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Abstract 

The development of efficient and carbon-neutral energy conversion technologies is a 

key issue for modern society's sustainability. The electrochemical hydrogen evolution 

reaction (HER) is regarded as a practical means for the production of high-purity 

hydrogen from abundant water. Such systems utilize renewable energy sources (wind 

or solar et al.) to power the electrocatalysis process with components of air (CO2, N2) 

and water as feedstocks to produce fuels or commodity chemicals, for example, 

electrochemical nitrogen reduction reaction (eNRR). Consequently, understanding the 

reaction mechanisms and the connection between catalytic performance and the 

intrinsic property of materials is of great importance. Density functional theory (DFT) 

based simulation methods proved powerful in exploring the in-depth insights of 

reaction mechanisms. This Thesis aims to apply DFT based computational methods to 

the study of electrocatalytic reactions like HER and eNRR and provide guidance for 

the design of catalysts for such processes. 

The first two chapters provide a systematic review of theoretical progress in exploring 

key electrocatalytic reactions' reaction mechanisms. The in-depth insights are presented 

based on the elucidation of reaction mechanisms, and the origins of different types of 

catalysts are discussed. The experimental aspects that could be combined with 

theoretical predictions are also addressed in this part. A significant emphasis is placed 

on comparing the different design principles for various types of materials.  

The first part of this thesis focuses on understanding alkaline HER mechanism using 

Pt/Ru dimer catalysts as the model catalysts. So far, the mechanistic understandings of 

alkaline HER are limited, especially for the debate on whether there is a singular 

descriptor for connecting the performance with the thermodynamic quantities. The 

dissociative chemisorption energy of water (∆Ediss) as a singular activity descriptor 

following the analysis of several potential activity descriptors. ∆Ediss is proposed both 

because it has the capacity to identify the smallest theoretical thermodynamic 

overpotential and because it scales linearly with the kinetic barrier. These findings will 
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be of immediate benefit to the guide rational development of electrocatalysts via 

electronic structural engineering to regulate ∆Ediss for the alkaline HER. 

The second part of the Thesis focuses on revealing the reaction mechanisms for eNRR 

on newly emerged materials. Firstly, a full picture (activity trends, electronic origins, 

and design strategies) of single-atom catalysts (SACs) supported on nitrogen-doped 

carbons as eNRR electrocatalysts are established. To construct such a picture, this work 

presents systematic studies of 60 types of transition metal SACs supported on nitrogen-

containing carbon materials. The results show that the intrinsic activity trends could be 

established on the basis of the nitrogen adatom adsorption energy (ΔEN*). Furthermore, 

the influence of metal and support (ligands) on ΔEN* proved to be related to the 

bonding/antibonding orbital population and regulating the scaling relations for 

adsorption of intermediates, respectively. Accordingly, a two-step strategy is then 

proposed for improving the eNNR activity of TM-SACs. Also, the stability of N doped 

carbon supports and their selectivity in comparison to the competing hydrogen 

evolution need to be taken into consideration for screening the durable and efficient 

candidates. Finally, an effective strategy for designing active, stable, and elective SACs 

based on the mechanistic insights is elaborated to guide future eNRR studies. Secondly, 

the electrochemical nitrogen reduction reaction (eNRR) activity on binary metal boride 

is investigated as a model system of metal borides. To elaborate the mechanisms, 

molybdenum borides (Mo2B, α-MoB, and MoB2) were first modeled; the results 

indicate that the crystal structures greatly impact the N2 adsorption and therefore, the 

electrocatalytic activity. Our electronic structure investigation suggests that boron p 

orbital hybrids with dinitrogen π* orbital, and the population on p-π* orbital determine 

the N2 adsorption strength. Therefore, the isolated boron site of Mo2B with less filled 

pz orbital benefits the activation of N2 and weaken the triple bond of dinitrogen. This 

isolated boron site concept was successfully extended to other metal borides in the form 

of M2B (M stands for Ti, Cr, Mn, Fe, Co, Ni, Ta, W). Mo2B, Fe2B, and Co2B were 

discovered as the most promising candidates with low limiting potentials due to the 

appropriate adsorption strength of reaction intermediates led by moderate pz filling. 
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This part provides insights for designing metal borides as promising eNRR catalysts. 

The third part of this Thesis explores the reaction mechanisms for C-N bond formation 

during urea production of CO(2) electrolysis with nitrogen containing feedstocks which 

is an emerging opportunity for the electrosynthesis of commodity chemicals. The 

feedstocks for such reactions are CO or CO2 as carbon source, nitrate, nitrite, or NOx 

as the nitrogen source. The bottleneck for such systems still remains the lack of 

understanding of detailed reaction mechanisms and key reaction intermediates, which 

impedes the ration-al design of efficient catalyst materials for these reactions. To fill 

this knowledge gap, we applied ab initio molecular dynamics (AIMD) with explicit 

water molecules under different electrode potentials to explore the C-N bond formation 

mechanisms toward urea (CO(NH2)2) production on Cu (100) surface in neutral 

electrolyte. Based on the kinetic barrier values, we established reaction pathways 

towards urea and ammonia; the former involves C-N bond formation while the latter 

does not. We found a potential-dependent mechanism that accounts for the selective 

production of urea. For more positive electrode potentials, i.e., near -0.75 V vs standard 

hydrogen electrode (SHE), the coupling between NH* and CO* is kinetically viable 

which leads to the formation of urea. At more negative potentials, e.g., around -1.5 V 

vs. SHE, CO2 reduction was accelerated and suppress urea and ammonia formations. 

These findings propose the potential-dependent mechanisms for C-N bond formation, 

which would benefit the design of new catalyst materials for electrosynthesis of more 

value-added products. 

At last, the challenges and perspectives of computational simulations based on DFT 

methods for electrocatalysis were discussed. These methods proved powerful in 

revealing the reaction mechanism as well as guiding the rational design of catalysts for 

electrocatalytic processes such as HER and NRR. Moreover, advanced simulation 

methods based on AIMD methods would be capable of capturing more realistic reaction 

environment and provide new comprehensive insights for the electrochemical process. 
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Chapter 1: Introduction 

1.1 Significance of the Project 

Electrochemical methods provide an attractive alternative to current energy and 

commodity chemical productions. The advantages of electrochemical systems are that 

they are can be integrated with renewable energy, and thus hopefully will help in the 

problem of reliance on fossil resources.1-3 As the core of electrocatalysis systems, the 

electrocatalysts determine the energy conversion efficiency and thus designing high 

performance is of great importance for the development of these systems. Hydrogen 

evolution reaction, being the most fundamental and most generally involved reaction 

in the energy conversion process, serves as the cornerstone in both mechanistic study 

and application development. Another key process is nitrogen fixation, which is the 

basis for the electrochemical production of ammonia as the fertilizer or energy carrier.3,4 

Thanks to the recent progress of computational methods based on density functional 

theory (DFT), the area of catalysts design made tremendous progress in the last two 

decades.5,6 Computational predictions of the activity trends agreed with experimental 

observations from electrochemical measurements. For example, Norskov et. al. found 

that the theoretical overpotential from DFT calculations could estimate the exchange 

current density of oxygen reduction reaction and hydrogen evolution reaction in acid. 

However, even though much efforts made, there’s still no systematic explanation on the 

slow alkaline HER reaction kinetics.7 For electrochemical nitrogen reduction reaction 

(eNRR), a more general picture is still absent for the design principles of new catalysts 

such as single atom catalysts and metal borides. Moreover, a new electrocatalysis 

system would bring more opportunities for producing commodity chemicals with 

added-values.8,9 For electrocatalysts design, computational modeling could help 

elucidate the reaction mechanisms and speed up the screening and optimization of 

catalysts candidates. 

1.2 Research Objectives 

The major goals of this Thesis are to reveal the reaction mechanisms by computational 
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methods for electrocatalysis processes such as the HER and NRR. In particular, the 

objectives of this thesis are: 

• To understand the reaction mechanism of hydrogen evolution reaction in alkaline

and explore whether there is the singular activity descriptor.

• To build up a full picture covering electronic origins, activity trends and design

principles of single atom catalysts for eNRR.

• To explore the potential of metal nitrides as eNRR catalysts and the activity origins

of isolated boron sites.

• To investigate the C-N bond formation mechanisms via ab initio molecular

dynamics.

• To address the significance of simulation methods as a powerful tool to explore the

reaction mechanisms.

• To explore the new research paradigm by combining theoretical simulations and

experiments.

1.3 Thesis Outline 

This thesis is presented in the form of journal publications. It contains research results 

on the mechanistic study by density functional theory (DFT) computations as well as 

the design principles of new eNRR catalysts. Recent progress and challenges were 

reviewed, followed by discussions of the applications of simulation methods based on 

DFT methods in electrocatalysis. Specifically, the chapters in the Thesis are presented 

in the following sequence: 

➢ Chapter 1 introduces the significance of this project and outlines the research

objectives and key contributions to the understanding of reaction mechanisms and

rational design of catalysts.

➢ Chapter 2 reviews the recent progresses and challenges of single site catalysts

(SSCs) for electrochemical nitrogen reduction.

➢ Chapter 3 presents the mechanism insights for metal dimer catalysts for alkaline

hydrogen evolution reaction.

➢ Chapter 4 investigates single transition metal catalysts for the electrochemical

nitrogen reduction reaction.
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➢ Chapter 5 studies binary metal borides as potential catalysts for electrochemical

nitrogen reduction reaction and elucidates the activity origins of isolated boron

sites.

➢ Chapter 6 explores the mechanisms of C-N formations during electrochemical

CO(2) reduction with nitrogenous feedstocks.

➢ Chapter 7 presents the conclusion and perspectives for further work on

computational study on revealing the electrocatalytic reaction mechanisms as well

as the rational design of catalysts.
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Chapter 2: Literature Review 

2.1 Introduction and Significance 

This Chapter reviews the recent advances in single site catalysts (SSCs) for 

electrochemical nitrogen reduction reaction (eNRR). The growing concerns of the 

greenhouse effect and demands for developing carbon-neutral technologies are one of 

the biggest challenges for the modern chemical industry. As one of the most important 

chemicals, ammonia is of great importance for agriculture as well as could serve as a 

high-quality hydrogen carrier. Developing an alternative to the traditional Haber-Bosch 

process via an electrochemical method display great potential due to the capability of 

integrating with renewable energy sources and using common available N2(g) and H2O 

as feedstocks. Recently, single site catalysts received great attention for the application 

as electrocatalysts due to their unique physical, chemical, and electronic properties. The 

flexibility of regulating the composition and coordination environments of single site 

catalysts (SSCs) provides new opportunities for designing new generation eNRR 

catalysts. At the same time, there are already some progress from both experimental 

and theoretical aspects in the research of eNRR. 

This Chapter presents a comprehensive summary of recent advances in the fundamental 

insights from the computational simulations as well as experimental observations. A 

special emphasis is placed on elucidations of the reaction mechanisms, according to 

which the rational design of eNRR catalysts is achieved. This chapter shed light on the 

difference of origins of various types of single site catalysts (SSCs), namely, single 

metal, non-metal, vacancy site catalyst, and outlined the core considerations when 

designing the eNRR catalysts. Furthermore, the aforementioned mechanisms are 

discussed compared with experimental measurements and advanced in-situ 

spectroscopy observations. Finally, the outlook of future development of single site 

eNRR catalysts for the application of eNRR are presented from both theoretical and 

experimental aspects; some emerging computational technologies are also addressed to 

accelerating the design of new catalysts. 
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2.2 Theoretical and Experimental Insights into Single Site Catalysts for 

Electrochemical Nitrogen Reduction 

This Chapter is included as it appears as a manuscript by Xin Liu, Huanyu Jin, Yan 

Jiao*, Yao Zheng, Shi-Zhang Qiao*, Theoretical and Experimental Insights into Single 

Site Catalysts for Electrochemical Nitrogen Reduction. To be submitted. 
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ABSTRACT. As one of the most import chemicals in human society, ammonia is crucial to 

modern agriculture and could be served as an efficient energy carrier. Electrochemical nitrogen 

reduction powered by renewable energy source, as a promising alternative to energy-extensive 

Haber-Bosch process, received more and more attentions in recent years. Although some exciting 

progress has been made, there are still considerable scientific and technical challenges in 

improving performance of NH3 production via electrochemical methods. Single site catalysts 

(SSCs emerge as promising candidates for electrochemical nitrogen reduction reaction (eNRR) 

because of the unique coordinating environment and flexibility of adjusting the active centers. In 

this review we summarized the in-depth understanding regarding to the reaction mechanism from 

computational simulations to experimental exploration for various SSCs. We highlight the design 

principles for due to the inherent property of different SSCs (namely, single metal, non-metal, 

vacancy site catalysts). Experimental electrochemical measurements along with the advanced 

characterizations (in-situ spectroscopy, isotope labelling) are introduced for examining the activity 

as well as elucidating the reaction mechanisms for SSCs. This review provides insightful guidance 

for designing SSCs for electrochemical nitrogen reduction methods via the combination of both 

theoretical and experimental methods. 

INTRODUCTION 

The well-known Haber-Bosch process enables the large-scale production of ammonia and thus 

made significant contributions to the continued expansion of human population since early 1900s.1 

It is also estimated that half of the population are feed by the nitrogenous fertilizers.2 Ammonia is 

also considered as an ideal renewable energy carrier by virtue of the large hydrogen content (17.6 

wt %) and high energy density (4.32 kW h L−1, liquid).3, 4 In addition, compared to other fuels, 
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ammonia has many advantages including liquefiable, storable, and transportable.5 However, this 

energy extensive process also consumes about 2% of global energy (over 2 exajoule/year) and 

release over 300Mt of CO2.
6 The reliance of fossil fuels (mainly natural gas) as H2 source makes 

this process be faced with environmental crisis and cannot meet the need for sustainable 

development of human society. Developing an alternative technology to the Haber-Bosch process 

is of great significance and whether electrochemical system could be utilized as the platform to 

accomplish ammonia production from widely available water and N2(g) attracts growing interests. 

The advantage of such systems is not only a higher energy efficiency under ambient conditions 

but also that it could be coupled with renewable energy (like wind or solar plant). It also features 

as a carbon-neutral routine because of avoiding natural gas as the hydrogen source and other fossil 

resources as the energy input.7 However, to date, the efficiency reported is far from satisfactory 

because of the absence of highly active, selective and durable electrocatalysts.7 

As an emerging area of heterogeneous catalysis, single site catalysts (SSCs) provide a new 

platform for exploring the potential of their applications in both traditional thermo-catalytic and 

electrocatalytic process.8 For nitrogen reduction reaction, a Mo-based molecular catalyst was first 

reported by Yandulov et al to reduce dinitrogen molecule at the room temperature.9 Due to the 

similarity between these molecular catalysts and SSCs, it is of primary interests to explore whether 

single site catalysts could serve as the electrocatalysts for converting gaseous N2(g) into ammonia.10, 

11 What’s more, the unique structure of SSCs, center coordinated by suitable ligands, could provide 

a large pool of candidates to be selected as potential NRR catalysts, from single noble metal site, 

single non-metal site, to single vacancy site.12-23 For the mechanism aspects, the last two decades 

have witnessed the rapid development of simulation tools based computational chemistry 

(especially methods bashed on density functional theory) and their wide applications in revealing 
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the reaction mechanisms as well as directing the rational design of heterogenous catalysts.11, 24 For 

SSCs, the atomic structure is somehow more well defined compared with nanoparticles, which is 

easy to be capture by atomic modelling based on density functional theory (DFT). However, 

although abundant reports on the catalytic performance of specific single site catalyst, or 

computational screening of a large set of potential candidate catalysts for NRR, there are few 

reviews that systematically summarize the reaction mechanisms of SSCs at the atomic level and, 

shed light on the design principles of single site catalyst for NRR by combining the experimental 

observations and theoretical insights.25, 26 

In this review, we first provide a detailed discussion on the reaction pathways of electrochemical 

reaction and the difference between different pathways. Then, we focus on the theoretical insights 

in the design of single metal, non-metal, and vacancy site catalysts as NRR catalysts, which covers 

all the classifications. The experimental measurements of catalytic performance, spectroscopy 

observations and mechanism analysis merging both experiments and simulations are summarized 

by the type of single site catalysts. Finally, major challenges and perspectives for future research 

on SSCs are presented. 

MECHANISTIC INSIGHTS FROM ATOMIC SIMULATIONS. 

In this section, mechanistic insights from density functional theory (DFT) calculations are 

summarized. We first briefly outlined all the reaction pathways of dinitrogen reduction to ammonia. 

Then based on all these reaction pathways, we introduced the theoretical progress on the designing 

of different types of single site catalyst, the in-depth mechanisms governing the intrinsic activity 

of catalysts. Single metal site catalysts come to the first since they are most studied systems, and 

single non-metal site catalysts, as the new emerging concept, are discussed in the second place. 
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Finally, as an example, design principle of single vacancy site of metal nitrides is introduced in 

details. 

Reaction Pathways. We summarized all the proposed reaction pathways from N2(g) to ammonia 

in Figure 1. Figure 1a depicts the dissociative reaction mechanism, where the N≡N bond was 

break before the hydrogenation (usually from hydrogen molecules) or pronation (from aqueous 

H+
(aq)). This mechanism accounts for the Haber-Bosch process under high temperature because of 

the high kinetic barrier of dissociation step. After the dissociation step, each nitrogen atom could 

form one NH3(g) molecule. Under ambient conditions, the associative pathways are more possible 

and depending on the relative position of protonation takes place, it can be divided into associative 

distal and associative alternating pathway as shown in Figure 1b and 1c. For associative distal 

pathway, the N≡N doesn’t dissociate until the release of the first ammonia molecule and all the 

protonations are on the distal nitrogen atom. However, for the alternating pathway, the 

protonations are both on nitrogen atoms of adsorbed N2 molecule. If associative alternating 

mechanism account for the ammonia production, NxHy intermediates would be present on the 

catalyst surface and some of them could be detected by the advanced spectroscopy technologies 

and we will cover this subject in the following section.27 For metal nitrides, the Mars-van Krevelen 

(MvK) mechanism may attributed for the production of ammonia as proposed by Abghoui and 

Skúlason.28 Figure 1d depicts this pathway, a surface vacancy is formed first via the protonation 

of surface nitrogen atom to ammonia. The surface vacancy would be filled by gaseous N2(g) 

molecule, and the adsorbed N2 would be reduced to ammonia by consecutive protonations. As the 

release of two ammonia molecules, the vacancy would be regenerated and ready to adsorb another 

N2(g) molecule. At last, Figure 1e displayed the enzymatic pathway, although it is valid for bio-
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catalysis process, till now there is still no convincing evidence proving the existence of this 

mechanism for heterogenous electrocatalysis. 

Single Metal Site Catalyst. The first report of a single Mo-based molecular catalyst to reduce 

dinitrogen at ambient conditions sparked exploration of heterogeneous single metal site catalysts 

for electrochemical nitrogen reduction reaction.9 Computational study based on density functional 

theory (DFT) calculations is helpful for elucidating the mechanisms and help the rational design 

of high-performance electrocatalysts. For NRR, early computational work mainly focused on the 

case studies, which would include less than three candidates and compared the theoretical activity 

in terms of limiting potential.29, 30 For example, Luo et al reported that compared with FeN3 motif, 

FeN4 motif showed better ability of activating nitrogen molecule due to a higher spin density (as 

shown in Fig. 2a).29 Based on Bader charge analysis, they also found that along the nitrogen 

reduction pathway, the adsorption configurations could be divided into three parts. The nitrogen 

doped graphene provide electrons which could be transferred to adsorbed dinitrogen through the 

iron metal center. A more recent work by Ling et al also claimed that Mo1-N1C2 catalyst displayed 

a low limiting potential of -0.40 V vs reversible hydrogen electrode (RHE).30 However, these 

works have limitations in directing experimental synthesis of ideal catalysts because of the high 

gap exists between simulations and reality.  

To accelerate the design of highly active and efficient catalysts, high through-put technologies 

based on DFT methods are usually used to screen candidates.31-36 Since these methods could cover 

a large number of candidates, and predicted activity of these candidates based on the same criterion, 

more meaningful results could be obtained. For single atom catalyst in electrochemical reduction, 

Chen and co-workers proposed a two-step procedure to select promising candidates of transition 

metal supported on defective boron nitride for further exploration as displayed in Figure 2b.31 First, 
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the adsorption energies of nitrogen molecule were calculated and then only metal centers with a 

negative adsorption Gibbs free energy (Sc to Zn, Ru, Rh, Pd, and Ag) were retained while those 

with positive adsorption energies are ruled out (Mo, Sc to Zn, Ru, Rh, Pd, and Ag). Second, as it 

is known that for transition metal low index surface, the first and last reaction step of 

electrochemical nitrogen reduction is crucial in determining the limiting potential, a further 

screening of adsorption energy of *NNH and *NH2 was applied and only the Mo center showed a 

balanced *NNH and *NH2 adsorption ability. Last, three possible pathways on Mo-BN were 

examined and they found a low limiting potential of -0.19 V vs RHE through the enzymatic 

mechanism. Similar methodologies were also adopted by Ling et al to screen 30 types of transition 

metal SSCs supported by 9 types of nitrogen doped graphene, and 10 promising candidate were 

extracted out.33 

To achieve a rational design of single atom catalysts for electrochemical nitrogen reduction, an in-

depth understanding of underline mechanisms is needed. Our previous work carried out DFT 

simulation for transition metal single atom catalyst supported on three types of nitrogen doped 

carbons.12 A general profile on the activity trends, electronic origins, and design strategies was 

build up. As shown in Figure 2c, the role of metal centers was found to be controlling the 

adsorption strength of atomic nitrogen atom and the variations of ∆EN* lied in the populations of 

bonding/antibonding. Because of the scaling relationship, the theoretical limiting potential showed 

a volcano shape relationship with the adsorption energy of specific intermediates (Fig. 2d).35 The 

effect of carbon supports or in other terms, various ligands are revealed by comparing 20 transition 

metal SSCs on g-C3N4 and nitrogen doped carbons with three or four anchoring sites for metal 

center. Results in Figure 2e indicated that the carbon supports could alter the scaling relations and 

thus affect the activity of NRR. Consequently, the effect of both transition metal center as well as 
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the carbon catalyst support was elucidated. In addition, stability12 and selectivity36 should be taken 

into accounts for catalyst design, we would cover these aspects in the following sections.  

Single non-metal site catalyst. It is generally accepted and well documented that some transition 

metal centers could effectively activate N2 due to their advantageous combination of unoccupied 

and occupied d orbitals, which are of appropriate energy and symmetry to synergically accept 

electron density from and back donate to N2 (upper panel in Fig. 3a).37, 38 However, for main-group 

compounds, the absence of both empty and filled orbitals makes it hard to provide π back-bonding. 

A recent breakthrough by Marc-André Légaré and co-workers showed that a di-coordinate 

borylene is capable of activating N2, this work inspired the design of heterogeneous catalysts for 

electrochemical nitrogen reduction. 

With the discovery of graphene, two-dimensional (2D) nanomaterials have emerged as some of 

the most promising candidates for heterogeneous electrocatalysts as well as most common support 

for anchoring single atom catalysts due to unique physical, chemical, and electronic properties.8, 

25, 39 Du, Wang and co-workers first revealed that B-decorated g-C3N4 can achieve a record low 

onset potential for nitrogen reduction.40 A more recent work by Sun et al explored eight types of 

2D materials as the support for single boron site (displayed in Fig. 3b.), and 21 concept-catalysts 

were screened. And the results indicated that graphene and h-MoS2 are the optimal supports 

offering excellent energy efficiency in terms of low limiting potential and selectivity against 

competing hydrogen evolution reaction (Fig.3c). Another instance is utilizing MXenes, two-

dimensional transition metal carbides, as the substrate for single boron catalysts.41 Zheng et al 

showed that the introduced boron atom preferred to locate at the oxygen vacancy, and it enables 

the B-N bond forming as Figure 3d displays. The as-designed MXenes B-doped Mo2CO2 and 
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W2CO2 exhibited the most promising catalytic activity, with ΔGPDS as low as 0.20 and 0.24 eV, 

respectively. More explorations of potential candidate employing boron sites as the active center 

could be found, however, experimental validations of related catalysts are still limited.42-50 

More detailed explanations regarding to the bonding mechanisms between N2 and boron atom 

displayed in Fig.3f from Gan, Wand and co-workers.48 For sp3 state of boron, electrons are 

depleted from the σ orbital of N2 and filled in the π* of N2 and boron sp3 states, while for sp2 state 

of boron, the filled pz interacts with π* of N2 and sp2
 interacts with the σ orbital of N2. For the latter 

case, the authors found that there are less electrons transferred based on Bader Charge analysis. A 

more recent work from our group explored several binary metal borides as potential catalysts for 

electrocatalysts.51 We found that isolated boron sites in M2B (M stands for metals) have less filling 

of pz orbital, and favored a vertical adsorption mode of N2 molecule. The degree of N2 activation 

increased when the pz orbital filling is less based on integrated crystal orbital Hamilton population 

(ICOHP) analysis. Hence, the filling of pz orbital could be used as an indicator for screening 

potential catalysts. Summarizing, the activity of boron sites towards electrochemical reduction 

could be significantly affected by the local chemical environment, and a better understanding of 

the origins of activity would benefit the design of single boron site catalysts.48, 51 

Single Vacancy Site Catalyst. Besides single metal or non-metal site discussed in previous 

sections, the single vacancy site also attracted considerate attentions as a novel and effective active 

center to activate molecular nitrogen and boost its conversion towards ammonia.52 Oxygen, 

nitrogen, and sulfur vacancies were all reported to have the potential as catalysts for 

electrochemical reduction. Among these different types of vacancies, mechanistic studies on the 

nitrogen vacancy are the most complicated. We would use simulation study on nitrogen vacancy 
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as an example and introduce the considerations from theoretical aspects to screen promising 

materials with singe vacancy site as the active center. 

First, the stability of the vacancy needs to be taken into consideration, and the nitrogen vacancy 

implies that these materials do contain nitrogen, for example, metal nitrides. As introduced in 

previous section, in the Mars-van Krevelen (MvK) mechanism, the first ammonia is formed from 

the protonation of a surface nitrogen atom with a vacancy induced. The resulting nitrogen vacancy 

would be replenished by a gaseous N2 molecule, the reaction continuously proceeds in this way. 

The stability of nitrogen vacancy is thus of great importance, i.e., for if the vacancy is not stable 

at the surface in contact with the aqueous solution, it would migrate to the bulk of nitrides and thus 

more nitrogen atoms on the surface of nitrides would fill the vacancy and reacted with protons, 

and at the same time, the gaseous N2 would not be involved in the reaction. This process has been 

reported by in a more recent work, and there are experimental methods could examine this process 

which will be covered in the following section. And we would focus on theoretical methods for 

the present section. To evaluate this process, Abghoui and Skúlason proposed that two parameters 

to address this problem. The thermodynamic stability of the nitrogen vacancy at the catalyst 

surface could be calculated via ∆Evac = Evac,2 - Evac,1, where ∆Evac is the energy difference of a 

nitride slab with a nitrogen vacancy at the surface and in the first subsurface layer. The kinetic 

aspect was measured by calculating the migrating barrier of nitrogen vacancy. As shown in Figure 

3a, from the aspects of thermodynamics, for the most of the nitrides, ∆Evac is close to zero or 

negative, which indicates the migration is thermodynamically favorable. Thus, the barrier of 

migrating determines whether the vacancy is stable, and according to the results, some candidates 

(ZrN, NbN, CrN, VN) exhibit high migration barrier larger than 1eV and thus show stability at 

room temperature. 
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For nitrides, Mars-van Krevelen (MvK) mechanisms are believed to account for the conversion of 

molecular N2 towards ammonia. During this process, the replenishment of nitrogen vacancy and 

endurance of the catalytic cycle is of great significance. The solvated N2 adsorbed on the vacancy 

and one nitrogen atom of N2 would fill in the vacancy and the other one would form the second 

ammonia molecule via protonation. For nitrides, Skúlason et al found that both exposed surface 

and crystal structures would have influence on the replenishment. Figure 3b and 3c depicts the 

thermodynamics of replenishment of nitrogen vacancy of nitrides in rocksalt (RS) and zincblende 

(ZB) structures. It was found that an associative mechanism is possible for RS (100) surfaces 

(except for CrN), and ZB (110) surfaces (except for ZrN and VN). However, a dissociative 

mechanism could also attribute to the replenishment of nitrogen vacancy. Figure 3d and 3e 

displayed the atomic configurations of these two mechanisms. 

After examining the stability and replenishment of nitrogen vacancy, the catalytic activity is the 

next factor that need to be taken into consideration. Figure 3f and 3g the free energy profiles of 

nitrogen reduction via MvK mechanism on the (100) surface of RS ZrN and the (100) surface of 

RS MnN, respectively. The potential determining step for ZrN is the first protonation step with a 

∆G of 0.99 eV, which indicated that when a potential of -0.99V vs RHE is applied, the free energy 

diagrams of electrochemical steps would be downhill. However, for some cases, the free energy 

change of N2(g) dissociation is positive, and due to the nature of chemical step that cannot be 

overcome by an applied electrode potential. In this scenario, the dissociation mechanism is instead 

to take place for these nitride as shown in Figure 3g, where the PDS would be the electrochemical 

step and could be overcome by adjusting the applied potential. 

Another critical issue is the decomposition of metal nitrides when an external potential is applied. 

The decomposition potential of suitable candidates should be more negative than the onset 
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potential of ammonia production to ensure the stability of catalysts under the reaction conditions. 

According the results in Figure 3h, ZrN is the only candidate that meets this standard. However, 

for VN and NbN, there is still chance since the present results are only from the thermodynamic 

aspects and high kinetic barrier may also protect the metal nitrides from decomposition. Here, 

another issue also needs to be taken consideration that the nitrogen dopants are widely used for 

carbon materials, which have the possibility of being protonated and releasing ammonia. If the 

ammonia is released, it will introduce interference for the detection of catalytic product of NH3. 

Qiao and coworkers, proposed a thermodynamic evaluation method to calculate the potential of 

nitrogen atom protonation.12 As shown in Figure 3i, the onset potentials of nitrogen atom 

protonation in various chemical environment are displayed. The theoretical predicted limiting 

potential should be compared with the nitrogen atom protonation potential to make sure the 

nitrogen doped carbon support of single site catalysts.  

EXPERIMENT EXPLORATION OF SINGLE SITE CATALYST 

In this section, recent experimental progress of single site catalysts has been summarized. We 

discuss various single site catalysts including single metal/non-metal atom catalysts as well as 

single vacancy site catalysts from fundamental conception to functional application. We place a 

significant emphasis on in-situ characterizations for the design and investigation of single site 

catalysts followed by the design principles and experimental protocol. In addition, many advanced 

in-situ characterizations have been developed to investigate the active site and reaction 

intermediates, which can facilitate the in-depth understanding of the electrocatalytic 

mechanisms.27, 53  
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Single Metal Site Catalysts. As reported by Zhang and co-workers in 2011, single atom catalysts 

with atomically isolated metal sites have emerged in various research fields.8, 10, 54 Theoretically, 

all the metal atoms in SSCs are exposed on the surface and thus can achieve maximum utilization 

of active sites. Such unique structure can significantly minimize use of metal and reduce the cost 

of catalysts. Initially, single atom catalysts are mainly focus on noble metal such as Pt, Au and Ru 

etc.20, 54, 55 Recently, earth abundant transition metal-based single atom catalysts have been 

developed with superior performance.56-58 For electrochemical NRR, various metal-based single 

atom catalysts revel high activity and stability under ambient conditions.17, 59, 60 

Single Nobel Metal Site Catalysts. Ruthenium has exhibited the best performance for ammonia 

synthesis in the Haber-Bosch process.61, 62 Therefore, many efforts have been made to achieve 

electrochemical NRR with Ru-based catalysts.4, 17, 59 By tuning the adsorption energy of nitrogen 

molecule and proton on Ru single atoms, desirable activity and selectivity for NRR could be 

realized. For example, Geng and co-workers synthesized a Ru single atom catalyst on nitrogen-

doped carbon (NC) via a metal organic framework (MOF)-assisted method.11 This catalyst can 

achieve a high NH3 yield of 120.9 ug mgcat.
-1 h-1 with a Faradaic efficiency (FE) of 29.6% with 

partial current density of -0.13 mA cm-2. The author also conducted N2 temperature-programmed 

desorption for the catalysts to confirm the chemical adsorption of N2 on Ru site. Compared with 

Ru nanoparticles, the Ru single atom catalyst shows higher binding strength and facilitating 

following N2 activation. In another work, Tao et al. synthesized Ru@/NC and Ru@ZrO2/NC 

catalysts by annealing Ru doped UiO-66 MOF. Ru single atom exhibit an enhanced FE compared 

with metallic Ru nanoparticles by suppressing HER.17 Furthermore, after adding ZrO2, the 

completive HER has been suppressed and a high FE of 21% has been realized. It should be noted 

that Ru nanoparticles on NC still shows the highest NH3 yield of 3.665 mg mgRu
-1 h-1 at -0.21 V 
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versus reversible hydrogen electrode (vs. RHE) but with low FE. Consequently, the balance of 

NH3 yield and FE is important in designing NRR catalysts. 

Another type of noble-metal based SSCs is Au based catalyst.10 According to DFT calculations, 

bulk metallic Au shows very poor NRR performance.63 However, atomic-engineered Au SSCs 

reveals high activity for NRR under ambient conditions.64 Wang et al. prepared a Au SSC on C3N4 

platform.64 By virtue of the optimal Au atom utilization, the Au1/C3N4 can achieve a NH3 yield 

rate of 1305 μg h-1 mgAu
-1 with a FE of 11.1% at -0.1 V vs. RHE, which is higher than that of Au 

NPs/C3N4 and C3N4, respectively. Qin and co-workers anchored Au single atom on NC using a 

temple-assisted method. The AuSAs-NDPC can achieve a NH3 yield rate of 2.32 µg h-1 cm-2 with 

the maximum FE of 12.3% at the potential of -0.2 V vs. RHE. The open porous structure and the 

unique single atomic site of Au endows the AuSAs-NDPC with excellent NRR performance. 

Single Non-noble Metal Site Catalysts. Inspired by nitrogenase, molybdenum and iron based 

electrocatalysts for NRR has been investigated systematically.65 According to DFT prediction, Mo 

and Fe based SSCs shown promising potential for NRR under ambient conditions by virtue of their 

appropriate N2 adsorption energy and poor HER activity.12 Hui et al. reported a zerovalent single 

molybdenum atoms on graphdiyne (Mo0/GDY) catalyst for NRR. The DFT calculations elucidate 

that both Mo and C1 site can facilitate the N2 and H adsorption.19 Experimentally, the Mo0/GDY 

exhibits a NH3 yield of 145.4 μg·mgcat.
-1 h-1 and FE > 21% in 0.1 M Na2SO4. Xin and co-workers 

reported a single Mo atom anchored to NC as a catalysts for NRR. This catalysts can achieve a 

high NH3 yield of 34 μg mgcat.
-1 h-1 with a FE of 14.6 in 0.1 M KOH. By controlling the loading 

of Mo, the atomic Mo-N site was confirmed as the active site for NRR. 
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Compared with other elements, Fe has been recognised as NRR catalytic site in both industrial 

Haber−Bosch process and biological nitrogen fixation.66 Consequently, Fe single atom catalysts 

attracts many attentions. Li et al. reported a Fe single-atom anchored on MoS2 for electrochemical 

NRR.10 As shown in Figure 5a, Fe single atoms were immobilized on MoS2 nanosheets as an 

electrocatalysts for NRR. The aberration-corrected high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images confirm that the Fe single atoms are 

straddled atop Mo, and their SSC concentrations can be controlled by the dosage of Fe precursors 

(Figure 5b). The SSCs-MoS2-Fe-2.0 with maximum Fe SSC density exhibited best performances 

with a NH3 production rate of 36.1 mmol g-1 h-1 (97.5 μg h-1 cm-2) and FE of 31.6% at the current 

density of 1.38 mA cm-2 (Figure 5c). Both DFT calculations and experimental data elucidate that 

the enhanced performance originates from the engagement of protrusions. Wang et al. anchoring 

Fe single atom on NC via annealing polypyrrole−iron coordination complex as NRR 

electrocatalysts.67 Different from other works, the FeSA-N-C catalysts shows a positive onset 

potential of 0.193 V for NRR. In addition, this catalysts shows an ultra-high FE of 56.55% and 

desirable NH3 yield rate of 7.48 μg  mg-1 h-1 at 0 V vs. RHE in 0.1 M KOH. Molecular dynamics 3 

simulations suggest the FeSA-N-C catalysts shows a small energy barrier of 2.38 kJ mol-1 for 

nitrogen adsorption and facilitate the NRR during the electrolysis. Recently, several of Fe based 

SSCs with different coordination environments has been reported.15, 68 The researcher found that 

less coordination will lead to an enhanced NRR performance by inducing an optimized N2 

adsorption energy. Recently, other metal-based SSCs such as Co-N4 and Cu-N2 has been 

developed towards NRR.18, 69 With the optimization of metal and host interaction, the metal-based 

SSCs has the great potential for electrochemical NRR under ambient conditions. 
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Non-metal Single-Atom Catalysts. Other than metal-based SSCs, non-metal-based SSCs has 

several advantages such as low-cost, high activity and simple synthesis.13, 70 In addition, non-metal 

site usually shows unique adsorption energy towards NRR.71 Yang et al. reported O, S, Se and Te 

doped carbon for NRR (Figure 5d).71 As the high contrast of Se, Te and C, the Se and Te single 

atoms can be seen in the atomic-level HAADF-STEM image (Figure 5e). Guided by DFT 

calculations, the Te and Se-doped C achieve enhanced NRR performance with a NH3 production 

rates of 1.91 μg h-1 cm-2 at -0.50 V vs. RHE and 1.14 μg h-1 cm-2 at 0.45 V vs. RHE, respectively. 

The FE of Te and Se-doped C catalysts reaches 4.67 % at -0.50 V vs. RHE and 3.92 % at -0.45 V 

vs. RHE (Figure 5f). In addition, the TOFs of Te and Se-doped C are determined to be 9.67×10-5 

and 3.90×10-5 s-1, respectively.  

According to DFT calculations, boron shows the best N2 activation performance in non-metal 

SSCs.40 Consequently, boron single site has been experimentally studied towards NRR. Yu and 

co-worker reported a boron doped graphene for electrocatalytic N2 reduction.21 The catalysts with 

unique BC3 structure (doping level 6.2 %) shows a NH3 production rate of 9.8 μg h-1 cm-2 with a 

FE of 10.8 % at -0.5 V vs RHE. The unique BC3 site revels the lowest energy barrier for N2 

activation, resulting in the best performance. Similarly, Qiu and co-workers prepared a metal-free 

boron carbide (B4C) nanosheets via liquid exfoliation for electrochemical NRR in acidic media.72 

This catalyst reveals a high NH3 yield of 26.57 μg h-1 mg-1
cat. with a FE of 15.95% at -0.75 V vs. 

RHE. According to DFT calculations, the B site is the active site for N2 adsorption and activation. 

Single Vacancy Site Catalysts. Defect (vacancy) engineering can regulate the atomic 

coordination environment of catalysts’ surface and generate highly active sites for NRR.73 

Recently, defect engineering revealed its great potential to optimize the electronic structure and 

coordination property of catalysts, resulting in appropriate N2 adsorption and activation energy 
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towards NRR.14 Recently, defect engineered catalysts has been reported widely for NRR which 

show enhanced performance compared to pristine catalysts. The correlation between defect site 

and activity has been investigate by merging theoretical calculations and experiments. Currently, 

various vacancy-sites such as oxygen vacancy, sulfur vacancy and nitrogen vacancy have been 

reported for electrochemical NRR under ambient conditions.22, 23, 74 Lai and co-worker reported an 

oxygen vacancy-rich NiCo2O4 on hollow N-carbon polyhedral catalyst which shows enhanced 

NRR performance.16 As expected, Vo-rich NiCo2O4@HNCP catalyst showed enhanced NH3 

production yield of 4.1 μg h-1 cm-2/17.8 μg h-1 mg-1 and a FE of 5.3%. The oxygen vacancies can 

enhance the reactivity of the active sites, leading to reduced stabilization energy of NNH groups. 

Due to the similar chemical properties, sulfur vacancies have great potential in improving the 

activity of electrochemical NRR. Zhang and co-workers found that the S defect on MoS2 can 

facilitate NRR by lowering the energy barrier of N2 activation.75 The defect-engineered MoS2 

shows a high NH3 yield 8.08 × 10-11 mol s-1 cm-1 with a FE of 1.17% -0.5 V vs. RHE in 0.1 m 

Na2SO4. 

The active site for electrochemical NRR needs twofold properties: for one thing, it can accept the 

lone-pair electrons for effective N2 adsorption and for the other thing it can donate electrons to 

antibonding orbitals of dinitrogen molecules for the nitrogen triple-bond activation.40, 74 

Theoretically, one of the most ideal vacancy for NRR is nitrogen vacancies on transition metal 

nitride (TMN) because of its unique vacancy properties for dinitrogen molecule adsorption and 

poor HER activity. Jin et al. reported a 2D layered W2N3 with nitrogen vacancy for NRR, which 

shows a NH3 production rate as high as 11.66 ± 0.98 µg h-1 mgcata
-1 with a desirable FE of 11.67 ± 

0.93% at -0.2 V vs. RHE under ambient conditions (Figure 5a-5c).74 The electron deficient 

environment induced by nitrogen vacancies on W2N3 can effectively facilitate the acceptance of 
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the lone-pair electrons of N2 and promote the subsequent reduction steps. Considering the possible 

contamination for the N in the nitride, they also conducted long-term stability test for 24 h. The 

total amount of nitrogen in the ammonia produced within 24 h is higher than the nitrogen content 

in the catalysts, indicating that the ammonia originates from NRR. Yang et al. verified the Mars-

van Krevelen mechanism using vanadium nitride (VN) nanoparticles as a platform.73 By in-situ 

spectroscopy and control experiments, the composition of the active materials was confirmed as 

VN0.7O0.45 and the in-situ formed nitrogen vacancies on VN0.7O0.45 was allocated as the active site 

for NRR. The nitride shows an NH3 production rate and FE of 3.3 × 10-10 mol s−1 cm-2 and 6.0% 

at -0.1 V within 1 h, respectively. The catalyst is also stable for NH3 production with a rate of 1.1 

× 10-10 mol s-1 cm-2 and a FE of 1.6% for 116 h. 

Advanced Approaches for Detecting Reaction Intermediates. Currently, the NH3 production 

rate in electrochemical NRR is very low. Many factors may introduce contaminations in the 

product and cause false positive data.76, 77 Consequently, a series of rigorous testing protocols need 

to be followed carefully.78 As these testing protocols has been reported in other references, we 

don’t discuss this issue in this review. We mainly focus on the advanced approaches including in-

situ measurement and isotope labelling method that can monitoring reaction intermediate and 

eliminating the potential false positive result during NRR. One the most important protocols that 

can eliminate the influence of contamination is 15N isotope labelling experiment.76 After removing 

the 15NOx using rigorous testing protocols, the nitrogen isotope can directly confirm the process 

of NRR. Normally, the discriminate between nitrogen isotopes can be identified easily n nuclear 

magnetic resonance (NMR) measurement (Figure 6a).79 The doublet coupling (~72 Hz) assignable 

to 15NH4
+ and the triplet coupling (~ 52 Hz) represents the signal of 14NH4

+. The NMR method can 

be further optimized by changing the pulse sequences, non-deuterated solvent compatibility, 
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supporting electrolyte compatibility, required proton concentration, and locking solvent 

compatibility. In addition, the 15N isotope labelling experiment can confirm the reaction 

mechanism by probing the active site of the catalysts. By carefully designing the 15N2 isotope 

labelling experiments, Yang et al. quantified the active site and elucidate the NRR pathway on VN 

following the MvK mechanism successfully.80 Using 15N2 as the gas feed, the 15N species can be 

detected on both ammonia product and the VN catalyst, confirming that the surface N and N 

vacancies are the active sites in facilitating the catalytic turnovers in the ENRR 

Recently, advanced in-situ spectroscopic characterizations have been developed to probe the 

reaction intermediate during NRR.27, 53 These characterizations not only can unveil the reaction 

mechanism of NRR, but also can confirm the nitrogen source of the ammonia product. Lv et al. 

conducted electrochemical attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy measurements in NRR.81 As shown in Figure 6b, they first conducted DFT 

calculations to predict the NRR reaction pathway on VO and hydroxyl on the surface of Bi4O5Iti5i2 

(VO-Bi4O5I2-OH). Then, the ATR-FTIR spectra shows that the H-N-H bending vibration at ~1442 

cm1 started to appear at ~ 0.1 V, which originates from the NHx species (Figure 6c). These results 

justify an associative mechanism on VO-Bi4O5I2-OH, which can be well correlated with the 

theoretical calculations. In addition, in-situ FTIR can determine reaction intermediate in N2 and 

Ar saturated electrolytes. Yao et al conducted in-situ FTIR on a Ru thin film in an acidic 

electrolyte.82 Figure 6d shows the potential dependence of the band centers of N=N stretching and 

the corresponding cyclic voltammetry curves. The band intensities significantly enhanced from 0 

to -0.15 V, indicating the increased coverage of absorbed *N2Hx intermediate. However, in Ar-

saturated electrolyte, only Ru–H stretching can be observed (Figure 6e), which is due to the 

adsorption of *H at working potentials. The advanced in-situ FTIR results confirm that the *N2Hx 
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is a reaction intermediates which are unstable and easy to desorb from the Ru surface and 

decompose into ammonia. Consequently, most of Ru based catalysts shows low overpotential 

during NRR. In addition, no N-related infrared absorption bands were observed on Ru surfaces in 

a N2 saturated 0.1 M KOH solution, indicating that the adsorption of nitrogen molecules on Ru 

surfaces was weak. 

The interaction between N2 and catalyst will facilitate the exploration of reaction intermediates 

and reaction pathway. Li et al. measured the differential of surface potential to probe the interfacial 

polarization in Ar to N2 gas feed (Figures 6f).10 During the measurement, the nitrogen molecule 

will be polarized on the active site, inducing a polarization field and generate potential difference. 

Such polarization-induced potential will provide pathway for electron transfer from catalysts to N2 

and improve the NRR performance. Other than interaction, Yao et al. conducted online differential 

electrochemical mass spectrometry (DEMS) for mass-resolved determination of reaction 

intermediates and products, which can confirm the NRR activity and identified the reaction 

pathway on zero-valent bismuth catalysts.83 As shown in Figure 6g, the intensity of the m/z signal 

for NH3 is depended on working potential. At -0.7 V vs. RHE, the intensity reaches the peck 

position, which matches well with the electrochemical data. This online measurement confirms 

the generation of ammonia under different working potentials. 

Recently, researchers combined the operando synchrotron-radiation Fourier transform infrared 

spectroscopy (SR-FTIR) with isotope labelling method to achieve comprehensive detection of 

reaction intermediates during nitrogen fixation to urea.84 Firstly, the SR-FTIR was conducted 

which shows potential-dependent signals with stretching vibrations of NH2 and NH at ~3171, 

~3291 and ~3441 cm-1 shown in Figure 6h. In order to avoid the contamination from the 

environment, the isotope-labelling operando SR-FTIR experiments were conducted. As shown in 
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Figure 6i, the vibrations bands of 15NH2, 
15NH are blue shifted by 20-30 cm–1, which is attributed 

to the isotope effect. This method can confirm the electroreduction of N2 during the reaction. 

CONCLUSIONS 

In summary, the progress of single site catalysts as the eNRR catalysts are summarized for both 

the fundamental insights from computational modelling and measurements as well as exploration 

of reaction mechanisms from extensive experimental methods. We concluded that combining 

theoretical modelling and practical experiments are useful means to elucidate the mechanisms of 

NRR and could direct the rational design of the single site catalysts (SSCs). In addition, through 

detailed discussions, we showed that due to the inherent difference of various SSCs, the 

considerations during the design of catalyst are distinct. Our review could help in designing new 

SSCs for electrochemical nitrogen reduction and benefit other catalytic reactions like CO2(g) 

reduction. 
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Figure1. Schematic diagrams of reaction pathways for the electrochemical nitrogen reduction 

reaction. Reproduced with permission.85 Copyright 2020, Wiley-VCH. 
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Figure 2. Mechanism insights for single metal site catalyst for NRR. (a) Optimized structure of 

FeN3- and FeN4-graphene with isosurface of spin-resolved density pictures. Reproduced with 

permission.29 Copyright 2016, American Chemical Society; (b) Gibbs free energies of N2 molecule. 

(c) Adsorption energies of N2H and NH2 species on SSCs by defective BN nanosheets. Reproduced 

with permission.31 Copyright 2017, American Chemical Society; (d) Projected crystal orbital 

Hamilton population (pCOHP) between the metal center and the nitrogen adatom and illustration 

of the correlation between integrated COHP and the adsorption energy of nitrogen adatom (ΔEN*). 

Reproduced with permission.12 Copyright 2019, American Chemical Society; (e) Relationship 

between NRR limiting potential (UL) and the binding energy of *N-NH (ΔE(*NNH)). Reproduced 

with permission.35 Copyright 2020, American Chemical Society; (f) Contour plots of the limiting 

potential as a function of ΔGNNH* and ΔGNH2*. Reproduced with permission.12 Copyright 2019, 

American Chemical Society. 
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Figure 3. Mechanism insights for single non-metal catalyst for electrochemical nitrogen reduction. 

(a) Nitrogen binding motifs to transition metals and borylenes. Reproduced with permission.38 

Copyright 2019, American Association for the Advancement of Science. (b) Proposed 2D 

materials and potential B-sites. (c) Selectivity of nitrogen reduction compared with hydrogen 

evolution. Reproduced with permission.86 Copyright 2019, American Chemical Society. (d) Top: 

the atomic structure of B-doped MXene. Charge density difference of N2 adsorption on B-doped 

Mo2CO2 via side-on (left) and end-on (right) patterns. (e) Free energy change at PDS for all single-

boron MXene catalysts. Reproduced with permission.41 Copyright 2019, American Chemical 

Society. (f) Optimized structure and differential charge density (lower panel) of N2 adsorption on 

B/C2N-a (upper panel) and B/C2N-s (lower panel), and the bonding mechanism. Reproduced with 

permission.48 Copyright 2020, Royal Chemical Society. 
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Figure 4. Theoretical considerations for single vacancy site as active centers for NRR. (a) Energy 

difference (∆Evac) of a vacancy in the surface layer and in the first subsurface layer of a nitride and 

the associated activation barrier of vacancy migration (Ea,vac). The dashed line at Ea,vac = 1 eV 

represents the cutoff above which metal nitrides are considered sufficiently stable for further study. 

Reproduced with permission.28 Copyright 2015, Royal Chemical Society. Free energy changes for 

replenishing the vacancy associatively and dissociatively on (b) RS(100), and (c) ZB(110). 
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Reproduced with permission.87 Copyright 2019, American Chemical Society. MvK mechanism 

for ammonia formation on the (100) facet of the RS structure (f) and the (110) facet of the ZB 

structure (g) of metal nitrides. (h) Decomposition potential for stable and active metal nitrides and 

the calculated onset potentials for electrocatalytic NH3 formation at 300K. Reproduced with 

permission.28 Copyright 2015, Royal Chemical Society.(i) Decomposition potentials of N-doped 

substrate. Reproduced with permission.12 Copyright 2019, American Chemical Society. 
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Figure 5. Experimental classification of SSCs. (a) Crystalline structures of protrusion-like shape 

of Fe single atom immobilized onto monolayer MoS2. (b) HAADF-STEM images SACs-MoS2-Fe 

catalysts. (c) FE and NH3 production rates of SACs-MoS2-Fe-2.0 applied at different working 

potentials in a flow cell. Reproduced with permission.10 Copyright 2020, Elsevier. (d) Iso-surface 

of the spin-resolved density pictures of Se and Te-doped carbon. (e) HAADF-STEM image of Te-

doped carbon catalyst. (f) NH3 yield rate of carbon with different elemental doping at different 

working potentials. Reproduced with permission.88 Copyright 2020, Wiley-VCH. (g) Charge 

density difference induced by nitrogen vacancy on NV-W2N3. (h) Fourier transform extended X-

ray adsorption fine structure results of synchrotron-based W L3 edge X-ray adsorption spectra of 

W2N3 and NV-W2N3. (i) NH3 yield rate of NV-W2N3 at different working potentials. Reproduced 

with permission.74 Copyright 2020, Wiley-VCH. 
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Figure 6. Advanced approaches for active site determination and intermediates detection. (a) 1H 

NMR spectra of the electrolytes after eNRR using 15N2 
89 and 14N2 (down) as the gas feed. (b) DFT 

calculation and (c) in-situ ATR-FTIR measurement for reaction pathway determination and 

reaction intermediates detection. Reproduced with permission.81 Copyright 2020, Elsevier. (d) The 

potential dependence of IR absorption of the N=N stretching (left) and the first segment of the CV 

curves (right) of ruthenium film in N2-saturated 0.1 M HClO4 electrolytes. (c) FTIR spectra on the 
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ruthenium film obtained at potentials from 0 to −0.4 V in an Ar-saturated 0.1 M HClO4 electrolyte. 

Reproduced with permission.82 Copyright 2019, American Chemical Society. (f) The surface 

potential differences with different of N2-bubbling time. Reproduced with permission.10 Copyright 

2020, Elsevier. (g) Online DEMS measurement result of the catalysts at different reaction 

potentials and conditions. Reproduced with permission.83 Copyright 2020, Wiley-VCH. (h) and (j) 

Isotope-labelling operando SR-FTIR spectra of the catalysts at different working potentials. 

Reproduced with permission.84 Copyright 2020, Springer Nature. 
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Chapter 3: A Computational Study on Pt And Ru Dimers 

Supported on Graphene for The Hydrogen Evolution 

Reaction: New Insight into The Alkaline Mechanism  

3.1 Introduction and Significance 

A practical means for production of high-purity hydrogen as a clean fuel is via the 

electrochemical hydrogen evolution reaction (HER) from abundant water. In acid 

(pH<1) HER, a widely acknowledged descriptor, ΔGH*, has successfully explained 

activity origins - and has been applied to direct rational design of electrocatalysts.  

For alkaline (pH>13) HER however, also a critical reaction in producing high-purity 

hydrogen, it is not clear whether there is a singular activity descriptor. This therefore 

impedes provision of general guidelines for development of electrocatalysts.  

In this we compare the acid HER activity of judiciously selected Pt, Ru dimer structures, 

and systematically investigate the underlying origin of catalytic activity for alkaline 

HER. Both thermodynamic and kinetic aspects are accounted for:  

• We find that PtRu@NG displays an optimal theoretical activity with greater atomic

utilization when compared with Pt-based catalysts; 

• We show that current alkaline HER descriptors ΔGH* and ΔGOH* are unsuitable for

evaluation of theoretical overpotential; 

• We propose the dissociative chemisorption energy of water, ΔEdiss, as a singular

activity descriptor for alkaline HER. This is because it has capacity to identify the 

smallest theoretical thermodynamic overpotential and because it scales linearly with 

the kinetic barrier; 

• We present new insight into the mechanism route from electronic structure (d-band

center) via ΔEdiss to alkaline HER activity. 

This chapter will be of immediate benefit to guide rational development of new 

electrocatalysts for alkaline HER via electronic structural engineering to regulate ΔEdiss. 
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3.2 A Computational Study on Pt And Ru Dimers Supported on Graphene for The 

Hydrogen Evolution Reaction: New Insight into The Alkaline Mechanism 

This Chapter is included as it appears as a journal paper published by Xin Liu, Yan 

Jiao*, Yao Zheng, Kenneth Davey, and Shi-Zhang Qiao*. A Computational Study on Pt 

And Ru Dimers Supported on Graphene for The Hydrogen Evolution Reaction: New 

Insight into The Alkaline Mechanism. Journal of Materials Chemistry A. 2019, 7, 

3648-3654. 

62



Statement of Authorship
Title of Paper Computational study on Pt, Ru dimer supported on graphene for hydrogen evolution reaction: 

new insight into the alkaline mechanism 

Publication Status Published Accepted for Publication

Submitted for Publication
Unpublished and Unsubmitted work written in 
manuscript style

Publication Details Liu, X., Jiao, Y., Zheng, Y., Davey, K., & Qiao, S.. Journal of Materials Chemistry A, 2019, 7, 

3648. 

Principal Author 

Name of Principal Author (Candidate) Xin Liu 

Contribution to the Paper Proposed ideas, conduct computations wrote the manuscript. 

Overall percentage (%) 80 

Certification: This paper reports on original research I conducted during the period of my Higher Degree by 

Research candidature and is not subject to any obligations or contractual agreements with a 

third party that would constrain its inclusion in this thesis. I am the primary author of this paper. 

Signature Date 3/Feb/2021 

Co-Author Contributions 

By signing the Statement of Authorship, each author certifies that: 

i. the candidate’s stated contribution to the publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author Yan Jiao 

Contribution to the Paper Discussed the concepts, supervised the research project, and revised the manuscript. 

Signature Date 3/Feb/2021 

Name of Co-Author Yao Zheng 

Contribution to the Paper Discussed the concepts, and revised the manuscript. 

Signature Date 3/Feb/2021 

63



Name of Co-Author Kenneth Davey 

Contribution to the Paper Discussed the concepts, and revised the manuscript. 

Signature Date 3/Feb/2021 

Name of Co-Author Shi-Zhang Qiao 

Contribution to the Paper Discussed concepts, supervised the research project and revised the manuscript. 

Signature Date 3/Feb/2021 

64



Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
A

D
E

L
A

ID
E

 o
n 

8/
14

/2
01

9 
6:

16
:0

6 
A

M
. 

View Article Online
View Journal  | View Issue
A computational
School of Chemical Engineering, The Univers

5005, Australia. E-mail: s.qiao@adelaide.ed

† Electronic supplementary informa
10.1039/c8ta11626a

Cite this: J. Mater. Chem. A, 2019, 7,
3648

Received 3rd December 2018
Accepted 17th January 2019

DOI: 10.1039/c8ta11626a

rsc.li/materials-a

3648 | J. Mater. Chem. A, 2019, 7, 364
study on Pt and Ru dimers
supported on graphene for the hydrogen evolution
reaction: new insight into the alkaline mechanism†

Xin Liu, Yan Jiao, * Yao Zheng, Kenneth Davey and Shi-Zhang Qiao *

The electrochemical hydrogen evolution reaction (HER) is regarded as a practical means for the production

of high-purity hydrogen from abundant water. Understanding the HER mechanism is therefore crucial to

the design of high performance HER catalysts. Although approaches based on activity descriptors for the

acidic HER have proven to be successful in revealing the origin of activity, and in directing the synthesis

of electrocatalysts, the alkaline HER mechanisms and the activity descriptors remain largely unexplained.

This impedes the overall design of electrocatalysts. Here, we systematically investigate the HER

mechanism and the underlying origin of catalytic activity for the HER using Pt and Ru dimer structures as

model catalysts. For the acidic HER, we found that PtRu dimer on nitrogen-doped graphene displayed

a hydrogen adsorption free energy of �0.07 eV with higher atomic utilization. For the alkaline HER, we

propose the dissociative chemisorption energy of water (DEdiss) as a singular activity descriptor following

the analysis of several potential activity descriptors. DEdiss is proposed both because it has the capacity to

identify the smallest theoretical thermodynamic overpotential and because it scales linearly with the

kinetic barrier. We present new insight into the mechanism route from the electronic structure (d-band

center) via DEdiss to alkaline HER activity. We conclude that this work will be of immediate benefit to

guide rational development of electrocatalysts via electronic structural engineering to regulate DEdiss for

the alkaline HER.
Introduction

A promisingmeans for the production of high-purity hydrogen as
a clean fuel is via the electrochemical hydrogen evolution reac-
tion (HER) from abundant water.1 In the acidic HER, the
hydrogen adsorption free energy (DGH*) is well-documented as
a singular activity descriptor. This is because it can be used to
establish activity trends and to explain activity origin for a variety
of materials.2,3 Moreover, the electronic states around the Fermi
level have been shown to highly correlate with DGH*, and thereby
provide guidelines for the development of HER electrocatalysts
via targeted engineering of the electronic structure.3,4 Therefore,
nding cheap and earth-abundant alternatives is crucial for the
acidic HER development because of the limited resource of
currently used noble metals. When compared with the acidic
HER, the mechanism for the alkaline HER is less studied.1,5 It is
not clear whether there is a singular activity descriptor. This lack
of understanding impedes the development of new electro-
catalysts.6 Both thermodynamics and kinetics aspects should be
considered to develop such understanding.
ity of Adelaide, Adelaide, South Australia,

u.au; yan.jiao@adelaide.edu.au

tion (ESI) available. See DOI:

8–3654
From a thermodynamic view, it was thought reasonable to
speculate that the adsorption energy of H* and/or OH* could
affect the intrinsic activity of the alkaline HER. Yan et al.
therefore proposed the hydrogen binding energy (HBE) as
a descriptor.7,8 However, a pH-dependent HBE trend was not
observed for well-dened single crystal surfaces, and therefore
it is difficult to explain the different activities of the same metal
surface in different pH value solutions.9 Markovic et al.
proposed that the proton source in the alkaline HER was from
water, and that the adsorption energetics of OH* (DGOH*) effect
the overall activity.10–12 Durst et al. reported, however, that at
high pH (0.1 M NaOH), the oxophilicity of a catalyst (denoting
OH* adsorption strength) does not affect alkaline HER
activity.13 It can be concluded therefore that neither H* nor OH*

can serve as a singular activity descriptor.
As for the kinetics, it was conjectured that the kinetic barriers

of water dissociation (Ea) might signicantly affect overall reac-
tion rates.1,14 The high performance of a number of alkaline HER
electrocatalysts has been reported to originate from their small
Ea. Although these three key factors, DGH*, DGOH* and Ea have
been proposed to affect the overall alkaline HER performance,
and DFT calculations can be used to evaluate each factor indi-
vidually, a quantitative analysis of the contribution of each to the
overall catalytic activity has not been demonstrated. As a conse-
quence, difficulties remain in predicting intrinsic activity trends
This journal is © The Royal Society of Chemistry 2019
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for various families of materials.1,6,15,16 In order to predict general
activity trends and to provide guidelines for materials design, it is
therefore important, and timely, to reveal an alkaline HER
mechanism and to try to identify a singular activity descriptor.

Because judicious selection of a model system was considered
crucial, it was determined that neither a single crystal system
(because of difficulties in extending results to practical electro-
catalysts) nor shape-controlled nanoparticles (difficult to model)
would be suitable.6,10 Dimer structures with two anchored-metal
atoms, however, are advantageous compared with recently re-
ported single atom catalysts (SACs). Advantages include that they
(a) share the ‘simplicity’ of single crystals and SACs, which means
they are readily easy to model with explicit active centres, (b) are
capable of including low-coordinated metal atoms, which are
believed to be the active centers for nanoparticle materials, and (c)
permit introduction of an extra metal site which might be more
approximate to the situation of multi-sites taking effects in
nanoparticles.17 In view of recent reports of successful syntheses of
dimer structures, it was concluded that this model system could
be used to investigate the reactionmechanism of the alkaline HER
and, from it, determine a singular activity descriptor.18–22
Fig. 1 (a) Atomic models of dimer structures supported on defective or n
correlation between Bader charge difference and formation energy.

This journal is © The Royal Society of Chemistry 2019
Here, we systematically study Pt (optimal DGH*) and Ru
(small Ea) dimer structures supported on defective and
nitrogen-doped graphene (DG and NG) for the HER by DFT
calculations. We examine the stability of dimer structures and
compare acidic HER (pH ¼ 0) activity by calculating DGH*. For
the alkaline HER (pH ¼ 14), following ndings from calcula-
tions of the free energy diagram and transition states, we
propose the dissociative chemisorption energy of water (DEdiss)
as a singular activity descriptor. The results suggest that this
descriptor quanties both thermodynamic (theoretical over-
potential) and kinetic (barrier, i.e. Ea) factors. Further analyses
show that DEdiss scales linearly with the d-band center, and
thereby provides new potential for the development of materials
design via engineering of the electronic structure to regulate
DEdiss to increase alkaline HER activity.
Results and discussion
Dimer formation

To ensure the stability of six dimer structures, namely, Pt2@DG,
Ru2@DG, PtRu@DG, Pt2@NG, Ru2@NG and PtRu@NG
(Fig. 1a), we calculated the formation energy (DEformation). The
itrogen doped graphene; (b) formation energy of all six dimers; (c) the

J. Mater. Chem. A, 2019, 7, 3648–3654 | 3649 66
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results are summarized in Fig. 1b, in which, a greater absolute
value indicates a more stable state. As seen, all formation
energies are negative, indicating that defective, nitrogen-doped
graphene stabilizes these metal dimers. As seen in Fig. S1,†
there is a strong resonance between the 2p orbital of C/N and
the d orbital of Pt/Ru, which demonstrates the chemical
bonding of C/N and Pt/Ru. This aids also in explaining the
stabilization effect. Additionally, the results demonstrate that
nitrogen doping facilitates thermodynamically the formation of
dimer structures. Further, Bader charge analysis was used to
quantitatively investigate the charge transfer during dimer
formation. Fig. 1c summarizes the general relationship between
DEformation and the charge transferred. For each group of dimer
structures, there is a linear relationship between structural
stability and the transferred charge: the more charge trans-
ferred, the more negative the formation energy.
Hydrogen adsorption

Established hydrogen adsorption free energies (DGH*) were
used to compare the acidic HER activity of these dimer struc-
tures.23 Thirty four possible initial congurations of hydrogen
adsorption (Fig. S2†) were examined. The results of the more
thermodynamically stable congurations are summarized in
Fig. 2a, b and S3.† It is noted that for all six dimer congura-
tions, the most favourable hydrogen adsorption site is the
bridge between two metal atoms. The results suggest that the
Fig. 2 (a) Hydrogen adsorption free energy diagram; (b) H adsorption c
center and DGH*; (d) projected density of states (PDOS) of the hydrogen a
for other atoms please refer to Fig. 1.

3650 | J. Mater. Chem. A, 2019, 7, 3648–3654
change of the metal atom, and switch of the graphene support,
signicantly alters hydrogen adsorption as well as HER activity.

Amongst these structures, Pt2@DG exhibited the most
negative DGH* of �0.78 eV. This is similar to that recently re-
ported for a Pt single atom catalyst.24 Interestingly, PtRu@NG
(Fig. 2b) shows a signicantly greater HER activity with a DGH*

of �0.07 eV. This value is similar to that on a Pt single crystal
surface (DGH* ¼�0.09 eV); however, PtRu@NG achieves similar
activity with higher atomic utilization.23

To determine the underlying reason, we carried out elec-
tronic structure analysis. It was found that DGH* scales linearly
with the depth of the d-band center position relative to the
Fermi level (Fig. 2c). This can be explained by analysing the
hybridization between dimer structures and the hydrogen of
PtRu@NG (Fig. 2d). The Fermi level crosses the bonding states
of the metal d-band, therefore the lling of the bonding orbital
determines the binding strength. A deeper d-band center indi-
cates more lling of the bonding states, and thereby stronger
H* adsorption and a more negative DGH*. Therefore Pt2@DG
with a deeper d-band center exhibits a more negative DGH*,
whilst PtRu@NG exhibits a weaker H* adsorption.
Free energy diagram for the alkaline HER

Free energy diagrams for the alkaline HER were plotted to
determine the potential-determining step, and the role of the
adsorption energetics of H* and OH*. The full reaction pathway
onfiguration on PtRu@NG; (c) linear correlation between the d-band
dsorption configuration on PtRu@NG. Colour code: yellow, hydrogen;

This journal is © The Royal Society of Chemistry 2019
67
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includes dissociation of water molecules to form adsorbed
hydrogen and hydroxide (H* + OH*), desorption of OH* to form
OH�, and desorption of H* to form H2. All possible sites of
these intermediates shown in Fig. S2†were tested to identify the
most stable congurations. The results show that for Pt2@DG
(Fig. 3a), the hydrogen adsorption is so strong that desorption
of hydrogen to form H2 becomes difficult. This is therefore
regarded as the potential-determining step. In this case, DGH*

can be used as an activity descriptor for evaluating the HER,
a situation similar to the HBE for nanostructured Pt-group
metals.8 From Fig. 3b it can be seen that for Ru2@NG with
a relatively smaller |DGH*|, desorption of hydroxides (DGOH*) is
signicantly more uphill and is identied as the potential-
determining step (PDS). This is in agreement with the obser-
vations of Markovic et al.10

As shown in Fig. 3c and S4† for all six dimer structures, both
hydrogen desorption and hydroxide desorption are thermody-
namically uphill. Therefore, the theoretical overpotential
should be equal to the larger value between the absolute value
of DGH* and DGOH*.25 It is clear that a balance between DGH*

and DGOH* (as shown in Fig. 3d) is critical to achieve the
smallest theoretical overpotential applied so as to make this
elementary step exergonic – and to have an appreciable overall
reaction rate.

Therefore, thermodynamically speaking, both hydrogen and
hydroxide adsorption energetics should be taken into account
to reveal an alkaline HER mechanism. However, neither DGH*

nor DGOH* can reasonably serve as a singular activity descriptor.
Fig. 3 Free energy diagrams of the alkaline hydrogen evolution reaction
hydrogen and hydroxide desorption step for all six dimer structures; (d) sc
change. For colour code please refer to Fig. 1 and 2.

This journal is © The Royal Society of Chemistry 2019
Water dissociation kinetics

In addition to thermodynamic considerations, it is generally
thought that the kinetic barrier of water dissociation (Ea) could
affect the overall reaction rates. To investigate this we con-
ducted climbing image nudged elastic band (CI-NEB) calcula-
tions so as to take kinetic factors into account. The results are
summarized in Fig. 4 and Table S1.† We identied the transi-
tion states (TS) linking adsorbed water molecules and co-
adsorbed H* and OH* and concluded that O–H bonding was
stretched during the dissociation, and that aer the breaking of
the O–H bond, hydrogen and hydroxide anchored on different
sites. As shown in Fig. 4a and Table S1,† Pt2@DG (Ea ¼ 0.74 eV)
and Pt2@NG (Ea¼ 0.85 eV) exhibit a greater kinetic barrier value
for water dissociation compared with the other dimers.
Importantly, this nding is consistent with previous reports
that Pt is a poor water-dissociation catalyst.1 From a kinetic
viewpoint therefore, Pt2@DG and Pt2@NG dimer structures
display the lowest water dissociation rate.

Amongst the dimer structures, Ru2@NG (Fig. 4b) had the
smallest water dissociation barrier of 0.35 eV. This means that it
will facilitate the H–OH cleaving of water molecules. We analysed
the length of the stretched O–H bond in TS and found that there
was a linear correlation between the bond length and the kinetic
barrier (Ea). As seen in Fig. S5,† the longer the bond length of
O–H in TS, the greater the kinetic barrier. For example, results in
Table S1† indicate that the bond lengths of stretched O–H in TS
for Pt2@DG and Pt2@NG are 1.42 and 1.45 Å, respectively, whilst
for Ru2@NG, the O–H bond length is 1.36 Å and the kinetic
(HER) on: (a) Pt2@DG and (b) Ru2@NG; (c) free energy changes of the
hematic of the alkaline HER elementary steps and relevant free energy

J. Mater. Chem. A, 2019, 7, 3648–3654 | 3651 68
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Fig. 4 Kinetic barrier of water dissociation for: (a) Pt2@DG and (b) Ru2@NG; (c) schematic diagram of the water dissociation step and relevant
energetics; (d) correlation between the dissociative chemisorption energy of water and kinetic barrier. IS, TS and FS indicate initial, transition and
final states, respectively. For colour code please refer to Fig. 2.
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barrier is the lowest (Ea¼ 0.35 eV). It is reasonable to suggest that
stretching O–H from the balanced distance makes the energy of
water molecules increase, and the extent of conguration
distortion indicates instability of TS. It is concluded therefore
that the bond length of stretched O–H is an indicator of Ea.

Because it is signicantly more difficult to calculate transi-
tion states than the stability of adsorbed intermediates, we
constructed a mathematical model based only on energetics of
intermediates to explore the correlation between kinetic
barriers and the energetics for each elementary step. We
investigated whether there is, in fact, a correlation between
DGH*, DGOH*, the d-band center and the dissociative chemi-
sorption energy of water (DEdiss in Fig. 4c) with Ea. The results
(Fig. S6†) indicated that there is a poor linear relationship
between each of DGH*, DGOH*, and the d-band center with Ea. As
seen in Fig. 4d, DEdiss, however, displayed a meaningful linear
correlation with Ea. This underscores that the kinetic barrier
scales linearly with the dissociative chemisorption energy of
water in Bronsted–Evans–Polanyi (BEP) type relationships.26

The interpretation of this is that the more stable the adsorbed
hydrogen and hydroxide (H* + OH*), the lower the barrier for
water dissociation.
Further catalyst design principles

Although the theoretical overpotential and kinetic barriers can
be evaluated, it is difficult to establish general alkaline HER
activity trends for a range of materials and to provide guidelines
3652 | J. Mater. Chem. A, 2019, 7, 3648–3654
for the design of electrocatalysts. This problem arises because it
is not clear whether contributions of the three factors, DGH*,
DGOH*, and Ea, are independent. Taking Ru2@NG as an
example, although the splitting of water molecules is kinetically
favourable (Ea ¼ 0.35 eV), the OH* generated by dissociation
can barely desorb from the active sites. This hinders consequent
reaction steps. In contrast, Pt2@DG (Ea ¼ 0.74 eV), despite its
sluggish water dissociation, may have better performance for
the alkaline HER because of a low theoretical overpotential. It
was concluded that there is a need therefore to nd a singular
activity descriptor that can correlate well with both kinetic
barriers and theoretical overpotential.

Because of this established linear correlation between DEdiss
and Ea, we explored the possibility of a correlation of DEdiss with
DGH* and DGOH* from which we might establish a relationship
between DEdiss and theoretical overpotential. In order to make
sure analyses were based on a similar physical base, we
included only Pt2@DG, Pt2@NG, Ru2@DG and Ru2@NG. The
underlying reason for selecting homogeneous metal dimers was
that, aer cautious examination of the co-adsorption patterns of
H* and OH* for all six dimer structures, we found the adsorp-
tion conguration could be readily classied in two groups. The
rst is the four homogeneous dimer structures involving
hydrogen on the top site of the metal atom and hydroxide on the
bridge site of the two metal atoms. The second is those with
heterogeneous metal dimers, PtRu@DG and PtRu@NG, which
display different H* and OH* adsorption congurations,
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) The relationship of the dissociative chemisorption energy of water (DEdiss) with hydrogen adsorption (DGH*) and the hydroxide
desorption (DGOH*); (b) linear relationship between DEdiss and the d-band center.
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namely, hydrogen on the top of Pt and hydroxide on the top of
Ru. For the selected homogeneous metal dimer models, Fig. 5a
shows that DGOH* scales linearly with DEdiss, whilst DGH* scales
negatively linearly with DEdiss. Because we adopted the
computational hydrogen electrode as a reference, 0 V vs. RHE is
the equilibrium potential. The lines on this gure therefore
show the limiting potential for hydrogen desorption (red line)
and hydroxide desorption (blue line). Following from these
results it is clear that when DEdiss is low, the formation of H2

following hydrogen desorption is more endergonic than
hydroxide desorption, and the H* / 1/2H2 step becomes the
potential-determining step. Clearly, when the dissociative
chemisorption of water shows high values, the blue line is above
the red line, meaning the OH* desorption step H* + OH*/H*

+ OH� becomes the potential-determining step. The red and
blue lines of Fig. 5a intersect at about �0.55 eV of DEdiss and
form an inverse volcano-shaped relationship. The top of this
inverted volcano indicates the lowest theoretical overpotential
for the alkaline HER on homogeneous metal dimer structures.
It is concluded therefore that DEdiss and not DGH* or DGOH* is
the most appropriate singular activity descriptor to evaluate
thermodynamics in terms of theoretical overpotential.

According to the aforementioned observation and discus-
sion, we propose that a suitable value of DEdiss will lead to
a balanced DGH* and DGOH* values, and an optimal theoret-
ical overpotential can therefore be achieved. Alongside an
appropriate kinetic barrier which can be determined using
DEdiss from Fig. 4d, this combination of thermodynamics and
kinetics will be ideal for alkaline HER activity. Additionally,
a linear correlation was found between the position of the d-
band center relative to the Fermi level and DEdiss as shown
in Fig. 5b. This suggests that water dissociation energetics are
determined fundamentally by the electronic structure of the
surface.

A new mechanism route that starts from the electronic
structure (d-band center) to the singular activity descriptor
(DEdiss) and intrinsic alkaline HER activity has therefore been
highlighted. This new insight should serve as a guide for the
design of electrocatalysts via electronic structural engineering
to regulate DEdiss.
This journal is © The Royal Society of Chemistry 2019
Conclusions

DFT calculations were used to construct the free energy diagram
along the reaction pathway for the acidic (pH ¼ 0) and alkaline
(pH ¼ 14) HER on newly proposed Pt and Ru metal dimer
structures supported on graphene. For the acidic HER,
PtRu@NG exhibited an optimal DGH*(�0.07 eV). For the alka-
line HER we propose the dissociative chemisorption energy of
water (DEdiss) as a singular activity descriptor on metal dimer
structural models. DEdiss quanties kinetic factors in addition
to reaction thermodynamics because the kinetic barrier (Ea)
scales linearly in BEP-like relationships. Because DEdiss corre-
lates linearly with the d-band center of the metals on the
substrate, a mechanism route for the alkaline HER has been
highlighted. This new insight can serve as a guide for the
development of electrocatalysts via electronic structural engi-
neering to regulate DEdiss.
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Models and computational details

Three noble metal dimers (Pt2, Ru2, and PtRu) supported on defective graphene (DG) and 

nitrogen-doped graphene (NG) (Fig.1a) were constructed. The configuration of metal 

atoms anchored to two adjacent single vacancies are based on previous experimental and 

computational studies.1, 2 We firstly examine the stability of all of the six dimers on 

graphene by computing the formation energy for each structure. Energy reference of a 

single metal atom was set to be within a close-packed unit cell, and that of the substrate is 

the corresponding support without metal dopants. The formation energy can be calculated 

as follows:

∆Eformation = Edimer - (Emetal-dopant + Esupport)

where Edimer, Emetal-dopant, Esupport is the energy of catalyst with dimer structure, doping metal, 

and defective or nitrogen doped graphene, respectively.

Afterwards, we explored the key species i.e. hydrogen and hydroxide adsorption 

behaviour, on these six dimer structures. Five possible hydrogen or hydroxide adsorption 

sites for homogeneous Pt2, Ru2 dimer structures were considered as outlined in Fig. S1a. 

For heterogeneous PtRu dimer structures, seven possible adsorption configuration were 

proposed and tested to find the most thermodynamically stable adsorption site, as is shown 

in Fig. S1b. Beyond single reaction intermediates adsorption, the co-adsorption of 

hydrogen and hydroxide on dimers was also investigated for four (for homogenous dimer 

structures) or six (for heterogeneous dimer structures) possible configuration guesses. The 

transition state was also calculated to evaluate kinetic barrier of water dissociation.

All the calculations were performed by means of spin-polarized density functional 

theory (DFT) methods as implemented in the Vienna ab initio Simulation Package; 3-6 the 

projector-augmented-wave pseudopotential was utilized to treat the core electrons, while 

the Perdew−Burke−Ernzerhof exchange-correlation functional of the generalized gradient 

approximation was used for describing the electron interactions.7 A plane-wave cutoff 

energy of 400 eV was adopted for all the calculations. The vacuum space in the z-direction 

was set as 20 Å to prevent the interaction between periodic images. The van der Waals 

interactions were described using the empirical correction in Grimme’s scheme.8 The 

reciprocal space was sampled using a 5 × 5 × 1 k-points for fully relaxed geometry 

2
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optimization until the maximal residual force was < 0.02 eV/Å. For electronic structure 

calculations, a 10 × 10 × 1 k-points grid was used, and the Bader charge analysis was 

performed to reveal the charge transfer process.9 The minimum energy path (MEP) of water 

dissociation on defective or nitrogen doped graphene supported metal dimers was obtained 

by the climbing image nudged elastic band (CI-NEB) method.10

The calculation of the free energy diagrams was performed by using the concept of 

computational hydrogen electrode (CHE).11 In this framework, the chemical potential of 

the electron-proton pair (H+ + e-) can be referenced by the chemical potential of gaseous 

H2 at equilibrium (0 V vs reversible hydrogen electrode). The change of free energy can be 

calculated as follows:

∆G = ∆E + ∆EZPE - T∆S + ∆GpH + ∆Gsol

where ∆E is the electronic energy difference directly obtained by DFT calculation. ∆EZPE 

is the change in zero-point energies (ZPE), T is the room temperature (T = 298.15K), and 

∆S is the entropy change. ZPE and vibrational entropy of adsorbed species were obtained 

after frequency calculations, and entropy of gas molecules (H2 and H2O) were taken from 

standard values.12 At different pH values, ∆GpH = 0.059×pH. ∆Gsol represents the correction 

terms for solvent effect (0 eV for H* and 0.5 eV for OH*). 1, 11

3
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Figure S1. Projected density of states illustrating the 2p orbital of carbon or nitrogen, the d orbital 

of Pt and Ru, for (a) Pt2@DG; (b) Ru2@DG; (c) PtRu@DG; (d) Pt2@NG; (e) Ru2@NG; (f) 

Pt2@NG.

Figure S2. Illustration of possible adsorption sites on dimer including top, bridge and centre sites: 

(a) five possible sites on Pt2@DG, (b) seven possible sites on PtRu@NG.
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Figure S3. Illustration of hydrogen adsorption pattern on (a) Pt2@DG, (b) Ru2@DG, (c) 

PtRu@DG, (d) Pt2@NG, (e) Ru2@NG.

Figure S4. Gibbs free energy diagram of alkaline hydrogen evolution reaction on (a) Ru2@DG; 

(b) PtRu@DG; (c) Pt2@NG; (d) PtRu@NG.
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Figure S5. The linear correlation between the bond length of stretched O-H and kinetic barrier 

(Ea).

Figure S6. Correlation between kinetic barriers (Ea) with (a) hydrogen adsorption free energy; (b) 

hydroxide desorption free energy; (c) d-band centre.
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Table S1. Summary of kinetic barrier of water dissociation on dimer structure, relevant transition 

states (TS) models and the bond length of stretched O-H of TS. 

Dimer Name Dimer Structure
Kinetic Barrier

(eV)
O-H Bond 
length (Å)

Pt2@DG 0.74 1.42

Ru2@DG 0.55 1.38

PtRu@DG 0.41 1.39

Pt2@NG 0.85 1.45

Ru2@NG 0.35 1.36

PtRu@NG 0.77 1.43
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Chapter 4: Building up a Picture of the Electrocatalytic 

Nitrogen Reduction Activity of Transition Metal Single-

Atom Catalysts. 

4.1 Introduction and Significance 

The lack of efficient electrocatalysts impedes the development of electrochemical 

nitrogen reduction reaction (eNRR) as an alternative to Haber-Bosch process. The 

development of heterogeneous electrocatalyst is dependent on the understanding of 

fundamental chemistry in electrocatalytic nitrogen reduction process. Inspired by the 

homogeneous molecular catalysts, single atom catalysts (SACs), sharing the similarity 

that metal centers are coordinated with well-designed ligands, emerges as a frontier in 

the field of eNRR. Although some single atom catalysts (SACs) have been theoretically 

predicted or experimentally verified to be active for eNRR, previous works were 

focused either on the experimental evaluation or computational screening of their 

performance but gave very limited guidelines for the design of targeted electrocatalysts. 

In order to facilitate the design of SACs as eNRR electrocatalysts in an educated 

direction, instead of trial-and-error attempts, we explore a large dataset including 

twenty metal centers coordinated by three supports (three types of ligands) to reveal the 

fundamental chemistry in this system. We build up a full picture (activity trends, 

electronic origins and design strategies) of the potential of transition metal SACs for 

eNRR based on the detailed mechanistic studies. The roles of both supports (ligands) 

and metal centers on the eNRR activity are revealed in depth. Finally, the acquired 

knowledge of chemistry in this system was used to direct the rational design, which 

resulted in the proposal of two-step strategy for the design of eNRR electrocatalysts. 

The highlights of this chapter include: 

• We demonstrate that different potential determining steps (PDS) exist for transition

metal SACs, which results in the variation of the limiting potential and explains the 

complexity of designing eNRR electrocatalysts. 
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• We propose a sole activity descriptor, nitrogen adatom adsorption energy (ΔEN*), for

eNRR reaction. 

• We reveal that the origin of the ΔEN* variation is attributed to the influence of the

population of metal centres on the bonding/anti-bonding orbital, and the catalyst 

supports (ligands) indirectly affect the eNRR performance by regulating the scaling 

relationship of intermediates adsorption. 

We propose the following two-step strategy for the design of SACs for eNRR: (1) 

selection of the most promising family of SACs (suitable ligands to anchor metal 

centers) whose scaling relation is close to the activity peak; (2) further improvement of 

the performance via breaking the scaling relation by tuning the adsorption strength. 

4.2 Building up a Picture of the Electrocatalytic Nitrogen Reduction Activity of 

Transition Metal Single-Atom Catalysts. 

This Chapter is included as it appears as a journal paper published by Xin Liu, Yan 

Jiao*, Yao Zheng, Mietek Jaroniec, Shi-Zhang Qiao*. Building up a Picture of the 

Electrocatalytic Nitrogen Reduction Activity of Transition Metal Single-Atom 

Catalysts. Journal of the American Chemical Society. 2019, 141, 9664-9672. 
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ABSTRACT: The lack of chemical understanding and efficient catalysts impedes the
development of electrocatalytic nitrogen reduction reaction (eNRR) for ammonia
production. In this work, we employed density functional theory calculations to build up
a picture (activity trends, electronic origins, and design strategies) of single-atom
catalysts (SACs) supported on nitrogen-doped carbons as eNRR electrocatalysts. To
construct such a picture, this work presents systematic studies of the eNRR activity of
SACs covering 20 different transition metal (TM) centers coordinated by nitrogen
atoms contained in three types of nitrogen-doped carbon substrates, which gives 60
SACs. Our study shows that the intrinsic activity trends could be established on the basis
of the nitrogen adatom adsorption energy (ΔEN*). Furthermore, the influence of metal
and support (ligands) on ΔEN* proved to be related to the bonding/antibonding orbital
population and regulating the scaling relations for adsorption of intermediates,
respectively. Accordingly, a two-step strategy is proposed for improving the eNNR
activity of TM-SACs, which involves the following: (i) selection of the most promising
family of SACs (g-C3N4 supported SACs as predicted in this work) and (ii) further improvement of the activity of the best
candidate in the aforementioned family via tuning the adsorption strength of the key intermediates. Also, the stability of N-
doped carbon supports and their selectivity in comparison to the competing hydrogen evolution need to be taken into
consideration for screening the durable and efficient candidates. Finally, an effective strategy for designing active, stable, and
selective SACs based on the mechanistic insights is elaborated to guide future eNRR studies.

■ INTRODUCTION

Industrial nitrogen chemistry plays a crucial role in modern life
to produce fertilizers and chemicals.1 One of the core industrial
processes, ammonia synthesis via Haber−Bosch process at
high temperature and pressures, suffers from the reliance on
fossil fuels and high CO2 emissions.2,3 Today, ammonia
production via electrochemical nitrogen reduction reaction
(eNRR) at ambient conditions has spurred a growing interest,
because this method is environmentally friendly and
flexible.2−7 To date, most of the reported catalysts for eNRR
are transition metal (TM)-based; however, they show poor
activity with low Faradaic efficiency and high overpoten-
tial.8−12 Improvement of the performance of eNRR catalysts
remains one of the greatest challenges in this area.13

Ever since the first report of a single Mo-based molecular
catalyst coordinated by trisamidoamine ligands to reduce
dinitrogen at ambient conditions via a distal pathway, many
metal centers (Fe, Co, Ru, Os, Rh, etc.) coordinated by a
variety of ligands (PNP-, PCP-, and NNN-type, etc.) proved to
be active to reduce dinitrogen.6,14,15 These results provide
guidelines for electrocatalyst design and indicate that a suitable
match of ligands and metal center can facilitate catalytic
nitrogen reduction. Recently, as an emerging area of
heterogeneous catalysis, single-atom catalysts (SACs) provide
a platform for exploring new eNRR electrocatalysts as well as

revealing the fundamental mechanisms.7,16 There are two
reasons: first, SACs share structural similarity with molecular
catalysts (metal centers coordinated by ligands), which proves
to be effective for dinitrogen reduction; second, by coupling
different metals centers with a variety of supports, SACs could
contribute to a large pool for the search of electrocatalyst
candidates and hence provide enough samples to reveal the
mechanisms as well as the roles of metal centers and
supports.17−23 These inspired us to check if the “ligand−
metal” concept from homogeneous molecular catalysis could
be used to guide the design of SACs for eNRR in
heterogeneous electrocatalysis.7

Although major efforts have been undertaken toward the
evaluation of different materials, including metal alloys,24

carbides,25,26 nitrides,3 oxides,27 and also single-atom catalysts
(SACs),19,21−23 the rational design of active, durable, and
efficient electrocatalysts for eNRR is still far from satisfactory.
Therefore, revealing the mechanistic aspects of eNRR with the
help of the density functional theory (DFT) calculations is
vital for the rational design of high-performance eNRR
electrocatalysts.3,9,11,12 As predicted by previous DFT studies,
the poor activity in terms of high eNRR overpotentials
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originates from the scaling relations between adsorption
energies of nitrogen-containing intermediates (NHx and
N2Hx) on the surface of pure transition metal (TM)-based
catalysts and prevents TM-based electrocatalysts to approach
the region of optimal eNRR activity.11,12,28 In addition, for
bulk TM surfaces, the Faradaic efficiency is relatively low
because of the competing hydrogen evolution reaction (HER)
as indicated by both theoretical predictions and experimental
examinations.8,11 Another critical issue for nitrogen-containing
materials, which needs urgent attention, is the possible
decomposition of catalysts that could affect the evaluation of
the catalytic performance.29,30 All these concerns need to be
taken into account when designing SACs as eNRR electro-
catalysts.
Particularly for SACs, the available reports often represent

the case studies, such as experimental evaluation or theoretical
prediction of one particular SAC, like Ru19,23 or Fe centers on
nitrogen-doped carbons17 or single boron atoms incorporated
into g-C3N4.

31 Other computational works focus on the
computational screening of eNRR electrocatalysts with the
lowest overpotentials, normally done by exploring different
metal centers on one specific support, for example, single Mo
atoms embedded in defective boron nitride.18,32 However, a
full picture of the potential of TM-SACs as eNRR electro-
catalysts has not been presented yet, which can only be
constructed on in-depth study of the mechanism and has a
great potential for the development of general design strategies.
In such a full picture, the following questions need to be
answered: (1) Is it possible to find the intrinsic activity trends
for SACs in terms of some descriptor(s)? (2) What is the effect
of electronic structure of SACs on the activity trends? (3) How
can one utilize the knowledge of the reaction mechanisms for
the rational design of active, stable, and efficient eNRR
catalysts?
In this work, we employed DFT calculations to build up a

full picture of the potential of TM-SACs as eNRR electro-
catalysts by considering three key aspects: activity trends,
electronic origins, and design strategies. Because ligands in
molecular NRR catalysts are usually electron-rich P- or N-
based, we selected three types of nitrogen-doped carbon (NC)
materials (g-C3N4 and nitrogen-doped carbons with three or
four coordinating nitrogen atoms) as the SACs supports to
provide different coordination environments for 20 metal
centers.6,15,33 Hence, the roles of metal centers and supports
(ligands) could be revealed. We first investigated the reaction
pathway on the g-C3N4 supported TM-SACs followed by
identifying the potential determining step (PDS) and
evaluating the limiting potentials. With the help of the
established scaling relations for adsorption energies of
intermediates, the intrinsic activity trends in terms of the
limiting potential proved to be related to the nitrogen adatom
adsorption strength (ΔEN*). Furthermore, our work demon-
strates that the variation of ΔEN* on different metal centers
originates from the bonding/antibonding orbital population.
The coordination environments provided by different NC
supports regulate the linear scaling relations and thus indirectly
affect the activity. On the basis of these findings, we propose a
promising strategy for the rational design of eNRR electro-
catalysts by suitable matching of the support and metal center
followed by regulating the adsorption strength of the key
intermediates to reduce the limiting potential. In addition, the
stability and selectivity of the selected electrocatalysts are

verified in comparison to HER, which is a competing reaction
to eNRR.

■ COMPUTATIONAL DETAILS
Spin-polarized density functional theory (DFT) method was
employed for all calculations using the Vienna ab initio Simulation
Package (VASP). The projector-augmented-wave pseudopotential
was utilized to treat the core electrons, while the Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional of the generalized
gradient approximation (GGA) was used for describing the electron
interactions.34−37 A plane-wave cutoff energy was set to 400 eV for all
calculations. The vacuum space in the z-direction was set as 20 Å to
prevent the interaction between periodic images. The van der Waals
interactions were described using the empirical correction in
Grimme’s scheme.38 The reciprocal space was sampled using 5 × 5
× 1 k-points for fully relaxed geometry optimization until the maximal
residual force was <0.02 eV/Å. For electronic structure calculations,
an 11 × 11 × 1 k-points grid was used. The projected crystal orbital
Hamilton population (pCOHP) was employed to reveal the nature of
bonding between SACs and intermediates.39−42

The calculation of the free energy diagrams was performed by using
the concept of computational hydrogen electrode (CHE).43 In this
framework, the free energy of the electron−proton pair (H+ + e−) can
be referenced to the chemical potential of gaseous H2 at equilibrium
(0 V vs standard hydrogen electrode). The change of free energy can
be calculated as follows,

G E E T SZPEΔ = Δ + Δ − Δ

where ΔE is the electronic energy difference directly obtained by DFT
calculations. ΔEZPE is the change in the zero-point energy (ZPE), T is
the room temperature (T = 298.15 K), and ΔS is the entropy change.
ZPE and vibrational entropy of adsorbed species were obtained after
frequency calculations (Table S1), and entropies of gas molecules
(H2, N2, and NH3) were taken from standard values.44

First, we focus on TM-SACs supported on g-C3N4 (TM@g-C3N4,
Figure 1a), which proves to be a suitable molecular scaffold to

stabilize single metal atoms under electrochemical conditions.33,45

Figure 1b shows all the metal elements included in this work, whereas
blue-colored transition metals exhibit the eNRR activity experimen-
tally studied so far, in the form of either oxides, nitrides, or pure metal
nanoparticles. We screened 20 metal centers including all metals in
3d, 4d, and 5d blocks to comprehensively explore the effect of metal
centers on the eNRR intrinsic activity (as shown in Figure 1b).
Thereafter, we extended our study to other nitrogen-doped carbons
with three (TM@N3) or four pyridinic nitrogen atoms (TM@N4) as
coordinating sites for metals (Figure S1). This is designed for
revealing the effect of supports through the ligand effect on the eNRR
performance, which is less investigated as compared to the studies of

Figure 1. Atomic models and the distal reaction pathway of nitrogen
reduction. (a) Single transition metal atom catalyst anchored to g-
C3N4 matrix. (b) Metals considered for screening. Blue shades
indicate the corresponding elements for which the eNRR activities
were obtained experimentally. (c) Scheme of proton-coupled electron
transfer for nitrogen reduction via a distal pathway. Color code: metal
in red, carbon in green, nitrogen in blue, and hydrogen in yellow.
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different metals but probably plays a significant role in controlling the
activity as it is observed in the case of molecular catalysts.6,45,46 Due
to the high kinetic barrier for N2 dissociation, especially under
ambient environment, the distal pathway is the preferred mechanism;
therefore, we exclude the dissociative pathway and focus on the distal
route.47,48 All intermediates are listed in Tables S2−S7. The
computational details for NC stability and Faradaic efficiency are
given in the Supporting Information, Supplementary Notes 1 and 2.

■ RESULTS AND DISCUSSION

Evaluation of Limiting Potential. The limiting potential,
defined as the lowest negative potential at which the pathway
becomes exergonic, was used to evaluate the intrinsic activity
of electrocatalysts.33 In this work, the evaluation of the
potential performance is the foundation for obtaining a full
picture of the eNRR activity for SACs. Figure 2a summarizes
the limiting potential for all SACs supported on g-C3N4.
According to this figure, there is a repeated trend of the
limiting potentials for the elements in the same row of periodic
table: the lowest values are located in the middle of a group of
metals; i.e., Co for 3d metal (−0.61 V), Ru for 4d metal
(−0.33 V), and W for 5d metal (−0.65 V). For the elements at
both ends of a given row, the limiting potential is generally
higher, such as in the case of Cu, Ag, and Au; the poor activity
was reported for Au SAC.21 In addition, as compared to Ru
(0001) with a limiting potential of −1.05 V, these three
candidates (Co@g-C3N4, Ru@g-C3N4, and W@g-C3N4) show
significantly lower limiting potential, require less applied
potential to drive the reaction toward forming ammonia at
an appropriate rate, and therefore have better intrinsic activity.
To further reveal the reaction mechanism, we plotted the

free energy diagrams for eNRR on Co@g-C3N4, Ru@g-C3N4,
and W@g-C3N4 and benchmarked them to the well-
investigated Ru (0001) surface. Inparts b−d of Figure 2, the
proton/electron pairs transferred to the electrode surface led to
the consecutive protonation of nitrogen species (with resulting

reaction intermediates *NNH, *NNH2, *N, *NH, and *NH2)
and release of ammonia at the third and last step. It is worth
noting that, for previously studied late transition metal
electrocatalysts (both flat and step surface), the first
protonation step is normally the most thermodynamically
uphill step.11 For example, for the Ru (0001) flat surface, the
limiting potential could be attributed to N2 + (H+ + e−) →
*NNH step with a positive free energy change of ∼1 eV.11 In
our case, although the first protonation step is still endergonic
(as shown in Figure 2b and c), the free energy change is
significantly reduced due to the stabilization of NNH* by Ru@
g-C3N4, Co@g-C3N4, and W@g-C3N4. Take Ru@g-C3N4 as an
example: all free energy changes after the first step are lower
than that for the first proton-coupled electron transfer
(PCET); therefore, PDS reflects the protonation of N2 to
*NNH. The same PDS is observed for other previously
reported SACs, e.g., FeN3-embedded graphene and single Mo
supported on defective boron nitride (BN).18,49 However, the
limiting potentials for these previously reported SACs are
much more negative (e.g., Mo@BN shows a limiting potential
of −0.75 V); in comparison, Ru@g-C3N4 shows more positive
limiting potential of −0.33 V, demonstrating its outstanding
eNRR activity.18 This observation also agrees with previous
reports of Ru single-atom catalysts with ultralow limiting
potentials.19,23

As for Co@g-C3N4 (Figure 2b) and W@ g-C3N4 (Figure
2d), due to the lower free energy level of *NNH, the first
protonation step is not the potential-determining step (PDS).
Instead, the third protonation step with the release of the first
ammonia molecule (*NNH2 + H+ + e− → NH3(g) + *N) and
the sixth protonation step with the release of the second
ammonia molecule (*NH2 + H+ + e− → NH3(g)) become PDS
for Co@g-C3N4 and W@g-C3N4, correspondingly. As shown
in Figure 2a, along with the change of the limiting potential for
different elements, the PDS also varies. For similar electro-

Figure 2. (a) Summary of limiting potentials for eNRR via a distal pathway for transition metal single-atom catalysts on g-C3N4. Free energy
diagrams of (b) Co@g-C3N4, (c) Ru@g-C3N4, and (d) W@g-C3N4, respectively. The reference potential is set to 0 V vs SHE.
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catalytic reduction reactions, there have been considerations
that, if PDS does not vary for a group of materials, the
performance of an electrocatalyst can be optimized by
(de)stabilizing one specific intermediate.50 This is, however,
not the case for g-C3N4 supported SACs for eNRR due to the
existence of multiple PDSs, which bring more complexity for
the rational design of eNRR electrocatalysts. This discussion
also indicates that the evaluation of the limiting potentials
alone is not enough for the rational design of catalysts, and the
underlying reasons for multiple PDSs are yet to be uncovered.
Therefore, it is highly desirable to build up a full picture, in
which both the interpretation (to reveal the origins of multiple
PDSs) and applications (to direct the design of electro-
catalysts) of the results are needed.
Establishment of the Activity Trends. The first step to

build up a full picture of the SAC activity for eNRR is to sort
the predicted performances of various SACs into meaningful
trends as a function of some parameter(s). As mentioned in
Computational Details, to evaluate the limiting potential, the
free energy diagrams were constructed based on the energetics
of all reaction intermediates. In this scenario where multiple
reaction intermediates exist, the determination of the limiting
potential requires the consideration of each reaction stepa
multiple-parameter problem. Reducing the number of
parameters from multiple parameters to only one (or two)
parameter(s) could simplify the problem and facilitate the
rational design of catalysts. Therefore, it is worth investigating
if the adsorption strengths of reaction intermediates are
correlated or not. We noticed that, for pure transition metal
flat surface, the energies of various intermediates (NHx and
N2Hx admolecules) exhibit a scaling relation.51 This provides
an opportunity for identifying PDS and estimating the limiting
potential for SACs if similar relations could be established for
them. To establish the scaling relations, the calculations of the
adsorption energies were carried out for *NNH, *NNH2, *N,
*NH, and *NH2 on all single-atom catalysts studied. As seen
in Figure S2, the adsorption energies of *NNH, *NNH2, *NH,
and *NH2 scale linearly with the adsorption energy of *N
(ΔEN*) on a wide range (from ∼−2 to ∼4 eV), which is
analogous to what has been found for pure transition metal flat
and step surfaces.11 In addition, this scaling relation can be
divided into two groups: early (marked in blue) and late
(marked in red) transition metal SACs. On the basis of these

scaling relations, we can now establish the relationship
between the limiting potential with that of ΔEN* by plotting
the free energy change of each reaction step.
Estimation of the free energy change for each elementary

step is displayed by six colored solid lines in Figure 3: (a) for
early transition metals and (b) for late transition metals based
on the observation of different linear relationships for these
two groups of metals. The interpretation of these lines is that,
at a given value of ΔEN*, the lowest line dictates the limiting
potential and the elementary step represented by this line is the
potential-determining step. To validate this method for
predicting the limiting potential, we presented the scatter
plots of the limiting potential values for each SAC calculated
directly from the free energy diagram. As can be seen in Figure
3, the scatter plots agree well with the estimation indicated by
the lines, and this validates the PDS prediction ability based on
the scaling relations. Our analysis shows that the method
involving reduction of the number of parameters (i.e.,
adsorption energies in this case) is applicable for TM@g-
C3N4 materials, and the determination of the inherent eNRR
activity based on ΔEN* represents a facile way for estimating
the limiting potential.
Figure 3 also explains the impact of different metal centers

on the limiting potential. As the metal changes, ΔEN* varies
and the adsorption strength of all intermediates (because of
the scaling relations) changes too. For example, in Figure 3, at
relatively negative range of ΔEN*, the red line (corresponding
to the last reaction step *NH2 + H+ + e− → NH3(g)) is the
lowest one, which indicates that the last step is PDS. In this
range, SACs bind the intermediates so strongly that desorption
of *NH2 to form ammonia is difficult to achieve. Meanwhile,
for the right branch in Figure 3a and b, adsorption of reaction
intermediates is weak; therefore, the N2(g) + (H+ + e−) →
*NNH step is difficult to proceed due to the weak adsorption
in this ΔEN* range (represented by the blue line in Figure 3).
Meanwhile, for some SACs such as Co@ g-C3N4, the third
step to release the first ammonia (*NNH2 + H+ + e− → NH3(g)

+ *N) is PDS, as indicated by the light blue line in Figure 3b.
In this case, ΔEN* is positive but with a small value, and the
limiting potential of this step is more negative than that of the
first protonation step. The above analysis of the activity trends
sheds light on the role of different metal centers in determining

Figure 3. Limiting potential defined as the negative of the free energy change of each proton-coupled electron transfer (PCET) step, which behaves
as a function of the adsorption energy of *N (ΔEN*) at 0 V vs SHE. Each colored line represents one PCET step derived from the scaling relations
established in the previous section. The gray dashed line indicates theoretical equilibrium potential. The lowest line dictates the potential-
determining step as well as the limiting potential. The scatters are directly calculated from the results of the free energy diagrams as validations. (a)
For the early transition metal and (b) for late transition metal.
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ΔEN*, which has not been explored yet, although the screening
of SACs with low limiting potentials has been done.18,32

Origins of the ΔEN* Variation. Previous sections
demonstrate that ΔEN* determines the limiting potential and
the role of metal centers. However, the underlying origin and
ΔEN* trends on SACs with different metal centers remain to be
explained. To reveal the underlying mechanism and further
reveal the role of different metal centers, we conducted analysis
of various electronic structures of these SACs. As shown in
Figure S3, the d-band center and the highest peak of the
projected density of states (PDOS) below the Fermi level of
the metal center show poor linear correlation with ΔEN*.

52,53

The PDOS values of *N configurations of the fourth period
SACs in Figure S4 show that there are discrete states for metal

both d and sp bands, which are different from the continuous
form of those for pure metals.54 Therefore, the filling of sp
states is not a constant number when the metal center varies,
and that is why indexes based on the d-band theory could not
reproduce the adsorption energy trend.51,54

To explain this trend, we introduced projected crystal orbital
Hamilton population (pCOHP) to analyze the interaction
between the metal center and the nitrogen adatom. We follow
the usual way of displaying COHPs, namely, drawing negative
(i.e., bonding) contributions to the right and positive (i.e.,
antibonding) contributions to the left. It is clear that, for Nb
and Mo (Figure 4a and b), all valence states (below the Fermi
level, EF) appear as bonding, while antibonding orbital
populations are detected only in the conduction bands

Figure 4. From (a) to (g): projected crystal orbital Hamilton population (pCOHP) between the metal center from Nb to Ag and the nitrogen
adatom. (h) Illustration of the correlation between integrated COHP (ICOHP) and the adsorption energy of nitrogen adatom (ΔEN*). Red stands
for bonding contributions, while blue stands for antibonding contributions.

Figure 5. Color-filled contour plots of the limiting potential as a function of the Gibbs free energy of *NNH (ΔGNNH*) and *NH2 (ΔGNH2*). (a)
Comprehensive comparisons of the limiting potential of SACs consisting of different metal centers and supports, and the pure metal (111) surface
is included as a reference. (b) Decomposition energies of N-doped substrate (g-C3N4 and nitrogen-doped carbon with four or three nitrogen atoms
as the coordinating sites). Data for transition metal (111) surface in (a) are reproduced from ref 11. All potential values in (b) are referenced to the
standard hydrogen electrode (SHE).
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(above EF). This explains the strong adsorption of *N on Nb@
g-C3N4 and Mo@g-C3N4. Meanwhile, for elements from Tc to
Ag, as shown in Figure 4c−g, the filling of antibonding orbital
population increases, which is in accordance with the decrease
of binding strength as indicated by more positive ΔEN*. In
addition, we calculated the integrated COHP (ICOHP) by
calculating the energy integral up to the highest occupied
bands (below EF), which directly gives more quantitative
information. As shown in Figure 4h, there is a linear
correlation between ICOHP and ΔEN*. This linear correlation
gives a quantitative explanation for the role of different metal
centers in determining the bonding/antibonding orbital
populations, which is the origin of the observed trends for
the adsorption energies of intermediates.
Guidelines for the Design of SACs as eNRR Electro-

catalysts. Before presenting the guidelines for the design of
SACs for eNRR, we need to discuss the effect of the different
supports through the ligand effect, which is the other aspect
that probably impacts the catalyst activity. Therefore, we
extend our previous discoveries for TM@g-C3N4 to the SACs
supported on NC (TM@N4 and TM@N3, as shown in Figure
S1), which are widely used for the synthesis of SACs but
provide different coordination environments for metal centers.
As identified in previous sections, the PDS values are related to
at least two key intermediates (*NNH and *NH2), which have
a crucial effect on the eNRR activity. In the cases of TM@N4
and TM@N3, as shown in Figure S5, ΔEN* also scales linearly
with ΔENNH* and ΔENH2*, which indicates similar situations
for binding intermediates on TM@g-C3N4, TM@N4, and
TM@N3. On the basis of these results, to give a
comprehensive understanding of the effects of both metal
centers and supports (ligands) on the eNRR activity, we then
constructed the color contour plots of the limiting potential as
a function of the Gibbs free energy for *NNH (ΔGNNH*) and
*NH2 (ΔGNH2*) in Figure 5a. As shown in Figure 5a, there is
an activity maximum marked by the red region surrounded by
black lines, which could be achieved if one can independently
tune ΔGNNH* and ΔGNH2*. Although no SAC candidate is
located in this ideal region, it gives some guidelines for
improving the activity.
Interpretation of Figure 5a leads to the following three

observations. First, the inherent limitation for each family of
SACs is demonstrated by the straight line, which is the linear
scaling relations between ΔGNNH* and ΔGNH2* for all TM-
SACs. This is reasonable because both ΔENNH* and ΔENH2*
scale linearly with ΔEN* and all other parameters to calculate
the free energy are constant. More importantly, it also suggests
that the supports (ligands) regulate the scaling relations for
adsorption of intermediates and thus indirectly determine the
eNRR activity. Hence, we proved that for SACs the
coordination environment, as in the case of molecular catalysts,

is vital for the activity. Second, the results shown in Figure 5a
also give a direct comparison of different families of SACs and
pure metal (111) surface (as a reference). Clearly, not all SACs
show better activity than the bulk metal surface (111) because
the lines representing the estimated limiting potential in Figure
5a intersect.11 In the activity peak region (red and orange), g-
C3N4 supported SACs are better than those on other NC
supports and pure metals because they approach closer to the
optimal region. This could also be regarded as deviation from
the nonideal scaling relations of pure transition metals and thus
provide new opportunities for searching eNRR electrocatalysts.
Third, this plot also clearly shows and compares the limiting
potentials for all studied SACs. Ru@g-C3N4 is predicted to be
the most promising candidate, which is closest to the ideal
region. Moreover, this plot also gives some suggestions for a
two-step design strategy. The first step, as indicated above, is to
find the most promising family of TM-SACs, and the second
step is to further improve the activity of the best candidate in
this family. For example, we would suggest the TM@g-C3N4
family here, and Ru@g-C3N4 (−0.33 V) is the best in this
family. However there is still some room for improvement of
the limiting potential. To “move in” the optimal activity region,
*NNH could potentially be stabilized with a reduced ΔGNNH*
while keeping ΔGNH2* unchanged. By combining these two
steps, this work sheds light on the routines for improving the
activity of SACs supported on NC based on the in-depth
mechanisms of eNRR on these catalysts.
Furthermore, besides the activity (limiting potential)

considerations, for the practical implementations of SACs
supported on NC as eNRR electrocatalysts, the stability of
nitrogen-doped substrates and their selectivity in comparison
to HER need to be investigated to reflect the real catalytic
performance.3,6,29,55,56 Thus, we conducted some calculations
based on thermodynamics to address these two issues. The
data showing the stability of the N-doped substrates studied
are presented in Figure 5b (detailed computational methods
are given in Supporting Information, Supplementary Note 1).
N-doped carbon with four coordinating nitrogen atoms (N4) is
the most stable with a decomposition potential of −1.03 V vs
SHE, while the decomposition potential for g-C3N4 is −0.81 V
vs SHE, and that for N3 is −0.71 V vs SHE. These results are in
accordance with previous studies devoted to HER on the SACs
supported on the NC substrate that under moderate reduction
potential (∼−0.3 V vs RHE) it is stable.58−60 Accordingly, to
ensure the durability of the support and avoid risks of
contamination due to the decomposition of N-doped substrate,
the desired eNRR electrocatalysts should have more positive
eNRR limiting potential than that for the substrate
decomposition. For TM@g-C3N4, if the substrate stability is
taken into consideration, only eight (V, Co, Nb, Mo, Tc, Ru,
Rh, and W) of 20 can be considered as stable because they

Table 1. Calculated HER Limiting Potentials for TM@g-C3N4 and g-C3N4 Substrates (V vs SHE) and Faradaic Efficiency (FE)
Values for eNRR in Comparison to HERa

g-C3N4 V Cr Mn Fe Co Ni Cu Nb Mo Tc

HER −0.5457 −0.19 −0.55 −0.29 −0.33 −0.22 −0.47 −0.29 −0.27 −0.35 −0.31
FE 0 0 0 0 0 0 0 0 0 1%

Ru Rh Pd Ag Ta W Re Ir Pt Au

HER −0.42 −0.47 −0.37 −0.78 −0.54 −0.69 −0.76 −0.20 −0.64 −1.06
FE 97% 73% 0 0 1% 0 0 0 0 0

aHER limiting potential for g-C3N4 is taken from ref 57. For Cr, Ag, W, Re, Pt, and Au, the substrate g-C3N4 is more active than the metal center
so, in these cases the HER limiting potential of g-C3N4 was used for calculating FE values.
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have less negative eNRR limiting potentials than that for the
substrate decomposition.
The eNRR selectivity in comparison to that of for HER (as

possible competing reaction) was also calculated for TM@g-
C3N4(shown in Table 1). The computational details are given
in Supporting Information, Supplementary Note 2. The results
indicate that only Ru@g-C3N4 and Rh@g-C3N4 could be
efficient eNRR electrocatalysts with acceptable Faradaic
efficiencies, which is much better than those for pure transition
metal surfaces.11 Although Co@g-C3N4 and W@g-C3N4 show
promising activity for eNRR, the more facile HER surpasses
eNRR, and thus, the selectivity of eNRR is expected to be very
low. Therefore, by combining the stability and selectivity
analysis, it is seen that only Ru@g-C3N4 and Rh@g-C3N4 have
the potential for eNRR and could be further examined
experimentally. At this point, the theoretical evaluations of the
activity, stability, and selectivity of SACs supported on NC
provide a reasonable procedure for the design of active and
efficient eNRR electrocatalysts for experimental examinations.

■ CONCLUSIONS
In summary, taking TM-SACs supported on nitrogen-doped
carbon materials as model systems, we revealed the
mechanistic aspects of chemistry in the eNRR process and
obtained a full picture (activity trends, electronic origins, and
design strategies) of the potential of TM-SACs as eNRR
electrocatalysts. We conducted extensive DFT computations to
evaluate the limiting potentials of these TM-SACs and revealed
the reaction mechanisms by electronic structure analysis. Our
study concludes that the intrinsic activity of these TM-SACs is
a function of the nitrogen adatom adsorption energy (ΔEN*).
Furthermore, the variation of ΔEN* is attributed to the
influence of metal centers on the bonding/antibonding orbital
populations. Similarly to the case of molecular catalysts, the
supports could also affect the eNRR performance by
introducing different ligand effects. These findings led to a
two-step strategy for the design of eNRR catalysts by selecting
the most promising family of TM-SACs (e.g., TM@g-C3N4 in
this work) and further improvement of the best candidate in
this family by selective tuning of adsorption energies of the key
intermediates. Comparison of the stability of NC support with
the eNRR limiting potential and examination of the selectivity
need to be adopted to further screen the candidates for eNRR.
Our work establishes a bridge from the origins of electronic
structures and activity trends to the rational design of active
and efficient TM-SACs for eNRR. These three aspects form a
full picture of the potential of TM-SACs as eNRR electro-
catalysts. This systematic work could aid the discovery of more
efficient and effective TM-SACs for eNRR and could also be
extended to other multielectron electrocatalytic reactions.
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Supplemental Note 1 

Based on DFT calculations, we evaluated the possibility of substrate decomposition. The decomposition 

of N-doped substrate to release NH3 can be expressed as: 

CxNy + 3(H+ + e-) → CxNy-1 + NH3(g) 

where CxNy stands for N-doped substrate (g-C3N4, N3 and N4), and CxNy-1 stands for the corresponding 

remaining structure after losing one nitrogen atom.  

Therefore the overall free energy change for the decomposition reaction can be expressed as: 

∆Ed = ENH3 + ECxNy-1 - (3EH+ + e- + ECxNy) 

∆Gd = ∆Ed + ∆EZPE - T∆S 

where ENH3, ECxNy-1, EH+ + e-, ECxNy is the energy of ammonia molecule, corresponding remaining struc-

ture after decomposition, proton/electron pair, and N-doped substrate, respectively. ∆EZPE is the change 

in the zero-point energy (ZPE), T is the room temperature (T = 298.15K), and ∆S is the entropy change. 

We also adopted the concept of computational hydrogen electrode to calculate the energy of pro-

ton/electron pair. Therefore, the required potential (Ud vs SHE) to make the decomposition happen and 

release NH3 can be expressed as: 

Ud = -∆Gd/3e  
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Supplemental Note 2 

HER is regarded as the major competing reaction to eNRR; if we assume: (1) the mass and electron 

transfer are not the rate determining factors for both HER and eNRR, (2) only HER and eNRR are com-

peting reactions, and (3) the selectivity of eNRR in comparison to HER could be estimated by Boltz-

mann distribution, the Faradaic efficiency of eNRR can be expressed as: 

𝑓𝑒𝑁𝑅𝑅 =
1

1 + 𝑒
−
𝛿𝐺
𝑘𝐵𝑇

× 100% 

where δG is Gibbs free energy difference between HER and eNRR potential determining step, 𝑘𝐵 is the 

Boltzmann constant, and T is the room temperature.1 
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Supplemental Figures 

 

 

Figure S1. Atomic models of a single transition metal atom catalyst anchored on nitrogen-doped car-

bons. (a) Three nitrogen atoms as coordinating sites (TM@N3) and (b) four nitrogen atoms as coordinat-

ing sites (TM@N4). 

a b
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Figure S2. The correlation between the adsorption energy of (a) *NNH, (b) *NNH2, (c) *NH, and (d) 

*NH2 and the adsorption energy of N on various single transition metal atom catalysts supported on g-

C3N4. 
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Figure S3. The correlation between the adsorption energy of nitrogen adatom with (a) the d-band cen-

ter; (b) the position of the highest peak below the Fermi level. 

 

 

 

 

Figure S4. Projected density of states of metal center and nitrogen adatom. Schematic illustrations of 

(a) 4d orbitals and (b) sp orbitals of transition metal center and sp orbital of nitrogen adatom.  
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Figure S5. The correlation between the adsorption energy of *NNH and *NH2 with the adsorption ener-

gy of N on various single transition metal atom catalysts supported on (a) N4 and (b) N3. 
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Supplemental Tables 

Table S1. Calculated zero point energies (ZPE) and entropy of different adsorption species and gas mol-

ecules. T=298.15 K. 

Adsorbed species/Gas Molecule *NNH *NNH2 *N *NH *NH2 H2 N2 NH3 

ZPE 1.16 1.34 1.41 1.48 1.71 0.27 0.15 0.91 

TS 1.18 0.98 1.27 1.09 0.92 0.41 0.59 0.60 

Table S2. Structures of TM@g-C3N4 and the reaction intermediates for N2 reduction via distal pathway 

on TM@g-C3N4. Part.1 from V to Tc. 

 SACs *NNH *NNH2 *N *NH *NH2 

V@g-C3N4 

      

Cr@g-C3N4 

      

Mn@g-C3N4 

 
     

Fe@g-C3N4 

      

Co@g-C3N4 

      

Ni@g-C3N4 

 
     

Cu@g-C3N4 

 
     

Nb@g-C3N4 

 
     

Mo@g-C3N4 

      

Tc@g-C3N4 
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Table S3. Structures of TM@g-C3N4 and the reaction intermediates for N2 reduction via distal pathway 

on TM@g-C3N4. Part.2 from Ru to Au. 

 SACs *NNH *NNH2 *N *NH *NH2 

Ru@g-C3N4 

 
     

Rh@g-C3N4 

 
     

Pd@g-C3N4 

 
     

Ag@g-C3N4 

 
     

Ta@g-C3N4 

 
     

W@g-C3N4 

 
     

Re@g-C3N4 

 
     

Ir@g-C3N4 

 
     

Pt@g-C3N4 

 
     

Au@g-C3N4 
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Table S4. Structures of TM@N4 and the reaction intermediates for N2 reduction via distal pathway on 

TM@N4. Part.1 from V to Tc. 

 SACs *N *NNH *NH2 

V@N4 

 
 

  

Cr@N4 

 
 

  

Mn@N4 

 
 

  

Fe@N4 

 
 

  

Co@N4 

 
 

  

Ni@N4 

 
 

  

Cu@N4 

 
 

  

Nb@N4 

 
 

  

Mo@N4 

 
 

  

Tc@N4 
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Table S5. Structures of TM@N4 and the reaction intermediates for N2 reduction via distal pathway on 

TM@N4. Part.2 from Ru to Au. 

 SACs *N *NNH *NH2 

Ru@N4 

 
 

  

Rh@N4 

 
 

  

Pd@N4 

 
 

  

Ag@N4 

 
 

  

Ta@N4 

 
 

  

W@N4 

 
 

  

Re@N4 

 
 

  

Ir@N4 

 
 

  

Pt@N4 

 
 

  

Au@N4 
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Table S6. Structures of TM@N3 and the reaction intermediates for N2 reduction via distal pathway on 

TM@N3. Part.1 from V to Tc. 

 SACs *N *NNH *NH2 

V@N3 
    

Cr@N3 
    

Mn@N3 
  

  

Fe@N3 
    

Co@N3 
    

Ni@N3 
  

  

Cu@N3 
    

Nb@N3 
    

Mo@N3 
    

Tc@N3 
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Table S7. Structures of TM@N3 and the reaction intermediates for N2 reduction via distal pathway on 

TM@N3. Part.2 from Ru to Au. 

SACs *N *NNH *NH2

Ru@N3 

Rh@N3 

Pd@N3 

Ag@N3 

Ta@N3 

W@N3 

Re@N3 

Ir@N3 

Pt@N3 

Au@ N3 

Reference 

1. Zhao, W.; Zhang, L.; Luo, Q.; Hu, Z.; Zhang, W.; Smith, S.; Yang, J., ACS Catal. 2019, 3419-3425.
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Chapter 5: Isolated Boron Sites for Electroreduction of 

Dinitrogen to Ammonia 

5.1 Introduction and Significance 

The lack of efficient electrocatalysts with high activity and selectivity is regarded as the 

bottleneck for electrochemical nitrogen reduction reaction (eNRR). Several 

experimental or computational works propose that boron-based materials are promising 

candidates due to the unique electronic structure of boron as the active sites for 

reduction of N2. However, limited work has been done to synthesize and test these 

materials for eNRR, which impedes the popularization of boron-based electrocatalysts. 

In this chapter, aiming to provide useful guidelines for experimental explorations, we 

systematically explored eNRR performance of over ten (10) model binary borides and 

revealed the underlying mechanisms by density functional theory (DFT) calculations. 

The highlights of this chapter include: 

• We demonstrate that the crystal structure of borides has a significant influence on the

electronic structures of boron sites, as shown by electron localization function (ELF). 

• We reveal that the energy levels of the p-orbital of boron site and antibonding π*

orbital of N2 are well matched; the partial occupation of the formed p-π* orbitals can 

lead to the difference in the activation of dinitrogen molecule. 

• We show that the isolated boron sties of Mo2B with less pz orbital filling could

effectively activate N2 and convert it into NH3 with a limiting potential of -0.82 V vs 

reversible hydrogen electrode (RHE).  

• We extend this concept of isolated boron site to the searching of new borides for

eNRR: Fe2B and Co2B with moderate pz filling and adsorption strength of reaction 

intermediates have promising activities with a limiting potential of -0.75 V and -0.84 V 

vs RHE. 
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5.2 Isolated Boron Sites for Electroreduction of Dinitrogen to Ammonia 

This Chapter is included as it appears as a journal paper published by Xin Liu, Yan 

Jiao*, Yao Zheng, Shi-Zhang Qiao*. Isolated Boron Sites for Electroreduction of 

Dinitrogen to Ammonia. ACS Catalysis. 2020, 10, 1847-1854. 
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Xin Liu, Yan Jiao,* Yao Zheng, and Shi-Zhang Qiao*
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ABSTRACT: Exploring electrocatalysts with high activity is essential for the production of
ammonia via an electrochemical routine. By employing density functional theory calculations, we
investigated the electrochemical nitrogen reduction reaction (eNRR) activity on binary metal
borides, a model system of metal borides. To elaborate the mechanisms, molybdenum borides
(Mo2B, α-MoB, and MoB2) were first modeled; the results indicate that the crystal structures
greatly impact the N2 adsorption and therefore the electrocatalytic activity. Our electronic
structure investigation suggests that boron p-orbital hybrids with dinitrogen π*-orbital, and the
population on p−π*-orbital determine the N2 adsorption strength. Therefore, the isolated boron
site of Mo2B with less filled pz-orbital benefits the activation of N2 and weaken the triple bond of
dinitrogen. This isolated boron sites concept was successfully extended to other metal borides in
the form of M2B (M stands for Ti, Cr, Mn, Fe, Co, Ni, Ta, W). Mo2B, Fe2B, and Co2B were
discovered as the most promising candidates with low limiting potentials due to appropriate
adsorption strength of reaction intermediates led by moderate pz filling. This work provides
insights for designing metal borides as promising eNRR electrocatalysts.

KEYWORDS: electrochemical nitrogen reduction, metal borides, density functional theory, electrocatalysis, nitrogen activation

■ INTRODUCTION

As a fertilizer feedstock and carbon-free energy carrier,
ammonia is essential to the global agriculture as well as future
energy supply.1,2 As a main approach to catalytically synthesiz-
ing ammonia, the Haber−Bosch process has drawbacks such as
high energy consumption, heavy CO2 emissions, and limiting
scale of economies in production. Search for an alternative
technology that is environmentally friendly and carbon neutral
attracts growing interests. Electrochemical nitrogen reduction
reaction (eNRR), analogous to the biological nitrogen fixation,
captures protons from the electrolyte and electrons from the
electrode to reduce dinitrogen (N2) to ammonia under
ambient conditions.3,4 Additionally, when eNRR is powered
up by sustainable energy resources (e.g., solar or wind energy),
CO2 emission can be avoided, also enabling distributed
ammonia production in remote area due to its small footprint.
The key for such ammonia production is an electrocatalyst that
could activate and reduce N2 to NH3 under ambient
conditions. However, most reported electrocatalysts for
eNRR exhibit poor activity and selectivity because of high
overpotential as well as the competing hydrogen evolution
reaction (HER).5 Therefore, exploring highly active electro-
catalyst materials for electrochemical nitrogen reduction
remains a significant challenge.
Over the past few years, transition metals (TM) are regarded

as the active centers for nitrogen reduction reaction in thermal,
biological, or molecular catalytic process.2,6,7 Performance of
TM-based catalysts were proposed to be optimizable according
to Sabatier principle, which states that optimal catalyst shows a
“just right” binding strength of a key reaction intermediate.8

However, a theoretical study by Skulason et al. suggested that
for pure transition metal flat (111) or step (211) surfaces, even
metals near the top of the activity volcano exhibit large
theoretical overpotentials and suffer from the competing
hydrogen evolution reaction. In this sense, searching for
catalyst materials with alternative key elements should be
explored. Very recently, a nonmetal boron site (borylenes) in
molecular catalyst has been proved to be active for nitrogen
reduction.9,10 The empty sp2-orbital of borylenes could
accommodate the lone pair electrons of N2, and the occupied
p-orbital of borylenes can interact with the empty π*-orbital of
dinitrogen to activate dinitrogen.11 This opens a new avenue
for designing eNRR electrocatalysts utilizing boron as the
active center.12 Some other reports also suggested the potential
of boron as an active site for electrocatalytic nitrogen fixation
under ambient conditions including boron nanosheets,13−15

boron carbide nanosheets,16 boron-doped graphene,17 or
single boron site supported by two-dimensional materials.18−20

The embedded or protogenos boron atom serves as Lewis acid
site to provide enhanced binding capability to N2 and promote
the subsequent reduction steps.18,20 However, existing reports
are limited to metal-free catalysts; only a few of materials have
been synthesized and tested for eNRR, which impedes the
popularization of boron-based electrocatalysts.13,16,17 There-
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fore, exploring new boron-containing materials as well as
revealing the principle of rational design of the boron site as
the active site are of paramount importance to develop eNRR
electrocatalysts.
Metal borides, because of the composition diversity and

crystal structures, constitute a large number of compounds
(more than 1000 binary and ternary borides have been
prepared and characterized) with interesting properties and
applications.21 Since metal borides are generally very stable in
both acidic and alkaline medium, molybdenum borides have
been extensively studied for hydrogen evolution reaction
(HER).22−26 The results indicated that both crystal structure
and boron content could significantly affect the electrocatalytic
performance.24 These previous works show that metal borides
can be synthesized with different compositions, metal-to-boron
ratios, and crystal structures and inspire us to investigate the
potential of metal borides as eNRR electrocatalysts.22,27,28

In this work, we employed density functional theory (DFT)
calculations to systematically study the eNRR activity of binary
borides as a model system. Since molybdenum borides are the
most popular binary borides in electrocatalysis, we first focus
on Mo2B, α-MoB, and MoB2 to reveal the relationship
between the boron states and eNRR performances. The results
indicated that the crystal structure of borides has a significant
influence on N2 adsorption; isolated boron site of Mo2B could
effectively activate N2 and convert it into NH3 with a limiting
potential of −0.82 V vs reversible hydrogen electrode (RHE).
Further analysis showed that the energy level of the p-orbital of
boron site and antibonding π*-orbital of N2 are well matched,
and the formed p−π*-orbitals are partially occupied. Due to
the less filled pz-orbital of the isolated boron of Mo2B, the
triple bond of N2 was weakened and easily attacked by protons
according to electronic structure analysis. We then adopted the
concept of isolated boron site to screen more binary borides in
the same crystal structure with Mo2B, including Ti2B, Cr2B,
Mn2B, Fe2B, Co2B, Ni2B, Ta2B, and W2B. The results showed
that Fe2B and Co2B with moderate pz filling and adsorption
strength of reaction intermediates have promising activities
with a limiting potential of −0.75 and −0.84 V vs RHE.

■ MODELS AND METHODS

Three molybdenum borides (Mo2B, α-MoB, and α-MoB2)
were first explored. The calculated lattice constants for these
borides are listed in Supporting Information Table S1. The (2
× 2) supercell of Mo2B, (3 × 3) supercell of α-MoB, and (3 ×
3) supercell of α-MoB2 were constructed to model the boron-
terminated (001) surface. Lattice parameters of other metal
borides are listed in Table S2. For all the slab models, bulk
terminations are used because possible oxides, which are
common because of the exposure to ambient conditions, could
be removed during the activation process of electrochemical
measurement.29 To examine the stability of these surfaces, we
calculated the surface energies of these metal borides. The
surface energy, γs, is defined as follows

A
E N E

A
E E

1
2

( )
1

( )s s
unrelaxed

b s
relaxed

s
unrelaxedγ = − × + −

where A is the area of the surface slab of metal borides; Es
relaxed

and Es
unrelaxed are the energies of the relaxed and unrelaxed

surfaces, respectively; N is the number of metal−boron pair
(determined by the stoichiometric of corresponding materials)
in the slab; and Eb is the bulk energy per pair.

All the calculations were performed by spin-polarized
density functional theory (DFT) methods as implemented in
the Vienna ab initio simulation package; the projector-
augmented-wave pseudopotential was utilized to treat the
core electrons, while the Perdew−Burke−Ernzerhof ex-
change−correlation functional of the generalized gradient
approximation was used for describing the electron inter-
actions.30−33 A plane-wave cutoff energy of 400 eV was
adopted for all the calculations. The vacuum space in the z-
direction was set as 20 Å to prevent the interaction between
periodic images. The van der Waals interactions were
described using the empirical correction in Grimme’s
scheme.34 The reciprocal space was sampled using a 3 × 3 ×
1 k-points for geometry optimization until the maximal residual
force was less than 0.02 eV/Å. During the geometry
optimization, only the first two atomic layers were relaxed
for Mo2B and MoB2, while the first four atomic layer were
relaxed for α-MoB. To address the kinetic barriers, we also
employ the climbing image nudged elastic band method to
search the transition state and minimum energy pathways.35,36

For electronic structure calculations, an 11 × 11 × 1 k-points
grid was used. The projected crystal orbital Hamilton
population was employed to reveal the nature of bonding
between molybdenum borides and intermediates.37−40 The
electron localization function (ELF) was employed to reveal
the bonding nature of metal borides by characterizing covalent
bond, lone pair of electrons, and homogeneous electron gas.41

The calculation of the free energy diagrams was performed
using the concept of computational hydrogen electrode.42 In
this framework, the chemical potential of the electron−proton
pair (H+ + e−) can be referenced by the chemical potential of
gaseous H2 at equilibrium (0 V vs reversible hydrogen
electrode). The change of free energy can be calculated as
follows

G E E T S neUZPEΔ = Δ + Δ − Δ −

where ΔE is the electronic energy difference directly obtained
by DFT calculations. ΔEZPE is the correction from zero-point
energies (ZPE), T is the room temperature (T = 298.15K),
and ΔS is the entropy change. ZPE and vibrational entropy of
adsorbed species were obtained after frequency calculations,
and entropy of gas molecules (N2 and NH3) was taken from
standard values.43 U and n are the electrode potential applied
and the number of electrons transferred, respectively. Here, we
consider a Heyrovsky-type reaction mechanism, where
solvated protons from the solution can directly react with an
electron and reaction intermediates on the surface to construct
the free energy diagrams.

■ RESULTS AND DISCUSSION
Geometric and Electronic Structure. In the first section,

we briefly discuss the geometric and electronic structure of the
three selected boron-terminated (001) surfaces of Mo2B, α-
MoB, and MoB2, respectively. The surface energies, γs, of these
three surfaces are calculated and summarized in Table S3 of
the Supporting Information to examine the stability of these
surfaces. As shown in Table S3, γs is 3.242, 2.880, and 2.482 J/
m2 for Mo2B, α-MoB, and MoB2, respectively, and these values
indicate that the studied surface terminations are stable. These
results are also consistent with previous experimental and
theoretical work, where various metal borides are synthesized
and characterized.22,24,26 We then explored the “structure−
property” relationship; it is important to understand the
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differences between these surface structures, which may result
in difference of catalytic activity. The crystal structures and the
geometric details of tetragonal Mo2B and α-MoB and
hexagonal MoB2 are given in Figure 1a−c. As seen in the
right part of each panel, boron networks for these three
molybdenum borides are different. Isolated boron atoms are
embedded in Mo2B lattice, and the distance between the
nearest boron atoms is 3.93 Å, indicating that there is no
bonding between the surface boron atoms. For α-MoB, the
distance of surface boron atoms is shorter (3.13 Å), and each
boron atom was coordinated with Mo with a bond length of
2.25 Å. For MoB2, graphene-like boron layers were exposed,
and the B−B bond length in the honeycomb structure is 1.75
Å. The above results clearly demonstrate the geometric
differences among these three boron-terminated surfaces of
the corresponding molybdenum borides.

To further reveal the electronic structure of these three
materials, the electron localization function (ELF) was
employed to confirm the bonding nature of the investigated
molybdenum borides. For Mo2B and α-MoB, there is no
bonding between two boron atoms; the bonding between Mo
and B is of ionic nature: ELF is around 0.8 at the boron site
and only an insignificant ELF value is found at the Mo site (as
shown in Figure 1d,e). On the other hand, the large ELF value
of ca. 0.9 obtained between two adjacent B atoms for MoB2

(Figure 1f) indicates the existence of a strong B−B covalent
bond, similar to those between adjacent carbon atoms in
graphene. These protogenos differences among these three
materials may result in the variation of catalytic performance.

Activation of Dinitrogen on Boron Site. Adsorption of
N2 is the first step of electrochemical nitrogen reduction, and
the activation of dinitrogen is vital for subsequent hydro-

Figure 1. Geometric and electronic structures of the active center for molybdenum borides. The crystal structure of (a) Mo2B, (b) α-MoB, and (c)
MoB2. The electron localization function (ELF) of (d) Mo2B, (e) α-MoB, and (f) MoB2. Color codes: Mo in cyan, B in pink. These color codes
apply to all following figures.

Figure 2. Activation of dinitrogen. The charge density difference of end-on N2 adsorption on (a) Mo2B, (b) α-MoB, and (c) MoB2. Projected
electronic densities of states and schematic illustrations of boron orbitals of molybdenum borides, π*-orbitals of the N2 gas molecule, and their
interactions for (d) Mo2B, (e) α-MoB, and (f) MoB2. Color code: cyan stands for electron depletion and yellow stands for electron accumulation;
nitrogen in blue.
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genation process. Therefore, two adsorption patterns (end-on
and side-on) were considered for these three materials.
Although several initial configurations were constructed for
optimization, the side-on chemisorption patterns were still not
found for Mo2B. As shown in Figure S1a, physisorption
configurations were detected with an adsorption energy of
−0.14 eV. As for α-MoB and MoB2, although side-on
adsorption patterns were found, the adsorption is relatively
weak (Figure S1b,c). For the side-on adsorption patterns,
usually a dissociative pathway was involved in which the triple
bond of N2 was cleaved at the electrocatalyst surface; however,
in view of the weak adsorption, these three surfaces are
supposed to be not able to split N2 with a reasonable rate at
room temperature.5 Due to this observation, we only focus on
the associative pathway and the corresponding end-on N2
adsorption patterns. As shown in Figure 2a−c, for the end-on
pattern, Mo2B displays the strongest adsorption with most
negative adsorption energy of −0.06 eV, compared with 0.10
eV for α-MoB and 0.46 eV for MoB2. The corresponding N−N
bond length are 1.14, 1.14, and 1.13 Å for Mo2B, α-MoB, and
MoB2, respectively, which are longer than that of free nitrogen
molecule (1.12 Å). Figure 2a−c also displays the charge
density difference isosurface: there is an electron accumulation
on the adsorbed N2 molecule and electron depletion around
boron. Bader charge analysis validated the charge transfer
process, and the results showed that 0.52 e− (Mo2B), 0.50 e−

(α-MoB), and 0.35 e− (MoB2) are transferred from the boron
atom to the adsorbed nitrogen molecule. This is in line with
the adsorption energy trend: the more electrons are trans-
ferred, the stronger is the adsorption. To further reveal the
bonding nature of the adsorbed N2 involved in the end-on
pattern, we investigate the density of states (DOS) of these
three N2 adsorption configurations (as shown in Figure 2d−f).
The energy levels of N2 are referenced to the Fermi level of the
corresponding configurations. The energy levels of boron p-
orbitals and antibonding π*-orbital of N2 are well matched,
leading to the partial occupations of the hybridized p−π*-

orbitals. The occupations of this hybridized orbital increased
from Mo2B to MoB2 as indicated by the middle part in Figure
2d−f. Accordingly, the N−N bond was weakened and easily
attacked by protons. In consideration of previous analysis of
the charge-transfer process, the electrons are transferred from
boron to the empty π*-orbital of free N2, which led to the
activation of dinitrogen.
The previous sections elucidated that the boron p-orbitals of

molybdenum borides played an important role in the
activation of N2. Therefore, it is significant to discover the
key features of boron p-orbitals controlling the activation of N2
for facilitating the rational design of high-performance metal
borides for NRR. We calculated the electron filling of boron p-
bands of these three molybdenum borides; the results are
summarized in Figure 3a−c and Table S4. Based on these
results, px and py are more filled compared with pz-orbitals.
This is in accordance with the analysis of ELF in Figure S2:
more electrons around the boron atoms are localized in the x−
y-plane for bonding with the surrounding Mo atoms (or boron
for MoB2). The pz-orbitals in these compounds are less filled
and could accommodate the lone pair of electrons of
dinitrogen via an end-on adsorption pattern.
To further verify this inference, the crystal orbital Hamilton

population (COHP) of N−N was calculated to reveal the
bonding strength as a measurement of N2 activation degree. As
shown in Figure 3d−f, the bonding populations (red) are
below the Fermi level (εF) and filled, while the antibonding
populations (blue) are partially filled because the energy levels
are across the Fermi level. We integrated the crystal orbital
Hamilton population (ICOHP) up to εF, and ICOHP could be
regarded as a quantitative indicator of N2 activation: the more
negative the ICOHP, the less activated is the N2 molecule (the
more stable the N2 molecule). Figure 3g shows that when pz is
less filled (Mo2B), the adsorption is stronger and N−N
bonding is weaker. The weakened N−N bond is indicated by a
less negative ICOHP with a less antibonding orbital filling. In
the contrast, when pz is more filled (MoB2), the boron site

Figure 3. Density of states (DOS) of pz-orbital for (a) Mo2B, (b) α-MoB, and (c) MoB2. Crystal orbital Hamilton population (COHP) between
N−N on (d) Mo2B, (e) α-MoB, and (f) MoB2. (g) Correlation between pz-orbital filling with integrated crystal orbital Hamilton population
(ICOHP) and the adsorption energy of N2. The dashed lines indicate the Fermi level.
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cannot effectively capture and activate dinitrogen molecule.
Therefore, Mo2B is the most promising among these three
candidates. More importantly, we discovered that the filling of
pz-orbital is a good indicator to represent N2 activation.
Electrocatalytic Reduction of Dinitrogen. As shown in

the previous session, N2 was first activated by the isolated
boron site of Mo2B. The subsequent reduction steps of
adsorbed N2 to NH3 were calculated to evaluate the
thermodynamics of this process. For α-MoB and MoB2, the
first protonation step following the activation is achieved with
difficulty; free energy change is 2.36 and 2.93 eV, respectively,
as shown in Figure S3. Therefore, we only focus on Mo2B;
both the distal pathway (protonation occurs at one end of N2)
and alternating pathway (protonation occurs at both ends of
N2) were considered by constructing their corresponding free
energy pathways. The pathways and intermediates config-
urations on each pathway are summarized in Figure 4. For the
distal pathway, *NNH is formed with a free energy change of
0.82 eV with the N−N bond length elongated to 1.26 Å. The
following two steps to release the first NH3 molecule is 0.17
and 0.34 eV uphill, respectively. Protonation of *N to *NH2 is
spontaneous with a free energy change of −1.20 and −1.03 eV.
The last step of NH3 desorption is slightly uphill (0.22 eV).
Compared with the distal pathway, the second protonation
step via the alternating pathway (*NNH → *NH−NH) is
more difficult, with a maximum uphill free energy change of 0.5
eV. The N−N bond lengths of *NNH2 and *NH−NH2
intermediates in Figure 4c are 1.28 and 1.40 Å, respectively.
This is in accordance with the results that the first NH3 release
via alternating pathway is thermodynamically favored with a
free energy change of −0.41 eV due to the weakened N−N
bond. Overall, we found that the potential determining step for
both distal and alternating pathways is the first protonation to
form *NNH, so the theoretical limiting potential is −0.82 V vs
RHE. We then calculate the activation barrier of this step to
evaluate the kinetic factors. To calculate the proton-transfer
barrier, we adopted a water-assisted hydrogen shuttling model,

which has been used to determine the barriers of electro-
chemical CO2 reduction.

44−46 As shown in Figure S4, based on
this model, the activation barrier of the first protonation step
was 0.69 eV, which is lower than 0.75 eV, corresponding to a
turnover frequency of 1 s−1 from the transition state theory.
This result also indicates that Mo2B is facile for electro-
chemical nitrogen reduction.
We further tracked the Bader charge of isolated boron site,

the adsorbed NxHy and the bulk of catalysts along the reaction
distal and alternating pathway. The results are summarized in
Figure S5. Taking the second protonation step as an example,
N−NH2* gains more electrons (0.67 e−) than NH−NH*
(0.39 e−) and thus displays a less positive free energy change.
The results also indicate that NxHy always obtains electrons in
the adsorption and reduction process, while the support always
loses electrons. The bulk of Mo2B plays a role as an electron
reservoir, and the isolated boron site transfers electrons
between Mo2B surface and adsorbed NxHy, which is similar
to the scenario for single-atom catalysts.47

Generality of the Nitrogen Activation Mechanism. To
extend this concept of isolated boron atom as the active center,
we explored other eight potential M2B materials (M stands for
Ti, Cr, Mn, Fe, Co, Ni, Ta, and W) with the same space group
(I4/mcm). All the crystal parameters of these metal borides are
listed in Table S4. According to previous reports,47−49 the first
(N2 + H+ + e− → NNH*) and last protonation (*NH2 + H+ +
e− → NH3(g)) steps are vital for the overall performance and
normally are the potential-determining steps. After geometry
optimization, we examined the adsorption configurations of
*NNH and *NH2 on these M2B boron-terminated (001)
surface and excluded Ti2B and Ta2B. The main reason is that
these two materials possess dissociative adsorption patterns on
Ti or Ta atoms instead of boron (as shown in Figure S6); these
adsorption patterns are induced by the strong adsorption
ability of early transition metals like Ti and Ta.5 The
relationship between the adsorption energy of *NH2 and the
filling of the pz-orbital is displayed in Figure 5a, the results are

Figure 4. Free energy diagrams of electrochemical nitrogen reduction on Mo2B via a (a) distal and (b) alternating pathways. (c) Corresponding
reaction intermediates along a distal (upper) and alternating (lower) pathways.
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generally in accordance with previous observations on
molybdenum borides: the less is the filling of pz-orbital, the
stronger is the *NH2 adsorption. For the formation of
ammonia, it is desired that the adsorption of *NH2 is weak
for facile desorption; therefore, Ni2B is excluded because of the
strong adsorption of *NH2 resulting from less filling of the pz-
orbital. For *NNH adsorption, the discrepancy between pz-
orbital filling and E*NNH adsorption is found because the
adsorption is bidentate and the adsorption strength is affected
by both boron and metal atoms’ electronic structures. As
shown in Figure 5b, Cr2B has the most boron pz filling and is
expected to weakly bind *NNH. However, since Cr is an early
transition metal with a strong binding ability, the overall results
of both Cr and boron are that *NNH is relatively stabilized
with an adsorption energy of −0.28 eV.
Additionally, a modest adsorption is desired to achieve

optimal performance, since a weak adsorption cannot
effectively activate the adsorbed N2, while a strong adsorption
leads to a difficult regeneration of isolated boron sites.5 Based
on this criteria, we identified that Fe2B, Co2B, and Cr2B have
the potential for electrochemical nitrogen reduction. We
further calculated the reaction intermediates via a distal
pathway, and the corresponding configurations are given in
Figure S7 (Fe2B), S8 (Co2B), and S9 (Cr2B). For Cr2B, a full
distal pathway was calculated, which shows a predicted limiting
potential of −2.21 V vs RHE (Figure S10). This potential is
too large for real eNRR operation and therefore excluded in
the following discussions.
The free energy diagrams of Fe2B and Co2B are given in

Figure 5c,d. Based on the results, for both Fe2B and Co2B, the
potential limiting step is the last protonation step (*NH2 + H+

+ e− → NH3(g)), which is different from that for Mo2B with the
first protonation step (N2 + H+ + e− → *NNH) as the
potential determining step. Compared with that for Mo2B, the
adsorption of *NNH is stronger for Fe2B and Co2B, and this
could contribute to a less filling of the pz-orbital in Fe2B and
Co2B as revealed in previous section. However, because of the
less occupied pz-orbital, the release of NH3(g) at the last step is
more endothermic and the potential-determining step switches
to *NH2 + H+ + e− → NH3(g). The limiting potential of Fe2B

and Co2B is predicted as −0.75 and −0.84 V vs RHE,
respectively. The above analyses indicate that Fe2B and Co2B
with isolated boron sites are promising electrocatalysts for
eNRR. Besides binary metal borides, more multimetal borides
could constitute a mass of candidates for screening efficient
eNRR catalysts.

■ CONCLUSIONS

In summary, we theoretically investigated the eNRR perform-
ance of model binary metal borides and reveal the key element
that controls the eNRR activity of these borides by DFT
calculations. Molybdenum borides were first explored due to
the popularity of these materials, and the isolated boron site of
Mo2B is predicted to have the best performance of −0.82 V vs
RHE limiting potential. Electronic structure analysis indicated
that the p-orbital of boron and π*-orbital of N2 are well-
matched, and the occupation of p−π* determines the binding
strength of N2. Further analysis found that the isolated boron
site of Mo2B has less filling of pz-orbital, leading to the
activation of N2 as indicated by ICOHP results. Screening of
more binary borides (M2B) with isolated boron site suggests
that Fe2B and Co2B are also potential candidates for eNRR
with a relatively low limiting potential of −0.75, and −0.84 V
vs RHE, respectively. Overall, our calculations suggest that
metal borides, which are facile for experimental synthesis, hold
the potential to enrich the eNRR electrocatalyst candidates
compared with pure transition metals.

■ ASSOCIATED CONTENT
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Details of crystal parameters; ELF and Bader charge
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Figure 5. Relationship between the filling of boron pz-orbital and the adsorption energy of (a) *NH2 and (b) *NNH. The free energy diagrams of
eNRR via a distal pathway on (c) Fe2B and (d) Co2B.
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(35) Henkelman, G.; Jońsson, H. Improved Tangent Estimate In
The Nudged Elastic Band Method For Finding Minimum Energy
Paths and Saddle Points. J. Chem. Phys. 2000, 113, 9978−9985.
(36) Henkelman, G.; Uberuaga, B. P.; Jońsson, H. A Climbing
Image Nudged Elastic Band Method For Finding Saddle Points And
Minimum Energy Paths. J. Chem. Phys. 2000, 113, 9901−9904.
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S2

Supplementary Figures

Figure S1 Atomic configurations of N2 side-on adsorption on (a) Mo2B, (b) α-MoB and 

(c) MoB2.

Figure S2. The electron localization function (ELF) of (a) Mo2B, (b) α-MoB and (c) 

MoB2. The value of isosurface is set to 0.75 a.u. 
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Figure S3. Free energy change of the first protonation step on (a) α-MoB and (b) MoB2 

via a distal or alternating pathway at 0V vs standard hydrogen electrode (SHE). 

0.69 eV
IS

TS

FS

Figure S4. Kinetic barriers for the first protonation step on Mo2B. Insets are the 

corresponding structures of initial (IS), transition (TS), and final states (FS). Cyan, 

pink, blue, red and white balls represent the Mo, B, N, O and H atoms, respectively.
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S4

Figure S5. (a) Bader charge variation of three moieties along the (a) distal and (b) 

alternating pathway. Positive and negative value indicate electron accumulation and 

loss, respectively.

Figure S6. Atomic configuration of *NNH adsorption on (a) Ti2B and (b) Ta2B.
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S5

Figure S7. Atomic configurations of reaction intermediates via distal pathway of 

Fe2B.
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S6

Figure S8. Atomic configurations of reaction intermediates via distal pathway of 

Co2B.

Figure S9. Atomic configurations of reaction intermediates via distal pathway of 

Cr2B.
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S7

Figure S10. The free energy diagrams of eNRR via a distal pathway on Cr2B. The third 

protonation step is the potential determining step with a free energy change of 2.21 

eV.
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S8

Supplementary Tables

Table S1. Crystallographic information for the studied molybdenum borides.

Phase Mo2B α-MoB MoB2

Crystal system Tetragonal Tetragonal Hexagonal
Space group I4/mcm I41/amd P6/mmm
a(Å) 5.56 3.13 3.03
b(Å) 5.56 3.13 3.03
c(Å) 4.78 17.05 3.35

Table S2. Crystallographic information for the studied molybdenum borides.

M2B Ti2B Cr2B Mn2B Fe2B Co2B Ni2B Ta2B W2B

a(Å) 5.81 5.51 5.07 5.06 4.95 4.97 5.81 5.59
b(Å) 5.81 5.51 5.07 5.06 4.95 4.97 5.81 5.59
c(Å) 4.91 4.28 4.10 4.24 4.27 4.26 4.91 4.80

Table S3. Calculated surface energies,  , for the studied metal borides. 𝜸𝒔

Materials Mo2B α-MoB MoB2 Cr2B Mn2B Fe2B Co2B Ni2B W2B

Surface Energy
(eV/ Å)

0.202 0.180 0.155 0.285 0.346 0.277 0.219 0.138 0.168

Surface Energy
(J/m2)

3.242 2.880 2.482 4.559 5.539 4.443 3.501 2.214 2.699

Table S4. The geometric and electronic structure of molybdenum borides.

Electrocatalysts px filling py filling pz filling

Mo2B 0.407 0.406 0.288
α-MoB 0.369 0.362 0.293
MoB2 0.413 0.415 0.378
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Chapter 6: Potential-Dependent Mechanisms for 
Electrocatalytic C-N Bond Formation Towards Urea from 

Ab Initio Molecular Dynamics 

6.1 Introduction and Significance 

To reduce carbon footprint while converting renewable energy into commodity 

chemicals, electrocatalysis shows significant promise for the production of desirable 

value-added chemicals. However, present aqueous electrocatalysis like CO(2) 

reduction could only provide limited types of simple hydrocarbons, thus 

designing new electrochemical system that is capable of synthesizing more complex 

compounds are of great importance. The absence of detailed reaction mechanisms in 

these scenario s impedes the rational design of these systems, i.e., with both CO(2) and 

a nitrogen source as feedstock. To fill in this knowledge gap, this chapter addopted 

ab initio molecular dynamics (AIMD) with explicit water to explore the 

mechanisms of C-N bond formation during CO(2) electrolysis to urea on Cu 

(100) in neutral. Based on the calculations of kinetic barriers, we found that for 

potentials near -0.75V vs standard hydrogen electrode (SHE), the successive 

coupling between NH* and CO* directs the formation of urea, which is superior to 

ammonia production. At potential around -1.5 V vs (SHE), CO2 reduction was 

accelerated and suppress urea and ammonia formations. The highlights of this Chapter 

include:   

• AIMD simulations were employed to construct the electrochemical interfaces under

different potentials. 

• The reduction reaction pathways to ammonia were established along with kinetics for

each elementary step. 

• A potential-dependent mechanism was proposed to explain the selectivity of urea

production compared with CO(2) reduction. 

• This study provides insights into the electrochemical environment and a

comprehensive understanding of C-N bond formation mechanisms. 
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6.2 Potential-Dependent Mechanism for electrocatalytic C-N Bond Formation 

Towards Urea by Operando Computation 

This Chapter is included as it appears as a manuscript by Xin Liu, Yan Jiao*, Yao 

Zheng, Shi-Zhang Qiao*, Potential-Dependent Mechanisms for Electrocatalytic C-N 

Bond  Formation Towards Urea from Ab Initio Molecular Dynamics . To be submitted. 
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ABSTRACT: To reduce carbon footprint while converting renewable energy into commodity chemicals, designing new co-electrol-

ysis system of CO(2) and nitrogenous feedstocks in aqueous shows significant promise for expanding the product spectrum. However, 
the absence of detailed reaction mechanisms impedes the rational design of these systems, i.e., with both CO(2) and a nitrogen source 

as feedstock. To fill in this knowledge gap, we apply ab initio molecular dynamics with explicit water to explore the mechanisms of 
C-N bond formation during CO(2) electrolysis to urea on Cu (100) in neutral. Based on the calculations of kinetic barriers, we estab-

lished reaction pathways towards ammonia and urea, and we found a potential-dependent mechanism accounts for the selective pro-

duction of urea. For potentials near -0.75V vs standard hydrogen electrode (SHE), the successive coupling between NH* and CO*

directs the formation of urea, which is superior to ammonia production. At potential around -1.5 V vs (SHE), CO2 reduction was

accelerated and suppress urea and ammonia formations. Our work propose the potential-dependent mechanisms for C-N bond for-
mation in aqueous CO(2) electrolysis, which would benefit new electrocatalysis system and catalyst design for more value-added

product.

INTRODUCTION 

Production of fuels and chemicals from sunlight or other re-
newable sources via photo/electrocatalytic technologies enable 

storage of intermittent energy as well as help decarbonization 
and electrification of the chemical industry.1-3 As a consequence, 

it provides a promising routine in breaking our reliance on fossil 

resources and reducing CO2 emission.4  

These processes imply the transform of species such as car-

bon dioxide, nitrogen, and water, to desirable commodity chem-
icals like hydrocarbons, ammonia and hydrogen with renewable 

electricity as the driving force. In this aspect, as the most suc-
cessful instance to date, electrochemical reduction of CO(2) 

made tremendous progress in converting carbon dioxide into 
even multi-carbon (C2+) chemicals in aqueous electrolyte.5-6 

Another more challenging task is N2 fixation in ambient envi-
ronment towards ammonia as feedstocks for nitrogenous ferti-

lizer production,7-8 which is an attractive distributed alternative 
to Haber–Bosch process especially in rural areas.2-3 However,  

limited types of value-added products 9-11 and low selectivity 

still impair scalable application of CO(2) and N2 electrolysis.5 

Here, a new question emerges, whether we could exploit 

these present electrolysis systems as a platform to produce a 

broader range of complex compounds than simple carbon spe-
cies, e.g., introducing heteroatoms, to cover more aspects of 

modern chemical production supply chain.12-13 A more recent 
report by Wang et al reported coupling N2 and CO2 in H2O to 

synthesize urea,14 and Jiao et al also introduced NH3 in carbon 
monoxide electrolysis to synthesize acetamide.13 Earlier works 

from Shibata and Furuya showed this possibility via simultane-
ous reduction of carbon dioxide and nitrate/nitrite anions to syn-

thesize urea in aqueous eletrolyte.15-19 Compared with the harsh 
conditions of high pressure (120-400 atm) and temperature 

(150°C-210°C) with ammonia and CO2 as feedstocks in com-

mercial production of urea, in this scenario, these work 
achieved a current efficiency of 35% towards urea with CO2, 

H2O and nitrate/nitrite served as the carbon, hydrogen and ni-
trogen source, respectively, in ambient environments.15 Similar 

set-ups were also adopted on urea synthesis on TiO2.
20-21  

All these reports demonstrate that complex compounds could 
be synthesized in a rationally designed aqueous CO(2) electrol-

ysis system with other agents involved. Nevertheless, establish-
ing such systems to achieve a desirable rate towards targeted 

product should be directed with a deep understanding of reac-

tion mechanisms. Compared with abundant and in-depth works 
on solo electrodialysis mechanisms of CO(2),

22-27 nitrate,28-34 ni-

trite35-37 and nitric oxide,38-39 related studies on co-electrolysis 
mechanisms are very limited.13-14 For example, Shibata et al 

conjectured that two ammonia-like precursors (NH2) and one 
CO-like precursor (CO) directed to the formation of CO(NH2)2, 

however, this inference is solely based on a coarse fitting of 

current efficiency without further evidence.17-18 

First principles calculations could provide atomic level 

mechanistic insights for electrocatalytic reactions,40 recent pro-
gress make simulations based on density functional theory 

(DFT) methods more close to realistic electrochemical environ-
ment, i.e., applied potential and solvent effects.25, 41-45 Early cal-

culations ignored the solvent but corrected afterward to accel-
erate the computing and enable the screening of marterials.22 

However, this lead to a range of inconsistent results regarding 
to calculating the kinetic barriers when the solvent effect were 

taken into account with implicit or hybrid implicit/explicit 
model with few water molecules.25, 43, 46 Compared with static 

methods widely used before, ab initio molecular dynamics 
(AIMD) simulations are capable of describing the dynamic na-

ture of water at the electrochemical interfaces. Using the model 
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with explicit water molecules, electrical field effects from solv-
ated ions have been reported to address the mechanisms of elec-

trochemical CO(2)  reduction.47-49 Hence, we conclude that it is 
promising to adopt AIMD simulations with explicit water mol-

ecules to accurately describe the reaction mechanisms. 

In this work, we employed AIMD with full solvents to ex-
plore the reaction pathways for urea formation from CO(2) elec-

trolysis as a pertinent example to elucidate the mechanisms for 
crucial C-N bond formation, which is universal for introducing 

nitrogen atom in CO(2) electrolysis product. With both the sol-
vent effects and applied potential taken into consideration, we 

constructed reaction networks at two specific potentials. A po-
tential-dependent mechanism was found to account for the se-

lective formation of urea from a two-step coupling between 
NH* and CO* near -0.75V vs SHE in neutral. As applied poten-

tial decreased to about -1.5V vs SHE, selectivity towards urea 
reduced due the enhancement of competing reactions. Predic-

tions based on our model proposed the full atomic reaction 
mechanism for C-N bond formation during CO(2) electrocataly-

sis, and agree well with previous key experimental foundlings, 
which should help further development of CO(2) electrolysis 

system to synthesize value-added compounds beside simple hy-

drocarbons. 

MODEL AND METHONDS 

Density Functional Theory Computations. Here, we simu-
late the water/Cu (100) interface using 32 explicit water mole-

cules on 3×4×3 Cu (100) surface slab. We adopted ab initio mo-
lecular dynamics to equilibrate the system at 300K, and based 

on this well-equilibrated interface, reaction barriers are esti-
mated by thermodynamic integration.50 Both the Eley-Rideal 

(electrochemical step) and Langmuir-Hinshelwood (chemical 
step) reaction mechanisms are considered. Density functional 

theory (DFT) method was employed for all calculations using 
the Vienna ab initio Simulation Package (VASP).51-54 The pro-

jector-augmented-wave pseudo-potential was utilized to treat 
the core electrons, while the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional of the generalized gradient ap-
proximation (GGA) was used for describing the electron inter-

actions.55 The van der Waals interactions were described using 
the empirical correction in Grimme’s scheme.56 A more detailed 

description about the set-up of AIMD simulations and electrode 

potential could be found in the computational part in supporting 

information. 

pH and the starting reactant. The formation of urea needs 

both nitrogen and carbon source. In both CO2 and CO electro-
catalysis, *CO has been recognized as a key intermediate, hence, 
*CO is used to simplify the problem. While for the nitrogen 
source, there are more concerns. First, in aqueous solutions, 

common nitrogen containing ions like NO3
-, NO2

- would are in-
volved in very complicated reaction networks. The concentra-

tions of related ions and pH would further significantly affect 
the selectivity of reaction pathways and make large spectrum of 

possible intermediates.57 Hence, we only focus on the neutral 
condition. Regardless of the initial form of nitrogen source 

(NO3
-, NO2

-, or NOx), 
*NO plays a central role during the reduc-

tion of all these forms, and it has been proved that all of these 

nitrogen species are further reduced via *NO when the applied 
potential is relatively negative as the case in current 

work.57Another point is that NO3
-, NO2

-, and NOx are unlikely 
to directly surface bounded carbon intermediates. Therefore, it 

is reasonable to consider the nitrogen pathway starting from 
*NO, which is sufficient to cover possible intermediates for cou-

pling with *CO. 

RESULTS AND DISCUSSION 

NO* reduction at ~-0.75 V vs SHE. 32 water molecules in 
contact with Cu (100) were constructed to model the electro-

lyte-electrode interface at the potential of zero charge of Cu 
(100). More details about modeling of the interface could be 

found in the computational methods parts and Figure S1 in Sup-
porting Information. We found interfaces with various reaction 

intermediates (Table S1 in supporting information) in this setup 

corresponded to -0.85~-0.59 V vs standard hydrogen electrode 
(SHE), if we take the absolute value of SHE from previous ex-

perimental reports as reference.58 This value is in accordance 
with experimental  value (-0.73 V vs SHE) of pzc of Cu(100) 

under neutral environment by Łukomska and Sobkowski.59  

Figure. 1 depicts the most relevant reaction pathways starting 
from *NO, and all involved data were displayed in Table S2 in 

Supporting Information. *NO could be reduced to either *NOH 
or *HNO, in the meantime it also could dissociate to atomic ni-

trogen and oxygen.28 We found that formation of *HNO is via a 
chemical step preceded by surface hydrogenation whereas 
*NOH is formed through an electrochemical reduction step with 
water molecule as the proton source, which is similar with the 

case of CO* in CO2/CO reduction at a small overpotential.47, 60 
Dissociation of *NO (0.77 eV) is kinetically less favorable than 
*HNO (0.54 eV) or *NOH (0.59 eV) pathway. 

Figure 1. Schematic diagram of kinetically preferred reaction path-
way from *NO to ammonia (NH3) at ~ -0.75 vs SHE. Both chemical 
and electrochemical step are considered, chemical reaction steps 
are indicated by dashed lines, whereas electrochemical steps are in-

dicated by solid lines. Steps with a barrier larger than 0.75 eV were 
marked with harsh (||), and regarded as blocked under this condition. 
All kinetic barrier values reported in eV, and three different path-
ways are marked in red, blue and green, while shared steps marked 
in black. 
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Figure 2. Snapshots of reactive trajectories for possible rate determining step of three ammonia formation pathways. (a) Protonation of *NH 
to *NH2; (b) dehydroxylation of *NOH to *N; (c) dehydroxylation of *NH2OH to *NH2. Color code: hydrogen in white, oxygen in red, copper 

in brown, carbon in black, nitrogen in blue, hydrogen bonding in red dashed lines. 

For further reduction steps of *HNO or *NOH, various inter-

mediates were involved in different pathways. We found *NH 
leading to NH3 forms as an intermediate in both i) and ii) path-

ways, either via *NOH reduction to *N + H2O (red pathway in 
Fig.1) or through *HNO reduction to *NHOH (blue pathway in 

Fig.1). In the meantime, *ONH2, which could be formed via pro-
tonation of nitrogen atom of *HNO, lead to the formation of 
*NH2 via *NH2OH (indicated by green in Fig. 1). Hence, we 
identified three kinetic favorable pathways for NO* reduction 

towards ammonia: i) *NO→*NOH→*N →*NH→*NH2→*NH3 

(red); ii)*NO→*HNO→*NHOH →*NH→*NH2→*NH3(blue); 

iii)*NO→*HNO→*ONH2 →*NH2OH →*NH2→*NH3(green). 

For pathway i) and ii), shown in Fig.2a, protonation of *NH 

to *NH2 is the rate determining step with a barrier of 0.66 eV. 
The dehydroxylation of *NOH displayed in Fig.2b could also be 

considered as the rate determining steps for pathway i) because 
of a relatively large ΔG of 0.65 eV. Protonation of *HNO and 

dehydroxylation of HNOH*
 via electrochemical mechanism in 

pathway ii) are facile with barriers of 0.22 eV and 0.46 eV, re-

spectively. While for pathway iii), successive formations of 
*ONH2 and *NH2OH through an electrochemical step are fast as 
indicated by ΔG of 0.44 eV and 0.47 eV, thus, the dehydroxyla-

tion of *NH2OH to *NH2 has a ΔG of 0.69 eV and is regarded as 
the rate determining step. Summarizing, although three differ-

ent pathways possess various intermediates, the only major 
product is ammonia and kinetic barriers are very close (0.66 eV 

vs 0.69 eV). 

Since Cu (100) surface has been identified as the major ex-
posed facet under similar reduction reaction conditions (i.e. -

0.9V vs SHE), we compare our results from ab initio molecular 
dynamics (AIMD) with experiments copper-based catalysts.61 

The most obvious agreement between previous experiments 
and our theoretical prediction is ammonia is the major produc-

tion for NO3
-/NO2

-/NO reduction reactions instead of N2O or N2 
at a large overpotential in neutral.15, 34, 39 This can be explained 

by the ultra-low barrier of N* protonation to NH*(0.14 eV), 
which inhibits its coupling with another N* intermediate or NO* 

to form N2 and N2O, respectively. Indeed, we could observe this 
reaction directly in our AIMD simulation, because the low re-

action barriers are surmounted within a few picoseconds. We 
found in pathway iii), *NH2OH is a key intermediate towards 

the formation of ammonia. These results are in accordance with 

a recent report that NH2OH was detected as an intermediate dur-
ing nitrate reduction to ammonia on copper-based materials by 

online differential electrochemical mass spectrometry .34 How-
ever, we believed that this pathway is sensitive to pH as well as 

the applied electrode potential. For example, Koper et al found 
that hydroxylamine is the final product for nitrate reduction on 

Cu (100) surfaces in alkaline at potentials more negative than 0 
V vs reversible hydrogen electrode (RHE) as validated by Fou-

rier transform infrared spectrum (FTIR) and hanging-meniscus 
rotating disc electrode (HMRDE) measurements.30 To validate 

pathway i) and ii), determination of intermediates like *NH or 
*NHOH via spectroscopy is still challenging, and we believe a 

combination of electrochemical measurements coupled with 
online and in situ characterization techniques as well as ad-

vanced atomic simulation methods would benefit determination 

of the complex reaction mechasnisms.29, 62 

First C-N formation at ~-0.75 V vs SHE on Cu (100). Accord-

ing to previous reports,23 for single-crystal Cu(100) surface, eth-
ylene start to form -0.4 V vs RHE in neutral, which is more negative 
than pzc of Cu(100). It also implies that there is a potential window, 
where dimerization of *CO has not yet begun or at least not domi-
nant whereas reduction of *NO or other forms could proceed.30 
Within this potential window, coupling of C- and N- intermediates 
could be possible and provide new platform to synthesize more val-

ued added organics as pioneered by Shibata and Furuya’s works, 
which showed simultaneous reduction of carbon dioxide and nitrite 
or nitrate ions on metal and metallophthalocyanine catalysts could 
lead to formation of urea.15-19 A more recent report also achieved 
Faradaic efficiency towards urea production at -0.4 V vs RHE in 
neutral, however, detailed information on the pathways of the C-N 
bond formation during urea formation and its potential dependence 
is missing.21 Here, we employed AIMD simulation with full sol-
vents to explore the reaction pathways towards urea since it is the 

major (if not the only) C-N coupling product during the simultane-
ous reduction of CO2 and different nitrogen sources and could serve 
as a representative example for the C-N bond formation process 
when designing new CO(2) electrolysis systems .15-17, 20-21 Other-
wise, if other C-N product considered, at each step, protonation on 
oxygen, nitrogen and carbon atom need to be taken into account, 
and this is beyond the scope of this present work to cover all the 
branches of reaction networks for this system. 
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Figure 3. First C-N bond formation. Comparison of the coupling of various nitrogenous intermediates with *CO and protonation for (a) *NO, 
*NOH and *NH; (b) *HNO, *N and *NH2. C stands for coupling, ER for Eley-Rideal mechanism, and LH for Langmuir-Hinshelwood mech-
anism. Snapshots of reactive trajectories for the *CO coupling with (c) *NO, (d) *NOH and (e) *NH. (f) Kinetic barriers of reductions of first 
C-N intermediates. (g) Schematic diagram for the formation of the first C-N bond as well as subsequent protonation.

We then need to identify the coupling carbonaceous and ni-

trogenous intermediates. For carbonaceous (C-) intermediates, 
and *CO is a key intermediate for CO2/CO reduction and also 

abundant on Cu (100) surface at this potential.63 What’s more, 
previous DFT calculations and experiments both proved that 

protonation of *CO to *CHO, as the key step towards production 
of methane, is sluggish under such potential, thus we only con-

sider CO* as the C- coupling reactant.22-23, 47, 49 For nitrogenous 
(N-) intermediates, a number of intermediates present in NH3 

pathway are considered as seeds for C-N formation. As the case 
of *CO, the protonation of N- intermediates need to be taken 

into account. In Figure 3a and 3b, we compared the protonation 
of N-intermediates via ER or LH mechanism to these coupling 

with *CO. For, *NO, *NOH and *NH, the coupling step is more 
facile than protonation (Fig.3a), whereas the coupling is re-

garded as kinetically blocked at room temperature (∆Gb > 0.75 

eV, corresponds to fast kinetics with TOF of 1 s-1 based on tran-

sition state theory) and protonation is more facile for *HNO, *N 
and *NH2 (Fig.3b). A special attention was paid to for *CO and 
*NH2 pathway, we found the barrier is 1.01 eV (as shown in 
Table S3), which could be regarded as blocked at 300K. This 

finding disagrees with previous guesses from experiments.16, 20-

21 The snapshots of reactive trajectories for facile coupling steps 

are displayed in Figure 3c~3e, and the calculated reaction bar-
riers are 0.58, 0.51, and 0.56 eV, respectively. Clearly, the water 

molecules at the electrode-electrolyte interface interact with re-

action intermediates via hydrogen bonding, and could affect the 
kinetics of reactions. These also show the necessity of involving 

explicit solvent in modeling the heterogeneous electrochemical 

reaction. 

With possible C-N intermediates obtained in the previous 

coupling step (*CO-NO, *CO-NOH, and *CO-NH), the reduc-
tions of these intermediates are considered. *CO-NO is taken as 

the starting point, and barriers of the following reductions are 
shown in Figure 3f. We consider CO-NOH pathway: *CO cou-

pling with *NO to form *CO-NO and subsequent reduction to 
*CO-NOH or *CO directly coupling with *NOH; and CO-NH 

pathway: *CO coupling with *NH. Atomic configurations of key 
intermediates for both pathways are illustrated in Figure 3g. For 

CO-NOH pathway, *CO-NO* is easy to be protonated via ER 
mechanism (0.05 eV) to form NOH-CO, and this is similar with 

protonation of *CO-CO dimer during the CO/CO2 reduction on 
copper.43, 47 Besides, *NOH-CO could also be formed via the 

coupling between *NOH and *CO with a ΔGb of 0.51 eV. De-
hydroxylation of *NOH-CO to *N-CO is fast (0.38 eV), but we 

found that further reduction through *N-CO to *CO-NH is ki-
netically blocked (1.10 eV for LH). Hence, *CO-N is a dead-

end for CO-NOH pathway at this potential. We then focus on 

CO-NH pathway. Considering the protonation of *N-CO is hard, 
we believe direct coupling between *NH and *CO is supposed 

133



 
Figure 4. Second C-N bond formation. (a) Comparison of the 
coupling of various nitrogenous intermediates with *CO-NH 

and protonation. (b) Schematic diagram for the formation of the 
second C-N bond as well as subsequent protonation and snap-

shots of reactive trajectories. 

to be the major source of *NH-CO intermediate. Interestingly, 
we found further reduction of *NH-CO also hard and need to 

overcome a barrier of 0.92 eV via ER or 1.46 eV via LH mech-
anism. Summarizing, at this stage, we could conclude that *CO-

N and *CO-NH are possible for further coupling to form another 
C-N bond compared with protonation as showed in red box in 

Figure 4g. 

Second C-N bond formation at ~-0.75 V vs SHE on Cu 

(100). Further couplings of *NO, *NOH, *NH, and *NH2 with 
*N-CO and *NH-CO to form the second C-N bond are explored 
in this section. We excluded *N and *HNO because the rela-

tively low barrier of protonation, and in this situation, couplings 
with *CO are hard to be favored as the case for first C-N bond 

formation. The results in Figure 4a indicated that *NH is the 
only intermediate that could be coupled with *CO-NH to form 

the second C-N bond with a barrier of 0.54 eV, which is smaller 
than *NH protonation (0.66 eV). While for *NO, *NOH, and 
*NH2, the coupling barriers are relatively large (>0.75 eV) and 
less facile than protonation. As shown in Figure S2, we found 

that for all intermediates, coupling with *N-CO need to over-
come a kinetic barrier at least 0.98 eV, which is not facile at 

300K. Besides, for all of these intermediates (*NO, *NOH, *NH, 
and *NH2), protonation barrier is significantly smaller than that 

of coupling with *N-CO, therefore, we believed *N-CO is not 

reactive for protonation at this potential and pH.  

Protonation of *NH-CO-NH is predicted fast with a barrier of 
0.53 eV and 0.49 eV to form (NH2)2CO via ER mechanism as 

displayed in Figure 4b. Summarizing, we found at -0.75 V vs 
SHE or in other terms, near the potential of zero charge of Cu 

(100) surface, the kinetically favorable pathway from *NH and 
*CO to urea is *CO + 2*NH →*NH-CO + *NH → *CO(NH)2 → 
*NH2-CO-NH → (NH2)2CO. Each step of C-N bond formation 
has a smaller kinetic barrier than protonation of *NH* to *NH2 

(0.66 eV), and thus selectivity to urea formation is superior or at 
least comparable to ammonia formation under such potential. 

This prediction is in accordance with experimental reports by 

Shibata et al that current efficiency for urea and ammonia is 37% 
and 35% at -0.75 vs SHE in neutral.17 Hence, till now, we are 

capable of establishing the whole reaction pathway to urea and 
more discussion about the selectivity would be covered in the 

last section. For the present reaction network, we could identify 
*CO-NH, *CO(NH)2 as the key intermediates towards to urea 

and to be validated by future experiments. However, it is hard 
to tell which step is the rate destemming step of pathway to-

wards urea since the comparable values of kinetic barriers for 
possible steps (0.54 eV~0.69 eV) and the uncertainties of com-

putational methods are taken into account.49 For this reason, we 
could infer that at this potential, the nitrogen reduction and urea 

formation have similar kinetic barriers. This finding is in ac-
cordance with previous experimental reports that at less nega-

tive potential in neutral, both ammonia and urea have consider-
able production.15, 21 However, more convincing experiments 

along with advanced characterization techniques on well-de-
fined system should be conducted to further elucidate the de-

tailed reaction mechanism.23, 27, 30 

Case at the potential near -1.5V vs SHE. As more negative 
potential applied, the selectivity towards urea decreases as indi-

cated in Figure 5, the experimental data are reproduced from 
Shibata et al.17 To elucidate the origins of the selectivity drop, 

we first explored that *NO reduction pathway at this potential, 
and found that ammonia is the only dominant product. The most 

kinetically favorable pathways  as shown in Figure 5 is *NO →
*NOH→*N→*NH→*NH2→*NH3, and detailed results to con-

struct the reaction network could be found in Table S8 of Sup-
porting Information. Protonation of *NH to *NH2 is still recog-

nized as the rate determining step with a barrier of 0.53 eV (Fig. 
5b). What’s more, all steps prefer ER mechanism and the barri-

ers for almost every step are reduced compared with the situa-
tion at -0.75 V vs SHE (except for protonation of *N to *NH, 

whose barrier value is too small and actually within the error 
band). This founding is in accordance with previous reports that 

larger overpotential would reduce the barrier of protonation via 

electrochemical pathways.25, 60, 64  

Besides *NO reduction, the product spectrum of CO(NH2)2, 

CO, HCOOH and H2 indicated that at this potential, CO2 reduc-
tion and hydrogen evolution both proceed. As shown in Figure 

6, the current efficiency of HCOOH and CO start entering a 
plateau, and this implied that from -0.75 V to -1.5 V vs SHE, 

CO2 reduction is accelerated but no deep product detected. Also 
for this range, hydrogen evolutes at a relatively stable rate. For 
*NO reduction (from nitrite reduction at more positive poten-
tial), it actually slows down. The most possible reason is that as 

the potential decreased, hydrogen competes with N- intermedi-
ates, since the Volmer step is dramatically speed up. As a con-

sequence, the coverage of adsorbed hydrogen on the surface in-
creased. 17, 49 Since the coverage of *NH or other N- intermedi-

ates decreased, production of ammonia and urea with *NH as 

the key reactant slow down. As the more negative potential ap-
plied and barriers of hydrogen evolution further decreased, and 

the surface is mostly covered by adsorbed hydrogen. H2(g) 
would be eventually the only final product as the case for solo 

CO2 reduction.63 We separated the whole potential range from -
0.75 V to -1.5V vs SHE in Figure 6. For nitrogen region, the 

total current efficiency of ammonia and urea is larger than 50%. 
As applied potential dropped into the carbon region and further 

decreases, nitrogen pathways are dramatically restrained. And 
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the major product is CO and HCOOH for this range. In the hy-
drogen region, a high coverage of *H lead to the production of 

molecular hydrogen as the major product. 

 

Figure 5. Kinetic barriers of reductions of *NO towards ammonia 

at ~-1.5V vs SHE. 

 

Figure 6. Schematic diagrams for potential-dependent mechanism 
for selective urea formation.  

CONCOLUSION 

We have identified the relevant reaction pathways for *NO 
reduction as well as C-N coupling towards ammonia and urea 

on Cu (100) surface at pH 7 based on ab initio molecule dynam-
ics simulation. We elucidated the role of NH* as the key surface 

intermediate that directs the urea pathway after exploring vari-
ous combinations of coupling intermediates. Our model demon-

strates potential-dependent mechanism to explain experimen-
tally observed activity/selectivity for simultaneous reduction of 

CO(2) and nitrogen source (nitrite et al) as an example and on 
Cu(100) at varying potentials. These insights enable us to de-

sign new electrochemical systems as well as synthesize more 

types of valued added chemicals to meet the future energy and 

environmental challenge. 
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Computational Details. 

DFT Settings. Density functional theory calculations were employed as implemented in the Vienna ab 

initio simulation program (VASP) and the projector-augmented-wave pseudopotential was utilized to 

treat the core electrons.1-4 The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional of the 

generalized gradient approximation (GGA) was used for describing the exchange and correlation ener-

gies.5 We used plane-wave cutoff energy of 400 eV and the first order Methfessel-Paxton scheme with a 

smearing width of 0.2 eV. The van der Waals interactions were described using the empirical correction 

in Grimme’s scheme.6-7 For static computations, the convergence criteria were 1×10-5 eV energy differ-

ences for solving the electronic wave function while geometry optimization were converged to within 

2×10-2 eV/Å.  

Interface Modelling. The water/Cu (100) interface is modeled with 32 explicit (four layers) water mole-

cules on a three-layer (3×4×3) Cu (100) surface slabs. The bottom two layers of Cu atoms are fixed at 

their bulk positions (a=3.67 Å), also water molecules of the topmost layer are kept fixed to keep the water 

density of the interface close to the density of bulk water. All other atoms are allowed to relax during the 

simulation.  

Molecular Dynamics. To describe the dynamic nature of hydrogen-bonding network, we carried out ab 

initio molecular dynamics (AIMD) simulation at 300 K and constructed the free energy profiles. A 1 fs 

time step with used with hydrogen mass set to 2 and the convergence criteria for electronic step is set to 

be 1×10-6 eV using the gamma point of the Brillouin zone. This system in canonical ensemble is first 

heated up from 0K to 300K by rescaling the velocities every 20 steps and then equilibrated at 300K for 

20ps with a Nose-Hoover thermostat. When adsorbates were then added to the well-equilibrated interface, 

the initial configurations were determined by minima hopping.8 The free energy profile for this reaction 

was obtained from thermodynamic integration of the potential of mean force along the reaction pathway 

produced either by 2ps AIMD simulations at 12 windows (NO dissociation) or slow-growth with a step 

size of 0.0005Å (all other reactions).9 Both the Eley-Rideal (ER, water as proton source and Langmuir-

Hinshelwood (LH, *H at the hollow site as the proton source) reaction mechanisms are considered for the 

proton coupled electron transfer step. The collective variables (CV) for elementary reactions are defined 

as the distance between hydrogen and carbon/nitrogen/oxygen atom of the reaction intermediate. 
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Figure S1. Temperature and potential energies of the constructed electrochemical interface.  

Constant Potential Corrections 

All the calculations were done when the number of electrons was fixed, which meads the work function 

as well as the electrode potential referenced with standard hydrogen electrode changes along the reaction 

coordinates. However, the electrochemical measurements were conducted under fixed potential refer-

enced with a certain reference electrode. To get electrochemical barrier at constant potential, we adopted 

methods developed by Chan and Nørskov based on a capacitor model: 

=
2

q
E

 •
  

where E , q , and   corresponds to the energy correction due to change of electrode potential, charges 

and workfunctions.10-11 In this present work, we calculated the capacitors instead according to the follow-

ing equations, which also proved valid.12 We found that in the current computational set-up, this correc-

tion is minor. 

2

=
2

C
E

•
  
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Figure S2. Comparison of the coupling of various nitrogenous intermediates with *CO-N and protona-

tion. 
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Supplementary Table 1. Workfunctions of initial and transition state for various reduction step near the 

potential of zero charge for Cu (100) surface. 

ID Reaction Equation 
Initial State 

(eV) 

Transition 

State(eV) 

1 * *

2NO H O e NOH OH− −→+ + +  3.74( 0.40)  3.99( 0.51)  

2 * * *NO N O+→  3.74( 0.40)  N/A 

3 * *

2NO H O e HNO OH− −→+ + +  3.74( 0.40)  3.92( 0.21)  

4 * * *NO H HNO→+  3.74( 0.40)  3.73( 0.20)  

5 * *

2NOH H O e N OH− −+ + +→  3.77( 0.31)  3.82( 0.37)  

6 * *

2NOH H O e HNOH OH− −→+ + +  3.77( 0.31)  3.81( 0.23)  

7 * * *NOH H HNOH OH −+ +→  3.77( 0.31)  3.80( 0.29)  

8 * *

2HNO H O e HNOH OH
−− +→+ +  3.73( 0.31)  3.72( 0.40)  

9 * * *HNO H HNOH→+  3.73( 0.31)  3.71( 0.37)  

10 * *

2 2HNO H O e ONH OH
−− +→+ +  3.73( 0.31)  3.77( 0.52)  

11 * *

2 2HNO H O e ONH OH
−− +→+ +  3.73( 0.31)  3.96( 0.50)  

12 * *

2N H O e NH OH− −+ + → +  3.83( 0.28)  3.75( 0.39)  

14 * * -HNOH NH OH+→  3.71( 0.30)  3.68( 0.39)  

15 * * *

2HNOH H NH OH→+  3.71( 0.30)  4.22( 0.31)  

17 * *

2 2 2ONH H O e HONH OH− −→+ + +  3.59( 0.41)  3.69( 0.38)  

18 * *

2 2 2ONH H O e HONH OH− −→+ + +  3.59( 0.41)  3.76( 0.47)  

19 * *

2 2 3ONH H O e ONH OH− −→+ + +  3.59( 0.41)  3.53( 0.36)  

20 * * *

2 3ONH H ONH OH −→+ +  3.59( 0.41)  3.55( 0.44)  

21 * *

2 2NH H O e NH OH− −+ + → +  3.68( 0.32)  3.78( 0.69)  
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22 * * *

2NH H NH→+  3.68( 0.32)  N/A 

23 * *

2 2 3NH H O e NH OH− −+ + → +  3.85( 0.23)  3.76( 0.27)  

24 * * *

2 3NH H NH→+  3.85( 0.23)  3.71( 0.40)  
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Supplementary Table S2. Free Barriers for pathway from *NO to NH3 on Cu (100) at pH 7 and 300 K at 

potential of zero charge. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 * *

2NO H O e NOH OH− −→+ + +  0.59  O Hr −  

2 * * *NO N O+→  0.77  N Or −  

3 * *

2NO H O e HNO OH− −→+ + +  1.62  N Hr −  

4 * * *NO H HNO→+  0.54  N Hr −  

5 * *

2NOH H O e N OH− −+ + +→  0.65  O Hr −  

6 * *

2NOH H O e HNOH OH− −→+ + +  1.27  N Hr −  

7 * * *NOH H HNOH OH −+ +→  1.00  N Hr −  

8 * *

2HNO H O e HNOH OH
−− +→+ +  0.22  O Hr −  

9 * * *HNO H HNOH→+  1.35  O Hr −  

10 * *

2 2HNO H O e ONH OH
−− +→+ +  0.44  N Hr −  

11 * *

2 2HNO H O e ONH OH
−− +→+ +  1.53  N Hr −  

12 * *

2N H O e NH OH− −+ + → +  0.14  N Hr −  

13 * * -HNOH NH OH+→  0.46  O Nr −  

14 * *

2 2HNOH H O e NH OH OH− −→+ + +  1.09  N Hr −  

15 * *

2 2 2ONH H O e HONH OH− −→+ + +  0.47  O Hr −  

16 * *

2 2 2ONH H O e HONH OH− −→+ + +  1.25  O Hr −  

17 * *

2 2 3ONH H O e ONH OH− −→+ + +  3.16  N Hr −  

18 * * *

2 3ONH H ONH OH −→+ +  1.03  N Hr −  

19 * *

2 2NH H O e NH OH− −+ + → +  0.66  N Hr −  
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20 * * *

2NH H NH→+  1.19  N Hr −  

21 * *

2 2 3NH H O e NH OH− −+ + → +  0.50  N Hr −  

22 * * *

2 3NH H NH→+  1.10  N Hr −  
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Supplementary Table 3. Free Barriers for possible amide formation step on Cu (100) at pH 7 and 300 

K at -0.2 V vs RHE. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 
* * *-NO CO ON CO→+  0.58  N Or −  

2 
* * *-N HOH CO ON CO→+  0.51  N Or −  

3 
* * *-H HNO CO NO CO→+  1.05  N Or −  

4 
* * *-N CO N CO→+  0.82  N Or −  

5 
* * *-NH O OHC N C→+  0.56  N Or −  

6 
* * *

2 2-NH CO NH CO→+  1.01 N Or −  
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Supplementary Table 4. Free Barriers for pathways after first amide bond formation to urea on Cu 

(100) at pH 7 and 300 K at -0.2 V vs RHE. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 -

2

* *+- +  eO H O CO NOHN CO OH −→ − +  0.05  O Hr −  

2 * *CO NOH CO N OH −− → − +  0.38  O Nr −  

3 -* *

2 +- +  eN H O CO NC HO H O −→ − +  N/A 
N Hr −  

4 ** *+-N H HO COC N→ −  1.10  N Hr −  

5 -* *

2 2- + + eN H O CO NH C H HO O −→ − +  0.92  N Hr −  

6 *

2

* *+-N HH O COC NH→ −  1.46  N Hr −  
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Supplementary Table 5. Free Barriers for pathways after first amide bond formation to urea on Cu 

(100) at pH 7 and 300 K at -0.2 V vs RHE. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 ** * - +N NO NC OO OC N→ −  0.98  C Nr −  

2 ** * - +N NOH NC HO OC NO→ −  1.19  C Nr −  

3 ** * - +N NH NC HO OC N→ −  1.35  C Nr −  

4 * *

2 2

*+ -N NH NCOCO NH→ −  1.40  C Nr −  

5 * **+-  N NO NHCOH O OC N→ −  1.07  C Nr −  

6 * **+-  N NOH NHCOH CO NOH→ −  0.87  C Nr −  

7 * **+-  N NH NHCOH O HC N→ −  0.54  C Nr −  

8 *

2

* *

2- + N NH NHCH O OC NH→ −  1.66  C Nr −  
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Supplementary Table 6. Free Barriers for pathways after amide bond formation to urea on Cu (100) at 

pH 7 and 300 K at -0.2 V vs RHE. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 * *

2 2 2( )NH CO H O e NH CONH OH− −→+ + +  0.53  N Hr −  

2 * * *

2 2( )NH CO H NH CONH→+  1.36  N Hr −  

3 * -

2 2 2 2( )NH CONH H O e CO NH OH−+ + → +  0.49  N Hr −  

4 * *

2 2 2( )NH CONH H CO NH+ →  1.25  N Hr −  
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Supplementary Table 7. Workfunctions of initial and transition state for various reduction steps. 

ID Reaction Equation Initial State (eV) Transition State(eV) 

1 * *

2NO H O e NOH OH− −→+ + +  3.13( 0.56)  3.17( 0.42)  

3 * *

2NO H O e HNO OH− −→+ + +  3.13( 0.56)  N/A 

4 * * *NO H HNO→+  3.13( 0.56)  3.10( 0.48)  

5 * *

2NOH H O e N OH− −+ + +→  2.88( 0.36)  3.14( 0.25)  

6 * *

2NOH H O e HNOH OH− −→+ + +  2.88( 0.36)  3.17( 0.44)  

7 * * *NOH H HNOH OH −+ +→  2.88( 0.36)  3.00( 0.48)  

8 * *

2N H O e NH OH− −+ + → +  N/A 3.30( 0.42)  

9 * * *N H NH+ →  N/A 3.31( 0.32)  

10 * *

2 2NH H O e NH OH− −+ + → +  N/A 3.11( 0.40)  

11 * * *

2NH H NH→+  N/A N/A 

13 * *

2 2 3NH H O e NH OH− −+ + → +  2.78( 0.54)  2.91( 0.50)  

14 * * *

2 3NH H NH→+  2.78( 0.54)  3.00( 0.50)  
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Supplementary Table 8. Pathway from *NO to NH3 on Cu (100) at pH 7 and 300 K at potential lower 

than potential of zero charge. 

ID Reaction Equation Reaction Barrier(eV) CV 

1 * *

2NO H O e NOH OH− −→+ + +  0.23  N Hr −  

2 * * *NO H HNO→+  0.59  N Hr −  

3 * *

2NOH H O e N OH− −+ + +→  0.28  N Or −  

4 * *

2NOH H O e HNOH OH− −→+ + +  0.62  N Hr −  

5 * * *NOH H HNOH OH −+ +→  1.13  N Hr −  

6 * *

2N H O e NH OH− −+ + → +  0.20  N Hr −  

7 * * *N H NH+ →  1.13  N Hr −  

8 * *

2 2NH H O e NH OH− −+ + → +  0.53  N Hr −  

9 * * *

2NH H NH→+  1.17  N Hr −  

10 * * *N CO OH NH C+ → −  1.20  N Cr −  

11 * *

2 2 3NH H O e NH OH− −+ + → +  0.14  N Hr −  

12 * * *

2 3NH H NH→+  1.45  N Hr −  
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Chapter 7: Conclusions and Perspectives 

7.1 Conclusions 

This thesis focuses on employing computational simulation based on density functional 

theory calculations to reveal the reaction mechanisms and direct the rational design of 

electrocatalysts for key electrochemical reactions. According to the works in this thesis, 

the following conclusions can be drawn: 

1. Density functional theory (DFT) calculations were used to construct the free energy

diagram along the reaction pathway for the acidic (pH =0) and alkaline (pH =14) 

hydrogen evolution reaction (HER) on newly proposed Pt and Ru metal dimer 

structures supported on (nitrogen-doped) graphene. For the acidic HER, PtRu@NG 

exhibited an optimal ∆GH* (-0.07 eV). For the alkaline HER, the dissociative 

chemisorption energy of water (∆Ediss) as a singular activity descriptor on metal dimer 

structural models. ∆Ediss quantifies kinetic factors in addition to reaction 

thermodynamics because the kinetic barrier (Ea) scales linearly in BEP-like 

relationships. Because ∆Ediss correlates linearly with the d-band center of the metals on 

the substrate, a mechanism route for the alkaline HER has been highlighted. This new 

insight can guide for the development of electrocatalysts via electronic structural 

engineering to regulate ∆Ediss. 

2. Taking transition metal single atom catalysts (TM-SACs) supported on nitrogen-

doped carbon materials as model systems, we revealed the mechanistic aspects of 

chemistry in the electrochemical nitrogen reduction reaction (eNRR) process and 

obtained a full picture (activity trends, electronic origins, and design strategies) of the 

potential of TM-SACs as eNRR electrocatalysts. Extensive DFT computations were 

conducted to evaluate the limiting potentials of these TM-SACs and revealed the 

reaction mechanisms by electronic structure analysis. Our study concludes that the 

intrinsic activity of these TM-SACs is a function of the nitrogen adatom adsorption 

energy (ΔEN*). Furthermore, the variation of ΔEN* is attributed to the influence of metal 

centers on the bonding/antibonding orbital populations. Similar to the case of molecular 
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catalysts, the supports could also affect the eNRR performance by introducing different 

ligand effects. These findings led to a two-step strategy for the design of eNRR catalysts 

by selecting the most promising family of TM-SACs (e.g., TM@g-C3N4 in this work) 

and further improvement of the best candidate in this family by selective tuning of 

adsorption energies of the key intermediates. Comparing the stability of NC support 

with the eNRR limiting potential and examination of the selectivity need to be adopted 

to further screen the candidates for eNRR. A bridge from was established that the 

origins of electronic structures and activity trends to the rational design of active and 

efficient TM-SACs for eNRR. These three aspects form a full picture of the potential 

of TM-SACs as eNRR electrocatalysts. This could aid the discovery of more efficient 

and effective TM-SACs for eNRR and could also be extended to other multielectron 

electrocatalytic reactions. 

3. The eNRR performance of model binary metal borides was theoretically investigated,

and the key element that controls the eNRR activity of these borides were revealed by 

DFT calculations. Molybdenum borides were first explored due to the popularity of 

these materials, and the isolated boron site of Mo2B is predicted to have the best 

performance of -0.82 V vs reversible hydrogen electrode (RHE) limiting potential. 

Electronic structure analysis indicated that the p-orbital of boron and π*-orbital of N2 

are well matched, and the occupation of p-π* determines the binding strength of N2. 

Further analysis found that the isolated boron site of Mo2B has less filling of pz-orbital, 

leading to the activation of N2. Screening of more binary borides (M2B) with isolated 

boron site suggests that Fe2B and Co2B are also potential candidates for eNRR with a 

relatively low limiting potential of -0.75, and -0.84 V vs RHE, respectively. Overall, 

these results suggest that metal borides, which are facile for experimental synthesis, 

hold the potential to enrich the eNRR electrocatalyst candidates compared with pure 

transition metals. 

4. By adopting ab initio molecular dynamics with explicit water molecules, we

identified the relevant reaction pathways for C-N formation mechanisms and *NO and 

CO(2) reduction toward ammonia on Cu (100) surface in neutral solution. We elucidated 
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the role of *NH as the key surface intermediate that directs the urea pathway after 

exploring various combinations of coupling intermediates. Our model demonstrates a 

potential-dependent mechanism to explain experimentally observed activity/selectivity 

for simultaneous reduction of CO(2) and nitrogen source (nitrite et al.) as an example 

and on Cu(100) at varying potentials. These insights enable us to design new 

electrochemical systems as well as synthesize more types of valued added chemicals to 

meet future energy and environmental challenge. 

In summary, computational simulation based on DFT methods were demonstrated as 

powerful tools for revealing the reaction mechanisms of electrocatalytic processes such 

as the HER and NRR an help the rational design of new electrocatalysts. By combining 

simulation methods with electrochemical measurements, advanced characterization 

techniques, we could gain an in-depth understanding of the mechanisms of 

electrochemical reactions. 

7.2 Perspectives 

Although great achievements have been made in the application of DFT methods for 

elucidating the mechanisms of electrocatalytic reactions, additional endeavors are still 

required to improve the current simulation methods. These include: 

1. The current functional showed a relatively large error at the order of 0.15 eV, which

is too large for accurately predicting the reaction rates at room temperature, at which 

usually the electrochemical reactions take place. Hence, developing new functionals at 

reasonable computational costs is important for further development of DFT based 

simulation methods. 

2. Although traditional DFT based methods are powerful in establishing the activity

trends based on several simple descriptors, more recent experimental and theoretical 

works found that the electrochemical environment, which is oversimplified by 

traditional methods, is crucial in revealing the reaction mechanisms. Therefore, 

developing new methods describing the more realistic electrochemical system is of 

great importance. 
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3. The consumption of computational resources for current computational codes is huge, 

especially if high throughput tasks are needed. The optimization of current codes on 

graphic processing units (GPU) may bring new opportunities for accelerating the 

computations. 

4. Emerging computational technologies like machine learning would benefit 

computational chemistry/materials science at a great extent. Applying these algorithms 

would speed up the screening of potential materials. 

5. The predictions from computational modelling, for example, activity trends, 

electronic origins or proposed mechanisms, need to be examined/validated by 

experiments on well-defined systems (e.g., single crystalline). 

All in all, with the fast-developing computational simulation technologies and 

challenges will be met in time, and eventually, a thorough understanding at the atomic 

level towards electrochemical reaction from DFT simulations would be achieved. 

.  
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