height is expected to significantly decrease with the simulation of the full enzyme system. 

 

2.2. Method: 
 

All the calculations performed in this study were based on the structure of bovine trypsin 

(which is a chymotrypsin type serine protease) with PDB entry number 4XOJ.  

In this work we chose to study the catalytic mechanism of the enzyme with a quantum 

mechanical calculation based cluster model that contains all the amino acid residues that 
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are directly involved in the catalytic process, as well as all neighboring amino acids that 

are important to maintain the active site topology. QM cluster method is chosen instead of 

the others since it facilitates a higher and more accurate theoretical level and free TS 

determination (not just a free energy surface or profile of reduced dimensionality). It should 

be mentioned that two points are commonly raised about the disadvantages of the QM 

cluster model. One is the replacement of the long-range interactions by a dielectric 

continuum and the fact that the small size of the model might not capture medium and 

large-scale conformational rearrangements. 

In the model built to study the present enzymatic system these problems do not seem to be 

relevant. To address the first disadvantages, all the residues of the enzyme that participate 

directly or indirectly in the reaction were included explicitly in the cluster model. All the 

residues that establish hydrogen bonds, or other electrostatic interactions with the reacting 

atoms were also included. Finally, the contribution of the dielectric continuum is quite 

small (less than 4 kcal mol), which means that medium/long range interactions beyond the 

model are not expected to be very relevant, and that the inclusion of the dielectric 

continuum is a good approach to account for the medium/long-range interactions. This is 

also reflected by the free energies that were calculated for the rate limiting step of the full 

catalytic process, which agree very well with the available experimental data. 

 

Considering second problem, we can say that the network of hydrogen bonds gives origin 

to a robust model, where minimal geometry restrictions (i.e. frozen atoms) were 

introduced. Indeed, only backbones of the four amino acids were frozen during the 

geometry optimizations, which allows for significant conformational rearrangements 
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within the active site region, if they are to take place. The active site is quite rigid, due to 

an extensive network of hydrogen bonds. 

 

The cluster model used to study the catalytic mechanism contains a total of 191 atoms (57 

C, 96 H, 17 N and 21 O atoms) and consists of substrate Ala-Phe-Arg-Ala peptide, Ala56, 

His57, Asp102, Gly193, Asp194, Ser195, Gly196, Gly 197, Ser 214 and, a water molecule. 

The terminal amino acid residues were capped with methyl groups. 

 

The cluster model was then subjected to geometry optimizations. In this process, the carbon 

from the methyl groups was constrained to keep the geometry of the cluster model close to 

what is observed in the X-ray structure. All geometry optimizations were performed with 

Gaussian 16 applying the density functional theory with an empirical dispersion 

correction.83,84 BLYP functional as implemented in Gaussian 16 and the 6-311+G** basis 

set.85,86 To provide an improved description of the nonlocal nature of the electron 

correlation, in particular hydrogen bonds and van der Waals interactions, the Grimme 

dispersion with the original D3 damping function was used. Implicit solvation using a 

self-consistent reaction field (SCRF) with the Conductor-like Polarizable Continuum 

Model (CPCM) was employed with the dielectric constant of water (ε=78).87,88 Fahmi 

Himo et al demonstrated that as cluster size get larger (more than 100 atoms), the variations 

of dielectric constant (ε) have very small effect (less than 1kcal.mol-1) on reaction 

energetics.35 
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In all geometry optimizations, the search for the transition state starting from a structure 

similar to the reactant model. This was generally obtained with unidimensional scans along 

the particular reaction coordinate in which we were interested. Once a putative transition 

structure was located, and thus was fully optimized (except for the frozen atoms), the 

reactants and the products associated with it were determined after intrinsic reaction 

coordinate (IRC) calculations. In all cases, the geometry optimizations and the stationary 

points were obtained with standard Gaussian convergence criteria. The transition state 

structures were all verified by vibrational frequency calculations. The ZPE and thermal and 

entropic energy corrections were calculated using the same method and basis. 

 

Final values of all the activation and reaction free energy differences with be calculated at 

the B3LYP/6-311++G** level detailed above, while the atomic charge distributions will 

be calculated employing a Mulliken population analysis, using the same level of theory. 

Overall this methodology is well-established and has been used in a large number of 

research studies.  



52 
 

2.3. Results and Discussion: 
 

The calculated Gibbs free energy values using the QM cluster for all reaction intermediates 

and transition states for the currently established pathway (Figure) and the proposed 

pathway (Figure 2.7) are depicted in Figure 2.7 and listed in Table 2.1, respectively. 

 

The very high value of the activation barrier (45.6 kcal mol-1) is common to both pathways, 

and the overprediction from the QM cluster calculations is likely due to the absence of 

hydrogen bonds from the oxyanion hole. It should also be noted that DFT methods are 

historically known to overpredict activation barriers on average for a variety of reacting 

systems both in the gas and condensed phases.89,90  

Figure 2.7: The Gibbs free energy (ΔG) diagram for the His-flip and the proposed 
pathways (Based on data from Table 2.1). 
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Currently accepted Pathway Proposed Pathway 
State ΔG in kcal mol-1 State ΔG in kcal mol-1 

Intermediate state 1 
(Reactant) 
 

0 
Intermediate state 1 
(Reactant) 0 

Transition State 1 
 26.02 Transition State 1 26.02 

Intermediate state  2 
 9.25 Intermediate state  2 9.25 

Transition State 2 
 45.60 Transition State 2 45.60 

Intermediate state  3 
(Tetrahedral 
Formation) 
 

39.19 

Intermediate state  3 
(Tetrahedral 
Formation) 39.19 

Transition State 3 
 41.27 Transition State 3 41.27 

Intermediate state 4 
(No charge 
separation) 
 

-17.45 

Intermediate state 4 

36.83 

Transition State 4 
 28.10 Transition State 4 39.19 

Intermediate state 5 
(Product 2) 
 

19.01 
Intermediate state 5  
(Product 2) 19.01 

Transition State 5 
 23.78 Transition State 5 23.78 

State 6 (Enzyme 
Recovery) -2.46 

State 6 (Enzyme 
Recovery) -2.46 

 

 

  

Table 2.1: The Gibbs free energy (ΔG) values of all states (reactants, reaction intermediates, 

transition states, and products) along the both established and proposed pathway 
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Previously, selected reaction pathway analysis calculations were performed with the BLYP 

functional and DNP numerical basis set with a smaller cluster model of the active site. The 

calculated results showed a similar relative ranking of key intermediates between His-flip 

and proposed pathways.  

Thus, these results are convincing enough to suggest the viability of the proposed pathway. 

Moreover, the overall shape of the Gibbs’ free energy surface of reaction is similar to 

previous studies in the literature, which suggests that our level of theory is sufficient 

enough to capture the relative ranking of energetics for the significant bond breaking and 

formation steps.91 

Once the calculations provide the Δg‡ values in the acceptable ranges (≤ 26 kcal∙mol-1), the 

rate coefficients for all steps in both pathways can be determined. It should be mentioned 

that no experimental values are available for individual step rate coefficients. Instead, the 

overall Michaelis-Menten parameters (kcat and KM) are determined through experiments.  

From the computationally determined rate coefficients for both pathways Michaelis-

Menten parameters can be calculated and compared with the literature values. 

These comparative studies of two pathways can give us a better insight into the reaction 

mechanism, allowing enhancements in applicability with chemical engineering insights 

(e.g., to model better inhibitors or mutating for targeted environmental conditions).92 
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2.4. Conclusion: 
 

In this study, the reaction energetics of the peptide hydrolysis with serine protease has been 

carried out to shed light on novel insights. A new pathway has been proposed to resolve 

the long standing debates about the currently accepted His-flip pathway.  

QM cluster with the DFT studies has been carried out for both pathways for an unbiased 

hypothesis test. Although it is a work in progress, the results so far indicate the viability of 

the proposed pathway. The presence of deep minima in the His-flip mechanism indicates 

an impediment for reaction to complete, whereas no such barrier is observed in the 

proposed mechanism. Moreover, in the proposed mechanism, the charge separation is 

maintained through all intermediates. In contrast, in His-flip mechanism charge separation 

is collapsed to the charge neutral state right after histidine flip occurs, but again separated 

in the next step, which considering other enzymes in literature seems highly unlikely. 

 

Since the divergent point of these two pathway started with formation products, the clear 

insight is necessary to farther improve or rational modification for potential application. 

This study can help in this venture. 
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3. Electrocatalytic performance of MoTe2/graphene 
Nanocomposite for Hydrogen Evolution Reaction 
 

3.1. Introduction: 
 

In the modern world, the utilization of hydrogen is playing one of the crucial roles with 

application in many essential industries and fields (e.g. NH3 production with Haber-Bosch 

process, refining a wide range of petrochemicals, methanol production, fuel cell 

technology, aerospace technology, cryogenics, and many others.) The global demand of 

hydrogen in 2019 has been estimated around 120 billion dollars93 with an increasing trend 

over time (Figure 3.1).   

 

 

Figure 3.1. US hydrogen generation market size and the predicted future trend in three major 
sectors (NH3 production with Haber-Bosch process, refining a wide range of 
petrochemicals, methanol production). Image credit: GrandViewResearch Inc. 
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The main source for producing more than 95% of hydrogen is based on depleting fossil 

fuel resources94,95 (Figure 3.2), which also has an adverse effect on climate change. In this 

context, research on exploring renewable, sustainable, and more environment friendly 

processes to meet this ever increasing demand of hydrogen production has gained a large 

interest from both industrial and academic research communities.  

 

 

The most promising among the alternative methods is the hydrogen production through 

splitting of water following the dissociation reaction below. 

H2O(𝑙𝑙) → H2 (g) +
1
2

O2 (g) 

 

Figure 3.2: Share of production method for global hydrogen supply.  



58 
 

There are currently three approaches available for this clean production of hydrogen: 

photochemical, photoelectrochemical, and electrochemical methods. The most common 

among these three methods is the electrochemical method (Figure 3.2), which is also the 

focus of this project herein. 

Under standard conditions (298 K temperature and 1 atm pressure), the related 

thermodynamic changes of the water splitting are +285.84 kJ mol-1 in enthalpy (ΔHº), 

+237.22 kJ mol-1 in Gibbs free energy (ΔGº), and +0.16315 kJ mol-1 K-1 in entropy 

(ΔSº)96,97. The thermodynamic potential (Eº) of the electrolyzer is defined by the following 

reaction below. 

E0 =
∆G0

zF
 

 

Here, z denotes the number of exchanged electrons (i.e., in this reaction, it is two electrons) 

and F is the Faraday constant (96485.33 C mol-1). Therefore, under standard conditions, 

the thermodynamic potential for the electrolysis of water is +1.23 V. In reality, to split a 

water molecule, extra electrical potential is needed, which is known as the overpotential 

(denoted as η)98. Overpotential (η) arises mainly due to the existence of activation barriers 

at the electrodes, and the resistance present in the system (e.g., solution resistance, contact 

resistance, etc.). The efficiency of the electrolytic cell is represented by the overpotential, 

and as mentioned earlier, overpotential, and thus the cell efficiency, is dependent on the 

structure and the material of the cell electrodes. Since water is a poor ionic conductor, and 

a conductive electrolyte is necessary to facilitate electrolysis at operating voltage and 
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Here * denotes the adsorption site on the electrocatalyst (cathode), 
and H* represents the surface adsorbed hydrogen atom. 

current density. For electrolysis of water commonly used conductive mediums are either 

alkaline or acidic electrolytes. 

The associated cathodic (reduction) half reaction in the electrocatalysis of water  is called 

the hydrogen evolution reaction (HER)99, which is shown below. 

2H(aq.)
+ + 2e−

electrocatalyst (cathode)
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�H2 (g) , E0 = 0.0V 

The anodic (oxidation) half reaction in the electrolytic water splitting is known as oxygen 

evolution reaction (OER). OER modeling is beyond the scope of this study. 

4OH(aq.)
− electrocatalyst (anode)

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  O2 + 2H2O(l) + 4e−,   E0 = −0.40V    (alkaline medium) 

2H2O(l)
electrocatalyst (anode)
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  O2 + 4H(aq.)

+ + 4e−,   E0 = −1.23V    (acidic medium) 

 

Both HER and OER require electrocatalyst materials, which will also act as a cathode and 

an anode respectively. The mechanism of HER involves three elementary reactions or 

steps100. The first step is called Volmer step. In this step H+ ions go through 

electrochemically-driven adsorption and reduction. 

H(aq.)
+ + e− + ∗ ⇌ H∗    (acidic medium) 

H2O (l) + e− + ∗ ⇌ H∗ + OH(aq.)
−     (alkaline medium) 
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Following the adsorption in Volmer step, desorption of hydrogen occurs in two possible 

ways known as the Heyrovsky step or the Tafel step. In the Heyrovsky step, the desorption 

occurs as an electrochemical phenomenon as shown below. 

H(aq.)
+ + H∗ + e− ⇌ H2 (g)    (acidic medium) 

H2O (l) + H∗ + e− ⇌ H2 (g) + OH(aq)
−     (alkaline medium) 

The Tafel step occurs due to the chemical desorption, and it remains the same in the both 

acid and alkaline medium as shown below. The Tafel step is commonly used as a key 

molecular description representing the rate determining step of HER in the literature by 

computational scientists.101 

2H∗ ⇌ H2 (g)  

HER also exhibits the presence of an activation barrier at the cathode detected as a part of 

the overpotential. All of the above mentioned reactions are competing and the slowest one 

is normally the rate determining for HER. Free adsorption sites (denoted as *) is essential 

for HER to commence, and, for a constant set of process conditions, the electrode surface 

structure and composition is pivotal to influence the rate of HER. The reaction rate of HER 

(generally denoted as ν) is usually measured through the experimental current density (i), 

which is proportional to ν. The current density is normally expressed by the Butler-Volmer 

equation below102,103. 

i = i0 �e
(1−α)zFηRT − e−α

zFη
RT � 

Here, i0 is the exchange current density which reflects intrinsic rates of electron transfer 

between a chemical species and the electrode, α represents barrier symmetry factor which 
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is a charge transfer coefficient in the case of a single step reaction104, F is the Faraday 

constant, R is the universal gas constant, T is the temperature, and z denotes the number of 

exchanged electrons. The exchange current density (i0) is the hypothetical anodic and 

cathodic current component in the dynamic equilibrium condition when the net current 

density is zero.5,98 The charge transfer coefficient is a dimensionless parameter with a value 

ranging from zero to one.105 It signifies the change in free energy barrier due to the change 

of the electrode-electrolyte interfacial potential.  

VH:  i0 = −2Fk20

⎝

⎜
⎛ e

(1−β)ΔGb−αFESHE
RT

1 + k−10
k10[H+] e

FESHE+ΔGb
RT + k20

k10
e
ΔGb
RT

⎠

⎟
⎞

 

 

VT:  i0 = −2Fk30

⎝

⎜
⎛ e

(1−β)ΔGb
RT

1 + k−10
k10[H+] e

FESHE+ΔGb
RT

⎠

⎟
⎞

2

 

With the presence of a large overpotential at the anode (or the cathode) the Butler-Volmer 

equation can be simplified into Tafel equation below. 

η = b × log10 �
i

i0
� 

⟹ η = b × log10 i + a 

Here ‘b’ is known as the Tafel slope, which represents the efficiency of an electrocatalyst 

and can be determined experimentally, and ‘a’ (= −b × log10 i0 ) is known as Tafel 

constant. 
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The efficiency of an electrocatalyst is influenced by many factors, like adsorption & 

desorption energetics, crystallinity, the roughness and the interaction with supporting 

materials, conductivity, electronic and structural properties, adsorption site specificity on 

the electrode surface, etc. For some of these major quantities12,106 (e.g. electronic and 

structural properties, adsorption energetics, adsorption site specificity inside the same 

material) to gauge the catalytic ability, experimental measurements are not very accessible 

or even possible without significantly perturbing the system. Computational chemistry can 

thus serve a very crucial role, not only to gain this microscopic information, but also to 

elucidate the true origin of catalytic power.  

 

The importance of adsorption energetics is expressed clearly with Sabatier’s principle. 

When hydrogen adsorption on catalyst sites is neither too strong nor too weak, this 

principle states that the HER exchange current density (representing the measured reaction 

rate) would be maximum. As previously stated with the introduction of the Tafel step, one 

of the most accepted quantitative descriptors of this principle is the adsorption free energy 

of hydrogen for which the ideal interaction (or adsorption energy) would be zero106,107. So 

far, platinum and other platinum-based alloys with other precious metals have exhibited 

the best electrocatalytic properties for the HER process108. Many detailed experimental and 

computational studies have been carried out for these HER electrocatalysts.106,109 The free 

energy of hydrogen adsorption for Pt has been found almost thermoneutral or zero.110,111 

However, constraints on the availability and the high cost of these materials make their 

large-scale implementation very limited95,112.  
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Nonprecious metal electrocatalysts, especially nonprecious transition metal alloys and their 

modification for catalytic improvement, have emerged as a major research focus. Non-

noble metals exhibit poor catalytic performance for HER113, but some alloys showed 

potential for HER electrocatalysis.114 Among these nonprecious metal catalysts, the 

molybdenum dichalcogenides have shown significant potential as the HER 

electrocatalyst.111,115,116 Molybdenum dichalcogenides have layered structures, where the 

3D bulk material is comprised of many 2D monolayered molybdenum dichalcogenides 

structures. Each monolayer has a plane of molybdenum atoms which is sandwiched by 2 

planes of chalcogenides ions. Among these molybdenum dichalcogenides, molybdenum 

ditelluride (MoTe2) has the lowest band gap, and thus the highest electronic 

conductivity117,118. Many studies have demonstrated that molybdenum dichalcogenide 

nanoparticles and nanostructures have improved catalytic power than a bulk crystal with 

less exposed surface area119–124.  

 

To construct the cathode with these nanocatalysts, graphene shows remarkable promise as 

the supporting material due to its electronic and mechanical properties.125–127 There are 

multiple studies that have been performed on MoS2/graphene and MoSe2/graphene 

nanocomposites for HER catalysis.101,128–130 However, to the best of our knowledge, no 

similar work has been done with MoTe2/graphene nanocomposite as the HER 

electrocatalyst. In this project, we have carried out collaborative investigations with Dr. 

Xinyu Zhang’s research group at Auburn University to probe the catalytic properties of the 

MoTe2/graphene nanocomposite for HER. Ms. Shatila Sarwar and Dr. Xinyu Zhang have 

developed a unique method to synthesize uniformly dispersed MoTe2 nanoparticles on 
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graphene sheet networks, and the team experimentally measured the cathodic current 

density along with the overpotential. To illuminate the catalytic principles, the 

computational modeling of the MoTe2/graphene nanocomposite as an electrocatalyst for 

HER at atomistic level has been carried out. It should be mentioned that for sustainable 

and efficient hydrogen production through electrolyzing water, along with HER 

electrocatalyst, OER catalyst at anode also plays a crucial role. OER is one of the 

significant sources of energy loss due to the more complex anodic surface reactions. 

 

The main focus for the atomistic modeling is to illuminate whether the free energy of the 

hydrogen adsorption (more specifically chemisorption, also known as binding energy) on 

MoTe2/graphene nanocomposite is near zero and to elucidate the most effective surface 

sites on this nanocomposite. Another target is to construct the most prominent graphical 

representation of Sabatier’s Principle, also known as the volcano plot131,132, where the 

experimentally measured exchange current density is plotted against the theoretically 

calculated hydrogen adsorption free energy for various catalytic electrodes.   

 

The results from experimental measurement and the theoretical calculations have placed 

the MoTe2/graphene nanocomposite near the peak of the volcano plot, almost with similar 

height of Pt, and considerably above MoS2110,111,133. The combination of active MoTe2 

catalyst with extremely strong and conductive graphene support enhances the properties of 

individual components, and thereby exhibits a higher overall performance for HER. These 

results are pursued in our proposed research projects as the future commercialization of 
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MoTe2/graphene and closely related nanocomposites for practical HER applications is 

promising and warrants further investigation. 

 

3.2. Method: 
 

Computational modeling of a solid-state with periodic structure is normally performed with 

periodic plane-wave quantum chemical calculations (commonly, DFT method based). In 

the theory underlying this periodic plane-wave DFT method, in addition to the Schrödinger 

equation, the Bloch theorem also plays an important role. This theorem states that, the wave 

function inside a lattice must satisfy the following equation 

ψ(r⃗) = eik��⃗ ∙r�⃗ u(r⃗) 

 

Here ψ is the electronic wavefunction inside the periodic solid, u(r⃗) = ∑ CGeiG��⃗ ∙r�⃗G , G��⃗  is the 

reciprocal lattice vector, and k�⃗  is the wave vector (momentum, p�⃗ = ℏk�⃗ ). 

 

The atomistic simulation of the nanocomposite is performed with periodic plane-wave DFT 

using the Cambridge Serial Total Energy Package (CASTEP)134. For the DFT, the spin 

polarized generalized gradient approximation (GGA)85 with Perdew-Burke-Ernzerhof 

(PBE)135 functional has been  employed with an energy cutoff of 400 eV.  The cutoff energy 

is determined by the equation, Ecutoff ≥
ℏ

2me
�G��⃗ �

2
. In the model, the solid lattice can be 

regarded as comprised of the free valence electrons and nuclei containing ionic cores. Each 

ionic core has tightly bound core electrons along with its nucleus. To represent properly 
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these ionic cores, pseudopotential concepts are introduced, which approximate the 

interaction of the overall potential felt by the valence electrons, thus replacing the 

complicated effect of the nonvalence electrons in the ionic core. In this calculation, the 

effect of the core electrons has been expressed with the Vanderbilt Ultrasoft 

Pseudopotentialls  (USPP) method.136  

 

To provide hydrogen chemisorption energies and geometries for the MoTe2/graphene 

composite in line with experimental observations, an improved description of the nonlocal 

nature of the electron correlation and in particular van der Waals interactions was 

accounted for using a semi-empirical dispersion energy correction by the method of 

Tkatchenko and Scheffler (TS).23 All structures are geometry optimized using the two point 

steep gradient displacement (TPSD) algorithm.137 For the dipole correction, a self-

consistent scheme has been applied.138 Relativistic treatment has been done with Koeling-

Harmon Scalar method.139 
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As presented in Figure 3.3, the MoTe2/graphene composite was created by constructing a 

supercell model of MoTe2 with 3×3 in plane periodicity supported on a 7×7×1 graphene 

basal plane. The supported MoTe2 nanoparticles have the molecular formula of Mo9Te18, 

where the Mo and Te atoms assume the most common metal di-chalcogenide layered 

structure. The Mo9Te18 nanoparticle used in the composite was previously geometry 

optimized in the solid state hexagonal MoTe2 lattice. For the cleaved Mo9Te18 nanoparticle, 

the (011�0) plane best represents the exposed Te edge, and similarly the (101�0) plane best 

Figure 3.3: Molecular structure of MoTe2/graphene composite from DFT 
calculation. (a) Top and (b) side views of the Mo9Te18 nanoparticle taken from 
a structurally optimized MoTe2 crystal. (c) Top and (d) side views of the 
Mo9Te18 nanoparticle over 7×7×1 graphene supercell with optimized 
geometries. Dashed lines in (a) highlight the edge sites and dashed rectangles 
in (b) denote the corner sites.  
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represents the exposed Mo edge. A vacuum space of 20 Å has been used between vertically 

repeated composite models. The Brillouin zone has been sampled by a 2×2×1 k-point grid 

generated using Monkhorst-Pack scheme.140 The convergence criteria for energy were set 

to 2×10-5 eV per atom and for displacement this tolerance was set to 0.002 Å.  
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3.3. Results and Discussion: 
 

For the computational study, multiple hydrogen adsorption sites on the Mo9Te18 

nanoparticle were investigated for the hydrogen adsorption processes. For each of these 

sites, adsorption energy has been calculated for the Tafel reaction, 2H∗ ⇋ H2(g) + 2 ∗ 

(here * denotes the adsorption site on cathode, and H* is the adsorped hydrogen atom on 

cathode surface), along with band structures and density of states. The band structures and 

density of states have not been presented here, but this data is available upon request. The 

adsorption energy of a single H atom on was calculated using the equation: 

 

 ∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 1
2

(𝐸𝐸2𝐻𝐻∗+𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒2/𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒2/𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸𝐻𝐻2).  

 

Here, 𝐸𝐸2𝐻𝐻∗+𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒2/𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the total electronic energy of the two hydrogen atoms bound 

to the Mo9Te18 nanoparticle-graphene composite, 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒2/𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the total electronic 

energy of Mo9Te18 nanoparticle-graphene composite, and 𝐸𝐸𝐻𝐻2 is the electronic energy of 

hydrogen molecule placed in a 17.2 Å×17.2 Å×20.0 Å vacuum hexagonal unit cell.  These 

adsorption energies were calculated to determine the optimal active catalytic sites on the 

MoTe2/graphene nanocomposite catalyst responsible for HER activity.  

To illustrate the Sabatier’s principle as applied to HER activity,  a more suitable descriptor 

to represent activity on a volcano plot for the Tafel reaction is the binding free energy 

(ΔGadsorption) instead of binding electronic energy alone (ΔEadsorption). Binding free energy 
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has been calculated using the generalized expression for HER catalysis developed by 

Nørskov and co-workers110 with the following equation:  

∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 0.24 𝑒𝑒𝑒𝑒.  

The results are shown in the table and figure below. 

 

As shown in Figure 3.4 and Table 3.1, among the hydrogen adsorption sites considered, 

the exposed Mo corner (site 1) and the Mo edge adjacent to Te edge (site 6) on Mo9Te18 

nanoparticle exhibited the lowest ΔEadsorption values, −0.507 and −0.142 eV, respectively. 

These results suggest the sites on the representative Mo edge (101�0) likely contribute to 

the high reaction rates observed for HER catalysis.  

The absolute free energy values, |ΔGadsorption| of 0.267 and 0.097 eV also indicate the same 

conclusion. Thus, the optimal catalytic active site for hydrogen evolution is the bridge site 

 Adsorption sites ΔEadsorption (eV) ΔGadsorption (eV) 

1 Mo corner −0.507 −0.267 

2 Mo edge 0.186 0.426 

3 Te top surface 1.083 1.323 

4 Te corner 0.818 1.058 

5 Te edge 0.583 0.823 

6 Mo edge-Te edge −0.143 0.097 

7 Mo corner-Te edge 0.140 0.380 

Table 3.1: Electronic and Free Energy of adsorption of hydrogen on the different sites of 
MoTe2/graphene nanocomposite 
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between the Mo and Te atoms on the representative Mo edge (101�0).  After finding the 

two most effective sites using the free energy equation developed by Nørskov et al., the 

Gibbs free energy for hydrogen adsorption were determined for these two sites 

computationally utilizing the computationally-demanding phonon calculation on the true 

nanocomposite structure.  This more specific calculation showed similar near 

thermoneutral values for the best two points, underlying the fact that the representative 

equation from Norskov and co-workers was effective in capturing the entropic effects for 

hydrogen adsorption. As is common within a reactive class, the entropic change due to the 

adsorption step across different material types is similar and conserved. 

 

 

Figure 3.4: Adsorption energies of different Mo9Te18 nanoparticle sites.  The calculated 

binding free energy (ΔGadsorption) and binding electronic energy (ΔEadsorption) values at 

different adsorption sites of MoTe2/graphene composite. The adsorption site indexing is 

as follows: (1) Mo corner, (2) Mo edge, (3) Te top surface, (4) Te corner, (5) Te edge, 

(6) Mo edge-Te edge, and (7) Mo corner-Te edge 
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To make these result more perceptible, the free energy diagram of adsorption and the 

desorption has been demonstrated in Figure 3.5. Moreover, using the calculated hydrogen 

binding free energy (ΔGadsorption) for these sites and the experimental value of exchange 

current density (i0), the points for the MoTe2/graphene nanocomposite on the volcano plot 

(Figure 3.5) were found nearly thermoneutral, approaching towards the high-performing 

metals such as Pt.  

 

 

 

Figure 3.5: (a) Hydrogen adsorption free energy (ΔGadsorption) diagrams at equilibrium (U = 

0 V). (b) Volcano plot of experimentally measured exchange current density (i0) as a function 

of the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen (ΔGadsorption). Data for 

different metals and MoS2-catalyst have been adapted from ref. 48 and ref. 49, 

respectively.110,145 MoTe2/graphenesite 1 and MoTe2/graphenesite 6 represent Mo corner and 

Mo edge-Te edge adsorption sites, respectively. 
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3.4. Conclusion: 
 

In summary, computational results demonstrated the correlation between the hydrogen 

chemisorption free energies and the exchange current densities for HER, identifying the 

most active sites on catalyst structures. Mo corner and bridge sites of Mo and S in the 

nanocomposites are the most catalytically active sites. Modifying MoTe2/Gr to increase 

such sites holds high potential for real-life application. 

Moreover, the volcano plot (combined with both experimental and computational results) 

indicated that graphene supported MoTe2 is a promising electrocatalyst compared to other 

metals because the hydrogen evolution reaction is near thermoneutral on MoTe2/graphene, 

similar to Pt at the equilibrium potential. 
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4. Systematic study of hybrid and non-hybrid Molybdenum 
dichalocogenides over graphene nanocomposites as 
electrocatalysts for HER 
 

4.1. Introduction: 
 

Finding a renewable method for hydrogen production to meet the current industrial demand 

and to make an alternative energy carrier has become imperative for a sustainable 

future.141–143 The primary source for renewable hydrogen generation is water splitting by 

electrocatalysis.144 At present, the generation of hydrogen through electrolysis of water, 

also known as the hydrogen evolution reaction (HER), is limited by the high cost and 

availability of precious metals (Pt, Pd, Ru, Ir) and respective alloys, which have been 

shown the best performers as electrocatalysts.110,145–152 Among the precious metals, Pt 

exhibits the best values for most of the descriptors necessary for effective catalysis.146 In 

this scenario, the search for alternatives to precious metal electrocatalysts, especially 

nonprecious transition metal alloys and modification for catalytic improvement, has 

emerged as a significant research direction. Non-noble metals exhibit poor catalytic 

performance for the  HER, but some transition metal compounds and their alloys showed 

potential for HER electrocatalysis.113,114  

Among these nonprecious metal based catalysts, the molybdenum dichalcogenides 

(MoCh2) have shown significant potential as HER electrocatalysts both experimentally and 

theoretically.111,115,116 Molybdenum dichalcogenides have layered structures, where the 3D 

bulk material is comprised of multiple 2D monolayered molybdenum dichalcogenides 

structures with polytype 2H or 3R. Each monolayer has a plane of molybdenum atoms 

which is sandwiched by 2 planes of chalcogenide ions. Many theoretical and experimental 
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studies have demonstrated that nanoscale engineering of molybdenum dichalcogenide has 

improved catalytic power more than a bulk crystal with less exposed surface area. Phase 

conversion of MoCh2 from 2H to 1T phase has shown an increase in catalytic 

performance.116,120,153–155 Engineering porosity along with defects in the nanostructures and 

creating quantum dots with MoCh2 have also shown improved performance for HER 

catalysis.123,124,156–158 To construct the cathode with these nanocatalysts, graphene shows 

remarkable promise as the supporting material due to its electronic and mechanical 

properties.125–127 Multiple studies that have been performed on MoS2/graphene, 

MoSe2/graphene, and MoTe2/graphene nanocomposites for HER catalysis.101,128–130,159 The 

HER activity of these nanostructures and  nanocomposites can be tuned with doping or 

hybridization, specifically Mo with other transition metals, one type of chalcogen with 

another, and doping of the carbon in graphene structure.160–167 Multiple studies in literature, 

both experimental and theoretical showed promising prospects of hybrid molybdenum 

chalcogenides (e.g., MoSxMoSe2-x, MoSexTey, MoSxSey/Gr, MoSxTey/Gr) for HER 

catalysis.168–173  To the best of our knowledge no systematic investigation of various types 

of molybdenum dichalcogenides (hybrid or non-hybrid) with graphene nanocomposites for 

HER catalysis has been reported in the literature. 

In the computational section of this work, atomistic modeling studies have been performed 

with periodic plane-wave density functional theory (DFT) to delve into the surface-

electrochemistry of hydrogen binding (also known as chemisorption or adsorption). 

Binding energetics, which are considered major descriptors for catalytic performance but 

difficult to attain with experimental measurement, have been calculated with DFT. The 

critical role of binding energy is stated by the Sabatier principle, that is, for ideal catalysis, 
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the binding energy of key intermediates should neither be too strong nor too weak to ensure 

optimal catalysis.174–177 In the case of HER, the well-established interpretation of the 

Sabatier principle is that for optimum reaction rate, the binding free energy of hydrogen to 

the electrocatalyst surface should be zero.110,131,132 In the computational part of this study, 

the conventional criterion of ΔGb ≈ 0 has been considered as the measure to establish the 

most suitable binding sites for HER catalysis.  However, a most recent study has suggested 

that the binding free energy may not be near zero for a catalytically active site.178 As per 

the established norm, binding free energy calculations have been performed with zero 

applied overpotential (η = 0). In recent literature, an augmented approach to Sabatier’s 

principle has surfaced, which states that for very active electrocatalysts the near zero 

binding free energy should be determined at an applied overpotential.179 Upon 

computational analysis, all hybrid and non-hybrid MoCh2/Gr nanocomposites were 

compared and structure-activity relationships were established to identify best performing 

active sites. 

In the experimental section of this work carried out with by professor Xinyu Zhang lab, a 

direct growth strategy is applied to synthesize MoCh2 compounds (MoS2, MoSe2 and 

MoTe2) and several hybrid heterostructures (MoSSe, MoSeTe, MoSTe, and 

MoS0.67Se0.67Te0.67) on graphene supports through a simple microwave-assisted heating 

approach. Benefiting catalysis, nanocomposites can provide synergetic interactions 

between transition metal dichalcogenides (TMD) and graphene nanosheets by way of the 

HER kinetic process and electronic structure modulations. The as-prepared compounds 

showed great potential as low-cost electrocatalysts for (HER). One established 

representation of catalytic efficacy is the volcano plot, where extrapolated exchange 
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current density (i0) and theoretically calculated binding free energy of hydrogen (ΔGb) are 

presented together in a semi-logarithmic graph.180,181 Placing data from this study into the 

volcano plot showed that for MoCh2/Gr nanocomposites, the volcano relationship does not 

hold for all scenarios. Similar findings were reported in the recent literature and are 

compared herein.107,182,183 
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4.2 Computational Methodology 
 

The theoretical study has been performed utilizing periodic plane-wave density functional 

theory (DFT) calculations as implemented in the Cambridge Serial Total Energy Packages 

(CASTEP).134,184–186  The spin polarized generalized gradient approximation (GGA) with 

Perdew-Burke-Ernzerhof (PBE) functional has been used with Kohn-Sham orbitals with 

an energy cutoff of 400 eV.85,135 The effect of the core electrons has been expressed with 

the Vanderbilt Ultrasoft Pseudopotentials (USPP) method.136 To provide hydrogen 

chemisorption energies and geometries for the MoCh2/Gr nanocomposite in line with 

experimental observations, an improved description of the nonlocal nature of the electron 

correlation, in particular van der Waals interactions, was accounted for using a semi-

empirical dispersion energy correction by the method of Tkatchenko and Scheffler.23 All 

structures are geometry optimized using the two point steep gradient displacement (TPSD) 

algorithm.137 For the dipole correction, a self-consistent scheme has been applied.138 

Relativistic treatment has been done with the Koeling-Harmon Scalar method.139 

 

As presented in Figure 4.1, the MoCh2/Gr composite was created by constructing a 

supercell model of MoCh2 with 3×3 in-plane periodicity supported on a 7×7×1 graphene 

basal plane. The Mo9S18, Mo9Se18, and Mo9Te18 nanoparticles were created using a 

geometrically optimized respective solid state hexagonal molybdenum dichalcogenide 

lattice. All of these structure are shown in Tables below. The Mo9Se9Te9 and Mo9S9Te9 

nanoparticles was created by randomly replacing nine tellurium atoms from the Mo9Te18 

nanoparticle with sulfur or selenium atoms, respectively. The Mo9S9Se9 nanoparticle was 

created by randomly replacing nine sulfur atoms from Mo9S18 nanoparticle with selenium 
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atoms. The Mo9S6Se6Te6 nanoparticle was also generated by replacing twelve tellurium 

atoms from the Mo9Te18 nanoparticle with six sulfur and six selenium atoms, respectively.  

 

 Figure 4.1: Generalized molecular structure of Mo9Ch18/graphene: (a) Top and (b) side 

views of a generalized Mo9Ch18 nanoparticle. (c) Top and (d) side views of the Mo9Ch18 

nanoparticle over 7×7×1 graphene supercell with optimized geometries. Dashed 

rectangles in (b) denote the corner catalytic active sites. 

Nanocomposites MoS2/Gr, MoSe2/Gr, MoTe2/Gr, MoSSe/Gr, MoSeTe/Gr, MoSTe/Gr, 

and MoS0.67Se0.67Te0.67/Gr are represented with Mo9S18/Gr, Mo9Se18/Gr, Mo9Te18/Gr, 

Mo9S9Se9/Gr, Mo9S9Te9/Gr, Mo9Se9Te9/Gr, and Mo9S6Se6Te6/Gr respectively in the 

computational study. 
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Table 4.1. Optimized geometries of non-hybrid molybdenum dichalcogenide/graphene 

nanocomposite structures from periodic plane-wave DFT calculations. 
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Table. Optimized geometries of hybrid molybdenum dichalcogenide/graphene nanocomposite 

structures from periodic plane-wave DFT calculat 
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Ideally, a larger model of nanoparticles would be more representative as these structures 

would be similar to the nanoparticle dispersion on graphene supports observed in 

experimental literature. However, the computational costs and combinatorial explosion of 

possible configurations are beyond the scope of this current work, but it would be a 

promising prospect for future investigations. 

For the cleaved Mo9Ch18 nanoparticle, the 101�0 plane best represents the exposed Ch edge, 

and similarly the 011�0 plane best represents the exposed Mo edge. A vacuum space of 20 

Å has been used between vertically repeating composite models. The Brillouin zone has 

been sampled by a 2×2×1 k-point grid generated using Monkhorst-Pack scheme.140 The 

convergence criteria for energy was 2×10-5 eV per atom and 0.002 Å for displacement, 

respectively. 

Nine binding sites are considered for the Mo9S18/Gr, Mo9Se18/Gr, and Mo9Te18/Gr 

nanocomposite structures. For the Mo9S9Se9/Gr, Mo9S9Te9/Gr, Mo9Se9Te9/Gr, and 

Mo9S6Se6Te6/Gr structures, adsorption energetics for fourteen binding sites are calculated. 

The binding sites are side-by-side chalcogen edge (site no. 1 & 2), Mo corner (site no. 3), 

chalcogen top (site no. 4 & 5), Mo and chalcogen edge (site 6 & 7), chalcogen edge and 

Mo corner (site no. 8), chalcogen corner (site 9), up-and-down chalcogen edge (site 10 & 

11), Mo edge (site no. 12 & 13), and Mo corner-edge (site no. 14). The five extra sites in 

these nanocomposites (sites no 2, 5, 7, 11, & 13) are due to the structural asymmetry in the 

hybrid molybdenum dichalcogenide nanoparticles, and these five sites are not considered 

in the non-hybrid molybdenum dichalcogenide/graphene systems. The generalized 

orthographic multiviews of all these adsorption sites can be found in the following 14 

figures below.   
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Figure 4.2: Multiview orthographic projection of adsorption site: side-by-side chalcogen 
edge 1 (site index no. 1). 

 

Figure 4.3:  Multiview orthographic projection of adsorption site: side-by-side chalcogen 
edge 2 (site index no. 2). 
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Figure 4.4: Multiview orthographic projection of adsorption site: Mo corner (site index 
no. 3). 

 

 

 

Figure 4.5: Multiview orthographic projection of adsorption site: chalcogen top 1 (site 
index no. 4). 
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 Figure 4.6: Multiview orthographic projection of adsorption site: chalcogen top 2 (site 
index no. 5). 

 

Figure 4.7: Multiview orthographic projection of adsorption site: Mo-chalcogen edge 1 
(site index no. 6). 
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Figure 4.8: Multiview orthographic projection of adsorption site: Mo-chalcogen edge 2 
(site index no. 7). 

 

 

Figure 4.9: Multiview orthographic projection of adsorption site: Mo corner & chalcogen 
edge (site index no. 8). 
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Figure 4.10: Multiview orthographic projection of adsorption site: chalcogen corner (site 
index no. 9). 

 

 

Figure 4.11: Multiview orthographic projection of adsorption site: up-and-down 
chalcogen edge 1 (site index no. 10). 
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Figure 4.12: Multiview orthographic projection of adsorption site: up-and-down 
chalcogen edge 2 (site index no. 11). 

 

 

Figure 4.13: Multiview orthographic projection of adsorption site: Mo edge 1 (site index 
no. 12). 
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Figure 4.14: Multiview orthographic projection of adsorption site: Mo edge 2 (site index 
no. 13). 

 

 

 

Figure 4.15: Multiview orthographic projection of adsorption site: Mo corner & Mo edge 

(site index no. 14). 
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For the computational study, multiple hydrogen adsorption sites on each of the 

molybdenum dichalcogenide/graphene nanocomposites were investigated for binding 

energetics. For each of these sites, the effective binding electronic energy for a single 

hydrogen atom on the nanoparticle supported by the graphene, has been calculated using 

the following equation: 

ΔEb = 1
2

(E2H∗+Nanocomposite − ENanocomposite − EH2) …………………...…… (1) 

Here E2H∗+Nanocomposite is the total electronic energy of the two hydrogen atoms bound to 

the nanoparticle-graphene composite, ENanocomposite is the total electronic energy of only 

the nanoparticle-graphene composite, and EH2 is the electronic energy of a hydrogen 

molecule placed in a 17.2Å×17.2Å×20Å vacuum hexagonal unit cell. Binding free energy 

(ΔGb), which is a more appropriate descriptor for the catalytic activity than electronic 

energy alone, has been calculated using the generalized expression for HER catalysis 

developed by Nørskov and coworkers in the following equation110: 

 

ΔGb = ΔEb + 0.24 𝑒𝑒𝑒𝑒 …………………………………………...…………… (2) 
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4.3. Results and Discussion: 
 

For the computational study, multiple hydrogen adsorption sites on each molybdenum 

dichalcogenide/graphene (MoCh2/Gr) nanocomposite were investigated for binding 

energetics for hydrogen adsorption. Adsorbed hydrogen (H*) is the common intermediate 

state in all three steps of HER: Volmer, Heyrovsky, and Tafel.187 The binding energetics 

of H* is considered as one of the most important descriptors of potential hydrogen 

evolution catalysts with the assumption of Brønsted-Evans-Polanyi (BEP) linear 

correlations between reaction energy and the activation energy of an elementary 

reaction.188–190 

Table 4.3. Theoretically calculated binding energies (ΔEb and ΔGb) of hydrogen atoms on 

various adsorption sites of non-hybrid molybdenum dichalcogenide/graphene 

nanocomposite. 

Binding 
Sites 
Index 

Binding Sites 
Ch=S Ch=Se Ch=Te 

ΔEb (eV) ΔGb (eV) ΔEb (eV) ΔGb (eV) ΔEb (eV) ΔGb (eV) 

1 Ch Edge (Side-by-side) -0.902 -0.662 0.376 0.616 1.248 1.488 

2 Mo Corner -0.623 -0.383 -0.576 -0.336 -0.488 -0.248 

3 Ch Top -2.060 -1.820 0.658 0.898 1.083 1.323 

4 Ch-Mo Edge (Bridge) 0.429 0.669 -0.269 -0.029 -0.153 0.087 

5 Ch Edge-Mo Corner -0.221 0.019 0.281 0.521 0.140 0.380 

6 Ch Corner -1.770 -1.530 0.011 0.251 0.818 1.058 

7 Ch Edge (Up-and-down) -1.468 -1.228 0.284 0.524 0.584 0.824 

8 Mo Edge -0.487 -0.247 -0.550 -0.310 0.186 0.426 

9 Mo corner-Mo Edge -0.469 -0.229 -0.825 -0.585 0.034 0.274 
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Table 4.4. Theoretically calculated binding energies (ΔEb and ΔGb) of hydrogen atoms on 

various adsorption sites of hybrid molybdenum dichalcogenide/graphene nanocomposite. 

Binding 
Site 

Index 
Binding Sites 

Mo9S9Se9/Gr Mo9S9Te9/Gr Mo9Se9Te9/Gr Mo9S6Se6Te6/Gr 

ΔEb (eV) ΔGb 
(eV) ΔEb (eV) ΔGb (eV) ΔEb (eV) ΔGb 

(eV) ΔEb (eV) ΔGb 
(eV) 

1 Chalcogen Edge 
(Side-by-side 1)  

-1.515 
(S & Se) -1.275 0.374 

(Te & S) 0.614 0.528 
(Te & Se) 0.768 0.420 

(Se & Te) 0.660 

2 Chalcogen Edge 
(Side-by-side 2) 

-1.845 
(Se & S) -1.605 0.367 

(S & Te) 0.607 0.394 
(Se & Te) 0.634 0.430 

(Te & Se) 0.670 

3 Mo Corner -0.909 -0.669 -0.567 -0.327 -0.454 -0.214 -0.613 -0.373 

4 Chalcogen Top 1 -0.141 
(Only Se) 0.099 0.849 1.089 0.793 1.033 0.395 0.635 

5 Chalcogen Top 2 0.368 
(S & Se) 0.608 0.645 0.885 1.138 1.378 0.504 0.744 

6 Ch-Mo Edge (Bridge 
1) 

-2.605 
(Ch = S) -2.365 -0.280  

(Ch = S) -0.040 0.307 
(Ch = Se) 0.547 -0.384 

(Ch = Te) -0.144 

7 Ch-Mo Edge (Bridge 
2) 

1.472 
(Ch = Se) 1.712 0.188  

(Ch = Te) 0.428 0.150 
(Ch = Te) 0.390 -0.435 

(Ch = Se) -0.195 

8 Mo Corner-Ch Edge 0.266 0.506 0.439 0.679 0.178 0.418 -0.009 0.231 

9 Chalcogen Corner -0.835 
(S & Se) -0.595 0.179 0.419 0.188 0.428 -0.070 

(S & Se) 0.170 

10 Chalcogen Edge (Up-
and-down 1) 

-1.321 
(S & Se) -1.081 0.158 

(S & Te) 0.398 0.560 
(Se & Te) 0.800 0.395 

(Te & Se) 0.635 

11 Chalcogen Edge (Up-
and-down 2) 

-1.439 
(Se & S) -1.199 0.183 

(Te & S) 0.423 0.421 
(Te & Se) 0.661 0.414 

(Se & S) 0.654 

12 Mo Edge 1 -1.265 -1.025 -0.470 -0.230 -0.443 -0.203 0.232 0.472 

13 Mo Edge 2 -2.548 -2.308 -0.084 0.156 -0.395 -0.155 -0.414 -0.174 

14 Mo Corner & Edge -0.824 -0.584 -0.853 -0.613 -0.770 -0.530 -0.919 -0.679 
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The overall binding electronic energy values for all of the nanocomposites varies from -

2.605 eV to 1.472 eV with a standard deviation of 0.814 eV, and the binding free energy 

values vary from -2.365 eV to 1.712 eV with a standard deviation of 0.814 eV. There are 

eleven binding sites among these seven studied nanocomposites found between the free 

energy of binding range of -0.02 eV and 0.02 eV. The two structures that contain the 

highest standard deviations among its binding energies are Mo9S18/Gr and Mo9S9Se9/Gr 

(0.849 eV and 1.166 eV, respectively). Among all of the other structures binding free 

energies have standard deviation of approximately 0.5 eV. 

 

  



94 
 

For the Mo9S18/Gr nanocomposite structure, the binding electronic energy values range 

from -2.060 eV to 0.429 eV, and the binding free energy values range from the -1.820 eV 

to 0.669 eV (Figure 4.16 and Table 4.3, respectively). The site consisting of a Mo corner 

and S edge (Figure 4.16) exhibits the most thermoneutral free energy change (-0.018 eV), 

i.e., the lowest absolute value of binding free energy (|ΔGBinding|).  

 

 

 

Figure 4.16: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9S18/Gr nanocomposite structure. The binding site indexing is as follows: 

(1) Sulfur edge (side-by-side), (2) Mo corner, (3) S top, (4) Mo edge-S edge, (5) Mo 

Corner-S Edge, (6) S corner, and (7) S edge (up-and-down), (8) Mo edge, and (9) Mo 

corner and edge. 
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For the nanocomposite Mo9Se18/Gr, the resultant binding electronic energy values range 

from -0.825 eV to 0.658 eV, and the range of binding free energy values is from -0.585 

eV to 0.898 eV (Figure 4.17 and Table 4.3). For the Mo9Se18/Gr structure, the adsorption 

site having the near zero binding free energy value (ΔGb ≈ 0) is the Mo edge and Se edge 

(ΔGb = -0.029 eV). 

  

Figure 4.17: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9Se18/Gr nanocomposite structure. The binding site indexing is as follows: 

(1) Se edge (side-by-side), (2) Mo corner, (3) Se top, (4) Mo edge-Se edge, (5) Mo 

Corner-Se Edge, (6) S corner, and (7) Se edge (up-and-down), (8) Mo edge, and (9) Mo 

corner and edge. 
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In the case of Mo9Te18/Gr nanocomposite structures, one site comprised of a Mo edge 

and Te edge shows a binding free energy value in close proximity to zero (ΔGb = 0.087 

eV). The overall electronic binding energy values varies from -0.527 eV to 1.247 eV, and 

binding free energy range is from -0.287 eV to 1.487 eV (Figure 4.18 and Table 4.3). 

  

 

 

Figure 4.18: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9Te18/Gr nanocomposite structure. The binding site indexing is as follows: 

(1) Te edge (side-by-side), (2) Mo corner, (3) Te top, (4) Mo edge-Te edge, (5) Mo 

Corner-Te Edge, (6) S corner, and (7) Te edge (up-and-down), (8) Mo edge, and (9) Mo 

corner and edge. 
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For the hybrid nanocomposite Mo9S9Se9/Gr, the binding free energy values vary from -

2.365 eV to 1.712 eV, with the chalcogen top surface sites comprised of only Se, exhibiting 

the best value for catalysis (ΔGb = 0.099 eV) (Figure 4.19 and Table 4.4).   

 

Figure 4.19: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9S9Se9/Gr nanocomposite structure. The binding site indexing is as 

follows: (1) chalcogen edge (side-by-side 1), (2) chalcogen edge (side-by-side 2), (3) Mo 

corner, (4) chalcogen top 1 (only Se), (5) chalcogen top 2 (S & Se), (6) Mo edge-Se edge, 

(7) Mo edge-S edge, (8) Mo Corner-T Edge, (9)  chalcogen corner, and (10) chalcogen 

edge (up-and-down 1), (11) chalcogen edge (up-and-down 2), (12) Mo edge 1, (13) Mo 

edge 2, and (14) Mo corner and edge. 
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For the nanocomposite Mo9S9Te9/Gr, the resultant binding electronic energy values range 

from -0.853 eV to 0.849 eV, and the range of binding free energy values is from -0.613 eV 

to 1.089 eV (Figure 4.20 and Table 4.4). Two adsorption sites are found to have 

thermoneutral energetics, the bridge site between S edge and Mo edge (ΔGb = -0.040 eV) 

and the Mo edge 2 site (ΔGb = 0.156). 

Figure 4.20: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9S9Te9/Gr nanocomposite structure. The binding site indexing is as 

follows: (1) chalcogen edge (side-by-side 1), (2) chalcogen edge (side-by-side 2), (3) Mo 

corner, (4) chalcogen top 1 (only Te), (5) chalcogen top 2 (S & Te), (6) Mo edge-S edge, 

(7) Mo edge-Te edge, (8) Mo Corner-Te Edge, (9) chalcogen corner, and (10) chalcogen 

edge (up-and-down 1), (11) chalcogen edge (up-and-down 2), (12) Mo edge 1, (13) Mo 

edge 2, and (14) Mo corner and edge. 
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For the hybrid nanocomposite Mo9Se9Te9/Gr, the binding free energy values vary from 

-0.530 eV to 1.378 eV (Figure 4.21 and Table 4.4). The Mo edge 2 site (site no. 13) 

exhibits the nearest to zero value (ΔGb = -0.155 eV), but no site in this structure is within 

the range of [-0.1 eV, 0.1 eV]. 

 

 

Figure 4.21: Calculated free energy of binding (ΔGb: denoted with red circles) and 

binding electronic energy (ΔEb: denoted with black squares) values at different binding 

sites of the Mo9Se9Te9/Gr nanocomposite structure. The binding site indexing is as 

follows: (1) chalcogen edge (side-by-side 1), (2) chalcogen edge (side-by-side 2), (3) Mo 

corner, (4) chalcogen top 1 (only Te), (5) chalcogen top 2 (Se & Te), (6) Mo edge-Se 

edge, (7) Mo edge-Te edge, (8) Mo Corner-Te Edge, (9) chalcogen corner, and (10) 

chalcogen edge (up-and-down 1), (11) chalcogen edge (up-and-down 2), (12) Mo edge 

1, (13) Mo edge 2, and (14) Mo corner and edge. 
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Results for Mo9S6Se6Te6/Gr nanocomposite shows four sites having binding free energy 

within the range of [-0.2 eV, 0.2 eV] but none within the range of [-0.1 eV, 0.1 eV] 

(Figure 4.22 and Table 4.4). Binding free energy values vary from -0.679 eV to 0.744 

eV. The four most active sites in this structure are, Mo-Te bridge site (ΔGb= -0.144 eV), 

Mo-Se bridge site (ΔGb= -0.195 eV), S-Se corner site (ΔGb= 0.170 eV), and Mo edge 2 

site (ΔGb= -0.174 eV). 

 

Figure 4.22: Calculated free energy of binding (ΔGb: denoted with red circles) and binding 

electronic energy (ΔEb: denoted with black squares) values at different binding sites of the 

Mo9S6Se6Te6/Gr nanocomposite structure. The binding site indexing is as follows: (1) 

chalcogen edge (side-by-side 1: Se & Te), (2) chalcogen edge (side-by-side 2: Te & Se), 

(3) Mo corner, (4) chalcogen top 1 (S & Te), (5) chalcogen top 2 (S & Se), (6) Mo edge-

Te edge, (7) Mo edge-Se edge, (8) Mo Corner-S Edge, (9) chalcogen corner (S & Se), and 
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(10) chalcogen edge (up-and-down 1: Te & Se), (11) chalcogen edge (up-and-down 2: Se 

& S), (12) Mo edge 1, (13) Mo edge 2, and (14) Mo corner and edge. 

Conventionally, the binding free energies for high-performing catalytically active sites are 

considered within the range of -0.2 eV and 0.2 eV. Each of the composite systems which 

have been considered in this computational investigation possess binding sites within this 

range (Figure 4.23 a). However, the Mo9Se9Te9/Gr and Mo9S6Se6Te6/Gr nanocomposites 

do not have any sites within the narrower thermoneutral range of [-0.1 eV, 0.1 eV] (Table 

4.4). 

 

Figure 4.23: (a) Free energy diagram for effective hydrogen atom binding at equilibrium 

(η = 0 V). Value of the binding free energy of Pt is taken from literature.146 (b) Volcano 

plot of experimentally measured current density (i0) vs. DFT-calculated Gibbs free energy 

of hydrogen binding (ΔGb). With the exception of the MoCh2/Gr systems, all presented 

data values are from literature sources.110,145,146 
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Notably, among all the sites within the range of [-0.2 eV, 0.2 eV], most of the sites are 

comprised of at least one Mo atom (i.e., nine among eleven binding sites in Figure 4.23 a). 

Both of these Mo-excluding sites contain Se. The nanocomposite that exhibits binding free 

energy values in the closest proximity to zero (|ΔGb| ≤ 0.05 eV) are MoS2/Gr, MoSe2/Gr, 

and MoSTe/Gr. The band gap difference of monolayer MoTe2 (2.1 eV) from MoS2 and 

MoSe2 (2.58 eV & 2.55 eV, respectively) indicates that the presence of Te in the MoCh2/Gr 

nanocomposite can increase the conductivity, thus accommodating better electrocatalytic 

activity.118,191 Moreover, the lower value of electronegativity of Te (2.10) compared to S, 

Se and even Mo (2.58, 2.55, and 2.16, respectively), suggests a shift in electron density in 

the nanoparticle from Te to the other adjacent atoms in the nanocomposite which facilitates 

optimal hydrogen binding.192  

With regard to the concept of optimal binding, our studies further investigated the role of 

partial atomic charge through Mulliken population analysis. The partial charge analysis 

revealed that the optimal hydrogen binding sites in the range of -0.1 eV to +0.1 eV were a 

result of heterolytic associative desorption, whereas the next nearest optimal hydrogen 

binding sites in the range of -0.2 eV to +0.2 eV were a result of homolytic associative 

desorption. The heterolytic sites, for instance sites comprised of Mo and S, possessed two 

dissociated hydrogen atoms with opposing partial charge, one positively charged and one 

negatively charged. The charge separation between neighboring hydrogens ultimately 

proves to be beneficial for near thermoneutral binding free energy of molecular hydrogen. 

The homolytic sites, for instance Mo and Mo, possessed two dissociated hydrogen atoms 

with partial negative charges on average, which ultimately leads to a higher free energy 
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barrier to associative desorption of molecular hydrogen for cathodic hydrogen generation 

processes than for heterolytic sites. Both Se and S when coupled to Mo on a binary active 

site will exhibit a heterolytic associative desorption mechanism, whereas Te when coupled 

to Mo on a binary active site will exhibit a homolytic associative desorption mechanism on 

average similar to sites comprised of only Mo atoms. 

 

The experimental electrocatalytic HER activities of the synthesized catalyst samples were 

investigated by Linear Sweep Voltammetry (LSV) measurements in a 0.5 M H2SO4 

electrolyte. For nanocomposites of non-hybrid molybdenum dichalcogenide nanoparticles 

and graphene, the order of HER activity based on η (overpotential at -10 mA.cm-2) is found 

to be MoTe2/Gr > MoS2/Gr > MoSe2/Gr (Figure 4.24). It clearly indicates that the higher 

electrical conductivity of MoTe2 facilitates a faster electron transfer process.118,193,194 

Furthermore, the Tafel diagrams were derived from LSVs by fitting the linear sections to 

the Tafel equation (η = b×log i + a), where η is overpotential, b is Tafel slope, i represents 

the cathodic current density, and a is the Tafel constant.187 In general, the HER takes place 

through two consecutive steps: an adsorption step (Volmer, 𝐻𝐻+ + 𝑒𝑒− → 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎, 120 mV 

dec−1), followed by a reduction step (Heyrovsky, 𝐻𝐻+ +𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑒𝑒− → 𝐻𝐻2, 40 mV dec−1 or 

Tafel, 2𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 → 𝐻𝐻2, 30 mV dec−1).187  The Tafel slope identifies the required overpotential 

to increase the reaction rate by a factor of ten; therefore, it is noticeable that the smaller 

Tafel slope favors HER activities. From Figure 4.24, although MoTe2/Gr shows the 

smallest overpotential, a higher Tafel slope of 49.8 mV dec−1 is shown in comparison with 

other non-hybrid samples (38.5 mV dec−1 for MoS2/Gr and 44.3 mV dec−1 for MoSe2/Gr).  
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The HER activities of hybrid nanocomposites of MoXY/Gr (X, Y = S and/or Se and/or Te) 

and MoS0.67Se0.67Te0.67/Gr were further compared. Based on the overpotential values, the 

order of HER performance is revealed as MoSTe/Gr > MoSeTe/Gr > MoSSe/Gr > 

MoS0.67Se0.67Te0.67/Gr, which clearly indicates the presence of Te improves the electron 

transfer rate due to its higher electrical conductivity. It is worth noting that, despite the 

presence of Te in MoTe2/Gr, the HER performance of MoSTe/Gr is much better than 

MoTe2/Gr. This improved performance of MoSTe/Gr can result from synergistic effects of 

sulfide and telluride. In addition, by doping S into the MoTe2/Gr structure, more of the 

inactive oxides can be replaced by sulfides, which can be observed in the XPS results. The 

data from XPS result show that the MoSTe/Gr contains much less O (at.% 3.10) compared 

to the O content (at.% 9.82) of MoTe2/Gr. For MoS0.67Se0.67Te0.67/Gr, although it consists 

of all the chalcogen atoms (S, Se, and Te), the HER performance is poor. Further studies 

are required to understand the reason behind this poor electrocatalytic performance of the 

highest entropy alloy.  However, it generally has been shown that high entropy alloys in 

catalysis exhibit sluggish surface diffusion rates, which could be the root cause of this 

observed poor HER performance.195 Based on the LSV curves, the Tafel analysis was 

performed. As shown in Figure 4.24, MoSTe/Gr exhibited the lowest Tafel slope of 39.2 

mV dec−1, which is also very close to the value of commercial 10 wt.% Pt/C catalyst (30.0 

mV dec−1).   
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Figure 4.24: Bar graphs displaying the three major parameters (overpotential, Tafel slope, 

and exchange current density) of molybdenum dichalcogenide HER catalysts. 

Moreover, all these hybrid and non-hybrid catalysts revealed very good stability 

performance for 96 h of constant potential test at an overpotential of 250 mV without any 

significant structural failure. Among non-hybrid nanocomposites, MoTe2/Gr shows the 

best stability results maintaining the highest current density of around −90 mA cm−2, all 

the hybrid catalysts showed stable behaviors with slight decrease in HER activities, where 

the MoSTe/Gr catalyst displayed the highest current density of around -160 mAcm-2 which 

gradually decreased to around −100 mA cm−2 after 96 h test. Among the hybrid MoXY/Gr 

catalysts, MoSTe/Gr exhibited the best stability performance in terms of retaining the 

highest current density. These remarkable stability results can be attributed to the 

compositional and structural stabilities of nanosheet structures of molybdenum 

dichalcogenides supported by strong graphene network. However, it is worth noting that 
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the stability performance of non-hybrid MoCh2/Gr samples are inferior to the hybrid 

MoXY/Gr samples. This clearly indicates the doping and hybridization of metal 

dichalcogenides help to improve the structural integrity during the long-term HER 

performance.169,170 

Furthermore, all the significant parameters (overpotential, Tafel slope, and exchange 

current density) for the electrocatalytic performance of synthesized nanocomposites for 

HER are summarized in Figure 4.24. Although the chemical formula appears to be similar 

for all the molybdenum dichalcogenides, each sample is slightly different structurally from 

each other. These structural differences give rise to variations in their electrical transport 

properties.196 An important feature of tellurides that distinguishes the structure from 

sulfides and selenides is the large atomic number of Te and low electronegativity (2.10), 

allowing for a distinguished crystal structure, electronic configuration, and 

physicochemical properties.196 Therefore, the catalyst samples containing Te, except for 

the highest-entropy alloy MoS0.67Se0.67Te0.67/Gr, showed very promising HER activities to 

generate hydrogen from water splitting. 

The electrocatalytic HER activities of the synthesized catalyst samples were investigated 

by Linear Sweep Voltammetry (LSV) measurements in a 0.5 M H2SO4 electrolyte. For 

nanocomposites of non-hybrid molybdenum dichalcogenide nanoparticles and graphene, 

the order of HER activity based on η (overpotential at -10 mA.cm-2) is found to be 

MoTe2/Gr > MoS2/Gr > MoSe2/Gr (Figure 4.24). It clearly indicates that the higher 

electrical conductivity of MoTe2 facilitates a faster electron transfer process.118,193,194 

Furthermore, the Tafel diagrams were derived from LSVs by fitting the linear sections to 

the Tafel equation (η = b×log i + a), where η is overpotential, b is Tafel slope, i represents 
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the cathodic current density, and a is the Tafel constant.187 In general, the HER takes place 

through two consecutive steps: an adsorption step (Volmer, 𝐻𝐻+ +  𝑒𝑒− → 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎, 120 mV 

dec−1), followed by a reduction step (Heyrovsky, 𝐻𝐻+ + 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑒𝑒− → 𝐻𝐻2, 40 mV dec−1 or 

Tafel, 2𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 → 𝐻𝐻2, 30 mV dec−1).187  The Tafel slope identifies the required overpotential 

to increase the reaction rate by a factor of ten; therefore, it is noticeable that the smaller 

Tafel slope favors HER activities. Although MoTe2/Gr shows the smallest overpotential, a 

higher Tafel slope of 49.8 mV dec−1 is shown in comparison with other non-hybrid samples 

(38.5 mV dec−1 for MoS2/Gr and 44.3 mV dec−1 for MoSe2/Gr).  

The HER activities of hybrid nanocomposites of MoXY/Gr (X, Y = S and/or Se and/or Te) 

and MoS0.67Se0.67Te0.67/Gr were further compared. Based on the overpotential values, the 

order of HER performance is revealed as MoSTe/Gr > MoSeTe/Gr > MoSSe/Gr > 

MoS0.67Se0.67Te0.67/Gr, which clearly indicates the presence of Te improves the electron 

transfer rate due to its higher electrical conductivity. It is worth noting that, despite the 

presence of Te in MoTe2/Gr, the HER performance of MoSTe/Gr is much better than 

MoTe2/Gr. This improved performance of MoSTe/Gr can result from synergistic effects of 

sulfide and telluride. In addition, by doping S into the MoTe2/Gr structure, more of the 

inactive oxides can be replaced by sulfides, which can be observed in the XPS results. The 

data from XPS characterization clearly show that the MoSTe/Gr contains much less O 

(at.% 3.10) compared to the O content (at.% 9.82) of MoTe2/Gr. For MoS0.67Se0.67Te0.67/Gr, 

although it consists of all the chalcogen atoms (S, Se, and Te), the HER performance is 

poor. Further studies are required to understand the reason behind this poor electrocatalytic 

performance of the highest entropy alloy.  However, it generally has been shown that high 

entropy alloys in catalysis exhibit sluggish surface diffusion rates, which could be the root 
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cause of this observed poor HER performance.195 Based on the LSV curves, the Tafel 

analysis was performed. As shown in, MoSTe/Gr exhibited the lowest Tafel slope of 39.2 

mV dec−1, which is also very close to the value of commercial 10 wt.% Pt/C catalyst (30.0 

mV dec−1).  

Moreover, all these hybrid and non-hybrid catalysts revealed very good stability 

performance for 96 h of constant potential test at an overpotential of 250 mV without any 

significant structural failure. Among non-hybrid nanocomposites, MoTe2/Gr shows the 

best stability results maintaining the highest current density of around −90 mA cm−2, all 

the hybrid catalysts showed stable behaviors with slight decrease in HER activities, where 

the MoSTe/Gr catalyst displayed the highest current density of around -160 mAcm-2 which 

gradually decreased to around −100 mA cm−2 after 96 h test. Among the hybrid MoXY/Gr 

catalysts, MoSTe/Gr exhibited the best stability performance in terms of retaining the 

highest current density. These remarkable stability results can be attributed to the 

compositional and structural stabilities of nanosheet structures of molybdenum 

dichalcogenides supported by strong graphene network. However, it is worth noting that 

the stability performance of non-hybrid MoCh2/Gr samples are inferior to the hybrid 

MoXY/Gr samples. This clearly indicates the doping and hybridization of metal 

dichalcogenides help to improve the structural integrity during the long-term HER 

performance.169,170 

Furthermore, all the significant parameters (overpotential, Tafel slope, and exchange 

current density) for the electrocatalytic performance of synthesized nanocomposites for 

HER are summarized in Figure. Although the chemical formula appears to be similar for 
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all the molybdenum dichalcogenides, each sample is slightly different structurally from 

each other. These structural differences give rise to variations in their electrical transport 

properties.196 An important feature of tellurides that distinguishes the structure from 

sulfides and selenides is the large atomic number of Te and low electronegativity (2.10), 

allowing for a distinguished crystal structure, electronic configuration, and 

physicochemical properties.196 Therefore, the catalyst samples containing Te, except for 

the highest-entropy alloy MoS0.67Se0.67Te0.67/Gr, showed very promising HER activities to 

generate hydrogen from water splitting. 

 

Now taking into account all the descriptors investigated for the four hybrid and three non-

hybrid MoCh2/Gr nanocomposite systems, it is apparent that no nanocomposite system 

shows optimal results or trending for all the descriptors. That is, the lowest values for |ΔGb| 

and overpotential are observed for MoS2/Gr, but this nanocomposite also has a very high 

overpotential and very low current density, which are not ideal for a promising HER 

electrocatalyst. It should be noted, however, that one descriptor (i.e., ΔGb , overpotential, 

current density, etc) appears insufficient to capture the complexity of the HER catalytic 

processes alone, particularly in higher-entropy alloys and nanocomposites, and multiple 

descriptors (i.e., activation energies (Ea) for all elementary steps, charge transfer coefficient 

(α), etc.) may provide deeper insights but that level of study is beyond the scope of this 

paper. Therefore, combined experimental and computational studies are preferred for 

studying the efficacy of HER electrocatalysts where multiple descriptors may be collected 

and analyzed. 
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Figure 4.25: . (a) Free energy diagram for effective hydrogen atom binding at 

equilibrium (η = 0 V). Value of the binding free energy of Pt is taken from 

literature.146 (b) Volcano plot of experimentally measured current density (i0) vs. 

DFT-calculated Gibbs free energy of hydrogen binding (ΔGbinding). With the 

exception of the MoCh2/Gr systems, all presented data values are from literature 

sources.110,145,146 

Experimentally extrapolated i0 and theoretically calculated ΔGb are depicted in a volcano 

plot to analyze the catalytic performances of the various MoCh2/Gr nanocomposites. It is 

apparent from Figure 4.25 b; that the volcano plot does not capture the full pictures of 

catalytic activities for our studied MoCh2/Gr nanocomposites. In recent literature, the 

efficacy of volcano plots to represent the catalytic efficiency has been 

questioned.107,183,197,198 From Figures 4.25, it is clear that ΔGb is not directly correlated 

with exchange current density (i0). Instead, it shows that Tafel slopes (b) can be better 

associated with the ΔGb to rank catalytic efficiency. The properties of current density and 
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overpotential both are embedded in the definition of Tafel slope. For the three non-hybrid 

MoCh2/Gr nanocomposites, the value of Tafel slope can be ranked in the same order as 

their lowest |ΔGb|. Among the four hybrid MoCh2/Gr, MoSTe/Gr and MoSeTe/Gr 

nanocomposites have the lowest and the highest value of |ΔGb|, respectively. Values of 

their Tafel slope are also in the same order. Though MoSSe/Gr has lower |ΔGb| than the 

MoS0.67Se0.67Te0.67/Gr, it contains only one catalytically active site, whereas the latter has 

four near thermoneutral binding sites.  A recent study shows the Tafel constant (a) of the 

Tafel equation can be a more suitable descriptor for the HER electrocatalysis.187 The Tafel 

constant (a) is mathematically defined as: a = −b × log10( i0). A lower value of Tafel 

constant is considered as the indicator of good catalyst. 

 

Table 4.5:Tafel constants for hybrid and non-hybrid molybdenum dichalcogenides, and 
platinum electrode. 

Material 
Exchange current density (i0) 

A.cm-2 

Tafel slope (b) 

V.decade-1 

Tafel constant (a) 

V.decade-1 

MoS2/Gr 5.30×10-5 0.0385 0.165 

MoSe2/Gr 4.10×10-5 0.0443 0.194 

MoTe2/Gr 4.76×10-4 0.0498 0.166 

MoSSe/Gr 1.42×10-4 0.0509 0.196 

MoSTe/Gr 3.11×10-4 0.0392 0.137 

MoSeTe/Gr 6.31×10-4 0.0580 0.186 

MoS0.67Se0.67Te0.67/Gr 4.00×10-6 0.0468 0.253 

10 wt% Pt/C 1.126×10-3 0.0300 0.088 
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From the Table 3, the lowest value for the Tafel constant is found for the molybdenum 

sulfotelluride/graphene (MoSTe/Gr) nanocomposite. Considering all the descriptors, 

MoSTe/Gr becomes apparent as the optimum nanocomposite for the HER electrocatalysis. 

It has more than one binding site with near-zero ΔGb. It has the lowest overpotential, 

relatively low Tafel slope, and relatively high current density. Similar findings have been 

reported in the literature for metal-rich molybdenum chalcogenide nanocomposite 

comprised of sulfur and tellurium.173 
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4.3 Conclusion: 
 

In summary, systematic computational and experimental investigations were carried out to 

evaluate the electrocatalytic performances for three non-hybrid molybdenum 

dichalcogenides and four hybrid molybdenum dichalcogenides with graphene support. The 

binding free energy values (ΔGb) for hydrogen adsorption determined using DFT analysis 

show that all seven systems contain binding sites within the thermoneutral range of -0.2 

eV and 0.2 eV, with MoS2/Gr, MoSe2/Gr, and MoSTe/Gr having the ΔGb values closest to 

zero. It was also revealed that almost all catalytically active sites contain at least one Mo 

atom. Successful syntheses of molybdenum dichalcogenides over graphene support with 

compositions of MoS2/Gr, MoSe2/Gr, MoTe2/Gr, MoSSe/Gr, MoSeTe/Gr, MoTe/Gr, and 

MoS0.67Se0.67Te0.67/Gr were carried out through a simple, ultrafast (90 s), and energy-

efficient microwave-assisted solid-state technique.  The as-produced nanocomposites have 

high activity and durability for HER electrocatalysis with overpotential values in the range 

of 127−217 mV and negligible activity loss for long-term hydrogen generation at constant 

potential of 250 mV. Among these nanocomposites, the MoTe2/Gr, MoSTe/Gr, and 

MoSeTe/Gr samples demonstrate improved performance in comparison to the other 

nanocomposites in this study. Our study indicates that these promising results come from 

high intrinsic activities of nanocomposites containing the chalcogen tellurium at relatively 

high atomic ratios. Considering all four descriptors studied in this work (overpotential, 

Tafel slope, current density, and binding free energy of hydrogen), MoSTe/Gr ranks as the 

optimum candidate for cathodic material for electrocatalyic hydrogen generation from 

water splitting. Moreover, the correlation between experimental and computational results 
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demonstrates that the binding free energies are better correlated with the Tafel slope than 

the traditional volcano relationship which uses current density. 
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5. Enhancement of Hydrogen Evolution Reaction Activity using 
Metal−rich Molybdenum Sulfotelluride with Graphene Support: A 
Combined Experimental and Computational Study 
 

5.1. Introduction 
 

Hydrogen is an excellent storage solution for intermittent renewable energy resources. One 

of the effective strategies is to utilize the electricity from renewable sources to split water 

into  hydrogen and oxygen.199–201 Thus, the extra electricity generated from renewables can 

be stored as a form of useful hydrogen energy and while required this hydrogen can be 

used in fuel cells or in chemical industries. During this water electrolysis, the negative 

electrode (also known as cathode) undergoes with the hydrogen evolution reaction (HER). 

However, the efficiency of water-splitting reaction is very low, mainly due to the high 

overpotential. In this regard, the electrocatalysts are critical as cathode materials to 

promoting the HER kinetics and make the process energy-efficient by reducing 

overpotential.202,203 In convention, platinum (Pt) and Pt-group metals are well recognized 

as highly efficient HER catalysts. Nevertheless, their high cost and lack of resource prevent 

their widespread industrial applications.180,204,205 In purpose to establish a cost-effective 

production of green hydrogen, there is no alternative than replacing the expensive Pt-

electrodes. As a result, last couple of decades have witnessed a fast-paced expansion of 

noble-metal-free HER electrocatalysts, including transition-metal chalcogenides 

(TMCs)206–209 phosphides210,211, carbides212,213, etc., considering their unique properties of 

driving good electrocatalytic performance with low cost and natural abundance. To achieve 

better catalytic activities of TMC-based catalysts, structural engineering has been robustly 

practiced by many researchers. Numerous techniques have already been developed, such 
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as increasing the number of active sites by generating different nanostructured 

morphologies, by hybridizing with highly conductive materials such as graphene, reduced 

graphene oxide (rGO), carbon nanotubes (CNTs), or conducting polymers (polypyrrole, 

polyaniline, etc.), and by introducing dopants, defects, strains and vacancies through 

various surface modifications.214–221 In addition, the HER activity of metal chalcogenides 

can be tuned by partially substituting one chalcogen (S, Se, or Te) with another chalcogen 

(S, Se or Te), leading to a new type of material with broken symmetry along the Z direction, 

thus improving the electrocatalytic performances in HER.156,169,222–224 For instance, J. 

Zhang et al. has observed significantly improved HER performance in a single-layer 

SeMoS Janus structure compared to both MoS2 and MoSe2.225 Similarly, in another study, 

T. Kosmala has demonstrated better HER results from molybdenum selenotellurides than 

MoSe2 and MoTe2.169 Therefore, the doping at anion (chalcogen) sites of TMC compounds 

has the high potential for inventing new materials with enhanced electrocatalytic 

properties. Although, the coupling of metal chalcogenides with conducting supports (such 

as graphene, rGO, CNT, etc.) are essential to prevent the easy aggregation of TMC-layers, 

only a few of Janus-type Mo-S-Se compounds have been hybridized with conducting 

supports.171,226,227 Moreover, the sulfides and selenides have been studied vigorously, while 

only a few of the recent papers have been focused on the remarkable properties and 

potential applications of telluride-based materials.169,192,228–230 To the best of our 

knowledge, there has not been any work demonstrated electrocatalytic properties of 

molybdenum sulfotelluride compound for HER.  
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Molecular modeling studies have been performed with periodic plane-wave density 

functional theory (DFT) to delve into the surface-electrochemistry of hydrogen binding 

(also known as chemisorption or adsorption). Binding energetics, which are considered 

major descriptors for catalytic performance but difficult to attain with experimental 

measurement, have been calculated with DFT. The role of binding energy in catalysis is 

supported by Sabatier’s principle, stating that for ideal catalysis conditions the binding free 

energy should be near zero.131 In this computational analysis, the conventional criterion of 

ΔGbinding ≈ 0 has been considered as the measure to establish the most suitable binding sites 

for HER catalysis.    

In literature, there are many studies for molybdenum chalcogenides with or without 

graphene support as hydrogen electrodes, but to the best of our knowledge no similar study 

has yet been carried out to understand HER activity of metal rich nanocomposite of 

molybdenum sulfotelluride and graphene as an electrocatalyst.101,115,116,130,159,171 In this 

computational study, the free energy calculations have been performed with zero applied 

overpotential (η = 0) as per the established norm. The most well-known graphical depiction 

of Sabatier’s principle is the volcano plot, which in this study exhibits the position of 

molybdenum sulfotelluride/graphene nanocomposite near the apex of the volcano.131,132 

Our combined experimental and computational studies demonstrate the higher 

electrocatalytic ability of MoSxTey/Gr composite comprised of a higher molybdenum-to-

chalcogen ratio for HER, thus showing potential for practical application with prospective 

commercialization. 
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5.2 Computational Methodology 
 

In the computational analysis, multiple types of molybdenum sulfotelluride/graphene 

nanocomposite systems have been studied, as described in Table 5.1. Initially, a 

Mo9S8Te10/Gr composite structure was constructed, with stoichiometric ratio between 

molybdenum and chalcogen atoms in the nanoparticle. The three additional systems have 

been designed to be comprised of more molybdenum atoms than the stoichiometric ratio. 

The Mo9S8Te10/Gr composite structure was generated by constructing a supercell model of 

Mo9S8Te10 supported on a 7×7×1 graphene basal plane. To create the Mo9S8Te10 

nanoparticles, initially a Mo9Te18 nanoparticle was created from the previously optimized 

geometry in the solid state hexagonal MoTe2 lattice. Subsequently, eight Te atoms were 

replaced with eight S atoms in a random sequence. For the Mo9S8Te10 nanoparticle, the 

(011�0) plane best represents the exposed chalcogen edge, and similarly the (101�0) plane 

best represents the exposed Mo edge. After the geometry optimization calculation of the 

Mo9S8Te10/Gr structure, a Mo9S6Te7/Gr nanocomposite structure was constructed by 

systematically removing one Te atom from the bottom layer of the exposed Mo edge 

(101�0 plane), one Te atom from the upper layer of the chalcogen edge (011�0 plane), one 

S atom from the upper layer of the chalcogen edge (101�0 plane), and one S and one Te 

atoms from the chalcogen corner site.  
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Table 5.1: Optimized geometries of molybdenum sulfotelluride/graphene nanocomposite 

structures from periodic plane-wave DFT calculations. 

 

To capture the trends in experimental results from our Dr. Xinyu Zhang’s lab, two types of 

Mo9S4Te5/Gr model systems were considered with a similar atomic ratio as experiments 

(1: 0.46: 0.58 ≈ 9:4:5). The nanoparticles Mo9S4Te5 were constructed using the same 

methodology. Two types of nanoparticles were constructed. In Type-1, all of the Mo atoms 

were kept on the upper layer with chalcogen atoms adjacent to the graphene.  In Type-2, 

all of the chalcogen atoms were kept on the upper layer with the Mo atoms adjacent to the 

graphene. After the geometry optimization, the structure of Type-1 Mo9S4Te5 nanoparticle 

showed significant curvature with the upward movement of chalcogenide atoms as the Mo 

atoms favored Mo-Mo bond formation to minimize total energy; as a result, the Type-1 
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structure showed no distinguishable Mo corners or Mo edges. This geometric distortion of 

the 2-D shape in the Type-1 structure was not observed in the Type-2 structure, where the 

graphene support served a more significant role in conserving the 2-D structure of the 

nanoparticle.  

The computational study has been carried out using periodic plane-wave density functional 

theory (DFT) with the Cambridge Serial Total Energy Packages (CASTEP).83,134,184–186,231–

234 For the level of theory, spin polarized generalized gradient approximation (GGA) with 

Perdew-Burke-Ernzerhof (PBE) functional has been used with Kohn-Sham orbitals with 

an energy cutoff of 400 eV.85,135,235 The effect of the core electrons has been represented 

with the Vanderbilt Ultrasoft Pseudopotentialls (USPP) method.136 To address the 

nonbonded interactions of the nanocomposites, a semi-empirical dispersion energy 

correction is utilized by the method of Tkatchenko and Scheffler (TS).23  In all geometry 

optimization calculation, two point steep gradient displacement (TPSD) algorithm is 

used.137  For the dipole correction, self-consistent scheme has been applied. Relativistic 

treatment has been done with Koelling-Harmon Scalar method.139 A vacuum space of 20 

Å has been used between vertically repeated composite models for all the systems. For all 

constructed nanocomposites in this study, the Brillouin zones have been sampled by a 

2×2×1 k-point grid generated using Monkhorst-Pack scheme.140 The convergence criteria 

for energy were set to 2×10-5 eV per atom and for displacement this tolerance was set to 

0.002 Å. 
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5.3 Results and Discussion: 
 

For the computational study, multiple hydrogen adsorption sites on each of the 

molybdenum sulfotelluride/graphene nanocomposites were investigated for binding 

energetics. Adsorbed hydrogen (Hads) is the common intermediate species in all three steps 

of HER: Volmer, Hyerovsky and Tafel. The binding energetics of Hads is established as 

one of the most important descriptors of potential hydrogen evolution catalysts with the 

assumption of Brønsted-Evans-Polanyi (BEP) linear correlations between reaction energy 

and the activation energy of an elementary reaction.188,189 

For the Mo9S8Te10/Gr nanocomposite structure, these binding sites consist of chalcogen 

and Mo atoms. For the Mo9S6Te7/Gr and Mo9S4Te5/Gr (Type-1 & Type-2) structures, the 

binding sites are primarily comprised of exposed Mo atoms, since the sites associated with 

Mo atoms possessed the lowest binding energies for the Mo9S8Te10/Gr structure. For each 

of these sites, the effective binding electronic energy for a single hydrogen atom on the 

nanoparticle supported by the graphene, has been calculated using the following equation: 

ΔEBinding = 1
2

(E2H∗+Nanocomposite − ENanocomposite − EH2)……………......…… (1) 

Here E2H∗+Nanocomposite is the total electronic energy of the two hydrogen atoms bound to 

the nanoparticle-graphene composite, ENanocomposite is the total electronic energy of only 

nanoparticle-graphene composite, and EH2is the electronic energy of a hydrogen molecule 

placed in 17.2Å×17.2Å×20Å vacuum hexagonal unit cell. Binding free energy (ΔGBinding) 

which is a more appropriate descriptor for the catalytic activity than electronic energy 
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alone, has been calculated using the generalized expression for HER catalysis developed 

by Nørskov and coworkers in the following equation110: 

ΔGBinding = ΔEBinding + 0.24 𝑒𝑒𝑒𝑒 …………………………...………...…… (2) 

For the Mo9S8Te10/Gr nanocomposite structure, the binding electronic energy values range 

from -0.292 eV to 0.565 eV, and the binding free energy values range from the -0.052 eV 

to 0.805 eV (Fig. 4 and Table S5, respectively). The exposed Mo corner site exhibits the 

most thermoneutral free energy change (-0.052 eV), i.e. the lowest absolute value of 

binding free energy (|ΔGBinding|). Thus, the Mo corner is the most optimal catalytic active 

binding site for hydrogen evolution according to the Sabatier Principle for this 

nanocomposite structure. 

 

Table 5.2: Theoretically calculated binding energies (ΔEbinding and ΔGbinding) of hydrogen 

atoms on a number of adsorption sites of Mo9S8Te10/Gr composite.  

 Binding sites ΔEbinding (eV) ΔGbinding (eV) 

1 Chalcogen Edge (Vicinal) 0.357 0.597 

2 Mo Corner -0.293 -0.053 

3 Mo and Chalcogen Edge (Ch=Te) 0.565 0.805 

4 Mo and Chalcogen Edge (Ch=S) 0.175 0.415 

5 Chalcogen Top (Ch=Te & S) 0.614 0.854 

6 Chalcogen Top (Ch=S) 0.385 0.625 

7 Chalcogen Corner  0.003 0.243 
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Table 5.3: Theoretically calculated binding energies (ΔEbinding and ΔGbinding) of hydrogen 

atoms on various Mo based binding sites of Mo9S6Te7/Gr composite.  

 Binding sites ΔEbinding (eV) ΔGbinding (eV) 

1 Mo Corner -0.286 -0.046 

2 Mo Edge 1 0.169 0.409 

3 Mo Edge 2 -1.153 -0.913 

4 Mo Corner and Mo Edge -0.065 0.175 

5 Mo Corner (tail side) -0.164 0.076 

 

 

 

Table 5.4: Theoretically calculated binding energies (ΔEbinding and ΔGbinding) of hydrogen 

atoms on various Mo based binding sites of Mo9S4Te5/Gr (Type-1) composite.  

 Binding sites ΔEbinding (eV) ΔGbinding (eV) 

1 Mo Corner -1.005 -0.765 

2 Mo Corner and Mo Edge 1 -0.191 0.048 

3 Mo Corner and Mo Edge 2 -0.992 -0.752 

4 Mo Tail Corner and Mo Edge -0.203 0.036 
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Table 5.5. Theoretically calculated binding energies (ΔEbinding and ΔGbinding) of hydrogen 

atoms on various Mo based binding sites of Mo9S4Te5/Gr (Type-2; chalcogen atoms on 

top) composite.  

 Binding sites ΔEbinding (eV) ΔGbinding (eV) 

1 Mo Corner -0.715 -0.475 

2 Mo Corner and Mo Edge 1 -0.283 -0.043 

3 Mo Corner and Mo Edge 2 -0.845 -0.605 

 

 

 

Figure 5.1: Calculated free energy of binding (ΔG: denoted with red circles) and binding 

electronic energy (ΔE: denoted with black squares) values at different binding sites of the 

Mo9S8Te10/Gr nanocomposite structure. The binding site indexing is as follows: (1) 

Chalcogen edge, (2) Mo corner, (3) Mo edge-Te edge, (4) Mo edge-S edge, (5) Chalcogen 

top (S & Te), (6) Chalcogen top (only S), and (7) Chalcogen corner. 
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Based on the results of the Mo9S8Te10/Gr nanocomposite structure, an additional 

Mo9S6Te7/Gr nanocomposite structure was constructed with more exposed Mo corner sites 

by systematically removing chalcogen atoms from the Mo9S8Te10 nanoparticle. For this 

nanocomposite, only Mo-based binding sites are considered for the calculation based on 

learnings from the previous structure of stoichiometric ratio. The resultant binding 

electronic energy values range from -1.153 eV to 0.169 eV, and the range of binding free 

energy values is from -0.046 eV to 0.409 eV (Fig. 5.2 and Table 5.3, respectively). For the 

Mo9S6Te7/Gr structure, three adsorption sites are found that have near zero binding free 

energy values (ΔGBinding ≈ 0): (i) the exposed Mo corner, (ii) the exposed tail-side Mo 

corner, and (iii) the bridge site between a Mo corner atom and a Mo edge atom. 

 

Figure 5.2: Calculated free energy of binding (ΔG: denoted with red circles) and binding 

electronic energy (ΔE: denoted with black squares) values at different binding sites of 

Mo9S6Te7/Gr nanocomposite structure. The binding site indexing is as follows: (1) Mo 

corner, (2) Mo edge 1, (3) Mo edge 2, (4) Mo corner-Mo edge, and (5) tail-side Mo corner. 
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In case of the two types of Mo9S4Te5/Gr nanocomposite structures, which were constructed 

to closely resemble the atomic ratio (Mo: S: Te = 1: 0.46: 0.58 ≈ 9: 4: 5) of the 

experimentally determined best system (Figures 5.3), only Mo-based hydrogen binding 

sites are considered based on learnings from the previous structure of stoichiometric ratio. 

In both types of these metal-rich nanocomposites, a number of thermoneutral hydrogen 

binding energy values have been observed. In the Type-1 Mo9S4Te5/Gr nanocomposite 

structure, two optimal binding sites are found, and both of these sites are comprised of the 

Mo corner (Figure 5.3). In the Type-2 Mo9S4Te5/Gr nanocomposite structure with all 

chalcogen atoms on the upper layer, the number of available binding sites with primarily 

Mo atoms is very limited. Yet, as displayed in Figure 5.3 and Tables 5.5, one site comprised 

of a partial Mo corner does show a binding free energy value in close proximity to zero. 

 

Figure 5.3: Calculated free energy of binding (ΔG: denoted with red circles) and binding 

electronic energy (ΔE: denoted with black squares) values at different binding sites for 

both types of Mo9S4Te5/Gr nanocomposite (Type-1 and Type-2) structures. The binding 

site indexing is as follow; for Type-1 (purple boxes): (1) Mo corner, (2) Mo corner-Mo 
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edge 1, (3) Mo corner-Mo edge 2, (4) tail-side Mo corner-Mo edge, and for Type-2 (green 

boxes): (5) Mo corner, (6) Mo corner-Mo edge 1, and (7) Mo corner-Mo edge 2. 

 

Conventionally, the binding free energies for high-performing catalytically active sites are 

within the range of -0.2 eV and 0.2 eV. Each of the composite systems which have been 

considered in this computational investigation possess binding sites within this range. 

Notably, the two Mo-rich systems (Mo9S6Te7/Gr and Mo9S4Te5/Gr) have multiple 

catalytically active binding sites according to the Sabatier’s principle (Figure 5.6) as 

compared to the composite system comprised of a nanoparticle of stoichiometric ratio of 

metal to chalcogen atoms. 

As seen in Figure 5.2, for instance, there are significant differences among the binding free 

energies of similar binding sites (e.g., ΔGBinding of Mo edge 1 and Mo edge 2 sites in 

Mo9S6Te7/Gr) due to the asymmetric nature of binary active sites where Mo atoms may 

have different configurations of chalcogen neighbors. An important implication of these 

binary active sites is the existence of synergy between a binding site and its nearest 

neighboring atoms due to both steric and electronic effects. 

 

Besides the computational studies, experimental investigations of electrocatalytic HER 

activities of six samples molybdenum sulfotelluride (MST) were carried out by Dr. Shatila 

Sarwar under the supervision of Professor Xinyu Zhang. Experimental studies were done 

with linear sweep voltammograms (LSVs) in an acidic electrolyte of 0.5 M H2SO4. The iR 

corrected−LSVs are shown in Figure, where MST-2 displays the best catalytic behavior 

with the smallest overpotential (η) of 62.2 mV vs. RHE to reach the cathodic current density 
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of 10 mA cm−2. As displayed in Figure, the order of HER activity based on η is MST-2 > 

MST-1 > MST-5 > MST-6 > MST-3 > MST-4. It clearly indicates, the ratio of 

molybdenum sulfide to molybdenum telluride is crucial to the catalytic ability and it is 

found that too much of sulfur does not favor the hydrogen evolution (for MST-3 and MST-

6,  Figure 5.4b). On the other side, the best results are found from the samples containing 

almost equal ratio of S and Te (MST-2, MST-5) or sample with a little high amount of Te 

(MST-1). Among these samples, MST-1 may have contained some unreacted Te-powder, 

and the physical mixture of MST-5 may not have a fully interconnected network in crystal 

structure, which limit their catalytic performances. Besides, MST-4 contains a very small 

amount of active catalyst comparing to the high amount of graphene present in the sample, 

thus does not show good HER activity. Consequently, MST-2 exhibits the best 

combination of molybdenum sulfide and molybdenum telluride ratio on graphene network 

and is further studied for electrocatalytic behaviors, which is renamed as ‘MoS0.46Te0.58/Gr’ 

based on the XPS elemental results. The HER activity of MoS0.46Te0.58/Gr nanocomposite 

was compared with bare GCE, graphene, MoS2/Gr, MoTe2/Gr, and 10 wt.% Pt/C catalyst 

samples based on LSV curves (Figure 5.4). The observed overpotentials (η) for these 

samples are displayed in Figure 5.4 and it clearly indicates that MoS0.46Te0.58/Gr catalyst 

emerges with a smaller overpotential than those of MoS2/Gr and MoTe2/Gr samples. The 

η of MoS0.46Te0.58/Gr is around only 62.2 mV at 10 mA cm−2, and the cathodic current 

density rises promptly with an increase in η. In comparison, both MoS2/Gr and MoTe2/Gr 

exhibit higher overpotential, approximately 197.2 and 167.1 mV, respectively. In contrast, 

bare GCE and graphene does not show any catalytic activity. Furthermore, the Tafel 

diagrams were derived from LSVs by fitting the linear sections to the Tafel equation (η = 
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a + b log i), where η is overpotential, a is a constant, b is the Tafel slope and i represents 

the cathodic current density.187 Tafel slope can reveal the rate determining step (RDS) 

during hydrogen generation. As a result of applying sufficient potential at specific reaction 

condition, the HER takes place through an adsorption step (Volmer, 𝐻𝐻+ +  𝑒𝑒− → 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎, 

120 mV dec−1), following by a reduction step (Heyrovsky, 𝐻𝐻+ + 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑒𝑒− → 𝐻𝐻2, 40 mV 

dec−1 or Tafel, 2𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 → 𝐻𝐻2, 30 mV dec−1).187 Tafel step is the fastest reaction in HER, 

therefore it is noticeable that the smaller Tafel slope favors HER activities. From the 

present results shown in Figure 5.4, MoS0.46Te0.58/Gr exhibits a Tafel slope of 61.1 mV 

dec−1, which combines both outcomes from MoS2/Gr (54.2 mV dec−1) and MoTe2/Gr (99.4 

mV dec−1). Moreover, it suggests that the Volmer–Heyrovsky reaction mechanism 

dominates in the HER process of MoS0.46Te0.58/Gr. In addition, the exchange current 

densities (i0) are also measured following the Tafel slope extrapolation method,187 and all 

the key parameters of HER performance are displayed in Table 5.6. The kinetics of 

hydrogen evolution process was further investigated by electrochemical impedance 

spectroscopy (EIS) measurements. Figure 5.4 represents the Nyquist plots of bare GCE, 

graphene, MoS2/Gr, MoTe2/Gr and MoS0.46Te0.58/Gr at a given overpotential of 150 mV, 

and corresponding Rs and Rct values are displayed in Table 5.6, based on the Z-fitting 

obtained from EC-Lab software. Here, a small internal resistance (Rs) of 0.516 Ω cm2 for 

MoS0.46Te0.58/Gr indicates that the intrinsic resistance of electrode material and ionic 

resistance of electrolyte is much low for the hybrid MoS0.46Te0.58/Gr system. In the 

high−frequency zone, it exhibits one capacitive semicircle, indicating that the reaction is 

kinetically controlled. This semicircle represents the charge transfer process at the interface 

between the electrolyte and the catalytic electrode, which is composed of the charge 
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transfer resistance (Rct) and the double layer capacitance (Cdl). The lower value of Rct 

represents faster charge transfers in the electrode, resulting rapid reaction in the 

electrocatalytic kinetics. The low−frequency inclined line signifies the Warburg impedance 

(ZW) for the diffusion process of H+ ions through active materials, which is prominently 

shown for only MoS0.46Te0.58/Gr hybrid. As exhibited in Figure 5.4 and Table 5.6, a small 

Rct of 10.294 Ω cm2 can be found for MoS0.46Te0.58/Gr, which indicates a higher 

conductivity and faster electron transfer process, and further explains the higher HER 

activity of MoS0.46Te0.58/Gr catalyst.  

Table 5.6:  The major HER parameters of all catalyst sample measured with LSV 

Samples Overpotential 

(mV vs. RHE) 

Tafel 

slope 

(mV 

dec−1) 

Exchange 

current 

density, i0 

(A cm-2) × 

10−3 

Normalized 

solution 

resistance, Rs 

(Ohm cm2) 

Normalized 

charge 

transfer 

resistance, Rct 

(Ohm cm2) 

Bare GCE > 400 - - 1.102 79.474 

Graphene > 350 - - 1.061 71.145 

MoS2/Gr 197.2 54.2 0.075 0.601 57.373 

MoTe2/Gr 167.1 99.4 0.194 0.672 34.692 

MoS0.46Te0.58/Gr 62.2 61.1 0.694 0.516 10.294 

10 wt.% Pt/C 47.7 32.1 1.882 0.488 7.876 
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Figure 5.4: (a) LSVs at a scan rate of 2 mV s−1 for samples MST-1 to MST-6. (b) 

Corresponding overpotentials to reach the current density of 10 mA cm−2. (c) LSVs of bare 

GCE, graphene, MoS2/Gr, MoTe2/Gr, MoS0.46Te0.58/Gr and Pt/C catalysts at a scan rate of 

2 mV s−1. (d) Corresponding overpotentials at the cathodic current density of 10 mA cm−2. 

(e) Tafel slopes and (f) Nyquist plots of catalyst samples. 

Finally, a continuous cycling test was carried out for 5000 cycles at a scan rate of 50 mV 

s−1 to determine the long-term durability of MoS0.46Te0.58/Gr catalyst. Their polarization 

curves are displayed in Figure 5.5a within a potential range of 0 to −0.25 V vs. RHE. The 

polarization curves show slight changes after 5000 cycles, resulting an overpotential (η) 

shift of only 10 mV at high current density of −200 mA cm−2. Additionally, a 

chronoamperometric curve was obtained at the η of 150 mV, which is presented in Figure 

5.5b. This constant potential test exhibits almost no degradation in the cathodic current 
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density (around −45 mA cm−2) for over 90 h of electrolysis. It suggests the remarkable 

stability of MoS0.46Te0.58/Gr during the HER process, which can well be attributed to 

compositional and structural stability of MoS0.46Te0.58/Gr heterostructure supported by 

graphene network. Moreover, the electrochemical double-layer capacitance (Cdl) was 

measured to evaluate the electrochemically active surface area (ECSA) of MoS0.46Te0.58/Gr 

hybrid. The ECSA value is supposed to be linearly proportional to the value of Cdl, which 

can be derived by CV measurements.236 Figure 5.5c and 5.5e exhibit the non-faradaic CV 

curves for MoS0.46Te0.58/Gr catalyst before and after the cycling stability tests for 5000 

cycles, respectively. As shown in Figure 5.5d, the variation of average capacitive currents, 

1
2

( ia−ic) are displayed with respect to the scan rate for MoS2/Gr, MoTe2/Gr and 

MoS0.46Te0.58/Gr catalyst samples. Additionally, as shown in Figure 5.5f, Cdl of 

MoS0.46Te0.58/Gr increases almost four times, resulting the value of 70.52 mF cm−2 after 

5000 cycles of HER test. This phenomenon indicates an improvement in active sites of the 

material due to the H2 bubbling from catalyst surface, creating more defects in nanosheets. 

The elemental and structural analyses of MoS0.46Te0.58/Gr were further examined after 

stability test, where the results clearly show insignificant degradation of active material 

after 5000 cycles. The atomic ratio retains almost similar as initial and MoS0.46Te0.58 

nanosheets remain uniformly embedded in graphene network.  
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Figure 5.5: (a) Cycling stability of MoS0.46Te0.58/Gr at a scan rate of 50 mV s−1 (LSV curves 

from 1 to 5000 cycles are displayed). (b) Chronoamperometric curve during the electrolysis 

over 90 hours at a constant overpotential of 150 mV. (c) CVs of MoS0.46Te0.58/Gr in a non-

faradaic potential window before 5000 cycles. (d) Measured EDLCs for MoS2/Gr, 

MoTe2/Gr and MoS0.46Te0.58/Gr. (e) CVs of MoS0.46Te0.58/Gr in a non-faradaic potential 

window after 5000 cycles. (f) Measured EDLCs for MoS0.46Te0.58/Gr before and after 5000 

cycles. 

The above results unambiguously reveal that the MoS0.46Te0.58/Gr nanocomposite acquires 

improved HER activity in comparison to either MoS2/Gr or MoTe2/Gr. The superior HER 

performance can be considered from the combination of molybdenum sulfide and 

molybdenum telluride presents a synergistic effect on graphene network, assembling the 

intrinsic properties of the two components. Therefore, more active sites have been exposed 

due to the surface defects and shorten the electron transfer pathways. Additionally, the 
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stable connection between MoS0.46Te0.58/Gr nanostructure and graphene can further 

remarkedly accelerate the electron transfer ability, favoring the much enhanced HER 

performance and stability for long-term tests. From this study, it has also been 

demonstrated that Mo-rich nanocomposites with the slight increase in Te fraction (or 

conversely reduction of S) in the hybrid nanostructure is associated with better catalytic 

performances.  

Moreover, using the experimentally measured current density (i0) along with the 

theoretically determined ΔGbinding value of the best performing nanocomposite, the relative 

position of this nanocomposite in the volcano plot (Figure 5.7) is found very close to the 

apex, approaching the high-performing noble metals Pt and Pd. 

 

Figure 5.6: Free energy diagram for effective hydrogen atom binding at equilibrium (η = 0 

V). Values of the binding free energy of Pt and Pd are taken from literature.  



135 
 

 

Figure 5.7: Volcano plot of experimentally measured current density (i0) vs. DFT 

calculated Gibbs free energy of hydrogen binding (ΔGbinding). With the exception of the 

MoS0.46Te0.58/Gr system, all presented data values are from literature sources.110,145,146 The 

computationally derived ΔGbinding value for the MoS0.46Te0.58/Gr composite is from the 

Mo9S4Te5/Gr system with the most similar empirical formula. 

 

5.4. Conclusion 
 

In summary, various samples with different precursor ratios were explored and their 

electrocatalytic HER activities were examined in acidic medium. It is evidenced that the 

HER catalytic activity is noticeably modified with the ratio of Mo, S and Te elements. The 

best result was found from the MoS0.46Te0.58/Gr nanocomposite consisting slightly more 

Te than S atom and higher amount of Mo than the stoichiometry, which shows a small 

overpotential of only 62.2 mV to reach the cathodic current density of 10 mA cm−2, a small 

Tafel slope of 61.1 mV dec−1, high TOF of 0.53 s−1 at an overpotential of 150 mV and 
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negligible degradation of activity from long−term stability tests. This excellent 

electrocatalytic behavior is derived from the coexistence of S and Te atoms which reduces 

the apparent activation energy by creating more active sites in defect−rich catalyst surface, 

accelerating both ion and electron transfer and the presence of graphene improves the 

electrical conductivity. In addition, the computational results clearly provide microscopic 

insight by way of effective hydrogen binding free energy values into the experimental 

catalytic performance for HER. Here, it has been deduced that the most active sites for 

catalysis of the molybdenum sulfotelluride/graphene nanocomposite are primarily 

comprised of exposed Mo atoms. This combined computational and experimental study 

shows the very high potential for the metal-rich molybdenum sulfotelluride nano-

electrocatalyst with graphene support for hydrogen generation through water electrolysis. 

Moreover, in basis of the proposed microwave−assisted synthesis method, other hybrid 

metal chalcogenides can also be prepared in large−scale with low cost, high efficiency, and 

stability, which will boost the practical applications of metal chalcogenide−based 

heterostructures as high−performance HER electrocatalysts. 
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6. Future Research and Conclusion 
 

 

6.1. Future Direction for the Study of Serine Protease 
 

Serine proteases are classified based on their substrate specificity: trypsin-like, 

chymotrypsin-like, thrombin-like, elastase-like, and subtilisin-like. In this study, 

investigation of the reaction pathway analysis of serine protease has carried out with 

chymotrypsin enzyme. To have a more robust conclusion about the reaction mechanism of 

the serine proteases, same pathway analysis should be carried out with other enzyme 

representing different serine protease classes. 

 

Besides carrying out reaction energetics calculation with atomistic modeling, experimental 

collaborations will be needed to test and confirm the hypothesis posited in this 

computational studies. A power full experimental method to test the reaction mechanism 

hypothesis is the isotope effect on enzyme catalysis. Replacing the one targeted specific 

hydrogen in the active site with deuterium, may alter the Michaelis-Menten parameters for 

that enzyme. Then carrying out the computational analysis of the enzyme with deuterium 

will provide the unbiased hypothesis test about the competing reaction mechanism. This 

should be an important direction for the future study. 

 

The QM-cluster investigation, cannot provide the effect of pH and temperature on enzyme 

catalysis, which requires the study of full enzyme. QM/MM study can be very helpful for 
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this purposes. To find the ionization states of various residues while titrating the enzyme 

at various pH point with the help of various computational method (e.g. Tanford-Roxby, 

Monte Carlo proton transfer, Sham-Warshel method etc.).237–239  

 

Very recently machine learning and artificial intelligence (AI) predicted modifications of 

a hydrolases have demonstrated significant advancement in efficiency and applicability.240 

Similar approach should be applied to rationally design a more efficient, industry friendly, 

and use-specific serine proteases.241 Using existing databases for serine proteases and 

combining the insights gathered from atomistic modeling, machine learning can open a 

new window for potential improvements in the field of enzyme engineering. 

 

6.2. Future Direction for the Study of HER with Transition Metal Chalcogenides 
with graphene nanocomposite 
 

As mentioned in this document previously, according to the literature, there are 

disagreements about the decisive step of HER. According to the slow discharge theory the 

electrochemical adsorption step (Volmer reaction) is the decisive step. Electrochemical 

desorption theory insists that the electrochemical desorption step (Heyrovsky reaction) is 

the decisive one, whereas the blending theory, the rate determining step is the complex 

desorption step (Heyrovsky-Tafel reaction).242 A full kinetic study with activation energy 

determination may help to settle the debate and elucidates more possible way to improving 

catalytic ability. The major hurdle for kinetic investigation, is to determining the activation 

which has to allow the removal of charge from the studied systems, which requires 
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modification of typical DFT codes.190 Until recently these codes were not open, but since 

2018 Solvated Jellium (SJ) method implemented in the GPAW package is allows for the 

addition/subtraction of electrons (or fractions thereof) to/from the unit cell in order to keep 

the electrode potential at a target value.243–246 With the help of this or similar tools, along 

the determination of the decisive steps can be determined, the debate about the volcano 

plot may also be settled. Besides carrying out computational kinetic investigation, binding 

thermodynamics for hydrogen adsorption similar to this study in different active sites for 

other transition metal instead of molybdenum chalcogenides and their hybrid variations 

should be done for potential electrocatalyst screening. As a choice of conductive support, 

in place of graphene or reduced graphene oxide, nitrogen-doped graphene can be a highly 

potential arena for investigation. 

 

Another potential future prospect is to apply data analysis and machine learning to HER 

catalyst screening.247–249 Combining data points from atomistic modeling with machine 

learning is currently a highly active field of research.250–252 Using various computational 

and experimental descriptors of all studied HER catalysts, machine learning tools may 

predict cathodic catalysts with high potential.253–255 
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