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Abstract 
 

In this thesis, computer-aided catalysts design for nitrogen reduction reaction (NRR) has been 

presented. NRR is an essential process for the nitrogen-to-ammonia conversion, a critical 

process for modern chemistry and agriculture. Current expectation is to turn industry Haber-

Bosch process to a green alternative, like ammonia production at room temperature without 

carbon footprints. The key is to develop high performance catalysts. 

Novel catalysts for electrochemical synthesis has been targeted by this project. Specifically, 

three types of catalysts have been explored computationally, including graphene-based metal 

free catalysts, two-dimensional nanosheets (MoN2, FeBx, Mo2C) and single-Mo catalysts. As 

demonstrated by the calculations under the scheme of density functional theory, a series of 

promising candidates, including lowly coordinated carbon, nitrogen vacancies, 

hypercoordinated iron in FeB6 nanosheets and Mo mediated by boron and carbon ligands, have 

been identified. These structures offer a performance similar or even better than flat Ru(0001), 

which has been viewed as one of the best catalysts for electrochemical NRR.   

Through advanced analysis of these individual catalysts, it is found that these catalysts often 

present lowly coordinated active centre, which is helpful to break the linear constraint 

relationship between intermediate states. Moreover, active centres can be effectively mediated 

by defects, local coordination, dopants and ligands. Theoretical calculations can provide strong 

support for such efforts through screening the adsorption energy of single nitrogen and 

hydrogen to predict NRR thermodynamics and selectivity. Such strategy has been employed 

for the design of single-atom catalysts in this project.    

Although kinetics prediction is still difficult due to the theoretical difficulties, these efforts 

from this PhD project provide promising candidates for experimental studies, together with 

insights on the reaction mechanism and advanced knowledge regarding the rational design of 

NRR catalysts. This paves the way to green ammonia production. 
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Chapter 1 Introduction and Literature Review 

 

1.1 Introduction 

With the development of high performance computational (HPC) clusters, computers have 

become a powerful tool for new materials development. The most recent benchmark is the 

success reported by P. Raccuglia et al. that novel organic-inorganic materials have been 

designed through machine-learning from failed experiments [1]. Different from lab-based tests, 

computer-aided materials design can be performed based on computational calculations, in 

which new materials can be evaluated prior to the material synthesis [2]. The key merit is that 

thousands of candidates can be computationally tested through parallel calculations, which not 

only saves the time and money, but also advances the knowledge because ‘unsuccessful’ 

candidates will be thoroughly examined against the criteria to obtain fundamental insights. 

This PhD program is a computational project, with most of the research activities being 

performed by first principle calculation, focusing on the development of advanced catalysts for 

NRR, which is the basis for ammonia synthesis. As one of the key industry reactions, various 

approaches have been developed for the large-scaled production of ammonia, among which the 

Haber−Bosch process is the most successful one. However, it is operated at high temperature 

400-5000 C and high pressure 15-25 MPa, consuming around 2% of global energy; more 

importantly, such huge energy consumption is not necessarily required based on the reaction 

thermodynamics as the real challenge comes from the kinetics, more specifically due to the 

activation of nitrogen. 

In chemistry, the role of catalysts is to speed up reaction through reducing the reaction barrier 

and improving the kinetics, which is exactly demanded for ammonia synthesis. To reduce the 

energy consumption and carbon emission associated with ammonia industry, it is ideal to 

produce ammonia at mild condition. This is possible, and actually is the way how nature 

produces ammonia: root nodule bacteria synthesize ammonia from air and water at room 

temperature and normal pressure. Different from bacteria, industry production needs high 

efficiency and reasonable cycle, achieving the production capacity of millions tons each year. 

The key is catalysts.  
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1.2 Literature Review 

1.2.1 Ammonia Synthesis 

Ammonia (NH3) is one of the key industry chemicals, which has been widely used for the 

production of fertilizers and plays a key role for modern agriculture [3, 4]. Currently, the 

industry production is based on the Haber-Bosch process [5],  

             N2 + 3 H2  2NH3              ΔH0= -91.8 kJ, ΔG0= -32.8 kJ                    (1) 

in which nitrogen (N2) and hydrogen (H2) are dissociated as N- and H-adatoms over catalysts, 

namely dissociative mechanism, as described by the following elementary reactions [6]: 

              N2 (g) + * → N2*                                                                                     (2) 

              N2* → 2N*                                                                                               (3) 

              H2 (g) + * → *H2                                                                                                                                (4) 

              H2*→ 2H*                                                                                                (5) 

              N* +3H* → NH3*                                                                                    (6) 

              NH3* → NH3(g) + *                                                                                 (7) 

Typically, the reaction is conducted at 15-25 MPa and between 400-500 °C. As indicated by 

the thermodynamics, the reaction is an exothermic reaction, and can happen, in theory,  

spontaneously; however, ammonia synthesis is an energy-extensive process, which accounts 

for around 2% of the global energy consumption [7]. The challenge is the kinetics: nitrogen 

molecules are extremely stable due to the triple bond between two nitrogen atoms, with a bond 

strength of 941 kJ/mol; as a result, the free energy change for Reaction (3) is very high [8]. To 

date, it remains a challenge to develop effective catalysts for nitrogen dissociation. Given the 

overall reaction is exothermic, high performance catalysts should be capable to adsorb 

nitrogens and promote their dissociation, ideally at room temperature. After extensive effort 

over half century, iron-based catalysts have been identified as an promising catalyst due to its 

low cost and effectiveness. The main issue for Fe-catalyst is the optimal working temperature, 

which is around 500 °C. To achieve the ammonia synthesis at room temperature, 

electrochemical approaches have been proposed.  
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1.2.2 Electrochemical Synthesis of Ammonia 

Different from the Haber-Bosch process, hydrogen is provided in electrochemical synthesis 

through the pair of proton (H+) and electron (e-), described as, 

           N2 + 6(H+ + e-)  2NH3                                                                     (8) 

Compared with Haber-Bosch process, it has two key advantages: (i) Theoretically, the reaction 

can be performed under room temperature with an applied external potential, which can save 

large amount of energy by removing unnecessary high temperature of Haber-Bosch process; 

and (ii) Such reaction can be carried out using small-scale electrochemical devices at ambient 

conditions, without building large chemical plants. As such, the reaction can be driven using 

electricity, which can be generated by small solar- or wind-powered devices. This is of great 

values because many farms, which are often far away from the fertilizer plants, can get fertilizer 

from local small devices without the cost associated with the shipping and storage of fertilizer. 

Theoretically, several elementary steps are involved for Reaction (8), as schematically shown 

in Figure 1 [9]. In the scheme, several potential reaction paths are proposed and need to be 

determined based on the energy profiles. The key challenge is the development of the catalyst 

which can adsorb and reduce nitrogen. Compared with the dissociative mechanism involved in 

Haber-Bosch process, electrochemical reduction of nitrogen starts with the associative 

adsorption of nitrogen to the catalysts, which is often referred as associative mechanism. It is 

worth to mention that this is how the nature produces ammonia from nitrogen using nitrogenase 

enzymes at ambient conditions, as observed in nodule bacteria. 

 

Figure 1 Schematic reaction paths for NRR. Reprinted with permission from [9]. Black dots 

indicate radicals. 
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1.2.3 NRR Catalysts 

For nodule bacteria, nitrogen reduction is conducted at room temperature, without large amount 

of electricity supply, providing a vivid example to learn from the nature. ‘Learning from the 

Nature’ is the key philosophy of this PhD program. Based on this philosophy, the systems listed 

in the project objectives (POs) are proposed; nitrogenases are actually a [FeMo]-based catalyst 

[10], as shown in Figure 2. It is composed of Fe-protein and MoFe protein, containing three 

Metal-cores as the reactive centre, namely, F-cluster, P-cluster and M-cluster. Currently, it is 

widely accepted that the NRR actually occurs over the M-cluster, more specifically on Fe-

centre [11-14].  

 

Figure 2 Schematic structure of metal cores (F, P, M) contained in nitrogenase enzymes.  

 

Examining the M-cluster, it is found that Fe, S, C, and Mo are involved, with organic ligands 

connected to the two oxygen atoms bonded to Mo, as shown in Figure 2. Interestingly, current 

industry catalyst for Haber-Bosch process is also based on iron compounds [15]. Bio-inspired 

molecular catalysts are very attractive and have been studied extensively, in most cases the 

catalytic centre is low-coordinated Fe-atoms in multinuclear iron complexes [16-18]. For 

instance, iron nitride has been employed [16], in which nitrogen is firstly introduced to bond 

with iron to form nitride and then react with the proton and electron pair. Another example is 
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iron-potassium complex, as shown in Figure 3 [18]. Although these molecular catalysts are 

structurally close to enzymes, their conductivity is often low, a big issue for electrochemical 

reactions; moreover, nitrogen is often directly introduced to the complex, and it is often a 

challenge to get stable complex with a low cost. 

 

Figure 3: An example of iron-potassium complex as molecular catalysts for NRR. Nitrogen is 

stabilized by iron and potassium. Reprinted with permission from [18]. 

Inorganic catalysts, especially metals, are widely employed as electrode in electrochemical 

devices; it has been extensively studied, including Au, Ag, Ru, Re, V, Co, Ir, Ni, etc [19-29]. 

After the efforts over one century, several systems have been identified as high performance 

NRR catalysts, such as Ag-Pd, Ni, Cu, etc, as summarized in a recent review [27]. So far, the 

reaction rates and faradaic efficiencies are achieved as high as 3.3 × 10−8 mol s−1 cm−2 [28] and 

90.4% [29]. Currently, the operation temperature is typically in the range of 200-500 °C [27], 

underlining the need to develop better catalysts to operate at room temperature. 

During the development of nitrogen reduction reaction (NRR) catalysts, theoretical 

calculations have been proved to be an effective approach to understand the mechanism and 

predict new catalysts [30-32]. The typical way is to calculate the free energy profiles to 

establish the reaction routes with detailed thermodynamics information, serving as an indicator 

of the thermodynamic overpotential – a way to define how energy efficient the catalyst is. An 

example is shown in Figure 4 in which the free energy changes associated with the elementary 

steps are shown [32]. Clearly, Ru(211) and Re(111) are better NRR catalysts than Au(211) and 

V(110). Such calculations computationally compared different catalysts at the same level 

without the synthesis of such materials. 
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Ideally, new catalysts are still expected to deliver high performance without using expensive 

metals. At the same time, it is also important to avoid the side reactions to achieve higher 

efficiency. Given hydrogen evolution reaction (HER), H+ + e-  1/2H2, can happen readily 

over most of these metals, protons may be consumed completely by HER rather than NRR. It 

is thus critical to compare HER and. As shown in Figure 5, the overpotentials for HER and 

NRR have been calculated and plotted in one figure for comparison [32], showing that HER is 

always easier than NRR for those metals – that is a key limitation for these metals. In reality, 

HER is always the key side reactions which should be seriously considered in catalysts design. 

                    

Figure 4. Free-energy diagram and optimized structures for the intermediate states involved in 

NRR.  Reprinted from [32] with permission. 

      

Figure 5. Calculated overpotentials of HER and NRR over different metals. For NRR, the free 

energy change of N bonding (ΔGN) has been employed as an indicator for NRR, while for HER, 
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ΔGH is often employed. Studied surfaces include (111) and (211). Plots are reprinted from [32] 

with permission. 

 

1.3 Computer-Aided Catalysts Design for NRR 

In recent years, two-dimensional (2D) materials are emerging as active catalysts, such as 

graphene, MoS2, etc [33-35]. Different from traditional metal catalysts, 2D catalysts offer 

ultrahigh surface areas and high stability in the solution. Moreover, a lot of 2D materials have 

excellent conductivity, ideal for electrochemical reactions. This PhD program with a focus on 

2D catalysts will thus explore several 2D materials as NRR catalysts. 

Given computational modelling and calculations will be the key approach for this program, 

current progress on computer-aided catalysts design for NRR has been systematically reviewed 

and collected in Table 1. Specifically, these computational designs focus on two categories of 

catalysts, including bulk materials [36-60] and single-atom catalysts (SACs) [61-94], as listed 

in Table 1 and Table 2, respectively. Through studying these reports, computational approaches 

and key principles for catalysts design can be established, as introduced below. 

1.3.1 Current Calculation Protocols 

NRR is a typical multiple step reaction and the products of former step is the reactants for 

following ones; as a result, these intermediate states are not independent. Therefore, catalysts 

have to be optimized to suit all steps to achieve optimum performance. For this purpose, it is 

critical to calculate the free energy change ΔG for each elementary steps, being listed as ΔGi, 

with i indicating the number of elementary reaction. The overall thermodynamics has been 

strongly determined by the maximum, ΔGmax=max{ΔGi}, which shows the thermodynamics 

barrier (minimum energy input) to drive these full NRR. The step associated with ΔGmax can 

be identified as the rate-determining step (RDS). Such barrier and RDS information has been 

collected for bulk catalysts and SACs in Table 1 and Table 2.   

 It is also noted that current calculations are overwhelmingly performed based on standard 

density functional theory, using Perdew-Burke-Ernzerhof (PBE) or revised PBE (RPBE) in 

most cases. In terms of calculation performance, PBE and RPBE show a notable difference. 

Using experimental data, the standard free energy change for gas-phase N2 + 3H2  2NH3 is -

0.34 eV, while PBE and RPBE calculations lead to ~ -0.7 eV and ~-0.4 eV based on my tests. 

In other words, both DFT functionals have the risk to slightly overestimate the performance, 
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and RPBE seems to be more reliable, being consistent with the recommendation in the literature 

[92]. 

While reaction kinetics is critical, but for electrochemical reactions, the searching of 

transitional states (TS) is even more challenging. The first search is the treatment of separated 

protons and electrons, which are the reactants for NRR steps. To run TS searching, they have 

to be coupled as ‘reactant state’, shown as H*, assuming that the kinetic barrier does not coming 

from the proton-electron coupling, but from following steps. While this assumption has not 

been clarified yet, TS can be determined using H* as the starting state together with a 

compensate scheme [93]. Another key challenge is the treatment of interfacial field associated 

with electrocatalysis. As electrons are pumped to the electrode to react with protons and 

nitrogen, it may generate an electric field over the electrolyte/catalyst interface and affect the 

reaction kinetics. Such field is dynamically changing and can hardly be properly described by 

standard DFT. Due to these challenges, current computational design focuses on the 

thermodynamics calculations.     

1.3.2 Current Rational Designs 

As listed in Tables 1 and 2, current designs focus on bulk catalyst and SACs, with the later 

emerged as the dominant one. For the former, carbides and nitrides are widely studied, together 

with a couple of studies for oxides, borides and phosphides, in part, due to their high 

conductivity, that is essential for high performance electrocatalysts. So far, CoN, predicted by 

RPBE, has been best among the listed candidates, with a thermodynamics barrier of 0.23 eV, 

following by RuN (0.40 eV). Mo is very popular in the design of NRR catalysts due to its 

strong capacity to adsorb N2, but Mo-N interaction is too strong and needs additional mediation. 

Iron (Fe) has been studied widely in the experiments, but the investigation of Fe-based bulk 

catalysts is very limited, due to the nature of Fe-N bonding. With respect to Mo, Fe-N bonding 

is weak, and once forming compounds, Fe is highly coordinated and Fe-N becomes too weak 

to activate N2. Therefore, Fe with low coordination number is more suitable for NRR, like Fe-

based SAC.      

For SACs, the following elements have been studied widely, including Fe, Mo, B, W, Au, Ti, 

Al, N, V, Ni and Ru, as listed in Table 2. Among these designs, Ru and B show the best 

performance, with thermodynamic barriers as 0.42 eV (Ru/Boron sheet) and 0.31 eV 

(B/Graphene). For low-cost metals, Fe and Mo are promising, which are also the two metals 

contained in nitrogenases for NRR catalysis. For SACs, an important factor is the substrate, 
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which plays the key role to mediate the reactivity of single-atom active sites. So far, 2D 

materials have been widely employed to host SACs both computationally and experimentally. 

For catalyst design, 2D substrate can be modelled with slabs with small sizes, ideal for 

computational screening. Another merit is the relatively simple geometry of SACs and 

intermediate states on the substrate, providing reliable structure-performance relationship for 

catalyst designs.  

Metal-free catalysts are emerged as a new direction in catalysts design over the last decade 

after its success for oxygen reduction reaction. For NRR, boron is particularly attractive due to 

its electron-deficient nature, which is helpful to accept electrons from nitrogen, performing 

similarly with transition metals. Therefore, both boron nanosheets and single-boron have been 

actively considered in recent years. So far, it seems that B-N2 interaction is weak, but B-N 

bonding is strong; therefore, metal with strong capacity to fix N2 may be an option to combine 

with boron and form dual active centres.   
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Table 1 Current bulk NRR catalysts by computational design. 

 

 

 

 

 

Catalyst Functional Barrier (eV) RDS 

Boron Carbide Sheet36 PBE 0.34 NH3 

Boron Sheet37 PBE 1.30 NH3 

V3C2
38 PBE 0.32 NH3 

Ti3C2 Tx
39 PBE 1.06 NH3 

Phosphorene40  PBE 0.85 N2H* 

La2O3
41 PBE 0.76 N2H* 

MoC6
42 PBE 0.54 N2H* 

MoC43 PBE 0.28 N2H* 

Mo2C44 PBE 1.02 N2H* 

MoS2
45 PBE 0.68 N2H* 

Ti3C2Tx
46 PBE 0.64 N2H* 

Boron Phosphide47 PBE 0.12 NH3
* 

Mo2TiC2
48 PBE 0.26 NH3

* 

MoO3
49 PBE 2.25 N* 

MoO2
50 PBE 0.69 NHNH* 

MoN51 PBE 0.70 NH2
* 

Mo2C52 PBE N.A. NH2
* 

Boron Sheet53 RPBE 0.77 N2
* 

VN54 RPBE 0.51 N2H* 

VN55 RPBE 0.50 N2H* 

CrN56 RPBE 0.68 N2H* 

CoN57 RPBE 0.23 N2H* 

MoS2
58 RPBE 0.64 N2H* 

RuN59 RPBE 0.41 NH3 

TiO2/Ti3C2TX
60 DMol 0.40 N2H2* 
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Table 2 Current single-atom catalysts for NRR by computational design. 

 

 

Catalyst Functional Barrier (eV) RDS 

N/Carbon61 PBE 0.70 NHNH2
* 

Fe@N3/Graphene62 PBE 0.66 N2H* 

Al/Graphene63 PBE 0.94 N2H* 

W@N/Ggraphdiyne64 PBE 0.29 N2H* 

Li-S/MoS2
65 PBE 0.42 N2H* 

Fe/MoS2
66 PBE 1.02 N2H* 

Mo/MoS2
67 PBE 0.53 N2H* 

V/MoP68 PBE 0.69 N2H* 

Mo/N3-doped Graphene69 PBE 0.50 N2H* 

Mo/Ti3C2O2
70 PBE 0.68 N2H* 

V/Boron Sheet71 PBE 0.28 N2H* 

B/Graphene72 PBE 0.43 NH2
* 

W/Graphene73 PBE 0.25 NH2
* 

Mo/N-doped Graphene74 PBE 0.47 NH3 

Fe@N3-doped Graphene75 PBE 2.29 NH3 

Mo/C2N76 PBE 0.17 NH3 

W/C3N4
77 PBE 0.35 NH3  

Fe/Phosphorene78 PBE 2.34 NH3 

Ni/Graphene79 PBE 1.23 N* 

Ti/C3N4
80 PBE 0.51 NH3

*  

B/C3N4
81 PBE 0.20 NH3

*  

B/C2N82 PBE 0.15 NHNH*  

Pt/C3N4
83 PBE 0.24 NHNH* 

B/C2N84 PBE 0.35 NH2NH3
*  

Ru/TiO2
85 PBE 0.21 NH* 

Ti@N4/Graphene86 RPBE 0.69 NH3
* 

B/Graphene87 RPBE 0.31 NH* 

B/C3N4
87 RPBE 0.89 NH3 

Mo/C3N4
88 RPBE 0.82 N2H*  

Ru/Boron Sheet89 RPBE 0.42 N2H* 

Mo/C3N4
88 RPBE 0.82 N2H* 

Mo@BC2/Phosphorene90 RPBE 0.60 N2H* 

Fe/MoN2
91 RPBE 0.47 N2H* 
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1.4 Project Outline 

1.4.1 Project Objectives and Approaches 

Based on the above literature review, this PhD project aims to design high performance 

catalysts for NRR. The central hypothesis is that novel catalysts can be identified from first 

principle calculations. Specifically, the following project objectives (POs) have been proposed: 

PO1: To explore graphene-based metal-free catalysts. It will answer whether carbon can 

catalyse NRR, focusing on the effect of perfect graphene, defects, functional groups and 

dopants on NRR performance.  

PO2: To explore 2D metal based materials (MoN2, FeB6 and Mo2C) as NRR catalysts. 

Three 2D structures have been selected based on: (i) Mo-N, Fe-B and Mo-C bonding networks 

have been demonstrated as stable and highly conductive 2D structures; and (ii) Fe, Mo and B 

are also active for NRR.  

PO3: To explore single-Mo NRR catalysts. Mo is an excellent element to fix N2, but Mo-N 

bonding needs to be mediated. Systematically searching of various ligands (L) combinations 

will be performed in this program to identify an optimum Mo-L system for NRR catalysis.  

PO4: To establish criteria for computer-aided design of NRR catalysts. Based on a series 

of cases studied in PO1-PO3, the basic principles for rational designs of NRR catalysts will be 

examined, towards the establishment of an advanced design strategy.  

To achieve the above POs, concept catalysts will be proposed and examined by DFT-based 

calculations, using the following protocols: 

(i) Computational setting: DFT-based calculations with RPBE functional, as embedded in 

VASP [94-95]. All energies will be corrected with a full consideration of zero-point energy 

and van der Waals interaction under the DFT-D3 scheme [96]. Cutoff energy and k-points will 

be determined based on the supercell sizes and catalyst components. All work will be 

performed using National Computational Infrastructure at Canberra.  

(ii) Catalyst evaluation: Full energy files (ΔGi) for these catalysts will be calculated, using the 

scheme of standard hydrogen electrode [97] to treat the free energy of (H++e-) couple. When 

ΔGmax for NRR is less than 0.60 eV, such catalyst has been recommended as promising 

candidate in terms of thermodynamics. A further investigation of HER will be performed to 

examine the selectivity, with ΔGmax(NRR)<ΔGmax(HER) as the selectivity criteria.   

   



 

13 
 
 

1.4.2 Thesis Structures 

This thesis has seven chapters, being organized as: 

Chapter 1: Introduction 

Chapter 2: Insight into the Reactivity of Carbon Structures for Nitrogen Reduction Reaction; 

Chapter 3: Computational Study of MoN2 Monolayer as Electrochemical Catalysts for 
Nitrogen Reduction;  

Chapter 4: Exploration of iron borides as electrochemical catalysts for nitrogen reduction 
reaction; 

Chapter 5: Impact of H-termination on the nitrogen reduction reaction of molybdenum carbide 
as an electrochemical catalyst; 

Chapter 6: Computational Design of Single-Molybdenum Catalysts for the Nitrogen 

Reduction Reaction; 

Chapter 7: Summaries, Perspective and Future work. 

These chapters are presented based on published journal papers (Chapters 3, 5, 6) or submitted 

manuscripts (Chapters 2, 4). Chapter 2 is to achieve PO1, Chapters 3-5 for PO2, Chapter 6 for 

PO3 and Chapter 7 for PO4.  
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Chapter 2 Graphene-based NRR Catalyst 
 

2.1 Overview  

Graphene, as the most extensively studied 2D material, has been widely employed as catalysts 

and catalyst supports for various electrochemical reactions. This chapter aims to explore its 

catalysis performance for NRR, focusing on three key questions: (i) does graphene work for 

NRR; (ii) if yes, what is the active site; and (iii) how it catalyses NRR.  

In the literature, several groups reported that carbon structures, especially graphene and porous 

carbon, can offer promising performance for NRR, but the origin for such observations has not 

been clarified. Defects, dopants and functional groups have been proposed as active sites, 

which is still debated. In this PhD work, systematic calculations of 20 graphene-based 

structures have been performed, focusing on the effect of these proposed structures on NRR. It 

is found that graphene can catalyse NRR, but active sites come from lowly coordinated carbon, 

which may be introduced by the structural evolution of defects, functional groups or dopants 

during NRR process. 

This work has been submitted to ACS Catalysis. 
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Chapter 3 MoN2 Nanosheet as NRR Catalyst 
 
3.1 Overview  

As demonstrated by graphene-based catalysts in Chapter 2, effective adsorption of nitrogen is 

the first step for NRR and plays a key role for following activation and reduction. In nature, 

such N2 fixation by iron (Fe) and molybdenum (Mo) contained in nitrogenases, both of which 

have been widely identified as excellent metals to adsorb N2. Therefore, Fe- and Mo-based 

compounds and single-atom catalysts have been actively studied in the literature. 

This chapter aims to explore the reactivity of 2D molybdenum nitride monolayer (MoN2) for 

NRR. It is selected because Mo offers strong capacity to fix N2, and N-Mo bonding can mediate 

the performance of Mo-site, which may bring better performance than pure Mo metals. In 

addition, lattice nitrogen is directly exposed to the electrolyte and may react with protons to 

release NH3, generating nitrogen vacancy (NV).  As presented below, such mechanism actually 

dominates the reaction with the following key features: (i) NV shows excellent capacity to 

adsorb and activate N2; (ii) such NV can regenerated with full nitrogen reduction; and (iii) iron-

doping can remarkably improve the performance, achieving low energy cost for NRR as 

indicated by calculated ΔGmax=0.47 eV. 

This work has been published on The Journal of Physical Chemistry C titled as “Computational 

Study of MoN2 Monolayer as Electrochemical Catalysts for Nitrogen Reduction’ by Qinye Li, 

Lizhong He, Chenghua Sun, Xiwang Zhang. (J. Phys. Chem. C 121, 27563-27568 (2017)). 
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Chapter 4 FeBx Nanosheet as NRR Catalyst 
 
4.1 Overview 

Based on the studies of graphene- and MoN2-based catalysts, it is established that catalyst 

performance is strongly affected by the coordination of active sites, like lowly coordinated 

carbon (Chapter 2) and vacancies in MoN2 (Chapter 3). This chapter will continue the 

coordination investigation on NRR performance, focusing on iron (Fe), another promising 

metal. 

Boron has been selected to mediate the coordination number (CN) of iron, as Fe-B bonding 

can form various compounds with different CNs, such FeB, FeB2, FeB6, etc. Another reason to 

choose boron is the high performance of boron itself as recently reported, but N2-B is not strong. 

Therefore, a hypothesis that Fe-B combination may lead to novel synergetic effect has been 

proposed in this work. To clarify it, systematic investigation of full NRR over Fe- and B-sites 

of Fe-B compounds, including FeB, FeB2, FeB6(α) and FeB6(β), has been performed and 

presented in this chapter. The following conclusions have been obtained: (i) FeB6(β) has been 

identified as the best candidate among these four with lowest ΔGmax (0.28 eV), even 

performing better than single-Ru catalysts (0.42 eV); (ii) lightly oxidized iron has been 

identified as active sites NRR; and (iii) hypercoordinated iron performs better than lowly-

coordinated cases. 

This work has been published on Journal of Materials Chemistry A titled as “Exploration of 

iron borides as electrochemical catalysts for the nitrogen reduction reaction” by Qinye Li, 

Chuangwei Liu, Siyao Qiu, Fengling Zhou, Lizhong He, Xiwang Zhang, Chenghua Sun. (J. 

Mater. Chem. A 7, 21507-21513 (2019)). 
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Chapter 5 Mo2C Nanosheets as NRR Catalyst 

 

5.1 Overview 

During the studies of individual catalysts, hydrogen evolution reaction (HER) has been widely 

found as a major side reaction. In fact, it has been widely concerned as HER competes with 

NRR, leading to low Faraday efficiency. In addition, stable H-terminals may be generated with 

HER, in which cases active sites are not available for NRR. Therefore, advanced knowledge 

of HER and H-terminals are very important for the design of NRR catalysts. 

As demonstrated in Chapter 3, Mo is active and offers strong capacity to fix N2. However, it is 

also active for HER for its compounds, like carbides and sulphides. This chapter aims to 

examine HER and NRR on carbides, Mo2C. The central question is whether Mo2C is promising 

for NRR when active HER is occurring. As demonstrated below, it is found: (i) Mo-site will 

be heavily covered by adsorbed hydrogen (H*); (ii) N2 can weakly adsorb over H-terminated 

Mo2C, but NRR performance is poor (ΔGmax>1.5 eV); and (iii) the reactivity can hardly be 

improved through iron doping as we achieved in MoN2. Based on these results, Mo2C is not 

recommended for NRR.  

This work has been published on Physical Chemistry Chemical Physics titled as “Impact of H-

termination on the nitrogen reduction reaction of molybdenum carbide as an electrochemical 

catalyst” by Qinye Li, Siyao Qiu, Lizhong He, Xiwang Zhang, Chenghua Sun (Phys. Chem. 

Chem. Phys. 20, 23338-23343 (2018)). 
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Chapter 6 Single-atom Catalyst for NRR 

6.1 Overview 

Starting from molybdenum (Mo) embedded in black phosphorus (BP), 17 single Mo catalysts 

with various combinations of ligands, including phosphorous (P), boron (B), nitrogen (N), 

sulphur (S) and carbon (C), have been computationally examined as catalysts for nitrogen 

reduction reaction. Among them, Mo-PC2, Mo-PB2 and Mo-BC2 have been identified as the 

most promising catalysts, offering an overall overpotential less than 0.60 V. Mo-BC2 is 

particularly attractive as it also shows a high NRR selectivity over hydrogen evolution reaction. 

Such high performance essentially is originated from the mediation of the ligands, which 

effectively shift the d-band center of Mo-atom towards the Fermi energy.  

 

This work was published on The Journal of Physical Chemistry C titled as “Computational 

Design of Single-Molybdenum Catalysts for the Nitrogen Reduction Reaction” by Qinye Li, 

Siyao Qiu, Chuangwei Liu, Mingguo Liu, Lizhong He, Xiwang Zhang, Chenghua Sun (J. Phys. 

Chem. C 123, 2347–2352 (2019)). 

 

 

 

 

 

 

 

 



 

54 
 
 

 



 

55 
 
 

 



 

56 
 
 

 



 

57 
 
 

 



 

58 
 
 

 



 

59 
 
 

 

 



 

60 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

61 
 
 

Chapter 7 Summary and Future Work  

 

7.1 Key Results 

Through computational calculations, this PhD project has investigated 20 graphene-based 

structures (Chapter 2), 3 typical 2D materials (Chapters 3-5) and 21 Mo-L3 SACs (Chapter 6). 

The calculated results and key conclusions are summarized: (i) Graphene-based structures 

present ΔGmax ≈ 0.9 – 2.4 eV, depending on the local active sites, and lowly coordinated 

carbon (LCC) has been identified as active sites for NRR; (ii) for 2D catalysts, Fe-doped MoN2 

and H-terminated FeB6(β) are promising, with ΔGmax = 0.47 eV and 0.28 eV, respectively, 

while Mo2C performance is relatively poor with ΔGmax = 1.0-1.4 eV, due to heavy H-

termination; (iii) Mo-L3 is an excellent bonding network for NRR, with B, P, C as the 

recommended ligands as indicated by calculated ΔGmax, 0.47 eV for Mo-P2B, 0.36 eV for 

Mo-PC2 and 0.60 eV for Mo-BC2. 

Given that NRR over H-terminated FeB6(β) is actually catalysed by single iron, such FeB6(β) 

is actually a special single-Fe catalyst. Therefore, this project has identified two categories of 

active sites for NRR, namely defects and single atoms. High reactivity offered by LCC-rich 

graphene and Fe-doped MoN2 origins from defects, and FeB6(β)/Mo-L3 catalysts are supported 

by SACs. In terms of electronic structures, both empty orbitals and dangling bonds associated 

with these active sites play the key role. As demonstrated for graphene case, LCC active sites 

need special agent to stabilize; otherwise, high reactivity will lose after H-termination (see 

Chapter 2). Similar situation has been met for NV-dominated MoN2, Mo2C surface, FeB6 and 

Mo-L3. Therefore, H-termination is critical for NRR catalysts.  

Hydrogen evolution reaction (HER) is another important reason to study H-termination. HER 

is the major side reaction, but abundant protons are essential for NRR. Therefore, it is essential 

to compare ΔGmax for HER and NRR, as demonstrated in Chapters 5&6. Given H2 is released 

through H* + (H+ + e-)H2 or H* + H*  H2, the suppression of H* formation should be 

effective to improve NRR selectivity, which in turn protects active sites from H-terminals, as 

described in Chapter 2. 
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Computational practice by this project also advances the knowledge for NRR catalyst design, 

especially on how to optimize the thermodynamics of elementary steps. In chemistry, one 

cannot change the overall thermodynamics for a reaction, but major opportunities can be found 

from the mediation for elementary steps. A basic principle is to split a difficult job, like NRR, 

to several steps with smaller difficulties. Given NRR is a spontaneous process, catalysts which 

can boost the reaction with very small thermodynamic barrier are possible, as listed in Chapter 

1 (Tables 1 and 2) and demonstrated in chapter 4 (0.28 eV for H-terminated FeB6).  

The high performance of promising candidates is the breakage of linear constraint relationship 

between intermediates [1]. As demonstrated in Chapters 4&6, several single-atom catalysts 

deviate from the linear relationship. A possible reason is that lowly coordinated atoms, like 

single atoms on 2D substrates, bring unique interactions. For instance, LCC in graphene can 

be stabilized by N2 adsorption due to the stabilization of dangling bonds (Chapter 2). Similarly, 

iron in FeB6 can also be stabilized by adsorbed N2 and H. Smart introduction of stable active 

sites into the substrate is thus a key direction for following design of NRR catalysts. 

Such ration design can be guided from efficient screening, as demonstrated in Chapter 6, in 

which 21 Mo-L3 concept catalysts have been screened. Further, unsuccessful candidates can 

be effectively improved through doping (e.g, MoN2, by Fe-doping, Chapter 3), changing 

coordination (Fe-B system, Chapter 5) and ligands optimization (Mo-L3, Chapter 6). 

Specifically, the following strategy works well from my practise. Overall, two NH3 molecules 

should be produced from the full reduction of each N2, with six couples of proton and electron. 

For the first NH3 production, strong catalyst-N interaction is favourable due to the need to 

activate N2, but for the second, weak catalyst-N bonding is beneficial for NH3 release. This 

justifies the volcano curve: Catalyst-N with medium strength is ideal; therefore, adsorption 

energy of single N can be employed as an indicator for accurate electronic mediation. Similarly, 

adsorption energy of single H from computation can be a valid indicator for HER, guiding 

experimental efforts for both NRR thermodynamics and selectivity. 

Last but not least, Fe, Mo and B are the most promising earth-abundant elements for NRR, as 

supported by mechanism of nitrogenases in nature [2] and large amount of experiments and 

calculations [3-5]. This project demonstrates that the case for Fe-doped MoN2, Mo-L3 and 

FeB6, but Mo2C is not among these promising ones. A primary analysis on the effect of ligands 

on d-band of transition metals has been presented, and such knowledge could be useful for 

future catalysts design.     
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7.2 Future Work 

It is worth to note two huge gaps in NRR research. The first one is the performance of current 

catalysts and the expectation from the industry. Specifically, the yield R and the Faraday 

efficiency (FE) need to be ~10–7 mol s–1cm–2 and FE > 90% (FE=100% means all electrons are 

used for NH3 production) [6]. So far, however, the performance of electrochemical synthesis 

is typically shown as R<10–9 mol s–1cm–2 and FE<30% [3-5]. This highlights a huge space for 

further improvement, providing an opportunity for computational design. 

Catalyst design and optimization is undoubtedly the focus for following NRR research. 

Following this, additional efforts could be made on the design of novel catalysts, such as p-

block catalyst (e.g., boron) as emerged in recent years. In addition, integrated design should be 

seriously considered, such as the balance between thermodynamics optimization and kinetics 

consideration, the improvement of NRR and suppression of HER.  

In Chapter 2, lowly coordinated carbon (LCC) has been proposed as potential active sites for 

NRR, as metal-free catalysts. This is a new concept, while its stability and NRR performance 

are poorly known yet. Primary work has been done with this PhD project (see Appendices, 

Primary results for LCC stability), and additional work should be done with optimized 

computational methods to handle large systems so that the effect of proton and metal ions (e.g., 

K+, Na+, etc.) can be fully considered.  

Fresh idea is highly expected for future design. Although SACs are very successful, it is worth 

to note that SACs are not perfect for multiple step reactions, like NRR, due to the nature of 

single-site catalysis. Therefore, catalysts with multiple active centres (MAC) could be a 

specific direction for NRR catalyst design. Primary work has been done with this PhD project 

(see Appendices, Primary results for MACs Design), which vividly shows that MACs can 

effectively break the linear relationship and improves catalyst performance. 

For integrated design, several challenges should be addressed fully, including kinetics 

prediction, solution effect (for buffer optimization), and multiple-electron coupled reactions, 

which needs strong capacity to handle large systems at the electronic level. Moreover, electron 

transfer over the complex interface between electrolyte (with the solution, buffer, N2) and 

catalyst surfaces (charged or uncharged) calls for better theoretical strategies, which is very 

challenging, but of paramount importance. 
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Appendices 

 
Computational Setting 

 

During this project, NRR has been studied through calculating the free energy change 

associated with various elementary steps. All geometries are fully relaxed under the spin-

polarized DFT method. The calculations have been carried out under the generalized gradient 

approximation (GGA) [1], together with the functional by Perdew, Burke, and Ernzerhof [2], 

as embedded in the Vienna Ab-Initio Simulation Package [3]. K-space is sampled by the 

Monkhorst-Pack scheme, and the cutoff energy is set as 380 eV. The van der Waals interaction 

has been considered with the use of DFT-D3 method, as developed by Grimme and co-workers 

[4, 5]. All calculations have been carried out on Australian National Computational 

Infrastructure (NCI). 

[1] Kohn, W; Sham, L. M. Phys Rev 1965, 140, A1133. 

[2] Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865. 
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Figure S1 Calculated adsorption energies for N2 on different active sites listed in Scheme 1.  

 

 

 

 

 

 

 

 

 



 

68 
 
 

 

 

 

 

 

 

Figure S2 Molecular orbitals for catalyst GV. (a) LCC shown in optimized GV and 

HOMO&HOMO-1 for GV; (b) N* adsorbed over GV and HOMO&HOMO-1 for N*. 
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Table S1 Experimental data for carbon-based NRR catalysts. 

 

Reference information Catalyst Properties Active Sites 

Yield FE 

J. Am. Chem. Soc. 139,  9771 

(2017) 

 

Li+ incorporation into 

poly(N-ethyl-benzene-

1,2,4,5-tetracarboxylic 

diimide) 

2 ug h-1 cm-2 3% Li+ sites in 

PEBCD 

 

Chem Comm. 54, 11188 (2018)    

             

Nitrogen-free 

commercial carbon cloth; 

Na2SO4 electrolyte 

2.59 ×10_10 mol 

cm-2 s-1 

6.92%  

Small Methods 1800251 (2018)   

 

S-doped carbon 

nanospheres  

Na2SO4 electrolyte 

19.07 μg h−1 

mg−1 cat 

7.47% S-doping 

ACS Energy Lett.  

4, 377 (2019)                                            

biomass-derived porous 

carbon 

1.31 mmol h−1 

g−1 cat. 

9.98% pyridinic-N; N-

vacancies 

ACS Catal., 8, 1186 (2018) N-doped Porous Carbon 

H2SO4 electrolyte 

0.84 μmol cm−2 

h−1 

  

Nano Energy 48, 217 (2018) MOF-derived N-doped 

disordered carbon 

3.4×10−6 mol 

cm−2 h−1 

10.2%  

Chem. Comm. 55, 2684 (2019) O-doped hollow carbon  25.12 lg h-1 mg 

cat-1 

9.1% oxygen dopants 

Chem. Comm. 55, 4266 (2019) Defect-rich 

fluorographene 

nanosheets      

9.3 lg h_1 mg cat-

1 

4.2%  

Chem. Comm. 55, 4997 (2019) oxidized carbon 

nanotubes 

32.33 lg h-1 

mgcat-1 

12.5% -CO group 

Chem. Comm. 55, 3371 (2019) S-doped graphene 27.3  μg h-1 

mgcat-1 

11.5% carbon atoms 

close to S-dopants 

ChemElectroChem, 6, 2215 

(2019) 

Polyaniline（ ）PANI  

 

5.45×10-11 mols-

1cm-2 

3.76% Functional groups 

J Mater Sci. 54, 9088 (2019) N-S codoped graphene 7.7 μg h-1 mg-1 5.8%  

J. Mater. Chem. A 

10.1039/C9TA03654G (2019) 

 

perylene-3,4,9,10-

tetracarboxylic acid 

nanorod-reduced 

graphene oxide 

24.7 μg h–1 mg–

1cat-1 

6.9% surface of PTCA-

rGO 
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Table S2 Calculated ΔG for full NRR catalysed by G, OG, D111, SG, NSG, and GV in unit of 
eV. Intermediate states are labelled as N2*, N2H*, NNH2*, N*, NH*, NH2*, and NH3*. After 
NH3 released, the catalyst gets back to clean surface, as S. 

 

Distal Mechanism 

 N2* N2H* NNH2* N* NH* NH2* NH3* S ΔGmax 
G 0.35 2.27 0.81 -0.27 -1.36 -0.83 -1.05 -0.33 2.27 
OG 0.12 2.10 0.44 -1.40 -1.68 0.62 -1.14 -0.52 2.10 
D111 0.38 0.65 0.23 0.68 -1.31 -1.79 -1.35 2.07 2.07 
SG 0.48 2.43 0.55 -1.05 -0.79 0.43 -1.89 -0.58 2.43 
NSG 0.49 2.09 0.28 0.12 -1.37 0.28 -1.79 -0.53 2.09 
GV 0.47 0.35 -1.12 0.25 -1.46 -0.10 1.21 -0.02 1.21 

   

Alternating Mechanism 

 N2* N2H* NHNH* NHNH2* NH* NH2* NH3* S ΔGmax 
G 0.35 2.27 0.15 -0.05 -0.91 -0.83 -1.05 -0.33 2.27 
OG 0.12 2.10 -0.16 -0.22 -1.45 0.62 -1.14 -0.52 2.10 
D111 0.38 0.65 0.31 -0.71 0.00 -1.79 -1.35 2.07 2.07 
SG 0.48 2.43 -0.05 0.00 -1.24 0.43 -1.89 -0.58 2.43 
NSG 0.49 2.09 0.20 -0.65 -0.51 0.28 -1.79 -0.53 2.09 
GV 0.47 0.35 -0.50 -0.12 -1.70 -0.10 1.21 -0.02 1.21 
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Section 1. Computational tests 

Before running the calculations, cutoff energy and k-points have been tested, using FeB and 

FeB-N2 as an example. The tested results are shown below: 

       Cutoff energy test with K=1×1×1  K-point test with Cutoff energy=380 eV 

 380 eV  420 eV  450 eV 1×1×1 3×3×1 5×5×1 

E(FeB) (eV) -227.486 -227.464 -227.461 -227.486 -229.753 -229.696 

E(FeB-N2) (eV) -248.744 -248.746 -248.747 -248.744 -250.946 -250.892 

 

Based on the tests, cutoff energy of 380 eV and k-space has been sampled with 3×3×1 as 

higher setting can only improve the reaction energy slightly (<0.06 eV). 
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Section 2. Space groups and lattice parameters for four Fe-B compounds 

 Space Group                              Lattice parameters 

FeB Pnma a= 4.00 Å  b=5.41 Å; c= 2.95 Å(this work) 

α= β= γ=90° 

 

a=4.05 Å; b= 5.49 Å; c= 2.95 Å            [1,2]  

Note 

FeB2 P6/mmm a= b= 3.01 Å                       (this work) 

α=β=90°; γ=120° 

 

a=b=3.05 Å                                              [2] 

 

a= b = 3.18                                               [3] 

a= b = 3.02                                               [4] 

 

 

 

FeB+FeB2 mixed;  

AlB2-type 

FeB6(α) P6/mmm a= b = 4.46 Å 

α=β=90°; γ=88.05°                           (this work) 

 

a= b = 4.45 Å                                          [5] 

α=β=90°; γ=88.05° 

 

Jahn−Teller effect 

FeB6(β) P6/mmm a=b=4.80                                          (this work) 

α=β=90°; γ=120° 

 

a=b=4.75                                                [6] 

α=β=90°; γ=120° 
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[2] Metal Science and Heat Treatment. 2013, 55, 68–72. (Experiments) 
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Section 3. Tests for N2 adsorption on four compounds. Calculated total energies are listed in unit of 

eV. The bold numbers are the total energies for most stable configurations. 

Tested N2 adsorption 

 Fe-site Fe-B sites Fe-Fe sites Enzymatic Dissociative B-Site 

FeB-N2 -250.892 -248.611 -248.865 -248.074 -247.751 -249.241 

FeB2-N2 -202.791 -202.790* -202.764 -201.796 -203.472 -200.332 

FeB6(α)-N2 -111.527 -111.408 Fe-Fe is too far -110.833 -108.384 -109.484 

FeB6(β)-N2 -111.464 -111.241 Fe-Fe is too far -111.194 -105.886 -110.546 

* It changes to sole Fe-site adsorption. 

   

Calculated N2H dissociation on four compounds. 

Catalysts N2H* N*+NH* deltaE(N2H*N*+NH*) 

FeB -253.486 -251.961 1.525 

FeB2 -204.812 -207.208 -2.396 

FeB6(α) -204.328 -202.481 1.847 

FeB6(β) -111.655 -110.003 1.652 
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Primary results for LCC stability  
 
In Chapter 2, LCC has been proposed as the potential active sites for NRR. To support this 

new concept, LCC at armchair and zigzag edge sites of graphene monolayer has been 

particularly studied as general models for LCC. The calculated results are shown below. It is 

clear that these LCC sites are very reactive to adsorb and reduce N2. It is also worth to note that 

the regeneration of LCC is energy-consuming, being up to ~1.7 eV and ~2.2 eV for armchair 

and zigzag LCC, respectively. To better understand whether such LCC will be terminated by 

protons, an energy scan for proton diffusion from the solution to bond with LCC has been 

performed, as shown in Fig. S4. It is clear that H-termination can remarkably reduce the total 

energy of the system, by ~4.5 eV and ~2.2 eV when LCC is at armchair and zigzag edge sites, 

respectively. This is not surprising as H-LCC bonding reduces radicals. However, from Fig. 

S4b, a barrier for proton diffusion has been observed, suggesting that LCC can survive for 

some time, depending on the concentration of the solution and the kinetics for H-diffusion. 

Therefore, LCC is likely to interact with N2 before H-LCC bond is generated.  

 

Figure S3 Calculated NRR performance for LCC at (a) Armchair carbon and (b) Zigzag carbon. 

Two cutoff energies (380 eV and 450 eV) have been tested. 

 
Figure S4 Calculated relative energies versus H-LCC distance. (a) LCC at armchair edge site; 

and (b) LCC at zigzag edge site. 
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Primary results for MACs design  
 

In Chapter 7, MACs have been proposed as new concept catalysts in this PhD thesis. To 

support such concept, a primary collaboration work has been presented in Fig. S5, in which 

M3-featured MACs with three metal atoms to form a cluster are loaded on g-C3N4 for NRR. 

The NRR performance of these catalysts with M=Fe, Cu, Ru and Mo has been investigated. 

And it is clearly shown that MACs can perform much better than M1 SACs. Moreover, such 

improvement origins from the breakage of linear relationship associated with the intermediate 

states associated with NRR elementary steps. This primary result supports the MACs concept, 

but more efforts are needed to generate more MAC examples to establish a full understanding. 

 

 

Fig. S5 Computational scanning of MACs and SACs. (a) g-C3N4 substrate; (b) N2 adsorption 

on M1(SAC); (c) N2 adsorption on M3 (MAC); (d) calculated BE(N); (e) calculated ΔGmax; 

(f) calculated BE(NxHy) versus BE(N). 

 

 

 

 

 


