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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 (MoN», FeBx, M02C) 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 FeBg 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
400-500° 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.



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 = 2NH;3 AH’=-91.8 kJ, AG’=-32.8 kJ (1)

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

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

N2 (g) +* — No* (2)
No* — 2N* (3)
Ha (g) +* — *Hy 4)
Ho*— 2H* (5)
N* +3H* — NH;3* (6)
NH;* — NHj(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.



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' +¢) = 2NH;3 ®)

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.

NH,

H'fe ™ H*/fe
N HN==—=NH = HN==—=hH, =5 HpN=—=hH,

=
H'/fe ® Q@/ m ."/’ E* -] \ L H'/e
Numml] =5 Ne——pjH \ = path 5 .g.' H*/i [\]H2 — _-“-\]I-l3

o g re

o ') { /

L N=—=NH; = M — NH
1
NH

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

indicate radicals.



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].

@ Fe
© Mo
@0
©S
CH

©C

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



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 x 10 mol s™! em™ [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.



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* + ¢ = 1/2H, 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.
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Figure 4. Free-energy diagram and optimized structures for the intermediate states involved in

NRR. Reprinted from [32] with permission.
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Figure 5. Calculated overpotentials of HER and NRR over different metals. For NRR, the free

energy change of N bonding (AGn) has been employed as an indicator for NRR, while for HER,
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AGh 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, MoS;, 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 AG for each elementary steps, being listed as AG;,
with 1 indicating the number of elementary reaction. The overall thermodynamics has been
strongly determined by the maximum, AGma=max{AG;}, which shows the thermodynamics
barrier (minimum energy input) to drive these full NRR. The step associated with AGmax 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 + 3H> < 2NHjs 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,
7



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 N,. 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,

8



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-N 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.



Table 1 Current bulk NRR catalysts by computational design.

Catalyst Functional Barrier (eV) RDS
Boron Carbide Sheet*¢ PBE 0.34 NH;
Boron Sheet®’ PBE 1.30 NH;
V3C38 PBE 0.32 NH3
TizCa Ty PBE 1.06 NH;
Phosphorene* PBE 0.85 NoH”
La,03* PBE 0.76 NoH"
MoC¢*? PBE 0.54 N,H"
MoC* PBE 0.28 NoH"
Mo, C# PBE 1.02 NoH"
MoS,* PBE 0.68 NoH”
TizCoTx* PBE 0.64 NoH"
Boron Phosphide*’ PBE 0.12 NH;3*
Mo, TiCx® PBE 0.26 NH3"
MoO3¥ PBE 2.25 N*
Mo0O,*° PBE 0.69 NHNH"
MoN>! PBE 0.70 NH,"
Mo,C>? PBE N.A. NH,"
Boron Sheet> RPBE 0.77 Ny
VN34 RPBE 0.51 N,H"
VN3 RPBE 0.50 NoH"
CrN>¢ RPBE 0.68 NoH"
CoN>’ RPBE 0.23 NoH*
MoS;*8 RPBE 0.64 NoH*
RuN>° RPBE 0.41 NH;
TiO2/Ti3C2Tx% DMol 0.40 NoHo*
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Table 2 Current single-atom catalysts for NRR by computational design.

Catalyst Functional Barrier (eV) RDS
N/Carbon®! PBE 0.70 NHNH;"
Fe@N3/Graphene®? PBE 0.66 NoH"
Al/Graphene® PBE 0.94 NoH
W@N/Ggraphdiyne® PBE 0.29 NoH"
Li-S/MoS,% PBE 0.42 NoH"
Fe/MoS,% PBE 1.02 NoH*
Mo/MoS,%’ PBE 0.53 NoH"
V/MoP*%8 PBE 0.69 NoH"
Mo/N3-doped Graphene® PBE 0.50 NoH*
MO/Ti3C2Oz7O PBE 0.68 NzH*
V/Boron Sheet”! PBE 0.28 NoH
B/Graphene’? PBE 0.43 NH,"
W/Graphene”? PBE 0.25 NH,"
Mo/N-doped Graphene™ PBE 0.47 NH;
Fe@Ns-doped Graphene” PBE 2.29 NH3
Mo/CN76 PBE 0.17 NH3
W/C3N4"7 PBE 0.35 NH;
Fe/Phosphorene’® PBE 2.34 NH;
Ni/Graphene” PBE 1.23 N*
Ti/C3N4% PBE 0.51 NH;"
B/C3N48! PBE 0.20 NH3"
B/CoN#? PBE 0.15 NHNH"
Pt/C3N4* PBE 0.24 NHNH"
B/C,N8* PBE 0.35 NH,NH;"
Ru/TiO,% PBE 0.21 NH"
Ti@Na4/Graphene®® RPBE 0.69 NH;5"
B/Graphene?’ RPBE 0.31 NH"
B/C3N4%7 RPBE 0.89 NH3
Mo/C3N438 RPBE 0.82 NoH”
Ru/Boron Sheet®’ RPBE 0.42 NoH"
Mo/C3N438 RPBE 0.82 NoH"
Mo@BC»/Phosphorene® RPBE 0.60 NoH"
Fe/MoN”! RPBE 0.47 NoH"
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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, FeBs and Mo02C) 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.

(i1) Catalyst evaluation: Full energy files (AG;i) for these catalysts will be calculated, using the
scheme of standard hydrogen electrode [97] to treat the free energy of (H™+e") couple. When
AGmax 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 AGmax(NRR)<AGmax(HER) as the selectivity criteria.
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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 MoN> Monolayer as Electrochemical Catalysts for
Nitrogen Reduction;

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

Chapter S: 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 POA4.
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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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ABSTRACT: Graphene-based structures have been widely reported as promusing metal-free catalysts for nitrogen reduction reaction
(NRR). To explain the reactivity origin, various structures have been proposed and debated, including defects, functional groups and doped
heteroatoms. This computational work demonstrates that these structures may evolute from one to another under electrochemical conditions,
generating lowly coordinated carbons, which have been identified as the active sites for N2 adsorption and activation.

Introduction So far, N- and O-containing functional groups (N-g, O-g), doped
Ammonia (NH3), as the basis of modern agriculture and chemical heter_oatoms and defects have been proposed as active .sﬁ.as_ I1.: 18
engineering, 1s one of the most highly produced morganic chemi- possible that these structures play key roles for NRR in specific
cals.” Industrial ammonia production is dominated by the famous samples determined by the synthesis process, but it is worth to ask:

HaberBosch process at high temperature and high pressure,4 comn (1) whether pure E:_arlfvou, li.k_e vacancies and topo_logica.l defects, can
suming ~1.5% of global energy and producing ~1% of carbon catalyze NRR; (ii) if not, is there any connections between these
emissions.** In this context, electrochemical synthesis has been active sties undgr electrochgrmcal condltlons;rand (iii) is there a
proposed as a green technology to produce ammonia. 512 general mechanism to explain observed experimental data. These

questions are proposed because it not only helps accurate measure-
ments and understanding of existing NRR data, but also guides the
further improvement. For instance, N-containing groups may re-
lease NH3 as concerned widely;*1"* therefore, it is highly necessary

To activate and convert N2 to NH3 under electrochemical condi-
trons, igh performance NRR catalysts are essential. So far, catalyst
searching focuses on metal-based catalysts, like compounds!?-17

a_nd si.rlgle—at?.om catalygtslwé, bt e et tomiirice & stillrfar o to verify whether N 1s solely contributed from N2, rather than fully
satisfaction?’, underlining the need for novel catalyst design. Car- :

. or partially from catalysts. But experimental identification is very
bon structures, as metal-free catalysts, has been extensively tested P Y bl =D Y

dd d i i : ] 2240 challenging, which requires quantitative determination of various
and demonstrated as promusing NRR catalysts m recent years. defects and functional groups. Even all these information can be
For instance, Li-incorporated poly(N-ethyl-benzene-1,2 4 5-tetra-

carboxylic diimide) has been tested, leading to an yield of 2 jig -l accurately collected, it is hard to decouple their effects on electro-

7« . i ; chemical processes. Therefore, a systematic computational investi-
e gnd Farad?l} efﬁclenf:y FH 3% _“'hlch [0-Li] bt gation has been employed in this work, aimuing to clanfy the effect
proposed as active WRR site. Later, a series of heteroatom-doped

. : of these proposad active sites on NRR and deliver an insight into
structures have been reported, including S-doped carbon nano- Prop =

3 the reactivity of carbon-based catalysts.
spheres (3-CNS), N-doped graphene (NG) and porous carbon, O- i ] . N o
doped graphene (OG) and hollow carbon (O-HC), S-doped gra- Our strategy 1s to investigate NRR over a series of active sites
phene (SG), N-8 codoped graphene (NSG), with typical yield of and compare their perfommce with each other. _Pamcula.rly, this
1030 pg bl mg? cat., and heteroatoms and their neighboring car- waork focuses on the evolution of defects and functional groups. For
bon are believed to dominate the reaction performance. Functional this purpose, the investigation was performed with three levels, in-

groups have also been proposed as potential active sites, such as N- cludmg primary screening of 15 carbon structures, studymg NRR
containing groups (N-g) in polyaniline, pyridinic-N in alfalfa de- without I\-copmbutlon from catalysts and NRR with fun_c.nonal
rived carbon and MOF-derived N4-site embedded in the graphene groups evolutions. As demonstrated below, structural evolution can
plane. While N-free carbon has also been reported as active NRR occur between defects and functional groups, generating lowly co-
catalysts, in which oxygen-containing groups (O-g) and defective ordinated carbon (LCC), which is active to adsorb and activate N2,
graphene (DG) are often proposed as the reactivity origin (see Ta- offering similar or even better performance than transition metals
ble S1, supporting information). Clearly, the performance origin of in NRR. Because LCC is very active and may be terminated by

hydrogen, a potential stabilization mechanism electrolyte based on

these carbon structures has not been fully understood. s 8
LCC-electrolyte interactions has been explored as well.
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2 Computational Methods

Spin-polarized calculations were carried out based on standard
density functional theory, under the generalized gradient approxi-
mation with the revised Perdew-Burke-Ernzerhof 43 An energy
cut-off of 380 &V was employed, together with k-space being sam-
pled with a Monkhorst-Pack grid of 3x3x1. All structures have
been fully relaxed until the maximum force on each atom was less
than -0 02 €V/A and energy change less than 10 eV Zero point
energy corrections were calculated over gamma points. The van der
Waals interaction has been considered using the DFT-D3 scheme %

NER has been studied through calculating the free energy
change (AG) for each elementary step, as summarized in the litera-
ture ! At the beginning, 15 catalysts with different active sites,
as listed in Scheme 1, have been scanned using the adsorption en-
ergies of N2 and N as the indicators *** Starting from perfect gra-
phene (G), topologic defects (5775, 585) and single carbon vacancy
have been mtroduced, showing as G5775, G585 and GV. To exam-
ine the reactivity of sp*-hybridized carbon, (111) surface of dia-
mond crystal has been built as a slab, as D111. Heteroatoms (F, S,
N, O) are doped or co-doped to graphene, as FG, 8G, NG, OG and
NSG, respectively. Pore terminated by -CH, -C=N, N-groups and
O-groups has been modelled and shown as Pore, CN, N-g, and O-
g in Scheme 1. Carbon nanotube (6, 6), labelled as NT66, has been
employed to study the curvature effect. All these models are fully
optimized before considering N2 adsorption and NRR. Promising
sites are then investigated through calculating full energy profile
for further evaluation. To evaluate the evolution of functional
groups, cluster models containing N- and O-groups have been em-
ployed. Coupled proton and electron have been introduced to the
system as the hydrogen resource to reduce N2 or added to functional
groups using standard hydrogen electrode as the reference, as well
described in the literature 5! For LCC stabilization, single sodium
ion (Na”) has been introduced to local active sties (carbon cluster),
followed with full optimization without considering the solvation
effect.

4 e p4a
LIV T pCha e 4 pd pd b4 b4 e et
pd  pa 4« b4 wd » N4 P *,
4 » e p "H-- 0 < b - < < n_ﬂn”n
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Scheme 1. Proposed models for studying N2 adsorption. C, O, F,
N. H, and § are shown as gray, red, cyan, blue, white and yellow
spheres. Different adsorption sites are labelled as a, b and c.

3 Results and Discussion
3.1 NRR without N-contribution from catalysts

N1 has very low solubility in water and thus effective N2-adsorp-
tion is critical for NRR.® The calculated adsorption energy
AE(N2*) for the models listed in Scheme 1 is in the range of -0.1
eV to -0.5 eV (see supporting information, Fig. $1), mdicating that
these are typical physical adsorptions. This can be further sup-
ported by the calculated distance between N2 and catalyst, N-N
bond length and net charges on adsorbed N2, as shown in Fig. 1 for
six candidates, according to which three features can be summa-
rized (Fig. 1(a)): (i) N2-catalyst distance is more than 3.0 A; (ii) N-
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N bond length (~1.12 A) is close to that of gas-phase N2™; and (iii)
Nz is almost neutral. Tt is clear that N2 is physically adsorbed.

Fig. 1(b) shows the calculated charge density for G, SG, NG,
Pore, CN and GV (see Scheme 1). Using perfect graphene as a ref-
erence, major changes asgociated with dopants and defects are
highlighted by red triangles, where N2 favors the adsorption. As
discussed in the literature, ™7 defects and heteroatoms can result
in local charge polarization and deviations from perfect sp? hybrid-
1zation, which 1s beneficial for N2 adsorption. For perfect graphene,
both electron accepting and donating impair the conjugated -
bonding system, demanding large energy input. As a result, physi-
cal adsorption is favourable, and N2 activation is very difficult For
non-perfect graphene, however, dopants, defects and functional
groups can break the high symmetry and introduce electron-rich
and/or deficient regions. Such change is particularly remarkable for
Pore, CN and GV, as shown in Fig. 1(b). It is worth to further check
the difference between these structures. For Pore, local electronics
is dominated by C-H bonding, which is very strong and can hardly
break at mild conditions. While C=N and LCC contained in CN and
GV are active, both of which may be involved in following reac-
tions. Moreover, N-groups (like CN) are different from GV as they
can be hydrogenated to release NH3, while LCC may be terminated
by hydrogen to form stable C-H bonds, which will passivate these
sites. Therefore, 1t 15 highly essential to further examine whether
such newly introduced active sites can adsorb and activate N2, as
demanded for full NRR.

Generally, the performance of NRR catalysts can be indicated by
the adsorption energy of N-atom AE(N*).3%*2 Fig. 1(c) presents
calculated AE for those active sites shown in Scheme 1. Using
Ru(0001) as a reference (AE=-0.46 eV, red line in F1g. 1(c)), cata-
lysts with similar AE are often expected to offer high NRR perfor-
mance, according to which GV is the only candidate promising for
NRR. To understand it, optimized geometries of single N adsorbed
on six active sties (G, D111, GV, OG, SG, NSG) have been shown
m Fig. 1(d), in which GV 1s different from the other five with LCC
being presented, as highlighted by green circles. In fact, GV,
among the five candidates in Scheme 1, 1s the only structure show-
ing LCC. To further confirm that full NRR can occur over GV, free
energy change AG for elementary steps has been calculated, as
listed in Table S2, together with several other candidates without
LCC. The calculated maximum AG, labelled as AGmax, has been
employed to evaluate the limiting potential to drive the reaction, as
presented in Fig. 1(e). Five of them show large AGmax (>2.0 eV),
which comes from initial N2 reduction (N2 2N:H, see Table §2),
confirming poor activation of N2. While GV shows totally different
reactivity, with AGm=:=1.21 eV, as the best candidate among them.
This striking difference underlines the importance of LCC.

Another evidence comes from the adsorption energy of N,
BE(N¥*), presented 1n Fig. 1(c). GV 1s the only candidate with neg-
ative BE(N*), indicating that N-adsorption can remarkably stabi-
lize LCC given BE(IN*) is calculated with gas-phase N2 as the en-
ergy reference. To clarify this, optimized geometries and highest
occupied molecular orbitals (HOMO) for GV and GV-N have been
collected 1n Fig. S2, with LCC atoms are labelled as C1, C2 and C3.
The dangling bond can be vividly seen from HOMO and HOMO-
1. which are active. In addition, the distance between LCC atoms
is as large as 2. 36 A_ being too large to form stable C-C bonds With
N-adsorption, C1-N bond (1.27 A) is generated as a typical double
bond™ and C1 is saturated At the same time, o bond is generated
between €2 and C3, but bond length (1.85 A) 1s large. Associated
with this bonding network, HOMO is dominated by C1-N n* fea-
ture centred at N site, while HOMO-1 is typical C2-C3 o-bonding.
Overall, it is concluded that GV is highly active due to LCC-
associated dangling bond, which has been partially stabilized due
to N-adsorption. Newly resulted C1-N 7% (HOMO) and C2-C3 o-
bond (HOMO-1) may be further involved in following NRR steps.
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3.2 NRR with N-contribution from Catalysts

For N-contaming groups, there 1s another path to be mvolved mn
NRR — they can directly contribute as N-resource to release NH3,
like amine, -NH2* + (H™ + &) = NHs. In fact, such N-contribution
may overestimate the performance of NRR catalysts, and 1N iso-
tope validation is recommended for NRR tests.*I-#? Particularly,
such NH3 production does not have to get over the barrier for N=N
activation; therefore, its reaction rate may be much higher than that
for full N2 reduction. When it is unsustainable, poor durability and
low FE will be resulted because proton and electrons may be con-
sumed to terminate LCC on residual fragments. While, when N2
can be effectrvely fixed to the residual fragments after releasing
NH3, these N-groups may be regenerated with full nitrogen reduc-
tion. Therefore, the key is their regenerations to complete full NRR,
rather than whether or not N-groups are involved.

Following above analysis, two specific N-groups, namely nitrile
(CIN) and pyridine (PN), have been selected from Scheme 1 to ex-
plore full NRR with N-contribution from catalysts. Starting with N
embedded m catalyst, hydrogen has been introduced to form NH*
and NHz*, and further H-adding will release NH3 with N-vacancy
generated, which will be filled with one nitrogen from N2 adsorp-
tion, leaving another nitrogen as active site for more H-adding, un-
til the release of second NHa. The calculated free energy profiles
and mtermediate states for the above reactions over CN and PN
have been shown in Fig. 2, from which AGmax has been derived as
1.17 eV and 1.65 eV for mitrile and pyridine groups, respectively,
being close to that of GV (1.21 eV) and much better than the others.
In our description for the reaction sequence, the state before N2 ad-
sorption 1s set as S, followed by six elementary steps associated
with full NRR, generating N2*, NoH* NNHz#, N* (oniginal strue-
ture with N-groups), NH*, NH2*, as labelled in Fig. 2. Clearly, N2
has been adsorbed and activated by LCC contained in S state, as
highlighted by green circles in Fig. 2(b) and (¢). Using AGmax as an

indicator, the overall performance is close or even better than typi-
cal transition metals.*! Therefore, N-groups can catalyse full NRR
without large energy cost.

It is particularly worth to find out the common features between
these two promising catalysts (nitrile and pyridine groups), as these
would help us to establish a general understanding of the perfor-
mance. Based on the intermediate states, the whole process can be
split as two stages, namely N-group evolution and N2 reduction,
corresponding to the steps from N* to S and from S to NNH2* in
Fig. 3, respectively. When NH3 is released from NNH2* state, N-
groups are regenerated as IN* state. Therefore, this process is sus-
tamable, but N-exchange occurs between adsorbed N2 and initial
nitrogen contained in the catalyst.

Another interesting phenomenon 1s the generation of LCC,
which 15 not only active to fix N2, but also activate N=N effectively
because the initial reduction from N2¥ to N2H* is not the PDS any
more, with AG=-0.33 eV and -0.65 eV for nitrile and pyridine, re-
spectively. Both of them are spontaneous, making it attractive as
such step often results in large barrier mn the case of metal-based
catalysts. 717560 Between CN and PN, they also perform differently
as reflected by the calculated AG for elementary steps (see Fig.
3(a)), with PN offering better capacity to adsorb N2 than GV and
CN. This indicates a potential opportunity to optimize the func-
tional groups to achieve better performance. From the above dis-
cussion, 1t 1s highly likely that LCC 1s the origin for the NRR reac-
twvity for these carbon structures. But whether such evolution
mechanism is applicable to other N-groups or even O-groups
should be examined. Two key questions need to be answered: (1)
whether LCC can be generated generally, and (11) whether LCC has
the capacity to catalyse full NRR, including N2 adsorption, activa-
tion and reduction. In addition, 1t 1s necessary to confirm that O-
groups will perform similarly with N-groups.
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Figure 2. NRR with N-contribution from catalysts. (a) Calculated free energy profile for PN and CN and (b)&(c) intermediate states
involved with for full NRR over nitrile (CN) and pyridine (PN) groups.

3.3 Evolution of N- and O-Groups added to the system prefers to bond with local LCC, rather than -
NH. As a result, new C-H bond 1s generated, which brings large
barrier to break when pyrrol group needs regeneration. Similar
competition has been found for pyridine group, as shown in Fig.
3(b). Based on these results, it appears that additional mechanism
should be introduced to stabilize LCC and promote N-groups re-

Following above investigation, we further examine the evolutions
of other N-containing groups, aiming to examine whether LCC
mechanism is applicable generally To make a reliable comparison
between these groups, a cluster model with five N-groups (amine,
pyridine, nitrile, doped nitrogen Np, and pyrrol group) has been

employed, as shown in Fig 3(a) Based on the strategy desecribed generation.

in Section 3 2, the evolution has been explored through adding cou- O-groups are also widely found in carbon-based materials, espe-
pled proton and electron to these functional groups towards NHz cially for graphene oxides and biomass-derived carbon. Different
production. The key structure changes associated with the evolu- from N-groups, they do not contain nitrogen: therefore, they cannot
tion of these N-groups have been shown in Fig. 3(b), together with affect the N-source and accurate measurement of NH: yield. How-
calculated AG for each step 1n unit of eV, according to which we ever, O-groups may also react with protons and electrons, releasing
found that (1) LCC has been frequently generated, as highlighted by H20 and generating LCC. Therefore, their evolution under electro-
green circles; (1) calculated AGumax can change m a large range, chemical conditions 1s also important. The investigation 1s based
from AG=1.44 to 2.45 eV, mdicating the remarkable difference be- on a similar-size cluster, as shown n Fig. 4(a). m which five O-

tween these groups; (1) same functional group (e.g., nitrile) may groups have been contamned, namely ketone, furfuryl, carboxylic
perform differently (AGmax=2.09 eV vs 1.17 eV 1n the periodical acid, doped oxygen (Op) and hydroxyl groups. Starting from this
model, see F1g. 3), which should be related to LCC stability as de- cluster, hydrogen has been added to O-site, towards the formations
termined by local carbon structures. of H20 and LCC. The energy profile and key parts for the interme-

For all the five, the generation of LCC results in large AG, with diate states have been shown m Fig. 4(b). It 15 very mteresting to
four being PDS, except N, whose PDS comes from the initial hy- see: (i) similar LCC and residual fragments with N-groups evolu-
drogenation (2 45 eV)_ This is reasonable because such step has to tion have been observed; (ii) PDS often comes from the formation

break the sp? network, highlighting the importance of heteroatoms of LCC, except Op b_ecause the initial hydrogengt_ion needs to break
and defects because they can break the perfect sp® hybridization. the sp? network as discussed for Np case; a?nd (11i) local C-H bor}ds
Therefore, the energy cost for N-groups evolution is mainly used can be generated based ona gumpehtlun with OH or H20 formation.
to generate LCC, which are active for N2 adsorption and reduction Based on these features, 1t 15 concluded that O-groups evolutions
as identified from Section 3.2. Another interesting result is the can result m the formation of LCC and similar active structures
competition between LCC and NHx during the evolution. As with N-groups.

demonstrated by pyrrol group in Fig. 3(b), the second hydrogen
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Figure 3. Evolution of N-groups. (a) Cluster model with five N-groups; (b) Calculated free energy profile associated with elementary steps
involved in the evolution. Carbon, nitrogen and hydrogen are shown as grey, blue and white spheres. Hydrogen is directly introduced to the
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Figure 4. Evolution of O-groups. (a) Cluster model with five O-groups; (b) Calculated free energy profile associated with elementary steps

involved in the evolution.

3.4 NRR Catalyzed by LCC

Based on the above sections, the evolution of both N- and O-groups
can result in active LCC. Now the central question is whether such
LCC can serve as active sites to catalyze full NRR and regenerate
same or similar functional groups so that such process can continue.
As shown in Fig. 5, the final structure obtained from pyridine evo-
lution is similar with that from amine or pyrrol, so it 1s not consid-
ered separately. In addition, Fig. 4 shows an example of full NRR
over pyridine group, which can be employed as a reference too.
Given O-groups lead to similar LCC with N-groups, we focus on
the activity of LCC generated from the evolutions of amine, nitrile,
Np and pyrrol.

The investigation of LCC-catalyzed full NRR starts with N2 ad-
sorption, as shown in Fig. 5. Step by step, one NHz has been re-
leased, following which additional hydrogenation regenerates N-
groups. In other words, the production of two NH3 molecules from
each N2 molecule is actually achieved at two stages, one at the evo-
lution stage (see Fig. 4) and one from nitrogen reduction after N-

groups evolution. According to the calculated AG, PDS associated
with LCC-catalysed NRR is smaller than that for functional groups
evolution, with AGnux being in the range of 0.21-1.53 eV.

From the above analysis, the following roles of LCC can be iden-
tified: (1) strengthening N2 adsorption due to high reactivity; (i)
actrvating N2 for following hydrogenation, which can be reflected
by the small or negative AG for N2 =N:H; and (iii) regenerating
N-groups so that sustainable NH3 production can be achieved. At
the same time, it is worth to note that high energy cost is resulted
for LCC generation; as a result, PDS is often from the stage of func-
tional groups evolution. Moreover, LCC may compete with NHx
for hydrogenation and form local C-H bonds. Given fully H-termi-
nated carbon shows low reactivity and large barrier for C-H actita-
tion (similar with Pore in Scheme 1), it is highly necessary to su-
press C-H formation and keep LCC active. LCC stabilization agent
can be helpful for this purpose, as stabilized LCC can remarkably
reduce AGumax based on Figs. 4-6. Experimentally, alkali metal ions
(M+) have been reported as an agent to stabilize active sites during
NRR, which mechanism deserves better understanding.
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3.5 LCC Stabilization

In most NRR tests, buffer solutions have been widely employed,
like Na:804, etc. We collected the NRR performance of 13 carbon
catalysts in Table $1,2540 with nine being tested with electrolytes
containing alkali metal ions, as shown in Fig. 6(a), based on which
Na' has been selected as the stabilization agent for demonstration.
Specifically, PDS has been re-examined through comparing the
free enerpy change AG with that when Na™ is not presented, as
shown in Fig. 6(b). The red dash line indicating AG(with Na*)=
AG(without Na™); as a result, data points below this line ndicate
positive stabilization by Na™. As shown in Fig. 6(b), all five N-
groups have been effectively stabilized by Na™, supporting the hy-
pothesis that alkali ions may stabilize active sites (LCC in these
cases). As explain in above analysis (Section 3.1), the mstability of
LCC is featured with dangling bonds (nonbonded electrons), whose
HOMO states are shown in Fig. S2. To become stable, these elec-
trons may interact with empty orbitals of Na™, forming multiple
centre bonding. To verify this consideration, we plotted optimized
geometry and HOMO for LCC-Na™ m Fig. 6(c) using two LCC at-
oms (highlighted by green circles) as an exatmple. Before N2 ad-
sorption, Na” interacts with LCC atoms, with HOMO dominated
by 6C-Na n-bonding. Connected by this Na”™, non-bonded electrons
from two LCC atoms form stable bonds, confirming Na*-induced
stabilization. It also plays a role to adsorb N2, as shown in Fig. 6(d),
n which N2 weakly adsorbs over Na™ with a distance of 2.40 A,
similar with that between LCC and Na™ Based on this geometry,
LCC electrons can overlap with that from N2, suggesting that Na~
may play a key role to assist N2 adsorption over LCC. In 1994, Li-

mediated NRR was reported by Sakata et al., in which 1t was be-
lieved that Li* turns to be active Li after accepting one electron and
further react with N2 to form LisN.f! Such N3 reduction strongly
relies on the proton source because Li3N is not stable and will fur-
ther react to release NH3 and organic salt. A full NRR process can
be established with a reasonable energy cost 5% but Li can hardly
maintain fully reduced state in aqueous solutions. Therefore, it is
essentially different from the mechanism suggested in Fig. 6. An-
other possibility 1s (Li" - electron pair) coupled state, which is more
likely to be presented in water, such as [O-Li"] state as proposed as
active sites for NRR.2® Most recently, K™promoted electrochemi-
cal NRR has been reported in the case of Bi-based catalysts, in
which K* shows the capacity to stabilize N2H* state ™ In fact, al-
kali 10ns have been reported as promotion agent for several reac-
tions, like oxygen reduction®-56 and N-deficient carbon nitride used
for hydrogen evolution.5” Even so, it is worth to point out that acid
electrolyte (eg., H2804) without alkali ions has also been employed
to test carbon structures, which also show NRR performance’*
33,3840 therefore, we cannot rule out other stabilization mechanism
at this moment. In fact, the effect of electrolyte cations on NRR
performance of catalysts is far from full understanding, " and more
work should be carried out to advance the knowledge of these non-
metal active sites, such as: (1) how to avoid C-H termination if no
special agent is introduced to stabilize LCC, (1) how to achieve
high NRR selectivity, and (111) whether linear scaling relationship
is still applicable for LCC-catalysed NRR. All these are critical for

(a}lﬂ- i Bl

40

Yiehd (pg h® myg! cat.)
Yield (g b

Pyrrol

following catalysts design, as highlishted by a recent reisw. 5
e (€ ona @ ‘.H?au
| —— Aming Nitrile 182 Na'g 243 ,

{3 ‘Q*’?X

o
28 29 30 31

32 33 34 35
References Numbers

36 37 38 39 40

1.6

|
- P’Tidinf & *
1.8 2.0 2.2 i

AG without Na* (eV)

Figure 6. Effect of M+. (a) Experimental work with the use of alkali metal ions. (b) Calculated AG for PDS associated with LCC-Catalysed
NER; (c¢) Na+ effect on the stabilization of non-bonded electrons of LCC and N2 adsorption. LCC is highlighted by green circle.

4 Conclusion

In summary, we examined the NRR reactivity of various carbon-
based structures, including defects, functional groups and dopants
by DFT calculations. We demonstrated that these factors, except
carbon vacancies, may promote N2 adsorption, but not enough to
activate N2 to achieve full NRR efficiently. Functional groups can
evolute from one to another and generate active LCC, which has
been identified as the key reactivity origin for observed NRR catal-
ysis by carbon materials. To achieve NRR, LCC stabilization
should be fully considered, and alkali metal 1ons (M+), as widely
contained in electrolyte, offers such stabilization capacity. Given
carbon materials have been widely employed to host NRR catalysts,
this work would suggest experimentalists to consider specific treat-
ments to introduce more defects, N- and O-groups and optimize
them to fully utilize carbon-substrate for optimum performance.
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Chapter 3 MoN; 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 N fixation by iron (Fe) and molybdenum (Mo) contained in nitrogenases, both of which
have been widely identified as excellent metals to adsorb N». 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 (MoN3) for
NRR. It is selected because Mo offers strong capacity to fix N, 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 N»; (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 AGmax=0.47 eV.

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

Study of MoN> 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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ABSTRACT: Metallic two-dimensional materials are emerging

as promising catalysts for several reactions. This work reports a

computational study of molybdenum nitride (MoN,) nanosheet H'+e
as a catalyst for ammonia synthesis at room temperature under

the scheme of density functional theory. Pure MoN, shows

excellent performance for dinitrogen adsorption and activation,

but large energy input is needed to refresh the surface following NH*
the reaction. Iron (Fe) doping can effectively improve it to

achieve full nitrogen reduction with a calculated overpotential of 0.47 V, indicating that Fe-doped MoNj is a promising catalyst

for electrochemical synthesis of ammonia from water and air.

1. INTRODUCTION

Ammonia (NH,) is a simple chemical and is massively
produced in the industry, basically for modern fertilizer, and
is widely employed as a reactant for the production of plastics,
fibers, explosives, and so forth.' ™ It is produced predominantly
on the basis of the well-known Haber—Bosch process, typically
operated at 500 °C and 300 ATM with natural gas as the
hydrogen source, leading to large energy consumption and
carbon emission.' This may not be necessary because the
reaction is actually exothermic and, in nature, nitrogen can be
fixed efficiently by specific bacteria at room temperature with
the catalysis by nitmgenase.s’ﬁ As inspired by nature, electro-
chemical synthesis of ammonia, using proton from water as the
hydrogen source, has been widely studied, which is carbon-free
and more energy-efficient””'" Different from the Haber—
Bosch process, the energy needed to achieve excellent kinetics
can be provided by electricity in electrochemical synthesis,
avoiding high temperature. As a result, high yield can be
achieved because the entropy contribution to the change of
Gibbs free energy for this reaction is positive. The challenge is
how to activate dinitrogen at mild condition, which underlines
the need of high-performance catalysts for nitrogen reduction
reaction (NRR).

So far, various catalysts have been pro;i;osed and studied,
including molecular catalysts,">™"* metals,"*™"" and complex
compounds.'*™*' Molecular catalysts are often designed using
nitrogenase as a model and are obtained on the basis of
synthetic chemistry. Following such strategies, complex
molecules have been successfully synthesized and tested as
NRR catalysts,'” but the high cost and the low conductivity
need to be seriously addressed. Metals offer excellent
conductivity and can be cheap if earth-abundant, but in most
cases, protons prefer to generate hydrogen rather than react
with dinitrogen;'” as a result, the Faraday efficiency is very low.

<7 ACS Publications 2017 American Chemical Society
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Com}]:l]ex compounds, particularly percr\rsln'.ite-m'20 and spinel-

type”' catalysts, show improved performance compared with
pure metals,"® but when operated at room temperature, most
metal oxides are not ideal catalysts for electrochemical reactions
because of their low conductivity. In recent years, 2D materials
have been identified as promising NRR catalysts.”>”* Among 13
nitrides studied by computational calculations, Mo-based
nitride has been predicted to show excellent performance,
which only needs an energy input of 0.36 eV.** Recently, our
group studied MXene carbides and found that 2D carbides can
offer excellent thermodynamic and kinetics performance for
NRR,” underpinning the huge potentiality of 2D materials.
In the literature, Mo-based systems have been successfully
developed as high-performance catalysts for ammonia synthesis
under the Haber—Bosch scheme.”*™*' To extend such success
to the electrochemical synthesis of ammonia at room
temperature, catalysts with high conductivity, stability in
electrochemical conditions, and large surface areas are targeted.
2D Mo—N nanosheets may be considered as potential NRR
electrochemical catalysts on the basis of (1) MoN, phases have
been explored as novel cata]z'sts for electrochemical reactions,
such as hydrogen evolution;*****" (2) layered MoN, has been
synthesized successfully,***® with an excellent performance in
CO hydrogenation; (3) the layer—layer interaction in MoN, is
weak, and thus it can be stripped as mom:)]ay'ers,38 in which case
ultralarge surface areas can be expected; (4) the stability of
MoN, monolayer has been predicted by a recent calculation.®
On the basis of the carlier studies, MoN, monolayer can offer
high conductivity, large surface area, and high stability, which
are ideal for electrochemical catalysts. As demonstrated later,

Received: October 24, 2017
Revised:  November 17, 2017
Published: November 21, 2017

DOE: 10.1021/acs jpec.7h10522
1. Phys. Chem. € 2017, 121, 2756327568



The Journal of Physical Chemistry C

untreated MoN, is an excellent starting material for the design
of advanced NRR catalysts.

2. COMPUTATIONAL METHODS

Spin-polarized calculations are performed under the standard
scheme of density functional theory (DFT) with revised
Perdew—Burke—Ernzerhof (RPBE) exchange correlation func-
tional,"*" as embedded in using the Vienna Ab-Initio
Simulation Package," together with a cutoff energy of 380
eV and a k-mesh of 5 X 5 X 1 for the employed supercell.
Herein, RPBE is employed on the basis of our tests, predicting
reaction entropy and free energy as —1.06 eV and —0.43 eV,
which are close to experimental data (—0.96 eV and —0.34 eV,
respectively). The geometries for all intermediate states are
optimized until all residual forces are less than 0.01 eV/A,
followed with the calculations of total energies which have been
further corrected with the consideration of zero-point energy
(ZPE). In each case, a vacuum space of at least 15 A thickness
is employed to prevent unphysical interaction between periodic
images. DFT-D3 method with the standard parameters
programmed by Goerigk and Grimme has been employed to
correct the explicit dispersion,*

3. RESULTS AND DISCUSSION

3.1. H-Covered Surface. Different from the typical
Haber—Bosch process, electrochemical catalysts need to be
stable in the proton-rich solution. Because our target is to
synthesize ammonia from air and water, it is highly necessary to
examine the states of MoN, monolayer in water. Under the
electrochemical conditions for NRR, electrons will be injected
to MoN, as an energy input; as a result, positively charged
protons will be attracted and can combine with electrons to
form adsorbed hydrogen. For a perfect MoN, monolayer, as
shown in Figure la, a negatively charged nitrogen is the
outmost atom, serving as the basic H-adsorption site, labeled as
Hy, and Mo serves as the secondary site, labeled as Hyy,. In
principle, hydrogen may adsorb over the center of the Mo-
triangle (as indicated by the red lines) and the top site and is
labeled as Hy,,, and Hy,;, respectively, with an adsorption of
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Figure 1. (a, b) Top and side views of MoN, monolayer. (c) Potential
H-adsorption over Mo-site and (d) calculated Eads for H-adsorption
over N-site versus H-coverage.

0.3—0.4 eV. The adsorption on nitrogen has been examined
using the 2 X 2 X 1 supercell, and the adsorption energy versus
the number of adsorbed hydrogen, N, is shown in Figure 1d,
according to which H-adsorption over nitrogen is much
stronger than that on the Mo-site, with adsorption energy
even lower than —1.00 eV for full coverage, suggesting that the
monolayer will be terminated by hydrogen rapidly in the
electrochemical condition.

3.2. Nitrogen Vacancy Generation. Once all nitrogen
atoms are covered, a proton may combine with an electron over
the electrode to react with —NH groups to form —NH,, as
indicated in Figure 2, which can further adsorb hydrogen to
release NH; and generate the N-vacancy, with a small energy
request (0.10 eV for H-terminated MoN,); moreover, N-
vacancy is an active site to fix molecular nitrogen, with a
bonding energy BE = —0.28 eV. According to the earlier
calculation, it appears that the Mars—van Krevelen mechanism
for ammonia formation may be applicable to the MoN,
monolayer, which has been proposed for Co;Mo;N,** one of
the most active catalysts for ammonia synthesis on the basis of
the Haber—Bosch process. However, it is necessary to point out
that, for the Haber—Bosch process, it is often accepted that
nitrogen is split as two N atoms at high temperature, namely,
direct dissociation mechanism, while in the case of electro-
chemical conditions, both N, and H, do not have to be split.
Thus, it is critical to examine whether adsorbed N, at the NV
site can be effectively reduced.

3.3. Hydrogen Evolution Reaction (HER). HER is a
major side reaction for NRR and can compete with NRR for
the consumption of protons and electrons, resulting in low
Faraday efficiency (FE) and low-energy efficiency.'” Before we
evaluate the catalysis performance of MoN,, it would be good
to examine the overpotential of HER over NV. In addition, it is
helpful to test whether NV, as the key active site for N,
adsorption as described earlier, can survive under the reaction
condition given NV may be terminated by hydrogen.

In principle, HER may occur through the Heyrovsky step
Hads + (H" + e7) — H, or the Tafel step 2Hads — H,, with
Hads referring to existing hydrogen bonded with nitrogen or
molybdenum. We start from the analysis of HER associated
with NH* given the surface will be terminated with hydrogen
as described earlier. When the surface is fully H-terminated, the
free-energy changes associated with HER steps are as follows:

NH* + (H" + e7) - N* + H, AG = 1.07 eV

NH#* + NH* — 2N* + H, AG = 2.09 eV

Clearly, HER over these NH* sites needs large energy input,
which is essentially determined by the strong N—H bonding,
Now, we turn to the examination of HER over NV, and the
elementary steps with a need of energy input are shown (H*
bonded with Mo):

NV + (H" +e7) — H* AG = 0.70 eV

H* + (H" + e7) — 2H* AG = 020 eV

For comparison, the free-energy change associated with N,
adsorption over NV has been listed as well

N, + NV - N,* AG = 040 eV
According to these results, N, adsorption is favorable over NV

when no external voltage is applied, and HER needs a
minimum energy input of 0.70 eV. This will be employed as a

DOI: 10.1021/acs jpec. 7b 10522
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Figure 2. N, fixation through filling NV. (a) NH* + (H* + ¢) — NH,*; (b) NH,* + (H* + ¢7) — NV + NH;(g); (c) N3(g) + NV — N,* N, Mo,

and H are indicated by blue, cyan, and white spheres.
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Figure 3. Proposed reaction steps associated with NRR on MoN, nanosheet. The component for each stage is indicated, and the calculated AG (red
number) is shown in eV. (a) NRR over pure MoN,; (b) NRR over Fe-doped MoN,.

Figure 4. Optimized geometries for NRR intermediate states on Fe-doped MoN, nanosheet. Mo, Fe, N, and H are shown as surf, violet, blue, and
white. The component (solid phase) for each stage is indicated below the image.

key parameter to evaluate the NRR catalysis in the following
discussion.

3.4. NRR Elementary Steps. Now we turn to ammonia
formation, starting from adsorbed N, on the NV site. Through
comparison, the following elementary steps have been
considered:

RO: N,(g) + NV — N,*
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R1: N,* + (HY + ¢7) - N-NH*

R2: N-NH* + (H* + ¢7) —» N-NH,*

R3: N-NH,* + (H"+e7) - N* + NH,(g)

R4: N* 4+ (H* + ¢7) — NH*

DOI: 10.1021/acs jpec.7b10522
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RS: NH* + (H" + ¢7) » NH,*

R6: NH,* + (H* + ¢7) - NHy(g) + *

These results can be summarized in Figure 3a, in which the
Gibbs free energy for the intermediate state NV + 6(H" + ¢7) +
N,(g) has been employed as the energy reference, together
with the calculated AG (red numbers, in units of eV) for each
elementary reaction, according to which the steps from N,* to
the formation of the first ammonia are exothermic, suggesting
that N, has been effectively activated. The real challenge comes
from the formation of the second ammonia, and the rate-
determining step (RDS) is the hydrogenation of NH* to
NH,*, which needs 1.75 eV, being remarkably higher than that
requested by HER (0.70 ¢V), indicating that the FE should be
low for pure MoN, when it is employed for ammonia synthesis.
Such high energy demand indicates that the N—Mo bonding is
too strong to break; therefore, dopants with relatively weak
interaction with nitrogen is preferred. Later, iron (Fe) is
employed given that Fe-based catalysts have been successfully
employed for ammonia synthesis for decades, and the free-
energy profile is shown in Figure 3b.

Fe-doping is modeled by replacing one Mo by Fe, and the
optimized geometries for the NRR intermediates are shown in
Figure 4, starting from clean Fe—MoN, with NV, labeled as
NV. The calculated free energy is in Figure 3b for comparison.
Three features are observed: (1) the adsorption of N, is still
endothermic, with AG = 0.47 eV, slightly higher than that on
undoped MoN,, confirming that Fe-doping weakens the N—
metal interaction, and thus, early hydrogenations for the
formation of the first ammonia becomes endothermic (0.14
€V), which is clearly different from undoped MoNy; (2) the
energy cost to form the second ammonia has been reduced
remarkably, from 1.75 to 0.44 ¢V; and (3) RDS does not come
from the formation of ammonia (maximum energy requirement
is 044 eV for hydrogenation steps) but from N, adsorption
(AG = 047 eV), indicating that the overall performance is close
to those of VN (0.51 ¢V) and CrN (0.46 V), both of which
have recently been predicted as high-performance NRR
-:at:-l]y'sts.45 Further, HER has been examined for Fe-doped
MoN,, and over the vacancy, hydrogen may adsorb over Mo, or
Fe, or the hole (surrounded by three metals). On the basis of
our tests, H—Fe is favorable (AG = 0.49 eV), which is slightly
higher than that requested by NRR steps (0.47 V), suggesting
that Fe-doping can effectively improve the NRR selectivity over
HER and offer higher FE. Overall, Fe-doped MoN, can be
recommended as a promising NRR catalyst.

The promoting effect associated with Fe-doping can be
understood from two aspects: (1) Mo—N interaction is very
5tr0ng,3| as evidenced by the capacity to catch N, and the
negative AG for the first H-adding (see Figure 3a), which is
helpful for N, activation but is not beneficial for the formation
of the second NHj, and Fe—N bonding is relatively weak and
can balance the N, activation and NH; formation, being
consistent with the design principle proposed by Jacobsen et
al;** and (2) compared with Mo ([Kr] 5s%d*), Fe ([Ar]
45"3d%) offers more valence electrons, and with its four-
coordinated states, high spin states at the t,-states can be
generated on the basis of the crystal field theory, and they are
helpful for the reduction of N-containing moieties, agreeing
well with the recent reports regarding FeN;—graphene™ and
Fe—MoS,,"” both of which are promising candidates for NRR
because of the existence of four-coordinated Fe.
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It is worth to compare the presented Fe-doped MoN,
nanosheet with several single-atom catalysts (SACs) designed
in recent years.%_‘w For SACs, metals are lowly coordinated; as
a result, strong N, adsorption is offered, and thus, N, can be
effectively activated.™ ™" In some cases, the N, adsorption is
through the enzyme module,* which is very beneficial for N,
reduction, However, the disadvantage is that metal—-N bonding
may be too strong to release NHj. In this work, N, adsorption
and activation is achieved through NV, which can be
regenerated with low energy input as discussed earlier, but
stronger adsorption capacity is still needed to efficiently catch
N, from the electrochemical solution. Qur recent publication
indicated that the use of ionic liquid is helpful to promote N,
adsorption and to achieve much higher energy eﬂ'icjency,w
according to which the searching of high-performance NRR
catalysts should be combined with the optimization of
electrochemical reaction environment.

4. CONCLUSIONS

In summary, MoN, has been explored as a catalyst for
electrochemical synthesis of ammonia at room temperature
through DFT calculations. MoN, itself is not an ideal catalyst,
requesting an energy input of 1.75 eV, but Fe-doping can
remarkably improve its performance, with AG,,,, = 0.47 eV for
the RDS (N, adsorption). Accordingly, Fe-doped MoN, has
been recommended as a promising catalyst for ammonia
synthesis. Nitrogen vacancy plays the key role to adsorb and
activate nitrogen, and Fe-dopants slightly weaken metal—
nitrogen interactions and promote the formation of the second
ammonia.
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Chapter 4 FeBx Nanosheet as NRR Catalyst

4.1 Overview

Based on the studies of graphene- and MoN»-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 MoN: (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, FeB,, FeBs, 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, FeB,, FeBs(a) and FeBes(B), has been performed and
presented in this chapter. The following conclusions have been obtained: (i) FeBs(p) has been
identified as the best candidate among these four with lowest AGmax (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. A4 7,21507-21513 (2019)).
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In recent years, boron (B) has been identified as p-block catalysts for nitrogen reduction reaction (NRR), but N2 adsorption
on B-site is often weak. In this report, iron has been introduced to improve Nz fixation. Four iron borides, including FeB, FeB.,

FeBs(a), and FeBs(B), have been explored as potential NRR catalysts under the framework of density functional theary (DFT).

The key hypothesis is that Fe and B, both as active sites, may offer synergetic effect in N: fixation and reduction. As

demonstrated by our calculations, FeBs(p) offers the best performance in terms of lowest maximum energy required for

elementary steps (0.68 eV), which is close to recently reported single-atom catalysts. Following this computational work,

lightly oxidized iron has been identified as active sites for the electrochemical synthesis of ammonia at room temperature.

Introduction

Over the last century, ammaonia (NHs) synthesis through nitrogen
reduction reaction (NRR) has been extensively studied because of its
paramount significance in both catalysis science and modern
chemical and agriculture industry.® To date, the Haber-Bosch
process, as developed one hundred years ago, is still the dominating
approach for large-scaled ammonia synthesis.? Although nitrogen
reduction by hydrogen is exothermic, the Haber-Bosch production
needs high temperature and high pressure to achieve optimum
kinetics, which is not energy efficient and brings large amount of
carbon emission because hydrogen is often produced from
hydrocarbon reforming.*® Under this context, electrochemical
synthesis, ideally at room temperature, has been extensively studied
as a green technology for ammonia production. &6

For NRR, one of the key challenges is the activation of nitrogen,
which is highly stable due to the strong N=N bond. Therefore, large
amount of energy input is required to inject electrons to the
antibonding states of nitrogen, under which its bond order can be
reduced based on theory. Following this
understanding, highly active metals, like lithium and potassium, are
often employed for traditional Haber-Bosch process, but they are not
applicable for aqueous electrochemical conditions. In recent years,
single-atom catalysts (SACs)Y have been emerged as a new strategy
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to design high performance electrocatalysts and successfully
employed for NRR.2825 For such designs, single atom is loaded on
nanosheets as the active centre for N; fixation and reduction, such
as Mo/BN,® Fe/Mo0S,,%® Fe/graphene,2* etc. These SACs are
promising to catalyze NRR with low energy input at room
temperature. However, an open challenge is how to achieve high
stability of catalysts for a long durability which is particularly difficult
when high loading of dispersed metals is expected.?®7 Another
chalienge comes from the reaction with the soiution as NRR needs
large amount of protons and electrons; consequently, single metals
loaded on typical substrates may react and dissolve into the solution.
Ideally, metals are not only highly dispersed to achieve high catalysis
performance but also strongly stabilized by the substrate to confer
high stability. These two requirements demand delicate control for
SACs because they are highly sensitive to local coordination. For
instance, Fe-N,; performs much worse than Fe-N; when single Fe is
deposited on carbon vacancies of graphene.1®

Different from metal-based SACs, non-metals offer high stability in
aqueous solution. Especially boron has empty orbitals to accept lone
pairs from Nz but also can generate B-to-N m-back bonding, leading
to Nz activation.28%¢ Most recently, boron loaded on 2D substrates
has been particularly identified as promising single non-metal
catalyst, offering high energy efficiency and ammonia selectivity.3?
However, sole boron site fails to provide strong capacity to adsorb
N,.2527 Therefore, this work aims to explore Fe-B as NRR catalyst,
using iron to strengthen Nz adsorption. lron borides (FeB, FeB;) were
employed as starting point to establish essential knowledge for the
exploration of new Fe-B catalysts because (i) both FeB and FeB; are
industrially available, and if confirmed as promising catalysts, scaling
up is feasible; and (ii) high stability and high loading of active sites
may be achieved at the same time. As demonstrated below,
hypercoordinated iron in FeBg is promising.



Computational Methods

In this work, all calculations were carried out under standard
density functional theory using the Vienna Ab initio Simulation
Package (5.4.4 VASP)
approximation with the revised Perdew-Burke-Ernzerhof.37-39
An energy cut-off of 380 eV was adopted, and the k-space was
sampled with a grid of 3x3x1 under the Monkhorst-Pack
scheme. Four Fe-B compounds were modelled by the slab of
(001) surfaces, over which a vacuum space of 15 A has been
applied. All structures have been fully optimized until the
maximum force on each atom was less than 0.01 eV/A. Zero

under the generalized gradient

point energy corrections were calculated over gamma points.
The van der Waals interaction has been considered using the
DFT-D3 scheme.*® The calculations of Gibbs free energy for NRR
elementary steps were based on the scheme of standard
hydrogen electrode, as well described in the literature.4142
More tests and lattice parameters for four Fe-B compounds
have been listed in the supporting information (Sections 1&2).

Results and Discussion

Fig. 1(a)-(b) show bonding networks for FeB and FeB,. For FeB,
both Fe and B show two sets of Fe-B coordination structures,
labelled as Fes., Fesc, Bsc and Bsc, while FeB; is relatively simple,
only showing Feg. and Bs.. Such bonding structures directly
affect the charge distributions, as indexed by Bader charges in
Table 1. It is interesting to see that the charges on Feg. in FeB;
and FeB are remarkably different. Specifically, Fe-atoms in FeB
are co-mediated by Fe and B (see Fig. 1); as a result, valence
electrons from Fe-site are shared with other Fe-atoms, showing
metallic nature, low oxidation and relatively large Fe-B distance
(1.99-2.18 A). While FeB: shows a different bonding network,
with shorter Fe-B bondlength (1.88 A) and high oxidation state,
which difference is very informative, highlighting the strategy
that Fe-Fe and B-B bonding can be employed to mediate Fe-site,
This knowledge is helpful for further exploration of ideal Fe-
state to achieve optimum NRR performance.

Figure 1. Slab models for FeB and FeB;. (a) top and side views of
FeB; (b) top and side views of FeB;. Fe and B are shown as purple
and pink spheres, respectively.
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Table 1. Coordination, Bader charge, spin and calculated AGmax
for four catalysts.

Catalyst  Coordination  Charge(e) AGmax(eV)
FeB Fesc 0.42
Fesc 0.47 1.30
Bec -0.40
Bse 043
FeB: Fesc 0.18 0.92
B -0.09
FeBs(a) Fesc 0.33 1.02
Bec(x) -0.07
Becly) +035
Bse -0.15
FeBs(f)  Fesc 0.31 0.68
Bec -0.20
Bse -0.08

For NRR, we start calculations from N; adsorption. In
principle, N2 may adsorb over Fe- and B-sites, over top-site, Fe-
B bridging site, enzymatic and dissociative geometries, which
have been tested and listed in the supporting information
(Sections 3&4). It is found that: (i) For all these structures, Nz
adsorption on Fe-centre is favourable, confirming that Fe-
adding to B-based catalyst is beneficial for N, fixation; (ii)
enzymatic adsorption is not favourable in all cases; (iii) FeBz
shows excellent capacity to dissociate N; and N>H over Fe-site,
underlining the need to consider dissociative NRR path over
FeB;. Clearly, FeB and FeB; present different capacity in Nz
fixation. For Fe with higher oxidized state (e.g., FeB), lone pairs
from N3z may fill its empty states, which can stabilize adsorbed
N, together with valence electron transferring from Feig to
antibonding states of Nj. In the case of N;-adsorption on FeB
(Fesc shows +0.47), BE(N2)=-0.48 eV has been obtained. At the
same time Fe-Fe distance has been enlarged from 2.63 Ato 2.73
A, indicating that the transferred electrons are partially
contributed from Fe-Fe bonds. While for FeB,, Fe shows lower
oxidation (+0.18), being consistent with lower BE(N;)=0.37 eV.
Differently, N2 dissociative adsorption is favourable, leading to
BE(N2)=-0.97 eV and different NRR path as described below. The
calculated charge also indicates that only a part of Fe valence
electrons are allocated to Fe-B bonding, while the left results in
Fe-Fe interaction in FeB; layer, showing metallic features. Such
active states play key roles for N; dissociative adsorption. The
above knowledge highlights the importance of Fe-Fe interaction
in the mediation of Fe-centred catalysts.



To establish a full evaluation of catalysis performance, Fig. 2
shows the calculated free energy change AG for elementary
steps over Fe-sites, with different reaction paths (Dissociation
path has been particularly considered for FeB;), while enzymatic
path is ignored as such adsorption is not stable based on our
tests. Calculated maximum free energy change (AGmax) for
elementary steps can be derived from the profile. Accordingly,
the following features can be summarized: (i) the most
favourable NRR path on FeB and FeB: will be Alternating and
Dissociative path, respectively, with AGmax=1.30 eV and 0.92
eV, respectively; (ii) For association mechanisms, FeB performs
much better than FeB;, with Fes. in FeB showing the best
performance; (iii) For FeB,, dissociative path not only leads to
favourable N, adsorption (-0.97 eV for dissociative adsorption
vs -0.29 eV for molecular adsorption), but also favours NH»
dissociation and NHj; release; and (iv) for associative NRR
process on FeB,, both initial hydrogenation (N> = NzH) and final
NH; release are difficult (AG>0.9 eV), which can hardly co-exist
due to the linear relationship:#344 high energy required for NHs
release often means strong Fe-N bonding, resulting in effective
N; activation due to electron injection from Fe-centre to N,.
Therefore, it is worth to compare the final geometries for N*
and NHx* species, as discussed later. Another interesting result
is the remarkable difference of E(N*) on Fe-site: it is quite
negative on FeB; (<-1.0 eV), but very positive on FeB (>1.0 eV),
indicating that Fe-B bonding can remarkably affect Fe-N
interaction. In the case of FeB,, however, dissociative path has
no such strong N*-adsorption issue as N* turns to NH*
adsorbed on the top of single Fe-site, rather than on the hole of
In the E(N*) has been widely
employed as an indicator for the design of NRR catalysts, using
Ru(0001) as a reference.*>46 Specifically, an ideal E(N*) would
be around -0.46 eV using Ru(0001) as a reference*’; therefore,
we may further optimize the NRR performance of Fe-B system
through the searching of new Fe-B compounds.

three Fe-sites. literature,

) T ]
052 038 036,07 016
1 — 43— 1 =
130 1 130 )
Fong IIJT =
af— S
T a | Zopm— —
% 1 i-'
s 3
¢ oF 5 2 s TS e 3o
v SFFIFF. PEITFS S FL.
; Reaction Sequences Reaction Sequences
(e} o o @ Dissoclative
041
f P!
- 132 e 1.04
] 298 5
b = ol = )
= 0.11 92
9. — 1s| 3 0.33 0
TSy 0.69 034 0.06 573
: $ & AR
g SN & 5 & a0
sl SF F IS Mot S S G Ko
4 Skt i A AT Sy Fe

Reaction Sequences Reaction Sequences

Figure 2. Calculated free energy profiles for NRR on FeB and
FeB.. (a)&(b) Fes. site of FeB; and (c)&(d) Fee. site of FeB,. Distal
Alternating, Dissociative indicate the reaction paths. Calculated
data of AG are labelled for elementary steps in unit of eV.
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Figure 3. Models and bonding network for (a) FeBs{a) and (b) FeBg(B).
Numbers along red and green dashed lines show Fe-Bs. (short) and
Fe-Bq. (long) bonds in unit of A.
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Figure 4. Calculated free energy profiles for NRR on Fe-site for
FeBs(a, top) and FeBg(B, bottom). Fe, B, N and H are shown as
purple, pink, blue and white spheres. Calculated AG for each
elementary step is listed in unit of eV. Proton and electrons are
labelled as (H*+e).



A direct approach to tune Fe-B interaction is to change the Fe/B
atomic ratio. In the literature, two-dimensional Fe-B compounds
have been explored by several groups*+4® and two structures,
namely FeBg(a) and FeBs(B), have been identified as stable
configurations, as shown in Fig. 3(a) and (b), in which Fe is
hypercoordinated by 8 and 9 boron-atoms in « and B, respectively,
but Fe-B distances are different as labelled. Based on the
understanding  established FeB FeB,, the
hypercoordination in FeBs can keep Nz-fixation capacity, but it is not
clear how differentiated Fe-B bonding and newly introduced B-B
interaction would change the catalysis performance. The charges on
Fe- and B-site have been calculated and listed in Table 1, according
to which Fe-charge in a is remarkably higher than that in FeB and
FeBa, but Fesc in B is between that FeB and FeBa, which offers the
opportunity to investigate how this charge difference can be tuned
to improve final NRR performance.

from and

To examine NRR performance, full free energy profiles have
been calculated for FeBg structures, as shown in Fig. 4, together
with intermediate states and calculated AG for each step
involved in the favorable reaction paths. According to this
result, we found: (i) FeBg(a) and FeBg(B) show AGmax=1.02 eV
and 0.68 eV, respectively; (ii) Alternating and Distal mechanisms
are favorable for FeBs(a) and FeBs(B), respectively; (iii) NHs
release has been remarkably improved with respect to FeB and
FeB;, and potential-determining step comes from early
hydrogenation, NaH—=NzH: for FeBg(a) and N2—=NzH for FeBg(B).
Clearly, NH; release issue has been solved with such
hypercoordinated Fe-B system, and the overall performance
has also been improved, with FeBgs(B) being identified as the
best candidate (AGmax=0.68 eV).

To understand the performance difference among four
catalysts, geometry and performance indicators are related for
analysis. Fig. 5(a) shows three indicators (-AGmax, E(N), E(N2))
versus the coordinator numbers for FeB, FeB, and FeBg. Ideally,
-AGmax can be close to zero (dash line) so that almost no energy
input requested for NRR. It is that
hypercoordinated FeBg (B) offers the best performance. As
boron is well known as electron-deficient element,

will  be found
Fesq
electrons are partially shared by neighbouring boron; as a
result, electron injection from Fe to N; is reduced, weakening
Fe-N bonding. The —AGmax versus E(N) can be further revealed
by the famous volcano curve, as shown in Fig. 5(b), in which
Ru(0001) and Fe(111) have been employed for comparison.*®
For FeB and FeB,, active sites are indicated in the parentheses,
while for FeBs, a and B show the phase difference with Fe as
active site. The curve shows that (i) FeBa(Fe-site) slightly
deviates from the linear relationship; and (ii) FeBg(B) is better
than pure Fe and is close to noble metal Ru, suggesting that it is
a promising catalyst for NRR.

There are still several unsolved guestions. The first is why FeB:
performs so different for dissociative and associative paths,
especially its Distal path is much worse than that for FeB and FeBs.
For associated path on FeB;, a remarkable difference is that N*
(generated after releasing the first NHs) turns from single- to three-
coordinated with the catalyst, fixed by three Fe-atoms (initial Fe-
atom to fix Nz is labelled as Fe!, and other two as Fe? in Fig. 6(a)); as
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a result, strong Fe-N bonding has been resulted as indicated by the
heavy charged N*, which is the reason for the large AG associated
with the 27 NH; release (1.58 eV, see Fig. 2(c)). While for dissociative
adsorption, N* has been converted to NH* prior to Fes-N formation,
avoiding the difficult NH3 release and achieving AGmax=0.92 eV.
Therefore, Fes-N bonding should be avoided, as it remarkably
increases the energy input for NH3 release.
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Figure 5. Structure-performance relationship. (a) Performance
indicator versus coordination number; and (b) Volcano curve for
—AGmax versus E(N).

Second question is the poor performance of FeB in initial
hydrogenation, from N*=>N;H* (see Fig. 2). To answer this,
Bader charge states for S, No* and N* have been listed in Table
2. The charge of Fe bonded with N; and N almost has no change
(+0.44) with a typical Fe-N bondlength (1.54 A); moreover, the
net charge on N;* is only -0.22, which is notably smaller than
that on FeBg(B), indicating that N; has not been effectively
activated. It is also worth to note that NH; release is not difficult
on FeB, although E(N) is particularly large, indicating that NH3
instability comes from other reasons. Fig. 6(b) shows the
bonding network when N* is generated, in which a key change
is the distance between active Fe and bottom B, enlarging from
2.13 A to 2.28 A. As volcano curve essentially origins from the
linear relationship of adsorption energies of intermediate states,
with the basic assumption that these states are linked by a
common surface bond (e.g., NH* and N* share the same N-
catalyst bond). When the basic bonding associated with the
active site on the catalyst has been changed, such relationship



can be broken, which is why FeB(Fe) still shows a relatively small
AGmax when large E(N) is presented.

Final question is why FeBg(B)
performance than the other three, especially FeBg(a) also
shows similar hypercoordination feature with B-phase. The
difference between these two can be found from the Fe-charge
of clean surface: a shows Fe®>? based on Bader charge, while B
shows Fe®3%, indicating a lower oxidation state of Fe in B-phase.
As a result, newly introduced oxidizing agent, Nz, can obtain
electrons and get activated on FeBs(B), but difficult to do the
same on FeBg(a). This confirms our hypothesis that lightly
oxidized iron is beneficial for NRR, following which rational
design of ligands environment can further improve the
performance of Fe-site. Recently, similar phenomenon has been
found for Mo-based SACs,?*5% in which lightly oxidized Mo has
been identified as promising NRR catalysts, performing much
better than N-mediated Mo.

shows much better

Figure 6. Understanding the performance of FeB; and FeB. (a) Single-
coordinated N; and (b) three-coordinated N on FeB,, (c) adsorbed N,
and (d) single-coordinated N on FeB. Bond lengths are in unit of A.
Enlarged Fe-B bond (2.13 A to 2.28 A) has been highlighted by green
dashed line.

Table 2 Charge analysis by Bader population in unit of e. 5, N>*
and N* represent the states of clean surface, N;- and N-
adsorbed geometries. Nx indicates the adsorbed N-species.

Catalyst Species S Na* N#
FeB Fe 0.44 0.44 0.45
Ny -0.22 -0.59
FeB2 Fe 0.18 0.24 0.36
Ny -0.23 -0.88
FeBs(a) Fe 0.53 0.46 0.54
Nx -0.20 -1.80
FeBs(B) Fe 0.36 0.30 0.30
Ny -0.22 -0.28
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For high performance NRR catalyst, excellent selectivity is
essential. To better understand the selectivity, optimized
geometries for H*, N:* and co-adsorbed N,*-H* were
presented in Fig. 7, together with HER diagram and calculated
binding energy (BE) for these species being shown in Fig. 8. We
found that the calculated AG(H*) is smaller than AGmax for NRR
on these four catalysts, according to which NRR selectivity
seems to be low in terms of energy. Howeuver, it is worth to note
that H* adsorption (from H*+e’) is weak with respect to N:
adsorption for all four catalysts, as indicated by calculated BE
shown in Fig. 8(b). Therefore, active Fe-sites will prefer to be
occupied by Ny, rather than H-terminals, which is beneficial for
NRR. Even these sites are occupied by H-terminals, N; can still
adsorb, pushing H-terminal to bond with neighbouring B or Fe
without large energy request, as evidenced by optimized
geometries shown in Fig. 7(i-1) and calculated BE in Fig. 8(b).

As described above, N;-adsorption over H-terminated Fe can
push H to neighbouring site, leading to H* co-stabilized by Fe-B
or multiple Fe-sites, as shown in Fig. 7. Among these four, FeB
is particularly interesting as N, adsorption on H-terminated Fe
is even stronger than that on non-H-terminated case.
Specifically, BE(N;) is increased from -0.48 eV (without H-
terminals) to -0.78 eV (with H-terminal), corresponding to the
geometries in Fig. 7(e) and (i). To understand this result, Bader
charges on Fe-site over which N;*, H* and N;*-H* are adsorbed
has been calculated. In the clean case, Fe shows a charge state
of +0.44, which has been no change after N: adsorption,
suggesting that N, adsorption is dominated by the N;-metal
coordination, rather than Fe-N bonding. After H-adsorption, Fe-
H bonding is generated through Fe—=>H electron transfer, as
supported by the negative charge on H (-0.20). Associated with
following N: adsorption, H-terminal has been pushed to
neighbouring B, being co-stabilized by Fe and B and leading to
new charge states, with Fe(+0.32), H(-0.39) and N(-0.22).
Compared with the non-H-termination case, the charge on N;
has no change (-0.22), but H gains more electrons from B, rather
than Fe, corresponding to B-H formation and slightly weakened
Fe-H bonding. Clearly, strengthened N; adsorption over H-
terminated Fe-site can be viewed as a result of joint actions by
weakened Fe-H bonding, newly introduced B-H bonding and
strengthened N,-Fe coordination. Therefore, the stability of H-
termination after N, adsorption is critical, which can be affected
by several factors, like Fe-B distance (which is key for Fe-B co-
stabilized H*) and Fe-Fe distance (for H* over multiple Fe-sites).
According to this unusual result, it appears that N> adsorption,
as the starting point for NRR, can be complicated and deserves
better understanding, given current researches often consider
HER and NRR separately, which may miss key information
regarding N;*-H* co-adsorption and the evolution of surface
geometries (like H* moves from the top of Fe to be co-stabilized
by Fe-B or Fe-Fe, as shown in Fig. 7(i)-(1)).



Figure 7 Optimized geometries for H*, N»* and N;*-H* on four
catalysts, with (a,e,i) on FeB, (b,fj) on FeB,, (c, g k) on
FeB6(alpha) and (d, h, |) on FeB6(beta). Fe, B, N and H are shown
as purple, pink, blue and white spheres.
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Figure 8 H-termination. (a) HER diagram; (b) Binding energies
for H and Nz on clean and H-terminated Fe-site.

43

Conclusions

In  summary, we proposed Fe-B concept catalysts,
demonstrated by industrially available FeB together with newly
predicted FeB;, FeBgla) and FeBg(B) as examples. DFT
calculations suggest that (i) FeBg(P) is a promising NRR catalyst
with AGmax=0.68 eV over Fe-site; (ii) lightly oxidized Fe-site has
been identified as active sites for NRR; and (iii) metal-metal and
B-B interaction can play an important role to optimize the
catalysis performance of Fe-B compounds catalysts. It is worth
to mention that the above performance was obtained from bulk
or 2D materials, not by SACs; therefore, the loading of active
sites can be very high (e.g., FeBg(B), Fe-density is ~5/nm? and
46.3 wt%). Moreover, Fe-atoms have been effectively
separated and hypercoordinated by boron network; as a result,
they can perform like SACs while presenting high stability and
density. We anticipate that this work will stimulate further
interest in the design of high performance NRR catalysts to
address the key challenges for NH; economy.
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Chapter S Mo,C 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 N». 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 Mo>C 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 (AGmax>1.5 eV); and (iii) the reactivity can hardly be
improved through iron doping as we achieved in MoN». Based on these results, Mo,C 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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Impact of H-termination on the nitrogen
reduction reaction of molybdenum carbide
as an electrochemical catalyst

Qinye Li,” Siyao Qiu,® Lizhong He,? Xiwang Zhang ) ** and Chenghua Sun () *°¢

Transition metal molybdenum (Mo) exhibits a strong capacity to adsorb nitrogen (N), but the Mo-N;
interaction is too strong and thus it is difficult for ammonia (NHs) to be released from the catalyst
surface. Bonding with nonmetals with strong electronegativity is helpful to weaken the Mo-N:
interaction, while the effect of hydrogen termination on catalyst surfaces needs to be evaluated given
that the hydrogen evolution reaction (HER) is a key side reaction. This computational work aims to
explore a-molybdenum carbide (Mo,C, orthorhombic phase) as an electrochemical catalyst for the
full nitrogen reduction reaction (NRR). Our density functional theory (DFT} calculations focus on a (100)
surface and demonstrate that (i) surface molybdenum and carbon can be terminated by hydrogen via
the Volmer step and (i) the NRR can occur on H-terminated Mo,C(100) with an energy requirement of
1.0-14 eV, depending on H-coverage. Although C—Mo bonding can remarkably reduce difficulty in NHy
release from a Mo-site, H-terminals result in performance deterioration. These results provide new

rsc.lifpccp

1. Introduction

In nature, nitrogen (N,) reduction is catalysed by nitrogenases,
a type of enzyme widely found in certain bacteria.' ™ Generally,
protein fragments in enzymes play a key role in electron
transfer and the mediation of dielectric environment,™* but
metal-centres in complex enzyme structures are often directly
involved in the catalytic process."” In the case of nitrogenase,
an [FeMo] cofactor is believed to be responsible for the nitrogen
reduction reaction (NRR), including electron accepting, N,
adsorption and reduction.’™ Inspired by the success of using
nitrogenases in N, fixation, Mo-based NRR catalysts have been
extensively studied, including metals,>” molecular complexes,”
newly studied two-dimensional (2D) structures" ** and single-
atom catalysts."*"” Mo metal can strongly adsorb N,, which is
helpful to adsorb and activate N, gas, but the Mo-N interaction is
too strong to release the product NH;, underlining the need to
explore better Mo-based NRR catalysts.

With respect to Mo metal, molybdenum compounds are
much more promising for the NRR."* """ For instance, single Mo
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insights into the development of NRR catalysts.

supported by boron nitride can offer an ultralow overpotential
for the NRR, in which strong Mo-N bonding via the nitrogen-
vacancy plays a key role.’® Another Mo-N example is 2D MoN,
nanosheets, which have been predicted as an excellent NRR
catalyst with the maximum change of free energies AGpax
involved in NRR elementary steps being only 0.47 eV."" However,
the limitation is that the potential determining step (PDS) comes
from the initial nitrogen adsorption, which cannot be overcome
through providing a larger external voltage." Given that the basic
strategy to tune the Mo-N interaction is to control the electron
transfer from the Mo centre to adsorbed N,, the relatively weak
Mo-N, interaction reported in MoN, sheets indicates that too
many electrons are taken by the host, Recently, the Mo—C structure
has been proposed as a novel catalyst for the NRR, offering a small
NRR potential (0.54 V);'* moreover, the PDS comes from the first
electrochemical reduction step (N,* — N,H*, with * indicating the
adsorbed state). Similarly, cubic MoC has been explored as a NRR
catalyst with a NRR potential as low as 0.3 V offered by its (111)
surface, confirming the value of the Mo—C structure for the NRR.'®

The above theoretical predictions are encouraging and more
efforts should be devoted to the investigation of the potential of
Mo-C bonding for the NRR. In particular, hexagonal Mo,C has
been demonstrated as a catalyst for ammonia decomposition,
exhibiting the capacity to stabilize NHx intermediate states.'®
In addition, high-quality single crystals of Mo,C have been recently
synthesized, mainly with (100) as the dominating surface.”®*
Compared with typical Mo-compounds, three-coordinated surface
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carbon is exposed, and this carbon is hypercoordinated (bonded
with six neighbouring Mo-atoms) in the bulk, being similar to the
central carbon in nitrogenase.” The hydrogen evolution reaction
(HER) is often a major issue for NRR catalysts.**?® In the case of
hexagonal Mo,C, the HER catalysis is excellent,”” which was also
the case for molybdenum sulphide.”®*® Considering that the HER
is the major side reaction for the NRR, and a high Faraday
efficiency can be achieved with very limited approaches,™ the
performance of H-terminated structures is closer to the real case.
However, most computational predictions for NRR catalysts were
often made without considering H-terminals, with surface Mo
being directly exposed to the reactants (N, and protons), which
may overestimate the capacity to fix N,. Actually, protons under the
electrochemical conditions may quickly adsorb on the catalyst
surfaces through the Volmer step (H" + e — H*), resulting in
H-terminated surfaces and even H, release given Mo-based com-
pounds are widely reported as excellent HER catalysts.>* >’
In principle, two effects may directly be caused by H-terminals:
(i) the active sites (like unsaturated Mo) may be occupied and thus
efficient N, fixation cannot happen and (ii) the HER consumes
some of the electrons and leads to a low Faraday efficiency for the
NRR, both of which are harmful for the NRR. Therefore, a full
consideration of the HER is essential for the evaluation of NRR
catalysts. This work aims to study this topic using o-Mo,C as a
model catalyst considering that the experimental validation of the
results is feasible as high-quality Mo,C crystals are available
experimentally.””** As demonstrated below, H-terminals can form
on the surface easily, which affects NRR performance remarkably.

2. Computational details

Mo,C(100) is modelled with a (2 x 2 x 1) supercell with five
Mo,C layers along the c-direction, as shown in Fig. 1. Over the
slab, a vacuum of 13 A has been employed and intermediate
states associated with the HER and NRR are introduced to the
surface. Catalysis has been investigated by calculating the free
energy change AG for each elementary reaction, including N,
adsorption, six-step N, reduction and final NH; release,
labelled AG; for step i = 1-8 and the PDS has been identified
from the maximum AG, defined as G, = Max{AG}} with { = 1-8,
as described in the literature.*** The clean (100) surface contains
six active sites, including two carbon atoms (outmost) and four
molybdenum atoms (sublayer).

(a) (c t
X (/] g
K OMo ©C - - 4

0
E-Er(eV)

Fig. 1 Computational model of Mo,C{100). (a) Side view of the slab;
(b) top view (red line indicates the supercell used for the calculation;
red H and blue circles show potential H- and Nz-adsorption sites);
(c) caleulated density of states (arrows show spin up and spin down).
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Spin-polarized density functional theory (DFT) calculations
were performed under the scheme of generalized gradient
approximation (GGA) using the revised Perdew-Burke-Ernzerhof
(RPBE) functional, as embedded in the Vienna ab initio simula-
tion package (VASP 5.4.4).* Plane waves with a kinetic energy
of 380 ¢V have been used, together with the use of ultrasoft
pseudopotentials for all elements except hydrogen. The DFT-D3
scheme® has been employed to correct the van der Waals
interaction. All optimizations were converged with a force of less
than 0.02 eV A~* and energy change less than 10 > eV. A3 x 3 x 1
Monkhorst-Pack k-points sampling has been employed for all
surfaces. The Nj-adsorption energy (AE) on the catalyst surface (S)
has been calculated by

AE(N,*) = E(S-N,%) — B(S) — E(N,) B

where E(S), E(N,) and E(S-N,) are the calculated total energies
for the catalyst surface, gas-phase N, and N, adsorbed on the
catalyst. The star * indicates the adsorption state. All energies
have been corrected with zero-point energy. The free energy
change associated with N,-adsorption, labelled G(N,*), has
been calculated by

G(Nz") = @

where G(S), G(N,) and G(S-N,*) are the calculated Gibbs free
energies for the catalyst surface, gas-phase N, and N, adsorbed
on the catalyst. Transition states have been searched for key
clementary steps (e.g:, PDS). To treat the pair of protons and

electrons, a reference state, hydrogen adsorbed on the surface
39-41
It

G(S-Nz*) — G(S) — G(N,)

(H*), has been employed following the literature. is
worth highlighting that all calculations were based on the
proton-coupled electron transfer approach with a standard
hydrogen electrode (SHE) as the reference,** which is a rough
approximation as accurate calculation of electrochemical

kinetics is still an open challenge.

3. Results and discussion
3.1 NRR on clean Mo,C(100)

Before the calculation of electrochemical reactions, we evaluated
the electronic structure of Mo,C(100) through calculating the
density of states (DOS), as shown in Fig. 1(c), and found that
the line for Fermi energy (blue line) crosses the DOS profile,
indicating the metallic nature and high conductivity, which is
good for electrochemical catalysis.

To investigate the effect of H-terminals, we first investigate
the NRR on clean Mo,C(100), with calculated energy profiles
and intermediate states shown in Fig. 2, in which the catalyst is
shown in the central part. For N,, end-on adsorption on the top
of Mo is favourable, with an adsorption energy AE(N,*) =
—0.76 eV and AG(N,*) = —0.13 eV, indicating that the surface
has a strong capacity to fix N,. The N-N distance is enlarged to
1.13 A, suggesting the activation of a N=N bond. Generally, it
is believed that the NRR may follow three typical mechanisms,
namely distal, alternating and enzymatic paths,” depending
on the N, adsorption and NRR energy profile. Starting from
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Fig. 2 Energy profile and intermediate states for full NRR on Mo.C(100)
without H-terminals. Mo, C, N and H are shown as cyan, grey, blue and
white spheres. Calculated AG for each step is shown in the unit of eV,

end-on adsorption, the NRR may follow the distal or alternating
path. Our calculations show AG., = 1.12 eV and 1.13 eV for the
distal and alternating mechanism, respectively. The energy
profile and intermediate states for the preferred distal/alternating
mixed path are shown in Fig. 2, according to which the PDS has
been identified as N,* — N;H*, with a kinetic barrier of 1.35 eV.
AS AG .y is still large and the PDS comes from the stage of 1st
NH; formation, N, activation needs stronger activation.

3.2 Hydrogen termination

In principle, the HER starts from the formation of the
H-adatom via the Volmer step, H' + ¢ — H*. According to
the model of Mo,C(100), both Mo and C are exposed and may
react with protons. For single hydrogen, the adsorption on Mo
is slightly stronger than that on C, with AG = —0.81 eV on the
bridging site of two Mo atoms and AG = —0.50 eV on the top of
C, as shown in Fig. 3(a). Starting from the 2™ H*, the C- and
Mo-sites are favourable alternately due to the coverage effect,
and the optimized geometries with different numbers of
H-terminals are shown in Fig. 3(b-f) with N = 2-6. Given that
the surface contains six surface atoms (Mo,C,), N = 6 leads to
full coverage. In terms of energy, the formation of the 5th and
6th H-terminal is endothermic, with AG(H*) = 0.03 eV and
0.15 eV, respectively. Under the electrochemical conditions for
the NRR, additional energy input is often provided with an
external voltage, which can be the driving force for the forma-
tion of these high-coverage H-terminals. Therefore, it is con-
cluded that Mo,C(100) is actually H-terminated when it is
applied in the NRR.

Another key parameter is the overpotential for the HER. H*
may further react with protons or neighbouring H* to release
H,. Using the SHE as a reference,*® the HER overpotential can
be estimated using AG(H*), as widely reported in the
literature.*>** In the case of Mo,C(100), the HER overpotential
should be small, around 0.1-0.8 V, depending on the coverage.

23340 | Phys. Chem. Chem. Phys., 2018, 20, 23338-23343

Paper

Fig. 3 Geometries of H-covered Mo,C(100) with different coverages
@N=LBIN=2(IN=3IdN=41(N=5 and () N =6 Mo,
€ and H are shown as cyan, grey and white spheres. The bottom layers are
shown as lines.

The fast HER will compete with the NRR, resulting in low
energy ecfficiency, which is a key issue for Mo-based NRR
catalysts. Recently, cubic MoC has been explored as a NRR
catalyst, whose |AG(H*)| is in the range of 0.1-0.6 eV for MoC
and Mo, sC, depending on surface orientation.'® It is worth
mentioning that this calculation is for single H*, which is often
stronger than the full coverage case. |AG(H*)| is 0.81 eV for the
adsorption of single H* in the case of Mo,;C, which is higher
than that of the surfaces of cubic MoC.

3.3 NRR on H-terminated Mo,C(100)

To investigate the NRR on H-terminated Mo,C(100), the
H-covered surface needs to be selected. Based on the calculated
AG(H*), high coverages with N =5 and N = 6 are highly possible
under the NRR conditions (as an external potential U is
applied). Therefore, Mo,C(100) with N = 5 and N = 6 has been
employed for the study of NRR elementary steps. The key
question is whether H-covered Mo,C can offer the capacity to
adsorb and activate N,. Fig. 4 shows the model, NRR energy
profile and intermediate states involved in the elementary
steps. From Fig. 4, we can see that three of the five adsorbed
H-atoms are bonded with carbon, leaving two Mo-atoms as the
potential adsorption sites for N,. One N, molecule has been
introduced to the surface, as shown in Fig. 4, and Mo-N,
bonding has been found with the Mo-N distance of 2.04 A,
which is close to the Mo-N bond length in MoN, nanosheets
(2.09 A™*>*) The calculated AE(N,*) is —0.50 eV, which is
smaller than that on clean Mo,C(100) (AE = —0.76 eV), suggesting
that the adsorption becomes weak due to H-termination.

Once N, is adsorbed, six pairs of (H' + ¢”) have been added
to release two NH; molecules, and the reaction reaches the
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Fig. 4 Energy profile and intermediate states for full NRR on H-covered
Mo,C(100) with N = 5. Mo, C, N and H are shown as cyan, grey, blue and
white spheres. Calculated AG for each step is shown in the unit of eV.

reduction stage. The 2nd change due to the H-terminals is the
change of the reaction mechanism as now the distal mecha-
nism is favourable, as shown in Fig. 4. The PDS is still the same
and comes from the first hydrogenation step with AG = 1.36 ¢V
and a barrier of 1.91 eV. Generally, a PDS from the formation of
the first NH; often means that N, activation is not enough and
stronger N, adsorption is needed. Among the remaining steps,
the maximum AG is 0.72 eV for NH* — NH,*. From the NH*
geometry (see Fig. 4), N* is three-coordinated by Mo. H-adding
to form NH* results in full coordination for N, and additional
H-adding will turn Mo;-N* into Mo,-NH*, demanding energy
to make this happen. Final NH; release gives AG = 0.16 €V,
indicating that the Mo—-NH; bond strength is weak and ideal for
the NRR. Overall, a minimum overpotential of 1.36 V is needed
for full N, - NHj; conversion, which is larger than that of several
transition metals and newly reported 2D NRR catalysts.* ™

Now, we turn to the case of N = 6 to understand the coverage
effect on NRR catalysis. Fig. 5 shows the calculated results.
Compared with N = 5, another -CH, has been generated.
It seems that H-termination on the Mo-sites causes little
change. However, the energy profile has been notably changed
with respect to that for N = 5, including: (i) AG(N,*) increases
from 0.09 eV to 0.37 eV, suggesting that N, adsorption becomes
very weak; (ii) AGpnax decreases from 1.36 eV to 0.74 eV for the
addition of the 2nd hydrogen (N,H* — NNH,*); and (iii) final
NHj release becomes exothermic. From the optimized geometry,
it is clear that N, can only physically adsorb on the fully
H-terminated surface, due to which the energy change from N,
to N,H becomes smaller. To achieve excellent kinetics under
electrochemical conditions, efficient electron transfer is essential;
therefore, fast kinetics can be hardly obtained from such physical
Ny-adsorption. This can be directly reflected by the large barrier
of 2.17 eV because inserting N, to form a N-Mo bond requires
the breaking of two H-Mo bonds under the full H-termination.
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Fig. 5 Energy profile and intermediate states for the full NRR on
H-covered Mo,C(100) with N = 6. Mo, C, N and H are shown as cyan,
grey, blue and white spheres. Calculated AG for each step is shown in the
unit of eV.

This can also be reflected by the fact that both the most and
second most energy-demanding steps come from the generation
of the first NH;. Overall, full H-termination results in performance
deterioration for Mo,C.

Another interesting result is that surface hydrogen is actively
involved in the surface reaction, including (i) the stabilization
of NHx, which is related to the hydrogen bonding between the
H* and NHx* species; and (ii) the internal H-transfer between
different bonding sites (Mo- and C-site, see Fig. 3), which may
result in the formation of CH, gas, generating carbon-vacancies.
Therefore, better understanding of the behaviour of surface
hydrogen is critical for the analysis of the catalysis of this material.

3.4 Effect of Fe-doping

For Mo metal, the Mo-N, interaction is too strong; therefore,
a relatively weak Nj-adsorber can be considered as an alloy
clement to improve NRR performance.*" Given that Fe and Mo
are the two metals contained in nitrogenase cofactors,™ "7
the FeMo combination has been employed in the design of NRR
catalysts. In our early study on MoN, nanosheets,"" Fe-doping
was reported as an effective approach to improve the perfor-
mance of the MoN, nanosheets. Therefore, Fe-doping has also
been considered here for Mo,C. Using H-terminated Mo,C with
N =6 as an example, the NRR energy profile has been calculated
and is listed in Fig. 6. Compared with the undoped case, three
features can be summarized: (i) N, adsorption is even worse,
with AG(N,*) slightly increasing from 0.38 eV to 0.40 eV; (ii) the
PDS shifts from the formation of the 1st NH; to the second,
with AGp,,, = 1.36 eV (NH* — NH,*, highlighted in Fig. 6 by a
red line); and (iii) the final NH; release remains exothermic.
Clearly, the key issue of N, adsorption has not been improved
by Fe-doping, and the overall NRR performance has shown
almost no improvement.
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Fig. 6 Energy profile and intermediate states for full NRR on H-caovered
Fe-doped Mo.C(100) with N = 6. Fe, Mo, C, N and H are shown as purple,
cyan, grey, blue and white spheres. Calculated AG for each step is shown
in the unit of eV.

For MoN,, N, is adsorbed by a N-vacancy;'' as a result,

strong Mo-N bonding is generated and the PDS for the full NRR
comes from the formation of the 2nd NH; (NH* — NH,*). For
the single-Mo catalyst, the PDS may come from N,*¥ — N,H*,
but AG is often small as N, can be effectively activated.*®
In such Mo-N systems, a weaker N,-adsorber, like Fe, is helpful,
as demonstrated before."* However, for both N=5 and N=6
in the case of H-terminated Mo,C, the PDS comes from the
formation of the first NH;, suggesting that a stronger Ny-adsorber
is needed, which is why Fe-doping does not help in this case. The
given Mo is already a strong Ny-adsorber,"" and the weak Mo-N,,
interaction is essentially due to the H-terminals; therefore,
the suppression of H-termination becomes critical, not only for
reducing the HER, but also to maximize use of the active sites.

4. Conclusions

In summary, a-Mo,C(100) has been explored as a NRR catalyst
by DFT calculations. It is found that the surface can be easily
H-terminated, being consistent with cubic MoC. Such
H-termination can remarkably affect NRR performance, including:
(i) N, adsorption becomes weak; (ii) N, reduction to generate the
first NH; is endothermic, requesting an energy input of ~1.4 eV
for heavily H-covered surfaces; and (iii) Fe-doping cannot provide a
similar improvement to that reported in the case of MoN,.
In terms of the performance, H-covered Mo,C is not an ideal
NRR catalyst considering its low HER overpotential, large AGax
(~1.4 ¢V) and kinetic barrier (~2.0 eV). It is worth highlighting
that the relatively poor performance is essentially due to
H-termination. Based on this knowledge, we strongly suggest that
the H-termination effect needs to be seriously evaluated for NRR
catalysts, considering not only that HER is a side reaction and
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directly affects Faraday efficiency, but also that it changes the
nature of the catalyst surfaces.
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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-PB> and Mo-BC; have been identified as the
most promising catalysts, offering an overall overpotential less than 0.60 V. Mo-BC: 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)).

53



THE JOURNAL OF

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem. C 2019, 123, 2347-2352

pubs.acs.org/JPCC

Computational Design of Single-Molybdenum Catalysts for the

Nitrogen Reduction Reaction

Qinye Li," Siyao (ﬁu,_§ Chuangwei Liu,* Mingguo Liu," Lizhong He, '@ Xiwang Zhang,"“T

st L

and Chenghua Sun

"School of Chemical Engineering and ¥School of Chemistry, Monash University, Clayton, VIC 3800, Australia
¥Science & Technology Innovation Institute, Faculty of Science, Dongguan University of Technology, Dongguan 523808, China

IHubei Key Laboratory of Natural products Research and Development, College of Biological and Pharmaceutical Sciences, China

Three Gorges University, Yichang 443002, China

' Department of Chemistry and Biotechnology, Faculty of Science, Engineering & Technology, Swinburne University of Technology,

Hawthorn, VIC 3122, Australia
© Supporting Information

ABSTRACT: Starting from molybdenum (Mo) embedded in
black phosphorus, 17 single-Mo catalysts with various
combinations of ligands, including phosphorous (P), boron
(B), nitrogen (N), sulfur (S), and carbon (C), have been
computationally examined as catalysts for the nitrogen
reduction reaction. Among them, Mo—PC,, Mo—PB,, and
Mo—BC, have been identified as the most promising catalysts,
offering an overall overpotential less than 0.60 V. Mo—BC, is
particularly attractive as it also shows a high nitrogen
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reduction reaction selectivity over the hydrogen evolution reaction. Such high performance is originated essentially from the
mediation of the ligands, which effectively shift the d-band center of the Mo atom toward the Fermi energy.

B INTRODUCTION

Molybdenum (Mo) offers a strong capacity to adsorb nitrogen
(N,), but the Mo—N, interaction is too strong for the full
nitrogen reduction reaction (NRR),"”* a key step for ammonia
(NH,) synthesis.™> Therefore, additional mediation is
needed. Schrock and co-workers demonstrated N, reduction
to ammonia using a Mo—N complex bearing tetradentate
triamidoamine ligands,® achieving 8 equiv of ammonia because
of the Mo atom of the catalyst. Later, a Mo complex bearing
2,6-bis(di-tert-butylphosphinomethyl)pyridine (PNP) ligands
has been developed, in which phosphorous (P) ligands have
been introduced to optimize the performance, achieving 23
equiv of ammonia with the catalyst, of which one molybdenum
atom produces 12 equiv of ammonia.” When more P ligands
have been introduced, like a mer-triphosphine, up to 63 equiv
of ammonia can be produced because of the molybdenum
atom.® Last year, Mo mediated by PNP-type pincer ligands
even set a new record of 415 equiv of NHy per Mo.”'” These
achievements vividly demonstrated the importance of ligand
optimization in the design of NRR catalysts.

Following these successes in the design of a molecular
complex, the search for Mo-based NRR catalysts has been
extended to inorganic materials and single-Mo catalysts in
recent years."' ™7 Azofra et al. examined M;C, MXene (M =
d*—d* transition metals), including MoyC, (Mo is three-
coordinated as Mo—C,), which shows a strong capacity to
adsorb N,."' Mo—N bending has also been considered for

v ACS Publicatioﬂs @ 2019 American Chemical Society
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NRR catalysis.”” """ As reported by Li et al, a MoN,
nanoshseet may generate N vacancy under electrochemical
conditions, which actively fills N, via Mo—N, bonding and
offers excellent NRR performance, especially after Fe dopiﬂg.H
In addition, single-Mo catalysts have been incorporated into
the boron nitride nanosheet'® and N-doped graphene,m for
which Mo—N bonding has been identified as an effective way
to optimize the performance of the Mo center. In contrast, P
and boron (B) ligands are rarely studied in the design of
inorganic NRR catalysts, although the Mo—P; complex has
shown great success.”® To further optimize its performance, a
systematic search for optimum ligands is still needed. Herein,
we envisaged the design of novel single-Mo catalysts on the
basis of Mo—P bonding through density functional theory
(DFT) calculations. Inspired by the findings of Nishibayashi
and co-workers,"™* Mo—P, bonding has been employed as a
basic point through introducing a single Mo atom on black
phosphors (BPs) to provide an ideal Mo—P; bonding
environment, followed by an additional evaluation of various
ligand combinations. As demonstrated below, Mo—BC, has
been successfully identified as a new promising model catalyst
for NRR.

Received: November 28, 2018
Revised:  December 26, 2018
Published: January 4, 2019

DO 10.1021/acs jpcc.Bb11509
A, Phys. Chem, C 2019, 123, 23472352

54



The Journal of Physical Chemistry C

Figure 1. Mo—P, catalyst. (a) Top view and (b) side view of a single Mo atom adsorbed on BP. (c) Bader charge distribution. Mo and P are shown

as cyan and purple spheres. The charges shown in (c) are in the unit of ¢.

(a) AE=-1.15¢V](b)

&

AE=-0.86¢V

(©) AE=0.90¢V

(d]'_,_&%u y

Figure 2. N, adsorption on the Mo—P; catalyst. (a) End-on adsorption, (b) side-on adsorption, (c) tilt end-on adsorption, (d) Bader charge
distribution after N, adsorption for Ma (cyan) and P (purple, only showing the first layer), () Bader charges for Mo and adsorbed N, (blue), and
(f) schematic configuration for the charge transfer involved with Mo—L; catalysts after N, adsorption. The charges are in the unit of e.

B METHODS

The computational searching and caleulations were carried out
through spin-polarized density functional theory (DFT) with
the generalized gradient approximation using the revised
Perdew—Burke—Ernzerhof functional."®'? BP has been simu-
lated with a 2 X 2 supercell, with a single Mo atom bonded by
three P ligands (Mo,—P,, dimension: 898 A X 6.62 A),
labeled as Mo—P;. The optimization of ligands is further
carried out by replacing bonded P atoms with new ligands,
including C, N, §, and B. NRR was studied through the
calculation of free energy changes (AG) associated with all
elementary steps, including N, adsorption, reduction by six
pairs of H* and e”, and NHj; release, as described in the
literature.”*™>* The maximum AG, labeled as AG,,,, was
employed to identity the rate-determining steps (RDS) and
was also employed as an indicator to evaluate the NRR
performance. Small AG,,, means low energy request for full
NRR. AG,,, of 1.08 eV for flat ruthenium (Ru) (0001) was
used as a reference for the discussion.”

B RESULTS

Figure lab shows the top and side views of optimized
geometries of a single Mo atom on BP, respectively, showing

2348

that Mo is three-coordinated and the planar shape of BP has
been kept well. Specifically, the averaged distance between Mo
and the nearest phosphorus is 2.27 A, slightly shorter than that
of a single Mo—P bond in typical Mo-based complexes (2.4—
2.6 A),” indicating the effective Mo—P bonding. To further
determine the oxidation state of Mo, Bader charge has been
particularly calculated, as presented in Figure 1c. Mo shows an
oxidation state of +0.48e, indicating net electrons transferred
from Mo to BP, which are mainly distributed in the first P
layer.

N, adsorption on a single Mo atom adsorbed on BP with
three potential geometries was analyzed, including end-on,
side-on, and tilt end-on adsorption geometries.zs The
optimized geometries are shown in Figure 2a—c, together
with the calculated adsorption energies (AEs, in eV), according
to which end-on adsorption is more favorable by >0.2 eV than
the other two, demonstrated by a calculated adsorption energy,
AE(N,*), of —1.15 eV. N—N distance increases from 1.10 A
(free N,) to 1.13 A, indicating that the N=N bond is partially
activated. Figure 2d shows the detailed distribution of Bader
charges after N, adsorption. Clearly, the net charge on Mo has
been slightly changed, from +0.48¢ to +0.71¢, donating 0.41¢ to
BP and 0.30e to N,. This result suggests a competition
between N, and the substrate for electrons. Interestingly, two

DOE: 10.1021/acs jpcc Bb11509
J. Phys. Chem. € 2019, 123, 23472352
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N atoms show quite different charge states, —0.42¢ (bonded
with Mo, Ny;,) and +0.12¢ (the outside one), as shown in
Figure Ze. Another interesting change is that the charge for one
of three P ligands varies from —0.06e to —0.14¢, suggesting that
the ligands can strongly affect the charge state of the Mo center
and consequently the charge transfer from Mo to N,, which is
critical for N, activation and reduction. Figure 2f summarizes
the basic information on charge transfer involved in N,
adsorption on such Mo—L; catalysts. Specifically, the charge
on N, (the first hydrogenation site for NRR) is determined
by N, =+ Ny, and Mo — Ny, electron transfer, highlighting
the importance of ligands in the tuning of charge state of the
Mo center.

For full NRR, three mechanisms have been investigated for
Mo—P;, including distal, alternating, and enzymatic paths and
their hybrid forms.*® In the case of Mo—P;, the distal path is
preferred on the basis of our tests (see the Supporting
Information, Figure S1). The geometry of the Mo—P; catalyst
and the calculated AG for each elementary step are shown in
Figure 3a,b, respectively. Accordingly, AG,,,, of 1.04 eV has

—Mo-Py (1.kdeV)
(a)'- = (b) — Mo-PB: (0,60 ¢V)
: i SRR 3 — Mo-PCz (0.43 V)
[ j P | = — Mo-BC (060 cV)
" | [ -y E-.
Mo-P; Mo-PB, 20y
i
L L I?' 1
Rt | A4
. o od
Mo-PC, Ma-BC, E NI OUNIH CNNHZ N WM CHHI NHI 8

Reaction Steps

Figure 3. Promising NRR catalysts. (a) Optimized geometries and
(b) calculated NRR profile. Mo, P, N, and H are shown as cyan,
purple, blue, and white spheres, respectively. The free energy change
for N, = N,H is the maximum one for overall NRR and has been
shown in parentheses in the unit of eV.

been derived for the rate-determining step (RDS), N,* + H* +
e~ — N,H*, with all intermediate states shown in Figure
$2(a). To understand the N,—Mo interaction, we start from
the molecular orbitals of free nitrogen whose bonding states of
0y, and iy, are fully occupied; therefore, electron injection to
antibonding states or electron donation to catalysts can reduce
the N—N bond order, activating the N=N bond. According to
Figure 2e, electron injection of 0.30e from Mo to N, occurs,
which is the basis for the strong Mo—N interaction, leading to

large AE. However, such charge transfer is highly localized to
Npgo- Ny as the preferred site for the first H addition, is
positively charged (+0.12¢); as a result, its Gy is partially
empty. Following this analysis, the NRR performance of the
Mo center may be improved through tuning its capacity of
electron donation to N,. As P, ligands are competing with N,
for electron transfer, it is likely to regulate the reactivity of the
Mo center through introducing new nonmetals to replace P
ligands.

Following the above analysis, a series of model catalysts
starting from the Mo—P; configuration were screened with p-
block ligands, including B, C, N, §, and P. The optimized
geometries for these 17 catalysts are shown in Figures S3 and
S4. In most cases, Mo can be stably fixed by the ligands, except
S ligands that result in severe distortion, indicating the low
stability of these structures as listed separately in Figure 54.
Therefore, S ligands are not recommended for the mediation
of single-Mo catalyst, as confirmed later by a calculation of full
NRR.

For NRR, the adsorption energy of a single nitrogen, labeled
as E(N*), has been widely employed as an indicator to search
for potential catalysts and a volcano curve has often been
obtained when the experimental values of the turnover
frequency are plotted against E(N*).”” Promising NRR
catalysts offer a value of E(N*) close to that of the Ru
benchmark catalyst. Among the 17 concept catalysts, Mo—P,B
and Mo—PC, show E(N*) of —0.47 and —0.36 eV,
respectively, close to that of stepped Ru(0001),** suggesting
that these two are promising NRR catalysts. To further
examine this result, a calculation of full NRR over these
catalysts has been carried out, with calculated AG,,,, plotted
versus E(N*) in Figure 4a, in which the catalysts are indicated
by the ligands for clarity. A reversed volcano curve between
AG,,,, and E(N*) — E(N*)y, has been plotted, confirming the
validity of the E(N*) indicator. It is worth noting that such
validity origins from the linear relationship between the
adsorption energies of intermediates; therefore, scattering or
deviation from the linear is often seen, particularly when the
RDS comes from N, adsorption, NH, release, or surface
reconstruction during the reaction (e.g., for $-mediated single-
Mo catalysts in this work, severe distortion has been found, see
Figure S4).

In Figure 3a, several concept catalysts have been identified as
‘good candidates’ using the E(N*) indicator, which have been
confirmed as excellent catalysts by the calculated AG,,, (e.g.,

(a) (c) T
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Figure 4. Computational screening of ligands combinations. (2) AG yy vs E(N) — E(N)g,, (b) AG imr) ¥ AG unrry and () calculated local
density of states (LDOS) for the Mo center for catalysts Mo—P;, —P,B, —PC,, and —P,N, using Fermi energy Eg as the reference.
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0.43 eV for Mo—PC, and ~0.60 eV for Mo—BC, and Mo—
PB,). Moreover, the RDS is similar to the Mo—P, case, which
comes from the *N, — *N,H step (see the dashed rectangle in
Figure 3b), but the overall energy request becomes smaller as
shown by the full energy profile. Such performance is close or
even lower than half of that for flat Ru(0001) (0.54 V), a
benchmark NRR catalyst. Note that N and S ligands do not
bring notable improvement with respect to the Mo—P, system,
consistent with the observation for molecular catalysts.*”
Using calculated AG,,, as an indicator of the performance, a
reversed volcano curve has been indicated by the dashed red
line in Figure 4a, in which E(N)y, is the adsorption energy of
the N atom on stepped Ru(0001).”® It is also worth noting
that (i) such volcano curve points out that an optimum value
for E(N*) is close (but not exactly) to that for E(N)g,
consistent with an early study,” and (ii) for both P,B and PC,,
E(N*) is very close to that of the Ru benchmark catalyst,
highlighting the value of these conceptual catalysts and
importance of B and C ligands in the tuning of the Mo center.

For NRR, hydrogen evolution reaction (HER) is the key
side reaction, leading to low Faraday efficiency (FE) when
HER is more favorable than NRR, which has become a major
challenge for most NRR catalysts.”” ' Therefore, additional
calculations have been performed for these catalysts and
presented with AG, . for HER versus that for NRR in Figure
4b, with the red dashed line showing AG,,,, for NRR being
equal to that for HER, in which case the points above the line
indicate that NRR is favorable. In the case of Mo—P,S, sulfur
diffuses into the BP lattice, resulting in heavy local strain
energy associated with a notable deviation from the starting
geometry. With H adsorption, such strain has been partially
released and the calculated AG(H®) is as low as —3.99 eV; asa
result, releasing H, becomes extremely difficult (>4.0 eV). For
other catalysts without § ligands, the calculated AG,,,, for HER
is in the range of 0.13—1.60 eV, but only those catalysts with
AG,(NRR) < 1.0 eV are attractive for further consideration
in terms of energy efliciency. As shown in Figure 4b, Mo
mediated by BC,, PC,, and N, offers AG,,,(NRR) close to
AG,,.(HER), which deserves experimental efforts as they may
offer relatively good FE. Especially, Mo—BC,, whose NRR
energy profile is shown in Figures 3b and S2¢, is the only
candidate having NRR preference (AG,,,, of 0.60 eV for NRR
vs 0.76 eV for HER) among the nine with AG,,(NRR) < 1.0
eV. With a full consideration of balance and trade-off between
NRR and HER for these concept catalysts, Mo—B,C has been
recommended as the most promising candidate.

To understand the role of ligands, the charge state of the Mo
center before N, adsorption, 8Mo, has been first analyzed.
Given the valence electron from Mo is shared by the substrate
and adsorbed N,, large Mo means that the electron donated
by the Mo center is mainly taken up by the ligands; as a result,
only a few electrons can be injected to adsorbed N,. However,
if dMo is too small, Mo—substrate bonding is very weak and
the Mo—N, interaction may be too strong for NH; release.
Using the combinations of P, N, and B ligands as the example,
AG,,, versus Mo has been plotted in the Supporting
Information (see Figure S5), showing a poor relevance
between Mo and AG,,, (NRR). Therefore, SMo is not a
good indicator for the mediation and the searching of ligand
combinations. We turn to the local density of states (LDOS)
for the Mo atom bonded with different ligands, as presented in
Figure 4¢ for Mo—P,, —P,N, —P,B, and —BC,. Clearly, the N
ligand can remarkably stabilize the Mo electrons as major
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occupied LDOS are below —1.0 eV, whereas for Mo—P,B and
Mo—BC,, quite a lot of states move to the top of valence
bands, suggesting that B and C ligands can effectively shift the
d-band center, which is helpful to achieve high performance
during catalysis. Such a d-band shifting strategy has been
widely applied to the design of electrochemical catalysts in the
literature, such as for generating defects for FeNiOOH
catalysts for oxygen evolution® or introducing alloy elements
in the metal—organic framework for hydrogen evolution.*
Very recently, Mo—C,;N has been identified as a high-
petformance NRR catalyst, using a C,N monolayer as the
substrate.” Experimentally, the proposed B and C ligands can
be introduced with the doping approach, as demonstrated in
the literature.*> ™"

Bl CONCLUSIONS

In summary, a systematic search for optimum single-Mo
catalysts for NRR has been carried out via the computational
DFT approach. Learning from molecular catalysts, Mo—P,
using BP as the substrate has been employed as the model
system and 17 concept catalysts with different ligands have
been systematically studied. Accordingly, Mo—BC, has been
identified as the most promising catalyst offering AG,,., of 0.60
eV, together with excellent NRR selectivity. Experimental
efforts have been made to successfully prepare BP,*
phosphorous carbides,®® and boron-doped graphene,”” and
the predicted catalysts (Mo—PB,, Mo—PC,, and Mo—BC,) are
highly likely to be synthesized in the lab in the near future. As
revealed by calculated LDOS, B, and C ligands can effectively
shift the d-band center to the Fermi energy and thus improve
the reactivity of the Mo center for N, adsorption and
reduction. Such knowledge can serve as a guideline to tune
the electronics of transition metals for NRR and other
reactions.
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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 AGmax = 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 MoN>
and H-terminated FeBes(P) are promising, with AGmax = 0.47 eV and 0.28 eV, respectively,
while Mo2C performance is relatively poor with AGmax = 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 AGmax, 0.47 eV for Mo-P:B, 0.36 eV for
Mo-PC; and 0.60 eV for Mo-BCo.

Given that NRR over H-terminated FeBs(p) is actually catalysed by single iron, such FeBe(p)
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 MoN; origins from defects, and FeBs(3)/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 MoN», Mo>C surface, FeBs 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 AGmax for HER and NRR, as demonstrated in Chapters 5&6. Given H is released
through H* + (H" + ¢)>Hz or H* + H* = Ha, 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.

61



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 FeBg).

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 FeBg can also be stabilized by adsorbed N> 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, MoN», 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 N», with six couples of proton and electron.
For the first NH3 production, strong catalyst-N interaction is favourable due to the need to
activate N, 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
FeBs, 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 ~1077 mol s”'cm™ and FE > 90% (FE=100% means all electrons are
used for NH;3 production) [6]. So far, however, the performance of electrochemical synthesis
is typically shown as R<10~°mol s'em? 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, N») 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).
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Figure S1 Calculated adsorption energies for N> on different active sites listed in Scheme 1.
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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 Li+ incorporation into 2 ug h'! cm 3% Li+ sites in
(2017) poly(N-ethyl-benzene- PEBCD
1,2,4,5-tetracarboxylic
diimide)
Chem Comm. 54, 11188 (2018) | Nitrogen-free 2.59 x10-1% mol 6.92%
commercial carbon cloth; | cm? s’
Na2SO0s electrolyte
Small Methods 1800251 (2018) | S-doped carbon 19.07 pgh! 7.47% | S-doping
nanospheres mg ! cat
Na2SO0s electrolyte
ACS Energy Lett. biomass-derived porous 1.31 mmol h™1 9.98% | pyridinic-N; N-
4,377 (2019) carbon g ! cat. vacancies
ACS Catal., 8, 1186 (2018) N-doped Porous Carbon 0.84 umol cm™
H2S04 electrolyte h!
Nano Energy 48, 217 (2018) MOF-derived N-doped 3.4x10—6 mol 10.2%
disordered carbon cm 2 h!
Chem. Comm. 55, 2684 (2019) | O-doped hollow carbon 25.121gh! mg 9.1% oxygen dopants
cat’!
Chem. Comm. 55,4266 (2019) | Defect-rich 9.3 Igh-' mgcat | 4.2%
fluorographene !
nanosheets
Chem. Comm. 55, 4997 (2019) | oxidized carbon 32.331gh’! 12.5% | -CO group
nanotubes mgcat’!
Chem. Comm. 55,3371 (2019) | S-doped graphene 27.3 pgh'! 11.5% | carbon atoms
mgcat™! close to S-dopants
ChemElectroChem, 6, 2215 Polyaniline ( PANI) 5.45x10"" mols~ | 3.76% | Functional groups
(2019) lem?
J Mater Sci. 54, 9088 (2019) N-S codoped graphene 7.7 ug h'! mg-1 5.8%
J. Mater. Chem. A perylene-3,4,9,10- 24.7 pgh' mg- 6.9% surface of PTCA-
10.1039/C9TA03654G (2019) tetracarboxylic acid lcat! rGO

nanorod-reduced

graphene oxide
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Table S2 Calculated AG for full NRR catalysed by G, OG, D111, SG, NSG, and GV in unit of
eV. Intermediate states are labelled as N>*, NoH*, NNH»*, N*, NH*, NH>*, and NHs*. After
NH; released, the catalyst gets back to clean surface, as S.

Distal Mechanism

No* NoH* NNH* N* NH* NH,* NH;* S AGmax
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 0.48 243 0.55 -1.05 -0.79 0.43 -1.89 -0.58 243
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

Ny* NoH* NHNH* | NHNH,* NH* NH,* NH;* S AGmax
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 0.48 243 -0.05 0.00 -1.24 0.43 -1.89 -0.58 243
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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Supporting Information for Chapter 4

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

Department of Chemistry and Biotechnology, and Centre for Translational
Atomaterials, FSET, Swinburne University of Technology, Hawthorn, Victoria 3122,

Cutoff energy test with K=1x1x1

K-point test with Cutoff energy=380 eV

380 eV 420 eV 450 eV Ix1x1 3x3x1 5x5x1
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 3x3x1 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 A b=5.41 A; c=2.95 A(this work) Note
o= p=y=90°
a=4.05A;b=5.49A;c=295A [1,2]
FeB2 P6/mmm a=b=3.01 A (this work)

a=P=90°; y=120°

a=b=3.05 A [2] FeB+FeB2 mixed;
AlIB2-type

a=b=3.18 [3]
a=b=3.02 [4]

FeB6(a) | P6/mmm a=b=446 A
a=p=90°; y=88.05° (this work) | Jahn—Teller effect
a=b=445A [5]
a=B=90°; y=88.05°

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

a=p=90°; y=120°

a=b=4.75 [6]
a=p=90°; y=120°

References:

[1] Z. Kristallogr. 2006, 221, 477-481 (Experiments)

[2] Metal Science and Heat Treatment. 2013, 55, 68—72. (Experiments)
[3] Nano Lett. 2016, 16, 6124-6129 (Computational work)

[4] Materials Project. (No. mp-569376) https://materialsproject.org/materials/mp-569376/

[5]J. Am. Chem. Soc. 2016, 138, 5644—5651.

[6] J. Mater. Chem. C, 2016, 4, 9613—9621.
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Section 3. Tests for N, 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 N, adsorption

Fe-site Fe-Bsites | 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(o)-N2 | -111.527 | -111.408 Fe-Fe is too far | -110.833 -108.384 -109.484
FeB6(B)-N2 | -111.464 | -111.241 Fe-Feis too far | -111.194 -105.886 -110.546

* It changes to sole Fe-site adsorption.

Calculated N>H dissociation on four compounds.

Catalysts NoH* N*+NH* deltaE(N,H*>N*+NH*)
FeB -253.486 -251.961 1.525

FeB2 -204.812 -207.208 -2.396

FeB6(a) -204.328 -202.481 1.847

FeB6(B) -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 No». 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.
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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.
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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.
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Fig. S5 Computational scanning of MACs and SACs. (a) g-C3N4 substrate; (b) N2 adsorption
on MI(SAC); (c) N2 adsorption on M3 (MAC); (d) calculated BE(N); (e) calculated AGmax;
(f) calculated BE(NxHy) versus BE(N).
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