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Theoretical Study of Metal-Nitrogen Co-Doped Graphene Catalysts for Electrochemical
Nitrogen Reduction Reaction
Weitao Shan, PhD

University of Pittsburgh, 2021

A primary challenge of electrochemically synthesizing NHs from N2 is to find efficient
catalysts to break inert N=N bond under ambient conditions. Metal-nitrogen co-doped carbon (M-
N-C) catalysts have exhibited encouraging performance for electrochemical nitrogen reduction
reaction (NRR). Fundamental understandings related to the mechanism underlying the NRR
performance on M-N-C catalysts are critically needed to further improve the activity and
selectivity of these electrocatalysts.

In this study, density functional theory (DFT) calculations were performed to predict the
NRR activity and selectivity of Fe-N-C, Co-N-C, and Ni-N-C catalysts. Specifically, forty-five
types of MNxCy (M = Fe, Co, and Ni, x varies from 1 to 4, y varies from 1 to 3) moieties were
modeled to relate the predicted NRR activity and selectivity with the chemical environment of
active sites. The FeNsC; site was predicted to have the best NRR activity and selectivity among
all the sites examined. In particular, the limiting potential for NRR on the NiN3 site was predicted
to be -0.83 V, which is in good agreement with the experimentally observed optimal potential of -
0.80 V for NRR on Ni-N-C catalysts. For the first time, the influence of structural distortion on
the NRR catalytic performance of Fe-N-C catalysts was computationally investigated. Both the
NRR activity and selectivity were found to be enhanced on compressively strained FeNz and FeN4

sites. The chemical bonding analysis revealed that the stronger binding of *NNH on the strained



active sites contributed to the enhanced NRR activity. Furthermore, the electrochemical stability
of FeNs and FeNj sites was evaluated by computing the free energy changes of NRR intermediate
species as a function of pH value and applied potential. The calculated Pourbaix diagrams were
demonstrated to explain the experimentally observed optimal condition for NRR. This study
produces new knowledge of the relation between chemical environment and catalytic performance
of NRR active sites, the beneficial effect of structural distortion in M-N-C catalysts for NRR, and
a computational approach to predict the electrochemical stability of M-N-C catalysts. Therefore,
this study provides guidance to the rational design and synthesis of high-performance M-N-C

catalysts for electrochemical NRR.



Table of Contents

PIETACE. ... ettt Xiv
1.0 INEFOAUCTION ...ttt bbb r et nn e nr e 1
pZ O = 7= Tod (o | (o] [ T TSRS 6
2.1 Nitrogen Reduction Reaction (NRR) MeChaniSm ..........cccccevviieiiiiesiie e 6

2.2 Experimental Investigations for Electrochemical NRR...........c..ccccooveviiieiiciecnenn. 10
2.2.1 EXperimental REACLOIS ........cc.ciiiiiiiie et 10

2.2.2 Electrocatalyst Materials............cccoovveiiiiicie e 11

2.2.2.1 Noble Metal Catalysts..........ccccveiieiiiiieseee e 12

2.2.2.2 Non-noble Metal Catalysts..........ccocuriiieieiiieneeee e 13

2.2.2.3 Carbon-based Catalysts ...........ccocviiiiiiiiie e 15

2.3 Theoretical Investigations for Electrocatalytic NRR ............ccoccooiiiiiiiienciinenen 18
2.3.1 DFT Studies of NRR on Pure Metal Catalysts...........cccooviiiiiiiiienincnns 18

2.3.2 DFT studies of NRR on Metal-Nitrogen Co-Doped Graphene Catalysts.... 21

3.0 HYPOTNESES ...t bbbttt bbb re s 24
4.0 OB JECTIVES. .....eeeeeiiteiti ettt bbbttt et b e bt bt bt bt et e et bbb b s 26
5.0 Computational METNOAS............ciiiiiiiie e 27
5.1 Density FUNCLIONAI TREOIY .....ociiiiiiiiiieee e 27
5.2 ENergy CalCUIAtIONS .......ccooiiiiiiiiieieie e 31
5.3 Implicit SoIvation MOGEL............coooiiiii e 34
6.0 RESUITS aNd DISCUSSIONS .....c.vitiiiiiiiiieiieieie sttt sttt ettt sbe st b saeeneas 36
6.1 Chemical Environment and NRR Performance of MNxCy Active Sites ................. 36

Vi



6.1.1 Atomic Models 0f MINxCy SITES ......ccueiieiiiie e 37

6.1.2 Stability 0f MINxCy SITES ....ceeiiiiiiiiiiiirieiee e 41

6.1.3 NRR 0N IMNXCy SITES ....oveeiiieii ettt be e sraesne e 46

6.1.3.1 N2 Adsorption 0N MNxCy SIteS ......ccvviiiiiiiiiesereseee e 47

6.1.3.2 NRR Activity of MNxCy SIteS......ccccviiiiiiiiiieieseseseeee e 53

6.1.3.3 NRR Selectivity of MNxCy SITES........ccovriiiiiiiiisisieeee e 61

6.2 NRR on Fe-N-C Catalysts: Strain Effects and Electrochemical Stability............... 65
6.2.1 Strained Active Sites in Distorted Fe-N-C catalysts...........cccccceeviveivenieennenn. 65

6.2.2 Strain Effects on NRR Pathway and Activity of Fe-N-C catalyst ................ 70

6.2.3 Strain Effects on NRR Selectivity of Fe-N-C catalyst............ccccccoeevveinnnnnnnn. 78

6.2.4 Electrochemical Stability of FeNs and FeNa Sites.........ccccovvvviiiiieieiininnns 83

7.0 ConClUSIONS @NA PrOSPECTS ......ccvviieiieiie ettt et be e sreenas 89
27T o1 Lo o] =10 1|2 USSP 93

vii



List of Tables

Table 2.1. Summary of electrocatalytic systems used for NRR in previous studies. ............ 17
Table 6.1. Calculated active site formation energy (eV) of fully embedded MNxCy (M = Fe,
C0, AN NI) SITS. ..ttt st e et esbe e e eseenteeseesreesbeeneesneenes 43

Table 6.2. Calculated active site formation energy (eV) of edge-to-edge MNxCy (M = Fe, Co,

AN NI SITES. Lottt bbbttt ettt nb et nne s 45
Table 6.3. Calculated free energy changes of *N2 adsorption (eV) on MNxCy sites. ............ 49
Table 6.4. Calculated limting potential for NRR (V) on MNxCy SIteS. .......cccoevvrvreininnnnnne. 54
Table 6.5. Calculated free energy change of *H adsorption (eV) on MNxCy sites. ............... 62

Table 6.6. Calculated free energy change difference between *N2 and *H adsorption (eV) on
IMINIXCy STEES. .ttt ettt ettt e et e s b e et e e st e e ate e saeeesbeesbeeenteesaeeebeeaseeenneens 63
Table 6.7. Calculated limitng potential difference between NRR and HER (V) on MNxCy
] 1SS 64
Table 6.8. Calculated limiting potential of NRR and the free energy change of *NNH
adsorption on FEN4 and FENS SITES. .....ccviiieieiieiiee e 71
Table 6.9. Calculated free energy changes as related to NRR selectivity on FeNs and FeNs

SIS, e eeteeeteeeee ettt tetnttnnnntn ittt nnnnnnt ittt tntnnnt et ettt et ittt it ettt ettt it et e et et e nnnnnnnnnnnnnnnn 79

viii



List of Figures

Figure 1.1. Schematic for the industrial process from power and reactants generation to
usages of synthesized ammonia in modern ammonia industries.®............cc...ccccceeue.. 2
Figure 1.2. Electrochemical workstation for NRR with KOH electrolyte.3..............ccc......... 4
Figure 2.1. Schematic for four NRR pathways of associative and dissociative mechanisms
shown as (a) dissociative, (b-c) distal, alternating and enzymatic pathways.% %% ........ 8
Figure 2.2. Four types of electrochemical reactors for NRR at ambient conditions.®.......... 11
Figure 2.3. (a) Volcano diagram (solid lines) for NRR on both flat (black) and stepped (red)
surfaces of transition metals. The stabilization effect from hydrogen bonding on
different species was also included (dotted lines). (b) The adsorption energy of H atom

on transition metal surfaces against the adsorption energy of dissociated N atom.3?

Figure 2.4. The volcano plot of limiting potential as a function of adsorption energy of
dissociated N atom on the surface of transition metals. The schematic of reduction
reaction pathway on different surface is shown above each subplot.?...................... 20

Figure 2.5. 2-D volcanic plot of NRR limiting potential determined by the free energy change
of two key hydrogenation steps on various MN3 and MNa4 active sites. The doped
central metal atom is mark for each site.202..............ccocovvivieiieecceeeeeec e 22

Figure 6.1. Atomic structures of fully embedded (a) MN1C2, (b) MN1Cs, (¢) MN2Cs, (d)
MN2C2-hex, () MN2C2-0pp, (f) MN2C2-pen, () MN3, (h) MN3C1, and (i) MNg sites. The

gray, blue and orange balls represent C, N and metal atoms, respectively............... 39



Figure 6.2. Atomic structures of edge-to-edge (a) MN1+0Cs3, (b) MN1+1C2-0pp, () MN1+1C2-sym,
(d) MN2+0Cz2, () MN2+1C1, and (f) MN2+2 sites. The gray, blue, white and orange balls
represent C, N, H, and metal atoms, reSpectively. ........ccccovveveiieieiie e 40

Figure 6.3. Schematics for the formation of fully embedded (a) double vacancy MN4 and (b)
single vacancy MNs sites. The gray, blue and orange balls represent C, N and metal
ALOMS, FESPECTIVEIY. ..viiieiiciice et e a e eere e 42

Figure 6.4. Schematic for the formation of edge-to-edge MNa site. The gray, blue, white and
orange balls represent C, N, H, and metal atoms, respectively. .........c.cccoeevveiennnnnn. 44

Figure 6.5. Atomic (upper panel) and electronic (lower panel) structures of fully embedded
(a) FeN2C1, (b) FeN2Cz-opp, (€) FEN2C2-hex, (d) FEN2C2-pen, (€) FeNs, (f) FeNsCu, (g)
FeN4, and (h) FeN2+2 sites. The gray, blue, white, and golden balls represent C, N, H,
and Fe atoms, respectively. The charge accumulation and depletion are shown as
yellow and cyan clouds with the isosurface of 0.0075 €/A3...........cccovivveeceveieen, 50

Figure 6.6. Atomic (upper panel) and electronic (lower panel) structures of fully embedded
(a) CoN2C1, (b) CoN2Cz-0pp, (€) CON2C2-hex, (d) CoN2Ca2-pen, () CoNs, (f) CoNsCay, (g)
CoNg4, and (h) CoN2+2 sites. The gray, blue, white, and orange balls represent C, N, H,
and Co atoms, respectively. The charge accumulation and depletion are shown as
yellow and cyan clouds with the isosurface of 0.0075 €/A3..........c.cccoviveeceveiceen, 51

Figure 6.7. Atomic (upper panel) and electronic (lower panel) structures of fully embedded
(@) NiN2C2-opp, (b) NiN2C2-hex, (€) NiN2C2-pen, (d) NiNs, (€) NiNsC1, (f) NiNs, and (9)
NiNz2+2 sites. The gray, blue, white, and cyan balls represent C, N, H, and Ni atoms,
respectively. The charge accumulation and depletion are shown as yellow and cyan

clouds with the isosurface of 0.0075 €/A3. ..o 52

X



Figure 6.8. (a) The scaling relation between predicted limiting potential for NRR and the
adsorption energy of *N. (b) The scaling relation between predicted limiting potential
for NRR and the free energy change in *NNH adsorption. ..........ccccccooceviviveiieinenns 55
Figure 6.9. Atomic structures of intermediate species along the favorable NRR pathway on
the FeNsCa site. In the figure, the gray, blue, white, and golden balls represent C, N,
H and Fe atoms, reSPECLIVELY. .......c.coveiiiiiiicce e 56
Figure 6.10. Predicted free energy evolution of NRR on the FeNsC: site without applied
potential (red line) and under limiting potential (blue ling). .........c.cccoeoeiieiiiieinn. 57
Figure 6.11. Atomic structures of intermediate species along the favorable NRR pathway on
the CoN2C2-opp site. In the figure, the gray, blue, white, and orange balls represent C,
N, H and Co atoms, reSPeCtiVElY.........ccoooiiiiiiiii e 58
Figure 6.12. Predicted free energy evolution of NRR on the CoN2Cz-opp Site without applied
potential (red line) and under limiting potential (blue ling). ..., 58
Figure 6.13. Atomic structures of intermediate species along the favorable NRR pathway on
the NiNs site. In the figure, the gray, blue, white, and cyan balls represent C, N, H and
Ni atOMS, FESPECTIVEIY. ..ocuviieieiiiece et sre e e 59
Figure 6.14. Predicted free energy evolution of NRR on the NiNs site without applied
potential (red line) and under limiting potential (blue ling). ..o, 60
Figure 6.15. Top and side view of atomic structures of unstrained (a) FeN4 and (b) FeNs sites.
The unit cell used for DFT calculations on these active sites are marked with red

rectangle. The gray, blue, and golden balls represent C, N, and Fe atoms, respectively.

Xi



Figure 6.16. The atomic structures (upper panel) and charge distribution (lower panel) of (a)
unstrained and (b) strained FeNs sites. The charge accumulation and depletion on
each active site were shown respectively by the yellow and cyan clouds with an
isosurface of 0.0075 e/A3. The gray, blue, and golden balls represent C, N, and Fe
ALOMS, FESPECTIVEIY. ..oviiieii et sreere e 68

Figure 6.17. The atomic structures (upper panel) and charge distribution (lower panel) of (a)
unstrained and (b) strained FeNs sites. The charge accumulation and depletion on
each active site were shown respectively by the yellow and cyan clouds with an
isosurface of 0.0075 e/A3. The gray, blue, and golden balls represent C, N, and Fe
ALOMS, FESPECLIVEIY. ..viiieii ettt reere e 69

Figure 6.18. Predicted free energy evolution for NRR on the FeNs sites with and without
strain under their limiting potential.............cccooiiieii i 71

Figure 6.19. The atomic structures of intermediate species along the favorable NRR
pathways on (a) unstrained and (b) strained FeNs sites. The gray, blue, white and
golden balls represent C, N, H, and Fe atoms, respectively. ...........cccooevvviieiieviecnnnnn, 73

Figure 6.20. Predicted free energy evolution for NRR on the FeNs sites with and without
strain under their limiting potential..............c.cocoiieiiiic i 75

Figure 6.21. The atomic structures of intermediate species along the favorable NRR
pathways on (a) unstrained and (b) strained FeNs sites. The gray, blue, white and
golden balls represent C, N, H, and Fe atoms, respectively. ..........cccocevvievieiincinnnn, 75

Figure 6.22. -pCOHP analysis results for *NNH adsorption on (a) FeNs and (b) FeNs sites.

Xii



Figure 6.23. Atomic structures of *H adsorption on (a) FeNs and (b) FeNs sites with and
without strain. The gray, blue, white and golden balls represent C, N, H, and Fe
ALOMS, FESPECTIVEIY. ..ot sreereenee e 79

Figure 6.24. Predicted free energy evolution of HER on (a) FeNs and (b) FeNs active sites
With @and WItROUT SEFAIN. .......ocviiiiiiiiiie e 80

Figure 6.25. -pCOHP analysis results for *H adsorption on (a) FeN4 and (b) FeNs sites. ... 81

Figure 6.26. Predicted Pourbaix diagram for all intermediate species on (a) FeNs and (b)
FeNs sites in aqueous solution. The optimal U and pH values from experimental
studies are shown as star*>°, rhombus®, circle®, and triangle’” marks in the plots. 85

Figure 6.27. Predicted Pourbaix diagram for NRR intermediate species adsorption on (a)
FeNs and (b) FeNs sites. The optimal U and pH values from experimental studies are

shown as star®°, rhombus®, circle®, and triangle’” marks in the plots. ................... 87

Xiii



Preface

Pursuing my Ph.D. degree at University of Pittsburgh is the most challenging and
memorable experience in my life so far. This journey starts from my interests and enthusiasm for
scientific research, and earning my degree puts a perfect end to it. I met mentors, friends, and
partners here, and their impacts will stay with me for my entire life.

First, I would like to give my most sincere acknowledgement to my advisor Prof. Guofeng
Wang. His expertise, kindness, and patient guide encourage me to move so far on my path to the
Ph.D. degree. It is my fortune to have him as my academic advisor and life mentor in such an
important period of my life.

| am grateful to my committee members Prof. Scott X Mao, Prof. Paul Richard Ohodnicki,
Prof. Sangyeop Lee, and Prof. Paul W Leu for their insightful comments and suggestions on my
research.

I would like to give my thanks to all the group members | worked with: Dr. Kexi Liu, Dr.
Zhenyu Liu, Boyang Li, Siming Zhang, and Ying Fang. Their help and valuable discussions are
indispensable in my study life. I also owe my thanks to all my friends | meet here, the happy time
we had is unforgettable. Especially, | want to give my thanks to my girlfriend, who accompanies
me every day in this period.

Finally, I want to thank my parents for their unconditional love and support for me. Their

encouragement and warm care give me strength in all these years.

Xiv



1.0 Introduction

The global population has been swiftly increasing for many decades which brings large
demands of food and energy supply. As one of the most important chemicals in agricultural
industries, ammonia (NHz3) plays a fundamental role in producing fertilizers to support more than
half of the population in the world.!:? Ammonia is also a great candidate for clean and sustainable
energy resources as it stores 17.6% hydrogen by mass and with no CO, emission.> # The
consumption of ammonia in fertilizer production and energy storage is very huge, thus there’s no
surprise the annual ammonia production reaches more than 140 million tons.> As shown in Figure
1.1, the ammonia industry includes the generation of needed energy resources and reactants,
synthesis of ammonia, and the transport and consumption.® 7 The key part that determines
ammonia production is the synthesis reaction in the ammonia reactor. The most common method
used now in the ammonia production industry is still the high-cost Haber-Bosch process, which
requires both high pressure (>150 atm) and high temperature (>300 °C) during the reaction.® % 0
The additional process that generates the required large quantities of Hy for the Haber-Bosch
process also consumes a huge amount of energy and generates tons of CO,.” ! Such production
strategy consumes nearly 1~2% of the totally annual energy generation from fossil fuel and emits

300 metric tons of CO,.234
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Figure 1.1. Schematic for the industrial process from power and reactants generation to usages of synthesized

ammonia in modern ammonia industries.®

The most challenging part of fixing nitrogen and converting it to ammonia is to break the
very stable triple bond between N atoms. Due to the absence of a permanent dipole, the N=N bond
is so strong that requires large energy input to activate.'> Owing to such reason, even though the
whole process of converting dinitrogen to ammonia is exergonic, harsh conditions are still
necessary for activating the triple bond in the process, for which huge amounts of resources are
wasted. Using catalysts are the well-known effective method for promoting the bond activation
process. To date, numerous efforts have been made to search for effective low-cost methods to

synthesize ammonia with clean and renewable energy sources under mild conditions.

Metal catalysts were mainly used for promoting the Haber-Bosch process, as the stepped
Ru surface were acknowledged as most active metal catalyst during the process.t? 14 1% 16 But when
taking the cost into consideration, Fe-based metal catalysts were widely used instead in ammonia

industries because of the much lower price.® Although being catalyzed, the Haber-Bosch process



still requires high temperature and pressure to occur. In fact, N2 fixation under ambient condition
with the action of enzyme nitrogenase is not a rare phenomenon in nature. However, many
restrictions such as requiring 16 ATP molecules for one nitrogen molecule reduction and low
reaction speed prevent its industrial application.'” & 1° Molecular catalysts based on the structure
and mechanism of natural nitrogenases were developed to promote the reduction of nitrogen. An
early catalytic mechanism on molybdenum phosphine complex was proposed by Chatt et al. in
seventies of last century.’® More complex molecular catalysts such as trisamidoamine
molybdenum systems was used by Yandulov and Schrock to conduct the catalytic reactions that
based on proton and electron transfer to yield ammonia, which has higher production rate than
natural system.?> 22 2> Then another molecular catalysts system shows in natural nitrogenases

FeMo cofactor was proposed as dinitrogen fixation catalysts.?

Electrochemical methods (Figure 1.2) are now one of the most attractive approaches for
the future industrial N> fixation and NHs production under ambient conditions. It is not only
economic friendly, but also considered environment benign when acting with clean renewable
energy.?> 2% 27 |deally the electrocatalytic reduction of N2 to synthesize NHs should be similar to
the hydrogen evolution reaction (HER), which is thermodynamically favored under ambient
conditions with proper applied voltage.® 2 2° The catalysts used in the electrochemical NRR are
the key components in determining electrocatalytic activity. There are three major types of
catalysts widely used now, which are noble metal catalysts, non-noble metal catalysts and
polymer-complex-based or carbon-based catalysts.*® The metal catalysts used in NRR include both

noble (i.e. Au®t, Pt*2, Ru®) and non-noble (i.e. Fe**, Ni®®, Cu®®) metal, but most of them either



require high reaction voltage or only have very low production rate. In addition, the usage of noble

metals makes the cost of catalysts unaffordable.® 30 37: 38

Electrochemical Workstation
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Figure 1.2. Electrochemical workstation for NRR with KOH electrolyte.®

Now NRR electrocatalysts based on conductive polymers or carbon membranes attracted
numerous attentions because of their electronic and mechanical advances. Instead of metal-based
catalysts, the conductive polymer and carbon membrane catalysts have more advances such as the
higher conductivity after doping and mechanical flexibility when deposited onto the electrode.*
The early stage of studies on the carbon-based metal-free electrochemical NRR catalysts revealed
two conductive polymer catalysts based on polyaniline and polypyrrole which can be acted under
ambient conditions.® “° However, due to the poor stability of these two organic catalysts®® %, more
NRR catalysts that introducing doping elements into carbon-based membrane were developed.
The carbon-based catalysts, such as the metal-free catalysts that carbon-based membranes doped
with N, B or P and the metal-phthalocyanine complexes catalysts with co-doped metal and N
atoms, have been shown with relatively low cost and better stability 3% 4% 42 4344 Degpite the

advances of carbon-based catalysts, the major challenges now we facing are to improve the
4



ammonia production rate and efficiency, as well as the reaction stability, for promoting the NRR

catalytic performance on these catalysts.? 3 2°

Over past decades, huge efforts and progress were made in both promoting and
understanding the underlying mechanism of the catalytic performance of NRR electrocatalysts. In
conjunction with experimental studies, the application of theoretical investigations with first-
principles calculations has been proven as a powerful complement and fruitful strategy in many
electrocatalysis studies.*® The experimental studies so far have shown no catalyst has good enough
catalytic performance to replace the Haber-Bosch method for NRR under ambient conditions.’
Theoretical studies, especially the results from density functional theory (DFT) calculations, can
help with providing a better understanding for the catalytic mechanism and catalyst design for
NRR catalysts.? 30 37 38 46 Therefore, the improvement of theoretical understandings for

electrochemical NRR is urgent for the high-performance electrocatalyst design and synthesis.

In this thesis, the first-principles density functional theory calculations were conducted to
investigate the NRR activity and selectivity on the metal-nitrogen co-doped graphene (M-N-C)
catalysts. The relation between chemical environment and NRR activity and selectivity of active
sites affects was revealed. The influence of structural distortion in M-N-C catalysts under an
elevated temperature on the NRR performance was computationally investigated. A computational
method was developed to predict the electrochemical stability of M-N-C catalysts for NRR. As a
result, more fundamental understandings were provided for the NRR performance and further

guidance for rational design of M-N-C catalysts.



2.0 Background

2.1 Nitrogen Reduction Reaction (NRR) Mechanism

In the natural nitrogen fixation process, reduction reactions occur on enzymes, which are
called nitrogenases, under ambient conditions. One effective nitrogenase contains the FeMo
cofactor that consists of two fused iron-sulfur clusters linked by a carbon atom with a molybdenum
atom takes the apical position.*” “® Such natural reduction process is not efficient enough and
requires a minimum of 16 ATP (adenosine triphosphate) molecules to reduce a N2 molecule into
two NH3z molecules as shown in following

N, + 8H* + 8e™ + 16ATP — 2NH; + H, + 16ADP + 16P, (2.1)
where ADP and P; represent adenosine diphosphate and inorganic phosphate, respectively. An
equivalent of 244 kJ energy for generating one mole NHz molecules in the above reaction which
makes it more efficient than Haber-Bosch process.*® However, due to the generation of hydrogen
shown in the above reaction as the inhibitor to the ammonia generation, normally more energy
input can be expected to reach a certain NH3 production rate.!” >

In aspect of electrochemical, the general process of electrocatalytic reduction of nitrogen
on the cathode can be expressed as

N, + 6H* 4+ 6e~ 2 2NH,4 (2.2)
which is a proton-electron transfer reaction, where the protons and electrons can be generated
directly from water. The total energy input needed for the cleavage of triple bond between N atoms

is as high as 941 kJ-mol™ which makes whole process very difficult under ambient conditions. One



should be noted that the first bond cleavage in N2 molecule is an endergonic reaction with large
energy requirement (410 kJ-mol™), which makes the first hydrogenation step in NRR need large
applied voltage to overcome the energy barrier.® The competing hydrogen evolution reaction
(HER) that performs as the major side effect to NRR catalytic performance of catalysts is another
drawback to the application of solid NRR catalysts. In the reference of reversible hydrogen
electrode (RHE), the equilibrium potential of electrocatalytic NRR is comparable to HER.® Recent
study has shown that HER can be suppressed by limiting the concentration and transfer rate of
protons or electrons on the catalysts surface.>

Intense efforts were put into the theoretical investigations to discover the electrochemical
NRR mechanisms. There are two types of possible mechanism for NRR which are associative and
dissociative mechanisms. In associative mechanism, the nitrogen molecule adsorbed on the
reduction active site on catalysts will be hydrogenated first, and then yield two ammonia molecules
after breaking the weakened triple bond. In contrast, the nitrogen reduction occurs in dissociative
mechanism will have the triple bond cleavage in prior to the hydrogenation and ammonia

desorption process.
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Associative pathways

Figure 2.1. Schematic for four NRR pathways of associative and dissociative mechanisms shown as (a)

dissociative, (b-c) distal, alternating and enzymatic pathways.®

The dissociative mechanism shows in Figure 2.1(a) involves the triple bond between two
N atoms cleavage before adsorbed on the catalytic active site. Two isolated N atoms are adsorbed
on the surface and undergo hydrogenation process to yield two ammonia molecules respectively.
For the NRR occurs in the Haber-Bosch process, the whole reaction was believed following a
dissociative pathway.!” There are three well-known reaction pathways for associative mechanism,
which are distal, alternating and enzymatic pathways.® 2% 30535 Ag shown in Figure 2.1(b), the
end-on adsorption of N2 molecule results in two separate NRR pathways in associating mechanism
due to different hydrogenation sequence. The distal® (upper pathway in Figure 2.1(b)) and
alternating®® (lower pathway in Figure 2.1(b)) both starts from the hydrogenated *NNH adsorption
on the active site where a proton combined on the distal N atom. In distal pathway, the adsorbed
N2 molecule is simultaneously hydrogenated from the distal N atom to the proximal one. The first

ammonia molecule is generated after the distal N atom reacts with three H atoms and the cleavage
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of triple bond, and the second ammonia molecule is desorbed from the surface of catalyst after
reacting with other three H atoms. Whereas in the alternating pathway, N atoms in the adsorbed
nitrogen molecule are hydrogenated alternatively before the triple bond cleavage. Before yielding
ammonia molecules, a *NH2NH> adsorption specie will be formed on the catalyst surface, and two
ammonia molecules will be desorbed after two sequentially hydrogenation steps. In the enzymatic
pathway (Figure 2.1(c)), different with above two associative pathways, the N2 molecule is
adsorbed on the catalyst surface in a side-on geometry and get hydrogenated in an alternative order
for two N atoms. But not the same as the alternating pathway, the first ammonia molecule will not
be desorbed until the final hydrogenation step and the second one will be released from the surface
just following another N adsorption.

Using the discovered mechanism shown above, studies were conducted for NRR catalytic
performance of multiple catalysts candidates. In heterogeneous catalysis, one important concept is
the linear relation between the activity and reaction energy of catalysts which results in a volcano
curve that guides to search for new catalysts.> %57 In the previous theoretical studies, as well as
many experimental results, the volcano curve was also established that derived from linear
Bronsted-Evans-Polanyi (BEP) relation for NRR catalysts.? 38:46.58,59.60 g;ch findings show that
catalysts that with too strong or too weak adsorption of nitrogen on the active site will result in
difficulties in desorption or dissociation step in hydrogenation process, which will lead to a weak
NRR catalytic activity. The volcano plot gives a well visualized trend of performance for NRR

catalysts and provides helpful guidance for effective strategy of catalysts designing.



2.2 Experimental Investigations for Electrochemical NRR

2.2.1 Experimental Reactors

Since recent decades, more and more interests were concentrated to the electrochemical
reduction of nitrogen under ambient or mild conditions. One important milestone in developing
NRR catalysts under ambient conditions is the synthesis of ammonia from hydrogen and nitrogen
at room temperature that demonstrated by Furuya and Yoshiba twenty years ago by screening 26
types of electrode materials. They applied these electrodes in a back-to-back cell and found ZnSe
as the most effective catalysts with applied potential of -1 V vs. RHE to reach a FE of 1.3 % and
ammonia production rate of 0.23 mol-h*m2°% Many pioneering experimental studies were
conducted for exploring new catalysts of NRR and improving the catalytic performance. There are
four major types of electrochemical reactors divided based on the different cell configurations
(Figure 2.2).° The back-to-back cell (Figure 2.2(a)) is normally consists with solid-state
electrolyte and two porous electrodes, which can be applied in a very large range of temperature
(25~800 °C). The polymer electrolyte membrane type cell (Figure 2.2(b)) has the aqueous
electrolyte filled in the anode chamber with a membrane that separate two electrode chambers.
The additional reference electrode in anode chamber enables the measurement of potential of
working electrode and the sufficient wetting of membrane promotes the conductivity. The H-type
cell (Figure 2.2(c)) is made by two electrode chambers filled with liquid electrolyte and separated
by Nafion membrane. As the working electrode and reference electrode were placed in the same
chamber, a more accurate measurement of applied potential can be obtained. The single chamber
cell (Figure 2.2(d)) with much easier configuration has all three electrodes in one chamber that
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filled with liquid electrolyte, such reactor can be operated under high pressure. However, one big

problem for the single chamber cell is that the productions from cathode are likely oxidized on the

anode.
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Figure 2.2. Four types of electrochemical reactors for NRR at ambient conditions.®

2.2.2 Electrocatalyst Materials

When considering the core component in electrosynthesis of ammonia from nitrogen, most
of the efforts from previous studies were contribute to the development of catalysts. Three main

types of catalysts are now widely used which are noble-metal-based catalysts, non-noble-metal-
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based catalysts, and conductive-polymer-complex-based catalysts.>® For the factors that could
affect catalytic activity including the particle size, morphology, crystallinity, reaction facet, active
site and doping elements of catalysts.> Aiming to discover and design more powerful catalysts for

NRR, numerous studies were conducted to investigate the factors above for all types of catalysts.

2.2.2.1 Noble Metal Catalysts

Noble metal catalysts made by well know noble materials such as Au, Pt, Ru, Rh and Pt
have good conductivity and strong adsorption of reactants. Such kind of catalysts were widely
used and studied in recent NRR studies under ambient conditions. For NRR occurs with employing
Ru catalysts, different facets will result in performance discrepancy. The nitrogen dissociative
adsorption energy barrier on flat Ru(0001) surface was determined lies in the range between 170
and 280 kJ-mol™ depending on the surface N contents.? While the stepped surface of Ru was
found more active than flat Ru(0001) surface as the nitrogen dissociative adsorption only has an
energy barrier of 60 kJ-mol™.2 On both surfaces, the dissociative mechanism was found more
favorable than associative mechanism.'” Kordali et al. used a Ru cathode for NRR under relatively
low temperature and pressure in a three-electrode set up with solid polymer electrolyte to obtain
0.92 % faradaic efficiency (FE) at -0.96 V applied potential and 90 °C.3* Such study is the first
one that report the electrochemical ammonia production under mild conditions. However, the
problem is also obvious as the production rate was very low and the competing HER at the cathode.

Pt is one of the most commercial noble metals and widely applied in catalysts. Lan et al.
used both Pt electrodes in conjunction with Nafion 211 membrane in a membrane electrode
assembly to reach 0.55 % FE when applying 1.6 V electrode voltage.® This is the first report that

electrochemically synthesis ammonia from air and water under ambient conditions. Another study
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done by the same group shows change the NH.*/H* Nafion membrane to H*/Li*/NH4" membrane
can increase the FE to 0.83 % at 1.2 V applied potential.5® Although intense applications of Pt are
already well used in many fields, the usage of Pt should be limited in electrochemical ammonia
production because of the active HER.

As the most well-known noble metal, Au was also adopted as catalysts for electrocatalytic
reduction of nitrogen to synthesis ammonia. Recently, a study on the tetrahexahedral Au nanorods
with stepped 730 surface and composed with (210) & (310) sub-surfaces shows a high ammonia
production rate of 9.68x10® mol-h™’-cm™ at -0.2 V applied potential.*! Side product N2H4-H20
was also detected in their measurement and following theoretical investigations. The shape and
crystallinity of Au nanoparticles were further studied as important factors that could affect the
NRR catalytic activity. A study on amorphous Au nanoparticles on reduced graphene oxide with
presence of CeOx shows much higher FE than the crystalline Au nanoparticles on reduced
graphene oxide with presence of CeOx.®* Another recent study that used Au sub-nanoclusters (~0.5
nm) embedded TiO> substrate as electrocatalyst for NRR reached a high ammonia yield rate of

21.4 ng- h':xmg™ and FE of 8.11 % under ambient conditions without detected NoH4.%

2.2.2.2 Non-noble Metal Catalysts

Considering the cost of noble metal, earth abundant non-noble metal elements are
preferable for electrocatalysts design than noble metals. The non-noble elements, which are mostly
transition metals, normally including Ti, V, Fe, Co, Ni, Cu, Mo and their oxides, chalcogenides,
nitrides and carbides materials.> 3 Porous Ni foam and Ni wire were studied as potential
electrocatalysts for NRR. The porous Ni foam was used as catalysts with aqueous electrolyte gave

a FE of 0.89 % and 1.54x10* mol-s™*-cm2 production rate under ambient conditions.®® Another
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study from the same group on Ni wire as NRR catalysts in ethylenediamine electrolyte obtained a
much higher FE of 17.2 % and ammonia production rate of 3.58x10! mol-s*-cm™ under ambient
conditions.®® Mo was studied by Wang et al. as electrocatalysts by comparing two oriented
surface.®” The NRR occurred on the (110)-oriented surface of Mo nanofilm presented a higher FE
of 0.72 % with ammonia production rate of 3.09x10! mol-s™-cm™ at -0.49 V applied potential.
Though most previous studies on transition-metal-based catalysts discovered poor catalytic
activity, many efforts were made on compounds complexes to obtain better performance. A
systematic study was conducted by Furuya et al. to investigate the catalytic performance of several
non-noble-metal-based catalysts.®* The current efficiency and ammonia production rate were
compared under ambient conditions with -1.0 V applied potential. Among their candidates, the
metal chalcogenides and borides (ZeSe, TiB2, ZnS, NiS, CdS and CuS) exhibits better catalytic
activity comparing to other metal and metal oxide catalysts (PbO-TiO2, Sb-SbO; and ZnO).
However, some important factors such as shape and active site density were not specified in the
discussion, more efforts are needed for detailed investigation. Some studies conducted on the
oxides, nitrides and chalcogenides on Mo (MoOs, MoN and MoS;) has shown different activity
trends among these three types of compounds which indicates the performance comparison
excluding other extrinsic and intrinsic factors is not very meaningful.®® 70 Similar to the noble-
metal-based catalysts, better performance can also be expected on amorphous non-noble-metal-
based catalysts. A study on the BisVV2011/CeO: as electrocatalysts for NRR found the amorphous

one has much better catalytic activity than the one with crystalline structure.”
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2.2.2.3 Carbon-based Catalysts

As a promising alternative to the noble-metal and non-noble meta catalysts, electrocatalysts
that based on conductive polymers and carbon membranes not only have much lower cost, but also
very stable and flexible. Two types of conductive polymers, which are polyaniline and polypyrrole,
were investigated as metal-free electrocatalysts that based on conductive polymer complex, but
they both have stability problem when operating under ambient conditions.3® “° For instance, the
first metal-free catalysts that reported for electrocatalytic synthesis of ammonia from nitrogen was
conducted in a single chamber cell with polyaniline film coated on Pt plate as working electrode.*
Under mild conditions, the production rate was 2.25x107" mol-h™*-cm? at -0.12 V vs. NHE but with
16 % current efficiency only for 5 hours and then decreased to 7 %. As nearly no positive result
has been reported previously on pure carbon-based materials, such as graphene, introducing co-
doping heteroatoms is adopted to improve the stability and efficiency of metal-free NRR
electrocatalysts. Recently N-doped graphene membrane materials play a very attractive role in
NRR electrochemical synthesis.”> ™ 7 Carbon-based membrane with nitrogen doping that
synthesized from pyrolyzing the zeolite imidazolate framework (ZIF) under 750 °C was found has
higher ammonia production rate of 0.84 pmol-cm2-h" than many metal-based catalysts.”* Another
study that also conducted on the N-doped porous carbon-based membrane found that KOH
electrolyte can promote the efficiency as less competing HER occurring comparing to the HCI
electrolyte.” Besides doping N atoms in carbon membrane, the introducing of other heteroatoms
(e.0. B, S, P) was also studied. A recent study reported using N,P co-doped hierarchical porous
carbon as electrocatalyst for NRR under ambient conditions which results in a FE of 4.2 % and

ammonia production rate of 0.97 pg- h'mg! in aqueous electrolyte.?’
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Another kind of carbon-based catalyst is the transition metal and nitrogen co-doped carbon
catalysts (M-N-C). The study on Fe-phthalocyanine catalysts show that such metal-phthalocyanine
complex has a FE of 0.35 % and production rate of 5.57x102° mol-s™*-cm™ but only last for very
short period.” A systematic study on the metal-phthalocyanine catalysts by the same group show
the best candidate was Sn-phthalocyanine, but the stability is still problematic.”® Another study on
Fe-N co-doped membrane revealed a more efficient catalyst with 34.83 pg-h™*-mg™ production rate
and 9.28 % FE at -0.2 V applied potential, and the primary active site configuration was discovered
to be FeNs.”” A recording high production rate of 120.9 pg- h*mg?! with 29.6 % FE of
electrocatalytic NRR was reported by using a Ru single atom nitrogen-doped carbon.’® Later
another study on Ru single site at porous N-doped carbon catalysts was reported to reach a stable
ammonia production rate as high as 3.665 mg- h™-mggry? at -0.21 V applied electrode potential
under ambient conditions.”® The addition of ZrO, was also found be able to suppress the competing
HER in electrocatalytic reduction, thus can promote the FE to 21% at -0.11 V with low
overpotential of 0.17 V. A previous study on Ni-N-C catalysts for NRR showed a high faradaic
efficiency (FE) of 21 + 1.9 %, and NHs production rate of 115 ug - h=1 - cm~2 under ambient
conditions.®% A very recent study on the tetraphenylporphyrin iron chloride (FeTPPCI) showed a
promising NRR activity with FE of 16.76 + 0.9 % and NH3 production rate of 18.28 + 1.6 ug -
h~'-mg_L in neutral electrolytes.®! Zhang et al. showed a high-active iron porphyrin-based
catalysts (Fe-TCPP) with 44.77 ug - h™* - mgz2 NHs production rate and 16.23 % FE.®2 A
rational designed and synthesized single iron and N,O-doped carbon (Fe-NO-C) catalysts was
studied by Hou et al..® Their catalysts reached a high NHs production rate of 31.9 ug - h™* -

mg-L and FE of 11.8 %.
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Table 2.1. Summary of electrocatalytic systems used for NRR in previous studies.

Electrocatalyst Electrolyte Conditions NHs yield FE
ZnSe®? KOH -1V vs. RHE 0.23 mol‘h*m? 1.3
Pt/C3? Solid state electrolyte  -1.6 V vs. RHE 4.1x10° mol‘h” 0.55

l_Cm-Z
THH Au KOH -0.2 V vs. RHE 9.68x10® mol-h- 4.0
nanorod®! L.em
PANI@Pt*° Methanol/LiClIO4/H2SOs -0.12 V vs. NHE 2.25%107 mol-h” 16
l_Cm-Z
Ni wire® Ethylenediamine -1.8Vvs.RHE  3.58x10" mol's  17.2
1,Cm-2

O-MoC@NC? HCI+Li2S04 -0.35V vs. RHE 22.5 pg- htmg? 25.1

BisV2011/Ce0>"* HCI -0.2Vvs.RHE 2321 pg-hlmg! 10.16
NCM®® HCI -0.3V,-0.2V 0.08 g- h't- m™ 5.2

Au_NPs@NCM® HCI -0.2V,-01V 0.36 g-ht- m? 22
Au@TiO,* HCl 02Vvs.RHE 214 pg hlmg?! 811
B-doped H2SO4 -0.5V vs. RHE 1.6x10"%° mol-s” 10.8
graphene®® Lem?
B-N/C¥ HCI -0.3V vs. RHE 7.75 pg- htmgt!  13.79
S-doped HCl 06V,-05V  273pug hlmg! 115
graphene®®
NPC?’ HCl -02VVvs.RHE 097 pg-hlmg? 4.2
NPC™ H2S04 -09Vvs.RHE 140 mmol-ht.gt 142
NP-C-MOF-5% HCI -0.1Vvs. RHE 1.08 pg- htmg? 0.08
Fe-N/C-CNT”? KOH 02Vvs.RHE  34.83 ughtmg?  9.28
Ru SAs/N-C'® H2S04 -02Vvs.RHE 1209 ug- htmg? 29.6
Ru/NC™ HCl -0.21Vvs. RHE  3.66 mg- h'l-mgry

Ru@ZzZrO2/NC’™® HCI -0.11 V vs. RHE 21

BiNC® K2S04 -0.6 Vvs.RHE 200 mmol-ht.g' 66
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2.3 Theoretical Investigations for Electrocatalytic NRR

The rapid development of computer technology leads to a wide application of
computational methods as a powerful complement to experimental investigations. With the help
of theoretical investigations, one can more efficiently interpret experimental phenomenon and
mechanisms, explore and design new catalysts.® Recent years, many first-principles studies have
been conducted on mechanism investigation and activity trend prediction. Most of them are
concentrated on the energy evolution that based on intermediates adsorption, and the suppression
of competing side effects on the reaction surface which are related to the most two fundamental

challenges in promoting the performance of NRR electrocatalysts.?® %

2.3.1 DFT Studies of NRR on Pure Metal Catalysts

The first-principles methods, especially the density functional theory (DFT) calculations,
are very useful when applied for materials screening. A remarkable study that previously done by
Logadottir et al. using the DFT calculations investigated the NRR performance on several
transition metal surfaces.®® A linear relationship was revealed between the activation energy for
N2 dissociation and the adsorption energy of atomic nitrogen on the surface. Furthermore, a
landmark work was reported by Skularson et al. in 2012 as they used the first-principles methods
to analyze the possibility of electrochemically formation of ammonia on multiple pure transition
metal surfaces.® Firstly, for NRR on Ru(0001) surface, which was considered as most active
catalyst, the distal pathway was found more favored than the alternating pathway and the applied

potential needs to be -1.08 V to tune the whole reduction process thermodynamically favored.
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Regarding the associative mechanism of NRR on the stepped surface of Ru, the distal pathway is
also favored on stepped surface with lower limiting potential of -0.43 V. They further investigated
the adsorption of different intermediate species on other metal surfaces, and then concluded a
volcano plot (Figure 2.3(a)) for ammonia formation on the catalysts that can be used to predict
the catalytic activity against the adsorption energy of dissociated N atom. The two determining
steps that key to the catalytic activity were identified as the first hydrogenation step of adsorbed
N2 molecule and the last hydrogenation step for adsorbed *NH: fragment. As indicated in the
volcano plot, too strong binding of N2 results in difficulty on the last hydrogenation and desorption
step, while too weak binding of N2 leads to difficulty on the first hydrogenation step and nitrogen
bond breaking. The linear relationship that between the adsorption of H atom and N atom on the
catalysts surface (Figure 2.3(b)) can also be used for the selectivity prediction for NRR. Their
remarkable study motivated more following efforts on using DFT calculations as helpful tool or

complement for new catalysts screening and mechanism exploring.
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Figure 2.3. (a) Volcano diagram (solid lines) for NRR on both flat (black) and stepped (red) surfaces of
transition metals. The stabilization effect from hydrogen bonding on different species was also included (dotted
lines). (b) The adsorption energy of H atom on transition metal surfaces against the adsorption energy of

dissociated N atom.38
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Another study was conducted to quantitatively demonstrate that the rate limiting steps in
NRR on transition metal surfaces were in the linear relation with the energy of two key species
hydrogenation, which are the hydrogenation of the adsorbed N2 molecule and the adsorbed *NH>
fragment.?® As shown in Figure 2.4, except the very active Re surface that was limited by the
reduction step from *NH to *NH., potential determining steps for other transition metal surfaces
are both the first hydrogenation step of adsorbed N> molecule and the last hydrogenation step for
adsorbed *NH, fragment. Their findings confirmed the previous study® and show that the
adsorption and hydrogenation of key species can be the limitation of NRR on transition metal
surface. They also considered the competing HER on these transition metal surfaces and found
that none of their candidates show a difference that less than 0.4 eV between the limiting potential

of NRR and HER, for which the NRR could be hindered by HER.

(111) surfaces (211) surfaces

2 E Z 2 0
AGy (eV) AGy (eV)

Figure 2.4. The volcano plot of limiting potential as a function of adsorption energy of dissociated N atom on
the surface of transition metals. The schematic of reduction reaction pathway on different surface is shown

above each subplot.?®
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Computational methods were also used to explore the approaches to improve the selectivity
of pure metal catalysts. As already suggested in an early study, restricting the ability of protons
and electrons to reach the surface of electrocatalysts can effectively hinder the competing HER.>
A theoretical study show that use the 2,6-lutidinium as the non-aqueous proton donor for NRR
would lead to a suppressed HER on Pt(111) surface.®* The protons provided by LutH* was found
difficult to for a *H adsorption on the Pt surface as such process holds a very high energy barrier.
Thus, the subsequent reaction leads to the production of hydrogen molecules are also hindered.
Another computational study from the same group also suggested the usage of non-aqueous
electrolyte for selective NRR from a more general kinetic view.%? They also found that the change
from associative to dissociative mechanism for electrochemical NRR on transition metal surfaces

can improve the NRR activity and selectivity.

2.3.2 DFT studies of NRR on Metal-Nitrogen Co-Doped Graphene Catalysts

Many theoretical studies were also conducted on carbon-based catalysts for NRR,
especially on the transition metal and nitrogen co-doped graphene catalysts (M-N-C). Since the
M-N-C model was already well studied in oxygen reduction reaction (ORR),%® %4 95 96.97.98 jt jg
reasonable to explore its potential application on NRR. For example, the FeNs sites were well
studied by many studies as the NRR active sites.”” %190 Besides the widely studied MNj sites that
commonly discussed, different cases of chemical coordination in active sites in M-N-C catalysts
were also investigated. A study conducted by Li et al. proposed a FeNs embedded graphene as
potential catalysts for NRR under ambient conditions.>? Their theoretical study show that the high-
spin-polarized FeNs moiety promoted the adsorption of nitrogen molecules and activated the triple
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bond between N atoms. The Ru single-atom catalysts that contains RuNz and RuNj sites were also
proposed by Zeng et al. and Sun et al. as the potential NRR electrocatalysts, respectively.’® 7
Another theoretical study by Yang et al. proposed a novel aspect for NRR mechanism on SAC
catalysts.?®! In their investigations, the active site will firstly be saturated by capturing as many as
possible nitrogen molecules to suppress the competing HER. The MoNz and CrN3 active sites

embedded graphene layers were identified as very promising catalysts that with low overpotential

and high selectivity.
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Figure 2.5. 2-D volcanic plot of NRR limiting potential determined by the free energy change of two key
hydrogenation steps on various MN3z and MNa active sites. The doped central metal atom is mark for each

site 102

A systematic study from Jung et al. was conducted on the single atom catalysts that formed
by different doped central transition metals, and also with different chemical coordination.® They
investigated four different chemical environmental conditions for central doped transition metals

which are the MN4, MN3, MC4 and MCs, with several transition metal candidates, there are total
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120 different SAC structures. The TiN4 and VN4 were defined as the promising candidates for
NRR under ambient conditions with good NRR activity and selectivity. Their further electronic
investigations show the positive charged central metal not only promoted the N2 adsorption, but
also provided enough suppression of competing HER. Another more detailed study on
coordination environment of doped central transition metal was done on FeNy (x = 0 ~ 4) active
sites for NRR.1% It was shown that the chemical coordination around central transition metal is
very important for the catalytic activity of SAC catalysts. In their findings, the doped Fe with two
coordinated N atoms located at opposite doping sites show best reaction activity and selectivity
for NRR. A recent screening study for NRR on MN3 and MNj sites revealed the linear correlations
between the NRR activity and the adsorption strength of two key intermediate species.?? Their 2-
D volcano plot (Figure 2.5) indicates a negative relation between two key hydrogenation steps,
which are *No> — *NNH and *NH> — *NHs, indicating a restriction for improving the NRR
activity on the M-N-C catalysts. An active catalyst for electrochemical NRR need to have a strong
adsorption of *NNH and a weak adsorption of *NH. at the same time which was proved
impossible. Their predictions indicate the VN4 site exhibit the best NRR performance and active
site stability. Moreover, theoretical predictions were also made recently for NRR on catalysts metal
dimers embedded in nitrogen doped carbon.'® Among all the studied twelve combinations of
metal dimer active sites, the binary FeRh was found to have a superior NRR activity with a limiting
potential of -0.22 V, which is even better than the current most active stepped Ru(0001) surface.
There are also many theoretical screening studies for carbon based NRR catalysts,1%% 105 106, 107
which all provided either a better understanding for the mechanism of NRR performance on the

catalysts, or a good guidance for better strategy to synthesizing high-performance NRR catalysts.
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3.0 Hypotheses

In this thesis, the following hypotheses are proposed:

. The number of doped N atoms in the MNxCy (M = Fe, Co, and Ni, x varies from 1 to 4,y
varies from 1 to 3) active site are important for its NRR catalytic performance. Active sites
with different numbers of doped N atoms would have impact on the stability of active sites
and the electronic distribution on the central metal atoms. Consequently, the binding
strength of intermediate species would be changed, and the NRR activity and selectivity
would be affected.

. The type of central metal atom plays a significant role in determining the NRR activity and
selectivity of M-N-C catalysts. The unique electron configuration of the central metal atom
would have significant impact to the formed chemical bonds with adsorbed intermediate
species. A proper degree of bonding strength of intermediate species plays a primary role
for NRR activity and selectivity.

. The compressive strain in structurally distorted MNxCy active sites would enhance the NRR
activity and selectivity. The graphene layer under elevated temperature exhibits a non-
planar configuration which would result in a distorted active site configuration. The
binding strength of intermediate species on the distorted active site would also be changed,
which is critical for determining the NRR activity and selectivity on the MNxCy site.

. The enhanced binding of intermediate species on strained active sites is attributed to the
modified electronic structure on the active sites. The distorted configuration and shortened
metal-nitrogen bond would result in a modified electronic structure on the active site.
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Therefore, the chemical bond formation between the adsorbed species and central metal
atom would also be changed.

. The electrochemical stability of M-N-C catalysts for NRR could be predicted via
computational methods. With the implemented implicit solvation model in DFT
calculations, the relative electrochemical stability of NRR intermediate species could be
predicted by free energy change calculations. The free energy would be calculated as a
function of pH value and applied potential, which would be used to generate the Pourbaix
diagram to predict the stability of intermediate species. The predicted Pourbaix diagram
would be compared with experimental observations of optimal conditions for NRR to

validate such computational method.
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4.0 Objectives

To examine all the listed hypotheses, a systematic computational study is needed for NRR

on the M-N-C catalysts. Specifically, the following objects are accomplished:

1.

Investigate all fourty-five possible MNxCy active site structures for Fe-N-C, Co-N-C, and
Ni-N-C catalysts. Calculate the free energy changes of NRR and HER intermediate species
to obtain the free energy evolution profile for all relatively stable MNxCy sites.

Analyze the results of calculated electron distribution and free energy change of NRR
intermediate species to relate the chemical environment of active sites to the NRR activity
and selectivity.

Investigate the effect of structural distortion on compressively strained FeNs and FeNs site
models. Calculate the free energy evolutions for NRR and HER on both unstrained and
strained active sites to exhibit the changes in NRR activity and selectivity of strained active
sites.

Analyze the change of electronic distribution on the strained active sites. Analyze the
change of the chemical bond formation for *NNH and *H adsorption on the strained active
sites compared to on unstrained ones.

Calculate the free energy changes for NRR intermediate species as a function of pH and
applied potential using the implicit solvation model and constant potential method.

Use the calculated Pourbaix diagram to explain the optimal electrolyte pH and electrode

potential observed in experiments and predict the electrochemical stability of MNxCy sites.
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5.0 Computational Methods

5.1 Density Functional Theory

In solid state physics, many approaches were developed to obtain the ground state
properties of materials by solving the time-independent Schrédinger equation AY = EW¥. In the
Born-Oppenheimer approximation'®®, the nuclei are treated as fixed as the mass of a nucleus is
about two thousand times of the mass of an electron. Thus, the kinetic energy term of nuclei in the
Schrodinger equation is neglected and the potential energy term of nuclei is merely a constant.
Then the electronic Hamiltonian for the case of N electrons interact with M nuclei can be expressed
as follow:

h? S Zge? 1 o e
fi = E . E E s E 5.1
electron Zme i 4-77,'8 Ll |Fl _ RAl 81e, 4 ' |->, — f.}l ( )

i=1j=1

h? —— 1 Zqe? .
where —EZLV? term represents the kinetic energy of electrons, — — N yM A% s
e 0

|#i—Ral

the potential energy of nuclei-electron interaction, and N i=1 | is the potential energy

of electron-electron interaction. The solution of the Schrddinger equation with this electronic
Hamiltonian is the wavefunction y and electronic energy E. However, solving the above equation
for all electrons is unaffordable.

The density functional theory (DFT) 19 110. 111 was proposed by Hohenberg, Kohn and
Sham in 1964 and 1965 110 to simplify the many-body problem. Since established, DFT has

been proved to be an efficient and the most successful method to computationally describe the
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ground state properties of a wide range of materials. DFT stands on two fundamental theorems:
(1) the ground state energy from the Schrodinger equation is a unique functional of the ground
state electron density; (2) the electron density that minimizes the energy of the overall functional
is the true electron density corresponding to the full solution of the Schrédinger equation. Such
theorems are valid in any system. In such theory, the interaction between electrons is assumed as
the effect of one electron on the average density of all electrons. Therefore, the many-body
problem is simplified to be a one-body problem. The Kohn-Sham equation based on the electron

density n(7) can be expressed as:

2

i h
g (M) = [— 5

VZ2+ V(@) + Vg (@) + Ve )| i (7) (5.2)

e

hZ
where — .

V2 is the electron kinetic energy term, V(#) is the Coulomb potential between an

Mme
electron and nuclei, V (7) is the Hartree potential between an electron and the electron density by

n(#")

other electrons which can be calculated as e? [ |F—F’|d3?l' Vxc(7) is the exchange-correlation

potential which can be calculated as the functional derivative of Ex. with respect to n(7), i.e.,

SExc
sn@

Vyc () = The electron density n(#) used in the Kohn-Sham is derived as n(¥) =

>N Wi ()12, in which y; (#) is the wavefunction of i-th electron.

For the Kohn-Sham energy partition Ep,;, which is the combination of the known part
and unknown part. The known part is the summation of the electron kinetic energy, the Coulomb
potential between electrons and nuclei, and the Hartree potential between an electron and the
electron density. The unknown part is the exchange-correlation energy Ey.. If the exact exchange-
correlation energy can be calculated, the exact energy can be obtained using the Kohn-Sham

equation. However, the exchange-correlation energy is too complex to directly derive its formula.
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To obtain a reliable value of the exchange-correlation energy, several approximation
functionals were developed. The first and simplest one is the local density approximation
(LDA)0 112,113 ‘i which the exchange-correlation energy is set at each position to be the known
exchange-correlation potential from the uniform electron gas with the n(#) at that position, i.e.,

Ve () = Vxe[n(#)] (5.3)

Consequently, the exchange energy is now a functional of the electron density:

1

ELPA[n ()] = — z (;)§ f n (%) d7 (5.4)
and the correlation energy E:P4 is parametrized from the quantum Monte Carlo simulations'4,
Though the theory basis of LDA is quite simple, it surprisingly works well when predicting the
lattice parameter in metallic systems. However, LDA often overestimates the cohesive energy in
molecules and crystals. The second one is the generalized gradient approximation (GGA)*® which
has a similar form as LDA but complicated the formula of exchange-correlation potential to have

both the electron density n(#) and the gradient of electron density Vn (7).
Ve () = Vxc[n(#), V() ] (5.5)
Various forms of GGA were proposed, including Becke-Lee-Yang-Parr (BLYP)!6 17 Perdew-
Wang 91 (PW91)!5 118 perdew-Burke-Ernzerhof (PBE)*°, and Perdew-Burke-Ernzerhof revised
for solids (PBEsol)'?°. GGA is more accurate than LDA in energy calculations as it considers the
inhomogeneous effects in electron density. It should be noted that both LDA and GGA always

underestimate the bandgap of semiconductors and insulators.

A self-consistent approach is needed when solving the Kohn-Sham equation with uncertain
electron density. First, an initial trial electron density n(#) is defined by an initial stochastic value.

Then the Kohn-Sham equation will be solved to obtain a new wavefunction y; (#) based on this
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initial electron density. Subsequently, a new electron density can be refined using the calculated

wavefunction y; (7):

nes (@) = f P dv (5.6)

If the obtained ngg(#) is close enough to the previous n(7), calculations are considered
converged. Otherwise, the new ng¢(7) will be used to solve the Kohn-Sham equation again to
repeat the self-consistent approach until reach convergency.

In this work, all the spin-polarized DFT9%:110. 111 calculations were performed using Vienna
Ab Initio Simulation package (VASP)2L 122 123 124 The perdew-Burke-Ernzerhof (PBE)!®
generalized gradient approximation (GGA)® was used in our calculations to estimate the
exchange-correlation functionals. The projector augmented wave (PAW)*?® pseudopotential was
employed to describe the core electrons. A plane wave basis set with a kinetic energy cutoff of 400
eV was used to expand the wave functions. The energy convergence of geometry optimization was
set to be 1x107° eV. The atomic structures used in DFT calculations were allowed to relax to the
tolerance of atomic force at 0.01 eV/A. The van der Waals correction was included using the
Tkatchenko-Scheffler method. 26 127

In the DFT calculations, the fully embedded sites of M-N-C catalyst models were simulated
by a 9.84x8.52 A periodic unit cell in a graphene layer. There are two types of fully embedded
site, one is the metal atom in a single-vacancy site coordinated with three atoms and the other one
is the metal atom in a double-vacancy site coordinated with four atoms. Both types of fully
embedded active sites have the same size of modelling unit cell. The edge-to-edge sites of M-N-C
catalyst models were simulated by bridging two N atoms doped graphene edges by the central

transition metal atom. The unit cell used in the edge-to-edge site model was built with the size of
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9.84x12.79 A. A space of 14 A vacuum space was added perpendicular to the surface of all
simulation models to avoid the interaction between periodic images. The Brillouin zone for the
fully embedded site model was sampled by a 4x4x1 Monkhorst-Pack grid*?. The Brillouin zone

used for the edge-to-edge site configuration was sampled by a 4x3x1 k-point grid.

5.2 Energy Calculations

Active sites on M-N-C catalysts are named as MNxCy sites, in which M denotes the doped
metal atom (Fe, Co, and Ni), x is the number of coordinated N atoms which is from 1 to 4, and y
is the number of C atoms that coordinated with the metal atom which varies from 1 to 3. For active
sites that coordinated with no C atom (y has value of 0), the suffix Co was neglected. The value of
x+y equals 4 for the fully embedded double-vacancy site and the edge-to-edge site, whereas such
value equals 3 for the fully embedded single-vacancy site. The x value was denoted as the
summation of the number of N atoms on each edge in the edge-to-edge active sites, e.g., MN2+0C>
and MN2+ sites are the active sites with doped N atoms on only one edge and both edges of a pore
in graphene, respectively.
The formation energy of MNxCy sites were calculated by
Eform = Emn,c, + e — Egraphene — (xtiy + En) (5.7)

Where Eun,c, is the calculated energy of the MNxCy site model and Eg,qphene is the calculated

energy of a pristine graphene layer with the same size before doping. nu. is the energy of carbon
atoms removed from the graphene layer during doping. n denotes the number of removed carbon

atoms, which equals x+2 in fully embedded double-vacancy sites and edge-to-edge sites, and x+1

31



for fully embedded single-vacancy sites. u. is the chemical potential of a single carbon atom in
graphene. uy is the chemical potential of a nitrogen atom which was defined as the half energy of
a nitrogen molecule. E,, is the energy of a single M (i.e., Fe, Co, and Ni) atom isolated in vacuum.
Consequently, a more stable active site should exhibit a more negative formation energy Ef,y .
The free energy of the adsorbed intermediate species was calculated using the reversible
hydrogen electrode (RHE) as the reference which was developed by Ngrskov et al.'?® The free

energy of a pair of proton and electron (H"+e") can be calculated as the free energy of % Hy, i.e.,
GHY+G(e) = %G(HZ) at pH=0.%12% The free energy change AG of intermediate species can
be calculated as:

AG = AE, 4 + AE,p — TAS (5.8)
where AE, ;¢ denotes the adsorption energy of intermediate species on the active site, AE,pg

represents the difference of zero-point-energy correction. The zero-point energy for each specie

was calculated by the summation of each vibrational mode of binding molecules and adatoms as
Ezpp = Z%hvi, where v; is the i-th vibrational mode. The temperature was set to be 298 K. The

entropy change AS from vibrational contribution of adsorbates is also evaluated by the harmonic

vibrational mode!% 13!

Svib = kg Z

i=1

hvi hvy -1 _hv;
kT (ekBT — 1) —In <1 —e kBT> (5.9)

and the contribution from membrane is neglected. The entropy change of free molecules under
standard condition is taken from the NIST database. 32
When applying a bias U on the electrode and pH-values of electrolyte differ from 0, extra

correction terms are added to the free energy calculation equation 5.8,
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AG = AEuq5 + AEzpp — TAS + AGy + AGpy (5.10)
where the energy shift from the applied electrode potential is evaluated as AGy = —neU, in which
n is the number of electrons transferred in the reaction and the electrode potential U is given with
the reference to RHE. In the theoretical RHE, the correction of free energy change from H*
concentration can be evaluated by the effects from pH-values as AG,y; = —kT X pH X [n10.

In the aforementioned periodic boundary condition DFT calculations, the overall charge in
a unit cell is always treated as neutral (i.e., constant charge method). The potential effect is only
evaluated via the energy shift in electron transfer steps, but the change of electric field on the
interface is ignored.’*® The constant potential method was proposed by Head-Gordon et al.13,
Goddard et al.1% 136137 "and Sautet et al.’*® In this method, the Fermi-level can be tuned by
changing the number of electrons in the system. Thus, the work function ® and applied potential
U can be fixed to a desired value during each relaxation step.®** 140 The actual applied potential on
the electrode can be calculated by linking the work function of the system to the standard hydrogen
electrode (SHE),

b—-@
U= SHE

(5.11)
e

The experimental work function of SHE was adopted 4.3 eV here.
Since the number of electrons is changed in the system, a correction is needed to when
calculating the free energy,
Georrece = G — Netle (5.12)
where G is the free energy calculated under the constant potential U, N, is the number of electrons
that changed in the system to reach the target potential, u, is the chemical potential of electrons

under U which is the calculated Fermi energy.
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5.3 Implicit Solvation Model

The physics of the solid-liquid interface plays a critical role in the electrochemical
reactions. Despite the resource-consuming explicit solvation model, the implicit solvation model
was used in this study. The implicit solvation model uses the continuum dielectric description of
solvent surrounding the solute, for which the solute is immersed in a solvent bath.4! In this model,
the solute is described using DFT, the electrolyte is described using linearized Poisson-Boltzmann
equation, and the interface between solute and electrolyte is described by electrostatically coupling
of DFT and Poisson-Boltzmann equation.’*? The total free energy of the solute and electrolyte
system can be calculated based on the net electrostatic potential ¢ and electronic charge density
n(7). After calculating the stationary point of the total free energy, the solvation potential and
Poisson-Boltzmann equation can be obtained with respect to the electronic charge density n(7)
and electrostatic potential ¢, respectively. The obtained solvation potential is an additional term
to the Hamiltonian to the Kohn-Sham equation. The additional term in the local potential part can
be calculated with the shape function, the electrolyte charge density, and the entropy for mixing
ions in the electrolyte. The linearized Poisson-Boltzmann equation can be described by the relative
permittivity of solvent and Debye length which is used to neutralize the non-zero charge in the
simulation cell.1#?

The implicit solvation model was already implemented in VASPsol.}*! 142 which was
employed in this work for investigating the electrochemical stability of M-N-C catalysts. Solving

the linearized Poisson-Boltzmann equation which is described as:

VeV — k¢ = —ps (5.13)
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where € is the relative permittivity of solvent, and p, represents the total solute charge density. x?

in the equation 5.13 can be described as:

1
K? = {[n(@] Z (5.14)

D

in which ¢ is the shape function as a function of the electronic charge density n(7), and A, is the
Debye length. In this dissertation, the dielectric constant of water of 78.4 was used for the relative
permittivity of solvent, and the Debye screening length was set to be 9.61 A for simulating the
monovalent electrolyte at the concentration of 0.1 M. The default values were used for other
parameters in solving the linearized Poisson-Boltzmann equation.

The implicit solvation model conjunct with the constant potential method were used in the
calculations for systems with solvation effects. The unit cells of fully embedded and edge-to-edge
MN,C, site models used for implicit solvation model calculations are 9.84x8.52 A and 9.84x12.79
A. A large separation of 50 A was added perpendicular to the graphene layer as suggested by
former studies. '3 140143 |n order to fix the potential on the charged interface between the electrode
and electrolyte, the net charge in the simulation cell was changed from -0.6e to 0.6e with
increments of 0.2e. The targeted potential U was fixed in each step calculations using the equation
5.11. The energy correction that shown in equation 5.12 was used in free energy calculation for

NRR intermediate species.
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6.0 Results and Discussions

6.1 Chemical Environment and NRR Performance of MNxCy Active Sites

The carbon based electrocatalysts with heteroatoms doping have already been proved to
exhibit superior catalytic performance as compared to traditional pure metal catalysts, especially
the metal-nitrogen doped carbon (M-N-C) catalysts.’ /8 144145 |n 3 metal-nitrogen doped carbon
catalyst, isolated metal atoms dispersed on the N-doped carbon supporters and coordinated with
doped N atoms.'4® 147. 148 Sych catalysts were well synthesized through coordinative pyrolysis
using metal-organic frameworks (MOFs) as precursors, especially the zeolitic imidazolate
frameworks (ZIFs), which has high surface area, good mechanical flexibility and facile
functionalization at the molecule level.1*® The sufficient anchoring sites and various amine sites
on MOFs provide a precondition for stabilizing dispersed metal atoms with relatively strong metal-
nitrogen bonding. The pyrolyzed M-N-C catalysts consist of co-doped nitrogen and earth-abundant
transition metals (e.g., Fe, Co, and Ni) were already defined as promising electrocatalysts for
NRR."3: 80 81,99, 144, 149 1n g;ch M-N-C catalysts, the chemical environment, including the local
carbon structure and active site configuration, plays a significant role in determining the NRR
performance of catalysts. The atomic structures of MNxCy active sites in M-N-C catalysts reported
in previous NRR experimental results are mainly fully embedded MN3z and MNjy sites’”> 780,81, 99,
10 "while very limited results for other active site configurations were reported’. In contrast,
theoretical screening studies for NRR active sites have shown other possible configurations for

MNKCy sites with various rations of x and y.%* 102105151 However, the stability of active sites and

36



the local carbon structure were ignored. In this section, the thermodynamic stability of MNxCy
sites was examined through formation energy calculations, the NRR activity of MNxCy sites was
predicted through the free energy calculations for NRR intermediate species, and the selectivity
toward NRR was evaluated through the comparison between NRR and competing hydrogen

evolution reaction (HER).

6.1.1 Atomic Models of MNxCy Sites

In this thesis, two types of local carbon structure of active sites, which are the fully
embedded and edge-to-edge active sites, were investigated with three types of doped metal atoms
(Fe, Co, and Ni). For the fully embedded structure of MNxCy sites (Figure 6.1), all the models
used in the DFT calculations share the same unit cell size of 9.84x8.52 A. Two types of central
vacancy site of fully embedded active sites were considered, namely the single vacancy site and
double vacancy site. Regarding single or double vacancy site, it indicates the vacancy site was
generated by removing one or two C atoms from the graphene layer, respectively. In the single
vacancy MNCy site, the summation of x and y values in its name should equal three which is also
the coordination number of a C atom in the graphene layer. For the double vacancy MNxCy site,
the summation of x and y values equals four as it forms a porphyrin-like structure with four
neighboring pyridinic N atoms in the graphene layer.

There are totally nine different types of active site configurations were investigated for
fully embedded MNCy sites, which are MN1C2, MN1Cs, MN2C1, MN2C2-hex, MN2C2-gpp, MN2C>.
pen, MN3, MN3C1, and MN;y sites as shown in Figure 6.1. Consequently, there would be totally
twenty-seven models of the fully embedded structure included in the DFT calculations. The
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MN:C2, MN2C1, and MN3 sites are the fully embedded single vacancy sites, whereas the MN;1Cs,
MN2C2-hex, MN2C2-0pp, MN2C2-pen, MN3C1, and MNg sites are the fully embedded double vacancy
sites. The structures of MN1C, (Figure 6.1a) and MN2C; (Figure 6.1c) site exhibit a mirror
symmetry in the active site moiety, hence there is only one unique structure for each configuration.
The MN3 (Figure 6.19) site possesses a Cay symmetry in the active site moiety, which also leads
to only one unique active site configuration. In fully embedded double vacancy sites, the MN1Cs
(Figure 6.1b), MN3Cy (Figure 6.1h), and MN4 (Figure 6.1i) sites also only have one unique
structure for each configuration. However, the fully embedded double vacancy sites with the
central metal atom coordinated with two N atoms have a more complex condition of the active site
symmetry. As shown in Figure 6.1d-f, the surrounding local carbon structure is only two-fold
symmetry for the active site, which leads to three unique structures for the MN2C, site
configuration. The first one is the MN2Cx-nex Site (Figure 6.1d) which has both pyridinic N atoms
on the same side of the metal atom and in one hexagonal ring. The second one is the MN2C2-opp
site (Figure 6.1e) which consists of two pyridinic N atoms on different sides of the metal atom
and in opposite direction. The third one is the MN2Cz-pen site (Figure 6.1f) with two pyridinic N

atoms on the same side of the metal atom and the same pentagonal ring.
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Figure 6.1. Atomic structures of fully embedded (a) MN1Cz, (b) MN1Cs, (¢) MN2C1, (d) MN2C2-hex, (€) MN2Co-

opps (F) MIN2C2-pen, (g) MN3, (h) MN3Cy, and (i) MNjs sites. The gray, blue and orange balls represent C, N and

metal atoms, respectively.

The edge-to-edge local carbon structure in which two N-doped edges of a pore bridged by
the central metal atom was studied as the active site for both oxygen reduction reaction (ORR)*
9,152 and carbon dioxide reduction reaction (CO2RR)*3 1 with various types of doped metal
atom. However, active sites with such local carbon structure were not included in previous NRR
studies. Here, six different types of edge-to-edge structure which leads to totally eighteen
configurations were considered in the DFT calculations with the same size of unit cell of
9.84x12.79 A (Figure 6.2). The MNCy site with edge-to-edge local carbon structure also exhibits

a porphyrin-like configuration for the active site moiety, but with pores on both sides of the active
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site. The number of coordinated N atoms, which is the value of x in MNxCy, is shown as the
summation of the number of doped N atoms on each edge. In the MN1+0C3 site (Figure 6.2a), there
is only one N atom doped on one of the bridged edges. For the MN1+1C; site, three unique
configurations were considered for the edge-to-edge structure because of the symmetry. In the
MN1+1Co-0pp Site (Figure 6.2b), two doped N atoms are on the different edges with opposite
direction, whereas two doped N atoms are on symmetric on each edge in the MN1+1Co.sym Site
(Figure 6.2c). In the MN2+oC> site (Figure 6.2d), two N atoms are on the same edge of the pore.
There is one N atom doped on one of the edges of pore and two N atoms on the other edge in the
MN2+1C;1 site (Figure 6.2e), while there are two N atoms on both edges in the MN2., site (Figure

6.2f).

Figure 6.2. Atomic structures of edge-to-edge (a) MN1+0Cs, () MN1+1Cz-0pp, (€) MN1+1Ca2-sym, (d) MN2+0Cz2, (€)
MN2+1Cs, and (f) MNz+2 sites. The gray, blue, white and orange balls represent C, N, H, and metal atoms,

respectively.
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6.1.2 Stability of MNxCy sites

In the pyrolyzed M-N-C catalysts, the thermodynamic stability of MNxCy sites is related
to the formation and density of the active sits in the catalysts. The stability of MNxCy sites was

examined with the calculation of the active site formation energy Ef,,,,. As discussed in section
5.2, the formation energy Ef,., Of active sites was obtained by comparing the calculated

electronic energy between reactants and products during the formation of active sites. Hence, the
preliminary task in active site formation energy calculations was to determine the reactants and
products during the MNxCy site formation. For the fully embedded MNxCy sites, a pristine
graphene layer with the same unit cell size, the isolated nitrogen molecule and isolated single metal
atom were used as the reactants. The fully embedded MNxCy site model and single C atoms from
graphene were treated as the products. A one-step process was used here for the formation of fully
embedded MNCy site directly from the corresponding graphene. For the formation of single
vacancy and double vacancy sites, the only difference in this procedure is the number of removed
C atoms and doped N atoms. For instance, a fully embedded MNjy site was generated through six
C atoms in graphene substituted by four doped pyridinic N atoms and one metal atom (Figure
6.3a). In contrast, the formation process of a fully embedded MN3 site contains removing four C

atoms from graphene and doping three N atoms and one metal atom (Figure 6.3b).
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Figure 6.3. Schematics for the formation of fully embedded (a) double vacancy MN4 and (b) single vacancy

MNs sites. The gray, blue and orange balls represent C, N and metal atoms, respectively.

The results of calculated E,,, for all the fully embedded MNCy sites are shown in Table
6.1. Generally, the more N atoms coordinated with the central metal atom in the active site, the
more stable active sites would be. The FeN1Cs, CoN1Cs, and NiN1C sites exhibit a positive value
for the active site formation energy, indicating a very poor thermodynamic stability in graphene.
For all three types of doped metal atoms (i.e., Fe, Co, and Ni), the MNjy site is always the most
stable configuration among all the fully embedded sites. Among the MNC: sites with three types
of doped metal atoms, the MN2C2-opp Sites were predicted to be the most unstable one, while the
MN2C>.nex Site always exhibited the lowest formation energy. It should be noted that the calculated
formation energy is only a theoretical estimation for the actual stability of each active site, hence
the relative stability of MNxCy sites is also very important. Using the most stable FeN4, CoN4, and
NiNj sites as the reference, MNxCy sites that exhibit formation energy difference less than 3.00 eV

as compared with corresponding MN4 sites were considered relatively stable in graphene.
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Consequently, the FeNiCz, CoNiCz NiNiCs, and NiN2C: sites were also identified not
thermodynamically stable in pyrolyzed M-N-C catalysts. Such procedure for identifying stable
MNKCy sites was also proved by previous experimental results. The FeN2Ca-opp,"*® CON2C2-opp, %
and NiN2Co.opp™" 1°8 sites were found stable in M-N-C catalysts, which can be used as the
reference. FeNxCy sites that exhibit lower formation energy than FeN2Co.opp Sites were considered
thermodynamically stable. Same method was also used for CoNxCy and NiNxCy sites to compare
with CoN2Cz-opp, and NiN2C2-opp Sites, respectively. Specially, the FeN2C1 and CoN2C;: sites show
very close value of formation energy with the FeN2Co.opp and CoN2Co-opp Sites, respectively.

Hence, the FeN.C1 and CoN>C; sites were also considered as stable active sites. Similar results of

active site stability were also obtained in a previous theoretical study for Fe-N-C catalysts.*!

Table 6.1. Calculated active site formation energy (eV) of fully embedded MNxCy (M = Fe, Co, and Ni) sites.

Configuration Fe Co Ni
MN:1Cs 0.41 0.23 -0.06
MN:C: -0.18 -0.61 0.27
MN2C1 -0.55 -1.11 -0.37

MN2C2-opp -0.70 -1.15 -1.48
MN2C2-hex -1.20 -1.68 -2.10
MN2C2-pen -0.83 -1.29 -1.64
MN3 -1.18 -1.69 -1.14
MN3Cy -2.07 -2.70 -2.80
MN4 -3.33 -3.91 -3.73

For the formation of edge-to-edge MNyCy sites, the same method was used to identify the

reactants and products. The same-size graphene layer, isolated hydrogen and nitrogen molecules,
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and a single metal atom were used as the reactants. The edge-to-edge MNxCy site model and
removed single C atoms were considered as products, which is similar to the formation of fully
embedded sites. However, the formation process of edge-to-edge MNxCy sites is different from the
fully embedded MNxCy sites as it included the pore formation. A two-step procedure was used for
the formation of edge-to-edge MNxCy site, in which an intermediate step of pore formation in the
graphene layer was added. As the formation of MN..2 site shown in Figure 6.4, eight C atoms
were removed from the pristine graphene layer for pore formation while four H atoms were added
to the pore edges for termination in the first step. In the second step, the central two C atoms were
replaced by the doped metal atom, and the neighboring four C atoms on the edges were substituted
by doped N atoms. Consequently, there were totally fourteen C atoms removed from the system,

whereas four N and H atoms along with one metal atom were introduced into the system.

Figure 6.4. Schematic for the formation of edge-to-edge MNa site. The gray, blue, white and orange balls

represent C, N, H, and metal atoms, respectively.

Because of the formation of pores, especially the dangling C atoms on the edge of pores,

the edge-to-edge MNxCy sites were expected to be less stable than the fully embedded MNxCy
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sites. The calculated values of formation energy Ef,,, for all possible edge-to-edge MNxCy sites
with various numbers of doped N atom are all positive, which indicates the formation of such edge-
to-edge active site should be thermodynamically unfavored (Table 6.2). However, it should be
noted that the first step of pore formation in the edge-to-edge active site formation procedure could
lead to a huge increase of system energy. In the second step, the formation of active site moiety
results in a decrease of system energy in all edge-to-edge active site models. Hence, once only the
proper pore structure is formed in graphene, the formation of edge-to-edge MNxCy sites can be
thermodynamically favored. The stability trend in various edge-to-edge MNxCy sites is the same
as the fully embedded sites, for which the increasing number of doped N atoms in the active site

moiety would stabilize the active site structure.

Table 6.2. Calculated active site formation energy (eV) of edge-to-edge MNxCy (M = Fe, Co, and Ni) sites.

Configuration Fe Co Ni
MN1+0C3 8.77 8.28 8.24
MN1+1C2-sym 7.55 6.81 6.34
MN1+1C2-0pp 7.78 7.01 6.47
MN2+0C2 7.66 6.87 6.47
MN2+1C1 6.71 5.75 5.67
MN2+2 5.74 4.79 4.82

From the results of formation energy calculations for both fully embedded and edge-to-
edge MNCy sites, it can be concluded that the stability of MNxCy sites significantly depends on
the chemical environment of active site which involves local carbon structure and active site
configuration. The MNxCy sites with fully embedded structures were predicted to be much more

stable than the ones with edge-to-edge structures, which indicates a much larger density of fully
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embedded MNxCy sites are expected in M-N-C catalysts. For both fully embedded and edge-to-
edge MNxCy sites, the increasing number of doped N atoms that coordinated with the central metal
atom in the active site would always result in a more stable configuration. Specifically, the MN4
sites were predicted to be the most stable configuration in all Fe-N-C, Co-N-C, and Ni-N-C
catalysts, which means these active sites are the ones that most likely to be found in corresponding
M-N-C catalysts. In addition, for the fully embedded MNxCy sites, the double vacancy active sites

were normally more stable than the single vacancy active site with a lower formation energy.

6.1.3 NRR on MNxCy sites

The electrochemical nitrogen reduction reaction (NRR) on MNxCy sites can be described
in general as N, + 6H* + 6e™ @ 2NH;. As a very complicated process, the NRR pathway
involves nine possible intermediate species, which are *N2, *NNH, *NNH2, *NHNH, *NHNH,,
*NH2NHz, *N, *NH and *NH>. The asterisk in each name denotes the adsorption on the MNxCy
site. The primary task in investigating the NRR activity on MNxCy site is to identify the favorable
NRR pathway on it. Three distinct types of pathways were defined for associative electrochemical
NRR in previous studies, which are the distal, alternating and enzymatic pathways. % 25:30:53.54 p[|
the three pathways start with the adsorption of *N2, which is a step that does not involve proton
and electron transfer. For the distal and alternating pathways, the adsorption of *N2 on the active
site is preferred in an end-on configuration, whereas the side-on adsorption of *N is favored for
the enzymatic pathway. The distal pathway first goes through the hydrogenation of the distal N in
adsorbed *Nz to yield the first NHs molecule, and then the remained proximal N is hydrogenated
to the second NHs molecule. In contrast, the reaction sequence for alternating and enzymatic goes
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through alternatively hydrogenating on two N atoms in the adsorbed *N to produce two NH3
molecules. Moreover, the hybrid pathway was also considered as potential NRR pathway in this
thesis as it was proposed as favorable NRR pathway in our previous studies.® 1° In this section,
the free energy calculations were performed for all possible adsorption configurations of nine NRR
intermediate species on each MNxCy site to identify the favored pathway for NRR. Consequently,
the NRR activity was predicted through the calculated free energy evolution diagram for each

MNxCy site.

6.1.3.1 N2 Adsorption on MNxCy Sites

The adsorption of *N2 was first investigation for both fully embedded and edge-to-edge
MNCy sites as it is critical for the NRR to occur on these sites. Here, only the stable fully
embedded MNxCy sites that identified in section 6.1.2 were investigated for NRR, as other
thermodynamically unfavored sites are expected to form with an infinitesimal density in M-N-C
catalysts which are neglectable. Although all the edge-to-edge MNxCy sites were found
thermodynamically unfavored in M-N-C catalysts, the edge-to-edge FeN2+2, CoN2+2 and NiN2+2
sites were also included as the existence of FeN2. sites in Fe-N-C catalysts was proved by previous
experimental studies.% 161162 1t should be noted that the formation of edge-to-edge MNxC, sites
requires a pore with proper structure was already formed in graphene, which should lead to a very
low density of such edge-to-edge MNxCy site in M-N-C catalysts.

Since the adsorption of *N, is not an electron-transfer step, it mainly depends on the
properties of the catalysts. The calculated free energy changes of *N2 adsorption (AG,y,) on the
MN,Cy sites was used to evaluate the ability of MNxCy sites to capture a N2 molecule. The

adsorption of *N2 was investigated for all possible configurations on the MNxCy sites, while only
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the configuration of *N> adsorption with the lowest adsorption energy was considered the stable
*N adsorption. As shown in Table 6.3, most FeNxCy sites exhibit negative values for calculated

AG,y,, Which indicates a favored *N adsorption on these FeNxCy sites. Although the value of
AG,y, of *N2 adsorption on the FeN2Ca-pen sites was found positive (0.06 eV), it is still very small

avoiding an energy barrier for *N, adsorption to occur. The *N adsorption on most CoNxCy sites

were also found thermodynamically favored with negative values of AG,y,, except on the CoN4

and CoNp+» sites. These two CoNxCy sites both possess four pyridinic N atoms coordinated with
the central Co atom, indicating such configuration in CoNxCy sites is not beneficial for *N-
adsorption. In contrast to the favored *N» adsorption on most FeNxCy and CoNxCy sites, the *N>
adsorption was found not unfavorable on most NiNxCy sites. The fully embedded NiN3 site was
found as the only NiNxCy site that has a negative value of AG,,. The adsorption of *N2 was found
impossible on NiN2Ca.pen, NiN3C1 and NiNs sites which agrees with the results in a previous
study.1%? Large energy barriers were found for the on NiN2Cz-opp, NiN2Co-hex and NiNz+2 sites as
shown in Table 6.3, which indicates the unfavorable *N2 adsorption on these NiNxCy sites.
Moreover, it can be also concluded that the *N2 adsorption was found more favored on the fully

embedded MNCy sites with the central metal atom in a single vacancy site.
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Table 6.3. Calculated free energy changes of *N2 adsorption (eV) on MNxCy sites.

Configuration Fe Co Ni
MN2C: -0.89 -0.56
MN2C2-opp -0.07 -0.20 0.47
MN2C2-hex -0.05 -0.20 0.47
MN2C2-pen 0.06 -0.20
MN3Cs -0.09 -0.11
MN3 -0.86 -0.85 -0.80
MNj4 -0.06 0.36
MN2:+2 -0.20 0.17 0.50

To provide an insight of the underlying mechanism for *N, adsorption, the electronic
structure of these MNxCy sites was investigated using the charge distribution analysis. The charge
distribution analysis was calculated by comparing the electron densities on central metal atom in
the active site moiety with those on a corresponding isolated metal atom. For the FeNxCy sites that
most beneficial for *N adsorption, a density of electron accumulation or namely charge depletion
(cyan cloud) was shown on the top site of the central Fe atom (Figure 6.5). The FeN2C1 and FeNs
sites with the central Fe atom in a single vacancy site exhibit a non-planar configuration for the
active site moiety as shown in Figure 6.5a,e. Such non-planar configuration results in a more
polarized charge distribution with more electron accumulation on the top site of the central Fe
atom. For CoNxCy sites that also favors *N» adsorption, the electron accumulation or charge
depletion was also found on the top site of the central Co atom as shown in Figure 6.6. In contrast,
the charge distribution analysis results of CoN4 and CoN2+> sites shown a large density of electron
depletion or charge accumulation (yellow cloud) on the top site of the central Co atom. Similar

results were also found for the charge distribution analysis on NiNxCy sites (Figure 6.7). Only the
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NiNs site has the obvious electron accumulation on the top site of the central Ni atom which
promotes the *N> adsorption. For other NiNxCy sites that exhibit unfavored or infeasible *N

adsorption, only a density of electron depletion was found on the top site of the central Ni atom.

(c)

Figure 6.5. Atomic (upper panel) and electronic (lower panel) structures of fully embedded (a) FeN2Ci, (b)
FeN2Ca-opp, (€) FEN2C2-hex, (d) FEN2C2-pen, (€) FeNs, (f) FeNsCi, (g) FeNs, and (h) FeNz+2 sites. The gray, blue,
white, and golden balls represent C, N, H, and Fe atoms, respectively. The charge accumulation and depletion

are shown as yellow and cyan clouds with the isosurface of 0.0075 e/A3.
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(a) (b) () (d)
T S G

Figure 6.6. Atomic (upper panel) and electronic (lower panel) structures of fully embedded (a) CoN2Cy, (b)
CoN2Cz2.0pp, (€) CON2C2-nex, (d) CoON2C2-pen, (€) CoNa, (f) CoN3C1, (g) CoNs, and (h) CoN2+ sites. The gray, blue,
white, and orange balls represent C, N, H, and Co atoms, respectively. The charge accumulation and depletion

are shown as yellow and cyan clouds with the isosurface of 0.0075 e/A3.
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Figure 6.7. Atomic (upper panel) and electronic (lower panel) structures of fully embedded (a) NiN2Cz-opp, (b)
NiN2C2-hex, (€) NiN2Ca-pen, (d) NiNs, (e) NiNsCq, (f) NiNs, and (g) NiN2+2 sites. The gray, blue, white, and cyan
balls represent C, N, H, and Ni atoms, respectively. The charge accumulation and depletion are shown as yellow

and cyan clouds with the isosurface of 0.0075 e/A3,

As the first step in NRR, the adsorption of *N initiates the activation of inert N> molecule,
which requires the weakening of the stable N=N bond. Such activation process is closely relevant
to the bonding nature between the central metal atom in NiNxCy site and adsorbed *N.. The central
transition metal atom (i.e., Fe, Co, and Ni) needs to provide empty 3d orbitals to accept the -
orbital lone-pair electrons from N atoms in the N> molecule. Meanwhile, the d-orbital electrons
from the central metal atom are transferred to the empty n*-orbital of N> through a back-donation
process.1% 163 164 Hence, the electron accumulation on the top site of central metal atom can

promote the back-donation process for *N2 adsorption. Thus, NiNxCy sites that exhibit electron
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depletion on the top site of central atom lack the ability to provide electron for N=N bond
activation, which leads to the unfavored *N. adsorption or even repulse between the central metal

atom and N2 molecule.

6.1.3.2 NRR Activity of MNxCy Sites

The NRR activity of all stable MNxCy sites were predicted through the free energy
calculations for the intermediate species on the active sites. The free energy of all possible
adsorption configurations for each NRR intermediate specie was calculated to locate the most
stable adsorption. Then stable intermediate species for each adsorption and hydrogenation step
were used to predict the favorable NRR pathway on the MNxCy site. During the NRR pathway on
MNxCy sites, there were several steps that caused positive free energy change requiring additional
energy from applied electrode potential to overcome such barrier. The hydrogenation step, which
involves the electron transfer process, exhibited the highest free energy increase was treated as the
potential determining step (PDS) for NRR. Moreover, the reverse electrode potential that needed
to overcome the free energy increase in the PDS on the MNxCy site was defined as the limiting
potential for NRR (ULnrr)). Consequently, a more positive value for U (nrr) means a better NRR
activity. In previous theoretical studies, two possible steps were identified as PDS for NRR, which
are the first hydrogenation step from *N2 to *NNH, and the last hydrogenation step from *NH> to
*+NH3.2% 102,105 | this thesis, the PDS for NRR on all the investigated MNxCy sites were identified

to be the first hydrogenation step from *N2 to *NNH.
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Table 6.4. Calculated limting potential for NRR (V) on MNxCy sites.

Configuration Fe Co Ni
MN2C: -0.96 -0.98
MN2C2-opp -0.75 -0.98 -1.58
MN2C2-hex -0.89 -0.98 -1.64
MN2C2-pen -0.76 -1.05
MN3Cs -0.74 -1.37
MN3 -0.83 -1.00 -0.83
MNj4 -1.31 -1.05
MN2:+2 -1.13 -1.40 -1.74

The calculated values for U nrr) of various MNxCy sites are shown in Table 6.4. The
FeN2Cz-opp, FEN2C2-pen, and FeNsC1 sites have the values of Urnrr) around -0.75 V, which are
more positive than those of other FeNxCy sites, indicating the best NRR activity of these three sites
in Fe-N-C catalysts. The calculated values of U.nrr) for FeNxCy sites here are generally in
agreement with previous results.® For active sites in the Co-N-C catalyst, the CoN2C1, CoN2C»-
opp, and CoN2Cx-nex Sites have the almost identical value of Urnrr), Which indicates the same NRR
activity of these three active CoNxCy sites. However, even the most active CoNxCy site exhibits a
very negative value (~ -1.00 V) for Unrr), Which would lead to a poor NRR activity of Co-N-C
catalysts. Most NiNxCy sites shown in Table 6.4 exhibit very negative value of U, (rr) except the
NiNs site, which shows a value of -0.83 V for U (vrr). Hence, it can be predicted that only the Ni-
N-C catalyst that holds enough NiN3s sites would be active for NRR. For each configuration of
MNxCy site, the active site that involves a Fe atom as the central metal atom in the moiety would

has the most positive value of U rr) and the best NRR activity, while the only exception is the
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MN; site. Furthermore, as all the edge-to-edge FeN2+2, CON2+2, and NiNz+2 sites show very

negative value of U (nrr), these sites were predicted to be not active for NRR.
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Figure 6.8. (a) The scaling relation between predicted limiting potential for NRR and the adsorption energy of

*N. (b) The scaling relation between predicted limiting potential for NRR and the free energy change in *NNH

adsorption.

As elaborated in previous studies, some descriptors were suggested for the NRR activity,
including the adsorption energy of *N2% %892 and the free energy change for *NNH adsorption%?
151 First, the correlation between the adsorption energy of *N (AE~y) and limiting potential for
NRR (Urnrr)) Was examined and shown in Figure 6.8a. The adsorption energy of *N is a good
indicator for the capability of active sites to binding with all the NRR intermediate species.®? The
limiting potential for NRR of each MNxCy site was plot as the data point against AE=n, in which a
linear relation was found between UL nrr) and AE=n for all active site configurations. Such linear
relation indicates the stronger adsorption *N on the MNxCy site, the better NRR activity of the
same site. Moreover, the correlation between the free energy change for *NNH adsorption

(AG=nnH) and Urvrr) Was also examined and shown in Figure 6.8b. Since all the MNxCy sites
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hold the hydrogenation step from *N2 to *NNH, the free energy of *NNH adsorption would be
critical for the NRR activity. A linear relation between AG=nnH and Uprr) Was found for all the
MNCy sites, which indicates the stronger binding of *NNH on the MNxCy site would result in a
better NRR activity of the same site. In addition, the data points of FeNxCy sites (red cubic) are

mostly found at the upper left corner in both plots of Figure 6.8, which also indicates FeNxCy sites

generally have better NRR activity than both CoNxCy (orange circle) and NiNxCy (blue triangle)

- Sn- 4

sites.

Figure 6.9. Atomic structures of intermediate species along the favorable NRR pathway on the FeNsCi site. In

the figure, the gray, blue, white, and golden balls represent C, N, H and Fe atoms, respectively.
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Figure 6.10. Predicted free energy evolution of NRR on the FeNsC; site without applied potential (red line) and

under limiting potential (blue line).

To gain an insight of NRR pathway on MNxCy sites, the free energy evolution diagrams
were predicted for the FeN3C1, CoN2C2-opp, and NiNs3 sites, which are the most active sites for Fe-
N-C, Co-N-C, and Ni-N-C catalysts, respectively. First, the stable adsorption of intermediate
species was investigated on the FeNsC; site. The favored pathway for NRR on the FeNsC; site
was predicted to be a distal one (Figure 6.9). The distal N atom in the end-on adsorbed *N2 was
hydrogenated first by three H atoms to yield the first NHz molecule. Then the remained proximal
N atom reacted with another three H atoms to produce the second NH3z molecule. The bond length
between two N atoms increased from 1.14 A in the adsorbed *N, to 1.30 A in *NNH, which
clearly shows the weakening and activation of the inert N=N bond. The predicted free energy
evolution of NRR on the FeNsC; site was shown in Figure 6.10. From the free energy evolution
under 0 V applied potential (red line), it can be noticed that only the two hydrogenation steps

before the N-N bond cleavage exhibit positive free energy change. The step from *N to *NNH
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possesses the highest free energy increase as the PDS, while such energy barrier was removed

when NRR occurs under applied electrode potential (blue line).

%@@

*NNH *NHNH
*NH,NH, *NHNH,

Figure 6.11. Atomic structures of intermediate species along the favorable NRR pathway on the CoN2Cz-opp Site.

In the figure, the gray, blue, white, and orange balls represent C, N, H and Co atoms, respectively.
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Figure 6.12. Predicted free energy evolution of NRR on the CoN2C2-opp Site without applied potential (red line)

and under limiting potential (blue line).
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The investigation of stable adsorption configurations of NRR intermediate species on the
CoN2Co-opp Site was also performed to identify its favorable reaction pathway. As shown in Figure
6.11, an alternating pathway was found as the most likely NRR pathway for the CoN2Ca-opp Site.
Two N atoms in the end-on adsorbed *N> were hydrogenated alternatively until the yielding of
two NHs molecules. The bond between two N atoms was elongated from 1.14 A in *N2 to 1.45 A
in *NH2NH: before cleavage. The longer distance of N-N bond before cleavage on the CoN2Ca-
opp Site than that on the FeNsC; site indicates the adsorbed *N2 on the CoN2Cz-opp Site needed
further activation to cleavage, for which more hydrogenation steps were needed before the N-N
bond cleavage. The first two hydrogenation steps of NRR on the CoN2Cz.opp Site were found to
have positive free energy change, while the subsequent hydrogenation steps were all found
exergonic (Figure 6.12). Under the limiting potential, all the steps during the alternating NRR

pathway changed to be thermodynamically favored.

*NH, *NH *NHNH,

Figure 6.13. Atomic structures of intermediate species along the favorable NRR pathway on the NiNs site. In

the figure, the gray, blue, white, and cyan balls represent C, N, H and Ni atoms, respectively.
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Figure 6.14. Predicted free energy evolution of NRR on the NiNs site without applied potential (red line) and

under limiting potential (blue line).

The most likely NRR pathway on the NiNzs site was found to be a hybrid one, which is
different from that on the FeN3Ci and CoN2Ca.-opp sites (Figure 6.13). The distal N atom in the
end-on adsorbed N2 molecule was first hydrogenated by two H atoms to become *NNH; that tilt
along the Ni-N bond in the NiNz site. The third H atom adsorbed on top of the proximal N atom
to form the adsorbed specie *NHNH>. Then the fourth hydrogenation step occurred on the distal
N atom and led to the first NHs molecule desorption. Subsequently, after the N-N bond cleavage,
the remained *NH fragment was hydrogenated by extra two H atoms to produce the second NHs
molecule. From the DFT predicted energy evolution shown in Figure 6.14, the red line that
represents the free energy evolution under 0 V electrode potential shows both the first two and last
one hydrogenation steps result in free energy increase during the NRR pathway. Specifically, two
trapping intermediate states, which are the *N> and *NH> adsorption, were found for NRR on the

NiNz site. Both trapping states required relatively large energy for further hydrogenation, in which
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the first one is the PDS that shows a higher energy barrier. Furthermore, the calculated NRR
limiting potential of NiNsz site is -0.83 V, which was found in good agreement with the
experimental optimal potential of -0.8 V for NRR from a previous study.®’ Under the limiting

potential, the whole pathway of NRR on the NiN3 site becomes thermodynamically favored.

6.1.3.3 NRR Selectivity of MNxCy Sites

The hydrogen evolution reaction (HER) is an unavoidable competing reaction to the
electrochemical NRR on M-N-C catalysts.>! %2 Besides other factors in electrochemical reduction
of nitrogen to yield ammonia (e.g., the reactor configuration, electrolyte choice, and reaction
conditions), the spontaneous properties of NRR catalysts are also essential for selective
electrochemical NRR. Electrons in 3d orbitals of the central metal can also promote the adsorption
of H atoms on the MNxCy site, which will lead to a strong competition between NRR and HER on
M-N-C catalysts.*> 16 A proper configuration of the active site is needed to only promote the
activity of NRR but suppress the HER.

In this section, the NRR selectivity of all stable MNxCy sites was examined by comparing
the adsorption strength of critical intermediate species for NRR and HER, and the activity of NRR
and HER on MN,Cy sites. The HER pathway on MNxCy sites involves the adsorption of *H and
the subsequent desorption of a H> molecule. The free energy change in the step of *H adsorption
AG,y is identified as a descriptor to measure the HER activity.?® % 195 As elaborated in previous
studies, electrocatalysts that have the value of AG,y that close to O will be considered very active
for HER.X®" The calculated values of AG, of MNxCy sites are shown in Table 6.5. The FeN2Cs

site was found to be the only FeNxCy site that has a value of AG,y that very close to 0, which
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indicates the HER would be very favored to occur on this site. The CoN2C1, CON2C2-0pp, MN2Co.
hex, CON3C1, and CoNs sites were predicted to have the calculated AG,y very close to 0, in which
the CoN2C2-opp Site was also predicted to be active for NRR. The NiNs site, which is the only site
that was predicted to be active for NRR in Ni-N-C catalysts, was also found to be active for HER
with a value of AG,y very close to 0. Hence, to obtain the actual NRR selectivity of MNxCy sites,

further investigations are needed to compare the activity of NRR and HER on the same site.

Table 6.5. Calculated free energy change of *H adsorption (eV) on MNxCy sites.

Configuration Fe Co Ni
MN2C1 -0.02 0.02
MN2C2-opp 0.32 -0.01 0.83
MN2C2-hex 0.24 -0.10 0.29
MN2C2-pen 0.17 -0.15
MN3C1 0.31 0.09
MN3 -0.41 -0.07 -0.05
MN4 0.24 0.20
MN2+2 0.13 0.51 1.24

The first method used here is to compare the free energy change in adsorption step of *N>
and *H (AG.y, — AG.y) on the same MNxCy site. It is understandable that if an active site is
preferred to be occupied by *N2 adsorption over the *H adsorption, the HER would be suppressed
by NRR. Such method was also used in previous studies to investigate the selectivity of NRR
electrocatalysts. 9 90 100.102.105.168 The MN,C, sites that exhibit negative values of AG,y, — AG,y
would also exhibit selectivity toward NRR with suppressed HER. The calculated AG, y, — AG.y

for all MNxCy sites are summarized in Table 6.6, in which almost all the MNxCy sites have
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negative values for AG,y, — AG.,y, except the CoNs and NiN2Ca-nex sites. In general, the FeNxCy
site has a more negative value for AG,y, — AG.y as compared to the CoNxCy and NiNxCy sites

with the same configuration, which indicates better NRR selectivity of Fe-N-C catalysts.
Specifically, the FeN2C: site was predicted to have the best properties for promoting *N:

adsorption over *H adsorption.

Table 6.6. Calculated free energy change difference between *N2 and *H adsorption (eV) on MNxCy sites.

Configuration Fe Co Ni
MN2C1 -0.87 -0.58
MN2C2-opp -0.39 -0.20 -0.36
MN2C2-hex -0.29 -0.10 0.18
MN2C2-pen -0.11 -0.05
MN3C1 -0.40 -0.20
MN3 -0.45 -0.78 -0.75
MN4 -0.30 0.16
MN2:+2 -0.33 -0.34 -0.74

Moreover, the second method used here for determining the NRR selectivity of MNxCy
sites is comparing the limiting potential of NRR and HER on the same site (UL nrr)-ULHEer)). Since
the calculated limiting potential of NRR and HER represents the activity of these two competing
reactions on the MNxCy site, a positive value of Urnrr)-ULrer) would be equivalent to a good
NRR selectivity of this site as the HER is thermodynamically unfavored. Such method was also
used in several previous studies to investigate the NRR selectivity of electrocatalysts.?® % 11 As
shown in Table 6.7, all the calculated values for U (nrr)-ULHER) are negative, which indicates the
limiting potential of HER is constantly less negative than the limiting potential of NRR. Thus,

63



HER was predicted to be more thermodynamically favored than NRR on all the MNxCy sites.

Similar results were also found in previous theoretical studies for NRR on M-N-C catalysts.

100, 102

The least negative values for U rr)-ULner) Were predicted for the FeN2Ca-opp and FeNsCi sites,

which implies these two active sites have the best NRR selectivity among all the studied MNxCy

sites.

Table 6.7. Calculated limitng potential difference between NRR and HER (V) on MNxCy sites.

Configuration Fe Co Ni
MN2C, -0.97 -0.97
MN2C2-opp -0.43 -0.98 -0.74
MN2C2-hex -0.65 -1.08 -1.35
MN2C2-pen -0.59 -1.20
MN3Cy -0.44 -1.29
MN3 -1.24 -1.07 -0.87
MNj4 -1.07 -0.88
MN2:+2 -1.00 -0.89 -0.50

Therefore, for a good selectivity toward NRR on the MNxCy site, the first restriction would

be that the HER should not be too easy to occur, which means the free energy change in the step

of *H adsorption should not be very close to 0 eV. Then the adsorption of *H needs to be

suppressed by *N, adsorption to avoid the active site been occupied by HER. Furthermore, the

activity difference between NRR and HER should not be significant. Thus, the FeNsC; site which

was predicted to have the best NRR activity among all the MNxCy sites, also exhibits a good NRR

selectivity toward NRR.
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6.2 NRR on Fe-N-C Catalysts: Strain Effects and Electrochemical Stability

This chapter is modified from the published journal paper: Shan W, Wang G. Enhancing
Catalytic Properties of Iron-and Nitrogen-Doped Carbon for Nitrogen Reduction through
Structural Distortion: A Density Functional Theory Study. The Journal of Physical Chemistry C

2021, 125(29): 16004-16012.%%°

6.2.1 Strained Active Sites in Distorted Fe-N-C catalysts

The process for synthesizing M-N-C catalysts always involves a high-temperature
treatment, which is essential for the activation of MNxCy sites.”” 7° 80150 There have been many
studies showing an abnormal structural distortion in the graphene membrane because of its
negative thermal expansion coefficient.8® 170 171 172 gych structural distortion changes the
graphene layer into a non-planar configuration under an elevated temperature. The configuration
of MNxCy active site moiety that embedded in a graphene layer would also be change, which can
lead to different adsorption conditions for intermediate species and change of catalytic properties.
In a previous study on NRR on Ni-N-C catalysts, the catalytic performance of catalysts is also
found related to the temperature of pyrolysis as the optimal performance was obtained on the
sample obtained from pyrolysis conditions of 700 “C.8 In addition, our previous studies on the
ORR and CO2RR on Fe-N-C catalysts also show that the strain effect that arises from the structure
distortion in graphene has been demonstrated to be beneficial for their catalytic activity.”>1’* The
Fe-N bonds in the active sites in Fe-N-C catalysts that pyrolyzed under high temperature were

demonstrated to be shortened by ~2%, for which active sites in such catalysts should be
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compressively strained. However, all the active sites modeled in previous theoretical studies on
M-N-C catalysts only assumed a planar graphene layer with fully relaxed configuration. In this
section, the effects of compressive strain from a structural distorted graphene layer to the NRR
activity and selectivity was investigated for Fe-N-C catalysts.

To date, the Fe-N-C catalyst is one of the most studied NRR electrocatalysts. Both FeN4%"
100,150 175 and FeN3®? 7 sites that embedded in a graphene layer were reported to be active for NRR
in previous studies. Hence, efforts in this dissertation were concentrated on investigating the effect
of structural distortion on the NRR activity and selectivity of the well-studied FeNs and FeNs sites.
The FeNgy site that consists of a central Fe atom in a double vacancy site and coordinated with four
neighboring N atoms exhibits a planar configuration for the fully relaxed (i.e., unstrained) active
site moiety (Figure 6.15a). In contrast, the FeNs site that consists of a central Fe atom in a single
vacancy site and coordinated with three neighboring pyridinic N atoms exhibits a spontaneous
non-planar configuration for the active site moiety (Figure 6.15b). The Fe atom in the unstrained

FeNs site is predicted to be out of the graphene layer by 0.32 A.
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Figure 6.15. Top and side view of atomic structures of unstrained (a) FeNs and (b) FeNs sites. The unit cell used
for DFT calculations on these active sites are marked with red rectangle. The gray, blue, and golden balls

represent C, N, and Fe atoms, respectively.

The compressively strained FeNs and FeNs site models were constructed by contracting
with a biaxial compression to the make them have a similarly curved graphene layer. The
comparison of unstrained and strained FeN4 site models is shown in Figure 6.16. The compressive
strain changed the initial planar graphene layer into non-planar with a wrinkle configuration in the
graphene layer as shown in the Figure 6.16b. The formed wrinkle in the graphene layer of the
strained FeN4 site model exhibited an off-plane height of 1.27 A. The central Fe atom is out of the
graphene layer by a displacement of 0.28 A in the strained FeNs site. As a result of compressive
strain, the length of the Fe-N bonds is shortened by 2.0% in the strained FeNj site than those in
the corresponding unstrained site. Specifically, the predicted Fe-N bond length (1.85 A) in the
strained FeNs site agrees with previous EXAFS measurement results for Fe-N-C catalysts

pyrolyzed under high temperature.1® 1* Moreover, the electronic structures of the FeN4 sites with
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and without compressive strain were compared in Figure 6.16. The calculated charge distributions
on the unstrained FeN4 site shows a symmetric charge depletion on both top sites of the central Fe
atom. In contrast, the charge distribution analysis results for the strained FeNs site exhibit an
asymmetric distribution of electrons on the central Fe atom with more electrons accumulated to
the bulged side to form a more polarized charge distribution on the central Fe atom. Such electronic
structure change results in a stabler *N adsorption on the strained FeNs site with a 0.20 eV lower

adsorption energy.

Figure 6.16. The atomic structures (upper panel) and charge distribution (lower panel) of (a) unstrained and
(b) strained FeNgs sites. The charge accumulation and depletion on each active site were shown respectively by
the yellow and cyan clouds with an isosurface of 0.0075 e/A3. The gray, blue, and golden balls represent C, N,

and Fe atoms, respectively.

A change from planar configuration to a non-planar one in the graphene layer was also
found in the comparison for atomic structures of FeNs sites with and without strain (Figure 6.17).
The wrinkles contained in the strained FeNs site was found to have an off-plane height of 1.29 A.

The central Fe atom is out of the graphene layer by a displacement 1.48 A in the strained FeNs
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site, which is 1.16 A higher than that in the unstrained FeNs site. The length of the Fe-N bonds
was shortened by 0.5% in the strained FeNs site than that in the corresponding unstrained site. It
is due to the unstrained FeNs site moiety was already found non-planar, hence the compressive
strain applied on the FeNz site would have much smaller effects on the length of Fe-N bonds. The
electronic structure analysis results of the unstrained FeNs site (Figure 6.17a) show a density of
charge depletion on top of the Fe atom, which was separated from the charge accumulation
surrounding the central Fe atom. The structural distortion in the compressively strained FeNs site
resulted in more separated charge depletion on the top site of the Fe atom as compared to the
unstrained one (Figure 6.17b). The compressive strain in the FeNs site only caused different
densities for charge distribution on the central Fe atom, whereas both the shape and density of

charge distribution were changed by the compressive strain in the FeNjs site.

Figure 6.17. The atomic structures (upper panel) and charge distribution (lower panel) of (a) unstrained and
(b) strained FeNs sites. The charge accumulation and depletion on each active site were shown respectively by
the yellow and cyan clouds with an isosurface of 0.0075 e/A3. The gray, blue, and golden balls represent C, N,

and Fe atoms, respectively.
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6.2.2 Strain Effects on NRR Pathway and Activity of Fe-N-C catalyst

Since the configurations and electronic structures in the FeNs and FeN3z site were both
changed by the compressive strain, it could be expected that the NRR activity and pathway would
also be altered. DFT calculations were performed first to predict the most stable adsorption
configurations of NRR intermediate species on both FeNs and FeNs sites with and without strain,
which would be help identifying the most likely reaction pathway for NRR. All the nine possible
intermediate species of NRR on FeN4 and FeNzs sites, which are namely *N2, *NNH, *NNH,
*NHNH, *NHNH2, *NH2NH>, *N, *NH and *NH>, were considered in free energy calculations.
The free energy calculation results of all possible adsorption configurations of each intermediate
specie were compared for locating the most stable one. Subsequently, the calculated free energy
change of each intermediate specie was used to predict the free energy evolution of the favorable
NRR pathways on both FeNs and FeNs sites with and without strain.

The computational results shown in Table 6.8 exhibit that the NRR on the compressively
strained FeNas site has a more positive limiting potential than the unstrained FeNs site, which
indicates an enhanced NRR activity on the strained FeNjs site. The predicted limiting potential for
NRR on the unstrained FeNs site is -1.31 V, which is comparable with the value of -1.36 V from
the literature.® The compressive strain on the FeNs site induced a positive change in U (rr) by
0.21 V, which implies that the strained FeNs site has better NRR activity than the unstrained one.

As shown in Figure 6.18, the PDS of NRR on both unstrained and strained FeN sites was found
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to be the first hydrogenation step from *N> to *NNH. In addition, the predicted NRR pathway on

the unstrained FeNy site also shares the same PDS as the previous study.®

Table 6.8. Calculated limiting potential of NRR and the free energy change of *NNH adsorption on FeNs and

FeNs sites.
FeNas FeNs
Unstrained Strained Unstrained Strained
ULnrr) (V) -1.31 -1.10 -0.83 -0.80
AG,.yny (V) 1.25 0.84 -0.04 -0.13
9 *Vz .
8. H6(H ) — Unstrained, U=-131V
= Strained, U=-1.10 VY
71
S 6N TUNNH e _‘ *NHNH,
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Figure 6.18. Predicted free energy evolution for NRR on the FeNy sites with and without strain under their

limiting potential.

The compressive strain in the FeNy site was also predicted to lead to a change in NRR
pathway (Figure 6.19). On the unstrained FeNs site, the most favorable NRR pathway was

predicted to be a hybrid one (Figure 6.19a). Following this pathway, the NRR starts with the N>
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molecule adsorption in an end-on configuration, and the distal N atom of the adsorbed N is first
hydrogenated by two H atoms and formed a tilt configuration for *NNH, adsorption. Then the
third H atom is reacted with the proximal N atom in *NNH3, and the fourth hydrogenation step
leads to the dissociation of N-N bond to produce the first NHs molecule. Finally, the remained
*NH fragment on top of the Fe atom is subsequently hydrogenated until the second NHs molecule
desorbs from the active site. The bond length between two N atoms changed from 1.14 A in *N;
to 1.40 A in *NHNH: before its cleavage, which shows a weakening and activation for the inert
N=N bond during the hydrogenation. However, the favorable NRR pathway on the compressively
strained FeNs site was predicted to be a typical distal pathway (Figure 6.19b). On the strained
FeNs site, after the first two hydrogenation steps occur on the distal N atom, the third
hydrogenation step is still on the distal N atom of the adsorbed N2 and leads to the desorption of
the first NHs molecule yielding. Subsequently, the remained *N on the active site is hydrogenated
to become the second NHz molecule produced. The bond length between two N atoms changed
from 1.14 A in *N2 to 1.31 A in *NNH. before its cleavage. The less hydrogenation steps and
shorter N-N bond length before cleavage on the strained FeNs site indicates a better spontaneous

NRR activity.
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Figure 6.19. The atomic structures of intermediate species along the favorable NRR pathways on (a) unstrained

and (b) strained FeNa sites. The gray, blue, white and golden balls represent C, N, H, and Fe atoms, respectively.

The predicted free energy evolution of NRR on the unstrained and strained FeNs sites is
shown in Figure 6.20, which also reveals that the first hydrogenation step from *N2 to *NNH is
the PDS for NRR on both sites. As shown in Table 6.8, the U nrr) 0N the unstrained FeNG site is
predicted to be -0.83 V, which is very close to a previously reported value of -0.84 V.”” The
predicted free energy evolution for NRR on FeNs sites indicates that the FeNs site with a
compressive strain has a slightly better NRR activity than the unstrained one due to a more positive
limiting potential of -0.80 V (Table 6.8).
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The most favorable NRR pathway on the unstrained FeNs site was predicted to be a hybrid
one, starting with the N2> molecule adsorption in an end-on configuration (Figure 6.21a). The first
H atom adsorbed on the distal N atom of *N2 in the first hydrogenation step. In the second
hydrogenation step, the adsorption configuration of the most stable intermediate species changed
to a side-on *NHNH. Then, one of the N atoms of *NHNH was preferably hydrogenated by two
H atoms to form the first NHs molecule. The remained *NH was hydrogenated by extra two H
atoms into the second NH3z molecule produced. The bond length between two N atoms was
elongated from 1.14 A in *N2 to 1.43 A in *NHNH. before its cleavage. With compressive strain
on this FeNs site, the NRR pathway was predicted also to change to a typical distal one. As shown
in Figure 6.21b, the NRR on the compressively strained FeNs site has the same adsorption
configurations with the unstrained one in the first two steps, but an end-on *NNH, adsorption
becomes more favored after the second hydrogenation step. The third hydrogenation step resulted
in the first yielded NHz molecule. Finally, the remained *N on the active site is hydrogenated to
become the second NHsz molecule produced. The distance between two N atoms was elongated

from 1.14 A in *N2 to 1.30 A in *NHNH; before its cleavage on the strained FeNs site.
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Figure 6.20. Predicted free energy evolution for NRR on the FeNs sites with and without strain under their

limiting potential.

Figure 6.21. The atomic structures of intermediate species along the favorable NRR pathways on (a) unstrained

and (b) strained FeNjs sites. The gray, blue, white and golden balls represent C, N, H, and Fe atoms, respectively.
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According to the predicted NRR limiting potentials (Table 6.8), the unstrained FeNs site
shows a better NRR activity than the unstrained FeN4 site with a more positive U rr) by 0.48 V.
The strained FeNs site also has a more positive ULnrr) by 0.30 V than the strained FeNy site. Thus,
it can be inferred that the FeNs sites are more active for NRR than the FeNjy sites in Fe-N-C
catalysts. The NRR activity on both FeNs and FeNs sites is predicted to be enhanced by
compressive strain. Moreover, the results in Table 6.8 demonstrate that compressive strain has an
appreciable influence on the NRR activity on FeNa sites as the NRR limiting potential has a
positive change of 0.21 V due to the structural distortion. In contrast, the NRR limiting potential
on the strained FeNs site only changes to be more positive by 0.03 V as compared to the unstrained
one.

To gain understanding of the compressive strain effect on NRR activity, the bonding
analysis for the adsorption of *NNH on the active sites was performed. It has been pointed out that
the intermediate species *NNH is a good descriptor for the NRR activity, as most NRR catalysts
hold the step from *N; to *NNH as PDS.46 102,105 176 The Jinear relation between the free energy
change for *NNH adsorption and the NRR limiting potential was also revealed in section 6.1.3.2
in this dissertation. Indeed, the calculated free energy change for the *NNH adsorption (Table 6.8)
shows a direct correlation with the predicted NRR limiting potential of the unstrained and strained
active sites. Namely, the compressively strained sites have lower energy for NNH adsorption and
simultaneously exhibit more positive NRR limiting potentials than the corresponding unstrained

sites.
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Figure 6.22. -pCOHP analysis results for *NNH adsorption on (a) FeNs and (b) FeNs sites.

Specifically, the bonding states between the central Fe atom and the proximal N in
adsorbed *NNH was examined using the projected crystal orbital Hamilton population (p0COHP)
analysist’" 178 179,180, 181 (Figyre 6.22), which was applied in previous NRR catalyst studies*®: 8%
131 The bonding and antibonding states of Fe-N are depicted as the positive and negative parts of
-pCOHP curves, respectively. The results show that most of the valence states (i.e., the part below
the Fermi level, Er) are bonding states, whereas a small density of antibonding states exist at the
Fermi level for both strained and unstrained FeNs sites (Figure 6.22a). These antibonding states
at the Fermi level indicates an unstable bonding between *NNH and Fe, which can also be
confirmed by the positive free energy change of *NNH adsorption shown in Table 6.8. The
integrated COHP (ICOHP) up to Fermi level of the strained FeNs site was predicted to be -2.03

eV, which is more negative than that of the unstrained FeNasite (-1.96 eV). As revealed in previous
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studies, a more negative ICOHP indicates a stronger covalent bonding.*® 815! Hence, the bond
analysis further implies a stronger *NNH binding on the strained FeNg site. For unstrained and
strained FeNs sites, the COHP analysis results show that most valence states appear as bonding,
and no states are found at the Fermi level (Figure 6.22b). In contrast to the results of FeNjs site,
only a small difference is shown in -pCOHP curves between the unstrained and strained FeNs sites,
suggesting a similar bonding strength between Fe and the proximal N of *NNH. Furthermore, the
ICOHP of the strained FeNs site differs only by 0.01 eV as compared to that of the unstrained FeN3
site, which also indicates a similar binding strength of *NNH on the unstrained and strained FeN3

sites.

6.2.3 Strain Effects on NRR Selectivity of Fe-N-C catalyst

The influence of structural distortion on the selectivity towards NRR on the FeNs and FeNs
sites was also examined. The competing HER is believed to be the primary factor affecting the
selectivity of the catalysts for NRR.> 8 92102 The activity of HER, which can be used to compare
with the activity of NRR to obtain the NRR selectivity, was investigated by the free energy
calculation for *H adsorption on the active sites. The values of calculated free energy change for
the adsorption *H (AG,) on the unstrained and strained FeNs and FeN3 sites are given in Table
6.9. The DFT calculations predicted that the H atom would be adsorbed on top of the central Fe in
the FeN4 and FeNs sites as shown in Figure 6.23a,b. The free energy evolution for HER on the
FeNs and FeNg sites (Figure 6.24a,b) shows that the compressive strain would cause the free
energy change of *H adsorption to be closer to 0 eV, which indicates the competing HER is
promoted by compressive strain at these active sites'®’. AG,y is predicted to decrease from 0.24
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eV on the unstrained FeNjs site to 0.16 eV on the strained one, while AG, only increases from -
0.41 eV on the unstrained FeNs site to -0.38 eV on the strained one. It should be noted that the
predicted free energy changes AG, for *H adsorption on the unstrained FeNg site (0.24 eV) and

on the unstrained FeNs site (-0.41 eV) are consistent with previous predictions of 0.40 eV on FeN4

and -0.53 eV on FeNs.”’: 100

Table 6.9. Calculated free energy changes as related to NRR selectivity on FeNsand FeNs sites.

FeNa FeNs
Unstrained Strained Unstrained Strained
AG,y (eV) 0.24 0.16 -0.41 -0.38
AG.y, — AG.y (V) -0.30 -0.42 -0.45 -0.56
AG.yny — AG.y (eV) 1.01 0.68 0.37 0.25
ULRR) - UL Her) (V) -1.07 -0.94 -1.24 -1.18

Figure 6.23. Atomic structures of *H adsorption on (a) FeNs and (b) FeNz sites with and without strain. The

gray, blue, white and golden balls represent C, N, H, and Fe atoms, respectively.
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Figure 6.24. Predicted free energy evolution of HER on (a) FeN4 and (b) FeNs active sites with and without

strain.

The bonding analysis for the *H adsorption on FeN4 and FeNs sites was also performed to
understand the compressive strain effect on the HER activity. Most valence states (below Er) of
*H adsorption are bonding in nature on the strained and unstrained FeNs sites, while only a few
antibonding states can be found at vicinity below the Fermi level (Figure 6.25a). The integrated
pCOHP for the Fe-H bonding on the FeNs sites decreases from -1.21 eV on unstrained one to -
1.25 eV on strained one, which suggests a stronger binding of *H adsorption on the strained FeN4
sites. In contrast, antibonding states are only visible above the Fermi level for the Fe-H bonding
on FeNg sites (Figure 6.25b). The -pCOHP curves of the strained and unstrained FeNs sites are
almost identical in the valence bands, and the ICOHP on the strained FeNs site only increases less
than 0.01 eV as compared to the one on the unstrained FeNs site, both implying a very similar

binding strength of *H on FeNs sites with and without strain.
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Figure 6.25. -pCOHP analysis results for *H adsorption on (a) FeN4 and (b) FeNs sites.

Regarding the NRR selectivity of catalysts, several computational methods have been
employed in previous studies. For example, comparing the adsorption energies of *N2 and *H (i.e.,
AG,y, — AG,;) on the same active site as a descriptor for the NRR selectivity.” 9 100. 102,105,168 |f
an active site can be preferably occupied by *N2 over *H, the competing HER will be effectively
suppressed. Hence, the active sites with more negative value of AG,y, — AG., should exhibit
better selectivity for NRR over HER. The calculated results in Table 6.9 indicate that the
compressively strained FeN4 and FeNs sites would have a better selectivity towards NRR than the
unstrained ones. Some previous studies used the free energy difference between *NNH and *H
adsorption (i.e., AG,.yny — AG.y) to gauge the NRR selectivity®?, because the hydrogenation step

from *N2 to *NNH is the PDS of NRR. Here, *NNH is the preferred adsorbed species over *H for
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selective NRR. The AG,yyy — AG,y on the compressively strained FeNs and FeNs sites was
predicted to have less-positive values as shown in Table 6.9, and thus a better NRR selectivity on
the strained sites than on the unstrained ones. In addition, the limiting potential difference between
NRR and HER (U rr) — UiHer)) Was employed to describe the NRR selectivity.?® 92 151 For
HER on the FeNs sites, which shows a negative free change of *H adsorption, the limiting potential
here is defined as the largest electrode potential that can keep the process thermodynamically
favorable. The negative value of limiting potential difference shown in Table 6.9 indicates the
HER always have less negative limiting potential than NRR on both FeN4 and FeNs sites, which
implies the HER is indeed competitive with the NRR. However, the compressive strain on both
FeNs and FeNg sites leads to a less negative limiting potential difference between the NRR and
HER, which indicates a smaller activity difference between NRR and HER on the strained active
sites. Thus, the NRR selectivity is enhanced on the compressively strained FeN4 and FeNs sites.
For the calculated values from all the methods listed in Table 6.9, the strained FeNs sites

have a more negative AG,y, — AG.y by 0.12 eV, amore negative AG,yyy — AG,y by 0.33 eV, and
a less negative U (nrr) — ULHer) by 0.13 V as compared to the unstrained FeNs sites, respectively.

In contrast, the strained FeNs sites only have a more negative AG,y, — AG,y by 0.11 eV, a more

negative AG,yyy — AG.y by 0.12 eV, and a less negative U (nrr) — ULer) by 0.06 V as compared
to the unstrained FeNs sites. Therefore, the structural distortion due to compressive strain would

have a more pronounced influence on the NRR selectivity on FeNs sites than on FeNs sites.
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6.2.4 Electrochemical Stability of FeNs and FeNa sites

In electrochemical reaction, a comprehensive understanding of the equilibrium phase in
solution can be described as a function of applied potential against the pH value.*®? 182 Such phase
stability plot, which is called Pourbaix diagram, can provide relative durability and degradation of
intermediate phases during the reaction process.84 18518 |n previous studies for ORR, the stability
of intermediate species and active site was predicted using the Pourbaix diagram.'® 187 Here, the
stability of NRR intermediate species in the favored pathway on the FeNs and FeNs sites was
determined by calculating the free energy change using the implicit solvation model and constant
potential method.

To include the impact from the applied electrode potential U and the electrolyte pH value,
the free energy for each intermediate specie was calculated using equation 5.10 shown in section
5.2 to plot the Pourbaix diagram. The free energy change of each adsorbed specie during the NRR
pathway on FeNs and FeNs sites was calculated using the free energy of pristine active site (i.e.,
FeN4 and FeNs sites) and final products (i.e., NHz molecules) as the reference. Taking the distal
pathway for NRR as an example, the free energy change of the NRR intermediate species can be

calculated as following

AG.y, = (G.n,+6Gy+4e-1) — (G. + 2Gyy,) (6.1)
AG.ynn = (Gonnn+5G s+ 4e1) = (Go + 2Gyn,) (6.2)
AG.yni, = (Gonni, H4Gp+ie1) — (G + 2Gyy, ) (6.3)
AG.y = (G.y+3G+1em1) — (Go + Gyi,) (6.4)
AG.yy = (Gnu+2G i+ sem)) — (Go + Gyn,) (6.5)

83



AG.vn, = (AGuni, +Giy+sey) = (Go + Giy) (6.6)

AG.ionn, = (G* + ZGNH3) - (G* + ZGNH3) (6.7)

The solvation effect was included using the implicit solvation model as the permittivity of water

of 78.4 and a Debye-length of 9.61 A were used as input parameters for the linearized Poisson-

Boltzmann equation. The adsorption of other intermediate species, which are hydrogen (*H) and

hydroxyl (*OH), on FeN3z and FeNg sites in the aqueous environment were also included, and the
free energy change was calculated using their products as the reference

AG.y = (Gy+Gpytiemy) = (Go + Guy) (6.8)

AG.on = (GiontGiy+ie-1) — (Go + Gpyo) (6.9)
Hence the competing relation between electrochemical NRR and side reactions (e.g., HER) in
aqueous solution could be investigated by free energy comparing. Free energy change calculations
were performed for all possible intermediate species by scanning the whole range of potential U
and pH value to identify the stable one. Specifically, once an intermediate specie is predicted to
be the stable one, its free energy should be lower than any other adjacent species during the
pathway for the certain pair of U and pH value.

The Pourbaix diagrams that predicted from calculated free energy results for stable
intermediate species on FeN4 and FeNs sites are shown in Figure 6.26. The intermediate species
in the aqueous solution is included here. The colored regions in the Pourbaix diagram represent
the most stable intermediate species within the range of potential U and pH value. The boundaries
between regions indicates the equilibrium state of the intermediate species on the two sides. In the
predicted Pourbaix diagram for the FeNs site (Figure 6.26a), there are only three electrochemically

stable intermediate species presented. The *N, and *H adsorption occupy the upper right and lower
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left regions in the constructed Pourbaix diagram which are shown as the two main intermediate
species for electrochemical NRR on the FeNs site in aqueous solution. A small bar exists between
the blue and yellow region which represents the stable *OH adsorption on the FeNs site. In the
constructed Pourbaix diagram of stable intermediate species on the FeNs site (Figure 6.26b), the
*N2 and *H adsorption also occupy two separated regions in the diagram with a narrow bar in
between for the stable *OH adsorption. Consequently, during the electrochemical NRR process on
FeNs and FeNs sites in aqueous solution, the major competition was predicted to be the stable

adsorption of *N2 and *H on the active site which would lead to NRR and HER, respectively.
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Figure 6.26. Predicted Pourbaix diagram for all intermediate species on (a) FeN4 and (b) FeNs sites in agqueous
solution. The optimal U and pH values from experimental studies are shown as star'>’, rhombus®, circle®, and

triangle’” marks in the plots.

Since the stable adsorption of *N is essential for NRR to occur on the active site, the
potential U and pH value of the blue region shown in Figure 6.26 was predicted to be the window

for electrochemical NRR with suppressed HER in aqueous solution. To validate the predicted
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Pourbaix diagram for electrochemical NRR in aqueous solution, the experimental observations
from previous studies were compared with the predicted region for feasible NRR. The marks
shown in Figure 6.26a,b are the experimental results of optimal potential U and pH values for
NRR to obtain the highest FE and NH3 yield rate. The star mark represents a study for NRR on the
ISAS-Fe/NC catalysts with FeNs site which exhibited an optimal potential U and pH value of -
0.40 V and 7, respectively.® The rhombus mark that close to the star mark represents a study for
FeNq site with the optimal potential U and pH value of -0.30 V and 7, respectively.?! In the
predicted Pourbaix diagram for FeNs site (Figure 6.26a), the boundary between *N> and *OH
adsorption for pH = 7 was predicted to be -0.45 V. Hence, the electrochemical NRR was predicted
to suppress HER in aqueous solution with applied electrode potential more positive than -0.45 V,
which agrees with the experimental observed optimal conditions for NRR. The red circle is a study
for NRR on FeNj sites with the optimal potential U and pH value of 0 V and 13, respectively.®® In
the predicted Pourbaix diagram shown in Figure 6.26a, the boundary for stable *N2 adsorption for
pH = 13 was predicted to be more positive than -0.79 V, which also agrees the experimental
observation. The predicted boundary for *N. adsorption on FeNs site with pH = 13 was predicted
to be higher than -0.57 V, which agrees with the experimental observed optimal potential U of -
0.2 V and pH=13 for NRR shown as the triangle mark in Figure 6.26b.”” Furthermore, although a
higher potential than the boundary value between *N. and *OH adsorption would lead to a
prevailing NRR, a too high applied potential would result in a too strong *N, adsorption which
could in turn hinder NRR on the active site. It is also the reason for the observed optimal pairs of
potential U and pH value were only found near the *N»/*OH boundary. Therefore, the predicted
Pourbaix diagram for stable intermediate species on FeNs and FeNs sites well demonstrated the

experimental observed optimal condition for NRR on the Fe-N-C catalysts.
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Figure 6.27. Predicted Pourbaix diagram for NRR intermediate species adsorption on (a) FeNs and (b) FeNs
sites. The optimal U and pH values from experimental studies are shown as star'®®, rhombus®, circle®, and

triangle’” marks in the plots.

Furthermore, the predicted Pourbaix diagram was also used to investigate the potential trap
specie in the NRR pathway. Consequently, the adsorption of *H and *OH were excluded here. In
the predicted Pourbaix diagram for NRR intermediate species only, three stable species were found
which are the *N adsorption, *NH adsorption, and the clean surface *. In the region for stable
*N2 adsorption, there would be no trap state during the pathway once the NRR occurs on the active
site. For the potential U and pH value in the *NH> region, the initial adsorption of *N is not
favored, and the reaction would be trapped at state of *NH. adsorption. The region of clean surface
* in the Pourbaix diagram indicates no intermediate specie adsorption is favored in such range of
potential U and pH value. As shown in Figure 6.27, all the optimal pairs of potential U and pH

value for NRR that observed in experiments were also found in the region of stable *N> adsorption.
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Hence, the Pourbaix diagram that was calculated using the implicit solvation model and
constant potential method in this section well demonstrated the experimental observed optimal
conditions for NRR on the FeN4 and FeNs sites. Such computational method for constructing the
Pourbaix diagram for electrochemical NRR is proved to be able to predict the electrochemical

stability of Fe-N-C catalysts.
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7.0 Conclusions and Prospects

In this dissertation, the electrochemical NRR activity and selectivity of M-N-C (M=Fe, Co,
and Ni) catalysts were studied using the first-principles density functional theory (DFT)
calculations. The correlation between chemical environment and NRR performance of MNxCy
active sites were investigated. The influence of compressive strain on the NRR performance was
investigated in Fe-N-C catalysts with structural distortion. The electrochemical stability of FeN3
and FeNg sites was predicted for electrochemical NRR in aqueous solution. Specifically, forty-five
types of FeNxCy, CoNxCy, and NiNxCy (x varies from 1 to 4, y varies from 1 to 3) active sites were
modeled for investigating the effects of local structure and active site configuration of active site
to the NRR activity and selectivity. Then, the NRR activity and selectivity of unstrained and
strained Fe-N-C catalysts were calculated and compared to reveal the effects of structural
distortion on NRR performance. Finally, the Pourbaix diagram was calculated by free energy
calculations of NRR intermediate species to predict the electrochemical stability of FeNs and FeNs
sites as a function of potential U and pH value and compared with experimental results to validate

it.

In summary, the main outcomes of this dissertation can be concluded as follows:

1. For both fully embedded and edge-to-edge MNxCy sites, the increasing number of N
atoms doped in the active site moiety results in a stabler active site in the graphene
layer. Active sites with low formation energy are expected to show a high density in
catalysts. The fully embedded FeNs, CoNs, and NiNg sites are the most stable active

89



site in Fe-N-C, Co-N-C, and Ni-N-C catalysts with lowest formation energy,
respectively. The formation of edge-to-edge MNxCy sites requires a proper pore
structure in graphene as the precondition, which leads to low density of such MNxCy
sites in M-N-C catalysts.

. The adsorption of *N> on the MNxCy site depends on the doped metal atom and
configuration of active site moiety. *N. adsorption is thermodynamically favored on
all FeNxCy and most CoNxCy sites, whereas it is not favorable on NiNxCy sites The
NiNs site is the only configuration in Ni-N-C catalysts exhibits negative adsorption
energy for *N.. The fully embedded MNxCy sites with the central metal atom in a single
vacancy site exhibit better properties for *N. adsorption than other active site
configurations.

The electron accumulation on top of the central metal atom is necessary for
thermodynamically favorable *N. adsorption. Such electron accumulation promotes
the binding strength of *N2 by a strong transferring of d-orbital electrons to the empty
n*-orbital of *N2 which also activates the inert N=N bond.

. The FeNxCy sites exhibit better NRR activity and selectivity than both CoNxCy and
NiNxCy sites. The FeN3zC: site has the best NRR activity with the most positive NRR
limiting potential of -0.74 V, and the best selectivity among all the sites examined. The
predicted NRR limiting potential of NiNs site shows the value of -0.83 V, which is in
good agreement with the experimentally observed optimal potential of -0.80 V for NRR
on Ni-N-C catalysts.

. The structural distortion in Fe-N-C catalysts which is simulated by the compressive

strain in FeNs and FeNs sites results in a non-planar configuration in graphene. The
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NRR activity of compressively strained FeNs and FeNs sites are enhanced by the
structural distortion. The NRR limiting potential of strained FeNs and FeNs sites
exhibits positive change of 0.21 V and 0.03 V as compared to the unstrained ones,
respectively. The stronger binding of *NNH on the strained active sites is revealed by
chemical bonding analysis. The stronger binding of *NNH results in a lower free
energy increase in the first hydrogenation step, which is also the potential determining
step, and hence enhances the NRR activity. The compressive strain in Fe-N-C catalysts
has more effects on NRR activity of FeNjy sites than that of FeNs sites.

. The NRR selectivity of FeN4 and FeNs sites is also enhanced by the compressive strain,
which is demonstrated by three different examine methods. A larger selectivity
enhancement by compressive strain is also uncovered on FeNs sites than on FeNs sites.
. The electrochemical stability of FeN4 and FeN3 sites for NRR in aqueous solution is
predicted as a function of applied electrode potential and electrolyte pH value. The
calculated Pourbaix diagram well explains the experimentally observed optimal
condition for NRR. Thus, such computational method for predicting electrochemical

stability of catalysts is validated.

Therefore, this study provides insights for the relation between chemical environment and

catalytic performance of NRR active sites, the beneficial effect of structural distortion in M-N-C

catalysts for NRR, and a computational approach to predict the electrochemical stability of M-N-

C catalysts. It is expected that this study will also provide guidance to the rational design and

synthesis of high-performance M-N-C catalysts for electrochemical NRR.
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Many challenges are remained for better computational investigation and design for NRR
electrocatalysts. The big discrepancy between DFT predicted results and experimentally observed
results urges more accurate computational methods and procedures. Although we have shown that
implicit solvation model and constant potential method can help shrink such gap, more efforts are
needed. There are many choices, such as the DFT+U, hybrid functionals, and the microkinetic
model, that can lead us to a more accurate computational result. For example, the DFT+U method
was adopted in previous studies for ORR on Co-N-C catalysts!® and CO2RR on Fe-N-C
catalysts'® to avoid the artificial energy incorrection arises from d-orbital electrons self-interaction
in transition metal atom. Specifically, the comparison between RPBE and RPBE+U for CO2RR
on Fe-N-C catalysts shows a better estimation for intermediate specie binding energy with the help
of U correction.'® In addition, the advantages of hybrid functionals in predicting more accurate
binding energy and magnetic moment of *COOH and *CO on Fe-N-C catalysts were also
demonstrated by the same study.'® Especially, hybrid functionals were shown beneficial for the
better prediction of desorption energy of *CO on Fe-N-C catalysts, which is always overestimated
by PBE functionals. Therefore, it is expectable that the application of DFT+U and hybrid
functionals for computational studies on NRR will also lead to more accurate results to reduce the
discrepancy between theoretical predictions and experimental observations. However, these
approaches require much more computational resources, for which a more advanced computer or
program architecture will be significantly helpful. Furthermore, the better description of the
interface structure between electrolyte and electrode, and the mixture of electrolyte ions will also
promote the computational prediction for the electrochemical NRR performance of catalysts. The
progresses of all these technologies are not only beneficial for the development of NRR catalysts,

but also advantageous for the advances of the electrocatalysis field.
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