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Abstract

The development of efficient and clean energy conversion technologies is a key issue
for the sustainability of energy technologies. Hydrogen is one of the best fuels for clean
energy systems as its combustion product is only water. Therefore, the development of
cost-effective energy conversion technologies for hydrogen generation is significant.
Electrocatalytic water splitting using renewable energy is one of the best ways to obtain
high-purity hydrogen and the process emits no carbon dioxide. Electrocatalytic
reactions occur on the surface of electrode materials. Consequently, understanding and
tuning the surface properties of electrode materials is a key aspect in the design and
preparation of efficient electrocatalysts. Compared to other nanomaterials, such as
nanowires or nanoparticles, the most important two features of two-dimensional (2D)
nanomaterials for electrocatalysis are their tunable and uniformly exposed lattice plane
and unique electronic state. This Thesis aims to synthesize and optimize novel 2D
nanomaterials for the study of hydrogen-related electrocatalytic reactions. Our target
reactions include the hydrogen evolution reaction (HER) and the nitrogen reduction
reaction (NRR), which have great potential in hydrogen-related clean energy

conversion systems.

The first two chapters provide a systematic review of the development of 2D
nanomaterials for electrocatalysis. The unique advances of 2D electrocatalysts are
discussed based on different compositions and functions followed by specific design
principles. Following this, various 2D electrocatalysts for a series of electrocatalytic
processes involved in the water cycle, carbon cycle, and nitrogen cycle are discussed
from their fundamental conception to their functional application. A significant
emphasis is placed on various engineering strategies for 2D nanomaterials and their
influence on intrinsic material performance, such as electronic properties and

adsorption energetics.

The first part of this Thesis focuses on the understanding of alkaline HER mechanism

using 2D electrocatalyst as the platform. So far, the mechanistic understandings of



alkaline HER are inapplicable to highly active nanostructured catalysts in practice. This
is because most of nanostructured catalysts have complicated active sites, which cannot
be identified carefully using theoretical calculations. Compared to other nanomaterials,
2D nanomaterials have uniformly exposed lattice plane which is considered as the ideal
platform for the investigation of electrocatalytic reactions. Consequently, various 2D
electrocatalysts with tunable active sites were synthesized and studied via advanced
experimental measurements and theoretical calculations. First, a hybrid material of 2D
CsNs@MoN was prepared using an interface engineering strategy. The intimate
interaction of both inert C3N4 and MoN surfaces induced a highly active interface with
tunable dual-active sites for alkaline HER. The enhanced activity originates from the
synergy between the optimized hydrogen adsorption energy on the g-C3Ny sites and
enhanced hydroxyl adsorption energy on the MoN sites. Second, atomically thin
nitrogen-rich nanosheets, MosNs, were synthesized using a Ni-induced growth method.
The 2D MosNg nanosheets exhibit high HER activity and stability in natural seawater,
which were superior to other TMNs and even the Pt benchmark. The superior
performance of the nitrogen-rich MosNs nanosheets originates from their Pt-like
electronic structure and the high valence state of Mo atoms. Thirdly, a multi-faceted
heteroatom-doping method (nitrogen, sulfur, and phosphorus) was applied to tune the
electronic structure and HER activity of non-noble metals (Ni and Co) 2D layer directly
and continuously without changing their chemical composition. The dopant-induced
charge redistribution in the Ni metal 2D layer significantly influences its catalytic
performance for the HER in alkaline media. The principle that bridges the dopant effect

with the resultant HER activity is visualized with a volcano relationship.

The second part of the thesis focuses on the exploration and synthesis of new 2D layered
transition metal nitrides (TMNs) for hydrogen-related energy conversion. Firstly,
the 2D layered W>N3 nanosheets with nitrogen vacancies was successfully obtained
for the NRR. In this work, a new 2D layered W>N3 nanosheet was syntheiszed and the
nitrogen vacancies demonstrate activity for electrochemical NRR A series of ex-situ
synchrotron based characterizations show that the nitrogen vacancies in the 2D

W>Nj3 nanosheets



are stable due to the high valence state of the tungsten atoms and 2D confinement effect.
Density function theory calculations suggest that the nitrogen vacancies provide an
electron-deficient environment which facilitate nitrogen adsorption and lower the
thermodynamic limiting potential of the NRR. Secondly, alkali molten salts were
employed as the catalyst to explore and synthesize a new family of 2D layered TMNs
under atmospheric pressure. The resultant 2D layered TMNs show superior
performance for the HER with small overpotentials of 129 mV and 122 mV at a current
density of 10 mA ¢cm? in 0.5 M H,SO4 and 1 M KOH, respectively. This level of
performance surpasses most of the 2D layered electrocatalysts reported in the literature.
They also exhibit excellent oxidation resistance and film-forming properties for

practical applications.

At last, the challenges and perspectives of 2D nanomaterials for electrocatalysis were
discussed. The novel 2D nanomaterials demonstrate great potential for energy-relevant
electrocatalytic processes such as HER and NRR. By rationally modifying the surface
property and electronic structure at atomic level, the 2D nanomaterials can be extended
to more research areas. Moreover, insightfully unveiling the reaction mechanisms of
electrocatalysis can lay a solid foundation for designing more efficient 2D

electrocatalysts.
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Chapter 1: Introduction

1.1 Significance of the Project

The Australian government has determined energy to be a priority area of research, and
one important focus identified in this research area is the development of efficient, cost-
effective, and reliable energy conversion and storage technologies.! Hydrogen is
considered to be one of the best fuels for future clean energy systems as its combustion
product is only water.>* Therefore, the research of cost-effective technologies for
hydrogen generation is significant.’> Currently, several sources can produce hydrogen,
such as coal, natural gas, biomass, or water. In these sources, directly converting water
into hydrogen and oxygen through electrocatalysis is the best way as it produces no

greenhouse emissions.®

Electrocatalysis is a process which facilitates and accelerates a chemical reaction on the
surface of electrode materials.” Accordingly, the performance of electrocatalysts is
dependent on the properties of the electrode material, such as surface area, conductivity,

catalytic activity and cycling stability.®

For many years, water electrolysis has demonstrated the feasibility of efficient
hydrogen generation and conversion. In this process, the dominant reactions are the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).” The
benchmarks for the HER are Pt supported on carbon and RuQ/IrOa, respectively.’
However, the large-scale commercialization of effective catalysts for energy conversion
technologies is hindered by the high price of these noble metals.? Consequently, finding
new and cost-effective electrode materials is imperative for reducing the price of current

electrocatalysts.

A key factor in developing efficient electrocatalysts is understanding their activity
origin.'” As electrocatalysis proceeds at the surface of a catalyst, understanding the
surface properties of electrocatalysts enables rational modification of the material.!!
Compared to other nanomaterials, such as nanowires or nanoparticles, the most

important two features of 2D nanomaterials for electrocatalysis are their tunable and



uniformly exposed lattice plane and unique electronic state.'’ In particular, nitrogen
doped graphene (N-graphene) can act as a metal-free catalyst for the electrocatalytic
ORR in fuel cells which could dramatically reduce cost and promote their scalable

application.®

Besides favorable catalytic performance, 2D nanomaterials have
significantly high specific surface area and robust mechanical properties, resulting in
an ideal and programmable platform for practical applications. However, most pristine
2D nanomaterials have very low catalytic performance.? As a result, various optimizing
protocols have been developed to prepare efficient 2D electrocatalysts, including
heteroatom doping, defect engineering, edge engineering, strain engineering, and
interfacial structure engineering etc.? As these methods modify the physical, electronic,
chemical, and surface properties of 2D nanomaterials (e.g. intermediate adsorption free

energy, charge transfer kinetics, and reaction kinetics, etc.), inherent changes to their

performance can be realized.

With recent significant advances in surface characterization technologies, various
advanced imaging and spectroscopic characterization methods can be applied, such as
transmission electron microscopy (TEM), scanning probe microscopy (SPM), and
synchrotron-based X-ray absorption spectroscopy (XAS), to probe the active sites of
these materials and reveal the reaction mechanism. At the same time, with the
considerable improvement in computing power, density functional theory (DFT)
calculations can offer a precise description of the electronic structure of solid catalysts.
Consequently, for a certain electrocatalytic process, one can optimize the chemisorption
energies of reaction intermediates by tailoring the catalyst’s intrinsic electronic
structure to achieve a favorable surface reaction rate. Therefore, the goal of this Thesis
is to study the mechanisms of different reactions on 2D nanomaterial surfaces and
designing new 2D electrocatalysts based on our discovery. The reactions of interest are
the alkaline HER and the nitrogen reduction reaction (NRR), which have great potential

for energy and environmental sustainability.
1.2 Research Objectives

The major goals of this Thesis are to design novel 2D nanomaterials and their



derivatives for electrocatalysis and investigate their reaction mechanisms for energy-

related electrocatalytic processes such as the HER and NRR. In particular, the

objectives of this thesis are:

To understand the HER mechanism in alkaline media using 2D C3Ni@MoN
nanosheets as a platform.

To synthesize nitrogen rich MosNe nanosheets for electrocatalytic seawater splitting
using simple methods.

To design heteroatom doped transition metal electrocatalysts for alkaline hydrogen
evolution.

To investigate the nitrogen vacancies on 2D layered W2N3 for the NRR.

1o explore a new family of 2D layered materials for hydrogen evolution using a
molten salt directed method.

To investigate the advantages of 2D nanomaterials for advanced energy conversion

technologies.

1.3 Thesis Outline

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

on the design of novel 2D nanomaterials for electrocatalytic energy conversion

reactions. Recent progresses and challenges of 2D electrocatalysts for electrocatalysis

were reviewed followed by discussion of the applications of novel 2D nanomaterials 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 field of 2D nanomaterials and
electrocatalysis.

Chapter 2 reviews the recent progresses and challenges of 2D electrocatalysts for
electrocatalysis.

Chapter 3 presents 2D C3Nas@MoN hybrid nanosheets with tuneable dual-active
sites for efficient electrocatalytic hydrogen evolution

Chapter 4 investigates 2D nitrogen rich MosNg nanosheets for enhanced seawater

splitting.



» Chapter 5 presents heteroatom doped transition metal nanoparticles for alkaline
hydrogen evolution.

» Chapter 6 studies the nitrogen vacancies on 2D layered W2N3 for the nitrogen
reduction reaction.

» Chapter 7 develops a catalytic molten salt method for the facile synthesis of 2D
layered transition metal nitrides for hydrogen evolution.

»  Chapter 8 presents the conclusion and perspectives for further work on the design,

application, and mechanisms of novel 2D nanomaterials for electrocatalysis.
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Chapter 2: Literature Review

2.1 Introduction and Significance

This Chapter reviews the recent advances in two-dimensional (2D) materials for
electrocatalytic processes such as the hydrogen evolutions reaction (HER), oxygen
reduction reaction (ORR), and oxygen evolution reaction (OER). The global demand
for energy has increased rapidly. Consequently, many advanced technologies for clean
and sustainable energy conversion have become the subjects of extensive studies.
Recently, 2D materials have displayed great potential in electrocatalysis due to their
unique physical, chemical, and electronic properties. Their low-cost and high
performance demonstrate their potential as next generation electrocatalysts as
replacements for conventional precious metal catalysts. At the same time, there are
tremendous opportunities in advancing electrochemical surface science at the atomic
level by merging theoretical and experimental methodologies, which has led to many

breakthroughs in the research and development of advanced 2D electrocatalysts.

This Chapter presents a comprehensive summary of recent advances in the
electrocatalytic application of 2D materials through the merger of fundamental science
with practical technologies. A special emphasis is placed on the development of design
principles and determining working mechanisms. Various 2D material-based
electrocatalysts are reviewed for applications such as fuel cells, water splitting, and CO»
conversion, etc. Furthermore, various engineering strategies for 2D materials and their

influence on the intrinsic material activities are discussed at length.
2.2 Emerging Two-Dimensional Nanomaterials for Electrocatalysis

This Chapter is included as it appears as a journal paper published by Huanyu Jin,
Chunxian Guo, Xin Liu, Jinlong Liu, Anthony Vasileff, Yan Jiao, Yao Zheng, Shi-Zhang
Qiao, Emerging Two-Dimensional Nanomaterials for Electrocatalysis. Chem. Rev.

2018, 118, 6337-6408.
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Emerging Two-Dimensional Nanomaterials for Electrocatalysis

Huanyu Jin, Chunxian Guo, Xin Liu, Jinlong Liu, Anthony Vasileff, Yan Jiao,” Yao Zheng,*
and Shi-Zhang Qiao™

School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia

ABSTRACT: Over the past few decades, the design and development of advanced
electrocatalysts for efficient energy conversion technologies have been subjects of extensive
study. With the discovery of graphene, two-dimensional (2D) nanomaterials have emerged
as some of the most promising candidates for heterogeneous electrocatalysts due to their
unique physical, chemical, and electronic properties. Here, we review 2D-nanomaterial-
based electrocatalysts for selected electrocatalytic processes. We first discuss the unique
advances in 2D electrocatalysts based on different compositions and functions followed by
specific design principles. Following this overview, we discuss various 2D electrocatalysts for
electrocatalytic processes involved in the water cycle, carbon cycle, and nitrogen cycle from
their fundamental conception to their functional application. We place a significant
emphasis on different engineering strategies for 2D nanomaterials and the influence these
strategies have on intrinsic material performance, such as electronic properties and
adsorption energetics. Finally, we feature the opportunities and challenges ahead for 2D
nanomaterials as efficient electrocatalysts. By considering theoretical calculations, surface characterization, and electrochemical
tests, we describe the fundamental relationships between electronic structure, adsorption energy, and apparent activity for a wide
variety of 2D electrocatalysts with the goal of providing a better understanding of these emerging nanomaterials at the atomic
level.
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1. INTRODUCTION

With increasing concern regarding climate change, pollution, and
energy security related to the decreasing availability of fossil fuels,
the search for clean and renewable energy sources has become
one of the greatest challenges for the sustainable development of
society.' > Core to this development is the need for advanced
energy conversion systems such as water electrolysis, fuel cells,
and metal—air batteries. However, a profound understanding of
the fundamental principles, concepts, and knowledge of
electrocatalysis is required for realizing these next-generation
energy devices."® Heterogeneous electrocatalysis is a process
that can accelerate electrochemical reactions on the surface of
electrode materials.”” Generally, for energy-related applications
in electrocatalysis, there are two main energy cycles: the water
cycle and the carbon cycle. As shown in Figure 1, central to the
water cycle is a series of hydrogen- and oxygen-related
electrocatalytic processes. The oxygen reduction reaction
(ORR) and hydrogen oxidation reaction (HOR) occur on the
cathode and anode of a hydrogen—oxygen fuel cell, respectively
(Figure 1la). For electrolytic cells, the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) occur at
the cathode and the anode, producing gaseous hgrdrogen and
oxygen molecules, respectively (Figure 1a).”'® The ideal
technological loop for the water cycle consists of water splitting
through the HER and OER for fuel generation, followed by
power generation through the ORR and HOR in fuel cells."'
Development of this technology has been driven by the growing
hydrogen economy, which has pushed the electrocatalytic water
cycle to a prominent area of research.'” In the past two decades,
significant research has reported the development of high-
performing electrocatalysts for the water cycle. Generally, the
kinetics of the two-electron transfer processes in the half-cell
HER and HOR processes is simple (Figure 1b).”'" However, the
sluggish kinetics of the multi-electron transfer OER and ORR
processes limit the performance of corresponding energy devices
(Figure 1b)."”"* Conventionally, catalysts for these reactions are
based on precious metals such as Pt, Ir, and Ru, which can deliver
satisfactory reaction rates.'* However, these precious-metal
catalysts suffer from poor stability, and their cost greatly prohibits
their large-scale application.”®">'® Thus, the development of
high-performance and low-cost alternatives to these precious
metals has become a significant endeavor in clean energy
research.”!”

Due to increasing emissions of CO, in our industrial world,
anthropogenic climate change is an ever growing issue.'®'®'* An
ideal solution to this problem is the capture and direct use of CO,
as a chemical feedstock.'**”*' Compared to biochemical or
photochemical approaches,” reducing CO, electrochemically is
suitable for this application because it offers high efficiency and
product specificity and can be operated at ambient conditions
(Figure 2a,b).'*** However, the electrochemical CO, reduction
reaction (ECR), which is central to the carbon cycle, is
challenged with reducing the extremely stable CO, molecule.
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This results in a large kinetic barrier.”””* Another challenge the
ECR faced with is the controllable selectivity of products. In
principle, the ECR is a proton-coupled multi-step reaction
involving multi-electron reaction pathways to carbon monoxide
(CO), formate (HCOO~™), methanol (CH;0H), methane
(CH,), ethylene (C,H,), etc.”>~*” Using the widely studied Cu
electrode as an example (Figure 2c,d), selectivity toward a
particular reduction product fundamentally depends on the
adsorption energetics of a series of key reaction intermediates
and kinetic reaction barriers governed by the nature of the

electrocatalyst surface and applied potential.**~**

Hence,
understanding the relationship between a catalyst’s physical
and electronic structures with the reaction mechanism is key to

controlling its products selectivity.
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Both the water cycle and carbon cycle are applied in various
clean energy devices. For example, the ORR is the core reaction
for fuel cells and metal—air batteries.”'*** The HER and OER
are the core reactions of water electrolysis cells that supply
ultrahigh-purity hydrogen as fuel for proton exchange membrane
fuel cells (PEMFCs).”"** In the carbon cycle, direct methanol/
ethanol fuel cells play important roles for future energy systems
which could overcome both the storage and infrastructure
challenges of hydrogen.36 However, common among all these
technologies is the requirement for high-performing electro-
catalysts. In general, a good electrocatalyst features high activity,
high surface area, good electrical conductivity, and long-term
stability.” The activity of an electrode strongly depends on the
physicochemical properties of the electrocatalyst surface and the
electrode—electrolyte interaction.”””*® To achieve high catalytic
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activity, electrocatalysts need to be effective at lowering the
energy barriers of electrocatalytic reactions and promoting the
rate of surface electron charge transfer.””*” Accordingly, the
development of well-defined surfaces and structures is a valued
approach to promote electrochemical processes. Moreover, a
high electrode surface area and electrical conductivity can be
achieved by structuring conductive supports/substrates at the
nanoscale.”’ The durability of a catalyst determines the operating
life of the electrocatalytic cell which is very important for
practical applications. For example, in the ORR process, Pt-based
catalysts have low tolerance to byproducts such as methanol/
CO, resulting in a limited operating life. This is also further
stimulus to pursue high-performance catalysts outside of
precious metals.”'’ Therefore, the development of next
generation electrocatalysts with enhanced activity, selectivity,
efficiency, and stability is an ongoing challenge in energy
conversion/storage research.

Since graphene was first reported in 2004, 2D materials have
emerged in various research fields.”' ~** Recently, the exploration
of new 2D nanomaterials has prompted the development of 2D
electrocatalysts.*® Other than graphene, many new types of 2D
nanomaterials and their derivatives have been applied in
electrocatalysis.”’~* Compared to other nanomaterials, such
as nanowires or nanoparticles, the two most important features
of 2D nanomaterials for electrocatalysis are their tunable and
uniformly exposed lattice plane and unique electronic state.” "
Consequently, 2D metal-free materials such as nitrogen doped
graphene (N-graphene) have been developed to a point where
they begin to rival conventional catalysts. Application of N-
graphene ORR electrocatalysts in fuel cells could provide
significant cost reduction and facilitate scaling of the
technology.”” Another example is 2D molybdenum disulfide
(MoS,), which is a promising active material for the HER as its
hydrogen adsorption Gibbs free energy (AGy:) is only 0.08 eV,
which is even lower than that of benchmark Pt (AGy« ~ 0.09
eV).>>>* Besides favorable catalytic performance, 2D nanoma-
terials have significantly high specific surface areas and robust
mechanical properties, making them ideal and programmable
platforms for practical applications.* For instance, most 2D
nanomaterials are easily fabricated into freestanding flexible films
with uniform thickness.”>~°" Compared to powder-type
catalysts, freestanding electrodes are much more suitable for
actual utilization as they can prevent catalyst agglomeration and
exfoliation from supports, which is beneficial for activity
retention.”

However, most pristine 2D nanomaterials have very low
catalytic performance. For example, graphene has poor HER
performance as its hydrogen adsorption ability is very weak."”
Therefore, various optimization protocols have been developed
to prepare efficient electrocatalysts based on graphene and other
2D materials.®*”%” Summarized in Figure 3, these optimization
protocols modify the physical, electronic, chemical, and surface
properties of 2D nanomaterials (e.g., intermediate adsorption
free energy, charge-transfer kinetics, reaction kinetics, etc.) which
directly alter their inherent performance.'>****~7° As a result,
these protocols hold great potential for the design high-
performance electrocatalysts. To better understand the effects
of these modifications, recent advances in surface character-
ization technologies allow for the direct study of active sites to
reveal the reaction mechanisms. Various advanced imaging and
spectroscopic characterization methods can be used such as
transmission electron microscopy (TEM), scanning probe
microscopy (SPM), and synchrotron-based X-ray absorption
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spectroscopy (XAS).”'~7* Further, owing to the considerable
improvements in computing power, density functional theory
(DFT) calculations can offer a precise description of the
electronic structure of solid catalysts. The famous “d-band
center” theory, developed by Nerskov et al, describes the
relationship of a catalyst’s physical band structure with its
chemical surface adsorption behavior.”> Consequently, for a
certain electrocatalytic process, one can optimize the chem-
isorption energies of reaction intermediates by tailoring the
catalyst’s intrinsic electronic structure to achieve a favorable
surface reaction rate. At this stage, the combination of quantum
computational chemistry, surface electrochemistry, and materials
science has significantly accelerated the development of 2D
nanomaterials for high-performance electrocatalysis in energy
conversion/storage applications. Accordingly, 2D nanomaterials
are currently one of the hottest research fields.”®’*’”” Many
excellent reviews exist in the literature regarding either the
molecular design and synthesis of 2D nanomaterials,”>”*™*" or
nanostructured materials for advanced electrocataly-
sis. /PO I this timely Review, we aim to offer a
comprehensive overview of 2D nanomaterials for various
electrocatalytic applications, mainly for the water and carbon
cycles, providing the complete picture on 2D electrocatalysts.
We begin by giving a brief introduction encompassing all the
electrocatalysts based on 2D nanomaterials and their derivatives.
Both material physicochemical properties and their potential in
electrocatalytic applications are discussed. In the following
sections, we describe the design principles and synthesis
protocols for 2D electrocatalysts, followed by an insightful
overview of the advanced techniques and analysis methods
utilized for probing catalytic activity origins. Then, we provide a
summary of 2D electrocatalysts employed for the major
electrocatalytic processes (ORR, HER, OER, ECR, etc.) from
their fundamental conception to functional application. This is
achieved by a comprehensive review of the development of 2D
electrocatalysts based on an understanding of the reaction
mechanisms, catalytic activity trends, and materials design.
Additionally, we describe the relationship between 2D nanoma-
terials and electrocatalytic performance by bridging the
fundamental DFT calculations with electrochemical experiments
to provide tutorial-level guidance. Especially highlighted is the
significance of merging computational quantum chemistry,
surface electrochemistry, materials chemistry, and nanotechnol-
ogy for electrocatalysis through a range of examples covering
various 2D metals, metal compounds, and non-metallic
materials. Finally, we provide some insight into the current
progress of 2D electrocatalysts along with the remaining
challenges and future directions for this emerging field.

2. CATEGORIES OF 2D ELECTROCATALYSTS

For electrocatalytic applications, 2D nanomaterials have a more
uniformly exposed crystal lattice compared to other nanoma-
terials, such as nanoporous materials, nanowires, or nanotubes,
and achieve a higher concentration of exposed electrocatalytically
active sites under a certain electrocatalyst mass loading. Also, the
simple and ordered molecular framework of 2D nanomaterials
makes the identification of active sites easier from both
theoretical and experimental perspectives. Another motive to
study and develop 2D electrocatalysts is that they are typically
inexpensive which makes them ideal replacements for precious-
metal-based electrocatalysts.
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Figure 3. Typical strategies for engineering 2D nanomaterials and their
roles for enhancing electrocatalytic performance.

2.1. Metal-Free 2D Nanomaterials

As early as 2009, Dai et al. discovered that nitrogen-doped carbon
nanotubes (N-CNT) were promising alternatives to Pt for ORR
applications.”*>** Since then, tremendous progress has been
made in the development of 2D metal-free materials for effective
catalysis in various electrocatalytic processes. These materials
include: graphene-based materials (Figure 4a), graphdiyne
(Figure 4b) graphitic carbon nitride (g-C;N,) (Figure 4c),
hexagonal boron nitride (h-BN) (Figure 4d), and black
phosphorus (BP) (Figure 4e).*®7*%5%

2.1.1. Graphene. Since its discovery in 2004 by Geim and
Novoselov using their famous Scotch tape method, graphene has
become a leading research interest in various fields such as
electronics, biomedical engineering, and electrocatalysis.42
Graphene is a one-atom-thick 2D carbon crystal in which sp*-
bonded carbon atoms are packed in a hexagonal lattice
resembling a honeycomb (Figure 4a). Being the most basic of
carbon structures, it is considered the fundamental building

block for other dimensional carbon materials, including 0D
fullerenes, 1D CNTs, and 3D bulk graphite or other carbon
architectures.** The cause of such interest in graphene is due to
its many unique properties, such as high theoretical surface area
(2630 m? g_l),87 high modulus of elasticity (1.0 TPa),*® and
good thermal (5000 W m™" K ™) ,% and electrical conductivities
(10° S em™).* For electrocatalytic applications, graphene
presents both challenges and opportunities. Given the
delocalized 7 bonding network of graphene, adsorption of
reaction intermediates is generally very endothermic, resulting in
low intrinsic activity.73 Therefore, the basal plane of pristine
graphene is normally considered inert for electrocatalytic
processes. However, its large specific surface area and good
electrical conductivity make it very attractive as a platform for
electrocatalytic applications. Furthermore, the electronic and
surface properties of graphene can be easily tuned by defect
engineering, heteroatom doping, and heterostructure construc-
tion.

It is well known that the electronic states at the edges and
defects of graphene differ from the basal plane, and are
significantly more active for electrocatalysis.'> For instance,
Deng et al. found that the edges of graphene are the active sites
for the ORR process using DFT calculations.” Other than edge
effects, heteroatom doping by replacing sp* carbon atoms with
sulfur, nitrogen, phosphorus, boron, etc. is also an effective way
to activate graphene for electrocatalysis, which will be discussed
in sections 6.2 and 8.2.1. For example, Qu et al. reported N-
graphene as a metal-free ORR catalyst with a performance that
was comparable to benchmark Pt but immune to CO
deactivation.”” Since then, heteroatom-doped graphene has
shown great potential for the ORR and HER applications. Jiao et
al. investigated the HER on a series of non-metal heteroatom-
doped graphene by mutually corroborating electrochemical
reaction rate measurements with theoretically computed
adsorption energetics of key reaction intermediates.”” This
work is one of the first to propose a strategy for atomic design of
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efficient graphene-based electrocatalysts for broader electro-
catalytic processes. Interestingly, graphene is also an ideal
platform for anchoring and supporting single-atom cata-
lysts.®>”"?* Sun et al. found that N-graphene can be used as a
matrix for Pt single-atom and cluster catalysts.”® The as-prepared
catalyst had superior performance for the HER compared to
commercial 40% Pt/C catalysts. Spectroscopic and DFT analyses
indicated that the partially unoccupied density of states (DOS) of
the Pt 5d orbitals on the N-graphene were responsible for its
excellent performance. Apart from water cycle reactions,
graphene-based catalysts have also exhibited high electrocatalytic
activity in the carbon cycle reactions, which will be discussed in
detail in section 9.5.'%® In one example, N-graphene
demonstrated significant ECR efficiency toward formate
generation.”* To explain this enhancement in ECR activity,
DEFT calculations suggest that the existence of N-atoms in the
graphene framework lowered the free energy barrier to
adsorption of intermediates which resulted in more favorable
binding of *COOH.”

2.1.2. Graphyne. Graphyne is another allotrope of carbon
that is a one-atom-thick planar sheet of sp and sp>-bonded carbon
atoms arranged in a crystal lattice.”® Comprised of benzene rings
(sp™like carbon atoms) and acetylenic (sp-like carbon atoms)
linkers, graphynes were named after their relationship to graphite
and acetylenic components.”® They are differentiated as
graphyne, graphdiyne (Figure 4b), graphtriyne, etc. based on
the number of acetylenic groups between two adjacent benzene
rings.”””® The synthesis of 2D graphdiyne is mainly based on
bottom-up methods such as chemical vapor deposition (CVD)
and gas/liquid or liquid/liquid processes using hexaethynylben-
zZene as a precursor monomer.””'? Different from graphene,
graphyne is a semiconductor with a direct band gap.'"!
Furthermore, it has been predicted that some graphyne
allotropes without hexagonal symmetry and with two self-
doped non-equivalent distorted Dirac cones might possess
electronic properties superior to those of graphene. Con-
sequently, graphyne may have superior performance in some
specific electrocatalytic processes.

As shown by Liu et al., N-doped $raphdiyne can act as a metal-
free electrocatalyst for the ORR.'”> The as-prepared catalyst
exhibited good electrocatalytic performance, even comparable to
commercial Pt/C. DFT calculations indicated that N-doping
causes a high positive charge localized on the C-atoms adjacent
to the N-atoms, thereby attracting electrons more readily and
facilitating the ORR. Moreover, reported by Zhang et al., multi-
heteroatom co-doping of graphdiyne has shown to further
improve the ORR performance of this material.'”> They
synthesized a series dual-heteroatom doped graphdiyne (N, S,
B, F) which all showed enhanced ORR performance compared to
single-doped samples but N and F co-doped graphdiyne
exhibited the best performance.'”” DFT calculations indicated
that when F and N are simultaneously incorporated into the
graphdiyne matrix to form dual-doping sites, those C-atoms
neighboring these sites are activated through a large positive
charge density. This charge density is induced locally over the C-
atoms which increases electrocatalytic activity. Other than the
ORR, graphdiyne also has also shown excellent performance for
the HER. For example, graphdiyne-coated Cu nanowires
exhibited efficient HER performance in acidic media with an
overpotential of 79 mV at a current density of 10 mA cm™ and a
Tafel slope of 69 mV dec™.'"* Similarly, graphdiyne supported
Co nanoparticles in N-doped carbon layers also exhibited high
HER activity.'” It should be noted that some studies have found
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that graphdiyne has potential performance for the CO oxidation
reaction.

2.1.3. Graphitic Carbon Nitride. Carbon nitride is one of
the first artificial polymers reported in the scientific liter-
ature.'””'%® Graphitic carbon nitride (g-C;N,) is a 2D crystal
with a van der Waals layered structure, and is considered to be the
most stable allotrope of all the various carbon nitride
materials."” Analogous to graphene, the crystal structure of g-
C;N, can be described as a hexagonal carbon framework with N-
substituted carbon through the sp* hybridization of carbon and
nitrogen atoms.'' Two structural isomers of g-C;N, exist and are
synthesized using different precursors and condensation
methods. The first one is constructed by condensed triazine
(1,3,5-triazine, C;N,) units with a periodic array of single carbon
atom vacancies.'”” The second one is composed of condensed
heptazine (1,3,4,6,7,9,9b-heptaazaphenalene, C¢N,) subunits
connected through planar tertiary amino groups, and has larger
periodic vacancies in the lattice (Figure 4c).''* Generally, various
nitrogen-rich precursors, such as urea,''" thiourea,"'” mela-
mine, " cyanamide,'"* and Dicyandiamide,'"> can be used for
synthesizing g-C;N, via thermal treatment. Like graphene, 2D g-
C;N, nanosheets can be obtained from the exfoliation of bulk g-
C;N, materials. Corresponding techniques include ultrasonica-
tion-assisted liquid exfoliation, liquid ammonia-assisted lithia-
tion, post-thermal oxidation etching, and thermal delamination
combined with sonication.'*™"*" To date, heptazine-based g-
C;N, has been used as either an active material, support material,
or as a metal atom coordinator in various electrocatalytic
applications like the ORR, OER, HER, and ECR.*®122

Due to its band gap (~2.7 eV), the semiconducting properties
of g-C;N, make it very suitable for photocatalytic processes.' ">
However, the degree of condensation of g-C;N, directly affects
its electronic structure and band gap which in turn affects its
activity."””*'** In this regard, bulk g-C;N, suffers from low
activity. On the other hand, 2D g-C;N, nanosheets have
exhibited desirable activity due to the abundant structural defects
and surface terminations that play key roles in catalytic activation.
Other than band gap, the nitrogen-rich carbon framework of g-
C;N, is another important feature for electrocatalysis. Normally,
nitrogen doping can enhance the electron-donor properties of
graphene and other carbon networks, resulting in an improve-
ment to interactions between carbon and intermediates during
electrocatalytic processes (which will be discussed in section
6.2.2). Therefore, two basic design principles are typically
employed for synthesizing g-C;N,-based electrocatalysts. These
are (1) optimization of material conductivity and (2) appropriate
tuning of active sites. To optimize conductivity, g-C;N, has been
composited with conductive carbon materials. For example, g-
C;N, was incorporated into a mesoporous carbon framework
and showed significantly enhanced ORR activity compared to
pristine g-C;N,."*® Active sites can be tuned in various ways but
the intention is to favorably modify the adsorption energy of
target intermediates. In one example, a g-C;N, and N-graphene
composite achieved HER performance comparable to that of
metallic catalysts.”® Combined atomic imaging, spectroscopic
analysis, and DFT calculations revealed that the interfacial
structure of the composite optimized the electronic state and
AGy which facilitated electron/charge transfer and enhanced
catalytic activity.*®

2.1.4. Hexagonal Boron Nitride. Hexagonal boron nitride
(h-BN) is another analogue of graphite and is also known as
“white graphene”.'”” Bulk h-BN has a layered structure with
lattice constants of 2.50 A and interlayer distances of 3.33 A
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(Figure 4d)."*® Differing from graphene, h-BN is an insulator
with a thickness dependent band gap. In electronic and optical
devices, h-BN nanosheets have been used as dielectric substrates
for graphene and MoS,-based heterostructures.'*”"*° However,
pristine h-BN displays barely no performance for electrocatalysis,
limited by its poor conductivity and poor catalytic activity.
Therefore, various experiments using physical or chemical
methods have been conducted to activate h-BN. Uosaki et al.
found that the electronic properties of h-BN can be tuned
through coupling with Au nanoparticles."”’ The resultant
composite exhibited increased ORR activity which originated
from the effective activation of adsorbed O, and improved
selectivity for the 2e™ reduction pathway from O, to H,O,. Like
for other 2D nanomaterials, heteroatom doping is also an ideal
method for activating the catalytic activity of h-BN. Through
DFT computations, Li et al. explored the possibility of utilizing
heteroatom-doped h-BN sheets as ORR electrocatalysts by
examining their O, adsorption ability and subsequent ORR
pathways.'** Predicted from their calculations, carbon doped h-
BN showed promise as an ORR catalyst because it could facilitate
the ORR with a lower energy barrier compared to Pt-based
catalysts in acidic media. Uosaki et al. also demonstrated that h-
BN can modify the activity of Au for the HER, whereby its
activity was improved by the existence of sites energetically
favorable for hydrogen adsorption.'”> Carbon doped h-BN
sheets have also been used as sustainable and stable visible-light
photocatalysts for CO, reduction.'** Therefore, these materials
also have potential in ECR applications when appropriate
engineering strategies are utilized (e.g., optimization of electrical
conductivity).
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2.1.5. Black Phosphorus. Black phosphorus (BP) has a 100
year long history as its bulk form was first synthesized in 1914."*
BP is a layered semiconductor with an orthorhombic crystal
structure; one phosphorus atom is covalently bonded with
another three to form a puckered honeycomb structure in a
single layer (Figure 4e)."*® The three bonds take up all three
valence electrons of phosphorus, resulting in a band gap of ~2 eV
which can be tuned by controlling its thickness."*”"** So far, BP
has been widely studied in electronic and optical devices."*”"*
However, only a few works have been reported about its
applications in electrocatalysis, which may be due to its low-
stability under electrocatalytic conditions and poor electrical
conductivity.

Recently, it was found that various forms of bulk BP (such as
thin films and particles) have electrocatalytic activities for the
OER process comparable to commercial RuO,-based catalysts.*®
However, bulk BP has a low density of active sites which likely
limits its electrocatalytic performance. Compared to its bulk
form, 2D BP nanosheets synthesized by liquid exfoliation
techniques possess increased exposed active sites and surface
area.®® Therefore, the intrinsic benefits of this ultrathin lamellar
structure can promote the development of BP for efficient
electrocatalysis. As predicted, few-layered BP showed improved
OER performance compared to the bulk form, achieving an
onset-potential of 1.45 V vs RHE (reversible hydrogen
electrode) and Tafel slope of 88 mV dec™' in alkaline
conditions.** BP also exhibits synergistic effects for the HER
when assembled into heterostructures with other materials. For
example, Luo et al. synthesized a 0D—2D NjP and BP
heterostructure which had a superior HER performance in
acidic media compared to commercial Ni,P."** The outstanding
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electrocatalytic performance of this hybrid was attributed to the
high surface area of the BP and tuned charge carrier
concentration between the Ni,P and BP interface.

2.2. Metal Chalcogenides

Metal chalcogenides are the largest class of materials for
electrocatalysis due to their intriguing structural and electronic
properties and have been applied for the ORR, OER (discussed
in section 7.2.3), HER (discussed in section 8.3), and ECR
(discussed in section 9.4).'*' In their 2D form, metal
chalcogenides can be divided into layered transition-metal
dichalcogenides (TMDs) and non-layered metal chalcogenides
(NMCs),"* in which the development of 2D TMD-based
electrocatalysts has the greatest potential for realizing low-cost
and high-performing electrocatalysts for clean energy conversion
applications.

2.2.1. Transition-Metal Dichalcogenides. As shown in
Figure Sa, layered TMDs can be described with the general
chemical formula MX, (M is a transition-metal element and X is a
chalcogen such as S or Se).*”®" Bulk TMDs consist of
monolayers stacked by van der Waals forces whereas the general
crystal structure of a TMD monolayer can be described as a
sandwich structure where one layer of transition metal is situated
between two layers of chalcogen (i.e,, X-M-X). A unique feature
of 2D TMDs is their multicrystal structures. For example, 2H
(hexagonal), 1T (trigonal), and 3R (rthombohedral) are the three
common crystal structures of MoS, which are dependent on the
different coordination models between Mo and S-atoms and the
staking order between layers."*” The band gaps of bulk and
monolayer MoS, are also different due to the strong changes in
electronic structure.””'**'** The different crystal types and band
gaps among the various TMDs lead to different surface
properties and hence varied catalytic activities.

To date, there are two main synthesis methods for 2D TMDs.
These are the top-down liquid exfoliation method and the
bottom-up growth method.*>”>'** For example, CVD can grow
TMD nanosheets with very high quality and large lateral size.
However, the yield is insufficient for energy storage and
electrocatalytic applications. The liquid exfoliation method is
widely used in producing high-quality 2D TMD suspensions via
direct sonication techniques. However, the nanosheets in the
resultant dispersion are generally highly polydisperse, which is
not ideal for practical applications. To fully exfoliate TMDs,
studies have found that lithium-ion intercalation using n-butyl
lithium and hexane is one of the best methods.'** The degree of
lithiation can also tune the crystal phase of the TMDs from the
semiconducting 2H (trigonal prismatic) to the metallic 1T
(octahedral) phase (Figure Sb,c).”> In the case of WS,,
transformation from the 2H to 1T phase after the exfoliation
process caused the structure to become highly distorted with a
high proportion of zigzag-like strain in the lattice.'”” DFT
calculations suggest that the tensile strain in the exfoliated WS,
nanosheets could enhance the DOS near the Fermi level which
favorably influences AGy and significantly enhances the HER
performance.

For electrocatalytic applications, the X sites at the layer edges,
rather than the sites within the basal plane, have been identified
as the catalytically active sites by both DFT calculations and
experiments.””** Inspired by this finding, various methods have
been developed to expose more active edge sites (such as lateral
size control, nanostructuring, defect engineering, etc.) and
further improve the electrocatalytic performance of
TMDs."**~"*° Additionally, either the M or X sites located in
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the basal plane can be activated using heteroatom doping."*
Experiments and DFT calculations indicate that metallic atom
(Fe, Co, Ni) and non-metallic atom (B, N, O) doping are both
effective for improving the HER activity of TMDs.”*">' TMDs
also have great potential in ECR applications.lsz’153 For example,
Asadi et al. identified that the edge sites of MoS, to be active for
the ECR due to the high density of d electrons in Mo-terminated
edges and its low work function.>* They also found a trend
between work function and ECR performance for various
nanostructured TMDs in ionic liquid media.'>> According to
calculations, the work functions of TMDs show the following
trend: MoS, > WS, > MoSe, > WSe,, which is consistent with
experimentally measured ECR activities.

2.2.2. Non-layered Metal Chalcogenides. NMCs are a
class of metal chalcogenides with 3D crystal structures. The
general formula of a NMC is MX, (a = 1, 2), where M represents
a metal such as Cd, Co, Ni, Sn, Zn, etc. and X represents a
chalcogen (S, Se, and Te).*’ It is still a great challenge to
synthesize 2D NMC nanosheets through traditional methods
(e.g, liquid exfoliation or micromechanical cleavage) due to the
difficulty of breaking the in-plane bonds (e.g., covalent, metallic,
and ionic bonding) and the lack of an intrinsic anisotropic growth
driving force. To overcome this, new methods have been
developed, such as oriented-attachment growth, 2D-templated
synthesis, lamellar intermediate-assisted exfoliation, ultrathin 2D
precursors-based topotactic conversion, and selective extraction-
assisted exfoliation."'**~"*” Toward electrocatalysis, 2D NMCs
have demonstrated excellent electrocatalytic performance
because of their unique physical and chemical properties. For
example, 2D CoSe, nanosheets exhibited HER and OER
performances that were superior to its bulk form.*'>® It was
also found that subtle lattice distortion induced by Mn-atom
dopin% in this material can further improve its HER perform-
ance.'® 2D NMCs with double metal cations (e.g., Fe-NiS,)
have also demonstrated improved HER performance due to the
increased density and accessibility of catalytic active sites.'®" For
the ECR, Sun et al. synthesized Mo—Bi bimetallic chalcogenide
nanosheets which showed highly selective CO, reduction to
methanol.'®” The Faradaic efficiency toward methanol produc-
tion reached 71.2% with a current density of 12.1 mA cm™2,
which is significantly higher than others reported in the literature.

2.3. Transition-Metal Oxides and Hydroxides

Transition-metal oxides (TMOs) and hydroxides (TMHs) have
been employed for almost all electrocatalytic processes
mentioned already.*> However, most pristine TMOs and
TMHs exhibit unsatisfactory performance compared to bench-
mark electrocatalysts due to their low activity and poor
conductivity. Many recent studies have shown that the
electrocatalytic activity of TMOs and TMHs can be improved
by reducing their thickness. Thus, 2D TMOs and TMHs have
become promising candidate electrocatalysts for OER (discussed
in section 7.2.1) and ECR (discussed in section 9.3) applications.

2.3.1. Transition Metal Oxides. 2D TMOs present great
potential in electrocatalysis due to their low cost, high stability,
and tunable activity. Two main classes of 2D TMOs exist: layered
TMOs and non-layered TMOs. The layered class consists of
metal trioxides (e.g., MoOj;, TaO;, and WO;) which have a
layered structure like graphene and can be transformed into 2D
nanosheets by t}?ical exfoliation methods such as liquid
exfoliation.”'**™'® Non-layered TMOs typically have 3D
crystal structures which cannot be easily synthesized via top-
down approaches as they contain strong chemical bonds between
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Figure 6. Ilustration of a brucite or brucite-like single layer in layered metal hydroxides, including LSHs and LDHs. Reproduced with permission from

ref 169. Copyright 2016 Royal Society of Chemistry.

the different crystal layers. Accordingly, methods including
ultrathin 2D precursor-based topotactic conversion strategies
and salt-template methods have been developed to synthesize
these non-layered 2D nanomaterials.*>'°® For example, Xiao et
al. developed a general method to synthesize a range of 2D TMO
nanosheets (MoO;, WO, MoO,, MnO) using salt crystals as a
template. The lateral growth of TMOs on the salt surfaces is
guided by the salt crystal geometry and promoted by lattice
matching. Any growth perpendicular to the salt surface is limited
by precursor depletion. The result is the formation of TMO
nanosheets with nanometer thickness and is even a suitable
method for materials with non-layered crystal structures.'®

To date, many studies have demonstrated that 2D TMOs are
active for various electrocatalytic reactions in the water and
carbon cycles. Most 2D TMOs can be used as electrocatalysts
directly without further modification. However, 2D TMOs are
significantly limited by their weak electron transfer abilities.
Therefore, optimizing their electrical conductivity is an ideal way
to improve their catalytic performance. For example, plasma-
engraved 2D Co;0, nanosheets exhibited efficient OER
performance due to their highly exposed surface area, enhanced
electrical conductivity, and vacancy introduced active sites.'®’”
Furthermore, the catalytic performance of 2D TMOs can be
improved using defect engineering. For example, 2D CeO,
nanosheets with surface-confined pits showed a faster reaction
rate for CO oxidation than its bulk form.'**

2.3.2. Layered Transition Metal Hydroxides. Layered
transition-metal hydroxides (LMHs), including layered single
metal hydroxides (LSHs) and layered double hydroxides
(LDHs), are a group of layered materials which have metal-
hydroxyl host layers with or without intercalated anions (Figure
6)."”” Due to the increased interest in graphene, studies have
found that many materials with 2D confinement have unique
properties that are different from their bulk forms. In particular,
LDHs comprise positively charged brucite-like layers and an
interlayer region containing charge-balancing anions and
solvation molecules. The incorporated anions and various
metal cations also lead to large interlayer spacing and unique
redox characteristics. All of these properties result in the notable
electrochemical performance of LDHs.'”>'”" As a result of their
combined physiochemical properties and ultrathin nanostruc-
ture, 2D LMHs have been widely investigated as one of the most
promising candidates for electrocatalytic applications.'”>"”

Currently, various 2D LMHs have been synthesized and most
of them exhibit efficient electrocatalytic performance. For
example, Song et al. reported that 2D single-layer LDHs have
superior OER performance in alkaline media compared to bulk
LDHs."”* This improved OER performance was attributed to the
greater active site density and improved electrical conductivity of

the 2D LDHs. Furthermore, an electrode which integrated
ultrathin Ni(OH), with a Pt substrate demonstrated a synergistic
effect which greatly promoted the alkaline HER.'”” In this hybrid
system, it was found that Ni(OH), expedited water adsorption
and dissociation while the Pt surface subsequently facilitated
hydrogen recombination and desorption.'”® For the carbon
cycle, very few studies exist regarding LMH-based electro-
catalysts. However, evidence has shown that LDHs demonstrate
photocatalytic activity for CO, conversion which creates
opportunities for its application in the ECR process.'””

2.4. MXenes and Non-layered Transition-Metal Carbides
and Nitrides

In 2011, a new category of 2D nanomaterials named MXene was
discovered.'”®'”? The first MXene studied was Ti,C,T,, which
was synthesized by selectively etching the Al-atoms from its
MAX phase.'”” To date, over 70 different MXene type carbides
and nitrides have been confirmed through experimental synthesis
or theoretical prediction.'”” The general chemical composition
of MXene is M,,,;AX,, where M represents an early transition
metal, A is a group IIIA or IVA element primarily, X is C and/or
N,and n=1,2, or 3."% MXene-type materials are very suitable
for electrocatalysis because they possess metallic conductivity
and are hydrophilic. However, despite these advantages, MXenes
were limited by the fact that many highly active metal nitrides
(such as cobalt, nickel, and iron) were not present in the MAX
list. Accordingly, alternative synthetic methods were developed
in order to extend the category of 2D transition-metal carbides/
nitrides.'®" For example, Xu et al. developed a CVD method to
synthesize large lateral size and high-quality non-layered 2D
transition-metal carbides like a-Mo,C, WC, and TaC ultrathin
nanosheets.'®> Xiao et al. also developed a facile and scalable
method using salt as a template to synthesize a series of non-
layered 2D transition-metal nitrides.'*’

Pristine MXenes like Ti;C,T, have low catalytic activity and
are therefore hardly used directly as electrocatalysts. Ma et al.
assembled a freestanding film using exfoliated g-C;N, and
Ti;C,T, as the active materials which showed OER performance
comparable to commercial IrO,-based catalysts.”” Other hybrid-
ization methods have also been introduced to produce high-
performance MXene-based catalysts such as 2D cobalt 1,4-
benzenedicarboxylate/MXene composites and CdS/
MXene.'**'® Alternatively, non-layered 2D transition-metal
nitrides possess inherent electrical conductivity and hydro-
philicity which affords them many advantages for electrocatalytic
applications. As a result, they have been directly applied as

efficient electrocatalysts without any modification."**"*”
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Publishing Group. (d) From ref 194. Copyright 2015 Nature Publishing Group, respectively.

2.5. Transition Metals

Transition metals are a class of materials with a long history in
electrocatalysis, and for decades, fundamental studies for
electrocatalysis were all based on metals and metal
alloys.”*¥"*%'% To date, the precious metal Pt is still the
benchmark electrocatalyst for the HER and ORR processes.'**
Since the discovery of CNTs and graphene, the role of
dimensionality in determining the intrinsic properties and
functions of nanomaterials has been widely accepted."*® Similar
to other 2D nanomaterials, metal nanoplates and nanosheets
have shown some unique properties.'*>'”°™"** Most synthetic
methods for large-scale production of 2D metal nanosheets can
be described as “bottom-up” methods (e.g., 2D template-assisted
synthesis, seeded growth, hydrothermal, and solvothermal
methods).”"** For example, metal nanocrystals can be directed
or confined to grow into a 2D nanosheet in the presence of 2D
templates. As shown in Figure 7a, Au square sheets (AuSSs) with
an unconventional hcp phase were synthesized via a 2D template-
assisted method.'”” Duan et al. synthesized single-layered Rh
nanosheets using a simple solvothermal method (Figure 7b)
which could also be used for fabricating similar structures for
other metals."”® However, the poly(vinylpyrrolidone) supports
used for these single layered Rh nanosheets have a negative effect
on their electrocatalytic application. Compared to this surfactant
induced solvothermal method, the CO confined growth method
is more appropriate for electrocatalyst fabrication as adsorbed
CO can easily be removed. CO can also be used advantageously
to direct the growth of metal nanocrystals. For example, CO is
strongly adsorbed on low-index facets of Pd during the synthesis
of freestanding Pd nanosheets (Figure 7c) which can then reduce
Pd salts in a particular direction and produce particular phases.'””

The metal crystal phase is very important for electrocatalytic
processes as metals are anisotropic. It was found that AuSSs can
be transformed from hcp to fecc structures via surface ligand
exchange or surface coating of a thin metal layer."**'* For
example, in the Ag coated Au nanosheet system, the surface
coating can lead to two types of phase transformation based on
the surfactant used. This can result in the formation of fcc Au@Ag
core—shell square sheets with (100); orientation, and hcp/fcc
mixed Au@Ag core—shell nanosheets with (110),/(101);
orientation (Figure 7d). This method realizes the phase control
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of 2D metal nanosheets which is important in regulating their
catalytic properties for electrocatalysis. 2D metal nanosheets
have exhibited enhanced catalytic performance over commercial
catalysts due to their significantly larger surface area. For
example, Huang et al. reported that Pd nanosheets have a larger
electrochemically active surface area (ECSA) than commercial
Pd-based catalysts for formic acid oxidation."”* Saleem et al. also
confirmed that Pt—Cu alloy nanosheets have better performance
for ethanol oxidation comg)ared to commercial Pt/C catalysts
due to their large ECSA."”

2.6. Metal—-Organic Frameworks and Covalent—Organic
Frameworks

Metal—organic frameworks (MOFs) are porous crystalline
compounds consisting of metal ions or clusters coordinated to
organic ligands forming bulk structures.'””'®” Recently, MOFs
have attracted significant interest in electrocatalysis due to their
tailorable structures, high porosity, and large surface area.'”®
More importantly, the crystal structures of MOFs can be varied
from 3D structures to 2D layered structures.'”'””**° Compared
to their bulk forms, 2D MOFs have highly accessible active sites
for electrocatalysis. Like other 2D nanomaterials, 2D MOFs can
also be synthesized via top-down (exfoliating bulk MOFs) and
bottom up (directly synthesizing from metal ions and ligands)
methods. ****' 7% In electrocatalysis, 2D MOFs have been
applied in many electrocatalytic processes including the HER,
OER, and ECR.”*"*** For example, Zhao et al. synthesized NiCo
bimetal—organic framework nanosheets from a mixed solution of
Ni**, Co**, and benzenedicarboxylic acid (BDC) and applied
them as OER electrocatalysts.””’ The excellent performance of
this 2D MOF was attributed to its ultrathin thicknesses, high
degree of exposed catalytic active sites, and distinct surface
atomic bonding arrangements. Currently, most works on 2D
MOF-based electrocatalysts are related to the water cycle
reactions. As a pioneering work, Kornienko et al. demonstrated
the possibility applying MOFs for the ECR which has created
new opportunities for MOFs in energy-related applications.”*”
Another important application of MOFs is its use in the
synthesis of metal single-atom catalysts (M-SACs). Metal single-
atom catalysts demonstrate unique properties in a wide variety of
heterogeneous catalysis and electrocatalytic processes as they
represent maximum atom utilization efficiency.”>*%> Very
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Figure 8. (a) Scheme of the formation of Ni single-atom electrocatalyst. (b) TEM image of Ni single atom. (c) EXAFS fitting curves for various
electrocatalysts, inset shows the molecular Ni single atom bonded with nitrogen atoms. Reproduced with permission from ref 207. Copyright 2017

American Chemical Society.

recently, Li’s group developed a general synthetic strategy for M-
SACs by applying particular zeolitic imidazolate frameworks
(ZIFs; a kind of MOF that are topologically isomorphic with
zeolites) as precursors.””>~>°” The resultant M-SACs (M = Fe,
Co, Ni) demonstrated excellent activities for energy-related
electrocatalytic reactions (Figure 8a). The most important
principle of this methodology is the utilization of low-boiling-
point Zn (mp 420 °C, bp 907 °C) in ZIF-8 and Zn/Co bimetallic
ZIF-67, which can be evaporated away at high temperature and
leave abundant N-rich defects. As a result, aggregation of the
isolated metal ions was avoided during pyrolysis due to strong N-
coordination (Figure 8b). The precise molecular structures of
these isolated metal atoms were identified by high-resolution
imaging (Figure 8b) and X-ray absorption spectra (XAS; Figure
8¢).

Similar to MOFs, covalent-organic frameworks (COFs) are
organic solids with porous crystal structures in which the building
blocks are made of light elements such as H, B, C, N, and O
linked by strong covalent bonds.”***"” Discovered by Yaghi et al.,
COFs have emerged in various research fields such as gas storage,
photoelectric applications, and electrocatalysis.”'>*'" Normally,
2D COFs are obtained from their bulk counterparts via top-
down methods such as solvent assisted exfoliation, self-
exfoliation, mechanical delamination, and sequential strat-
egies.m_216 Also similar to MOFs, COFs have many advantages
for electrocatalysis such as high surface area, regular pore size,
tailorable structure, and predictable synthesis routes. Accord-
ingly, 2D COFs have been applied in many electrocatalytic
processes.”'”~>'* For example, Lin et al. developed a catalyst of
modular optimized COFs with building units of cobalt
porphyrins linked by organic struts through imine bonds for
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the electrochemical reduction of CO, to CO.>'’ This COF-based
catalyst exhibited high activity and selectivity compared to
existing heterogeneous systems. Besides MOFs and COFs, 2D
polymers are emerging as electrocatalysts for processes such as
the HER and ORR.”*’ For instance, Dong et al. synthesized a 2D
supramolecular polymer via the Langmuir—Blodgett method.”*'
The large-area and ordered 2D nanosheets exhibited HER
activity superior to that of recently reported CNT-supported
molecular catalysts.

3. ENGINEERING PROTOCOLS FOR CATALYST DESIGN

As mentioned in previous sections, most pristine 2D nanoma-
terials are inert for electrocatalysis due to their low adsorption
energy, limited number of active sites, and low conductiv-
ity.*>¥%> Therefore, preparation of high-performance 2D
catalysts with favorable composition, thickness, defects, and
surface properties is extremely important for their practical
application. To this end, various methods such as heteroatom
doping, defect engineering, interfacial structure engineering, etc.
have been utilized to tailor the catalytic activity of 2D
nanomaterials.******* In this section, we briefly summarize
catalyst design protocols for a wide variety 2D catalysts. The
advantages and limitations of each protocol are systematically
discussed together with some featured examples of electro-
catalytic applications.

3.1. Heteroatom Doping

Chemical doping with heteroatoms is an effective method for
tailoring electronic properties, manipulating surface chemistry,
and modifying the elemental composition of 2D nanomaterials.
To date, heteroatom doping has demonstrated its ability to
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Publishing Group.

impart catalytic activity for various 2D nanomaterials such as
graphene, MoS,, g-C;N,, etc. It is generally divided into two
categories: non-metal-atom doping and metal-atom doping.
Non-metal-atom doping normally includes doping N-, B-, O-, S-,
and P-atoms into the nanomaterial framework. For example, all
of these elements have been successfully used to dope the carbon
framework in graphene and CNTs. Metal-atom doping is mainly
used for synthesizing single-atom catalysts on a support
structure, such as Pt single atoms on graphene. Heteroatom
doping is an efficient and controllable method that can tune 2D
nanomaterials for particular electrocatalytic processes such as the
ORR (discussed in section 6.2), OER (discussed in section 7.4),
HER (discussed in sections 8.2.1 and 8.3.3), and ECR (discussed
in section 9.5).

3.1.1. Non-Metal-Atom Doping. Doping graphene with
nitrogen was one of the first strategies used to effectively tailor
the electronic properties and chemical reactivity of graphene.
Therefore, N-graphene is considered to be the pioneer of 2D
electrocatalysts. Nitrogen is an effective heteroatom primarily
due to its greater electronegativity compared to that of carbon
and the conjugation between the nitrogen lone pair electrons and
the graphene 7-system.”””*** Inspired by this discovery, other
heteroatoms such as O, B, S, and P have been used as graphene
dopants (Figure 9a). These heteroatoms usually exist in the 2D
matrix in the form of substitutional dopants at the edges or in the
basal plane and can disrupt the pristine atom network, creating
defect regions.'*”*** These defect sites can serve as the active
sites for electrocatalysis. Doping mode and total dopant content
significantly affect the electrocatalytic performance of heter-
oatom-doped graphene, but can be carefully tuned by doping
procedure and precursor choice.'’ It should be noted that
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different non-metal atoms can induce different types of active
sites in the graphene matrix. For example, the active sites of N-
graphene are generally considered to be the C-atoms adjacent to
the N-dopants,”** whereas the active sites of B-graphene for the
ORR are the B dopants.*”**® From this ability to tune electronic
states and optimize adsorption energies, non-metal-atom doped
2D nanomaterials have shown catalytic performance for the
ORR, OER, HER, and ECR.'*?***®**” QOther than doped
graphene, non-metal-atom doping has been extended to other
materials for various reactions.”*’ For example, Xie et al.
demonstrated that oxygen incorporation can effectively regulate
the electronic structure of MoS, and further improve its HER
performance (Figure 9b)."** Optimization of their catalyst was
also achieved by being able to control the degree of structural
disorder through oxygen doping, which demonstrates the ability
to improve 2D nanomaterials through synergistic structural and
electronic modulation. Beyond single element doping, double- or
triple-doped 2D nanomaterials have shown significantly greater
electrocatalytic activity than single-doped materials. As an
example, multiple-atom-doped graphene nanosheets (N/B, N/
S, N/P dopants) exhibited superior HER performance compared
to their single doped counterparts (Figure 9c,d).”> DFT
calculations revealed that the origin of this enhancement is
from synergistic intermolecular catalysis.

3.1.2. Metal-Atom Doping. The size of metal nanoparticles
is a key factor in determining the performance of metal-based
electrocatalysts. Theoretical and experimental studies have
demonstrated that sub-nanometer-sized metal clusters can
sometimes have better catalytic activity or selectivity than
nanometer-sized counterparts.zzg_230 Inspired by these studies,
singe-atom catalysts were developed to utilize every metal atom
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Figure 10. (a) HAADF-STEM images of Co—C;N,/CNT. Circles and arrows indicate single Co atoms and Co clusters, respectively. Inset shows the
molecular model of the Co—C3N, complex. (b) Dependence of OH* adsorption energy with the d-band position on various metal-g-C;N, models.
Reproduced with permission from ref 234. Copyright 2017 American Chemical Society. (c) Molecular model based on the DFT calculations (top) and
atom-resolved STM image of a Co—Mo—S nanocluster (bottom). Reproduced with permission from ref 235. Copyright 2007 Elsevier. (d) A “volcano”
plot displaying HER activity of various MoS, nanosheets doped with different single metal atoms. Reproduced with permission from ref 151. Copyright

2015 Royal Society of Chemistry.

in supported catalysts.”>**>**" Further, doping 2D nanomateri-

als with single metal atoms is an effective way to build active sites
for various catalytic processes.””” For instance, Lu et al. predicted
the CO oxidation ability of Au-doped graphene catalysts with
DFT calculations.”” The high catalytic activity of Au-doped
graphene was attributed to the partially occupied d orbital
localized in the vicinity of the Fermi level caused by the
interactions between the Au-atom and graphene. Even through
this model can be extended to other metal atoms, the low stability
of the metal sites, owing to the weak bonding between the metal
and the graphene matrix, presents a significant problem. As a
result, an ideal 2D platform for single metal atoms should have
strong coordination ability for effective anchoring. For example,
Zheng et al. synthesized a new class of single-atom catalysts based
on a series of transition-metal atoms doped in g-C;N,.”** The
transition-metal atoms (such as Co) were anchored by two
nitrogen atoms to form a Co—N, coordination moiety in the g-
C3N, matrix (Figure 10a). The as-prepared catalysts revealed
excellent performance for bifunctional ORR and OER processes
in alkaline media. DFT computations indicated that the catalytic
ability of this new class of materials is the result of a modified d-
band position which induces optimal adsorption energy of key
reaction intermediates (Figure 10b).

Other than carbon-based electrocatalysts, metal-atom doping
can also activate the inert basal plane of TMDs. It has been
proven that the catalytic activity of 2D TMDs originates from the
edge S sites.” Interestingly, experimental studies demonstrate
that doping with transition-metal atoms (Fe, Co, or Ni) can tune
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the electronic structure of TMDs and activate the in-plane S sites,
increasing the total number of active sites for catalysis.”**~>*
This promotion effect was theoretically investigated by projected
DOS analysis showing that Co or Ni can weaken the bonding of S
at the S-edges due to a decreased filling of antibonding states.
Consequently, some coordinated unsaturated metal atoms are
created which can interact with adsorbates.”*® For example, Co
incorporation at the S-edges of MoS, can reduce the AGy: from
0.2 to 0.1 eV. Scanning tunneling microscopy (STM) images of
the chemically synthesized Co—Mo—S nanoparticles also
showed that Co incorporation can change the shape of pristine
triangular MoS, to a truncated hexagonal plane with both Mo
and S—Co exposure (Figure 10c).>* This was found to result in
an increased length of active edges. To extend this, DFT was used
to screen the HER activity trend of MoS, doped with a range of
transition metals.">" The results predict a volcano plot along the
H adsorption free energy with an interesting trend caused by the
metal dopant bonding configuration. It was found that when
metal atoms substitute the Mo atoms in the MoS, matrix, some
metals (V, Ti, Fe, Mn, Cr) prefer to remain in the Mo position to
bond with six S atoms. For these metal dopants, H adsorption
was endergonic. Other metals (Pt, Ag, Pd, Co, Ni) tend to shift
toward one side and bond with only four S atoms, leaving the
other two S-atoms unsaturated (Figure 10d). For these metal
dopants, H adsorption was exergonic. These findings demon-
strate the potential of metal-atom doping for enhanced catalytic
ability of 2D nanomaterials and provides a rational strategy for
activating inert 2D TMDs in energy-related catalytic processes.
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with permission from ref 250. Copyright 2016 Nature Publishing Group.

3.2. Defect Engineering

Defects present in 2D nanomaterials are commonly recognized
as the active sites for electrocatalytic processes.90 For example,
the electronic state is strongly enhanced at the edges of graphene
compared to in-plane sites.””**" This has been supported by
DEFT calculations which have indicated that the zigzag edges of
graphene are chemically active for the ORR and that these
defects can be used as the active sites directly due to their unique
electronic density of states.'>***~*** In addition, the band gaps of
most 2D TMDs can be tuned through crystal strain which can be
induced by defects at the edges or basal plane. As a result, defect
engineering has been widely adopted for 2D nanomaterial
preparation to increase their electrocatalytic activities.”"'
However, controllable defect engineering methods are essential
for the precise study of defects and their effect on reaction
mechanisms. Jia et al. developed a defect-rich graphene by the
removal of nitrogen dopants in N-graphene.”*” Very interest-
ingly, the results indicated that the lower the nitrogen content,
the higher the ORR activity, demonstrating the feasibility of
defect engineering for graphene-based electrocatalysts. Exposing
more defects or edges is also a promising protocol for developing
high-performance TMD-based materials.”*> For example, Liu et
al. reported that vacancies formed in ultrathin CoSe, nanosheets
can serve as the active sites for the OER."*° These vacancies were
formed through ultrasonic treatment, whereby ultrasonication
with diethylenetriamine enabled the removal of Co-atoms from
the CoSe, lattice. This resulted in the formation of many
vacancies in the ultrathin nanosheets. A similar phenomenon was
also observed for ultrathin nanosheets of Ni;N, Co;0,, and
BiVO, 20248
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3.3. Lateral Size and Thickness Regulation

Lateral size and thickness of 2D nanomaterials have great
implications on their electrocatalytic properties for the following
reasons.”*’ (1) By reducing the lateral size of 2D nanomaterials,
more defects and/or edge sites will be exposed; (2) changing the
thickness of 2D nanomaterials can modify their electronic
structures, resulting in tunable catalytic performance; (3) when
reducing the thickness to the atomic level, catalytic activity
enhancement may result from in-plane defects generated by
structural disordering; (4) single-layered 2D nanomaterials have
the highest theoretical surface area giving them the highest
theoretical specific density of active sites for catalytic processes.
Specifically, Kibsgaard et al. demonstrated how morphological
control of MoS, at the nanoscale can significantly impact the
surface structure at the atomic scale and consequently enhance
HER performance.”*” More interestingly, when reducing
thicknesses to sub-nanometer scales, the lattice distortion that
occurs for many 2D nanomaterials introduces a large number of
vacancies for catalytic activity. Another feature of thickness
regulation is that 2D morphologies can expose the maximum
possible area of a catalyst and create a larger ECSA. In this regard,
Huang et al. developed freestanding Pd nanosheets for plasmonic
and catalytic applications.'”” In the electrocatalytic oxidation of
formic acid, the Pd nanosheets with a larger ECSA exhibited a
higher current density than commercial Pd black. Following this,
various strategies have been developed to maximize the ECSA of

metal and metal alloy nanosheets (e.g, Rh, Pd—Cu, and Pt—
Cu) 47190195
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Figure 12. (a) HAADF-STEM image of C;N,@NG nanosheet. (b) Nitrogen K-edge NEXAFS spectra of different catalysts. The scale bar is 1 ym. Inset
illustrating two types of nitrogen species in the g-C;N, molecular network. (c) Interfacial electron transfer in C;N,@NG. Yellow and cyan iso-surface
represents electron accumulation and electron depletion. (d) The HER polarization curves of various electrocatalysts in acidic media. (¢) The calculated
free-energy diagram of the HER at the equilibrium potential for three metal-free catalysts and Pt reference. (f) Volcano plots of i as a function of the
AGy« for newly developed C;N,@NG and common metal-based catalysts. Reproduced with permission from ref 48. Copyright 2014 Nature Publishing

Group.

3.4. Strain and Phase Engineering

Lattice strain alters the electronic state of a material and many
studies have demonstrated the possibility of optimizing electro-
catalytic performance with this strategy.'****"~>>* Voiry et al.
synthesized 1T WS, nanosheets with strained crystal lattices for
the HER (Figure 11a).'"’ It can be seen that a frequent
occurrence of kinks in the zigzag chains leads to strong
deformation and regions of high local strain with an overall
isotropic strain of ~3%. DFT computations indicated that an
increase in tensile strain leads to an enhancement of the DOS
near the Fermi level (Figure 11b). As a result, hydrogen
adsorption becomes stronger. Experimentally, it was found that
the HER characteristics are strongly linked to both the 1T phase
concentration and the strain, as indicated by a gradual decrease in
the HER j, with increasing 2H fraction and decreasing strain
(Figure 11c). The above strategy can be further extended by
integrating crystal strain with defect engineering. Li et al
reported that by combining vacancy and lattice strain, the HER
activity of MoS, can be greatly improved.””® Their theoretical
and experimental results showed that the S-vacancies provide
new catalytic sites in the basal plane where gap states around the
Fermi level allow hydrogen to bind directly to exposed Mo-atoms
(Figure 11d). Hydrogen adsorption ability can be further
manipulated by straining the surface with S-vacancies. Moreover,
crystal strain can also change the phase of 2D nanomaterials. For
example, MoS, demonstrated a phase transition from the
semiconducting 2H phase to the metallic 1T phase through Li
ion intercalation. The improved conductivity and altered band
gap of 1T TMDs can significantly enhance their charge transfer
kinetics to improve their HER performance.”** Experimental
results indicate that Li ion intercalation not only increases the
layer spacing (which modifies the band gap), but also reduces the
oxidation state of Mo by changing the d-band filling.**®
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3.5. Interface Engineering

Interface engineering is another important protocol for designing
high-performance electrocatalysts. As demonstrated by many
experiments, interactions at the interface between two different
materials will change their electronic states and chemical
properties simultaneously, which has a great impact on their
electrocatalytic performances.*®****” Interface engineering can
be divided into two categories: heterostructure engineering and
synergistic interaction, and they are always involved with each
other. Heterostructure engineering usually involves complex
chemical bonding between two different materials, whereas
synergistic interaction is the physical contact of two materials
with confined electron transport.”® Interface engineering is an
efficient way to synthesize high-performance electrocatalysts
with unique physical/chemical properties. For example, Zheng et
al. hybridized g-C;N, with N-graphene in situ to form an ultrathin
nanosheet (Figure 12a).** The XAS spectrum confirmed that
there is a strong interfacial interaction between g-C;N, and N-
graphene layers by forming out-of-plane oriented C—N bonds
(Figure 12b). These interlayer bonds can change a composite’s
electronic state and facilitate electron transport from the N-
graphene to the g-C;N,, layer (Figure 12c). As a result, improved
HER performance was achieved on the hybridized C;N,/NG
sample compared to the physically mixed sample (Figure 12d).
DFT computations indicated that this enhancement originates
from the synergistic effect of chemical and electronic couplings,
resulting in more favorable proton adsorption/reduction kinetics
on the C;N,@NG surface (Figure 12¢). This activity trend also
validated the predictive capability of the DFT model employed
beyond metals. The most important finding of this study is that
(similar to precious metals) rationally designed metal-free
materials also have great potential for highly efficient electro-
catalytic HER (Figure 12f). Similarly, Duan et al. synthesized a
3D free-standing hybrid film of g-C;N, and N-graphene which
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Figure 13. (a) HAADF-STEM image, simulated image, and corresponding molecular structure of a Co-doped MoS, monolayer (Co-atoms identified by
arrows). Reproduced with permission from ref 266. Copyright 2017 Nature Publishing Group. (b) STEM image and corresponding intensity profiles of
a single-layer CVD-grown Mo$, nanosheet with a single sulfur vacancy (orange circles) and double sulfur vacancy (yellow circles). Reproduced with
permission from ref 267. Copyright 2016 Nature Publishing Group. (c) HAADF-STEM image and schematic of the 2H stacking in the stacked WS,/
MoS, heterostructure. Reproduced with permission from ref 268. Copyright 2014 Nature Publishing Group.

showed comparable performance to the 2D heterostructured
C;N,@NG hybrid."***® This method of forming 3D porous
films can be extended to other 2D nanomaterials,”*”>*>2%%2%
The resultant performance of the film-like electrode is attributed
to the following two reasons: (1) the 3D porous structure can
maximize the exposed catalytic active sites, and (2) hierarchical
intra- and interlayer pores generated in the films can increase its
surface area and the rate of mass transport during electrocatalytic
processes.

Other than metal-free materials, 2D TMDs can also form
heterostructures. As an example, the MoS,/CoSe, hybrid
structure with a heterojunction-like interface showed enhanced
catalytic performance compared to pure MoS, and CoSe,
units.”’ Interestingly, the long-term stability of the MoS,/
CoSe, hybrid structure is also better than that of pure MoS,,
indicating the successful combination of the stability of MoS,

6352

with the high catalytic properties of CoSe,. A similar
phenomenon has also been observed for amorphous Co—Mo—
S chalcogels.262 It was found that although CoS, materials are
more active than MoS,, they are less stable. Enhanced HER
activity was achieved by hybridizing the more active CoS,
building blocks with the higher stability MoS, units into a
compact structure. The authors further suggested that the
relationship between activity and stability of TMD materials is
governed by a synergy between electronic effects (substrate—
adsorbate binding energies) and morphological effects (number
of defects).”®> Other hybrid systems such as reduced graphene
oxide (rGO)/WS,,*** MoS,/Au,*** and rGO/MoS, have been
designed using a similar principle.'>

Generally, design principles for constructing heterostructures
for 2D electrocatalysts are governed by the following parameters:
(1) both (or more) 2D nanomaterials should have similar crystal
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Figure 14. (a) EELS spectra of C;N,@NG collected at two specific sites and (b) corresponding mappings of different species. Reproduced with

permission from ref 48. Copyright 2014 Nature Publishing Group.

structures to facilitate the formation of heterostructures; (2) at
least one 2D nanomaterial should have potential activity for the
target electrocatalytic process; (3) the hybrids should have good
conductivity for electron transport to reactive intermediates; (4)
the properties of one material should compensate for the lack of
properties of the other, such as intermediate absorption energy,
low conductivity, and poor stability.

4. ADVANCED APPROACHES FOR DETERMINING
ACTIVE SITES AND DETECTING INTERMEDIATES ON
2D ELECTROCATALYSTS

With the proliferation of nanotechnology, many advanced
characterization and computational techniques have been
developed for characterizing the morphology, defects, thick-
nesses, electronic states, and catalytic properties of nanomateri-
als.”” In electrocatalysis, determining active sites is crucial for
understanding the catalytic mechanism and is essential for
developing new catalyst materials. In this section, we summarize
the various advanced approaches for determining the active sites
and reaction intermediates on 2D nanomaterials. These
approaches are of particular importance for understanding the
strong correlation between material characteristics and func-
tional properties, as well as for guiding the rational design of 2D
electrocatalysts with desired active sites for a specified
application. Given that each technique has its own advantages
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and limitations, combining different approaches is highly
desirable for a full understanding of the catalytic mechanism
and working principles of 2D electrocatalysts.

4.1. Microscopy

TEM provides the possibility to directly observe the size,
crystallinity, exposed facets, and growth direction of nanoma-
terials, and is one of the most widely used techniques for
determining the active sites of 2D electrocatalysts.””> Low-
magnification imaging can be used to examine the morphology of
nanosheets and the contact mode of hybrid 2D composites. The
crystallinity, phase, crystal orientation, and exposed lattice plane
of 2D nanomaterials can be explored by high-resolution TEM
(HRTEM) images combined with selected area electron
diffraction (SAED)." For example, the exposed lattice plane of
crystalline nanosheets can be characterized by measuring the
lattice distances from HRTEM images. However, it is difficult to
verify the presence of defects, lattice distortion, or atom doping
sites accurately in regular HRTEM. Luckily, the development of
aberration-corrected scanning TEM (STEM) can resolve these
problems. Unlike conventional TEM where electrons are
transmitted to the sample in a raster, focused electrons in
STEM mode are scanned over, similar to that of electrons in
scanning electron microscopy (SEM). Further, images with
atomic resolution can be obtained using high-angle annular dark-
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field scanning transmission electron microscopy (HAADF-
STEM) where the contrast of the atoms is directly proportional
to the atomic number of the atoms. For example, Deng et al.
demonstrated the utilization of HAADF-STEM to identify Pt
single atoms in MoS, nanosheets.”>' Due to their different
elemental properties, Pt-atoms are much brighter than the other-
atoms present, causing an obvious contrast. The location of Pt-
atoms in the MoS, nanosheet were clearly observed, and it could
be concluded that the Pt-atoms replaced the Mo-atoms in the
MoS, matrix. Not only limited to chemical identification,
HAADEF-STEM is also a compelling technique for characterizing
single-layer TMD nanosheets with various heteroatom doping
(Figure 13a), defects (Figure 13b), and heterostructures (Figure
13¢), 266-268

Electron energy loss spectroscopy (EELS) and EELS mapping
are important functions of HAADF-STEM which can identify
different elements or single elements with different valence
states.”® As the energy loss peak intensity varies for different
species, Zheng et al. conducted EELS measurements on C;N,@
NG hybrid nanosheets to identify the distribution of g-C;N,
clusters on N-graphene sheets.”® As shown in the EELS
mappings presented in Figure 14b, the carbon species are
distributed over the entire sheet, whereas the nitrogen species
concentrate in specific regions, indicating that the g-C;N,
nanodomains are partially covered on the surface of N-graphene.
More interestingly, the EELS mapping reveals that the defective
carbon species (peak 1 in Figure 14a) are only present in the g-
C;N,-containing regions but absent in the g-C;N,-free regions.
In addition, an enhanced intensity of new sp® carbon species
(peak 3 in Figure 14a) was also observed in the g-C;N,-
containing region only. These observations directly prove the
generation of chemical bonds between the g-C;N, and N-
graphene during the coupling process.

4.2. X-ray Absorption Spectroscopy

XAS is a synchrotron-based characterization technique that can
be divided into X-ray absorption near-edge structure (XANES),
also known as near edge X-ray absorption fine structure
(NEXAFS), and extended X-ray absorption fine structure
(EXAFS).*®7*7* In the last 40 years, XAS spectroscopy has
evolved into a powerful structural characterization tool and is
widely used in many scientific fields, including physics, chemistry,
biology, materials sciences, environmental sciences, etc. 2747276
XAS has many advantages such as element-specificity, and
sensitivity to short-range order (typically several A) and chemical
state. Therefore, it can provide quantitative structural
information about materials at the atomic scale, such as the
oxidation state, coordination number, bond length, and atomic
species. As mentioned previously, in numerous cases, defects,
crystal distortion, and dopants are commonly recognized as the
active sites for electrocatalysis. Additionally, it is widely accepted
that 2D electrocatalysts have many unique characteristics
compared to their bulk counterparts, such as lower coordination
number and strained crystal structures. However, it is difficult to
detect most of these features using X-ray diffraction (XRD) or X-
ray photoelectron spectroscopy (XPS) as their concentration in
the material is extremely low.””” In this regard, ex situ XAS
provides the possibility to detect these sites in an accurate way.
For example, ex situ XAS has become the main method used to
investigate novel single-atom catalysts. Other than ex situ
techniques, in situ XAS provides a reliable way to measure the
transformation process of a catalyst material, which can be
utilized for formulating a comprehensive understanding of
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electrocatalytic mechanisms. As shown in Figure 15, XANES
characterization was used to detect the potential-dependent
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Figure 15. XANES spectra for the Co?*?0°(OH),_s (0 < § < 1.5)
electrocatalyst under different potentials. Reproduced with permission
from ref 176. Copyright 2012 Nature Publishing Group.

stoichiometry and structure of 3d M(Ni,Co,Fe,Mn) hydr(oxy)-
oxide catalysts.'’® For example, at —0.1 V (HER potential
region) the Co-atoms in Co(OH), remain mostly in the Co®"
valence state in the form of Co(OH),. However, at 1.4 V (OER
potential region) the valence state is closer to Co®* resembling
CoOOH. This in situ measurement clearly characterizes the
transformation of the Co(OH), electrocatalyst under different
potentials, which is significant for evaluating the performance of
electrocatalysts under real electrocatalytic conditions.

5. CATALYSTS DESIGN AND DEVELOPMENT
PROTOCOLS

The ultimate challenge in the field of electrocatalysis is the ability
to recognize and understand the relationships between reaction
intermediate adsorbed states (microscopic property) and
reaction kinetics (macroscopic property). From the many
examples mentioned already, it can be seen that the apparent
rate of an electrocatalytic reaction is strongly dependent on the
extrinsic physical properties (morphology, crystalline, etc.) and
intrinsic electronic structure (d-band position, work function,
etc.) of an electrocatalyst, and always act together in determining
the intermediate adsorption energetics, activation energies, and
reaction energy barriers.”’**”” Significant developments in DFT
calculations and experimental nanotechnology, and especially
their successful combination, have provided new insight into
electrocatalytic processes at the atomic/molecular level."”** At
present, there are tremendous opportunities in advancing surface
electrochemistry by merging advanced materials preparation
technologies, surface characterization techniques, and theoretical
computation. Doing so is practically expedient for developing in-
depth understandings of electrocatalyst design principles for a
specific catalytic process.

5.1. Design Principles of Electrocatalysts through
Multidisciplinary Approaches

In the past few years, there have been remarkable advances in a
broad range of advanced ultrahigh-vacuum (UHV) character-
ization techniques involved in surface science studies, like XAS,
XPS, and X-ray scattering (SXS). Further, the availability of high-
quality 2D crystals provides ideal models for in situ structural
probes like HAADF-STEM and STM to directly monitor
intermediates on the surface or in the interface of catalysts."**’
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Consequently, from collaboration between material scientists
and electrochemists emerges in-depth understandings of the
relationship between surface chemical properties of solid
catalysts and their electrocatalytic activity.”*”**" On the other
hand, due to the remarkable developments in DFT mainly
dealing with reaction thermodynamics and kinetic reaction
barriers, one can establish the intimate relationship between
electronic structure, adsorption energy, and apparent activity of a
solid catalyst from the macroscopic to microscopic levels.””
Therefore, one can used predictions regarding chemical
composition and/or physical structure from theoretical models
to en§ineer potential catalysts with desired performance (Figure
16).**7*** As a result, DFT has been extensively used for the
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identification of active centers present on the catalyst surface, the
evaluation and prediction of catalytic activity trends on a range of
catalysts, and ultimately the design of better catalysts for specific
electrochemical processes.”**

5.2. Combination of Experiments and Theoretical
Computations

As a featured study, Jiao et al. applied DFT computation, precise
structural characterization, and electrochemical experiments to
determine the activity origins for the electrocatalytic ORR and
HER on nonmetallic heteroatom-doped graphene materi-
als.”***® They first synthesized five doped graphene samples
(ie, B-, N-, O-, S-, P-doped) to cover virtually all experimentally
available cases. A series of physicochemical characterizations
were conducted to show that the properties like morphology,
surface area, and defects were comparable between the different
heteroatom-doped samples (Figure 17a). Subsequently, a series
of surface characterizations like NEXAFS were conducted in
order to identify the doping configurations in the different
samples (Figure 17b). Accordingly, they carefully constructed a
series of representative molecular models such that the
computational outcomes could be compared with the exper-
imental outcomes (Figure 17c). Based on these models, free
energy diagrams for the ORR and HER were computed while the
apparent electrocatalytic activities were experimentally measured
on the synthesized samples (Figure 17d—g). By correlating the
suitable theoretical and experimental descriptors (e.g., AG and i,
respectively), a volcano-shaped plot was constructed. These
volcano plots demonstrate the inherent activity trend for these
materials, and more importantly, predict the “best” performance
an ideal electrocatalyst can achieve (Figure 17h,i). Fundamen-
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tally, the volcano plot is related to the Sabatier principle,”*° which
states the optimal catalytic activity can be achieved on a catalyst
surface with appropriate binding energies for reactive inter-
mediates. In the event that the intermediates bind too weakly,
surface activation and reaction become difficult. However, if they
bind too strongly, they will occupy all available surface sites and
“poison” the reactive surface. As can be seen from Figure 17h,i, all
samples are located on the right branch of the volcano plot,
indicating that the adsorption of key reaction intermediates is
relatively weak (for both the ORR and HER). Therefore, it is
apparent that if a catalyst can achieve a AG value closer to the
volcano center (i.e., smaller value/stronger adsorption in this
case of doped graphene), it will possess a greater i, value from
both theoretical and experimental perspectives. By applying the
molecular orbital concept, they then proposed a catalyst design
principle to optimize graphene-based materials (closer to the
volcano peak), which will be discussed in sections 6.2.3 and 8.2.1.

6. 2D NANOMATERIALS FOR OXYGEN REDUCTION
REACTION APPLICATIONS

Oxygen electrocatalysis is one of the most studied topics in the
fields of electrochemistry and catalysis because of its importance
for electrochemical energy conversion applications. As the
cathode reaction of PEMFCs, the ORR exhibits more sluggish
kinetics compared to the anodic HOR. As a result, the activity of
the ORR is recognized as kinetically limiting for overall device
performance. Therefore, the selection of an effective and efficient
ORR electrocatalyst is one of the key targets in fuel cell
technology development. Fundamentally, the ORR process in
aqueous solutions is highly irreversible and consists of multiple
reaction steps involving oxygen-containing species such as O¥,
OH*, and OOH*.**"**® The thermodynamic adsorption
energetics of these intermediates and the kinetic energy barriers
between two states govern the apparent ORR rate.”*” From both
mechanistic and practical perspectives, the most well studied
ORR electrocatalysts are precious Pt metal and its alloys.
Accordingly, there are many excellent reviews regarding the
rational design and development of these kinds of electro-
catalysts.”>*"*?°72° To date, a wide range of 2D nanomaterials
have shown promising ORR activity including graphene and its
derivatives,® ultrathin MOFs and their derivatives,”> TMOs and
TMHs,”* etc. Here, we mainly focus on non-metallic graphene-
based ORR electrocatalysts due to their uniform physical and
chemical structures.

6.1. Fundamental Principles of the ORR

6.1.1. Reaction Mechanism. The ORR can proceed
through a two-step 2e” pathway with formation of H,0, (in
acidic medium) or HO,” (in alkaline medium) as the
intermediate species, or by a more efficient 4e™ process directly
to H,O (in acidic medium) or OH™ (in alkaline medium).® The
selectivity toward the 2e™ or 4e™ pathway on an electrode catalyst
primarily depends on the adsorption energetics of these
intermediates and the reaction barriers on its surface. In fuel
cell processes, the direct 4e™ pathway is preferred as it delivers a
high current efficiency, while the 2e™ reduction pathway is used
in industry for H,O, production. At the molecular level, there are
two possible mechanisms (ie., dissociative and associative
pathways) containing a series of elementary reactions proposed
for the 4e” )pathway. Table 1 summarizes those in alkaline
solution.””>*”° The biggest difference between these two
mechanisms is the intermediates involved (i.e., dissociative: O*
and OH*; associative: O*, OOH*, and OH*), which alters the
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Figure 17. (a) TEM image of N-graphene as an example; the inset values represent the I,/I; ratios and the specific surface areas obtained from Raman
spectra and nitrogen adsorption isotherms, respectively. The scale bar is 200 nm. (b) Nitrogen K-edge NEXAFS spectrum for N-graphene as an
example. (c) Schematic summary of the heteroatom doping configurations. (d) ORR and (e) HER free energy diagrams of different models at the
equilibrium potential. (f) ORR and (g) HER Tafel plots of different synthesized samples measured under corresponding conditions. (h) ORR and (i)
HER volcano plots containing theoretically computed free energy AG for key intermediates (x-axis) and experimentally measured i, (y-axis) as
descriptors. Panels (a), (d), (f), (h) are reproduced with permission from ref 226. Copyright 2014 American Chemical Society. Panels (b), (c), (e), (g),
(i) are reproduced with permission from ref 73. Copyright 2016 Nature Publishing Group.

Table 1. Mechanisms of the ORR in Alkaline Conditions

reactions
0, + 2% - 20%*
20% + 2e” + 2H,0 —» 20H* + 20H~
20H* + 2e” — 20H™ + 2*

mechanism

dissociative (4e™)

0, +* = O,*

0,* + H,0 + e~ - OOH* + OH~
OOH* + e~ —» O* + OH™

O* + H,0 + e~ - OH* + OH"
OH* +e~ —» OH™ + *

associative (4e”)

0, +* = O0,*
0,* + H,0 + e~ - OOH* + OH™
OOH* + e~ - OOH™ + *

associative (2e7)

construction of the free energy pathway. It is found that the
reaction progression through an associative or dissociative
pathwag mainly depends on the initial O, dissociation energy
barrier.””® For example, DFT computational studies show that
the dissociation barrier is very high on carbon surfaces, which is

6356

unfavorable for a 4e” dissociative pathway.””” Therefore, the
experimentally measured electron transfer number on almost all
carbon materials is always less than four and usually exactly
two.””**”? In contrast, the ORR on metal surfaces (e.g, Pt)
normally takes a dissociative pathway due to the strong initial O,
adsorption. This theoretical result is also consistent with
experimental evidence as Pt-based materials always exhibit
selectivity for a 4e™ pathway. Another criterion is the adsorption
energy of the OOH* intermediate: a relatively strong OOH*
adsorption energy facilitates a 4e” pathway, while a relatively
weak OOH* adsorption facilitates a 2~ pathway.””°

6.1.2. Reaction Kinetics. The kinetic current-overpotential
relationship of the ORR that occurs on solid surfaces can be
described by the classic Butler—Volmer equation. In real ORR
conditions, the overpotential () is relatively large. Therefore,
the backward reaction is negligible and the Butler—Volmer
equation becomes
enaFn/RT (1)
where j is the kinetic ORR current density, j, is the exchange
current density which represents the current density of the

e =Jo
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into the electrolytes (shown by the arrow). (d) Cyclic voltammograms of N-graphene before and after a continuous potentiodynamic sweeping for
200 000 cycles. Reproduced with permission from ref 62. Copyright 2010 American Chemical Society.

forward reaction equal to that of the backward reaction at
equilibrium, n is the number of electrons transferred in the rate-
determining step (rds), a is the electron transfer coefficient
(always 0.5—1 for the ORR), F is the Faraday constant, R is the
gas constant, and T is the temperature in Kelvin. Based on eq 1,
the plot of 7 vs log(ji.) gives a linear relationship with a slope of
2.303RT/anF, also called the Tafel slope. Obviously, to obtain a
high cathodic ji at a certain value of 7, j, should be large and/or
the value of the Tafel slope should be small. Here, the value of j; is
related to the adsorption energetics of a series of reaction
intermediates according to the simple microkinetic model in
electrochemistry developed by Norskov et al.:*”’

jo = nFk"Cyoiu[ (1 — 6)'776°] @)

where k° is the standard rate constant, C,,,, is the total number of
active sites, and coverage of surface adsorbates 6 is a quantity
related to the highest free energy change of the whole reaction as

Ck K

0= =
Cow 1+K

(©)

where the equilibrium constant K is related with the free energy
change (AG) for the rds as

K= exp(—kA—gi)

B

4)

where kg is the Boltzmann constant. For the ORR, usually two
Tafel slopes are obtained, 60 and 120 mV/dec, respectively,
depending on the electrode material used and the potential
applied. The first value corresponds to a pseudo two-electron
reaction being the rds of the whole reaction, whereas the latter
one suﬁgests the first-electron reduction of oxygen being the
rds 288501

6.1.3. Measurement Criteria. The most frequently used
techniques for evaluating the ORR activity of an electrocatalyst
are steady-state polarizations on a rotating disk electrode (RDE)
or a rotating ring-disk electrode (RRDE). Some apparent ORR
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performance indicators, including onset potential, half-wave
potential (E;/,), and diffusion-limiting current density (), can
be obtained from a typical RDE polarization curve.”*” These
parameters serve as the standard criteria for different electro-
catalysts under the same conditions. As the ORR potential
window is far from the equilibrium potential, and the mechanism
consists of multiple steps, j, should generally not be used as an
indicator of catalytic activity for the ORR.**° The other
important role of a RDE in the ORR is the calculation of the
total electron transfer number (n;) by the Koutecky—Levich
(KL) equation:

l=i+l=lw_1/2+i

j ok i B Jx (%)
where ji is assumed to be a constant at a certain potential. The j,
is proportional to the square root of the RDE angular velocity
(w). The reciprocal of proportionality coefficient (B) is

-1/6
B = 0.62D**y "%, FC* 6)

where D is the diffusion coefficient of the reactant, v is the
kinematic viscosity of the electrolyte, and C* is the concentration
of the reactant in the bulk electrolyte. Thus, ng; can be deduced
from the slope of the linear plot of 1/j vs @~'/%. Another method
(using RRDE) can also provide nggpg by directly measuring the
amount of intermediates present (e.g., H,0, or OOH") through

I
g, = 4 X d

I+ =

Ne

?)

where the disk current (I;) and ring current () can be directly
measured, and N is the collection efficiency of the RRDE,
defined as the fraction of product from the disk to the ring. In
principle, ng; and npgpg should be identical for one catalyst under
the same overpotential. However, the calculated ny; values were
always slightly larger than the ngppg values under the same
conditions for the most widely developed ORR electrocatalysts
with various 3D nanostructures. More importantly, the KL plots
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were often not perfectly linear and the calculated ny; values
sometimes exceeded the theoretical limit (four), prompting re-
evaluation of these studies by the material research commun-
ity.”°> A study by Zhou et el. systemically investigated the
inconsistencies between ny; and npppg, and tried to develop a
correct and accurate method for the determination of the
electron transfer number during the ORR.>** They found that
the widely applied RRDE method with a Pt ring is not suitable for
H,O0, collection in alkaline electrolytes because the oxidation of
H,0, on Pt is not a mass-transfer-limited process. As an
alternative, a properly biased Au ring was found to be suitable for
H,0, collection and leads to relatively accurate nggppgy values.
Additionally, the ny; value depends significantly on @ for all
tested electrocatalysts, including 2D and 3D metallic/non-
metallic electrodes across all potential regions. This means that
the KL method, which requires ng; to be constant at certain
potentials, is not applicable for the ORR. They concluded that
only the RRDE method with a properly biased Au ring and
calibrated collection efficiency is correct for npppg calculation
from both theoretical and experimental viewpoints.

6.2. Doped Graphene

As mentioned above, pure graphene is inactive for electro-
catalytic applications, due to the absence of free electrons for
reaction. Doping graphene with other non-metallic heteroatoms
is the most widely applied and most effective approaches for
inducing intramolecular charge transfer in graphene frameworks
and for enhancing electrocatalytic activity. Generally, the origin
of this activity may be the unique electronic structure for
reactant/intermediate adsorption and variable nanostructure
which increases the number of exposed active sites.”*** 7>’
6.2.1. Nitrogen-Doped Graphene. N-graphene is the most
studied graphene-based electrocatalyst due to its simple synthesis
process and relatively good electrocatalytic performance. Nitro-
gen is of similar atomic size to carbon, but is more
electronegative. Therefore, doping with nitrogen can change
the electron configuration of graphene while minimizing the
lattice mismatch after doping. Being the earliest studied and the
most important metal-free electrocatalyst for the ORR, N-
graphene has demonstrated some unique characteristics
compared to metal-based electrocatalysts.”*"* For example, the
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first reported N-graphene ORR electrocatalyst was prepared by
CVD and showed excellent 4e” pathway ORR activity, even
superior to Pt/C (Figure 18a).”> Compared with Pt metal, one of
the most important features of non-metallic N-graphene is its
tolerance to the fuel (e.g, methanol and CO) present in the
anode chamber of fuel cells, which largely prevents the crossover
effect (Figure 18b,c). Due to its stable chemical structure, N-
graphene also exhibits good stability in alkaline conditions
(Figure 18d).

At the atomic level, nitrogen doping can significantly enhance
the ORR activity of graphene by changing the electronic
character of the nearby carbon atoms and by creating defect
structures to enable stronger oxygen adsorption.””*”” From
both experimental and theoretical perspectives, the ORR activity
of N-graphene is strongly dependent on the nitrogen doping sites
and types. These are parameters which can be carefully
controlled by doping procedures and precursor choice.
Generally, there are two types of N-doping methods used to
obtain N-graphene materials. The first one is referred to as
structural or in situ doping, where the appropriate choice of
nitrogen-containing precursors is critical to the successful
incorporation of nitrogen atoms into the selected sites of the
carbon matrix. The other general N-doping method employed is
the post-synthesis treatment of as-prepared graphene, more
specifically, graphene oxide (GO) or reduced GO (rGO) with a
nitrogen-containing gas (N,, NH;, CH;CN, etc.). However,
some morphological defects and structural degradation can
appear in the resultant materials due to the need for high-
temperature treatment (900—1200 °C). In general, there are
three nitrogen groups in N-graphene: pyridinic-N, pyrrolic-N,
and graphitic-N. Pyridinic-N refers to nitrogen atoms at the edge
of graphene planes, each of which is bonded to two carbon atoms
and donates one p-electron to the aromatic 7 system; pyrrolic-N
refers to nitrogen atoms that are bonded to two carbon atoms
and contribute to the 7 system with two p-electrons; and
graphitic-N refers to nitrogen atoms that are incorporated into
the graphene framework and bonded to three carbon
atoms.****”” Generally, the in situ doping method at low-
temperatures mainly forms pyridinic- and/or pyrrolic-N species,
while high-temperature post-treatment doping methods nor-
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mally form graphitic-N species in the carbon framework. The
roles of the different nitrogen species toward ORR activity will be
discussed at the end of this section.

CVD is a method widely used to synthesize high-quality N-
graphene by mixing a carbon containing gas with either a
nitrogen-containing gas (e.g., NH3),62’3’10'3’11 or an organic liquid
precursor (e.g, acetonitrile, pyridine).”’**"* The types of
nitrogen dopants formed can be varied by the type of N-
precursor used. For example, graphitic-N in N-graphene can be
achieved by using Cu as the catalyst and CH,/NH; (1:1) as the
precursors,”'? while pyridinic-N can be achieved by using C,H,/
NH; as the precursors.’’’ The nitrogen content can be
controlled at around 4—9 at.% by changing the flow rate and
the ratio of carbon to nitrogen sources.”' *'" For electrocatalytic
applications, milligram-scale and powder-based samples are
preferred. Therefore, post treatment of GO or graphite is the
most widely applied method for producing N-graphene
electrocatalysts. For example, annealing GO with solid or
gaseous nitrogen containing precursors at high temperatures
(>700 °C) can remove the oxygen-containing groups during
pyrolysis, allowing nitrogen dopants to interact with the exposed
active carbons in the framework. Due to the abundance of oxygen
in GO, the nitrogen content in the resultant N-graphene are
always high, and they form a wide variety of species. For example,
a 10.1 at.% nitrogen dopant level was achieved by annealing a
mixture of GO and melamine at 700 °C.*'* The choice of
precursor can also be varied, eg, NH,,**~*" polyaniline/
polypyrrole,”"*~** and melamine.”'**'” Normally, an increased
pyrolysis temperature will result in a decrease in overall nitrogen
dopant level and formation of mainly graphitic-N.

6.2.2. ORR Mechanism on Nitrogen-Doped Graphene.
The ORR mechanism on N-graphene has been extensively
investigated from both experimental and theoretical perspec-
tives. As with N-CNT, the ORR performance observed for N-
graphene can be attributed to a charge-transfer effect associated
with the nitrogen dopants.*** More specifically, DFT studies
indicate that the doping-induced charge and/or spin redis-
tributions of the active sites glay an important role in the
enhancement of ORR activity.”*> However, there is still debate
regarding identification of the active sites in N-graphene, mainly
due to (1) the complexity of nitrogen functionality in N-
graphene (Figure 19a); (2) the disconnect between ideal
theoretical models and real electrocatalysts; (3) the difficulty of
direct experimental observation of intermediate adsorption on
active sites. For example, Sidik et al. proposed that graphitic-N far
from the graphene sheet edges are active for the ORR,**" while
Huang et al. showed that only pyridinic-N can enhance O,
adsorption for the ORR.”*” In a significant study by Lai et al,, a
range of N-graphene electrocatalysts were synthesized with
different nitrogen dopant levels and species and characterized by
electrochemical experiments.”'® It was found that the graphitic-
N content determined the j; of the ORR, while the pyridinic-N
content improved the onset potential. Guo et al. experimentally
confirmed the ORR active sites in N-carbon using highly
oriented pyrolitic graphite catalysts with well-defined #
conjugation and well-controlled nitrogen doping species.’'®
They found that O, molecules are adsorbed as the initial step in
the ORR pathway on pyridinic-N with Lewis basicity (Figure
19b).*'® This result agrees well with Xing et al.’s synchrotron-
based spectroscopic studies.”’” Through a comparison of the C
Is and O 1s XPS spectra before and after ORR testing, they found
that the number of C(aliphatic)—OH/C(aliphatic)—O—C-
(aliphatic) species decreased while the number of C-

6359

(aromatic)—OH species increased after the ORR test (Figure
19¢). In the N Is spectrum, there was a change in the pyridinic-N
species after the ORR test, with the formation of pyridonic-N as
shown in Figure 19b.

The ORR free energy pathway according to two different
mechanisms on N-graphene with graphitic-N moieties has also
been constructed by DFT.>”® It was found that the dissociation
barrier of O, is too high for the reaction to achieve a reasonable
rate. Therefore, the associative mechanism is more energetically
favored. Furthermore, it was proposed that the rds for 4e” ORR
on N-graphene in alkaline medium is the removal of adsorbed O
from the surface. By studying the ORR pathway on three types of
N-graphene, Ni et al. showed that the overall energy barrier to
the ORR on pristine graphene is as high as 2.71 eV. Graphitic-N
and Stone—Wales defect nitrogen, with dissociation barriers
lower than 0.2 eV, decrease the energy barrier more effectively
than pyridinic-N.*** Jiao et al. also constructed an ORR free
energy diagram by calculating the thermodynamic energetics of a
series of intermediates adsorbed on N-graphene with pyridinic-
N, pyrrolic-N, and graphitic-N moieties (Figure 19d).226 It was
found that the graphitic-N doped model showed the best ORR
performance, having the smallest free energy difference among
the three models, while pyrrolic-N showed the worst. Therefore,
it is predicted that N-graphene with more graphitic-N dopants
will possess a larger ORR j, (smaller value of AGgoy+) and larger
ji (smaller value of AGgys).

6.2.3. Other Heteroatom-Doped Graphene. Besides
nitrogen, other p-block elements (e.g, B, S, P) have been
doped into the graphene matrix by physical or chemical
approaches. Similar to nitrogen, the differing size and electro-
negativity of these heteroatoms to carbon can also induce
electron modulation which changes the electronic properties of
pristine graphene. These kinds of electrocatalysts can usually be
prepared by annealing GO with the appropriate heteroatom
containing precursor at high temperatures (>900 °C). Normally,
the precursors for B, S, and P dopants are boron oxide or boric
acid,”***° solid phenyl disulfide, benzyl disulfide, or CS, gas
flow,”””~*** and triphenylphosphine,” respectively. The doping
level of these materials is normally lower than that of N-
graphene. It is known that doping graphene with heteroatoms of
either higher or lower electronegativities than carbon (y = 2.55),
such as N (y = 3.04), B (y =2.04), and P (y = 2.19), can induce
electrocatalytic ORR activity through intramolecular charge
transfer in the graphene matrix.” However, this theory cannot
explain the enhanced ORR activity on S-graphene as the
difference in electronegativity between carbon and sulfur (y =
2.58) is almost negligible. Based on DFT calculations, Zhang et
al. analyzed spin density difference and found that the covalently
bonded sulfur or sulfur oxide at the zigzag and armchair edges of
graphene induces both charge and spin redistribution in S-
graphene.””**! Therefore, carbon atoms with either high spin
densities and/or positive charge could act as the active sites for
the ORR. This has also been supported by experimental results.

Although the macroscopic effects of heteroatom doping are
well documented, a microscopic view of the activity trend has not
been built. Jiao et al. presented a significant study which linked
the experimental ORR performance descriptor (e.g., jo, onset
potential, and j) on a range of heteroatom-doped graphene
materials with the thermodynamic adsorption energies of a series
of key reaction intermediates.”*® Similar to the d-band center
theory for metallic catalysts, they introduced a descriptor, Egg to
quantitatively represent the valence orbital level. This descriptor
is defined as the difference between the lowest valence orbital
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energy of the active center and the highest valence orbital energy
of the entire graphene cluster. As shown in Figure 20a, the
adsorption free energies of OH* showed a linear relationship
against Egg for a wide variety of graphene active sites. The
underlying principle is that the valence band (v) of the active sites
hybridizes with the bonding (o) orbital of the adsorbed species to
form bonding (v-0) and antibonding (v-0)* states. For graphene
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models, the (v-0) state is full while the filling of the (v-0)* state
depends on the valence orbital levels of the active atom on the
graphene surface (Figure 20b). An increased filling of the
antibonding (v-0)* state, induced by a lower valence band, could
lead to destabilization of the graphene—adsorbate interaction
and hence weaken the binding between them, and vice versa.°
As aresult, a better graphene-based ORR catalyst should possess
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active atoms with higher valence orbital energies to induce
stronger adsorption of OOH* and OH* intermediates.”*® Zhao
et al. also developed a design principle for p-block element-
doped graphene by correlating their activity trend with a
dimensionless theoretical descriptor, @, which considered both
the electronegativity and electron affinity of the heteroatom.**”
They found that the adsorption free energies of O*, OH*, and
OOH* are linearly proportional to @ (Figure 20c), which also
suggests that @ is linearly correlated to Eyg Electronegativity
dominates when the descriptor is small (® < 0.5), whereas
electron affinity dominates for @ > 2.5. Both cases will result in a
low ORR activity (Figure 20d). Through a comparison with
experimental results, they predicted that the best dopant should
possess both affinity and electronegativity slightly higher than
carbon (ratio = 1.2).

6.2.4. Dual-Doped Graphene. Double- and triple-doped
graphene (e.g, B/N,*337335 /N 336-340 p /N 70341342
B/ P,343 N/S/ P344) have also been studied and show significantly
enhanced ORR activity compared to their single-doped counter-
parts. DFT calculations reveal that the origin of this enhance-
ment is the synergistic effect between the two or more different
dopant elements. Although direct experimental observation of
this synergy within the graphene matrix is difficult, theoretical
analysis indicates that dual dopants can tailor the electron-donor
properties of nearby carbon atoms to enhance intermediate
adsorption.*

The most widely studied dual dopant pair for carbon materials
is B and N. As early as 2011, Wang et al. used a CVD method to
synthesize vertically aligned CNTs containing both B- and N-
atoms (BCN nanotubes) from melamine diborate as both the
nitrogen and boron sources.>* Later, they extended this research
to prepare BCN graphene by thermal annealing GO in the
presence of boric acid and ammonia.”** Using DFT, they then
investigated the band gap energy dependency on the doping
level, spin density, and charge density in BCN-graphene systems
with different B/N concentrations and moiety type.*** Xue et al.
used CVD to prepare 3D N- and B-doped graphene foams on the
surface of sacrificial nickel foam templates.”*® Differing from
single-doped graphene, the precursor(s) choice for dual-doped
graphene needs to consider any possible side reactions between
the precursors themselves. For example, even though the above
two studies show the successful incorporation of B and N into the
graphene framework, there was also a significant portion of non-
conductive and inactive h-BN observed in the composites.

Zheng et al. developed a unique two-step procedure which
prevents the formation of h-BN in the synthesis of B,N-
graphene.”” In the first step, GO is thermally treated in ammonia
gas at an intermediate temperature (500 °C), to achieve partial
reduction and nitrogen incorporation into the rGO. The product
is then treated with boric acid at high temperature (900 °C) to
incorporate boron dopants. By separating the doping steps, B
and N was incorporated into the desired positions in the
graphene matrix (Figure 21a). As a result, B,N-graphene (free of
h-BN) showed significantly higher ORR activity compared to h-
BN-graphene synthesized by the single-step method and single
B- or N-doped graphene samples (Figure 21b). With the help of
DFT computation, they found that in a B—=C—N heteroring, N
acts an electron-withdrawing group which indirectly activates B
and thus makes B the active site (Figure 21c). More interestingly,
the strength of the synergistic effect decreases gradually as the
distance between B and pyridinic-N dopants increases (Figure
21d), indicating that the B dopant is a critical factor for this
synergistic effect.
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S,N-graphene can also be synthesized by thermally treating a
single precursor (e.g., thiourea) or two precursors (e.g.,
melamine and benzyl disulfide) with GO at high temper-
ature.”*>**® In the SN-graphene system, the resultant synergy
can be explained by the following three factors.”® First, due to
the electronic modifications provided by the dopant species, a
larger number of carbon atoms are activated, creating an
increased number of active sites. Second, a higher intrinsic ORR
activity is achieved in S, N-graphene due to the increase in charge
and spin densities of the atoms. For example, DFT calculations
showed that the S,N co-modified graphene lattice had higher spin
density on the C-atoms adjacent to the N-atoms, while the C-
atoms bonded to S-atoms had a relatively smaller spin density.**®
Third, the incorporation of S-dopants in the five-fold-
coordinated thiophenic arrangement disrupts the lattice of
graphene and increases the number of exposed edge sites that are
electrocatalytically active. Consequently, S, N-graphene has
shown the best electrocatalytic activity for both the ORR and
HER among all dual-doped graphene materials.**’

P has a similar electronic structure to N and is considered to be
a good secondary atom to modify the properties of N-graphene.
Consideration for P-doping is based on the following two points.
First, similar to B, P also possesses a smaller electronegativity
than C. Second, substituting a sp> C-atom with a larger size P-
atom can disturb the geometry of the carbon lattice, and
consequently modify the electronic structure of the graphene
matrix. A modified CNT system was first used to investi§ate the
ORR function of a P—N pair in a carbon framework.”* It was
shown that P promoted the reduction of HO?™ within the overall
potential range. Additionally, the P—N co-modification could
generate more edges and wrinkled surfaces, which disturbed the
uniform distribution of charge and spin densities in the pristine
CNTs. Using a simple cooperative assembly, Tang et al
synthesized melamine—phytic acid supermolecular aggregates
which were converted into PN co-doped carbon foams with 3D
structures.”*’” By substituting the nitrogen source from melamine
to polyaniline, they prepared P,N-graphene nanosheets with
mesopores, which demonstrated good electrocatalytic properties
for both the ORR and OER in rechargeable Zn—air batteries.***
DFT computations indicated that the P,N co-doping and
graphene edge effects were essential for its bifunctional
electrocatalytic activity.

6.3. Graphene Derivatives

Some dopant-free nanocarbon materials have also been shown to
possess considerable ORR activity, and are even better than some
heteroatom-doped carbons.”*******"73* This indicates that the
intrinsic structural and edge defects may also modify the overall
electronic structure of the graphene matrix and introduce active
sites for the ORR. For example, Shen et al. found that the edge
carbon atoms in the graphene matrix are highly charged and are
more active than those in the basal plane.” This has led to a
variety of carbon structures abundant in edge sites, e.g, 0D
graphene quantum dots (GQDs) and 1D graphene nanoribbons
(GNRs), being extensively studied as effective ORR electro-
catalysts, 19351352

6.3.1. Graphene Quantum Dots and Graphene Nano-
ribbons. Considered domains of the graphene matrix, both
GQDs and GNRs can be synthesized by either “top-down” or
“bottom-up” methods (Figure 22). The most popular top-down
strategy for GQD synthesis is to cut GO using hydrothermal or
solvothermal treatments. GQDs with diameters in the range of
5—13 nm and thicknesses of 1—2 nm have been produced in this
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way.”**** During the hydrothermal deoxidization process,
linear defects in GO that are composed of fewer epoxy groups
and more carbonyl groups may break up further by removing
bridging O-atoms to form GQDs. Alternatively, the GQDs can
be prepared through stepwise solution chemistry of alicyclic
compounds.®>® For example, large colloidal GQDs with uniform
and tunable size were obtained by oxidative condensation
reactions, in which the process of combining graphene moieties
was achleved by the oxidation of polyphenylene dendritic
precursors.”® As a result, a series of GQDs that contained 132,
168, and 170 carbon atoms were obtained. GNRs can be thought
of as narrow strips of graphene with widths much smaller than
their length. One of the most popular methods for large-scale
GNR production is by unzipping CNTs through selective

etching, chemical attack, nanoparticle cutting, and metal atom
intercalation.***”*** On the other hand, a “bottom-up” approach
based on organic precursors and CVD has been exploited to
produce GNRs with precise control at the molecular level.*>”
GNRs can also be synthesized by a solution-based polymer-
ization of pre-prepared molecular precursors followed by a
cyclodehydrogenation method. Using this method, GNRs with
atomically smooth armchair edges were produced with
dimensions of 1 nm in width by >100 nm in length.*®’

Heteroatom doping is also an important strate%y for
enhancing the ORR performance of GQDs and GNRs.”>” In a
pioneering work by Li et al, N-GQDs with promising ORR
activity were prepared using an electrochemical approach.*®!
Other heteroatom-doped GQDs and GQD/graphene hybrids
have also been applied as ORR electrocatalysts.’***°° For these
materials, DFT calculations showed that pyridinic-N dopants at
the zigzag edges have the smallest overpotential in the
dissociative mechanism while the OOH mechanism is blocked
by weak OOH* adsorption.**® Kim et al. also found that edge
doping in N-GNRs enhances the oxygen adsorption for the first
electron transfer and also the selectivity toward the 4e™ reduction
pathway.*®” Additionally, in the GQD/GNR composite system,
the numerous defects and efficient charge transfer at the GQD/
GNR surfaces/rnterface contribute significantly to the overall
ORR activity.**

6.3.2. Defective Graphene. Some extrinsic or intrinsic
defects (sometimes energetically unfavorable) are introduced in
the graphene matrix during the synthesis or post-treatment
processes.’”” Generally, these defects are considered to be
beneficial for reactant adsorption. However, as the defects in
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Figure 23. (a) Schematic structural features of the carbon nanocages. I, II, and III represent three typical defective locations such as a corner, broken
fringe, and hole, respectively. Reproduced with permission from ref 348. Copyright 2015 American Chemical Society. (b) The proposed volcano plots of
overpotential versus adsorption energy of OH* for different doped and defective graphene models shown in the inset. Reproduced with permission from
ref 347. Copyright 2016 John Wiley & Sons, Inc. (c¢) HAADF-STEM image of N-graphene with various types of defects. Reproduced with permission
from ref 242. Copyright 2016 John Wiley & Sons, Inc. (d) Schematic illustration of different active sites and underlying mechanism for nanocarbon
catalysts. Reproduced with permission from ref 172. Copyright 2017 John Wiley & Sons, Inc.
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Figure 24. (a) ORR free energy diagram and optimized intermediates adsorption configurations on the g-C;N, surface with 0 (pathI), 2e” (path II), and
4e” (path III) participation. (b,c) Schemes of the ORR pathways on pristine g-C;N, with 2e~ participation, and g-C;N,/conductive support composite
with 4e” participation, respectively. Red areas represent the active sites for the ORR. (d) Typical HRTEM image of ordered mesoporous C;N,@CMK-3
nanorods. Inset represents a schematic illustration of the structure (yellow, g-C;N,; black, carbon). (e) LSV of various electrocatalysts in 0.1 M KOH
solution. Reproduced with permission from ref 126. Copyright 2011 American Chemical Society.

graphene are always concomitant with heteroatom doping and
edge regions, the identification of the real active sites in these
materials is always complicated, even in the best-known N-
graphene systems.'”” For ORR applications, the most extensively
studied cases are in-plane topological defects (i.e., non-hexagonal
rings such as pentagons and heptagons). By DFT computation,
Zhang et al. found that the line-defect pentagon—pentagon—
octagon chain can induce significant local charge/spin polar-
ization at the graphene edge, at which the energy barriers to the
4e” reduction pathway were comparable to benchmark Pt
(111).*** Experimentally, Jiang et al. found that even dopant-free
carbon nanocages with abundant holes, edges, and positive
topological disclinations showed enhanced ORR activity
compared to doped counterparts (Figure 23a).** A theoretical
study by Tang et al. also showed that the N-dopant moieties have
a higher ORR overpotential than pristine graphene with specific
defects.™” As shown in Figure 23b, topological defects at the
edge were shown to have a greater effect on overpotential than
doping and edge effects.

Although these theoretical studies have revealed clearly the
effectiveness of intrinsic defects in graphene materials for ORR
electrocatalysis, it is still a big challenge to characterize and
distinguish them experimentally. This may be due to the
difficulty in preparing graphene with desired defects.

For example, Jia et al. introduced different types of topological
defects into the graphene lattice via the removal of intentionally
doped heteroatoms.”*” The aberration-corrected HRTEM image
in Figure 23c directly shows various defects (pentagons,
heptagons, and octagons) on the edge of the graphene sheet at
the atomic scale. Besides the local electronic environment, the
defects also modified the surface properties of the graphene, such
as surface area and hydrophobicity. Unsurprisingly, the defective
graphene showed an enhanced ORR activity compared to
pristine and doped graphene samples. As mentioned above,
controlling intrinsic defects is difficult because they always
interrelate with heteroatom dopants and the edges of
graphene.”*” At the level of electron structure, all of them
demonstrate to have effectively modified the charge/spin
distribution in the carbon matrix and adsorption energies of
the intermediates (Figure 23d)."”” This leads to a similar activity
origin. However, different configurations of dopants, edges, and
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defects are thought to contribute distinctly to the modification of
electron structure, and thereby induce distinctly different
catalytic activities."”> Therefore, by considering all three features,
it is rational to conclude that specific heteroatom-doping at
defective edges is the most effective strategy for achieving
optimal ORR activity on carbon electrocatalysts.'”

6.4. Graphitic Carbon Nitride

In principle, the high level of pyridine-like nitrogen in the
heptazine heterorings of g-C;N, can provide rich electron lone
pairs and serve as the active sites for the ORR. However, its poor
conductivity (band gap = 2.7 eV) hinders its application in
electrocatalysis.'' Based on the calculated ORR free energy
pathway, the limited electron transfer ability of g-C;N,, causes an
accumulation of OOH™ intermediates on the catalyst surface via
an inefficient 2e~ reduction process (Figure 24a)."*® As shown in
Figure 24b, the ORR active sites on pure g-C;N, are limited to
very narrow zones of the electrode—electrolyte—gas three-phase
boundaries due to its Jpoor electron transfer ability, resulting in
poor ORR activity.””’ Incorporating an electron-conductive
material with g-C;N, has shown to be an effective way of
facilitating electron transfer on the surface and increasing the
concentration of active sites. Predictably, the active sites on g-
C;N, with a conductive support can spread over the whole
surface of the catalyst due to the increased electron transfer
efficiency, which in turn facilitates the efficient 4e™ reduction
process (Figure 24c). As proof-of-concept studies, various types
of carbons, e.g. carbon black,*”° mesoporous carbon,'*¢
macroporous carbon,””’ and 2D graphene sheets,”’>*”> have
been incorporated with g-C;N,. All resultant nanocomposites
showed enhanced ORR performance compared to g-C;N,. For
example, Zheng et al. incorporated g-C;N, into the channels of a
highly ordered mesoporous carbon (CMK-3) following a
nanocasting method (Figure 24d)."”° Indeed, the C;N,@
CMK-3 hybrid exhibited a lower onset potential and higher
ORR current density compared to the constituents and
physically mixed samples (Figure 24e). The optimized ORR
performance on C;N,@CMK-3 can be attributed to the
participation of the CMK-3 mesoporous carbon framework,
which serves as the support for g-C3N, and facilitates electron
accumulation on the surface of the g-C;N, catalyst which
enhances electron transfer efficiency during the ORR process.'*®
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Additionally, by applying silica microspheres as hard templates,
Liang et al. reported macroporous g-C;N,/C composites with
3D ordered interconnected structures.”’’ Due to the strong
carbon skeleton, the macroporous g-C;N,/C metal free
electrocatalyst showed excellent stability, which was better than
commercial Pt/C in alkaline media.

6.5. Challenges for 2D Nanomaterials as Acidic ORR
Catalysts

Most of the heteroatom-doped graphene, defective graphene,
and graphene-based hybrid electrocatalysts mentioned were
tested in alkaline media. With advanced nanomaterial fabrication
techniques, they all showed very promising electrocatalytic
activities which were comparable to precious Pt/C. However,
fuel cells that operate with acidic electrolytes, particularly
PEMEC:s, are still far more commercially viable and are based
on more mature infrastructure.’’* To date, most of the carbon-
based electrocatalysts reported for the acidic ORR are doped and
functionalized CNTs,>”>~*”® while graphene-based examples are
limited.””” In our opinion, this may be due to iron impurities in
the CNT's which can form iron—nitrogen/carbon complexes that
are highly active toward the ORR in acidic conditions.”*" For
example, Li et al. showed that few-walled CNT's attached with
nanoscale sheets of graphene (formed by the outer walls of
partially unzi7pped CNTs) exhibited a high ORR activity in acidic
conditions.”’® A series of electrochemical tests and atomic
imaging characterizations confirmed that the graphene sheets
contained extremely small amounts of iron (originating from the
CNTs growth seeds) and nitrogen impurities, which together
facilitated the formation of catalytically active sites for the
ORR.*’® In terms of pure metal-free graphene, it is clear that N-
graphene shows much closer ORR activity with Pt/C in alkaline
media than in acidic media (Figure 25). This pH dependency
associated with carbon-based materials for the ORR has attracted
increased attention toward the development of new metal-free
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Figure 25. Comparison of ORR polarization curves on N-graphene and
Pt/C electrocatalysts in alkaline and acidic media (measured by the
authors themselves).
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catalysts due to their low cost and stability.** However, there is
currently no explanation from either experimental or theoretical
perspectives as to why carbon-based materials show comparable
ORR performance to Pt in alkaline solutions, while very poor
activity in acidic solutions.

Although this pH effect has long been known,”®" from a
computational point of view, the ORR should follow the same
pathway in alkaline and acidic media because the adsorption
properties of the reaction intermediates are identical.”®* This,
however, does not agree with the experimentally observed pH
dependent ORR activity on carbon-based materials as shown in
Figure 25. Based on current knowledge, we provide several
possible explanations for this phenomenon. First, the ORR in
alkaline and acidic solutions may not follow the same pathway. As
mentioned previously, there are dissociative and associative
pathways for the ORR.*> For the dissociative pathway, O,
molecules dissociate on the surface into two oxygen atoms
chemically bonded to different sites of the electrocatalyst,
followed by the hydrogenation processes. This pathway is
favorable when the kinetics of O, dissociation are fast, with an
energy barrier comparable to or lower than 0.8 eV.”*° When the
dissociation barrier is high, and this process is kinetically
prohibited, the associative pathway occurs. Therefore, for the
same material, the ORR might follow different pathways with a
different rds in alkaline and acidic solutions. Second, in an
alkaline solution, OH™ anions are adsorbed to the electrocatalyst
surface, while in an acidic solution, H" cations are adsorbed.
These two adsorbates might change the Fermi energy level of the
substrate, and therefore affect the adsorption of reaction
intermediates which leads to a change in the overall reaction
thermodynamics.”**** Specifically on graphene surfaces, single
functional groups (e.g., hydroxyl) can induce electronic bound
states which can strongly perturb the electronic charge density of
the surface and generate different adsorption configurations.**>
Third, the ions solvated in the solution, i.e., CI~, SO,*" in acidic
solutions and Na*, K* in alkaline solutions, can also influence the
ORR pathway by affecting the oxygen dissociation barrier and
the adsorption strength of reaction intermediates.>****® Fourth,
the physicochemical properties of the synthesized samples,
including the nanostructure and the hydrophilicity, should also
be considered when comparing activities in different testing
conditions because these two factors could affect mass transport
to the reaction surface.

7. 2D NANOMATERIALS FOR OXYGEN EVOLUTION
REACTION APPLICATIONS

The OER is a 4e” transfer process and is the reverse reaction of
the ORR. Many studies have demonstrated that various 2D
nanostructured electrocatalysts can efficiently catalyze the OER
and significant development has been achieved in recent years. In
this section, we first discuss the fundamental principles of the
OER process and then summarize recently reported 2D
nanomaterials developed for OER electrocatalysts.

7.1. Fundamental Principles of the OER

7.1.1. Reaction Kinetics. Like the ORR, #, j,, and Tafel slope
are the parameters generally used for evaluating the reaction
kinetics of an OER electrocatalyst, and are crucial for gaining
insightful information into the OER mechanism.'”**” Specifi-
cally for the OER, 77 is a common comparison for performance
and is defined as the overpotential required to produce a catalytic
current density of 10 mA cm ™ (j;o). The magnitude of j, reflects
the intrinsic charge transfer rate between an OER electrocatalyst
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and the reactant/intermediates. Although a high # is always
required to achieve a high magnitude of OER current density, a
small increase in # which results in a large increase in OER
catalytic current is highly desirable. Therefore, Tafel slope is a
very important parameter in evaluating the relationship between
jand 17 of an OER electrocatalyst. A smaller Tafel slope indicates
that j can increase faster with a smaller change in # (i.e., faster
reaction rate constant), implying good electrocatalytic kinetics.
In addition, the value of the Tafel slope provides insightful
information toward the OER mechanism, especially for
elucidating the rds.

7.1.2. Reaction Mechanism. The OER can operate in either
acidic (2H,0 — O, + 4H" + 4e”) or alkaline (4OH™ — O, +
2H,0 + 4e”) conditions as shown in Figure 26.°"**® The

H*+0,

Ht+e

HOO-M M-OH

Figure 26. OER mechanism for alkaline (red route) and acidic (green
route) conditions. The black line indicates that the OER involves the
formation of a peroxide (M—OH) intermediate, while the light blue line
indicates the direct reaction of two adjacent oxo (M—O intermediates to
produce oxygen.

following possible mechanisms for the OER in alkaline
conditions have been proposed (M indicates an electrocatalyst
surface):

M + OH™ - M—-OH
M-OH + OH™ - M-0 + H,0
followed by either

2M-0 - 2M + O, or

M-0 + OH™ — M—OOH + e~
M—-OOH + OH™ = M + O, + H,0

Like the ORR, the same intermediates (OH*, OOH* and O%)
exist in the proposed OER mechanisms for both acidic and
alkaline conditions. As shown in Figure 26, the OER can proceed
either by a direct combination of two O* to produce O, (light
blue route), or by the formation of the OOH* intermediate
(black route). Although possibly involving both routes, a
common factor for overall OER catalytic ability is the bonding
interactions with intermediates (e.g, M—OH, M—O, and M—
OOH). The OER is also a multi-electron reaction that consists of
a series of consecutive reaction steps, which can be either
electron transfer steps or chemical steps, such as association or
dissociation reactions.”®”*” The OER mechanism on a
particular electrocatalyst can be obtained by the measured
Tafel slope, which is related to the electron transfer coeflicient
(). A smaller Tafel slope suggests that the rds occurs at a later
step in the OER pathway, indicating efficient OER kinetics.
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7.1.3. Measurement Criteria. To better evaluate and
compare the catalytic activity of OER electrocatalysts, some
important measurement criteria have been established. The most
commonly used criteria used are the total electrode activity (e.g.,
1 and j), Tafel slope, turnover frequency (TOF), Faradaic
efficiency (FE), and long-term operating stability. The total
electrode activity, Tafel slope, and j, can be directly measured by
recording OER polarization curves and derived Tafel plots. TOF
is defined as the number of reactants that a catalyst can convert to
a desired product per catalytic site per unit of time, exhibiting the
intrinsic catalytic activity of an active catalytic site. The TOF
value can be calculated by eq 8:

JA

TOF = —

4nF (8)

where A is the area of the working electrode, and n is the number
of moles of the active materials which can be calculated using the
ECSA of the material. Although not all of the surface atoms in a
material are catalytically active or equally accessible, TOF is still
relevant and useful for comparing similar catalyst materials. FE
reflects the utilization efficiency of electrons involved in the OER,
and can be obtained by calculating the ratio of the experimentally
produced O, detected with an oxygen sensor, to the theoretical
maximum that can be produced calculated from the total charge
passed. Long-term operating stability is also an important
parameter for evaluating an OER electrocatalyst that normally
operates under highly oxidizing environments. Two methods are
always used to evaluate the operating stability of an OER
electrocatalyst. The first one is by comparing the cyclic
voltammetry (CV) or linear sweep voltammetry (LSV) scans
after several thousand (e.g., >5000 cycles) cycles or scans. The
second one is to measure the current variation with time (i.e., the
i—t response) under a constant potential/voltage in the OER
region, or to measure the potential/voltage variation with time
(i.e., the V—t response) under a fixed j (e.g, 10 mA cm™2).

7.2. Transition-Metal-Based Electrocatalysts

Transition-metal-based materials including TMOs, TMHs and
their derivatives, such as chalcogenides and nitrides, are the
subject of intense research for OER electrocatalysts.****"!
These materials are relatively inexpensive and it is relatively easy
to tailor their structures, morphologies, and physicochemical
properties. To date, Co/Ni/Fe/Mo/V/Zr-based materials have
been explored for the OER, and some of them have exhibited
promising catalytic performance.””>*”* In this section, we
summarize recent advances in the design, fabrication, and
applications of 2D transition-metal-based OER electrocatalysts,
focusing on the first-row transition-metal (Co, Ni, Fe)-based
materials as summarized in Table 2.

7.2.1. Transition-Metal Oxides. First-row TMOs (denoted
MO,), such as CoO,, NiO,, and FeO,, have been widely studied
as electrocatalysts for the OER.'”**'" Their OER catalytic
activities appear to be related to the OH-M?*’ bond strength (0 <
8 < 1.5), which increases along the following order: Ni < Co <
Fe. This order, however, is opposite to that of their activities
(NiO, > CoO, > FeO,).""" The OER catalytic activity of MO,
materials can be improved by fabrication into desired
nanostructures. Additionally, the M-O bond strength in MO,
materials can be tuned by alloying with other metallic elements.
Based on these findings, 2D MO, materials that possess high
specific surface area, short paths for charge/mass transport, and
rich surface reactive sites have been designed for OER
electrocatalysts.”>
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Table 2. Comparison of the Electrocatalytic Activity of Some Recently Reported OER Electrocatalysts

catalyst electrolyte 7 at 10 mA cm™> (V)¢ Tafel slope (mV/dec) TOF (s™)*
porous Co;0,>* 1 M KOH ~0.42 25 N.A.
NiO stabilized by TiO,*** 1 M KOH 0.32 52 0.07 (0.50 V)
porous FeNi oxide®”® 1 M KOH 021 32 N.A.
7-CoOOH™"! 1 M KOH 0.30 38 0.09 (0.34 V)
exfoliated FeNi LDH'”* 1 M KOH 0.30 40 0.05 (0.3V)
CoMn LDH*” 1 M KOH 0.29 43 1.05 (0.35 V)
Nig75Vo,s LDH>® 1 M KOH 0.32 50 0.54 (0.35 V)
CoNiFe hydroxide*” 1 M KOH 0.21 (Ni foam) 42 NA.
O—Ni—Fe—§*" 1 M KOH 0.26 at 20 mA cm™> (Ti plate) 39 0.76 (0.30 V)
CoSe,'>¢ 0.1 M KOH 0.32 44 0.33 (0.50 V)
Nil—8e*! 1 M KOH 0.33 80 N.A.
NiCo,Se, ' 1 M KOH 0.45 53 N.A.
Cog4FegeSe, 1 M KOH 0.22 (Ni foam) 41 NA.
Co,8,** 1 M KOH 0.35 107 N.A.
Ni,Co;_,S,-decorated Ni;S,*”* 1 M KOH 0.14 (Ni foam) 48 N.A.
Ni;N>* 1 M KOH 0.35 at 52.3 mA/cm? 45 N.A.
Co—Mn carbonate hydroxide**® 0.1 M KOH 0.29 at 30 mA/cm?* (Ni foam) N.A. N.A.
Fe-doped (Ni,P)*° 1 M KOH 0.27 (Ni foam) 96 NA.
ternary NiCoP*"” 1 M KOH 0.31 at 50 mA/cm? (Ni foam) N.A. NA.
cobalt borate/graphene*”® 1 M KOH 029V S3 NA.
NiCo bimetal MOF**! 1 M KOH 0.25; 0.189 (Cu foam) 42 0.86 (0.30 V)
NiFe-MOF array”** 0.1 M KOH 0.24 (Ni foam) 34 3.8 (040 V)
Ti,C,T,—CoBDC'** 0.1 M KOH 0.41 482 N.A.
N,S-graphene*” 0.1 M KOH 0.33 71 N.A.
g-C;N,/Ti;C,* 0.1 M KOH 0.42 (free-standing) 74.6 N.A.

“The values were obtained for electrocatalysts loaded on glassy carbon working electrodes. Working electrodes fabricated with other substrates are
indicated by parentheses. “The values in the brackets are the operating overpotential.
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Co;0, is a spinel oxide that contains Co*" in tetrahedral sites
and Co’* in octahedral sites."'” Ultrathin porous Co,;0,
nanosheets have been synthesized from atomically thick CoO
sheets which undergo a fast annealing process in air.””* The
resultant nanosheets had a porous structure, a lateral size of
around a micrometer, and an average thickness of around 0.43
nm (Figure 27a,b). For the OER, it achieved a catalytic current
density of up to 341.7 mA cm™ at 1.0 V vs Ag/AgCl, which is
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roughly SO times larger than that of its bulk counterpart (Figure
27¢). DFT calculations revealed that this enhanced catalytic
activity is the result of low-coordinated surface Co**-atoms which
are more favorable for adsorbing H,O reactants (Figure 27d).
More significantly, the 2D nanostructure provides an extremely
large surface area for intimate interfacial contact between the
electrode and electrolyte and facilitates interfacial charge transfer.
Therefore, a greater number of coordinated-unsaturated surface
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atoms can provide more active sites to expedite the OER (Figure
27e).

Due to the increased covalency of their M—O bonds, 3d
transition-metal oxide electrocatalysts are ideal candidates for the
OER as the e, orbital occupancy approaches unity for surface
cations like Ni** (tzgéegl).“3’414 Bulk NiO with at,,°e,” electronic
configuration does not have favorable OER activity. However,
2D NiO structures with abundant surface defects can
significantly alter the electronic structure of Ni** centers, leading
to the desired Ni** sites with t,,% ' electronic configura-
tions.”**'* In a recent work, ultrathin NiO nanosheets stabilized
by TiO, (NiTi-MMO) were synthesized by calcination of
monolayer thick NiTi-LDH nanosheets.””> The size of the
resultant NiTi-MMO hybrid structures were around 20 nm and
contained ultrafine NiO nanosheets (1 nm thickness by 4 nm
lateral size; Figure 28a). In this system, the NiO nanosheets were
highly dispersed on the TiO,. This reduced aggregation of the
NiO nanosheets and, more importantly, altered their geometric/
electronic structure. EXAFS spectra showed that the Ni—O
octahedral bond distance is around 2.05 A, smaller than that
observed for both NiO and bulk-NiTi-MMO (2.08 A; Figure
28¢). This indicates more structural distortion for Ni centers in
the NiTi-MMO nanosheets, where the six nearest O-atoms move
away from the Ni vacancy (Vy;) by 0.03 A (Figure 28d).
Meanwhile, the neighboring Ni-atoms move slightly closer to
Vi leading to an increased average Ni—Ni distance. As shown in
Figure 28e, compared with the tzgéeg2 electronic configuration of
Ni** in bulk NiO, Ni** active sites in distorted NiO nanosheets
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possess a near-unity occupancy of the e, orbital (tzgsegl). This is
desirable for improving OER activity. As a result, the NiTi-MMO
required 77 = 0.32 V to reach j, o, which was much smaller than that
of pure NiO and bulk-NiTi-MMO electrocatalysts (Figure 28b).
Additionally, the NiTi-MMO also showed a much higher TOF
(0.068 s7') at 57 = 0.50 V, which is approximately 14 and 24 times
higher than the corresponding values for NiO (0.005 s™') and
bulk-NiTi-MMO (0.003 s™*), respectively.*”®

Some reports indicate that doping with certain elements can
tailor the electronic structures of 2D MO, materials and
enhanced OER activity. For example, the OER catalytic
performances of a series of NiO,, CoO,, FeO,, Ni,Co,_,O,,
and NiygFe;;0, were investigated, of which NiggFey 0, was
found to be the most active.”'” Other studies also found that the
introduction of Fe into NiO materials can increase the oxidation
ability of NiO and significantly improve their OER catalytic
activity."'®*'” It was also found that the formation of a NiO/
NiFe,0, hybridized phase at low Fe concentrations can change
the Fe coordination shells and enhance OER activity.""® In a
recent study, porous NiFe oxide nanosheets were synthesized via
a controlled transformation from LDH precursors.””® Due to
their high specific surface area, abundant active sites, small charge
transfer resistance, and optimum intermediates adsorption
energy, the NiFe oxide nanosheets exhibited a high OER
performance with an #,, of 213 mV. Additionally, some
complicated MO, materials, such as perovskite-like
Bay sSry sCog sFey,0;_5 have exhibited promising OER perform-
ance with high intrinsic activities."'* A design principle has been
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established to link the intrinsic OER activity of perovskites with
3d electron occupancy to an e, orbital symmetry of the surface
transition-metal cations.*"

7.2.2. Layered Transition-Metal Hydroxides and
Double Hydroxides. A two-step soft chemistry route called
an “atomic-scale phase transformation process” was used to
fabricate y-CoOOH LDH nanosheets from layered a-Co(OH),
sheets considering their similar spatial structures but different
inter-slab spacings (Figure 29a).”"" The ultrathin y-CoOOH
nanosheets had a size of several hundred nanometers and
thickness of about 1.4 nm (Figure 29b). As an OER
electrocatalyst, the y-CoOOH nanosheets showed an onset
potential of 1.47 V vs RHE, which was superior to that of the bulk
sample (1.53 V vs RHE). The mass activity of the y-CoOOH
nanosheets was 66.6 A g~' at 7 = 0.3 V, which was around 20
times higher than that of the bulk sample and 2 times higher than
that of the state-of-the-art IrO, electrocatalyst. It was found that
the increased hole states in the t,, orbital of CoOg_, can enhance
the electrophilicity of O* and facilitate adsorption of the hydroxy
group on the catalytically active sites to form OOH* (Figure
29¢). Moreover, because the o-bonding e, orbital has a stronger
ability to overlap with adsorbates (compared to the 7-bonding t,,
orbital), it can promote electron transfer between the surface
cation (CoOg4_,) and OOH* intermediates. This beneficial for
improving performance as it can act as the active site for effective
water adsorption and decreases the barrier to the OER.

A series of ultrathin single-layer LDH nanosheets were
successfully synthesized from the exfoliation of bulk LDHs.
The single-layer nanosheets exhibited significantly higher OER
catalytic activity compared to their bulk phases owing to their
increased number of active sites and improved electronic
conductivity.'”* For example, a NiFe-based LDH required an
1110 of 0.30 V and achieved a TOF of 0.05 s™*, which is superior to
that of benchmark IrO, electrocatalysts.'”* In another work,
ultrathin Co—Mn LDH nanoplates were synthesized by a simple
one-pot co-precipitation method, in which Mn** ions replaced
Co?* sites in f-Co(OH),.*”” The resultant product was 50—100
nm in diameter and had an average thickness of ~3.6 nm. As an
OER electrocatalyst, it showed a much higher intrinsic OER
activity than Co and Mn oxides, Co—Co and Ni—Co LDHs, and
IrO, counterparts. Interestingly, it was found that the OER
performance of the Co—Mn LDH was improved after an anodic
conditioning process. This was likely due to the leaching of Mn
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ions which resulted in the formation of thin amorphous regions
with abundant uncoordinated Co ions possessing high OER
activity.””” Monolayers of Ni—V LDH with thicknesses of around
0.9 nm were prepared by incorporating V into Ni(OH), by a
simple one-step hydrothermal strategy.””® After compositional
optimization, the Nij;sVj,5-LDH exhibited significant OER
activity with a small Tafel slope of 50 mV dec™ and a low 17, of
318 mV. Mechanistic studies showed that the doping of V into
Ni(OH), caused a decrease in free energies of key OER
intermediates. Ultrathin trimetal (Fe, Ni, and Co) LDH
nanosheets with controlled Co-doping were prepared by a
hydrothermal method using Ni—Fe LDH nanosheets.”” It was
found that the OER activities of the trimetal LDHs increased due
to the increased surface areas and number of active Co sites. In
this system, the electron structure of the nanosheets could be
modulated to reduce reaction activation energy. The optimized
Fe—Nig—Co,-LDH displayed an outstanding OER activity with
an 7,9 of 210 mV, superior to most previously reported OER
electrocatalysts.*”

Coupling LDHs with conducting materials, such as carbon
nanomaterials, has shown to be a promising way of overcoming
their inherently poor electrical conductivities. Recent develop-
ment in the rational integration of LDHs with nanocarbon
materials has been comprehensively summarized in a recent
review.* More importantly, the combination of coupling the
LDHs with carbon supports and defect engineering can induce
synergistic effects for greatly improved OER performance.**
Despite extensive studies into LDHs and their derived materials,
their OER catalytic mechanisms have not yet been clearly
identified. Additionally, extensive efforts have been devoted to
modulating the electrocatalytic activity of these materials via
metal cation choice in the LDH precursors. However, engineer-
ing of anion chemistry to control their electrochemical
performances has not been extensively explored despite its
high potential in modifying the activity of these electrocatalysts.

7.2.3. Transition-Metal Dichalcogenides. TMDs are
attracting much attention as promising non-precious-metal
catalysts in many energy-related apphcatlons (mainly for the
HER which is discussed in section 8.3).**' Compared to metal
oxides/hydroxides, reports of 2D TMDs as OER electrocatalysts
are limited (as summarized in Table 2). Specifically, amorphous-
like oxygen-incorporated Ni—Fe—S$ ultrathin nanosheets (O-
NFS) were fabricated through the calcination of Ni—Fe—S
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nanosheets in air, followed by an electrochemical tuning method
to modify their electronic structure.””” As an OER electro-
catalyst, the O-NFS exhibited a 7 = 259 mV at j = 20 mA cm™2,
which is much smaller than that of RuO, (370 mV). Notably, it
can achieve a large j of up to 500 mA cm™ under 77 = 300 mV as
well as a 100% Faradaic efficiency. The origins of this highly
significant OER activity is believed to be attributed to (1) the
self-supported open architecture that affords more active sites,
and efficient charge and mass transport; and (2) the synergistic
regulation of electronic structure and catalytically active areas.
Cubic CoSe, is also a promising candidate for high OER
performance because it has a tzgéeg1 electronic configuration near
the optimal e, filling, and a metallic behavior from the large local
DOS across its Fermi level. Accordingly, atomically thick CoSe,
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nanosheets were fabricated by exfoliating CoSe,-based in-
organic—organic lamellar nanohybrids (Figure 30a,c)."*® The
resultant material effectively catalyzed the OER with an 7, of
0.32 V and a TOF of 0.33 s™" at 7 = 0.5 V (Figure 30d). Local
atomic arrangements and electronic structure characterizations
showed that the formation of V,” vacancies in the 2D plane
likely contribute to its significant OER catalytic activity (Figure
30b). In another work, single-unit-cell thick CoSe, nanosheets
fabricated by a thermal exfoliation approach displayed a Tafel
slope of 64 mV dec™ and an onset overpotential of 270 mV.***
Additionally, a series of 2H-MoS,, 1T-MoS,, 2H-TaS,, and 1T-
TaS, were fabricated, in which 1T-MoS, showed the best activity
with an 77,5 of 420 mV in acidic conditions.** Due to their better
stabilities over metal oxides/hydroxides in acidic media, further
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improvements to 2D TMDs should be made by enhancing their
electrical conductivities and active site densities.

7.2.4. Other Metal-Based Materials. Several types of other
transition-metal compounds such as nitrides, carbonate hydrox-
ides, phosphides, and borates (summarized in Table 2) have also
attracted considerable interest for the OER due to their unique
physicochemical properties.**>******=%2% I a recent work, well-
defined Ni;N nanosheets were prepared by annealing metal
precursors in ammonia gas.”* DFT calculations showed that
these nanosheets were different from their bulk counterparts,
being intrinsically metallic and having significantly improved
carrier concentration as a result of dimensional confinement
(Figure 31a).”*® Benefiting from an atomically disordered
structure (Figure 31b), the Ni;N nanosheets exhibited a much
higher OER activity compared to bulk Ni;N and NiO nanosheets
(Figure 31c). In another work, FeNi;N nanosheets synthesized
by redox-etching and thermal annealing exhibited a high OER
activity with an 7,y of 202 mV and a Tafel slope of 40 mV
dec™.*® Metal carbonate hydroxides have also been investigated
and applied as OER electrocatalysts. For example, Co—Mn
carbonate hydroxide (CoMnCH) nanosheet arrays, with
controlled morphology and composition, were produced by
doping Mn into Co carbonate hydroxide (CoCH).** Mn doping
not only modulated the nanosheet morphology to significantly
increase the ECSA, but also tuned the electronic structure of Co
centers for effective enhancement of intrinsic catalytic activity
(Figure 31d). As a result, the optimized CoMnCH exhibited high
OER catalytic activity, requiring only # = 294 mV to produce 30
mA cm™% and was able to deliver a large and stable current
density of 1000 mA cm™ at 7 = 462 mV. CoMnCH also
demonstrated bifunctional ability as an electrocatalyst for both
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the OER and HER in a two-electrode electrolyzer operating at a
cell voltage of 1.68 V at j,.

Although there are many new reports on the high performance
of transition-metal sulfides, selenides, nitrides, phosphides, etc. in
OER electrocatalyst applications, there are concerns regardin%
their compositional stabilities under OER conditions.*”>**
Many of these materials have demonstrated stable OER
electrocatalytic performance for hours or even longer without
apparent performance decay. However, from the perspective of
solid-state chemistry, it is known that metal sulfides are
thermodynamically less stable than metal oxides under corrosive
and oxidizing environments, with metal nitrides and phosphides
being even less stable again. Therefore, especially under high
overpotentials, it is very likely that metal sulfides, selenides,
nitrides, and phosphides are oxidized to their corresponding
metal oxides/hydroxides under OER operation and form a core—
shell structure. This concern is even greater for 2D nanomaterials
with ultrathin structures. Therefore, it is of great importance to
carry out surface-sensitive structural characterization analysis
before and after OER tests to identify the true catalytically active
species. We believe that more should be done in this regard
because it is crucial knowledge for designing highly efficient OER
electrocatalysts under real reaction conditions.

7.3. Metal-Organic Framework-Based Electrocatalysts

Designing MOFs into 2D nanostructures is an effective strategy
for fabricating high-performing electrocatalysts because of the
following resultant characteristics: (1) their nanometer thickness
allows rapid mass transport and electron transfer; (2) a
significantly high percentage of coordinatively unsaturated
metal sites are exposed, allowing high catalytic activity; and (3)
their easily identifiable and tunable surface atomic structures and
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bonding arrangements.”*”**" Ultrathin 2D NiCo bimetallic
MOF nanosheets (NiCo-UMOFNs) have been synthesized
from a mixed solution of metal salts and benzenedicarboxylic acid
The product displayed a well-defined sheet
structure with a thickness of around 3.09 nm (Figure 32a),
corresponding to four metal coordination layers or three
coordination structural layers (Figure 32b). The NiCo-
UMOENSs on planar glassy-carbon electrodes required an 7,
of 250 mV (Figure 32c). This decreased to 189 mV when the
nanosheets were loaded on copper foam. Based on experimental
measurements and DFT calculations, it was proposed that the
surface atoms in the NiCo-UMOEFNs are coordinatively
unsaturated and are the active centers for reactant/intermediate
adsorption. Additionally, the electronic coupling between Ni and
Co metals in the MOFs is likely crucial for its high OER
performance (Figure 32d). In another work, ultrathin 2D NiFe-
MOF nanosheet arrays were fabricated on different substrates
through a dissolution—crystallization mechanism.”* The arrays
demonstrated promising OER performance with an 7, of 0.24 V
and a TOF of 3.8 57" at 77 = 0.40 V. It was proposed that their high
OER performance originates from their unique physicochemical
properties and hierarchical porosity.”**

Most MOF materials have relatively poor electrical con-
ductivity resulting from their inherent molecular configuration.
Thus, combining 2D MOFs with other 2D conductive materials
to construct hybrid materials with well-defined interfacial
structures should improve their conductivity and enhance their
OER performance. Very recently, a MXene-MOF hybrid
material composed of cobalt 1,4-benzenedicarboxylate on the
surface of MXene Ti;C,T, nanosheets (Ti;C,T,-CoBDC) was
prepared via an interdiffusion reaction strategy.'** The hybrid
achieved an 7,4 of 1.64 V vs RHE, which is better than its
constituent components (CoBDC and Ti,C,T,) and even IrO,.
Additionally, given their structural tunability and chemical
versatility, 2D MOFs can also be combined with other functional
2D nanomaterials, such as heteroatom-doped graphene and
black phosphorus, for further synergistic enhancement to OER
performance.

. 201
under sonication.
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7.4. Metal-Free Electrocatalysts

Metal-free electrocatalysts that can reduce the cost and increase
the efficiency of energy conversion systems have been recently
reported in many studies.”**** Very recently, graphene- and g
C;N-based nanosheets were applied as OER electrocatalysts.' ">
Similar to the ORR, it was found that spin redistribution induced
by heteroatom-doping in the graphene matrix can impart high
OER catalytic activities.””>*** For example, N,S-co-doped 2D
graphitic nanosheets (SHG) with a unique hierarchical structure,
were fabricated by a salt-assisted carbonization process.””” The
2D graphitic sheets contained stereoscopic holes (ranging from S
to 20 nm in diameter) which could provide numerous accessible
active sites and rich mesoporosity for effective electron and
electrolyte transport (Figure 33a). As a result, the SHG electrode
showed a lower 7 and a smaller Tafel slope than that of the
control samples without a 2D structure or without co-dopants,
and even the state-of-the-art RuO, electrode (Figure 33b). In
SHG materials, the co-doping of N and S is important for activity
by providing low resistance to electron or ion transport and by
facilitating the electrochemical process. Of note is that the SHG
electrode is an effective trifunctional electrocatalyst, being active
for the HER and ORR processes also (Figure 33c,d).
Remarkably, a water electrolysis cell composed of SHG as both
cathode and anode showed comparable activity, but better
stability, to a cell using state-of-the-art precious-metal electrodes
(Figure 33e).

As mentioned previously, g-C;N, has a much higher N content
than N-carbon materials, and its 2D layered structure is stable
and tunable.”* These unique characteristics make g-C;N, a
potential candidate for efficient OER electrocatalysts. As with the
ORR, the combination of g-C;N, with conductive materials can
eliminate its inherent semiconductivity and achieve high catalytic
activity. Based on this strategy, a hybrid film composed of
overlapping g-C;N, and Ti;C,T, nanosheets was designed and
fabricated by sonication-assisted exfoliation and vacuum
suction.”” The resultant hybrid film was flexible and was a few
centimeters in size with a thickness of 8—10 ym. In this hybrid,
the oriented assembly of g-C;N, and Ti;C,T, nanosheets
imparted many large interlayer pores ranging from tens to
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hundreds of nanometers. Moreover, the hybrid film had a well-
defined interface between the g-C;N, and Ti;C,T, components.
Through a combination of NEXAFS and XPS analysis, it was
found that the interfacial Ti—N, interaction was highly active for
the OER. Another conductive film with porous structure and
high nitrogen content was fabricated through the self-assembly of
g-C3N, nanosheets and CNTs through z—7x stacking and
electrostatic interactions.**> This hybrid offered efficient mass
and charge transfer in its porous nanostructure, and exhibited
higher OER catalytic activity than Ir-based electrocatalysts.

7.5. OER/ORR Bifunctional Electrocatalysts

For practical applications, zinc (Zn)—air batteries are attracting
increased attention due to their low cost and inherent safety.
Furthermore, rechargeable Zn—air batteries can be easily
fabricated into flexible designs with high energy density and
are environmentally friendly.” However, the biggest challenge for
flexible rechargeable Zn—air batteries is the development of
biocompatible and high-efficiency bifunctional OER/ORR
electrocatalysts.”>>*** Therefore, electrode flexibility and multi-
functionality are the new design criteria for practical applications
of electrocatalysts. Theoretically, the design principles for OER/
ORR bifunctional electrocatalysts should be focused on the
balance of OH* adsorption free energy (AGqy). In this regard,
Zheng et al. developed a dual volcano plot for evaluating the
performance of oxygen electrode electrocatalysts.”** This model
indicates that for a material with OH* adsorption within the top
zone of the dual volcano plot, it is neither the best ORR nor OER
catalyst, but shows the best bifunctional performance for
reversible OER/ORR.

7.6. Challenges for 2D Nanomaterials as Acidic OER
Catalysts

OER electrocatalysts operating in alkaline conditions can be
applied in alkaline electrolyzers and metal—air batteries, and have
become a well-matured technology for commercial production of
hydrogen fuel (up to the megawatt range).**® However, alkaline
electrolyzers still face three major problems: low partial load
range, limited current density, and limited to low operating
pressures.”” On the other hand, PEM water electrolyzers using
polymer electrolyte membranes (e.g., Nafion) can provide high
proton conductivity, low gas crossover, compact system design,
high current density, and high-pressure operation.”**** More-
over, PEM water electrolyzers can also be integrated with
PEMFC systems for integrated energy conversion/ storage
devices. However, one major challenge for PEM water
electrolyzers is that the operating conditions require the use of
robust materials which can resist harsh acidic environments (e.g.,
pH ~2) and sustain high applied overvoltages (~2 V).****** To
date, only a few scarce and expensive noble catalysts (Ir and Ru)
show acceptable OER catalytic activity in such acidic environ-
ments.**"*** However, Ir- and Ru-based materials also degrade
during OER operation because of oxidation and dissolution into
the acidic electrolyte.

Recently, the stabilities of some noble metal-based OER
electrocatalysts in acidic electrolytes have been improved by
alloying and in situ leaching strategies. For example, a new
synthetic strategy, utilizing the surface segregation method, was
used to tune the near-surface composition of Ru and Ir
elements.”"’ This method could balance the near-surface Ir
and Ru composition in such a way that the stability of the surface
atoms was enhanced during OER operation without compromis-
ing activity. After treating a Ruy;lrys alloy with this surface
segregation method, the surface composition of Ir increased to
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approximately 75 at.%, while the concentration profile of Ir
monotonically decreased until the bulk atomic composition was
reached. Consequently, the treated sample exhibited four times
higher stability than the best Ru—Ir OER electrocatalysts, while
still maintaining the same activity. Similarly, in a recent work, an
IrO,/SrIrO; catalyst was formed in situ during electrochemical
testing by Sr leaching from thin films of SrIrO;.*** In an acidic
electrolyte, the catalyst achieved an #,, of 0.27 V and DFT
calculations suggest that highly active IrO; or anatase IrO,
surface layers were formed during the Sr leaching process. It is
predicted that alloy surface segregation and in situ leaching
strategies can be utilized to prepare unique 2D noble alloy
materials for stable OER electrocatalysts in acidic electrolytes.
Apart from Sr, other possible elements such as Ti and Mo can
also be used to tailor the electronic structure or spin states of 2D
noble metal-based nanosheets.

8. 2D NANOMATERIALS FOR HYDROGEN EVOLUTION
REACTION APPLICATIONS

In recent decades, the HER has served as the bridge between
fundamental surface electrocatalysis and emerging materials
chemistry. At the same time, water electrolysis is one of the oldest
electrochemical processes and is still employed for producing
high-purity hydrogen fuel. As a result, designing high-perform-
ance HER electrocatalysts is critical for the development of clean
energy at both fundamental and utilization levels. The intriguing
structural and electronic properties of 2D nanomaterials provide
new opportunities for exploring reaction mechanisms, especially
for alkaline HER. As a result, many new studies have explored
various 2D structured electrocatalysts that can efficiently catalyze
the HER in both acidic and alkaline media.**>**® In the following
sections, we summarize recent progress on the application of 2D
nanomaterials for the HER. AGy+ and band structure are two
crucial factors for HER activity that are discussed in various
systems throughout these sections. For brevity, we focus on
typical 2D metal-free graphene-based and metallic TMDs
materials which demonstrate the combination of DFT
computations and experimental observations for revealing the
nature of the HER.

8.1. Fundamental Principles of the HER

8.1.1. Reaction Mechanism. Although diatomic hydrogen
is the only reaction product, the HER is a multi-step reaction
consisting of adsorption, reduction, and desorption processes.
The overall reaction and elementary steps of the HER in acidic
and alkaline media are listed in Table 3.**” The “Volmer step”
refers to the adsorption of hydrogen from either a hydronium ion
(in acidic conditions) or dissociated water molecule (in alkaline

Table 3. HER Mechanism in Acid and Alkaline Conditions”

acid alkaline Tafel slope
overall *+2HY+  *+2H,0+2e” —
2e” — H, - H, +
20H™
*+H +e” *+H,0+e — = 23RT -1
Volmer g™ H*  OH- b==""~120mV dec
*+H +e” *+H,0+e + = 2RT 40 mV dec™?
Heyrovsky +H* — H* > H, + (1 +a)F
H, +* OH™ +*
* 23RT -1
Tafel ZI;I_ 2*_’ B g H,+2¢ b= =5 7~ 30mVdec

“Where * denotes an active site on the surface of an electrocatalyst.
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conditions).*** The adsorbed hydrogen (H*) is then combined
to form molecular hydrogen via either a Heyrovsky or Tafel step.
Under real electrocatalytic conditions, these pathways are
strongly dependent on the inherent chemical and electronic
properties of the electrode surface. As with heterogeneous
catalysis, rate measurement is crucial for both evaluating the
performance of HER electrocatalysts and providing insightful
knowledge about the HER reaction mechanism, especially for
determining the rds of the overall reaction. For example, the
calculated Tafel slopes from LSV polarization curves for each
step in the reaction pathway are shown in Table 3.

8.1.2. Activity Descriptor. Although experimental rate
measurements can provide direct evaluation of HER perform-
ance, developing new electrocatalysts requires design principles
to guide proof-of-concept studies. Luckily, the past decades have
witnessed the success of a descriptor-based method with a basis
in DFT computations. This method is useful for understanding
the activity trends of various HER catalysts, including precious
metals and alloys, transition metals and their compounds, and
even metal-free materials.” It was found that the overall reaction
kinetics of the HER on a range of surfaces is largely determined
by the theoretical activity descriptor AGys.""""*" If hydrogen
adsorption is too weak (AGy« > 0), the Volmer step will be
limited, and if hydrogen adsorption is too strong (AGyx < 0), the
desorption step (via either the Heyrovsky or Tafel step) will limit
the rate. Both will likely result in a poor apparent HER activity. As
aresult, by correlating the experimentally measured activity (e.g.,
jo), and the computed AGys, a volcano shaped plot can be
derived based on the microkinetic model (Figure 34). 149459 This

AGu=<0 AGu>0

log jo

Strong Adsorption Weak Adsorption

0 AGw

Figure 34. Schematic representation of a HER volcano plot.
Reproduced with permission from ref 82. Copyright 2015 John Wiley
& Sons, Inc.

relationship is quite useful because it demonstrates the trend of
HER activities for a series of electrocatalysts and can prescribe
parameters for the ideal HER catalyst. In Figure 34, the ideal
catalyst at the peak of the volcano plot would have a AGy« of 0 eV
while delivering the largest j, possible.

Although calculated AGy: can successfully serve as the sole
descriptor for the HER in acidic solutions, its validity remains to
be determined in alkaline solutions and there is still debate
among the experimentalists. For example, Strmcnik et al.
proposed that the hydrogen source for the HER in alkaline
solutions is generated by the water dissociation process prior to
the reduction step.'’>'7®*$452453 1 addition to H¥, the

energetics of OH* species also have to be taken into account
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since the dissociation process is kinetically slow. On the other
hand, Sheng et al. presented a series of studies on nanostructured
precious-metal surfaces to show that the hydrogen binding
energy (HBE) could still be the sole descriptor for HER kinetics
over the full range of pH conditions. They suggested that the pH
dependent behavior of HER activity is a consequence of the pH
dependence of the HBE.***~*° However, Ledezma-Yanez et al.
found that there were no clear differences in the underpotential
deposited hydrogen (upd) region of the CV curves on single
crystal Pt (111) surfaces obtained in acid and alkaline media.™’
Therefore, they concluded that the significant pH dependence of
HER activity on Pt (111) surfaces cannot be attributed to the
small shift of HBE (if any) under different pH conditions.
Although recent advances in nanotechnology have led to the
development of many high-performing electrocatalysts for
alkaline HER, the inherent causes underlying its sluggish kinetics
are still debatable. Further, the nature of the HER active sites in
alkaline conditions is still not fully understood. Given the
complexity of alkaline HER, we mainly focus on the acidic HER
in the next sections unless specifically noted.

8.1.3. Free-Energy Diagram. The free-energy diagram,
containing both the thermodynamic adsorption free energies of
each intermediate and the kinetic barrier between each
elementary step, can present the possible extra information
that cannot be taken into account by AGy:. For example, the
overall reaction rate largely relates to the reaction barrier
between two intermediate states of the rds. Therefore, we
emphasize here that the combination of thermodynamic and
kinetic analyses is of great importance for theoretically evaluating
the performance of a HER catalyst, especially in alkaline media
where there is a sluggish water dissociation step involved.*** The
standard free energy (AG) can be calculated using eq 9.

©)

where the ground-state energy AE can be obtained by first-
principles calculations, and the change of zero point energy,
AZPE, and entropy, TAS, can be calculated from frequency
calculations. However, some factors regarding the actual
electrochemical conditions need to be taken into account.
These are the electrode potential, the solution pH, solvation
effects, and electric double layer effects.”® A shift can be applied
to the states (initial, final, or intermediate states) involving
electrons by —ner, where n is the number of electrons, e is the
electron, and 77 is the applied potential.**” Adding layers of water
molecules can simulate the environment near the catalyst
surface,"”” and the effect of pH can be taken into account by
adding protons into the water layers. Under this scheme, the
energy barriers between two thermodynamically stable states can
be determined by calculating the kinetic barriers for some
selected unit cell sizes.**’

AG = AE + AZPE — TAS

8.2. Graphene-Based Electrocatalysts

In this section, we first introduce the mechanistic studies which
use a combination of DFT calculations and experimental
measurements to explore the origins of HER activity on
graphene-based materials. We then summarize recent progress
in the design of graphene-based HER catalysts which focuses on
chemical composition control to improve performance.

8.2.1. Heteroatom-Doped Graphene. The basal plane of
pure graphene is considered to be inert for the HER with a
relatively large (positive) AGy: (1.85 V). This means that
hydrogen adsorption is difficult and inhibits the HER, which

agrees with experimental observations. Similar to the ORR,
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Figure 35. (a) Tafel slopes obtained from theoretical computation (hollow symbols) and experimental measurements (solid symbols) on various
graphene models/samples. (b) Computed lowest AGyy: for different models. (c) Relationship between AGy- and the highest peak position of DOS for
the active carbon; the red line presented as a guide. (d) Volcano trend that includes pure (G), single-doped (a-G) and dual-doped (a,b-G) graphene
samples. (e) Calculated HER polarization curves of graphene-based materials with different surface areas (i, = 1.10 X 107! A/site, doping level = 5%,
mass loading = 40 ug). Reproduced with permission from ref 73. Copyright 2016 Nature Publishing Group.

doping one or more elements with different electronegativity
into the carbon matrix of graphene can result in the redistribution
of charge/spin in the graphene which improves its HER
performance.””’>**>* Among various single heteroatom
doped graphene materials, B-graphene shows the best specific
HER activity. However, it is still fairly poor compared to metallic
MoS, and Pt-based catalysts as shown in Figure 17i.”° In
addition, the Tafel slopes for all doped graphene samples that
have been investigated are close to 120 mV dec™". This indicates
that the Volmer step is the rds due to their weak hydrogen
adsorption abilities, which is supported by DFT results (Figure
35a). Theoretical calculations show that although heteroatom
doping can substantially increase the hydrogen adsorption
strength of graphene, the AGy: values of all cases are still
positive, indicating that adsorption is thermodynamically
unfavorable (Figure 35b). Therefore, the positions of all samples
are located toward the bottom of the right branch of the volcano
plot (Figure 17i). To climb to the top of volcano plot through
further optimizing AGy, an underlying principle was clarified by
Jiao et al. based on the molecular orbital theory.” They examined
the DOS of the active centers for all models and found that the
highest peak position of the DOS for the active carbon shows the
best linear relation with AGy (Figure 35¢). Therefore, because
the hydrogen adsorption strength on the investigated graphene
models is normally weak, a peak on the DOS of the active carbon
closer to the Fermi level is required to achieve a stronger H*
adsorption and consequently a lower value of AGy:. According
to this theoretical prediction, a dual doping strategy was
developed to further optimize AGy: of graphene-based
materials. For example, N,S-, N,P-, and N,B-graphene were
chemically synthesized by annealing GO with selected
precursors.”””>*°7*> As predicted, it was found that dual
doped samples showed enhanced HER activities compared to
single doped samples (except N,B-graphene), which agreed well
with the DFT calculated A Gy values (Figure 35d). It is known
that the apparent activity for a solid catalyst is governed by both
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intrinsic activity of each active site, and extrinsic physiochemical
properties related to exposing these active sites. Specifically for
doped materials, the number of active sites depends on the
doping level, and the accessible number of active sites is
determined by the specific surface area. In principle, by tuning
these two parameters, the HER performances of graphene-based
materials can be improved.”” For example, assuming that a
sample possesses a doping level of 5%, if its specific surface area
could be improved to 1000 m* g~', then the overall performance
of an optimal graphene material (AGy« = 0 eV) would be better
than that of MoS, from the point of view of overpotential (Figure
3Se). This design principle was validated by other studies. For
example, Ito et al. reported that a N,S codoped nanoporous
graphene with ultrahigh specific surface area (1320 m* g™')
achieved an 7, of only 280 mV, which is comparable to the
benchmarked 2D Mo$, material.*>

8.2.2. Single-Atom Catalyst Supported by Graphene
Derivatives. Graphene, with its large specific surface area (high
catalyst loading), good stability (tolerance to harsh operating
conditions), and high electrical conductivity (facilitated electron
transfer), is considered to be an ideal support for single-atom
catalysts. Atomically dispersing metal catalytic centers on
graphene, especially earth-abundant elements, could be a
promising approach for producing alternative HER catalysts to
precious Pt metal. Cheng et al. reported a practical synthesis
method to produce isolated single Pt-atoms and clusters on N-
graphene using an atomic layer deposition technique.® The
nitrogen dopants could enhance the interaction between Pt and
the carbon matrix, thus reducing atomic diffusion and
agglomeration. The as-prepared single-Pt-atom catalyst ex-
hibited a significantly enhanced mass activity that was 37.4
times greater than state-of-the-art Pt/C catalysts. DFT
calculations confirmed that the excellent kinetics on this single-
atom catalyst was attributed to its small activation barriers.
Besides precious metals, atomic cobalt on N-graphene (Co-NG)
was obtained by a simple thermal treatment of GO and small
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amounts of cobalt salts in a gaseous NH; atmosphere.”*” The
overpotential needed to deliver 10 mA cm™ cathodic current
density was determined to be ~147 mV, much smaller than that
for N-graphene only and cobalt supported on un-doped
graphene. Therefore, the active sites in Co-NG are associated
with the Co and N coordination. It was also found that a higher N
doping level results in higher HER activity, suggesting that N
plays a critical role in forming the catalytically active sites. Qiu et
al. developed single-atom Ni catalysts anchored to nanoporous
graphene via a CVD method followed by chemical exfoliation. **’
The as-prepared single-atom Ni catalysts displayed excellent
HER activity in acidic solution with an onset potential of ~50
mV. DFT calculations indicated that this material has a small
AGy+ of 0.1 eV, which originates from the sp-d orbital charge
transfer between the Ni dopants and the surrounding carbon
atoms.

8.3. Transition-Metal Dichalcogenides

To date, TMDs are the biggest and most intensively studied
group of 2D HER electrocatalysts. MoS, is the most common
TMD example, and in the next sections, we briefly introduce
several methods (e.g, heteroatom doping, defect engineering,
interaction engineering, phase transition engineering, etc.) that
have been used to tune its AGy+ and band structure for enhanced
activity. We do not include all newly developed TMDs or similar
2D nanomaterials (e.g., FeSZ,159 Fe—NiS,161 MOZC,464 H-TaS,, H-
Nsz,465 etc.), but instead focus on those TMDs whose HER
mechanisms have been relatively well explored.

8.3.1. Origin of Catalytic Activity. As early as 2005,
Hinnemann et al. found that the Mo (1010) edge of MoS,
possesses a AGy+ of approximately 0.08 eV at 50% hydrogen
coverage, which is very close to the optimum value of 0 eV
(Figure 36a).>* Later, it was confirmed experimentally that the
MoS, edges are active for the HER by Jaramillo et al.** By
measuring the area and perimeter length of MoS, on Au(111) by
STM, they found that the reaction rate scaled with perimeter
length rather than area (Figure 36b). This is clear evidence that
the edge sites and not the basal plane sites are the active sites in
MoS,. After the identification of the active sites for MoS,
materials, a wide variety of chemical and/or physical strategies
were developed to expose and/or extend their active edge sites.

8.3.2. Nanostructure Engineering. The earliest and the
most common strategy for modifying the HER performance of
MoS, electrocatalysts is to enlarge its specific surface area by
fabricating different nanostructures such as mesostructures,*’
nanowires,466 creating nanoporosit)f,467’468 nanosheets,%9 nano-
particles, etc.”>*”" This approach normally does not alter the
electronic properties of pristine MoS, but can physically increase
the number or fraction of electrocatalytically active sites per unit
geometric area of the electrode to enhance its apparent cathodic
current density. For example, Kibsgaard et al. synthesized
contiguous thin films of a highly ordered double-gyroid (DG)
MoS, bicontinuous network, which enable the surface structure
to preferentially expose active edge sites (Figure 37a).”*’ The
HER current density measurements showed a clear trend that the
apparent activity increased with the thickness of the sample due
to the enhancement of ECSA. However, the activity trend in
terms of TOF was reversed; i.e., the thinner films achieved a
higher TOF than the thicker ones (Figure 37b). This was due to
the semiconducting nature of 2H-MoS, which contributed
significantly to internal resistance (Figure 37c). This indicates
that a balance between the exposure of more active sites, the
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Figure 36. (a) Calculated HER free energy diagram on MoS, and
different metals. Reproduced with permission from ref 54. Copyright
2005 American Chemical Society. (b) Relationship of j, with MoS,
nanoplatelet edge length measured from STM image as shown in the
inset. Reproduced with permission from ref 53. Copyright 2007
American Association for the Advancement of Science.

crystallinity, and the conductivity of TMDs should be considered
when optimizing their HER activities.

Chen et al. synthesized vertically oriented core—shell
nanowires with a MoOj; core of ~20—50 nm and a MoS, shell
of ~2—5 nm.**® The MoOj; core provided a high aspect ratio
foundation that facilitated charge transport, while the conformal
MoS, shell provided excellent catalytic activity and protection
against corrosion in strong acids. As a result, the resultant
product had enhanced HER activity and excellent stability. Benck
et al. reported a scalable wet chemical method for the synthesis of
nanostructured amorphous MoS;.*”* When applied for the HER,
the MoS; material achieved an #7,, of ~200 mV. A series of
spectroscopic studies showed that the in situ created MoS,
domains may contribute to its high electrochemical activity.
Kong et al. first developed MoS, and MoSe, thin films with
vertically aligned layers to provide maximum exposure of edges
on the film surface.””” Using a similar growth process, Wang et al.
demonstrated that vertical layer orientation could be realized on
curved and rough surfaces such as nanowires and microfibers.*”*
Apart from maintaining perpendicular orientation of the layers,
such structures can increase the surface areas of TMDs to
contribute more active sites. As a result, both these materials
showed much higher HER activity compared to their bulk
counterparts. Yu et al. found that the HER activity of MoS,
decreases by a factor of ~4.47 for every additional layer added in
the controlled growth of atomically thin MoS, films."** They
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held the view that this layer-dependent electrocatalysis could be
correlated to the hopping of electrons in the vertical direction of
MoS, layers over an interlayer potential barrier. Therefore, as
found by Kibsgaard et al.,”*” electrical conductivity is an essential
issue that should be considered when engineering the
morphology of MoS,. In the next sections, we discuss other
strategies that extend the active sites of MoS, and, more
importantly, modify its electronic properties to achieve better
intrinsic performance.

8.3.3. Heteroatom Doping at the Edge/Basal Plane. As
with graphene, doping heteroatoms at the edge or in the basal
plane of TMDs can modify their electronic structures and
consequently increase the number of active sites. Therefore, the
identification of heteroatom doping sites in TMDs is crucial for
revealing the effect that doping has on HER activity. Using STM
imaging, Kibsgaard et al. found that first-row transition metals,
like Fe, Co, Ni, and Cu, could be doped into the S-edges of MoS,
nanoclusters and change both the geometric parameters and the
intrinsic activity of MoS,.*” Further, Bonde et al. employed DFT
calculations to reveal the effect of Co doping in MoS, edges for
HER activity.””” The results showed that for pristine MoS,
nanoparticles, AGy+ = 0.08 and 0.18 eV for Mo- and S-edges,
respectively. Incorporating Co dopants at the S-edge decreased
AGys+ to 0.10 eV, while no change was observed for the Mo-edge.
Therefore, the presence of cobalt can activate the S-edges which
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can then contribute to the active sites. Similar results were found
for Co doped WS,, where AGy« decreased from 0.22 to 0.07 eV
on the S-edge after Co doping.”* Experimental measurements
agreed well with the theoretical analysis, and the following HER
activity trend was formulated: WS, < MoS, = Co-MoS, < Co-
WS,. Apart from MoS,, Merki et al. prepared transition-metal-
doped ternary metal sulfide films, M-MoS; (M = Mn, Fe, Co, Ni,
Cu, Zn), using electrochemical methods.*”® The experimental
results showed that the Mn-, Cu-, and Zn-MoS; materials had
similar or only slightly higher catalytic activity compared to
pristine MoS;, while the Fe-, Co-, and Ni-MoS; materials were
significantly more active. However, the origin of the promotional
effects of Fe, Co, and Ni is unclear from an experimental
perspective.*’® The reason for this is that the incorporation of Fe,
Co, or Ni also results in obvious changes to the morphology of
MoS; by increasing its surface area, which could also contribute
to the enhancement of HER activity. Therefore, it seems that this
promotional effect on intrinsic activity cannot be solely
attributed to doping. Based on the above example, a well-defined
model system with desired doping sites, identical morphology,
and similar surface area to the resultant catalysts was needed to
verify the transition-metal doping effect on the HER activity of
TMDs. In this respect, Wang et al. prepared a series of vertically
standing, edge-terminated MoS, nanofilms to ensure that the
transition-metal dopant (Co, Fe, Ni, Cu) was restricted to the
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edges with a fixed morphology.*”” Electrochemical tests showed
that the transition-metal-doped MoS, nanofilms had an at least 2-
fold increase in jj. A follow up DFT study showed that the Mo-
edges were un-doped in all samples, therefore indicating the
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enhancement in activity should only be attributed to the

modification of AGy+« at the metal-doped S-edges.
In-plane doping of MoS, is also a promising way of improving

its HER activity, since the basal plane is considered to be inert for
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the HER. Differing from edge doping which can tune AGy- at
the edge sites, in-plane doping can both activate the MoS, basal
plane and narrow the band gap for enhanced catalytic activity. To
date, both metal (e.g, V,*’* Pt"*") and non-metal (e.g, O,"*
$*7?) dopants have been incorporated into MoS, to tune its in-
plane conductivity and intrinsic activity. For example, Xie et al.
found that oxygen incorporation could effectively regulate the
electronic structure of pristine MoS,."*” DFT calculations
revealed that the DOS of the oxygen-incorporated MoS, (O-
MoS,) slab had a much narrower bandgap (1.30 eV) than the
pristine 2H-MoS, slab (1.75 eV), indicating that oxygen
incorporation could lead to more charge carriers and higher
intrinsic conductivity (Figure 38a). As a result, the best O-MoS,
sample had a remarkable j, of 12.6 4A cm™2, which is almost 40
times larger than that of bulk MoS, (Figure 38b). The authors
attributed this high HER activity to the synergistic structural and
electronic modulations caused by oxygen incorporation.
Particularly, (1) the disordered structure offers large amounts
of unsaturated S-edges as active sites for hydrogen adsorption
(Figure 38c); (2) the moderate degree of disorder provides
quasi-periodic arrangement of nanodomains, leading to fast
interdomain electron transport (Figure 38c); (3) the oxygen
incorporation in MoS, enhances the intrinsic conductivity of
these nanodomains and facilitates charge transfer (Figure 38d).

Given that theoretical calculations have shown that MoSe,
edges may be more active than that of MoS,,"* Xu et al.
synthesized MoSe, nanosheets with S doping, which possessed a
narrower bandgap (1.65 eV) compared to pristine MoSe,
nanosheets (1.75 eV).*”? Electrochemical tests showed that S-
doped MoSe, exhibited a smaller onset overpotential and Tafel
slope than pristine MoSe, nanosheets, due to the more active
sites exposed by the small nanodomains and the enhanced charge
transfer kinetics. Besides non-metallic-atom doping, Sun et al.
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developed a novel intralayer vanadium doping strategy to
produce semi-metallic V-MoS, ultrathin nanosheets with less
than five atomic layers.”’”* Compared to pure MoS,, V-Mo$, had
enhanced catalytic activity with smaller onset overpotential and
Tafel slope. The authors attributed the enhancement of activity
to the improved electrical conductivity caused by vanadium
doping, which was further verified by combining DFT
calculations and a series of experimental resistivity measure-
ments. Deng et al. demonstrated that the HER activity of in-plane
S-atoms of MoS, can also be tuned by single-metal-atom
doping."*" Using a one-pot chemical reaction, they prepared
single Pt-atom-doped few-layer MoS, nanosheets (Pt-MoS,). In
this system, Pt atoms were uniformly dispersed in the 2D MoS,
plane, and one Pt-atom exactly occupied the position of one Mo-
atom (Figure 39a,b). With computational techniques they
confirmed that this direct replacement of in-plane Mo-atoms
with Pt-atoms is the most stable configuration. Experimentally,
Pt-MoS, showed enhanced activity compared to MoS,,
evidenced by its smaller overpotential of ~60 mV at a current
density of 10 mA cm > (Figure 39c). Through DFT calculations,
the authors revealed that single-Pt-atom doping could activate
the in-plane S-atoms for the HER with an ideal AGy: value,
which likely accounts for its enhanced HER activity. The authors
also screened MoS, materials with in-plane doping of more
single-metal atoms using DFT. Due to the doping configuration
differences of various dopants, a volcano plot was formed in
which on the left side the dopant metal atoms tend to bind with
four S-atoms, while on the right side, the dopant metal atoms
prefer to bind with six S-atoms (Figure 10d). Experimentally, the
trend of HER activity in these doping cases was Pt > Co > Ni
(Figure 39d), which was in a good agreement with the calculated
volcano plot.
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Partially replacing S or Mo in MoS, with other atoms can also
continuously tune their compositions and band gaps, and
provides the Possibility to modify the HBE and improve HER
performance. *>**'~*** The most widely studied example of
partial S replacement is with Se substitution. For example, Kiran
et al. prepared few-layered MoS,(;_)Se,, via a high-temperature
solid-state reaction, which showed enhanced HER activity
compared to single units of MoS, and MoSe,.** Gong et al.
also developed a low-temperature solution-based method to
synthesize MoS,(;_,)Se,, nanoflakes with tunable chemical
compositions.*** It was found that when the S and Se content
were equal, the as-prepared sample displayed the best HER
performance due to having the most optimal band gap and A Gyy.
Yang et al. used a CVD method to prepare large area monolayers
of MoS,(;_,)Se,, alloys with tunable band gaps that showed
enhanced HER performance compared to pristine MoS, and
MoSe,.*** Alternatively, replacing Mo-atoms with W to form an
alloyed phase heterostructure is also an effective way to improve
HER performance.**® Very recently, Yang et al. developed novel
Mo,_,W,S, nanosheets with a mixed 1T/2H structure.**® By
alloying WS, and MoS, to tune the composition and phase, the
composite nanosheets exhibited an enhanced HER performance.
This enhancement originates the introduction of more active
sites through the alloying method.

8.3.4. Defect Engineering. Intentionally introducing
defects in the basal plane of TMDs can tune their band
structures and result in the cracking of the basal planes to
generate edges. Xie et al. reported a scalable process to engineer
defects into MoS, surfaces and expose active edge sites.”*
HRTEM images confirmed that there was slight rotation in the
orientation of individual (100) planes, which indicated a
relatively disordered atomic arrangement on the basal surface.
This disordered atomic arrangement caused the cracking of the
basal planes and thus resulted in the formation of additional
edges. For example, the estimation of active sites revealed that
the defect-rich MoS, nanosheets possessed a much higher
density of active sites than defect-free nanosheets and bulk MoS,.
As a result, an enhanced HER activity was observed on the
defect-rich sample. Similarly, Ye et al. introduced cracks and
triangular holes in monolayer MoS, by treating pristine MoS, in
0, plasma or H, annealing, respectively.””” By comparing the
HER activities for a series of samples, it was also found that the
current density increased linearly with the density of exposed
edges, consistent with a previous study.>

DFT calculations indicated that AGy: on defective MoS,
decreased with an increased concentration of S-vacancies, and
reaches the optimal value when the concentration of S-vacancies
is between 12 and 16% (Figure 40a).”*° Evidence shows that
when S-vacancies are introduced, new bands appeared in the gap
near the Fermi level and are responsible for hydrogen adsorption
on the S-vacancies (Figure 40b). Additionally, the more S-
vacancies, the closer the bands moved to the Fermi level, which
explains the gradual strengthening of H binding on S-vacancy
sites as shown in Figure 40a. A proof-of-concept study was
carried out which introduced S-vacancies in monolayer 2H-MoS,
nanosheets using Ar plasma treatment (Figure 40c).”*° Electro-
chemical experiment results confirmed that monolayer 2H-MoS,
with S-vacancies had better performance compared to pristine
monolayer 2H-MoS, from both apparent and intrinsic activity
perspectives (Figure 40d). This is a good validation of the DFT
prediction. More recently, Tsai et al. developed a novel route
(inspired by the generation of oxygen vacancies in metal oxides
under cathodic current) toward generating S-vacancies on the
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MoS, basal plane (V-MoS,) using an electrochemical desulfur-
ization process."™” Specifically, under a certain negative potential,
sulfur atoms in the basal plane would be hydrogenated and then
removed as H,S gas to form S-vacancies. DFT calculation
showed that the formation of S-vacancies in the basal plane are
thermodynamically favorable at a sufficiently negative potential
and the concentration of S-vacancies could be varied by changing
the applied voltage. Similar to Li et al,”*” the AGy- in these V-
MoS, models increased with the concentration of S-vacancies
and reached the optimal value (0 eV) at a concentration between
12.5 and 15.62%. Electrochemical results showed that the
synthesized V-MoS, samples had a better HER activity (e.g,,
larger TOF) than pristine MoS,, and was comparable to the
previously reported defective MoS, with S-vacancies in the same
concentration range.

8.3.5. Interface and Strain Engineering. When hybridiz-
ing 2D MoS, with support structures (e.g., graphene and metal
single crystals), the hydrogen binding on Mo-edges can be
weakened.**” Therefore, interfacial engineering through hybrid-
ization could be used to tune the hydrogen binding on MoS,
edges. In addition, it was found that the top layer of MoS, has a
similar hydrogen binding to unsupported MoS,, suggesting that
the support effect is short-range. Electronic structure analysis
revealed that the downshift in p states of S-atoms at the MoS,
edge and the s state of the adsorbed H-atom resulted in greater
filling of antibonding states and a weaker hydrogen binding.**

Guided by this prediction, a wide variety of MoS,-based
hybrids were prepared and generally showed enhanced HER
activities compared to pristine MoS,. Support materials can
range from conventional 2D graphene to 3D metal foams. For
example, Li et al. first reported a MoS,/rGO hybrid that
exhibited superior HER activity with a small Tafel slope of only
41 mV dec """ In this system, the GO sheets provided a
platform for the nucleation and subsequent selective growth of
MoS,, where there were interactions between functional groups
on the GO sheets and Mo precursors in a suitable solvent
environment. Similarly, Yang et al. reported the synthesis of
WS,/r-GO nanosheets using a one-pot hydrothermal treat-
ment.”*® The authors attributed the better performance of WS,/
rGO nanosheets (in comparison to pristine WS,) to the
formation of an interconnected conducting rGO network that
likely facilitates rapid electron transfer from the electrode to the
catalyst. Chang et al. reported that MoS, supported on Ni foams
and protected by graphene sheets also displayed a promising
HER activity with a small Tafel slope of 42.8 mV dec™.*”° The
enhanced catalyst loading and highly conductive 3D graphene/
Ni foam structure led to significant HER activity.

The support can further facilitate the HER performance of
TMDs by the strain effect.'*”**"**"*> Tan et al. developed a
CVD method to prepare continuous monolayer MoS, films
grown on a 3D nanoporous gold (NPG).””" STEM images
revealed that there were significant lattice distortions with few
under-coordinated surface steps and lattice defects on the
monolayer MoS,, which may be due to the significant out-of-
plane lattice strain of MoS, on the curved regions of the NPG.
Although the density of edge sites on the continuous monolayer
MoS, film was significantly less than typical nanostructured
MoS, materials, the onset overpotential of the monolayer
MoS,@NPG film was still smaller than previously reported
defective MoS, materials.”****” DFT calculations indicated that
the band gap of monolayer MoS, could be tuned by out-of-plane
lattice bending induced by the NPG substrate. Moreover, this
strain decreased AGy« to ~0.2 eV when the S—Mo—S bond
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angle was larger than 155°. Interestingly, Voiry et al. found that
strain provided no improvement to the catalytic activity of 2H-
WS,.'*” For example, even with strain as high as 4%, AGy-
remained close to ~2 eV on 2H-WS,. However, they found that it
significantly affects 1T-WS, as AGy+ was close to zero when
strain was varied between 2.0 and 3.0% on the 1T-WS, basal
plane. They show that this was due to an enhancement of the
DOS near the Fermi level. However, compressive strain did not
have a significant influence on the DOS compared to tensile
strain. Additionally, Li et al. systematically explored the influence
of strain on the HER for 2H-MoS, with and without S-
vacancies.”*’ DFT calculations revealed that in the absence of S-
vacancies, elastic strain alone is insufficient to activate the basal
plane of 2H-MoS,, even with large applied strains of 8%.
However, the optimal condition could be achieved under
multiple combinations of S-vacancy concentrations and strain
magnitudes. This offered flexibility for simultaneously tuning the
activity and density of S-vacancy sites on the basal plane of 2H-
MosS,.

8.3.6. Phase Engineering. Phase engineering TMDs (i.e,,
from 2H to 1T or disordered 1T’) can activate their basal planes,
significantly change their band gaps, and enhance their charge
transfer kinetics, simultaneously improving their HER perform-
ances.””*”* Gao et al. showed computationally that the band gap
of semiconducting 2H- and metallic 1T’-MoS, is 1.74 and 0.006
eV, respectively (Figure 41), indicating that the phase transition
from the 2H phase to the 1T or 1T’ phase would largely improve
the charge transfer ability of MoS,.*”* The overall reaction
kinetics on 1T-MoS, were also explored by DFT calculations.
Tsai et al. and Tang et al. both showed that the Volmer—
Heyrovsky mechanism was favored over the Volmer—Tafel
mechanism, and the Heyrovsky step is the limiting step for the
HER on 1T-MoS,, consistent with the experimentally observed
Tafel slope of about 40 mV dec™'.**>**® While identifying the
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active sites, the authors found that the Mo edges of 1T’-MoS,
had comparable HER activity with that of the 2H phase.
However, the 1T’ phase showed more favorable charge transfer
kinetics than the 2H phase, therefore demonstrating a superior
HER activity. More generally, Putungan et al. investigated HER
activity on the basal plane of 1T’-MX, (M = Mo, W; X = S, Se,
Te) nanosheets. Consistent with Gao et al,, they also found that
monolayer 1T’-MX, materials had more favorable H*
adsorption and better stability compared to the 1T counter-
parts.””**”” Band structure analysis showed that 1T'-MX, were
either metals or small gap semiconductors (0.10—0.15 eV),
which was beneficial for the HER. More interestingly, the basal
plane of 1T'-MX, could also be further activated by alonger M-X
bond length induced by local tensile strain. For example, sulfides
showed more optimized AGy: compared to selenides and
tellurides.””” Correspondingly, the AGy could be further tuned
by the application of tensile strain due to increased states near the
Fermi level.

From an experimental perspective, Lukowski et al. first
reported the significant HER performance of metallic 1T-MoS,
nanosheets chemically exfoliated via a lithium intercalation from
2H-MoS,.*”® Electron transfer from intercalated Li caused the
transition from the 2H to the 1T phase, which destabilized the
original trigonal prismatic 2H-MoS, structure and favored the
octahedrally coordinated Mo-atoms. Electrochemical tests
showed a significant HER activity on 1T-MoS, nanosheets
with a small Tafel slope of 43 mV dec™, which was also
consistent with DFT predictions.””>**® Although the efficient
exfoliation of MoS, nanoflowers resulted in an increased density
of active edge sites, the authors held the view that the phase
transition into the metallic 1T polymorph is even more
important for enhancing catalytic activity. More recently, Yin
et al. developed a liquid-ammonia-assisted lithiation strategy to
synthesize mesoporous 1T-MoS, nanosheets with abundant
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edge sites and a large concentration of S-vacancies.*”” Voiry et al.
also used lithium borohydride as the lithium intercalant to
exfoliate bulk MoS, powder into single layered nanosheets.”**
Very interestingly, it was found that the active sites on chemically
exfoliated nanosheets were mainly located in the basal plane and
the contribution of the metallic edges to the overall HER was
relatively small.

Beyond MoS,, 1T-WS, nanosheets which exhibited extra-
ordinary catalytic activity, have been synthesized with the help of
a microwave-assisted exfoliation process.””**” Voiry et al. also
reported the synthesis of chemically exfoliated WS, nanosheets
from WS, powders via the lithium intercalation method.'*” The
exfoliated WS, nanosheets consisted predominantly of the 1T
structure, in which distortion and strain developed during Li
intercalation. MoSe, nanosheets composed of up to 55% of the
1T phase were synthesized by a simple hydrothermal
technique.”®' Ambrosi et al. systematically compared the effect
of 2H to 1T transition on four TMD materials (MoS,, MoSe,,
WS, and WSe,).**” It was found that the different catalytic
properties could be linked to the efficiency of the 2H-1T
transition of the materials upon intercalation. For example, WS,
and MoSe, were converted more efficiently from the 2H to the
1T phase compared to MoS, and WSe,, and achieved better HER
activities as a result. It should be noted that Voiry et al. found that
the electron injection effect, induced by coupling MoS, with a
substrate, can significantly improve the HER activity of the 2H
basal planes of monolayer MoS, nanosheets to be comparable to
the metallic 1T phase.”®” This work shows that the HER kinetics
on TMDs are dependent on both the conductivity of the
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electrocatalysts themselves and the contact resistance between
the catalysts and substrates.

Besides chemical exfoliation, Wang et al. used an electro-
chemical method to drive the intercalation of Li* ions under
different potentials (Figure 42a).>>® This method enabled the
continuous tuning of the transition from the 2H to 1T phase and
the oxidation state of Mo in vertically aligned MoS, nanosheets.
This could be helpful for a systematic investigation to correlate
the gradual tuning of electronic structures with HER activity. For
example, it was found that deeper Li discharge processes
increased the spacing of MoS, layers, and resulted in lower
oxidation states of Mo, leading to the 2H to 1T phase transition
at 1.1 V vs Li*/Li (Figure 42b). Unsurprisingly, samples which
used lower voltages for Li intercalation had improved HER
activities (Figure 42c). It is believed that the lower oxidation
states of Mo and increased 1T phase accounted for the HER
enhancement of the nanosheets.

8.4. Challenges for 2D Nanomaterials as Alkaline HER
Catalysts

As discussed above, the HER performance on a range of TMDs
can be significantly enhanced with the help of various strategies
used to increase active site exposure and intrinsic conductivity.
Although great progress has been achieved toward the
application of TMDs for the HER, there are still some unresolved
questions. First, most electrochemical experimentalists hold the
view that the most active phase in MoS, is the 1T phase,******°%
while some theorists believed that the 1T’ phase is more stable
compared to the 1T phase due to the local strain.*”***”*** This
ambiguity hinders the further improvement of HER activity via
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widely applied phase engineering.’** Second, there are few works
focused on systematically investigating the contribution of
several factors like defects, strain, S-vacancy, and phase
transition.'*/>°%**°%> A with graphene-based materials for
the ORR (Figure 23d), these features always act cumulatively and
contribute to fundamentally changing the electronic structure of
MoS, and consequently its apparent HER activity (Figure 43).

Strain

Phase transition S-vacancy
Figure 43. Scheme of the HER activity origin on different types of
MoS,-based catalysts. The scale bars for “Strain” and “Phase transition”
TEM images are both 1 nm. The TEM images (clockwise, starting from
the defects image) are reproduced with permission from ref 505,
copyright 2013 Nature Publishing Group; ref 147, copyright 2013
Nature Publishing Group; ref 250, copyright 2013 Nature Publishing
Group; abd ref 493, copyright 2014 Nature Publishing Group,
respectively.

For example, Yin et al. quantified the S-vacancies, phase, and
edges of model mesoporous 1T-MoS, nanosheets to their HER
activity.””” However, more effort is required for controllable
design and synthesis of TMDs to elucidate the contribution of
each factor individually to intrinsic activity. Third, similar to
nanostructure engineering strategies, a balance between the
exposure of more active sites, defects, and vacancies with the
crystallinity of TMDs should be considered for obtaining desired
AGy+ and charge transfer kinetics. Fourthly, the activity and
stability of catalysts should be considered simultaneously over a
range of electrolyte pH. For example, Staszak-Jirkovsky et al.
clarified that the activity and stability of metal chalcogels can be
balanced to an appropriate level by tuning their composition.***
By combining CoS, (high activity) with MoS, (high stability)
into an amorphous composite, they designed a low-cost and pH-
universal alternative to noble metal catalysts for the HER. In
addition, compared with the numerous works on 2D nanoma-
terials for acidic HER discussed in the previous sections, there are
tew studies which explore the application of 2D nanomaterials for
alkaline HER.**°">% Even though electrolyzers operating with
alkaline anion exchange membranes can provide a mild
environment which non-precious-metal electrocatalysts can
tolerate, the HER rate in alkaline solutions is ~2—3 orders of
magnitude lower than in acidic solutions.***>*~>'! Additionally,
although the acidic HER is well documented,™" the mechanistic
knowledge for the alkaline HER is yet to be settled.”'” We hope
that the intriguing structural and electronic properties of 2D
nanomaterials, as well as various methods used to control their
morphology and electronic structures, can provide a new
platform for exploring the inconclusive alkaline HER mecha-
nism.
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9. 2D NANOMATERIALS FOR ELECTROCHEMICAL CO,
REDUCTION APPLICATIONS

Due to the increasing depletion of fossil fuels and continued
emission of CO,, utilizing the ECR coupled with renewable
energy sources (e.g, sunlight, wind, etc.) for fuel and chemical
production offers a highly desirable solution to future energy
sustainability and security.””*>>'* Although the ECR is viable
from a thermodynamics perspective,” the CO, molecule is
extremely stable, making the reaction kinetically sluggish.
Therefore, efficient electrocatalysts are needed to promote the
ECR.®"® Over the last few decades, extensive efforts have been
devoted to the development of highly efficient catalysts for CO,
electrolysis.”'* Traditional bulk metals are generally classified
into three groups according to their binding strength of various
intermediates and final products. Sn, Hg, Pb, and In (group I)
comprise the group of formate producing metals; Au, Ag, Zn, and
Pd (group II) comprise the group of CO producing metals; and
Cu (group III) is capable of producing hydrocarbons and
alcohols.”" "> Despite their activity for the ECR, bulk metals
possess very limited active sites and are subject to deactivation
through poisoning by impurities or some strongly bound
intermediates.”® In this regard, various nanostructured materials
have emerged as advanced ECR catalysts in recent
years.”>”*>>>177>2* 2D nanomaterials, especially atomically
thin nanosheets, are favorable for exposing abundant unsaturated
surface atoms, thus providing a large number of active
sites.”*>*925526 I this section, we mainly introduce recent
2D nanomaterials, including transition metals, TMOs, TMDs,
and carbon-based materials, which have been fabricated into
highly efficient catalysts for the ECR.

9.1. Fundamental Principles of Electrochemical CO,
Reduction

9.1.1. Reaction Mechanism. The ECR includes three major
steps similar to other electrocatalytic processes: (1) the chemical
adsorption of CO, molecules on the active sites of a cathode
catalyst; (2) electron transfer and/or proton migration to cleave
C—O bonds and/or form C—H bonds; (3) configuration
rearrangement of products followed by desorption from the
electrode surface and release to the electrolyte.”*” However, the
second step of the ECR is a complex process, becuase it is a
proton-coupled multi-step reaction involving two-, four-, six-,
eight-, 12-, 14-, or 18-electron reation pathways to different
products (Table 4).>>™*" From an energy point of view, it is
preferable for the ECR to proceed through proton-coupled

Table 4. Standard Redox Potentials of CO, Reduction to
Different Products

electron
transfer reaction E° (Vvs SHE)
e~ CO, +e” = CO,* -1.9
2e” CO, +2H* + 2¢” — CO + H,0 -0.53
CO, + 2H" + 2¢” - HCOOH —0.61
2CO, + 2H* + 2¢~ — H,C,0, —0913
4e” CO, + 4H* + 4e~ — HCHO + H,0 —0.48
6e” CO, + 6H" + 6~ — CH;0H + H,0 —0.38
8e” CO, + 8H" + 8¢~ — CH, + 2H,0 —-0.24
12¢” 2CO, + 12H" + 12¢” — C,H, + 41,0 —0.349
2C0, + 12H* + 12¢” —» G,H,OH + 3H,0  —0.329
l4e 2CO, + 14H* + 14e~ — C,H, + 4H,0 —027
18 3CO, + 18H* + 18¢~ — C;H,OH + H,0 —031
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multi-electron transfer. However, the actual detailed reaction
pathways strongly depend on many factors as discussed below.

9.1.2. Measurement Criteria. According to the Nernst
equation, the ECR is more thermodynamically favorable for
those reaction pathways with more positive standard redox
potentials E’. However, the actual ECR kinetics rely on many
factors, such as the electrocatalyst, electrolyte, temperature, and
pressure, regardless of the position of thermodynamic
equilibrium. The electrocatalyst especially has a critical role in
determining the ECR mechanism and kinetics. For example, bulk
transition metals are divided into three groups according to their
ability of binding certain reaction intermediates. In addition to
composition, a large number of studies suggest that catalyst size,
morphology, crystal structure, and chemical state also have a
significant impact on reaction kinetics.”*****~>* The electrolyte
is also another important factor affecting ECR kinetics. In most
cases, aqueous solutions containing inorganic salts (e.g.,
NaHCO; and KHCO,) are employed as the electrolyte, and
thus the HER (E° = —0.42 V vs SHE) becomes an undesired
competing reaction.””® Although nonaqueous organic electro-
lytes can effectively suppress the competing HER and improve
the solubility of CO,, their relatively low viscosity is unfavorable
for electrolyte diffusion, and their high cost and potential toxicity
limit their practical application.”***"*** Temperature and
pressure also affect ECR kinetics by affecting the solubility of
CO, in the electrolyte. In general, low temperature and high CO,
partial pressure are beneficial for increasing the solubility of
C0,.* To some extent, higher CO, concentrations yield
larger reaction rates,”>* but extra energy is needed to create these
conditions. As a result, the majority of ECR studies have been
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conducted in CO,-saturated aqueous electrolyte at ambient
conditions.

Besides onset potential, #, and j, two extra parameters (i..,
Faradaic efficiency and energy efficiency) are critical and
essential for evaluating the performance of ECR electrocatalysts
due to the various products formed in this process. The Faradaic
efficiency of a certain product can be calculated by the following
equation:

anr
Q (10)

where a is the number of electrons transferred in the pathway to
a particular product, n is the number of moles produced of a
particular product, and Q is the total charge passed throughout
the electrolysis process. The energy efficiency under a certain 77 is
estimated as

FE =

Eo
EE =

= —— XFE
E° 47

(11)

9.2. Transition Metals

It is well-known that the catalytic performance of a specific
catalyst is closely related to its morphology.”** However, few
studies have focused on this for ECR electrocatalysts. Recently,
Kim et al. demonstrated the significance of nanostructured
morphologies for developing high-performance ECR catalysts
using three shape-controlled Bi nanostructures (i.e, nanodot,
nanoflake, and dendrite).’*° Even with the same chemical
composition, the Bi nanostructures showed different efficiencies
and selectivities for the ECR. Remarkably, the Bi nanoflakes
achieved a HCOO™ Faradaic efficiency (FEycoo_) of 79.5% at
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—0.4 V vs RHE, while no formate was detected for the nanodots
or nanodendrites at the same potential. A simulation of the
electric field distribution indicated that the 2D nanostructure
with higher edge and corner site ratios caused stronger local
electric fields at low overpotentials. It is believed that these
stronger localized fields facilitated the ECR and improved the
activity and selectivity of the Bi nanoflakes. Notably, the
simulation suggested that the thinner the Bi nanoflakes, the
stronger the electric field formed on the edge and corner sites.
The identification of this morphological effect may provide a
good foundation for establishing rational design strategies for
high-performing ECR electrocatalysts.

Very recently, ultrathin Cu/Ni(OH), nanosheets, comprised
of atomically thick Cu nanosheets on the surface of Ni(OH),
nanosheets, were fabricated by Dai et al. and exhibited fascinating
ECR properties.””® The nanosheets were prepared via a typical
solvothermal method in DMF containing Ni**, Cu®*, and
HCOO™ (Figure 44a). Specifically, Ni(OH), nanosheets were
first formed, and then ion-exchange between Ni** and Cu®*
preferentially occurred on the surface due to the smaller
solubility product constant of Cu(OH), compared to Ni(OH),.
Meanwhile, HCOO™ was adsorbed on the newly formed
Cu(OH),, which was later found to be essential in stabilizing
the resultant Cu nanosheets. As the reaction progressed, the
deposited Cu precursor was gradually reduced into Cu
nanosheets (Figure 44b). Electrochemical investigation indi-
cated that the Cu/Ni(OH), nanosheets were highly selective in
reducing CO, to CO at low 7, and achieved a maximum FE of
92% at —0.5 V (Figure 44c,d). In the same study, atomically thick
Cu nanosheets obtained by etching the underlying Ni(OH), also
achieved a high FEq of up to 89%, which demonstrates the high
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intrinsic ECR activity of ultrathin Cu nanosheets. The Cu/
Ni(OH), nanosheets were also found to be stable, benefiting
from the stabilization of the metallic Cu by adsorbed formate,
and performed for 22 h of continuous operation without
noticeable performance decay. Therefore, reducing the thickness
of 2D transition-metal nanosheets and protecting their surfaces
with capping molecules provides new strategies for constructing
efficient and durable ECR electrocatalysts.

9.3. Transition-Metal Oxides

Ever since the discovery of oxide-derived metals as a novel class
of ECR electrocatalysts by Chen et al,,”*” TMOs have stimulated
great research interest for ECR applications.'®****”** The work
done by Gao et al. was particularly pioneering and focused on
enhancing the electrocatalytic activity and selectivity of 2D
TMOs by reducing their thickness to atomically thin layers
(Figure 45a—c).”*® When the thickness of 2D TMOs is reduced
to below 2 nm, the majority of the transition-metal atoms are
exposed on the surface. Since these atoms are lower in
coordination number compared with interior atoms, they can
serve as the active sites for efficient CO, adsorption. Additionally,
DFT calculations predicted that the atomic thickness also
ensured a high electrical conductivity. As a prototype, 1.72 nm
thick Co;0, layers exhibited an ECR current density of 0.68 mA
cm™2 at —0.88 V vs SCE, which is 1.5 and 20 times greater than
those of 3.51 nm thick Co;0, layers and bulk Co;0, samples,
respectively (Figure 45b). Additionally, a maximum FEycoq_ of
64.3% was achieved at —0.88 V vs SCE for 1.72 nm thick Co;0,
layers, while 3.51 nm thick Co;0, layers and bulk Co;0, samples
only achieved 51.2% and 18.5%, respectively (Figure 45c). ECSA
investigations and adsorption isotherms demonstrated that the
ultrathin Co;0, layers could contribute a high fraction of low-
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coordinated surface atoms as active sites, leading to improved
intrisic ECR activity. Gao et al. later expanded these findings and
used a solvothermal approach to prepare even thinner samples of
oxidized Co layers with a thickness of only a few atoms (Figure
45d).”° Unsurprisingly, these thinner 2D Co-based nanosheets
were able to expose more abundant unsaturated surface atoms
for further improved ECR activity. For example, 4-atom-thick
layers of partially oxidized Co afforded a current density of up to
10.59 mA cm™ at an 77 of 0.24 V, greatly outperforming 4-atom-
thick layers of Co, partially oxidized bulk Co, and bulk Co
(Figure 45e). Also, at this overpotential, the FEj oo on 4-atom-
thick layers of partially oxidized Co reached 90.1% and was
retained throughout a 40 h stability test (Figure 45f). The ECSA-
corrected Tafel plots revealed that the 4-atom-thick layers of
partially oxidized Co showed more favorable kinetics for the
ECR. From comparison between the layers of partially oxidized
Co and the layers of Co, it was found that atomic Co;0, has
much higher intrinsic activity and selectivity than atomic Co
toward CO, reduction to formate. In addition, Gao et al.
introduced oxygen vacancies (V,) into Co;0, single-unit-cell
layers (average 0.84 nm thickness) and studied the correlation
between the level of V, and ECR performance.**® At—0.87 V vs
SCE, V,rich Co;0, single-unit-cell layers achieved a current
density of 2.7 mA cm™ and a maximum FEycoo_ of 87.6%,
whereas V -poor samples afforded about 1.35 mA cm™ and a
FEpcoo_ of 67.3%. This unambiguously demonstrated the
significant role of V,, in improving ECR activity. DFT calculations
proved that the presence of V, allowed for the stabilization of the
radical formate anion intermediate as the rate-limiting activation
barrier was reduced from 0.51 to 0.40 eV. Hence, defect
engineering on 2D TMO atomic platforms provides another
effective strategy for improving ECR electrocatalysts.

9.4. Transition-Metal Dichalcogenides

Nanostructured TMDs, such as MoS, nanosheets and WSe,
nanoflakes,>*'** have also shown attractive properties for the
ECR. For example, Asadi et al. found that MoS, exhibited
significant ECR performance in an ionic liquid (EMIM-BE,).">*
In this system, the catalyst required an overpotential of only 54
mV to produce CO, and achieved a FEq of 98% at —0.76 V vs
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RHE. Both theoretical and experimental results revealed that
ECR activity of this material was related to its edge Mo-atoms
with metallic character, high d-electron density, and relatively
low work function. Following this work, they investigated other
TMDs including MoS,, WS,, MoSe,, and WSe, nanoflakes for
the ECR in EMIM-BF, aqueous electrolyte. Out of those TMDs,
the W-terminated WSe, exhibited the best ECR performance.
Specifically, at small a small # of 54 mV, the WSe, nanoflakes
achieved an ECR current density of 18.95 mA cm™2, a FE¢q of
249%, and a TOF of 0.28 s™". In addition to its highly active edge
We-atoms and robust structure, the superior ECR properties of
WSe, were assigned in part to its significantly small charge
transfer resistance.

To better study the ECR properties of TMDs, extensive
theoretical studies have been carried out on MoS, models.”**>*°
For instance, Chan et al. proposed a method for breaking scaling
relationships by creating different sites (e.g., atomic doping) for
binding key reaction intermediates.””” For example, they
indicated that doping the S edge of MoS, with Ni enabled the
selective binding of COOH* and CHO* for improved CO
selectivity.”” DFT studies revealed that breaking the scaling
relationships was realized through binding key intermediates on
different active sites.>** For example, CO* species were bound
on the doped Ni site, while COOH*, CHO* and COH* species
were bound on the $ sites.”*’ Importantly, this principle may
provide some direction for future ECR catalyst design and may
be extended to other heterogeneous electrocatalysts. Sun et al.
provided experimental evidence for such synergetic catalysis
using a Mo—Bi bimetallic chalcogenide system as a highly
efficient ECR catalyst.'®> Here, Bi promotes the conversion of
CO, into CO and Mo facilitates the hydrogenation of CO. As a
result, the Mo—Bi bimetallic chalcogenide produced methanol
with a FEcpz0n of 71.2% at —0.7 V vs SHE.'®>

9.5. Carbon-Based 2D Nanomaterials

Carbon-based 2D nanomaterials, represented by N-gra-
phene,%’g5 and g-C3N4,542 are another group of important
ECR electrocatalysts. For the ECR, the N-species in the carbon
framework are considered to be the origins of catalytic
activity.'**7* For example, Wu et al. prepared a series of

DOI: 10.1021/acs.chemrev.7b00689
Chem. Rev. 2018, 118, 6337—-6408

67


http://dx.doi.org/10.1021/acs.chemrev.7b00689

Chemical Reviews

a 45 r—
@ OV vs RHE -
10 ‘
= K x Nl _ieee===c p—
Los : A
= [ S— \
=] i Y p—. \ \
& 0.0 S e’ “OCH: ‘0 L
g 'COOH-._ *CHO \ P '
©-0.5 J — !
@ “*CO *OCH;s v
w10 \
Cu *« CH4
1.5 Carbon I
= pyridinic N a_H’
-2.0 e
1 2 3 4 5 6 7 8 9
(H" + e) transfered
b
c 100
a—a— 0y, -0 =
[ ]
104
£ » w
g -y ” i
T 14 m—"—1n .8 L
=3 A _-n
[ . n— B o |
> _s-ag s 8GO
§ j . m-CH,
s 0.14 X 8-CH,
& . a—u ~CH,
[ ] I'.H:I_JH
CLI-C,N_‘ —8—C HOH
0.01 - T T T T
20 -18 -16 -14 -1.2

Potential (V vs Ag/AgCl)

Figure 47. (a) Free energy diagram of CO, reduction to CH, on different sites of Cu—C;3N,. (b) Migration of the active center from Cu to carbon. (c)
Measured Faradaic efficiencies of various products on Cu—C;N, electrodes under different overpotentials. Reproduced with permission from ref 548.

Copyright 2015 American Chemical Society.

N-graphene with different N content by a CVD method under
different temperatures.95 Among them, N-graphene-800, with
the highest N content, achieved a FE of ~85% at an 57 of —0.47
V. A correlation of experimental and computational results
confirmed that pyridinic-N in the graphene matrix is the most
active site toward CO, reduction to CO (Figure 46a), which has
also been validated in other N-carbon systems such as N-CNTs
(Figure 46b).>*3*75% On N-doped carbon materials, the ECR
pathways is typically limited to 2e” reduction products (CO and
formate). Wang et al. reported the selective reduction of CO, to
formate on N-graphene synthesized using specific nitrogen
sources.”* For example, N-graphene derived from thiourea,
polypyrrole, polyaniline, and dicyandiamide precursors showed
no or very little activity for the ECR. However, when melamine
was used as the N precursor, the N-graphene achieved a FEyco0-
of 73% at —0.84 V vs RHE. Similar to other N-carbon materials,
its excellent ECR activity and selectivity were attributed to the
unique pyridinic-N species in its carbon framework. Additionally,
Sreekanth et al. reported that B-graphene is also active for
formate generation, exhibiting a FEycoo- of 66% at —1.4 V vs
SCE.”> However, an in-depth understanding of the role of
heteroatoms in the ECR mechanism is still unclear as it remains a
significant challenge to precisely control the content and
configurations of doped elements.

As a typical 2D nanomaterial, g-C;N, in principle possesses at
least two properties distinct from other N-carbon substrates.>**
First, the abundant pyridinic-N species in its framework show
strong affinity for CO, under electrocatalytic conditions.”**>

6386

Second, carbon species in g-C;N, show high oxophilicity for the
adsorption of oxygen-bound reaction intermediates (e.g.,
*QCHO, *OCH,, *OH, and *O) during the ECR, which can
help steer the pathway toward high-e™ reduction products.'*®
For example, Lu et al. prepared g-C3N,/MWCNTs for the ECR,
in which g-C;N, was covalently attached to MWCNTs via C—N
bonds.>** The hybrid exhibited considerable activity toward the
ECR with a FE¢q of 60% at —0.75 V vs RHE. For individual g-
C;N, and MWCNTSs samples, no obvious ECR activity was
observed under the same conditions, suggesting that the origin of
the ECR activity is from the covalent C—N bonds. Another
important role of g-C;N, for electrocatalytic reactions is its ability
to coordinate a variety of transition-metal atoms into its
vacancies due to its unique molecular framework.”>* Very
interestingly, Jiao et al. studied g-C;N, molecular scaffolds to
coordinate Cu (Cu—C;N,) and found that the hybrid possesses
intramolecular synergistic catalysis with dual active centers for
hydrocarbon/alcohol production.’** Systematic DET computa-
tions indicated that the origin of this observed behavior derives
from the strong binding of carbon-bound reaction intermediates
to Cu (e.g, *COOH, *CO, *CHO), while the carbon in g-C;N,
shows stronger binding to oxygen-bound reaction intermediates
(e.g, *OCH,, *OCH,;, *O, and *OH) (Figure 47a,b). In this
dual active center system, the overall reaction barriers for CO,
reduction to hydrocarbon/alcohol products were significantly
smaller than those on either Cu or C/N in g-C;N, (Figure
47a,b). Experimental measurements showed that under the same
potential, Cu—C3;N, produced a wider variety of high-e”
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reduction products and at higher FE compared to Cu—N/C
control samples. The Cu—C;N, samples also demonstrated the
ability to generate C2 species like C,H;OH, C,H,, and C,Hg
(Figure 47c), which also supported the DFT findings.

9.6. Other 2D Nanomaterials

Many other 2D nanomaterials have also demonstrated promising
ECR performance. For example, Bi,0,CO; (BOC) nanosheets
showed a maximum FEgcoo- of 83% at an 7 of 0.59 V.>*'
Compared to metallic Bi (reduced from BOC) which exhibited a
FEycoo of 90% at an 7 of 0.99 V, the overpotential of CO,
reduction to formate on BOC was dramatically lowered. It is
likely that the carbonate in the BOC acted as the ECR
intermediate through a regenerative cycle and was beneficial
for reducing the overpotential to formate production. In
addition, metal-doped nitrogenated carbon (M—N-C),>*
metal-porphyrin-like structures incorporated into graphene
layers,”>® and some 2D nanocomposites (e.g, rGO-PEI-
MoS,'”” and Cu/MoS,”**) have also been investigated as
prospective ECR electrocatalysts. 2D COFs have been applied
for the ECR due to their excellent charge carrier mobility
originating from 7 conjugation and 7— stacking. Additionally, as
they consist of porphyrins connected by strong covalent bonds,
their structures are also very tunable through precursor choice.
For example, Lin et al. designed and synthesized Co-COFs with
precisely tuned spatial arrangements.”'” With enlarged pore
volume, COF-367-Co demonstrated a maximum FE;q of 90%
and TOF of 290,000 h™" at an # of —0.67 V vs RHE. This was 26
times higher than that of the molecular cobalt complex. More
importantly, COF-367-Co displayed outstanding durability over
24 h due to the strong covalent bonding and reticular geometry
of its structure.

Parallel to intensive experimental studies in this field,
theoretical calculations open up new opportunities to screen
novel catalysts for the ECR.****>* For example, Li et al. recently
reported MXenes as prospective ECR catalysts using well-
resolved DFT calculations.”* Their theoretical results indicated
that MXenes from the group IV to VI series are capable of
capturing CO, and reducing it into hydrocarbon fuels. Cr;C, and
Mo;C, MXenes especially were predicted to be the most
promising ECR candidates toward selective CO, conversion to
CH,. Of particular interest is that OCHO® and HOCO* radical
intermediate species are predicted to form in the early
hydrogenation steps through spontaneous reactions. This
provides a more insightful understanding of the ECR
mechanisms on these materials. Hopefully, these theoretical
predictions will encourage the experimental testing of MXene,
especially Cr;C, and Mo;C,, for ECR electrocatalysis.

9.7. Challenges for 2D Nanomaterials as Electrochemical
CO, Reduction Catalysts

Although 2D nanomaterials have experienced considerable
progress as ECR catalysts, this research field is still in its infancy.
First, from the experimental perspective, the current ECR
mechanisms are primarily hypothesized without direct inter-
mediate detection. This may be due to the much more
complicated sub-reactions of the ECR compared to the ORR,
OER, and HER. To develop improved ECR catalysts, it is
necessary to obtain clear theoretical insights into detailed ECR
mechanisms for more rational materials design. This is especially
needed for tuning ECR efficiency and selectivity, which are
highly potential and material dependent. In addtion, stability is
another issue for ultrathin 2D nanomaterials, as the majority of
ECR candidates display activity decay within 100 h of operation.
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Lastly, the poor selectivity of these materials leads to the
generation of various gas and liquid products. Therefore,
significant work must be undertaken to improve the selectivity
of 2D nanomaterials for the efficient production of one distinct
product.

10. 2D NANOMATERIALS FOR OTHER REACTIONS
AND BEYOND

Other than reactions in the water and carbon cycles that can be
efficiently catalyzed by 2D nanomaterials, there are a multitude of
other emerging energy conversion reactions such as the nitrogen
reduction reaction (NRR), the urea oxidation reaction (UOR),
the methanol oxidation reaction (MOR), and the formic acid
oxidation reaction (FAOR). Compared to oxygen electrode and
hydrogen electrode reactions, the nature of electrocatalysis and
corresponding electrocatalysts for these reactions is relatively less
explored." However, several of them are of particular importance
for safe and high-efficiency energy conversion systems. For
example, liquid fuels such as methanol and formic acid can be
applied in the anode of PEMFCs to produce electricity.’>**°
These liquid fuels have largely expanded the energy resources for
fuel cells as they can be easily derived from biomass.>>’
Furthermore, direct-methanol/formic acid fuel cells (DMFCs/
DFAFSs) are much safer than hydrogen-based fuel cells due to
their safer transportation. Therefore, developing high-perform-
ance electrocatalysts for the electrochemical oxidation of these
fuels is highly desirable. On the other hand, the nitrogen cycle is
becoming increasingly important in the modern energy cycle as
ammonia (NH;) is a safer energy carrier compared to
hydrogen.”*>>” As a result, electrocatalytic NRR and UOR are
becoming ever more important in electrocatalysis research. To
date, various 2D electrocatalysts have displayed significant
performance for these advanced reactions. In this section, we
summarize the application of 2D nanomaterials based on the
fundamental considerations required for these important
electrocatalytic processes.

10.1. Nitrogen Cycle

Beyond the carbon cycle and water cycle, the nitro§en cycle is the
next most important energy cycle in nature, %% Organic and
inorganic compounds of nitrogen feature prominently in many
biological, environmental, and industrial processes. In the natural
nitrogen cycle, atmospheric nitrogen is primarily converted into
inorganic bio-available compounds through enzymatic reac-
tions.””> Among these compounds, NH; is one of the most
important chemicals to society. In industry, the main route to
NH; is through the Haber—Bosch process. Considering the huge
energy consumption of this process and the great potential for
NH; use in future energy systems, electrocatalytic NRR is
becoming increasingly important in realizing low-cost artificial
nitrogen fixation. In this section, we summarize recent 2D
electrocatalysts for the UOR and NRR, which are two energy-
related processes in the nitrogen cycle.

10.1.1. Urea Oxidation. Urea (CO(NH,),) is a promising
hydrogen storage material because of its high energy density
(16.9 MJ L"), low cost, chemical stability, and low toxicity along
with the fact that it is easily stored and transported. Meanwhile,
urea fuel cells that utilize the UOR (CO(NH,), + 60H™ — N, +
SH,0 + CO, + 6e”) and ORR at the anode and cathode,
respectively, would be an efficient method of (g}enerating power
from fertilizer urea, urine, and wastewater.”® Urea is also a
promising chemical for hydrogen generation in electrolyzer cells.
During the electrochemical UOR in alkaline media, N, and CO,
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gases are generated from the anode, while water is reduced at the
cathode producing valuable hydrogen gas via the HER.*** The
equilibrium potential of the electrochemical UOR is 0.37 V vs
RHE, which is much lower than the equilibrium potential of the
OER (1.23 V vs RHE).** As a result, the UOR is in principle a
more efficient process for producing hydrogen via “water
splitting”. However, the UOR requires high-performing electro-
catalysts due to its sluggish kinetics and complicated gas
evolution steps. Usually, noble metal-based catalysts, such as
Pt, Rh, and Pd, are required to catalyze the UOR at adequate
reaction rates. However, the high cost of these catalysts hinders
their large-scale application.

To date, various 2D nanomaterials (such as TMOs, TMHs,
and MOFs) with different sizes, thicknesses, conductivities, and
active site oxidation states have been developed for electro-
chemical UOR.”*”7*%575% Gimilar to other 2D electrocatalysts,
defects in these materials are commonly regarded as the active
sites for the UOR. As a result, thickness and lateral size are very
important factors for tuning their UOR activities.””**” Chen et
al. demonstrated that small-sized MnO, nanosheets had a higher
UOR activity compared to large-sized MnO, nanosheets.””
Specifically, small size MnO, nanosheets (50 to 200 nm)
demonstrated excellent UOR performance, requiring a potential
of 1.33 V vs RHE to produce a current density of 10 mA cm 2,
which was significantly better than the large size nanosheets (500
nm to several micrometers). This work demonstrated that rich
defects, thickness, and exposed edges are important factors for
designing UOR electrocatalysts. Additionally, most 2D nano-
materials developed for the UOR have been transition-metal
oxides/hydroxides, which suffer from low electrical conductivity.
Considering the UOR is a six-electron transfer process with
sluggish reaction kinetics, tuning the conductivity of 2D
nanomaterials is important for developing high-performance
UOR electrocatalysts. In this regard, Zhu et al. used S doping to
engineer the electronic structure Ni(OH), nanosheets to
produce nanosheets with metallic character (M-Ni(OH),;
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Figure 48a).°°® XANES results showed an increased electron

concentration in M-Ni(OH), compared to pristine Ni(OH),
(P—Ni(OH),), resulting in an enhanced conductivity (Figure
48b). Electrochemical tests showed that the high valence state
NiOOH species were the real active sites for the UOR (Figure
48c). As expected, metallic M-Ni(OH), nanosheets with sulfur
incorporation had a higher UOR activity and stability than P—
Ni(OH), (Figure 48d). This work elucidates the significance of
conductivity in improving the catalytic performance of 2D
nanomaterials for the UOR. It is well-known that the high
oxidation state of transition-metal species can facilitate oxidation
reactions like the OER.*>*7>*"" Inspired by this concept, Zhu et
al. investigated UOR performance on 2D Ni-based MOF (Ni-
MOF) nanosheets with a high nickel oxidation state.”® It was
found that the organic ligands of benzenedicarboxylic acid could
act as electron acceptors which cause electron redistribution
from Ni to O and a higher oxidation state of Ni cations in the Ni-
MOF. As a result, the Ni-MOF exhibited significant UOR
performance, requiring a potential of 1.36 V vs RHE to produce a
current density of 10 mA cm™2, which is better than that of
Ni(OH), nanosheets and commercial Pt/C catalysts. This work
shows that the high oxidation state of active sites can also
facilitate the UOR process, and may be extended to other 2D
electrocatalysts.

10.1.2. Nitrogen Reduction Reaction. As an energy
carrier, NH; is one of the most important chemicals in the
electrocatalytic nitrogen cycle.”*>*”>%”* NH; is also becoming an
important carbon-free energy storage intermediate and widely
used in producing various chemicals.””**”> The Haber—Bosch
process, which uses Fe- or Ru-based catalysts to synthesize NH;
using gaseous N, and H, at high temperatures and pressures, is
the main method for industrial NH; production.”®"*”® This
process consumes ~1% of the world’s annual energy, 3—5% of
the world’s annual natural gas production, and releases large
quantities of CO, into the atmosphere.”" Alternative processes
for NH; production, such as biological N, fixation and
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geochemical processes, suffer from relatively slow reaction rates
and poor control.””

Proton-assisted electrocatalytic NRR (N, + 6H' + 6e~ —
2NH;) at ambient conditions offers relatively high efficiency for
NH; production.”***°"*78758! More importantly, the NRR
system can be easily integrated with renewable solar and wind
energy into an environmentally benign process for NH;
production.””*”® However, due to the high energy required to
break the strong triple bond (N=N bond energy of 940.95 kJ/
mol) into elemental nitrogen,”>"” this promising approach
generally suffers from relatively low catalytic activity and
undesired byproducts like N,H, and N,H,, which are toxic and
reduce selectivity toward NH,;.>*>**® Like the ORR, NRR
mechanisms can also be categorized into dissociative and
associative mechanisms (Figure 49a).>°"*”® Specifically, in the
dissociative mechanism, the triple bond of the nitrogen molecule
is broken before any addition of hydrogen occurs, leaving two
adsorbed N-atoms on the catalyst surface. While in the
associative mechanism, the two N-atoms remain bound to each
other and the triple bond is cleaved while each N undergoes
hydrogenation. The hydrogenation process in the associative
mechanism can also occur through two ways (Figure 49a). In the
associative alternating pathway, single hydrogenation occurs in
turn on the two N-atoms on the catalyst surface, and the second
NH; molecule is released following release of the first one. In the
associative distal pathway, hydrogenation occurs preferentially
on the N-atom farthest away from the catalyst surface, leading to
the release of the distal NH; molecule first. The hydrogenation
process of the other bound N then proceeds to produce the
second NH; molecule.

Like other electrocatalytic processes, a volcano plot of different
transition-metal surfaces has been constructed through DFT
calculations for the NRR (Figure 49b).% According to this
framework, the design principle for NRR catalysts is to balance
the adsorption energy of N, with the protonation energy of NH*
to form NH,* or the removal of NH,* as NH;. Meanwhile,
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competition from the HER needs be avoided." Catalysts near the
top of the volcano plot, metals such as Ru, Rh, and Re, bind N,
neither too strongly nor too weakly. However, the large
theoretical overpotentials of these metals still limits their
performance. Further DFT studies suggest that transition-
metal nitrides, such as VN and ZrN, are very suitable for the
NRR with high activity at low onset potentials."”*> Overall, the
following criteria should be considered for NRR electrocatalyst
design: (1) the catalyst should facilitate the chemisorption of N,
molecules for sufficient activation of its inert N=N triple bond
and (2) the catalyst should selectively stabilize N,H* and (3)
destabilize NH,* species to reduce the overpotential re-
quired.**”*** Following these criteria, Zhao et al. reported
DFT calculations for single transition-metal atoms anchored on
defective h-BN monolayers for the NRR.* The screening
process showed the AG values of N, adsorption on anchored Sc,
Cr, Co, Ni, Cu, Zn, Pd, and Ag were positive. This suggests that
these anchored transition-metal atoms are not appropriate for
NRR electrocatalysts due to their poor ability to activate N,
(Figure 49c¢). Ti, V, Mn, Fe, Mo, Ru, and Rh were found to have
negative adsorption energies. Therefore, these metals are
identified as candidates that should be considered further for
the NRR. Although having a negative N, adsorption energy, Rh-
atoms are excluded from this list due to its very weak stabilization
of N,H* species (Figure 49d). Similarly, Ti-, V-, Mn-, and Ru-
atoms are also not eligible due to their relatively strong
interaction with NH,* (Figure 49d). From this screening, Mo-
atoms on defective BN nanosheets were found to be the best
electrocatalyst for the NRR, satisfying all three screening criteria.

It is worth noting that current studies on the NRR mainly rely
on theoretical calculations. Therefore, 2D nanomaterials for the
NRR is a relatively new research field with limited examples. Of
those explored, Li et al. developed a 2D hybrid composite of
amorphous Au nanoparticles, CeO,, and rGO for the NRR.**°
The noble metal content of the resultant catalyst was low (1.31
wt% Au) and the existence of CeO, promoted the formation of
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amorphous/low-crystalline Au nanoparticles. At a potential of
—0.2 V vs RHE, the NH; generation rate and Faradaic efficiency
on this catalyst was 8.3 ug h™' mg™' and 10.1%, respectively.
Further, no hydrazine was detected. This significant catalytic
performance is even comparable to the yields and efficiencies
under high temperatures and/or pressures.”’”*”**® For the
photocatalytic NRR, Zhao et al. demonstrated that LDH
nanosheets could be used directly as photocatalysts for artificial
dinitrogen fixation under ambient conditions. The oxygen
vacancies of the LDH nanosheets enhanced the adsorption and
activation of N, and H,0, which contributed to their excellent
photocatalytic NRR activity.”**”" Additionally, 2D BiOBr
nanosheets also exhibited high photocatalytic NRR performance
as a result of oxygen vacancies on their exposed surfaces.”®
Inspired by these works, it may also be beneficial to control the O
vacancies in 2D electrocatalysts for improving NRR electro-
catalysts.

10.2. Oxidation of Carbon Fuels

Apart from the electrode materials, commercialization of H,-fed
PEMFC technology is limited by the high cost of hydrogen
containment, the potential dangers in the transport of hydrogen,
and its low gas-phase energy density, despite many years of
intense research.””’ Consequently, new fuel cells using liquid
fuels (e.g, formic acid and methanol) are obtaining increased
interest. Furthermore, when combined with the ECR using
renewable wind or solar energy to produce carbon-based fuels, a
sustainable energy cycle can be realized, which is very important
for the balance of greenhouse ga\ses.592 In this section, we
summarize the development of various 2D nanomaterials for the
MOR and FAOR processes.

10.2.1. Oxidation of Methanol. Using the same basic cell
construction as PEMFCs, DMFCs can convert methanol directly
into electricity via the MOR (CH;OH + H,0 — 6e~ — 6H" +
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CO,) at the anode and the ORR at the cathode.’”>>** Previously,
the commercialization of DMFCs was hindered by two factors:
significant cost associated with precious-metal electrocatalysts
(e.g, Pt) and stability of the anode operation.”*”****% For
example, Pt is an ideal candidate for the MOR. However, it is very
expensive and has low tolerance to some reaction intermediates
such as CO, leading to the loss of electrocatalytic activity within a
few hundred seconds of operation.”*”*”* A conventional method
used to solve this problem is by utilizing alloys of Pt and oxophilic
metals.”*”*”* For instance, in the most successful and widely
studied Pt—Ru binary system, Ru assists the dissociative
adsorption of water molecules to form OH species on its surface,
which then promote the oxidation of CO molecules on
neighboring Pt sites and thereby facilitate the regeneration of
active sites. Therefore, two design principles for MOR
electrocatalysts have typically been employed: (1) balancing
the activity of Pt with the OH adsorption energy of co-catalysts;
(2) controlling the distribution and morphology of noble metal
nanostructures on advanced support materials.

Graphene is a candidate with great potential for the MOR due
to its hi%h surface area, superior conductivity and excellent
stability.”® Zhang et al. reported a N-doped carbon nanotube
and graphene hybrid nanostructure (NCNT-GHN) as a carbon
platform on which PtRu nanoparticles (2—4 nm in size) were
well-dispersed.””” Due to the large electron affinity of nitrogen,
stronger anchoring and uniform dispersion of the noble metal
nanoparticles was achieved through the activation of nitrogen-
neighboring carbon atoms in the NCNT-GHN support.””® As a
result, PtRu/NCNT-GHN showed a much higher oxidation
peak current density compared to commercial PtRu/C and Pt/C
catalysts with the same mass loading. Besides Ru, Huang et al.
developed a Pt/Ni(OH),/rGO ternary hybrid based on the
optimal interaction between Ni(OH), and *OH species.”**”
In this system, Ni(OH), facilitated the oxidative removal of CO
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from the Pt active sites and rGO provided high electrical
conductivity needed for fast electrocatalysis. As expected, Pt/
Ni(OH),/rGO exhibited a MOR peak current density of 1236
mA mg 'p, which is better than commercial Pt/C catalysts.
Additionally, Pt/Ni(OH),/rGO also had good stability due to
the optimal interaction of Ni(OH), with OH species. Very
interestingly, the oxidative removal process of CO on Pt/
Ni(OH),/rGO followed the Langmuir—Hinshelwood adsorp-
tion mechanism with faster kinetics and not the Eley—Rideal
adsorption mechanism which is usually observed.

10.2.2. Oxidation of Formic Acid. Compared to DMFCs,
DFAFCs which utilize the FAOR (HCOOH — CO, + 2H" +
2e”) as the anode reaction are advantageous due to their use of
low-toxicity reactants, higher kinetic activity, and low crossover
effect through the PEM.>”" Accordingly, the development of
active electrocatalysts for the FAOR is becoming an active area of
research. Recently, some studies demonstrated that ultrathin 2D
nanomaterials, especially 2D metals, exhibited excellent perform-
ance for the FAOR due to their quantum size and surface
effects.””'>'*>>* Huang et al. developed freestanding 2D Pd
nanosheets for the FAOR which showed an activity enhance-
ment of 2.5 times compared to Pd black catalysts.'”* This work
demonstrated that highly exposed surface area is the most
important advantage of 2D electrocatalysts for the FAOR.
Another promising design strategy for FAOR electrocatalysts is
the preparation of 2D metal alloys to enhance activity and
stability, and to reduce the use of precious metals. For example,
Yang et al. developed ultrathin PdCu alloy nanosheets with an
average thickness of 2.8 & 0.3 nm (Figure 50a,b).*” The atomic
ratio of Cu and Pd could be tuned from ~0.14 to ~0.56 by
controlling the precursor molar ratio. It should be noted that the
metal alloy had a different electronic structure from the parent
metals, owing to the smaller electronegativity of Cu. (Figure
SOC).595 The sample with a Cu/Pd ratio of 0.37 + 0.01 had the
largest ECSA of 137.6 + 13.6 m* g and a high mass activity of
16283 + 41.4 mA mg~". The electrocatalytic performance of
these PdCu nanosheets was much higher than that of commercial
Pd black (Figure 50d), due to their ultrathin morphology, unique
electronic structure, and synergistic effect between Pd and Cu.

11. CONCLUSIONS AND OUTLOOK

Advanced energy conversion systems, such as fuel cells and
(photo)electrocatalytic water splitting, represent the next
generation of power and fuel production processes. Toward
commercialization of these technologies, a series of high-
performance electrocatalysts are required with fast reaction
kinetics and high yields. Therefore, profound insights into the
fundamental principles, concepts, and knowledge behind
electrocatalysis are imperative for the molecular design of these
electrocatalysts. For typical water cycle processes like the ORR
and OER, the main bottleneck is their sluggish kinetics.
Meanwhile, current commercial precious-metal-based electro-
catalysts for these processes suffer from high cost and inadequate
stability. For the carbon cycle, the ability to tune catalyst
selectivity for a specific ECR product is the central issue. In the
past decade, the development 2D nanomaterials and their
application in electrocatalysis have revolutionized the unique role
of these materials for next-generation clean energy systems. We
have summarized recent progress in emerging 2D nanomaterials
for a wide variety of energy-related types of electrocatalysis.
Aspects such as catalyst design principles, advanced approaches
in determining active sites and intermediates, and various
engineering strategies have been highlighted through numerous
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examples. Electrocatalytic applications of various 2D nanoma-
terials including metals, metal compounds, and non-metallic
materials for the water cycle and carbon cycle have been reviewed
systematically. Among these examples, the significance of
merging computational quantum chemistry and experimental
nanotechnology for 2D electrocatalyst design and fabrication has
been especially highlighted.

With development beyond heteroatom-doped graphene, a
wide range of new 2D electrocatalysts have shown great potential
for breaking through the current bottlenecks in various
electrocatalytic processes. As a result, suitable materials for
specific applications can be utilized. Taking graphene-based
electrocatalysts as an example, the ORR performance of these
metal-free 2D electrocatalysts has increased significantly within
the past 10 years through logical iterative approaches. The
variability of chemical components and physical structures (and
especially their integration) in graphene-based electrocatalysts
has shown their significance in ORR applications. Furthermore,
the combination of computational and experimental methods
has led to a significantly more advanced understanding of the
reaction mechanisms on graphene-based electrocatalysts for the
ORR and HER, and have led to the development of rational
design principles for advanced electrocatalysts. Inspired by this
concept, more varied 2D nanomaterials such as TMDs, LDHs,
and MXenes can be designed, fabricated, and engineered with
significantly improved performance.

Although many opportunities exist for 2D electrocatalysts, this
field is also faced with many challenges. First, the current
production yield, quality, and quantity of 2D nanomaterials are
still inadequate for industrial and commercial requirements.
Consequently, the optimization of current synthesis methods is
highly needed. Second, although there has been significant
progress in the development of high-performance 2D electro-
catalysts, a fundamental basis for their activity origins in many
electrocatalytic processes is still required. For example, one of the
biggest obstacles facing the alkaline HER is its inconclusive
activity descriptor. This is partially due to the limitation of
current computing power and the complexity of currently
available candidates with a wide variety of physicochemical
properties. Third, current characterization of 2D electrocatalysts
is usually based on ex situ methods. However, one of the most
important factors in electrocatalysis is the reaction intermediates,
which cannot be probed using these methods, leading to a poor
understanding of the working mechanism. Fourth, 2D electro-
catalysts at present cannot satisfy current requirements, as many
electrocatalytic processes, such as the ECR and NRR, lack
examples of efficient 2D electrocatalysts. However, this provides
significant opportunity for development in these fields.
Consequently, new 2D electrocatalysts with suitable composi-
tions and functionalities are highly needed. Fifth, advanced
synthetic methods should be developed to realize precise control
of the physical and chemical properties for modeling 2D
nanomaterials, such as size, thickness, edges, doping sites, and
defects. These model catalysts can therefore bridge the gap
between molecular configurations in theoretical calculations and
the actual samples used in experiments. With the development of
materials science and chemistry, we believe that any kind of 2D
nanomaterial can be prepared (using proper experimental
conditions) as single or few atomic layers if its growth can be
confined to two dimensions.

Although research on 2D electrocatalysts is only about 10
years old, great progress and many exciting achievements have
been made. We believe that in the near future, 2D electrocatalysts
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can make a significant contribution in both fundamental studies
and practical applications in clean energy systems. First, the
development of new types of 2D nanomaterials is very promising
because they can be tailored to target specific electrocatalytic
processes. For example, developing 2D electrocatalysts with
appropriate thermodynamic adsorption energies and kinetic
reaction barriers is essential to enhance the activity and selectivity
for ECR electrocatalysts. Second, to fully utilize the unique
properties of different 2D nanomaterials, hybridization is a
promising strategy for specific applications. Further, hybrid-
ization of 2D nanomaterials can also generate new properties and
functionalities. Last, further efforts are needed to elucidate many
details of the working mechanisms, as they currently remain
poorly understood. Looking forward, a combination of
theoretical computation and experimental electrochemical
measurements, with the help of advanced spectroscopic
characterizations, is very likely the best way to design and
develop new electrocatalysts. It is of paramount importance to fill
the gap between theory and experiments for 2D electrocatalysts,
which requires close collaboration among material scientists,
computational chemists, and electrochemists.
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Chapter 3: Constructing Tunable Dual Active Sites on Two-
Dimensional Cs:Ns@MoN Hybrid for Electrocatalytic

Hydrogen Evolution

3.1 Introduction and Significance

Recently, 2D materials have shown great potential in various energy related
electrocatalytic processes. However, their performance is inadequate for some
kinetically sluggish electrocatalytic processes (e.g. the hydrogen evolution reaction,
HER, in alkaline media). On the other hand, the reaction pathway and mechanism of
alkaline HER are still under debate due to their complexity. To address this, a well-
defined 2D C3Nis@MoN hybrid electrocatalyst was developed to expand its
electrocatalytic application. By combining electrochemical measurements with density
functional theory (DFT) calculations, the possibility of quantitatively and qualitatively
adjusting the multiple active sites of 2D heterostructure was demonstrated. The

highlights of this Chapter include:

* A new 2D electrocatalyst with dual active sites was synthesized which exhibited

highly efficient alkaline HER performance.

* Through the combination of electrochemical characterizations and theoretical
computation, the activity origin of the C3Ns@MOoN hybrid was identified to be its newly
formed heterostructure, which provided unique electronic properties and favourable

adsorption energies of reaction intermediates.

* By using C3Ns@MoN as a model, the contribution of hydrogen and hydroxyl
adsorption properties to the electrocatalytic activity was defined, which is instructive

in settling the contested alkaline HER mechanism.

* It is demonstrated that the binding abilities of multiple intermediates can be tuned
through the construction of a well-designed 2D heterostructure, which provides new

insights into developing more 2D electrocatalysts for alkaline HER.
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3.2 Constructing Tunable Dual Active Sites on Two-Dimensional C3:Ns@MoN

Hybrid for Electrocatalytic Hydrogen Evolution

This Chapter is included as it appears as a journal paper published by Huanyu Jin ,
Xin Liu, Yan Jiao, Anthony Vasileff, Yao Zheng,* Shi-Zhang Qiao* Constructing
Tunable Dual Active Sites on Two-Dimensional Cs;Nis@MoN Hybrid for

Electrocatalytic Hydrogen Evolution. Nano Energy 2018, 53, 690—697.
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ARTICLE INFO ABSTRACT

Electrocatalysts are increasingly being used for the production of clean energy. In the past few decades, a wide
range of two-dimensional (2D) materials have shown great potential in replacing noble metal catalysts for
various electrocatalytic reactions. However, development of alkaline hydrogen evolution technology (a kineti-
cally sluggish process for the conversion of electricity to hydrogen fuel in water electrolyzes) is greatly hindered
due to the lack of active candidate materials and mechanistic understanding. In this work, we prepared a hybrid
material of 2D graphitic carbon nitride and 2D molybdenum nitride (C3N4@MoN) using an interface engineering
strategy. The resultant material had a well-designed heterostructure and unique electronic structure. The in-
timate interaction of both inert graphitic carbon nitride (g-C3N4) and MoN surfaces induced a highly active
interface with tunable dual active sites for alkaline HER. Thus, the 2D C3N4@MoN hybrid exhibited highly
efficient electrocatalytic performance which is better than most of the recently reported non-noble metal cat-
alysts. The combination of experimental characterization with density functional theory calculations shows that
the enhanced activity originates from the synergy between the optimized hydrogen adsorption energy on the g-
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C3Ny sites and enhanced hydroxyl adsorption energy on the MoN sites.

1. Introduction

The rate of a surface electrocatalytic reaction occurring on a solid
electrocatalyst is governed by the adsorption dynamics of multiple re-
action intermediates [1]. Therefore, the adjustment of each state to an
appropriate level is key to achieving optimized apparent performance
[2]. However, due to the inherent scaling relationship of adsorption
energies among different intermediates, it is difficult to optimize these
energies simultaneously on electrocatalysts with a single kind of active
site, inevitably leading to poor electrocatalytic performance. For the
hydrogen evolution reaction (HER) in alkaline media (fundamental in
water electrolysis for high-purity hydrogen fuel), current electro-
catalysts (even precious metal Pt) exhibit inadequate activity, generally
two to three orders of magnitude lower than that in the acidic media
[3-7]. More importantly, the alkaline HER mechanism is yet to be
settled due to the existence of an additional water dissociation process
[7-9]. Consequently, balance of the multiple intermediates in alkaline
HER is the key factor in the pursuit of efficient electrocatalysts.

For both practical applications and mechanistic studies, 2D mate-
rials are some of the most promising candidates for a wide range of
electrocatalytic processes due to their uniformly exposed lattice plane
and tunable electronic structures [5,10-17]. Furthermore, 2D materials

* Corresponding authors.

are more molecularly defined than nanoparticles or nanowires. As a
result, the structure-activity studies at the molecular level are simpli-
fied. Unfortunately, most 2D materials are inert for alkaline HER even
though in principle some of them have appropriate hydrogen adsorp-
tion abilities [7,8,18,19]. One of the main reasons is that the overall
HER rate in alkaline media is governed by the thermodynamics and/or
kinetics of multiple steps, and optimizing the hydrogen adsorption
behavior on one crystal surface only is insufficient [8]. The hydrogen
adsorption (H,q) energy is commonly used as the sole activity de-
scriptor for the HER in acidic media. However, for the HER in alkaline
media, the water dissociation ability of one certain surface or interface
may also influence the overall HER activity [7,9,20]. Therefore, from a
microscopic view, optimal alkaline HER activity is governed by three
factors: appropriate (not too strong nor too weak) H-binding and/or
OH-binding energies, and a low barrier to water dissociation [8,21].
However, the design of a material with adjustable active sites which
accounts for these factors is highly challenging.

To date, many strategies have demonstrated that the binding ability
of some key reaction intermediates on an electrocatalyst surface can be
tuned to a desired level by controlling their electronic states
[15,22-27]. 2D material serves as an ideal platform to extend this
principle to the field of alkaline HER [28]. More specifically, the
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construction of easily exposed heterostructures is one of the most sui-
table ways to promote alkaline HER because it can realize dual active
sites (one for H,q and the other for OH,q4) for facilitating hydrogen
adsorption/desorption and water dissociation at the well-designed in-
terface(s). Previously, we demonstrated that the electronic structure of
2D graphitic carbon nitride (g-C3N4) could be easily tuned to an ap-
propriate level for Hyg by hybridizing with N-doped graphene; there-
fore, the hybrids showed an excellent acidic HER activity [27]. How-
ever, due to the poor water dissociation ability of both g-C3N4 and N-
doped graphene, its performance in alkaline HER is inadequate. Given
the abundant active sites of g-C3Ny4 for hydrogen adsorption, coupling
g-C3N4 with a suitable 2D material with water dissociation ability is a
possible solution to this problem. However, the current available 2D
candidates for water dissociation are all limited to nickel-based mate-
rials with poor electrical conductivity and stability [4,29-31]. Recently,
2D MoN was successfully synthesized and found to have good corrosion
resistance and metallic conductivity [32]. The Mo(III) atoms in MoN
can be tuned to possess higher or lower oxidation state, and based on
this, adjustable water dissociation ability can be achieved [32].

In this work, by rationally constructing a heterostructure composed
of 2D MoN and 2D g-C3N4 (C3N4@MoN), dual active sites were formed
and were able to promote the reaction kinetics of the alkaline HER at
the interfaces. With well-designed electronic properties and adsorption
abilities, the hybrid exhibits efficient electrocatalysis which is better
than most non-noble metal catalysts. A combination of theoretical
calculations and electrochemical measurements confirmed that the high
activity of C3N4@MoN originates from the synergy between favorable
OH adsorption on MoN and optimized H adsorption on g-C3Ny.
Moreover, the contribution of each active site to the overall alkaline
HER activity can be easily tuned, which demonstrates the ability to
tailor functional 2D materials for specific catalytic applications.

2. Results and discussion
2.1. Preparation and characterizations of 2D C3N,@MoN

A MoN substrate was prepared by a salt-templated method, which
comprised a 2D morphology and good hydrophilicity in aqueous solu-
tions (Figs. S1 and S2) [32,33]. Subsequently, the g-CsN,4 precursor
(Dicyandiamide, DCDA) was dispersed in the MoN solution where
DCDA was deposited on the MoN surface by the electrostatic interac-
tions between negatively charged MoN and positively charged DCDA.
The C3N,@MoN was then obtained after this solution was lyophilized
and annealed in an argon atmosphere. The lateral size of the as pre-
pared C3N4,@MoN nanosheet was ~1 um, and the presence of wrinkles
on the surface demonstrates the materials flexibility (Fig. 1A). Scanning
electron microscopy (SEM) images show that the morphology of the 2D
MoN is consistent throughout and that no bulk g-C3N4 was formed (Fig.
S2E). This indicates that the g-C3N4 grew uniformly on the MoN sur-
face, which was further confirmed by high-angle annular dark-field
imaging transmission electron microscopy (TEM) and corresponding
elemental mapping (Figs. S3A and S3B). The thickness of one C3N,@
MoN sheet is ~2.58 nm (Fig. 1B) which is thicker than that of pristine
MoN (~1.14 nm as shown in Fig. S3C), indicating that the C3N4 on MoN
is mono-layered or few-layered.

The 2D morphologies of individual C3N4@MoN sheets can also be
distinguished under low-resolution TEM imaging due to their graphene-
like morphology and high transparency (Fig. 1C, D). To confirm the
distribution of g-C3N4 on MoN at the molecular level, we conducted
HRTEM imaging of C3N,@MoN. During TEM imaging, g-C3Ny is less
stable than 2D MoN due to the decomposition of polymeric melon units
under the electron beam. Therefore, the g-C3N, regions can be identi-
fied based on time-lapse TEM images.?” As shown in Fig. 1E, the initial
TEM image of C3N4@MoN displays many amorphous areas (highlighted
in yellow). However, after 30s of electron beam irradiation (Fig. 1F),
the amorphous areas were significantly smaller, and the MoN crystal
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lattice was ubiquitous within the frame (Fig. S3D). Given the assign-
ment of the yellow region in Fig. 1E to g-C3Ny, and the other region to
MoN, this evidence demonstrates the successful formation of a CsN4@
MoN heterostructure. X-Ray diffraction (XRD) profiles (Fig. 2A) show
that changes in the crystal structure of the MoN are negligible after
hybridization, and no (001) peak of g-C3N, on C3N,@MoN is detected.
This indicates that the crystal structure of MoN was retained after hy-
bridization and that no bulk g-C3N, was formed. From this evidence, we
can confirm that the 2D MoN is partially covered by g-C3N4 nanodo-
mains on its surface, and that the nanosheets stack parallel to each
other [27].

2.2. Interfacial interaction and electronic structure of C3N,@MoN

Fourier-transform infrared spectroscopy (FT-IR), thermo-gravi-
metric analysis (TGA), and X-ray photoelectron spectroscopy (XPS)
survey scans also confirm the existence of a g-C3N,4 phase in the C3N,@
MoN hybrid (Figs. 2B, S3E, S3F, and S4) [34]. Compared to pure MoN,
the N 1s peak of MoN in the C3N4@MoN hybrid positively shifts by
0.8eV (Fig. 2C), indicating that the strong interaction between Mo
atom and C3Ny4 could indirectly weaken the Mo and nitrogen bonds by
decreasing the electron density around N atoms in MoN. The molecular
level interaction of g-C3N, and MoN was further revealed by high re-
solution Mo 3d spectra. As shown in Fig. 2E, the spectrum of physically
mixed g-C3N,4 and MoN components (C3N4/MoN) displays no obvious
difference compared to the spectrum for pristine MoN, indicating that
there is no chemical interaction between them. Conversely, in the
spectrum for C3N4@MOoN, the concentration of Mo®" (at ~228.5eV) is
lower than Mo*™ (at ~229.2 eV). This indicates that the valence state
of Mo atoms in the C3N,@MOoN hybrid is higher than in C3N4/MoN and
pristine MoN. Consequently, the C3N4@MoN hybrid may have stronger
adsorption energy for certain intermediates (e.g. OH,q) and hence
higher water dissociation ability [19,32].

The charge transfer induced by hybridization between g-C3N4 and
MoN was revealed at the atomic level by density functional theory
(DFT) calculations (Fig. 2E). As indicated by the projected density of
states (PDOS), pure g-C3N,4 and 2D MoN shows semi-conductive and the
metallic character, respectively (Fig. 2F). After hybridization, a charge
redistribution occurs at the interlayer of the hybrid in the form of
electron accumulation at the interface, and overall electrons transfer
from the MoN to the g-C3N, layer (Fig. 2E). This is consistent with the
experimental XPS results (Fig. 2D). This electron redistribution con-
firms the strong interaction between the g-C3Ny4 layer and MoN layer,
which can provide a pathway for electron transfer during electro-
chemical reactions, and, more importantly, can modify the electronic
structure and adsorption abilities of the hybrid materials. As shown in
Fig. 2F, different from both individual materials, the hybrid has more
states near the Fermi level.

2.3. Electrochemical activity of CsNs@MoN

The electrocatalytic HER performance of the as-prepared catalysts
in 1M KOH electrolyte was first studied by linear sweep voltammetry
(LSV). As shown in Fig. 3A, the C3N4@MoN hybrid shows an over-
potential of 110 mV at a current density of 10 mA cm™2, which is sig-
nificantly lower than that for the C3N4/MoN mixture and for g-C3Ny4
and MoN individually. This activity enhancement can be attributed to
the highly active interface and modified electronic state in the hybrid
catalyst. Interestingly, because the 2D nanostructure is favorable for
mass transport, the apparent HER performance of C3N4@MoN is even
better than commercial Pt/C under large overpotentials (Fig. S5A) and
displays good stability (Fig. S5B). Additionally, C3N4@MoN shows a
Tafel slope of 57.8 mV dec™, indicating the Volmer step is no longer the
rate determining step due to the optimized water dissociation ability
(Fig. 3B). As shown in the electrochemical impendence spectra (Fig.
S6), CsN4@MoN also has a lower Faradaic resistance than the C3N4/
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Fig. 1. (A) SEM image of C3N,@MOoN. (B) AFM image of C3N4@MoN. (C and D) Low-resolution TEM image of C3N4@MoN nanosheet. (E and F) HRTEM image of
C3N4@MoN before and after electron beam irradiation. The red region belongs to MoN, yellow region belongs to g-C3N4. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

MoN mixture, indicating a faster charge-transfer kinetics [27].

To achieve a comprehensive assessment of the newly developed
electrocatalyst, we compared the Tafel slope and overpotential of
C3N4@MoN with other recently reported alkaline HER electrocatalysts
(Fig. 3C and Table S1) [30,35-46]. Evidently, the value of Tafel slope
on C3N4@MoN is lower than most of the reported non-noble metal
electrocatalysts for alkaline HER. Regarding stability, Fig. 3D depicts
the LSV curves collected from C3N4@MOoN at the first cycle and 1000th
cycle. Negligible change in the current response is observed after 1000
cycles. Additionally, chronoamperometry (Fig. 3D inset) was carried
out for 10 h at a constant overpotential of 110 mV. The stable current
response (~10 mA cm~2) further indicates that the hybrid material is
stable under operating conditions.

2.4. Activity origin

According to experimental observations, the alkaline HER perfor-
mance of an electrocatalyst is related to its adsorption abilities of both
H* and OH* [47]. Here, we conducted DFT calculation to quantify these
two properties in our newly developed C3N,@MoN hybrid material. We
first calculated the hydrogen adsorption free energy (AGy+) of g-C3Ny,
MoN, and C3N4@MoN to study their hydrogen adsorption ability. As
shown in Figs. 4A and S7, both pure g-C3N4 and MoN exhibit strong
hydrogen adsorption, indicated by their large negative values of AGy-
(-0.34 eV and —0.96 eV, respectively). This is one of the main reasons
for their poor HER performance, as confirmed in acidic media where
AGy- can be used as the sole activity descriptor (Fig. S8). However, the
calculated AGy+ for C3N4@MoN at the N (g-C3Ny) site is —0.23 eV,
which indicates that the hybrid structure has more favorable desorption
thermodynamics of the H,4 intermediate (Fig. 4A, C). This optimization
can also be shown by HER measurement in acidic media where the
C3N,@MoN demonstrated better performance than pure g-C3N4 and
MoN samples (Fig. S8).

The OH,q adsorption free energies (AGogp+) of g-C3N4, MoN, and
C3N,@MoN were calculated to determine their water dissociation
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abilities via a proportional relationship [2,7,48,49]. As shown in
Fig. 4B, C, the AGoy+ of C3N4@MOoN at the Mo site is —4.6 eV, which is
more negative (i.e. stronger adsorption) than that of pristine MoN and
g-C3N4 individually (Fig. S9). This indicates that C3N4@MOoN is more
favorable for water dissociation. The enhanced OH* adsorption in the
hybrid material may be due to its higher valence state Mo atoms. Based
on these observations, we propose a qualitative description of the dual
active sites for alkaline HER in the CsN4@MOoN heterostructure: water
dissociation proceeds at the boundary of 2D MoN and g-C3N4, whereby
Mo atoms on MoN expedite OH,4 adsorption and N atoms on g-C3Ny4
expedite H,q adsorption (Fig. 4D). Subsequently, H.4 evolves *H, and
OH™ desorbs from the 2D MoN, followed by adsorption of another water
molecule on the same dual active sites (Fig. S10).

2.5. Balance of dual active sites

Beyond DFT calculations, the ability to quantitatively define the
contribution of adsorption ability for different intermediates is crucial
in evaluating the activity of an electrocatalyst. First, we conducted
electrochemical cyclic voltammetry (CV) to estimate the relative elec-
trochemical active surface areas (ECSA) of the different electrocatalysts
(Fig. S11). The C3N4@MoN shows the lowest electrochemical double-
layer capacitance (Cq) but best performance, revealing that the per-
formance enhancement does not originate from surface area variation
but from the optimized adsorption energy of key intermediates on the
surface of C3N4@MoN (Fig. S12). Then, we balance the effects of Huq
and OH,q4 adsorption by tuning the ratio of g-C3N4/MoN in the hybrid
(Fig. S13). It is demonstrated that the ratio of MoN and g-C3N4 plays an
important role on the alkaline HER performance (Fig. 5A). From this, a
volcano-shaped plot is obtained (Fig. 5B) which indicates that the
performance of electrocatalysts for the alkaline HER is highly related to
the balance of hydrogen adsorption with water dissociation ability. In
addition, to isolate the impact of a certain intermediate adsorption on
alkaline HER activity, we designed and synthesized two groups of
control samples: i) C3N,@MoN with the g-C3N,4 phase removed in order
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to prevent favorable hydrogen adsorption; ii) C3N4@MoN with the MoN
phase replaced by a poor OH,4 adsorbing material (N-doped graphene;
denoted C3N4@NG) in order to prevent favorable water dissociation
ability. As shown in Fig. 5C, after removing the H,4 adsorption site (g-
C3Ny), the performance of the electrocatalyst declined dramatically in
both acidic and alkaline conditions, indicating that the optimized H.q
site is essential for alkaline HER. Additionally, it can be seen from
Fig. 5C that hybridization of g-C3N4 with N-graphene can significantly
improve its HER performance in acidic conditions, due to its optimized
AGg+ [27]. However, according to DFT calculations (Fig. S14), both g-
C3N, and N-graphene have poor affinity for OH,q adsorption due to
their more positive AGoy+ of 1.02 and —0.17 eV, respectively. This
suggests that they possess poor water dissociation abilities in alkaline
conditions and explains the poor HER activity of C3N4@NG in alkaline
despite its appropriate AGy+. By comparing these two control samples,
it can be seen that the optimization of water dissociation barriers
contributed more to the activity enhancement for the alkaline HER than
optimization of the H,q adsorption energy. Therefore, we can conclude
that an ideal catalyst for the alkaline HER should have both favorable
hydroxyl affinity and appropriate hydrogen adsorption. In this case, we
could achieve these parameters by constructing 2D heterostructures
with tunable properties.

3. Conclusion
In summary, using the 2D C3N4@MoN hybrid as a model catalyst,

we demonstrated the possibility of activating 2D materials as efficient
electrocatalysts for the alkaline HER. The construction of highly active
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C3N4 and MoN interfaces facilitated the formation of dual active sites,
which realized the balance of H,q and OH,4 intermediates. It was also
found that the contribution of H,q and water dissociation in this elec-
trocatalyst could be balanced by regulating the proportion of g-C3N, to
MoN. As expected, the 2D C3N4@MoN hybrid exhibited significant
enhancement in alkaline HER, requiring a low overpotential of 110 mV
to produce 10 mA cm ™2, which is much better than pristine g-CsNy or
MoN. By merging electrochemical measurements and DFT calculations,
we have shown that the activity enhancement originates from the op-
timized hydrogen adsorption energy on the N sites of g-C3N, and the
stronger OH adsorption energy of Mo atoms on MoN. This work de-
monstrates the feasibility of tuning the binding energies of multiple
active sites through the construction of 2D heterostructures for alkaline
HER.

4. Experimental procedures
4.1. Synthesis of 2D MoN

The 2D MoN nanosheets were synthesized according to a previous
report with modifications [32]. Typically, 0.37 g of Mo powder was
dispersed in 40 mL ethanol with magnetic stirring for 10 min. Then,
1.2mL of H,05 (30%) solution was injected dropwise into the suspen-
sion. After stirring for 12h at room temperature, the solution turned
into a dark blue color. The precursor solution was then mixed with
640 g of NaCl powder and dried at 50 °C with continuous hand stirring.
The mixture was then annealed at 650 °C for 5h at the heating rate of
1°Cmin~! and under a 5% NHs/Ar atmosphere. Finally, the product
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Fig. 3. (A) LSV curves of the different catalysts
measured in Ar-saturated 1M KOH. (B) Tafel
slope of the different catalysts obtained from
Fig. 3A. (C) Comparison of Tafel values and
overpotentials of C3N4s@MoN with other re-
cently reported HER electrocatalysts in 1M
KOH. (D) LSV curves of C3N,@MoN at the 1st
and 1000th cycles. Inset: Chronoamperometric
curve of C3N4@MoN at an overpotential of
110 mV.

Fig. 4. (A and B) The calculated H,g and OH,q
free energy diagram of MoN, g-C3N4 and
C3N4@MOoN. (C) The atomic configurations of
H,q (top) and OH,q4 (bottom) on C3N,@MoN.
Color codes: blue, pink and green represent
Mo, N and C atoms of C3N4;@MoN. Red and
yellow represent oxygen and hydrogen atoms
in a single water molecule. (D) Schematic re-
presentation of water dissociation step of
C3N,@MOoN. Color codes: black represents Mo
atoms. Yellow and silver represent the N atoms
and C atoms of g-C3Ny, respectively. Red and
green represent oxygen and hydrogen atoms in
a single water molecule. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this
article.)
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E (V versus RHE)

was washed with deionized water several times to remove the NaCl
template and dried using vacuum filtration.

4.2. Synthesis of 2D C3N,@MoN

The C3N4@MoN hybrid was synthesized by mixing a given amount
(1, 5, 10, 20 and 40 mg) of DCDA with 20 mL of 0.5 mg mL ~1 MoN
dispersion. The mixture was stirred for 12h and then lyophilized for
further use. DCDA was deposited on the MoN surface by the electro-
static interactions between the negatively charged MoN and positively
charged DCDA during the drying process. The black sponge-like mix-
ture was collected and put into a crucible with a cap to avoid melamine
sublimation during heating and then annealed under an argon atmo-

sphere at 550 °C for 4 h at a heating rate of 4°Cmin ~*.

4.3. Synthesis of 2D C3N,/MoN mixture

Pure g-C3N, nanosheets were synthesized by heating DCDA at
550 °C for 4 h in muffle furnace with a heating rate of 2.3 °Cmin~"' and
a cooling rate of 1°Cmin~'. The resultant yellow agglomerates were
milled into powder by an agate mortar. The powder was annealed in a
muffle furnace at 500 °C for 2h with a ramp rate of 5°Cmin~'. Then,
the light-yellow g-C3N4 nanosheets were ultrasonicated for 30 min and
then centrifuged at 2500 rpm for 20 min. The collected supernatant li-
quid was mixed with the MoN solution and freeze-dried for two days to
obtain the C3N4;/MoN mixture.

4.4. Electrochemical characterization

Typically, 4mg of catalyst (e.g. C3N4s@MoN) was dispersed in
700 uL of deionized water. Then 100 uL 1 wt% of Nafion/water and
200 yL carbon black (2 mg mL ™~ !) were added to the catalyst dispersion.
Next, 20 pL of catalyst dispersion (4 mg mL~') were transferred onto a
glassy carbon rotating disk electrode (0.196 cm?) serving as a working
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04 0 Fig. 5. (A) LSV curves of C3N4@MoN with
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electrode. The reference electrode was an Ag/AgCl in 4M AgCI-KCl
solution and the counter electrode was a graphite rod. All potentials
were referenced to the reversible hydrogen electrode by adding a value
of (0.205 + 0.059 x pH) and all polarization curves were corrected for
the iR contribution within the cell. A flow of Ar was maintained over
the electrolyte during the experiment to eliminate dissolved oxygen.
The working electrode was rotated at 1600 rpm to remove the hydrogen
gas which formed on the catalyst surface.

4.5. Imaging and spectroscopic characterization

Field-emission SEM imaging and EDS mapping were conducted on a
FEI QUANTA 450 electron microscope. Aberration-corrected HRTEM
imaging was carried out on a FEI Titan G2 electron microscope
equipped with image-corrector operated at 120 kV. HAADF imaging
and EDS data were taken on a FEI Titan G2 transmission electron mi-
croscope operated at 200kV. Atomic force microscopy (AFM,
Shimadzu) was used to explore the morphology and thickness of the
samples. XRD patterns were obtained using a D4 endeavor (Bruker) X-
ray diffraction system with Co Ka radiation. XPS data were collected
under ultrahigh vacuum (< 10~ Torr) using a monochromatic Al Ka

X-ray source.

4.6. Computational details

DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) [50-53]. The exchange — correlation in-
teractions were treated within the generalized gradient approximation
(GGA) in the form of the Perdew — Burke — Ernzerhof (PBE) functional
[54]. The van der Waals interactions were described using the empirical
correction in Grimme's scheme [55]. The electron wave functions were
expanded using plane waves with a cutoff energy of 400 eV, and the
convergence criteria of energy change during all calculations were set
to 10~ * eV. The k-points for single cells of g-C3N4 and MoN (002) was
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settobe5 x 5% 1,and 1 x 1 X 1. A k-points grid was applied to the
C3N4@MoN hybrid, which contained a (2+/3x2+/3) supercell of MoN
(002) with a (3 x 3) g-C3Ny lattice (a = b = 7.09 10\). The convergence
tolerance of force on each atom during full structure relaxation of g-
C3N4 and MoN was set to be 0.01 eV/A. For the large hybrids config-
uration, the convergence tolerance of force on each atom during the
relaxation with MoN fixed was set to be 0.05 eV/A. In order to avoid
interactions between periodic images, a vacuum space of 20A was
applied to all calculations. For density of state calculations, the k-points
was set to be 10 x 10 x 1 for g-C3N, and MoN and 1 x 1 x 1 for
C3N4@MoN. The adsorption free energy of intermediates on the cata-
lyst surface is defined as:

AG = AEyq + AEzpg—TAS + AGq

where AE,, is the adsorption energy defined as the electronic energy
difference between the initial and the corresponding final states. AEzpg
is the change in zero-point energies, T is the temperature
(T = 298.15K), and AS is the entropy change, AEzpr and AS can be
obtained by frequency calculations. AGs, represents the correction
terms for solvent effect, 0 eV for H',[56] and —0.5 eV for OH" [57].
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Fig. S1. Schematics of the preparation of C3Ns@MoN.

Fig. S2. (A) SEM images of 2D MoN on NaCl crystal. (B), (C) and (D) show the epitaxial growth of
MoN on NaCl surface with the lateral size of 1 um. (E) SEM image of 2D MoN powder. (F) Photo
of Tyndall effect of 2D MoN in water. The Tyndall effect can be clearly seen, demonstrating its good

dispensability in water.
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Fig. S3. (A) HADDF-TEM and elemental mapping of CsN4s@MoN. The Mo K, Mo L, C K and N K
mappings are shown in (B). (C and D) AFM and HRTEM images of pristine MoN. (E) FT-IR spectra
of C3sNs@MOoN, g-C3N4 and MoN, respectively. The peak at 810 cm™ is assigned to the breathing

mode of triazine units. Several peaks from 1238 to 1640 cm™ correspond to the characteristic

stretching modes of C—N heterocycles. The broad peak around 3000-3700 cm™%, which belongs to

N-H stretching at the edge of g-CsNa, disappeared in C3Ns@MoN, indicating that the g-CsNa is
covered on MoN without suspended edge. (F) TGA curve of Cs3N4@MoN and MoN. The endothermal
peak appeared at 625 <T in Figure S3F is belong to the decomposition of g-C3Na, which also proves

the existence of g-CaN4
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Fig. S4. (A) SEM image. (B) XRD. (C) XPS survey scan. (D) High resolution C1s peak.
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Fig. S5. (A) LSV curves of CsNs@MoN and commercial 20% Pt/C. At large current density, the HER
performance of CaNs@MoN exceeds commercial Pt based catalysts, demonstrating the potential for
practical applications. (B) Stability test of CsN4@MoN at large current density.

106



50

]
40+ ® C,N,/MoN mixture
= ® CN,@VoN
~ 30+ -
= B
N =
20+ -
[
[
[ ]
10 1
0 . v I v ; . : v
0 10 20 30 40 50
Z'(Q)

Fig. S6. EIS spectra of CsNs@MoN and C3N4/MoN mixture at an overpotential of 200 mV.

Fig. S7. The molecular configurations of Hag on (A) g-C3N4 and (B) MoN.
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Fig. S8. (A) LSV curves of different catalysts. (B) Tafel plot calculated from (A). (C) Stability test
of CsNs@MoN. (D) Overpotential of different catalysts at the current density of 10 mA cm™.

Fig. S9. The molecular configurations of OHag 0n (A) g-C3N4 and (B) MoN.
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Fig. S10. Schematic diagram of the reaction route of C3N4@MoN.
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Fig. S11. CV curves of different catalysts with scan rates from 5 mV s to 100 mV s
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Fig. S12. Current density difference at -0.85 V plotted against scan rate to give the double-layer
capacitance for CsN4s@MoN, C3N4/MoN mixture, MoN and g-C3N4, respectively.
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Fig. S13. XPS survey scan of CsN4@MoN with different MoN/DCDA ratio.
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Fig. S14. The molecular configurations of OHag on nitrogen doped graphene.

Table S1. Summary of some recently reported representative HER electrocatalysts in alkaline

electrolytes.

Catalyst n (mV vs. RHE) Tafel slope Ref.
@J=-10mAcm?  (mA decade?)
C3:Ns@MoN 110 57.8 This work
C3N4s@N-graphene 610 N/A 1
dr-MoN 139 67.82 2
MoB-C3N4 133 46 3
Co/CoP 135 64 4
CoNx/C 170 75 5
MoCx nano-octahedrons 151 59 6
O-CozP 160 61.1 7
NiO NRs 110 100 8
S-CoO NRs 73 82 9
Ni—-Mo-N 109 95 10
CoP 209 129 11
Ni-MoS; 98 60 12
Ni-BDT-A 80 70 13
Ni(OH)2/MoS; 80 60 14

NF-NiSz2-A 67 63
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Chapter 4: Single-Crystal Nitrogen-Rich Two-Dimensional
MosNs Nanosheets for Efficient and Stable Seawater
Splitting

4.1 Introduction and Significance

Transition metal nitrides (TMNs) have great potential for energy-related
electrocatalytic processes because of their unique properties. However, it is difficult for
TMN materials to achieve both high activity and stability under practical
electrocatalytic conditions as they are susceptible to oxidative attack. To address this, a
single-crystal nitrogen-rich 2D MosNg nanosheet with Pt-like electronic structure and
good corrosion resistance was developed. Such 2D nanosheets exhibit both better
activity and stability for the hydrogen evolution reaction (HER) in various electrolytes
compared to other nitrogen-deficient TMNSs. Significantly, the 2D MosNs can be
directly used as a HER catalyst in seawater, and its performance in seawater is superior
to commercial Pt/C. Confirmed by synchrotron-based spectroscopy and theoretical
calculations, the excellent properties of 2D MosNg originate from its appropriate
electronic structure and the high valence state of its Mo atoms. The highlights of this

Chapter include:

* Nitrogen-rich 2D MosNs single crystal nanosheets are synthesized using a simple

synthetic scheme.

» Synchrotron-based spectroscopy and density of state calculations are used to
comprehensively understand the unique electronic structure and activity origin of the

nitrogen-rich 2D MosNs nanosheets.

* The nitrogen-rich 2D MosNes shows enhanced HER performance compared to other
nitrogen deficient TMNs in a wide range of electrolytes because its d band centre

position is close to that of Pt.

* Nitrogen-rich 2D MosNg shows superior HER performance in seawater, which is

higher than the Pt benchmark due to its resistance to corrosion and active site poisoning.
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* The 2D MosNs nanosheets combine good activity and stability simultaneously,
demonstrating the successful application of 2D nitrogen-rich TMNs for electrocatalytic

processes in harsh electrocatalytic environments.

4.2 Single-Crystal Nitrogen-Rich Two-Dimensional MosNe Nanosheets for

Efficient and Stable Seawater Splitting

This Chapter is included as it appears as a journal paper published by Huanyu Jin, Xin
Liu, Anthony Vasileff, Yan Jiao , Yongqiang Zhao, Yao Zheng, Shi-Zhang Qiao Single-
Crystal Nitrogen-Rich Two-Dimensional MosNg Nanosheets for Efficient and Stable
Seawater Splitting. ACS Nano 2018, 12, 12761-12769.
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Supporting Information

Transition metal nitrides (TMNs) have great
potential for energy-related electrocatalysis because of their
inherent electronic properties. However, incorporating
nitrogen into a transition metal lattice is thermodynami-
cally unfavorable, and therefore most of the developed
TMNs are deficient in nitrogen. Consequently, these TMN’s
exhibit poor structural stability and unsatisfactory perform-
ance for electrocatalytic applications. In this work, we
design and synthesize an atomically thin nitrogen-rich
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nanosheets, MosN, with the help of a Ni-inducing growth method. The as-prepared single-crystal electrocatalyst with
abundant metal—nitrogen electroactive sites displays outstanding activity for the hydrogen evolution reaction (HER) in a
wide range of electrolytes (pH 0—14). Further, the two-dimensional MosNg nanosheets exhibit high HER activity and
stability in natural seawater that are superior to other TMNs and even the Pt benchmark. By combining synchrotron-
based spectroscopy and the calculations of electron density of state, we find that the enhanced properties of these
nitrogen-rich Mo;N4 nanosheets originates from its Pt-like electronic structure and the high valence state of its Mo atoms.

2D materials, nitrogen-rich, metal nitrides, hydrogen evolution, seawater splitting

ydrogen is a promising energy carrier for clean energy

systems because it has a high energy density and can

be produced using renewable energy.' ™ To produce
high-purity hydrogen, water electrolysis is superior to current
methods, such as natural gas reforming or coal gasification,
which require extensive processing and energy.* ® Seawater is
the most abundant water source and natural electrolyte on the
earth, which makes it very suitable for low-cost and large-scale
hydrogen production.” However, compared to the hydrogen
evolution reaction (HER) in acid or alkaline media, electro-
catalytic HER in natural seawater is extremely challenging due
to its intrinsic low conductivity, ion poisoning, and high
corrosivity.”~” For example, Pt exhibits outstanding HER
performance in conventional water electrolysis systems but
poor performance in seawater conditions due to the poisoning
effects from a range of undesirable anions.

Recently, transition metal nitrides (TMNs) have emerged as
promising electrocatalyst materials for various electrocatalytic
processes (e.g, HER, oxygen evolution reaction, oxygen
reduction reaction, and so forth).>'°”'* Because of their
inherent electronic structure and good electrical conductivity,
TMNs could potentially replace noble metal catalysts for water
splitting."”">~"” However, most TMNs are vulnerable to
oxidation during electrocatalytic processes due to the low

-4 ACS Publications  © 2018 American Chemical Society

12761

valence state of the metal atoms.'” This causes them to be
relatively unstable. Given this, nitrogen-rich TMNs (N/metal
>1) are preferable for electrocatalysis because of the higher
valence state of the metal atoms leading to their better
corrosion resistance.'” ™"’ However, incorporating nitrogen
atoms into the crystalline lattices of transition metals is
thermodynamically unfavorable, and they tend to diffuse out of
the metal lattice.'°™"® Therefore, most of the TMNs reported
have low nitrogen content with molar ratios of N/metal less
than unity (e.g, Ni;N, Cu;N, Co,N, Mo,N, and so forth).'”*°

For various energy related applications, two-dimensional
(2D) TMNs have superior performance to their bulk
counterpart due to their uniform crystal lattice and tunable
electronic structure.”' ~*° Hence, synthesis of nitrogen-rich 2D
TMNs with uniform exposure of specific facets would be key
to optimizing these electrocatalysts for high performance
applications.'”***” However, the development of nitrogen-rich
2D TMNes is limited by the harsh synthetic conditions required
and the inability to control their morphologies well. Recently,
Yu et al. realized the synthesis of the nitrogen-rich W,N; under
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November 29, 2018
November 29, 2018

DOI: 10.1021/acsnano.8b07841
ACS Nano 2018, 12, 12761-12769

117


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b07841
http://dx.doi.org/10.1021/acsnano.8b07841

ACS Nano

- b ® s L © L 9 [ ] »
. ARG Bt il
: O.Q.G.u.g
i 1 " e_©o_o_@o
| e _©_©_0_o©
i 2e%e%¢%0
> 2 O.Q.G.Qac
/ o 0%e%e%e®e
Mo precursor@nacl Nitrogen-deficient 2D MoN Mo :N=1:1

~© ®©e e@©
,,,,, e0e ocCe

Ni Inducing eceoce
I-' © %0 ©C 00 ©
‘‘‘‘‘ eCeoo0oCe
Growth oo ®cge
ce oo ©

Ni-Mo precursor@NaCl Nitrogen-rich 2D Mo;Ng Nitrogen rich
Mo :N=5:6

Ay
O’qr_,?g Aj
NaCl

Figure 1. Schematic illustration of the synthesis of MoN and Mo;N, nanosheets through an ammonization synthesis with and without the
addition of Ni in the precursor.
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Figure 2. Characterization of MogN4 and MoN. (a) XRD pattern, (b) low-resolution TEM image, (c) high-resolution STEM image of MoN,
(d) SAED pattern of MoN, (e,f) SAED patterns and (g) elemental mapping of MoNg.

atmospheric pressure using salt template method, which would Fe, Co and Ni) can induce the transformation of f—WN to
otherwise require higher pressures.”® In the meantime, anomalous 6—WN under atmospheric pressure.'’ In these
researchers found that the first row transition metals (eg, cases, the transition metal component and salt crystal serve as
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Figure 3. (a) Mo 3d XPS spectra of MoN and MosNg. (b) Mo Ly; edge of MoN and MoNg. (c) N K edge of MoN and Mo;N,. (d) DOS of
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the catalyst and template which induce the formation of
anomalous metal nitrides. We speculate the same concept is
likely suitable for the synthesis of nitrogen-rich TMNs under
mild conditions.

In this work, we apply this transition metal-catalyzed phase
transformation method with 2D lateral growth methods to
synthesize the atomically thin MosNg nanosheets. With rich
metal-nitrogen bonding, the as-prepared 2D MosNg nano-
sheets show enhanced HER activity compared to conventional
nitrogen-deficient TMNs in various electrolytes (pH 0—14).
More significantly, MosNy exhibits an outstanding HER
performance in natural seawater with a highly stable catalytic
current over 100 h, which is much better than Pt/C
benchmark and other TMNs counterparts. Synchrotron-
based X-ray absorption near edge structure (XANES) and
the calculations of electron DOS confirm that the high activity
of MosNy originates from its Pt-like electronic structure, and
its stability derives from the high valence state of its Mo atoms
which make it relatively unsusceptible to active site poisoning
from deleterious seawater ions.

RESULTS AND DISCUSSION

The 2D MosNg nanosheets were prepared by a Ni-induced
salt-templated method, which is schematically shown in Figure
1.2%739 First, nickel acetate and MoO(OH), were used as
precursors, and the former was reduced to Ni metal by
ammonia gas at high temperature (Figure Sla). The Ni metal
was then removed by an acid wash which yielded pure phase
MogNg (Figure S1). It should be noted that without the
addition of Ni salt, the final product obtained was regular
MoN. From Figure S1b, the O 1s peak is observed which we
attributed to oxygen termination on the MosNy surface.

Through a comparison of the X-ray diffraction (XRD)
patterns, the synthesized MosNy possesses the different peak
position with that of MoN (Figure 2a), indicating that the
extra (20%) nitrogen-incorporation can greatly change the
crystal structure of conventional MoN. The 2D morphology of
the MosNg nanosheets were observed under scanning electron
microscope (SEM) and transmission electron microscopy
(TEM) imaging, which showed that the nanosheets are
transparent and wrinkled (Figure 2b, Figure S2). Furthermore,
the MosNy nanosheet is only 3 nm thick, demonstrating its
atomically thin 2D structure with uniformly exposed lattice and
large surface area (Figure S3).

The crystal structure parameters of MosN were determined
using aberration-corrected scanning TEM imaging and
corresponding selected area electron diffraction (SAED). The
scanning TEM image (Figure 2c) shows the hexagonal
structure of MogNy with an interplanar distance of 2.45 A
for (110) facets, which is smaller than that of 2.5 A for the
(200) facets of MoN (Figure S4). This demonstrates the more
compact hexagonal structure of MosNy compared to MoN.
Moreover, one set of diffraction spots in the SAED image of
MosN reveals its single crystalline nature (Figure 2e). We also
determine the (110) lattice plane spacing of MosNy to be
0.245 nm, consisting with the result of XRD and high-
resolution TEM. For MoN, the (200) lattice plane spacing is
0.25 nm, which is larger than that of MosN, (Figure 2d),
further indicating the different crystal structure of MoN and
MosNg (Figure 2f). The interplanar angle and distance of the
experimental and simulated SAED patterns of MosNg (Figure
2f) also match well with one another, demonstrating the pure
phase of the MosN. Energy dispersive spectroscopy (EDS)
mapping clearly shows the spatial distribution of Mo and N
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atoms on the hexagonal corner area and the uniform
composition of the synthesized MosNg nanosheets (Figure
2g).

We conducted a range of spectroscopic measurements and
theoretical calculations to evaluate the electronic structure of
MosNg at the atomic level, and more importantly, its difference
with conventional MoN. As shown in the high-resolution Mo
3d XPS spectra (Figure 3a), the dominant valence state of Mo
in Mo;Ny is 4+ (binding energy of 230.0 eV), which is higher
than that of MoN (+3, binding energy of 229.3 eV). The
higher valence state of Mo in MosNy is likely due to the greater
number of nitrogen atoms in the crystal lattice leading to an
increased electron redistribution from Mo to N atoms. The
Mo Lyedge XANES spectrum also confirms the higher
oxidation state of the Mo cation in Mo¢N than that of MoN
(Figure 3b), by identifying a positive energy shift of 0.5 eV.
Importantly, according to previous study, Mo (4+) species can
facilitate OH* intermediate adsorption during water dissoci-
ation, which is critical for HER performance in alkaline
media.’>*" Other than valence state, periodic Mo vacancies are
observed in the molecular structure of MosNg (Figure SS),
which inevitably changes the metal-nitrogen bonding in the
supercell and consequently leads to a different electronic
structure. Experimentally, the N K-edge XANES of MoN and
MosNg are characterized by two sharp resonances at lower
energy (399.0 and 401.3 eV) and two broad features at higher
energy (405—41S eV). The former two peaks can be assigned
to the transitions of N 1s electrons to the p—d(tzg) and p—
d(eg) hybridized orbitals, respectively. The latter two peaks can
be assigned to the transition of N 1s electrons to an orbital that
involves contributions from 2p and 3p orbitals of nitrogen and
the d and s states of Mo.>”** As shown in Figure 3¢, the
relative peak intensity of MosNg at 399.0 eV is stronger than
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the peak at 401.3 eV, indicating that more N 1s electrons
transfer to the p—d(t,,) orbital compared to in MoN, and
further confirming that there are extra N atoms in the Mo
metal lattice.

In order to obtain an in-depth understanding of the changes
at the atomic level, the electronic structures of MoN and
MosNy for Mo 3d and N 2p orbitals were analyzed by DOS
calculations (Figure 3d). It can be seen that the different N
content greatly affects the electronic environment of Mo—N
bonding with more complicated electron orbital hybridization
in MosNg, which is in accordance with the experimental
XANES data shown in Figure 3c. Figure 3e shows the total
DOS of MosN; with a continuous distribution near the Fermi
level, indicating its metallic character. It should be noted that
the electron hybridization of MoN and MogNy are quite
different, which may change their d band positions and
catalytic performances. For example, the calculated d band
center position for MosNy is located at —1.96 eV, which is
closer to the d band center of Pt (—2.28 eV) compared to
MoN (—1.75 eV), indicating an electronic structure more like
Pt (Figure S6). It should be noted that the d band center and
hydrogen binding energy of electrocatalysts exhibit a linear
relationship.’* Consequently, the inherent electronic structure
of MosNy and the high valence state of its Mo atoms is
potentially favorable for high catalytic activity and good
stability, respectively.

The electrocatalytic HER performance of MosNy was
studied in a range of electrolytes (pH 0—14). Figure 4a
shows the linear sweep voltammetry (LSV) curves of different
catalysts in 1 M KOH. The MosN¢ shows an overpotential of
94 mV at a current density of 10 mA cm ™2, which is
significantly lower than that for MoN (389 mV) and close to
commercial Pt/C catalysts (21 mV; Figure S7). Furthermore,
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we also compared the performance of MogN, with other TMN
catalysts which are relatively deficient in nitrogen contents.
Clearly, the HER performance of MosNy is superior than
Niy,MoygN and NizN individually (Figure S8). Also, MosNg
shows a Tafel slope of 66 mV dec™, indicating the sluggish
water dissociation is not the rate-determining step in overall
HER process. This is also different from other TMN's that have
Tafel slopes of ~120 mV dec™.

Other than in alkaline media, the HER performance of these
catalysts was also evaluated in acidic and neutral electrolytes
(Figure 4b,c). Similarly, MosNg showed the best performance
compared to the other TMN catalysts, exhibiting the lowest
overpotential in these electrolytes. This pH universal activity
enhancement can be attributed to the nitrogen enrichment
which altered the d band center position closer to that of Pt
and increased the valence state of Mo for optimized water
dissociation kinetics. Importantly, MosNy shows a smaller
electrochemical double-layer capacitance (Cg) than MoN,
indicating that the enhanced performance of MosN4 does not
derive from the surface area but from the optimized adsorption
energy of key intermediates on the surface (Figures S9 and
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§$10). Regarding stability, chronoamperometry was carried out
for 10 h at a constant overpotential in different electrolytes
(Figure 4d—f). Over 10 h, the current response of MogNg
remained almost unchanged under each operating condition,
indicating its very stable performance over a wide range of pH.

On the basis of the above observations, MosNj is a highly
efficient Pt-like electrocatalyst in alkaline, acid, and neutral
electrolytes. Additionally, the nitrogen-rich MosN4 has high
corrosion resistance due to the high valence state of its Mo
atoms, making it a promising candidate for natural seawater
electrolysis. As expected, MosNy exhibited good HER
performance in natural seawater, requiring an overpotential
of 257 mV to produce 10 mA cm™2 of catalytic current density.
This was lower than that of Pt/C and other nitrogen-deficient
TMNs (Figure Sab). Further, the jj, overpotential (over-
potential at current density of 10 mA cm™) on MosNy was
also lower than most of the non-noble metal catalysts reported
for natural seawater HER in the literature (Table S1).*%3°
More importantly, the hydrogen production of MosNy in
natural seawater was extremely stable for 100 h at an
overpotential of 300 mV (Figure Sc). In comparison, the
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Figure 6. (a,c) Mo Ly edge of Mo;N; and MoN before and after stability testing in natural seawater. (b,d) N K edge of Mo;N; and MoN

before and after stability testing in natural seawater.

stability of Pt/C was very poor, retaining only 5.5% of its
catalytic current density after only 4 h of continuous operation
(Figure Sd). This poor stability is likely attributed to the
poisoning from ions in seawater which block the active sites for
hydrogen evolution, as has been detailed in other works.’**” In
addition, Figures 5d and S11 also compare the stability of
MosN¢ with other related TMNs. As expected, MosNg
exhibited high stability with a catalytic current retention of
99.3% after 4 h, which was higher than MoN (55.0% for 4 h),
Nip,MoggN (49.1% for 4 h), and Ni;N (20.0% for 4 h),
respectively.

To probe the origin of the high stability of MosNg in
seawater, XRD and XANES of the samples before and after
stability testing were carried out. As shown in Figure 6a,b,
there was negligible shift for the Mo Ly; and N K edge of
MogNy before and after the 100 h stability test in natural
seawater, confirming its good resistance to corrosion and
poisoning of active sites. From the XRD spectra (Figure S12),
it is clear that the crystal structure of MosNg was also stable
throughout stability testing. In comparison, the structures of
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MoN, Niy,Mo,sN, and Ni;N were significantly less stable as
evidenced from Figures 6¢,d and S13. A positive shift in their
XANES spectra indicates that the Mo and Ni valence states of
the other TMNs increased. This was likely due to the low
valence state of the metal atoms and poor metal—nitrogen
bonding making them susceptible to corrosion from the
seawater. Furthermore, the significantly different N K-edge
XANES spectra of the nitrogen-deficient TMNs indicates
disrupted metal—nitrogen bonding. As a result, MosNg
nanosheets combines the advantages of Pt-like electronic
structure and excellent corrosion resistance, resulting ultra-
stable performance for hydrogen evolution from seawater.

CONCLUSION

In summary, synthesis of 2D nitrogen-rich MosN4 nanosheets
was successfully achieved using a simple Ni-induced salt-
template method. The additional nitrogen atoms incorporated
in the MosNg lattice greatly changed its inherent properties,
leading to a higher Mo valence state and Pt-like electronic
structure. As expected, the MogNg nanosheet exhibited
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excellent HER performance in various electrolytes, especially in
seawater. For seawater HER, its performance was significantly
better than other nitrogen-deficient TMNs and the Pt/C
benchmark. The MosNg catalyst combines high activity and
good stability simultaneously, demonstrating the possibility of
using 2D nitrogen-rich TMNs for electrocatalytic processes in
harsh electrocatalytic environments.

METHODS

Synthesis of 2D MosNg Nanosheets. The 2D Mo N,
nanosheets were synthesized through a Ni-induced salt-templated
method: 0.4 g of Mo powder was dispersed in 40 mL of ethanol with
magnetic stirring for 10 min. Then, 1.2 mL of H,0, (30%) solution
was injected dropwise into the suspension. After stirring for 12 h at
room temperature, the solution turned into a dark blue color.
Separately, 10 mg of Ni(OCOCH,;),-4H,0 was dissolved in 10 mL of
ethanol and mixed with the dark blue suspension to form the
precursor. The precursor solution was then mixed with 640 g of NaCl
powder and dried at 50 °C with continuous hand stirring. After that,
the mixture was annealed at 750 °C for S h at a heating rate of 1 °C
min~' under a 5% NH,/Ar atmosphere. Finally, the product was
washed with deionized water and dilute hydrochloric acid several
times to remove the NaCl template and Ni nanoparticles before being
dried using vacuum filtration.

Synthesis of 2D MoN Nanosheets. The 2D MoN nanosheets
were synthesized without the addition of Ni. The Mo precursor was
mixed with 640 g of NaCl and annealed at 750 °C for S h. The final
product was obtained by removing NaCl using deionized water and
vacuum filtration.

Synthesis of Niy,Mo, gN. Nij,Mo, N was synthesized by adding
0.26 g of Ni(OCOCH;),-4H,0 into the Mo precursor and directly
annealing the mixture without the salt-template at 550 °C at a heating
rate of 3 °C min~" for 2 h.

Synthesis of NisN. First, Ni(OH), nanosheets were synthesized
using a reported method."* In a typical procedure, 630 mg of
hexamethylenetetramine was dissolved in 100 mL of deionized water
and purged with N, gas. Then, 120 mg of NiCl,-6H,0 was added to
the solution. The reactants were heated under reflux temperature for
12 h with continuous N, flow. Light green products were collected
from the flask, washed with water and ethanol several times, and
freeze-dried for the following steps. Ni;N was then prepared by
annealing Ni(OH), at 390 °C for 2 h at a heating rate of 3 °C min™"
under a 5% NH;/Ar atmosphere.

Characterization. XRD data was collected on a Rigaku MiniFlex
600 X-ray diffractometer. The field-emission scanning electron
microscope images were acquired on a FEI Quanta 450 FEG
scanning electron microscope. The transmission electron microscope
images, aberration-corrected TEM images, high-angle annular dark-
field imaging, and EDS data were taken on a FEI Titan Themis 80-
200 operating at 200 kV. Atomic force microscopy (AFM, Shimadzu)
was used to explore the morphology and thickness of the samples.

The synchrotron-based XPS and XANES measurements were
carried out on the soft X-ray spectroscopy beamline at the Australian
Synchrotron, which is equipped with a hemispherical electron
analyzer and a microchannel plate detector that enables simultaneous
recording of the total electron yield and partial electron yield. The raw
XANES and XPS data were normalized to the photoelectron current
of the photon beam, measured on an Au grid.

Computational Details. Density functional theory calculations
were performed using the Vienna Ab Initio Simulation Package
(VASP).***' The exchange-correlation interactions were treated
within the generalized gradient approximation (GGA) in the form of
the Perdew—Burke—Ernzerhof functional.”” The van der Waals
interactions were described using the empirical correction in
Grimme’s scheme.”> The electron wave functions were expanded
using plane waves with a cutoff energy of 400 eV, and the convergence
criteria of energy change during all calculations were set to 10~ €V.
The k-points were set to be 11 X 11 X 1 for single cells of MosNy,
MoN, and Pt(111) in density of states calculations. The convergence

tolerance of force on each atom during full structure relaxation was set
to be 0.01 eV/A. To avoid interactions between periodic images, a
vacuum space of 20 A was applied to all calculations.

Electrochemical Measurements. Typically, 4 mg of catalyst
(e.g, 2D MogNg) was dispersed in 800 L of deionized water. Then
200 uL of 1 wt % of Nafion/water were added to the catalyst
dispersion. Because all of the catalysts are electrically conductive,
carbon black was not added. Next, 20 uL of catalyst dispersion (4 mg
mL™!) was transferred onto a S mm glassy carbon rotating disk
electrode (0.4 mg cm™) serving as the working electrode. The
reference electrode was Ag/AgCl in 4 M AgCl-KClI solution and the
counter electrode was a graphite rod. All potentials were referenced to
the reversible hydrogen electrode by adding (0.205 + 0.059 X pH)
and all polarization curves were corrected for the iR compensation
within the cell. A flow of Ar was maintained over the electrolyte
during the experiment to eliminate dissolved oxygen. The working
electrode was rotated at 1,600 rpm to remove the hydrogen gas which
formed on the catalyst surface. The seawater used in this study was
collected from Henley Beach (Adelaide, Australia) with a pH value of
~8.4.
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Figure S1. XRD (a), XPS survey scan (b) and Mo Lyj;; edge (c) of MosNg nanosheets before and
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Figure S2. SEM images of MosNg nanosheets.
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Figure S3. AFM measurement of a MosN nanosheet.
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Figure S4. (a) Survey scan of MoN. (b) SEM image of 2D MoN nanosheets. (c¢) High resolution

STEM image of MoN. (d) N 1s and Mo 3p spectra of MosNg and MoN.
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Table S1. Summary of some recently reported representative HER electrocatalysts in natural

secawater.
Catalyst N (mV vs. RHE) n (mV vs. RHE) Ref.

@ J=—-10 mA cm™ @ J=-20 mA cm™
MosNj 258 300 This work
20 % Pt/C 263 363 This work
U-CNT-900 ~680 ~810 1
Mn—NiO-Ni/Ni—F ~185 ~300 2
CoMoP@C ~450 ~530 3
CoSe 330 4
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Chapter 5: Heteroatom-Doped Transition Metal

Electrocatalysts for Hydrogen Evolution Reaction

5.1 Introduction and Significance

Transition metals (TMs) are a class of very important catalysts for the hydrogen
evolution reaction (HER). An ideal way to optimize their HER performance is to tune
their electronic structures. However, it is difficult to control the inherent properties of
TMs alone using conventional approaches (alloying, compounding, nanostructuring
etc.). To address this, a multifaceted heteroatom-doping method was developed to tune
the electronic properties and subsequent HER activity of TMs controllably and
continuously without changing their main chemical composition. By switching doping
modes (e.g. single or dual doping), transition metals such as Ni and Co can be tuned
with optimum electronic and adsorption characteristics. For example, nitrogen and
phosphorus co-doped Ni exhibits the best HER performance among other doped Ni
catalysts due to appropriate optimization, which is even better than many noble metal

catalysts. The highlights of this Chapter include:

* Direct and continuous tuning of the HER activity of TMs is achieved through

controllable non-metallic heteroatom doping.

* A series of comprehensive synchrotron-based X-ray absorption measurements are

adopted to study the local coordination of doped-TM samples at the atomic level.

* The doping-induced charge redistribution in the transition metals is found to have a
significant influence on their catalytic performance for alkaline HER with a volcano

relationship.

* The N, P co-doped Ni shows the best HER performance which is even superior to

noble metal catalysts.

* This is a universal method for optimizing the HER performance of TMs. It also
provides insight into activating unconventional materials for clean energy storage and

conversion systems.
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5.2 Heteroatom-Doped Transition Metal Electrocatalysts for Hydrogen Evolution

Reaction

This Chapter is included as it appears as a journal paper published by Huanyu Jin, Xin
Liu, Shuangming Chen,# Anthony Vasileff, Laiquan Li, Yan Jiao, Li Song, Yao Zheng,*
Shi-Zhang Qiao* Heteroatom-Doped Transition Metal Electrocatalysts for Hydrogen

Evolution Reaction. ACS Energy Lett. 2019, 4, 805-810.
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ABSTRACT: Developing eflicient and low-cost electrocatalysts for the hydrogen o v
evolution reaction (HER) is important for clean energy systems. Non-noble
transition metals are the most promising candidates for replacement of conventional
Pt group catalysts for the HER. However, most non-noble metals show poor HER
activity due to their intrinsic electronic structures. Herein, we use a multifaceted
heteroatom doping method (nitrogen, sulfur, and phosphorus) to directly and
continuously fine-tune the electronic structure and HER activity of non-noble metals
without changing their chemical composition. As a proof-of-concept, a nitrogen and
phosphorus dual-doped Ni catalyst is explored by precisely manipulating doping
modes, revealing the best HER performance among all doped Ni catalysts tested.
The doping-induced charge redistribution in the Ni metal significantly influences its
catalytic performance for the HER in alkaline media, which is confirmed by merging

'&"l .

Transition Metal

theoretical calculation with synchrotron-based spectroscopy. The principle that can bridge the doping modes and HER
activity of the doped catalysts is built with a volcano relationship.

ydrogen is considered a sustainable and clean energy
H carrier for future energy systems. The hydrogen
evolution reaction (HER) is core to producing high-
purity hydrogen in water electrolysis systems. To date,
transition metal electrocatalysts (TMEs) are the most
commonly utilized catalysts for hydrogen-related clean energy
conversion processes.' > However, the most efficient TMEs
for HER are noble metals such as Pt and Ru. These metals are
expensive and scarce, which hinders their large-scale
application. Consequently, activating and optimizing non-
noble TMEs for HER is an alternative way for low-cost
hydrogen production. One strategy for optimizing the catalytic
activity of known non- noble metal TMEs is to modify their
electronic structures.”® However, strategies such as alloying,
lattice strain, and single-atom synthesis face difficulty in
achieving continuous control over their electronic structures
and usually introduce additional variables such as ligand effect
or composition change,”'’ leading to obstacles in identifying
and optimizing the electronic structure of the TMEs
alone."" ™" Thus, new methods that can flexibly and effectively
control the electronic structure of non-noble TMEs for HER
are needed.
Heteroatom doping is a promising method that can tune the
electronic structure of host materials by introducing charge

-4 ACS Publications  © 2019 American Chemical Society

805

redistribution.'*”'® By doping heteroatoms (e.g. boron,
nitrogen, sulfur, phosphorus) with different electronegativity,
the resultant charge redistribution can change the electronic,
catalytic, and optical properties of the materials for energy-
related applications.'”~>' Furthermore, one of the advantages
of heteroatom doping is that it does not change the
composition of the host materials (which can retain their
desired intrinsic features).”> To date, heteroatom doping has
been widely used in modifying the electronic structure of
carbon materials and metal compounds, demonstrating great
potent1al for tuning the electrocatalytic performance of the
matrix.”>"*° However, it is difficult to apply this method to
TMEs due to the formation of corresponding compounds like
metal nitrides, sulfides, etc. Only a few works have reported the
synthesis of single-doped TMEs that showed significant HER
activity enhancement in comparison to their nondoped
counterparts and relevant metal compounds.””’ ">’ The
heteroatom site on a metal surface can promote the water
dissociation step of HER by decreasing the free-energy barrier.
However, these works did not realize multifaceted regulation in
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the electronic state due to the simple doping strategies used.
Consequently, it is necessary to introduce multiple doping
modes that can continuously control the electronic state of
TMEs in order to precisely optimize HER catalysts.

Recently, design principles for heteroatom-doped graphene
materials for the HER in acidic media were established by
continuously tuning their electronic structures through multi-
ple heteroatom doping."* The electrons from different dopants
can be transferred directionally, leading to the formation of
desired active sites for the HER. For example, in boron and
nitrogen co-doping, the boron atom acts as an electron donor
while nitrogen is the electron acceptor due to differences in
electronegativity. Thus, the adsorption energy of intermediates
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on the active sites can be continuously tuned to either a strong
or weak state by changing the doping mode. By extension,
continuous control of the electronic structure of TMEs could
possibly be realized using different doping modes, which could
also unveil their activity mechanism. However, multifaceted
heteroatom doping on pure transition metals has not been
achieved.

In this work, for the first time, multifaceted heteroatom
doping on TMEs was realized, and in turn, the optimization of
multiple intermediates for the HER was achieved. Using Ni
metal as the example, the d band center of the TME was tuned
by switching between single- and dual-doping modes (N, P, S).
The effects of the doping mechanism on HER activity (for
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Figure 3. (a) Synchrotron-based Ni L, edge peak position of single-doped and dual-doped Ni catalysts. (b) LSV curves of the single-doped
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with other noble metal-based catalysts. (f) Chronoamperometric curves and LSV (inset) of N—P—Ni in a long-term stability test.

both single and dual doping) was explained by mutually
corroborating experiments and theoretical computation.
Significantly, the N, P co-doped Ni exhibited the best HER
performance with an overpotential of 25.8 mV at a current
density of 10 mA cm™?, which is even better than that of many
noble metal catalysts. Importantly, a volcano plot between
different doping modes on Ni catalysts and their HER
performance were built, which demonstrates the possibility
of using heteroatom doping methods to optimize the HER
activity of TMEs. At last, we also observed similar enhance-
ment for doped Co metal catalysts, manifesting the general
applicability of this method.

A series of single and dual heteroatom-doped (N, P, S) Ni
nanoparticles (N—Ni, P—Ni, S—Ni, N—P—Ni, S—N—Nj, and
S—P—Ni) were synthesized (Figure S1). The X-ray diffraction
(XRD) patterns (Figures 1a and S2a,b) indicate that the doped
Ni catalysts are isostructural to metallic Ni (JCPDS Card No.
04-0850). Therefore, the doping method did not significantly
change the crystal structure of the metal host, and no
detectable Ni-based compounds were formed. As shown in
the Ni 2p X-ray photoelectron spectroscopy (XPS) spectra
(Figures 1b and S2c), the valence state of Ni is dominated by
Ni(0) after heteroatom doping, indicating that the majority of
the catalytic surface is metallic Ni and no metal compound is
formed (e.g, NizN, Ni,P). The shoulder peak at 855.8 eV
increased slightly after doping, indicating that the heteroatoms
were successfully doped on the Ni. As confirmed by
synchrotron-based XPS, the doping level of each element
was about 0.5 atom % (Table S1), which is likely to be the
saturation level. It was also found that formation of the
corresponding metal compound (such as Ni,P) was favored
upon increasing the amount of heteroatom precursor (Figure
S3). Taking N—P—Ni as an example, the highly crystalline
nanoparticles were distributed on the carbon support
uniformly and had an average particle diameter of about 7
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nm (Figures 1c and S4). The exposed (111) plane of N—P—Nji
nanoparticles is shown in the aberration-corrected high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) image (Figure 1d). Energy dispersive
spectroscopy (EDS) mapping of N—P—Ni shows the spatial
distribution of N and P on the Ni particles (Figure le). The
consistent O 1s XPS, C 1s XPS, and C K edge X-ray
absorption near edge structure (XANES) spectra between the
different catalysts indicate that the heteroatoms were doped on
Ni instead of the carbon or oxygen (Figures 1f and S5).

A series of synchrotron-based X-ray adsorption (XAS)
measurements were then performed to characterize the local
coordination of doped Ni samples at the atomic level (Figure
2a). The spectrum of N—P—Ni is similar to that of Ni foil and
different from that of the Ni;N and Ni,P, further indicating
that no bulk Ni compound was formed. The absorption edge
of N—P—Ni shifts to higher energy than that of Ni foil,
indicating the formation of positively charged Ni sites after
heteroatom doping. Figure 2b shows the Ni K edge extended
X-ray adsorption fine structure (EXAFS) spectra of the
different catalysts. N—P—Ni shows a main coordination peak
at 2.18 A, which is assigned to Ni—Ni bonding. The small peak
at around 1.3 A can be assigned to Ni—N and Ni—P
coordination,®® which indicates the successful doping of N and
P on the Ni surface. The fitting results show that the
coordination number of Ni—N and Ni—P increases after
heteroatom doping (Figure S6 and Table S2). Wavelet
transform (WT) was adopted to further analyze the Ni K
edge EXFAS oscillations (Figures 2c and S7). The WT
contour plots of N—P—Ni exhibit one intensity maximum at
7.6 A, which is closer to that of Ni foil (8 A). The negative shift
indicates that N and P were successfully doped on the Ni
particle. Howver, the patterns for N—P—Ni are totally different
from that of Ni,P and Ni;N, indicating that no nitride or
phosphide was formed. As confirmed by N and P K edge
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Ni and N—P—Ni for alkaline HER.

XANES (Figure 2d,e), the peaks at 400.8 and 2151.8 eV
correspond to the newly formed Ni—N and Ni—P species in
N—P—Ni. The XANES spectra of the other samples also show
characteristic peaks (Ni—N, Ni—S, and Ni—P) at relevant
positions (Figure S8), indicating that heteroatom doping
occurred on Ni instead of the carbon.

The electronic interaction and HER activity between N, P,
and S dopants and Ni atoms was then investigated. As
confirmed by the Ni L; edge XANES of different samples, the
valence state of Ni slightly increased after single doping
(Figures 3a and S9). More interestingly, the magnitude of the
shift for the Ni L; edge peak is positively correlated to the
electronegativity of the heteroatoms. Consequently, as N has
the largest electronegativity, N—Ni demonstrated the biggest
shift of 0.34 eV. The valence state of Ni increased after single
doping, which can be explained by the electronic interaction
between Ni and the different heteroatom dopants. In single
doping, an electron is transferred from Ni to the more
electronegative heteroatom (N, P, or S). Therefore, the
interaction between the fully occupied 7-symmetry (t,,) d
orbitals of Ni and the bridging heteroatom is strong in the
single-doping mode, leading to an increase in the valence state
of the metal atoms.”’ We then measured the electrocatalytic
HER performance of single-doped Ni catalysts to evaluate the
relationship between the charge redistribution of single-doped
Ni and their electrocatalytic activity. Figure 3b shows the linear
sweep voltammetry (LSV) curves of different single-doped
catalysts. N—Ni exhibited an overpotential of 95 mV at a
current density of 10 mA cm™ (1,,), which is much better
than that of pristine Ni (285 mV). Further, S- and P-doped Ni
also exhibited enhanced HER activity compared to Ni (Figures
3b and S10a,b). The activity enhancement of single-doped Ni

808

nanoparticles is likely attributed to the changes in electron
structure of the metal and heteroatom sites.

For finer control of the electronic state, we produced dual-
doped structures to counter some of the effects of the
electronegative dopant. As shown in Figure 3a, the valence
state of Ni after co-doping (judged by the peak position of Ni
L, edge XANES) still increased in comparison to that of
pristine Ni. However, the overall valence state decreased
compared to that of N—Ni (the material with the highest
valence state). The reduction of the Ni valence state indicates
that there is an interesting interaction between Ni and the two
heteroatoms. Taking N—P—Ni as an example, the dopant
atoms are bonded with Ni in a co-doping mode. Because the
electronegativity of N (3.04) is larger than that of P (2.19),
electrons from P transfer to N and weaken the interaction
between N and Ni. As the P provides extra electrons to the
whole system, this leads to the overall valence state of Ni being
lower than that of N—Ni, which is in accordance with the
XANES and XPS data. As expected, all of the dual-doped
catalysts exhibited enhanced HER performance compared to
their single-doped counterparts and the pristine Ni catalyst.
This demonstrates the superiority of dual-heteroatom doping.
Significantly, the N—P-doped Ni exhibited excellent perform-
ance with a small 77, of 25.8 mV, which is better than those of
other catalysts including Ni;N and Ni,P (Figures 3c and S11).
The iy of N—P—Ni (1.22 mA cm™2) is very close to that of
commercial Pt/C (1.3 mA cm™?) and 8-fold higher than that of
pristine Ni (0.154 mA cm™ Figure S10b). N—P—Ni also
shows a small Tafel slope of 34 mV dec™, indicating that the
Volmer step is no longer rate-determining as water dissociation
kinetics on this material are significantly improved. Signifi-
cantly, the overall performance of N—P—Ni is even better than
those of many reported noble metal and other catalysts, as
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shown in Figure 3e and Table $3.>*7°° Regarding stability,

chronoamperometry (Figure 3f) was carried out for SO h at a
constant overpotential of 30 mV. The stable current response
further indicates that the catalyst is stable under operating
conditions. The Figure 3f inset depicts the LSV curves
collected from N—P—Ni at the Ist and 1000th cycles.
Negligible change in the current response is observed after
1000 cycles. By spectroscopic and TEM measurements (Figure
$12), N—P—Ni was also found to be very stable during
operation. Furthermore, several control experiments were
conducted to highlight the importance of the heteroatoms in
TMEs (Figures S13 and S14). In order to explore the
versatility of this method, cobalt metal-based catalysts were
prepared and subjected to the same doping treatment (Figure
S15). Similar enhancement is observed in N—P—Co, which
demonstrates the effectiveness of this method for improving
the HER activities of inexpensive TMEs.

DFT calculations studying the different catalysts were
conducted to probe the electronic structure of Ni after
heteroatom doping. The electron density difference in Figure
4a demonstrates the charge transfer induced by N—P dual
doping: electrons transfer from the surrounding Ni atoms to
the Ni—N bonding area, suggesting a strong interaction
between the N and Nij, as indicated by the large isosurface;
however, P donates electrons to surrounding Ni atoms,
displayed as a blue electron depletion isosurface. From the
two-dimensional electron density difference plot, we clearly see
that electron density accumulates at N and the surrounding Ni
near the P dopant. For the N—P doping mode, electrons
transfer from Ni to N (Figure 4a, top view). After P doping,
the electrons transfer from P to Ni due to its unsaturated
electron orbital. Consequently, the average valence state of Ni
can be incrementally increased or decreased. Further, we
calculated electronic structures of all of the samples to reveal
the underlying activity origin trend. As shown in Figure S16,
the d band center position of different catalysts referenced to
the Fermi level and slightly shifted is plotted against an
experimental descriptor (77;,). Interestingly, the 7, as a
function of d band position (Figure 4b) shows a volcano
plot, which indicates that there is an optimal value of d band
position. This is a quantitative illustration of the Sabatier
principle: an active catalyst binds reaction intermediate(s)
neither too strongly nor too weakly.”” It is thus of great
importance to continuously tune the electronic structure to
reach the summit of the volcano rather than overoptimizing
the electronic structure and missing the peak. Furthermore, the
Gibbs free energy and theoretical HER overpotentials for each
reaction step of Ni and N—P—Ni are shown in Figure 4c,d.
The hydroxide desorption and hydrogen evolution steps are
endergonic, while the water adsorption and dissociation are
exergonic. Therefore, the potential-determining step should be
either hydroxide desorption or hydrogen evolution, of which
the free-energy difference should be the theoretical over-
potential to drive the reaction at an appropriate rate. After N, P
doping, both hydroxide desorption and hydrogen evolution on
Ni(111) are optimized, which therefore boosts HER perform-
ance significantly.

In summary, a multifaceted heteroatom doping method was
developed to optimze the HER activity of non-noble metal
catalysts. Out of all of the doped Ni catalysts tested, N,P co-
doped Ni exhibited the best HER performance with a very
small overpotential of 25.8 mV at a current density of 10 mA
cm™2 As confirmed by experiments and DFT calculations,
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doping-induced charge redistribution on the Ni surface can
change the electronic structure of the Ni metal, resulting in
catalytic properties similar to those of noble metal catalysts.
Similar enhancement was also observed for Co metal catalysts,
elucidating the versatility of this method. This study
demonstrates the possibility of activating TMEs via heter-
oatom doping and provides new insight for activating
unconventional materials for applications in other energy
storage and conversion systems.
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Experimental Methods

Synthesis of Ni and Co Nanoparticle. Carbon supported Ni nanoparticles were synthesized by a
pyrolysis method.! First, 0.59 g ethylenediaminetetraacetic acid (EDTA) and 1.0 mL triethylamine
were added to 30 mL DMF at 80 °C. Then, 1.16316 g Ni(NOs), 6H,0/ 1.1642 g Co(NO3),- 6H,0O
was dissolved in 20 mL N,N-dimethylformamide (DMF) solution and mixed with EDTA solution
with continuous stirring. After reacting for 30 min, Ni;(EDTA)/ Co,(EDTA) was formed by a
complexation reaction and collected by centrifugation, subsequently washed with DMF, and dried
in an oven at 80 °C. The precursor was then placed into a tube furnace and heated to 500 °C under
Ar atmosphere at a rate of 5 °C min'!. After maintaining a temperature of 500 °C for 2h, the sample

was cooled to room temperature and the carbon supported Ni nanoparticles were obtained.

Process of Nitrogen Doping. Nitrogen doping was realized using NH; gas as the nitrogen source.
In detail, 100 mg Ni,(EDTA)/ Co,(EDTA) was placed in the center of a tube furnace. Then the
precursor was heated under Ar atmosphere at a rate of 5 °C min'!. When the temperature reached
390 °C, the gas was changed to 5% NH3/Ar and kept for 2 min with a flow rate of 15 sccm. The
gas was then changed back to Ar (150 sccm) and the temperature was ramped to 500 °C with at a
rate of 5 °C min"!. After maintaining a temperature of 500°C for 2h, the tube furnace was cooled

to room temperature at a rate of 10 °C min‘!.

Process of Phosphorus Doping. Sodium dihydrogen phosphate (NaH,PO,4) was chosen as the
phosphorus source. In detail, 100 mg Ni,(EDTA)/ Co,(EDTA) was placed in the center of a tube
furnace. 20 mg NaH,PO, was place at the upstream side and near to Ni,(EDTA)/ Co,(EDTA). The
precursor was then heated to 500 °C under Ar atmosphere (150 sccm) at a heating rate of 5 °C
min'!. After maintaining a temperature of 500°C for 2h, the tube furnace was cooled to room

temperature at a rate of 10 °C min™'.

Process of Sulfur Doping. Sulfur powder was used as the sulfur source. Typically, 2 mg of sulfur
and 100 mg Niy(EDTA) were placed at opposite sides of a porcelain boat with sulfur at the
upstream side of the tube furnace. Subsequently, the sample was heated to 500 °C with the heating
rate of 5 °C min'! under an Ar flow rate of 150 sccm. After maintaining a temperature of 500°C

for 2h, the product was cooled to ambient temperature under Ar.
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Process of N-P doping. N-P doping was realized using NH; gas and NaH,POy, as the nitrogen and
phosphorus source. In detail, 100 mg Ni,(EDTA)/ Co(EDTA) was placed in the center of a tube
furnace. 20 mg NaH,PO, was place at the upstream side and near to Nip(EDTA)/ Co,(EDTA).
Then the tube furnace was heated under Ar atmosphere at a rate of 5 °C min'!. When the
temperature reached 390 °C, the gas was changed to 5% NH3/Ar and kept for 2 min with a flow
rate of 15 sccm. The gas was then changed back to Ar (150 sccm) and the temperature was ramped
to 500 °C with at a rate of 5 °C min-!. After maintaining a temperature of 500°C for 2h, the tube

furnace was cooled to room temperature at a rate of 10 °C min!.

Process of N-S doping. N-S doping was realized using NH; gas and sulfur powder as the nitrogen
and sulfur source. In detail, 100 mg Ni,(EDTA) was placed in the center of a tube furnace. 2 mg
sulfur was place at the upstream side and near to Niy(EDTA). Then the tube furnace was heated
under Ar atmosphere at a rate of 5 °C min-!. When the temperature reached 390 °C, the gas was
changed to 5% NH3/Ar and kept for 2 min with a flow rate of 15 sccm. The gas was then changed
back to Ar (150 sccm) and the temperature was ramped to 500 °C with at a rate of 5 °C min’..
After maintaining a temperature of 500°C for 2h, the tube furnace was cooled to room temperature

at arate of 10 °C min™'.

Process of S-P doping. S-P doping was realized using NaH,PO, and sulfur powder as the
phosphorus and sulfur source. In detail, 100 mg Ni,(EDTA) was placed in the center of a tube
furnace. 2 mg sulfur and 20 mg NaH,PO, was place at the upstream side and near to Ni,(EDTA).
Subsequently, the sample was heated to 500 °C with the heating rate of 5 °C min-! under an Ar
flow rate of 150 sccm. After maintaining a temperature of 500°C for 2h, the product was cooled

to ambient temperature under Ar.

Synthesis of NizN and Ni,P. Ni(OH), was purchased from Sigma-Aldrich. In a typical procedure,
Ni;N was prepared by annealing Ni(OH), at 390 °C for 2 hours at a heating rate of 3 °C min™!
under 5 % NH;3/Ar atmosphere (flow rate of 50 sccm). Ni,P was prepared by adding 50 mg of
Ni(OH), to the center of a tube furnace with 1.0 g of NaH,PO, being placed upstream of it. After
it was flushed with Ar gas, the center of the furnace was quickly elevated to the reaction
temperature of 400 °C at a ramp rate of 10 °C min~! and kept at 400 °C for 2 h to obtain the nickel
phosphides.
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Characterization. X-Ray Powder Diffraction (XRD) data was collected on a Rigaku MiniFlex
600 X-Ray Diffractometer. The transmission electron microscope images, aberration-corrected
TEM images, high-angle annular dark-field imaging and EDS data were taken on a FEI Titan
Themis 80-200 operating at 200 kV.

The synchrotron-based XPS and XANES measurements were carried out on the soft X-ray
spectroscopy beamline at the Australian Synchrotron, which is equipped with a hemispherical
electron analyzer and a microchannel plate detector that enables simultaneous recording of the
total electron yield and partial electron yield. The raw XANES and XPS data were normalized to
the photoelectron current of the photon beam, measured on an Au grid.

The Ni K edge XAS spectra were collected in transmission mode (Si 111) at the 1 W1B Endstation
of Beijing Synchrotron Radiation Facility (BSRF) in China. The data was normalized and analyzed
using WinXAS3.1 software.> Theoretical amplitudes and phase-shift functions of Ni-N, Ni-P and
Ni-Ni were calculated with the FEFF8.2 code? using the crystal structural parameters of the NizN,
Ni,P and Ni foil, respectively. A Cauchy wavelet was used to wavelet transform the &*-weighted
EXAFS signals (Funke, H., Chukalina, M., Wavelet Transform for EXAFS:
http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM20/Software/Wavelets.).

Computational Details. Spin-polarized density functional theory (DFT) calculations were
performed using the Vienna ab initio simulation package (VASP).*7 The exchange—correlation
interactions were treated within the generalized gradient approximation (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE) function.® The van der Waals interactions were described using
the empirical correction in Grimme’s scheme.® The electron wave functions were expanded using
plane waves with a cutoff energy of 500 eV, and the convergence criteria of energy change during
all calculations were set to 10* eV. The Brillouin zone was sampled by (3 x 3 x 1)
Monkhorst—Pack k-point mesh. The top two layers of the slab were allowed to relax together with
the adsorbates and the convergence threshold for structural optimization was set to be 0.01 eV/A.
In order to avoid interactions between periodic images, a vacuum space of 20 A was applied to all
calculations. For density of state calculations, the k-points was set to be 7 x 7 % 1. The free energy
diagram along the reaction pathway was calculated as follows:

AG = AE,q + AEzpg - TAS + AGq
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where AE,4 is the adsorption energy defined as the electronic energy difference ; AEzpg is the
change in zero-point energies, T is the temperature (T =298.15K), and AS is the entropy changes.

AGy, represents the correction terms for solvent effect, 0 eV for H,'9 and -0.5 eV for OH" !,

Electrochemical Measurements. The electrochemical measurements were undertaken in a
standard three-electrode cell (PINE research, USA) in 1 M KOH. Typically, 5 mg of catalyst (e.g.
N-P-Ni) was dispersed in 1 mL of deionized water which contains 0.1 wt% of Nafion. Next, 20
uL of catalyst dispersion (5 mg mL-!) was transferred onto a glassy carbon rotating disk electrode
(diameter 5 mm, loading mass: 0.5 mg cm?) serving as the working electrode. The Ag/AgCl in 4
M AgCIl-KCl solution and graphite rod were chosen as the reference electrode and counter
electrode, respectively. The working electrodes were scanned several times until the current
response stabilized. All potentials were referenced to the reversible hydrogen electrode according
to Nernst equation (Erug = Eagagcr + 0.059 x pH + 0.205), and all polarization curves were
corrected for the iR compensation within the cell. A flow of Ar (30 sccm) was maintained over the
electrolyte during the experiment to eliminate dissolved oxygen and nitrogen. The working
electrode was rotated at 1,600 rpm to remove the hydrogen gas which was formed on the catalyst

surface.
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Figure S1. Schematic diagram of heteroatom doped Ni catalysts.
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Figure S2. XRD patterns (a) and Ni 2p XPS spectra (b) of S-Ni, S-P-Ni and S-N-Ni, (¢) XPS

survey scan of Ni and N-P-Ni.
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Figure S4. (a) TEM image and (b) Average particle size of N-P-Ni.
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Figure S9. Synchrotron-based Ni L3 edge XANES spectra of different catalysts.
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Tables

Table S1. Elemental contents of different catalysts obtained from XPS measurement.

Sample C% N % O % Ni % S % P %
Ni 77.53 5.23 6.6 10.64
N-Ni 76.43 7.33 5.2 11.04
P-Ni 77.23 4.78 5.8 11.63 0.56
S-Ni 77.2 5.04 5.96 11.24 0.56
N-P-Ni 76.46 6.9 52 10.89 0.55
S-P-Ni 76.67 5.16 6.1 11.03 0.53 0.51
N-S-Ni 76.15 7.06 53 10.94 0.55
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Table S2. EXAFS curve-fitting results.

Sample Path N R[A] c2(10-3 A?)
Ni-C 1.7 1.97 22.3
Ni
Ni-Ni 9.0 2.48 7.6
Ni-C/N 2.9 1.99 23.8
N-Ni
Ni-Ni 7.6 2.49 9.0
Ni-C/P 2.0 2.02 22.8
P-Ni
Ni-Ni 8.9 2.48 7.7
Ni-C/N/P 3.2 2.00 24.3
N-P-Ni
Ni-Ni 7.6 2.49 8.7
Ni-N 2% 1.88 5.1
Ni;N
Ni-Ni 12% 2.65 9.1
N-P 4* 2.23 8.1
Ni,P
Ni-Ni 8* 2.61 8.9
Ni foil Ni-Ni 12% 2.48 6.2

N, coordination number; R, bond length; 62, Debye-Waller factor; Error bounds (accuracies) were

estimated as N, £10%; R, £1%; 62, £10%. * is fixed coordination number according to the standard

crystal structure.
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Table S3. Summary of HER performances of different catalysts in alkaline media.

Loading Tafel i
0
Sample amoun_t2 N1 (MV) (mV dec’) (mA cm?) Electrolyte Reference
(mg cm?)
N-P-Ni 0.51 -25.8 34 1.22 1 M KOH This work
Pt/C. 0.51 -21.3 32 1.3 1 M KOH This work
(commerical)

Ni 0.51 -285 150 0.154 1 M KOH This work
N-Ni 0.51 -95 70 0.37 1 M KOH This work
P-Ni 0.51 -187 116 0.26 1 M KOH This work
S-Ni 0.51 -153 87 0.34 1 M KOH This work

S-N-Ni 0.51 -62 53 0.89 1 M KOH This work
S-P-Ni 0.51 -88 66 0.70 1 M KOH This work
PUC 0.5 23 37 1.29 IMKOH  Ref ©
(commerical)
Ir/C
. 0.5 -28.3 32 0.66 1 M KOH Ref. 12
(commerical)

Ir@CON 0.5 -12.9 29 1.4 1 M KOH Ref. 12
Ru/NC 0.013 -21 31 2.43 1 M KOH Ref. 13
Ru/GnP 0.25 -22 28 - 1 M KOH Ref. 14

RuQO,/NiO/NF 0.2 -22 31.7 - 1 M KOH Ref. 1B
RuCo@NC 0.275 -28 31 ~0.56 1 M KOH Ref. 16

PtNi-O/C 0.0051 -39.8 - - 1 M KOH Ref. 17
Ru@CN 0.25 -32 53 1 M KOH Ref. 18

Ru@C;N, - -79 - - 0.1 M KOH Ref. ¥

RuO,-CN, - -95 70 0.28 0.5 M KOH Ref. 20

NiCoP@Ru 0.28 -52 42 - 1 M KOH Ref. 2!
Co(OH),/Pt(111) - -248 - - 0.1 M KOH Ref. 22
RuP,@NPC 1 -52 69 1.99 1 M KOH Ref. 23
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Chapter 6: Nitrogen Vacancies on 2D Layered W2N3: A
Stable and Efficient Active Site for Nitrogen Reduction

Reaction

6.1 Introduction and Significance

Electrochemical nitrogen reduction to ammonia provides an alternative route to
produce carbon-free energy carriers for clean energy systems. However, the selectivity
and activity of the nitrogen reduction reaction (NRR) is hindered by the competitive
hydrogen evolution reaction and sluggish reaction kinetics. In this regard, vacancy-
engineered two-dimensional (2D) tungsten nitride (W2N3), a novel layered Van der
Waals 2D transition metal nitride, was used as a catalyst for high performance NRR
under ambient conditions. By vacancy and morphology engineering, the as-prepared
W.N3 nanosheets an exhibit high ammonia production rate (11.66 + 0.98 pg h™' mg cat
1) and Faradaic efficiency (11.67 + 0.93%) under ambient conditions. The NRR on
vacancy-rich 2D W>Nj3 occurs via a distal mechanism without nitrogen atoms detaching
from the crystal lattice, confirmed by !°N, isotopic labelling experiments and
theoretical calculations. The density of state calculation also shows that the nitrogen
vacancies on 2D W>N3 have electron-deficient environment which can promote

dinitrogen adsorption and activation. The highlights of this Chapter include:

* A new layered van der Waals 2D W>N3 nanosheet is prepared and utilized as a NRR

catalyst.
* Nitrogen vacancies on 2D layered W2N3 is a selective and stable active site for NRR.

* A series of ex situ synchrotron-based X-ray absorption measurements are adopted to

study the local coordination of nitrogen vacancies during the NRR.

» The enhanced NRR performance of 2D W>N3 was determined by density function

theory calculations.

* This study provides insight into vacancy-engineered 2D materials for clean energy

storage and conversion systems.
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6.2 Nitrogen Vacancies on 2D Layered W2N3: A Stable and Efficient Active Site for

Nitrogen Reduction Reaction

This Chapter is included as it appears as a journal paper published by Huanyu Jin,
Laiquan Li, Xin Liu, Cheng Tang, Wenjie Xu, Shuangming Chen, Li Song, Yao Zheng,
Shi-Zhang Qiao, Nitrogen Vacancies on 2D Layered W>Nj3: A Stable and Efficient
Active Site for Nitrogen Reduction Reaction. Adv. Mater. 2019, 31, 1902709.
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Nitrogen Vacancies on 2D Layered W,N;: A Stable and
Efficient Active Site for Nitrogen Reduction Reaction

Huanyu Jin, Laiquan Li, Xin Liu, Cheng Tang, Wenjie Xu, Shuangming Chen, Li Song,

Yao Zheng, and Shi-Zhang Qiao*

Electrochemical nitrogen reduction reaction (NRR) under ambient condi-

tions provides an avenue to produce carbon-free hydrogen carriers. However,
the selectivity and activity of NRR are still hindered by the sluggish reaction
kinetics. Nitrogen Vacancies on transition metal nitrides are considered as one
of the most ideal active sites for NRR by virtue of their unique vacancy proper-
ties such as appropriate adsorption energy to dinitrogen molecule. However,
their catalytic performance is usually limited by the unstable feature. Herein,

a new 2D layered W,N; nanosheet is prepared and the nitrogen vacancies are
demonstrated to be active for electrochemical NRR with a steady ammonia pro-
duction rate of 11.66 + 0.98 ug h™' mg....,™' (3.80 £ 0.32 x 107" mol cm=2s™)
and Faradaic efficiency of 11.67 £ 0.93% at —0.2 V versus reversible hydrogen
electrode for 12 cycles (24 h). A series of ex situ synchrotron-based characteri-
zations prove that the nitrogen vacancies on 2D W;N; are stable by virtue of
the high valence state of tungsten atoms and 2D confinement effect. Density

also aggravate the greenhouse effect.
Considering the huge energy consump-
tion of this process and the great potential
of NH; in future energy systems, proton-
assisted electrocatalytic nitrogen reduction
reaction (NRR) under ambient condi-
tions is becoming increasingly important
in realizing low-cost artificial nitrogen
fixation.l'%12] More importantly, the NRR
system can be easily integrated with
renewable solar and wind energy into an
environmentally benign process for NH;
production.?”] Even though various mate-
rials have shown NRR activity in aqueous
system, their performance are still hin-
dered by the sluggish reaction kinetics and
competitive hydrogen evolution reaction

function theory calculations suggest that nitrogen vacancies on W;N; can
provide an electron-deficient environment which not only facilitates nitrogen
adsorption, but also lowers the thermodynamic limiting potential of NRR.

Artificial nitrogen fixation offers an appealing route to tradi-
tional agriculture and clean energy fields that can facilitate
the food production and carbon-free energy generation in a
sustainable way.'”3l However, due to the strong triple-bond
in dinitrogen molecule (bond energy of 940.95 k] mol™), it
is very difficult to reduce N, to NH; mildly.*® In industry,
the main route to produce NH;j is through the Haber-Bosch
process under harsh synthetic conditions, which costs =2%
of the annual energy consumption of the world."”] Mean-
while, the hydrogen used in Haber-Bosch process is mainly
obtained from steam reforming of natural gas, which could
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(HER) resulting in poor activity and unsat-
isfactory selectivity.!'>-1°]

The active site for electrochemical NRR
needs twofold properties: for one thing, it
can accept the lone-pair electrons for effec-
tive N, adsorption and for the other thing
it can donate electrons to antibonding orbitals of dinitrogen
molecules for the N=N triple-bond activation.”!*16-201 From
this perspective, vacancy-engineering materials are ideal for
practical applications.[162% By virtue of the electron redistribu-
tion and special chemical properties, the vacancies can provide
unique active sites for nitrogen adsorption and activation.[®21-24
Up to now, the most common vacancy that has been studied for
NRR is oxygen vacancy. For example, oxygen vacancies on tran-
sition metal oxides are active for NRR by enhancing the dini-
trogen molecule adsorption.l*?! However, oxygen vacancy can
also improve the HER performance of the host matrix, which
may result in poor NRR selectivity.[26-28]

Alternatively, nitrogen vacancies on transition metal nitride
(TMN) are considered as an ideal active site for NRR because of
its unique vacancy properties for dinitrogen molecule adsorp-
tion and poor HER activity.?>*%] However, the nitrogen vacancy
on TMN would be deactivated during NRR process thus results
in poor stability.?”) In addition, researchers claim that some
TMNs are inactive toward NRR in aqueous system, which
is in contrary to theoretical calculations.®!l To gain insightful
understanding of NRR mechanism, it is necessary to design
TMNs with simplex structure and stable surface vacancies for
the linkage of theoretical models and real-world catalysts. 2D
material has onefold and fully exposed crystal surface, which
is widely used as platform for both theoretical calculations and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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practical applications in electrocatalysis.”3>3% In the mean-
time, many works have shown that 2D materials have surface
distortion, which can endow 2D materials and their vacancies
with excellent structural stability.l3”-#31 Thus, the use of vacancy-
engineered 2D TMNs with single exposed crystal facet and
stable vacancy-site is a feasible way to construct high-perfor-
mance NRR catalysts.

Herein, we successfully synthesized a new ultrathin 2D lay-
ered W,N; with surface nitrogen vacancies for electrochemical
NRR. The NRR activity and stability of nitrogen vacancies on
W,N; nanosheets are investigated by mutually corroborating
electrochemical experiments and theoretical computation.
Significantly, the as-prepared catalysts exhibited an average
NH; formation rate as high as 11.66 + 0.98 pug h™! mg.,™
(3.80 £ 0.32 x 107 mol cm2 s7!) with a high Faradaic efficiency
(FE) of 11.67 £ 0.93% at —0.2 V versus reversible hydrogen
electrode (RHE) under ambient conditions. Density functional
theory (DFT) calculations suggest that the electron deficient
environment induced by nitrogen vacancies on W,Nj; can effec-
tively facilitate the acceptance of the lone-pair electrons of N,
and promote the subsequent reduction steps. More importantly,
the nitrogen vacancies on 2D W,Nj are stable as a result of the
high valence state of tungsten atoms and 2D confinement effect,

a

F =S

W,N, layers

Figure 1. a) TEM image of NV-W;Ns. b) XRD patterns of W,N3; and NV-W;N;. ¢) HAADF-STEM images of NV-W;,N; that show the single-layered

Intenéity (a.u.)
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which have been proved by a series of ex situ characterizations.
This new catalyst demonstrates a potential strategy to optimize
2D materials toward high-performance electrochemical NRR
under ambient conditions.

The 2D W,N; nanosheets were prepared by annealing
Na,W,0;; under ammonia atmosphere (Figure S1, Sup-
porting Information). The synthesis of W,Nj; usually needs
harsh synthetic conditions (5 GPa and 1480 K) due to the
large formation energy of W—N bonding. Inspired by Zhou
and co-workers who firstly realized the atmospheric-pressure
synthesis of nitrogen-rich transition metal nitride by domain
matching epitaxy, the sodium ion in Na,W,O,; can lead to a
facile synthesis of W,N; with lower formation energy.>>*%
The as-prepared 2D W,N; was then annealed under 5% H,/
Ar at 500 °C for 3 h to generate nitrogen vacancies on W,N;
surface (the sample is denoted as NV-W,N;). Scanning elec-
tron microscopy (SEM) images and transmission electron
microscopy (TEM) images (Figure 1a and Figure S2, Sup-
porting Information) show the 2D morphology of W,N; and
NV-W,N; with an average lateral size of 500 nm. The X-ray
diffraction (XRD) patterns of W,N3 and NV-W,N; with almost
the same peak positions are shown Figure 1b, in accord-
ance with the standard pattern.* These results indicate

Ag — W,N,
<) —— NV-
o NV-W,N,
=
~ —— Standard
Py
S) Py
— — e - ©
© —~ =
g § 8 S Y=
S e = g =

i
i 1
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thickness and interlayer spacing of NV-W;N3. d) HAADF-STEM image and corresponding SAED pattern (inset) of NV-W;Nj.
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that the morphology and crystal structure of W,N3; remain
unchanged during hydrogen annealing. Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image in Figure 1c shows a
vertical NV-W,N; nanosheet with the thickness about 6 nm.
The layered structure of NV-W,N; can be clearly seen in this
image with single-layer thickness of 5.5 A and interlayer
spacing about 2.14 A, which match well with theoretical values
(Figure S3, Supporting Information).”] The in-plane crystal
parameters of NV-W,N; were determined using aberration-cor-
rected STEM imaging and corresponding selected area electron
diffraction (SAED). The STEM image in Figure 1d shows the
hexagonal structure of W,N; with an interplanar distance of
0.25 nm for (100) facets. The only one set of diffraction spots in
SAED pattern of NV-W,Nj reveals its single crystalline nature.
The (100) lattice plane spacing of W,Nj3 calculated from SAED
results is also 0.25 nm, which is in accordance with aberration-
corrected HAADF-STEM images and XRD data.

A range of spectroscopic measurements were conducted to
evaluate the electronic structure, and more importantly, the
nitrogen vacancies of NV-W,Nj; at atomic level. As shown in
the synchrotron-based X-ray photoelectron spectroscopy (XPS)
survey scan in Figure 2a, no chemical composition changes of
W,Nj3 is observed before and after hydrogen annealing. How-
ever, the W 4f peaks in NV-W,N; are negatively shifted by 0.1 eV

www.advmat.de

compared to pristine W,N3;, which indicates the decreased
valence state of W after H, annealing (Figure 2b). Furthermore,
in N 1s XPS spectra, the intensity of the peak for NV-W,N;
around 400.2 eV, which can be assigned to be nitrogen vacancy,
increases compared to that of the pristine W,N3, demonstrating
a higher amount of nitrogen vacancies on NV-W,Nj; than that
on the pristine W,Nj3 (Figure 2c). By comparing W/N atom ratio
through XPS data, the concentration of nitrogen vacancies in
NV-W,Nj; is about 6.6% (% = percentage of nitrogen atoms
removed), which is higher than that of pristine W,N; (4.3%).
We further conducted elemental sensitive synchrotron-based
X-ray adsorption (XAS) measurements to investigate the local
coordination of nitrogen vacancies at atomic level. Figure 2d
shows the Fourier transform (FT) extended X-ray adsorption fine
structure (EXAFS) spectra of the W,N; and NV-W,Nj;, which
are obtained from normalized W Lj;-edge curves (Figure S4,
Supporting Information). Both samples show a main coordi-
nation peak at 2.8 A which is assigned to W—W bonding.!*%)
However, the intensity of the peak for NV-W,Nj at 1.8 A (W—N
bonding) becomes weaker compared to that of the pristine
W,N3, indicating the decreased W—N bonding number. Quan-
titative EXAFS analysis (Table 1 and Figure S5, Supporting
Information) also shows that the coordination number of W-N
decreases from 4.3 to 4.0 after hydrogen annealing, giving pow-
erful evidence for the formation of nitrogen vacancies. Thus,

a
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Figure 2. a—d) Synchrotron-based XPS survey scan (a), W 4f spectra (b), N 1s spectra (c), and FT-EXFAS plots (d) of the as-prepared NV-W;N; and

W,N;.
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Table 1. EXAFS curve-fitting results (Error bounds (accuracies) were
estimated as N, £ 10%; R, £ 1%; 07, £ 10%).

Sample Path N3 RAP o2 [107 A2
W;,N3 W-N 4.3 2.11 4.7
W-W 0.8 2.68 39
W-W 5.4 2.88 4.1
NV-W;N3 W-N 4.0 2.09 4.7
W-W 0.8 2.72 3.2
W-W 5.4 2.87 3.5
NV-W,Nj3 after stability test W-N 4.0 2.11 4.9
W-W 0.8 2.67 3.6
W-W 5.3 2.88 4.5

AN, coordination number; PR, bond length; 962, Debye-Waller factor.

the synchrotron-based EXAFS results clearly demonstrate the
distinct nitrogen vacancy concentrations in the as-obtained two
samples, fairly agreeing with the N 1s XPS results.

We then explored the NRR performance of NV-W;N; in
0.10 M KOH using a gas-tight H-cell separated by a proton-
exchanged membrane (Nafion 211) at room temperature and
atmospheric pressure. Ultrahigh purity N, gas (99.999%) was
first purged into the cathodic chamber at least for 30 min and
then bubbled with a constant flow rate of 20 sccm throughout
the electrolysis process. The UV-vis absorption spectra of the
electrolytes stained with indophenol indicator after electrolysis

www.advmat.de

for 2 h were collected to quantify the produced ammonia
(Figures S6 and S7, Supporting Information). Ammonia pro-
duction rates of NV-W,Nj3 at different potentials (Figure S8,
Supporting Information) were shown in Figure 3a. The highest
ammonia production rate of 11.66 + 0.98 pg h™' mg..,™!
(3.80 £ 0.32 X 107! mol cm™2 s7!) was obtained at —0.2 V versus
RHE with the Faradaic efficiency of 11.67 £ 0.93% (Figure 3b
and Table S1, Supporting Information), which are comparable
to most of the catalysts in aqueous electrolytes under ambient
conditions (Table S2, Supporting Information).[1%-20:46-#1 1n
addition, no N,H, by-product was detected under all applied
potentials (Figure S9, Supporting Information). To elucidate
the importance of nitrogen vacancies on W,N; for NRR, sam-
ples that annealed under different temperatures were prepared.
As shown in Figure 3¢, the NV-W,Nj; reveals higher ammonia
production rate than that of pristine W,N; and the samples
obtained from lower annealing temperatures (Figure S10, Sup-
porting Information), which manifests that the NRR activity
originates from the nitrogen vacancies. However, the sample
with the highest annealing temperature (600 °C) exhibits infe-
rior NRR activity, which is attributed to the re-stack of 2D lay-
ered materials (smaller electrochemical active surface area) at
higher temperature (Figure S11, Supporting Information).
Since the catalysts used in this work contain nitrogen species
which may cause false positive results, plenty of control experi-
ments were conducted to exclude possible interference from
any contaminants. As shown in Figure 3d, no ammonia could
be detected in electrolytes at open-circuit potential (OCP) under
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Figure 3. a) NHj yield and b) Faradaic efficiency of NV-W;,N; at different overpotentials. c) NH; yield of NV-W,;N3; and W;,N; at 0.2 V versus RHE.

d) UV-vis spectra of electrolytes stained with indophenol indicator for NV-W,Nj at different conditions. e) Isotopic labeling results of both *NH,*

and >NH,* obtained from the NRR reaction (at —0.2 V vs RHE) using "N, or '*N, as the nitrogen source, respectively. f) Cycling stability of NV-W,N;
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N, atmosphere or Ar-saturated solution electrolyzed for 2 h
(Figure S12, Supporting Information). In addition, only SNH,*
is detected in NMR test using °N, as the feed gas (Figure 3e),
indicating the ammonia is produced by electrochemical NRR
instead of decomposition of catalysts or other contaminations.
Furthermore, we evaluated the catalytic stability of NV-W,N;
by testing the ammonia production every 2 h for 12 cycles and
10 h chronoamperometry test (Figures S13 and S14, Supporting
Information). As shown in Figure 3f, no obvious change in
the ammonia production rate and FE and no current density
loss are observed during the long-term electrolysis process for
10 h at —0.2 V versus RHE (Figures S13 and S14, Supporting
Information), demonstrating the good stability of NV-W,Nj3 for
NRR. It is worth noting that the total amount of nitrogen in
the ammonia produced within 24 h (36.7 ug) is =2 times the
nitrogen content in the NV-W,N; loaded on the carbon paper
(19.2 pg). Thus, we can convincingly confirm that the ammonia
originates from NRR instead of catalysts.

We further evaluated the stability of nitrogen vacan-
cies by conducting a series of ex situ characterizations on
NV-W,N3 before and after NRR reaction. First, the XRD pat-
terns (Figure S15, Supporting Information) of NV-W,N;
before and after stability test (10 h) barely show any change,
revealing the stable feature of W,Nj; crystal during NRR.

5 —— NV-W,N,

s —— NV-W,N; after NRR
>

B

c

2

=

10150 10200 10250 10300 10350 10400
Energy (eV)

www.advmat.de

At atomic level, HAADF-STEM images, energy-dispersive
spectroscopy (EDS) mapping and electron energy loss spec-
trum (EELS) for N K edge of NV-W,N; before and after NRR
test are all invariant, demonstrating the morphology and
atom arrangement are completely maintained (Figure 4a and
Figures S16-S18, Supporting Information). Furthermore,
Synchrotron-based N 1s XPS spectra and N K edge X-ray
absorption near edge structure (XANES) spectra of NV-W,N;
before and after stability test (Figure 4b and Figure S19,
Supporting Information) show that the lattice nitrogen and
nitrogen vacancies don't change during NRR electrolysis. The
nitrogen coordination environment of NV-W,Nj is also stable
and remains unchanged during NRR test, which is confirmed
by synchrotron-based XAS and EXFAS (Figure 4c,d and
Figure S20 (Supporting Information) and Table 1). At last,
elemental analysis of NV-W,N; before and after NRR test and
inductively coupled plasma mass spectrometry (ICP-MS) detec-
tion of the electrolyte after NRR test were conducted to evaluate
the nitrogen and tungsten loss during NRR process. No cation or
anion detached from the matrix is observed, indicating the high
stability of the catalyst (Tables S3 and S4, Supporting Informa-
tion). As aforementioned, vacancies on 2D materials are stable
by virtue of the surface distortion induced excellent structural
stability.**] Furthermore, our previous work elucidates that

Intensity (a.u.)

—— NV-W,N,
—— NV-W,N, after NRR

400 405 410

395 415
Photon energy (eV)
—— NV-W,N,

d —— NV-W,N; after NRR
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=
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l_

L

0 1 2 3 4 5 6
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Figure 4. a) HAADF-STEM images and EDS mapping of NV-W,Nj; after NRR test. b) Synchrotron-based N K edge XANES spectra of NV-W,Nj; before
and after NRR test for 10 h. ¢) W L; edge XANES spectra of NV-W,Nj; before and after NRR test for 10 h and d) corresponding FT-EXFAS results.
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nitrogen-rich transition metal nitrides (metal/N ratio <1) are
very stable for electrocatalysis due to the high valence state of
metal atoms.P% Thus, the good stability of NV-W,N; can be
attributed to the 2D morphology induced surface distortion as
well as the high valence state of tungsten atoms.

To gain further insight of the reaction mechanisms of NRR
on W,Nj; at atomic level, we then employed DFT calculations.
The slab model was constructed based on the theoretical struc-
ture of W,Nj3, and a nitrogen vacancy was induced to investigate
its role in capturing and reducing dinitrogen molecule.*” As
seen in Figure S21 (Supporting Information), the perfect W,N;
cannot effectively stabilize and activate N,, since there is little
charge transferred between perfect W,N; and the adsorbed N,
molecule. However, when a nitrogen vacancy is involved, sig-
nificant charge transfer is observed (Figure S21b, Supporting
Information). The full NRR reaction pathway on NV-W,N; via
a distal mechanism was then calculated (Figure 5a), and the
results indicate that the free energy change of the first proto-
nation step (N, + H* + e~ + * — *NNH) on is only 0.55 eV.
This is in accordance with previous analysis of charge transfer
process that the nitrogen vacancies effectively activate the triple
bond and make it easy to be attacked by protons in the solution
(Figure S21b, Supporting Information). The free energy change
of the following two protonation steps are —1.42 and 0.14 eV

to form the first ammonia. Meanwhile, the last step to release
the second ammonia is thermodynamically uphill with a free
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energy change of 0.97 eV, indicating that this is the potential
determining step. However, the corresponding free energy
change on perfect W,Nj is over 2 eV which is much larger than
that of NV-W,Nj; (Figure 5b) and hard to occur under ambient
conditions. The results in Figure 5b are in accordance with our
experimental data that the nitrogen vacancy could facilitate
NRR compared with perfect W,N;. We then conducted charge
density difference calculations to reveal the electronic struc-
tures of the vacancy site. An electron deficient area (shown in
cyan) compared with perfect W,Nj3 is produced due to the exist-
ence of a nitrogen vacancy (Figure 5c). Consequently, the lone-
pair of electrons in N, molecule could be accommodated at the
electron-deficient area and this explains the origins of activating
N, on the vacancy site. Furthermore, as shown in Figure S21b
(Supporting Information), the tungsten will donate electrons
into empty antibonding orbitals of N, and thus activate the
adsorbed dinitrogen.

In summary, we have presented that nitrogen vacancies con-
fined on 2D W,N; nanosheets are stable and active for the elec-
trocatalytic reduction of N, to NH; under ambient conditions.
The activity and stability of nitrogen vacancies are evaluated
by electrochemical measurements and various ex situ charac-
terizations. Significantly, the nitrogen-vacancy-engineered 2D
W,Nj; exhibits superior NRR performance with average NH;
formation rate of 11.66 £ 0.98 ug h™! mg.., ™ (3.80 + 0.32 x
107! mol cm™ s71) and Faradaic efficiency of 11.67  0.93% at
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Figure 5. a) Reaction path way of NV-W,N; for NRR. b) Magnitudes of the theoretical limiting potentials of NH; production on W,N3; and NV-W;Nj.

c) Charge density difference induced by nitrogen vacancy on NV-W,N;. The value of iso-surface is 0.005 e Bohr>.
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—0.2 V versus RHE in 0.10 m KOH. Electrochemical and iso-
topic labeling experiments reveal that the NV-W,Nj; follows a
distal mechanism that is different from conventional TMNs.
The theoretical calculations demonstrate that the electron loss
induced by the nitrogen vacancies can lower the thermody-
namic limiting potential and thus facilitate the overall NRR.
This work highlights the potential of vacancy engineering on
2D materials for catalytic NRR and provides new insight for
preparing novel materials for applications in energy storage
and conversion systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Methods

Synthesis of 2D Na,W,0;3 nanosheets. 2D Na,W,0;3 nanosheets were synthesized by a molten
salt method.™
NaNOj3 + HzoN1904W12-XH,0 — Na,W,40313 + H,0

Typically, 5.0 g of sodium nitrate was added into a crucible and transferred to the pre-heated muffle
furnace (350°C) for at least 20 min. When the sodium nitrate turned to molten state, 0.2 g of
ammonium tungstate hydrate was added into the molten sodium nitrate quickly and reacted for 60 s.
Then, the product was removed from the muffle furnace and cooled down to room temperature.
Finally, the product was washed by Milli-Q water several times to remove the extra sodium nitrate

followed by lyophilization for two days to obtain the precursor materials (white powder).

Synthesis of W,N3 nanosheet. Atmospheric-pressure synthesis of 2D W,N3 nanosheet was realized
using NHs; gas as the nitrogen source and Na;W,O13 nanosheets as the W precursor.
Na,W,013 + NH3 — W3N3 + Na,WO, + H,0O

In detail, 100 mg of Na,W,013 nanosheets were placed in the center of a tube furnace. Then the
tube furnace was heated to 750°C under 5% NHs/Ar atmosphere at a rate of 5°C min L. The flow
rate of the 5% NH3/Ar gas is 15 sccm. After maintaining the temperature of 750°C for 5h, the tube
furnace was cooled to room temperature at a rate of 10°C min . The final product was the mixture
of W;N3 nanosheet and Na,WO,. Then the mixture was washed by ultrasonic probe dispersion
equipment for 10 min to remove the Na,WO,. The W;,N3 nanosheets (black powder) were finally

collected by centrifugation at 9000 rpm for 10 min and freeze-dried for two days.

Construction of nitrogen vacancies. The vacancies were produced by annealing 2D W;N3
nanosheet under hydrogen atmosphere. In detail, 100 mg of W,N3 nanosheets were placed in the
center of a tube furnace. Then the tube furnace was heated to 500°C under 5% H,/Ar atmosphere at
a rate of 3°C min*. The flow rate of the 5% H,/Ar gas was 50 sccm. After maintaining the
temperature of 500°C for 3 h, the tube furnace was cooled to room temperature at a rate of 10°C
min .

Computational Details. Spin-polarized density functional theory (DFT) calculations were
performed using the Vienna ab initio simulation package (VASP).*® The exchange—correlation
interactions were treated within the generalized gradient approximation (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE) functional.[! The van der Waals interactions were described using
the empirical correction in Grimme’s scheme.[”! The electron wave functions were expanded using
plane waves with a cutoff energy of 500 eV, and the convergence criteria of energy change during

all calculations were set to 10 * eV. The Brillouin zone was sampled by 3 x 3 x 1 Monkhorst—Pack
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k-point mesh. The top two layers of the slab were allowed to relax together with the adsorbates and

the convergence threshold for structural optimization was set to be 0.01 eV/A. In order to avoid
interactions between periodic images, a vacuum space of 20 A was applied to all calculations. The
free energy diagram along the reaction pathway was calculated as follows:

AG = AEyq + AEzpe — TAS

where AE,q is the adsorption energy defined as the electronic energy difference, AEzpg is the change

of zero-point energies, T is the temperature (T = 298.15K), and AS is the entropy changes. The
entropy of gas molecules are taken from standard values.®!

Characterization. X-Ray Powder Diffraction (XRD) data was collected on a Rigaku MiniFlex 600
X-Ray Diffractometer. Field-emission SEM imaging was conducted on a FEI QUANTA 450
electron microscope. The transmission electron microscope images, aberration-corrected TEM
images, high-angle annular dark-field imaging and EDS mapping were taken on a FEI Titan Themis
80-200 operating at 200 kV. The UV absorbance data of spectrophotometer were collected on
SHIMADZU UV2600 ultraviolet-visible (UV-Vis) spectrophotometer. ICP-MS analysis was
conducted by an Agilent 7500cx instrument.

Elemental analysis (EA) was conducted using a Perkin EImer 2400 series II CHNS/O Elemental
Analyzer in CHN configuration. The combustion tube was packed using Perkin Elmer EA-1000,
Silver Vanadate & Silver Tungstate/Magnesium Oxide. The reduction tube was packed with Perkin
Elmer High-Purity copper with a combustion temperature of 925°C and reduction temperature of
640°C. Results were calibrated to 4 mg of Perkin Elmer Organic Analytical Standard of Acetanilide
with known abundances of carbon (71.09%), hydrogen (6.71%) and nitrogen (10.36%). The
accepted error range between standards was + 0.3% for carbon, hydrogen and nitrogen and
calculated against 12 replicates.

The synchrotron-based XPS and XANES measurements were carried out on the soft X-ray
spectroscopy beamline at the Australian Synchrotron, which is equipped with a hemispherical
electron analyzer and a microchannel plate detector that enables simultaneous recording of the total
electron yield and partial electron yield. The calibration of XPS data were normalized to the
photoelectron current of the photon beam, measured on an Au grid. The raw XANES data were
normalized using software Igor Pro 8.

The W L; edge XAS spectra were normalized and analyzed using WinXAS3.1 software.™

Theoretical amplitudes and phase-shift functions were calculated with the FEFF6 code.

Electrochemical Measurements. Carbon paper (Toray Paper 090) was used as the current
collector. In detail, carbon paper was first treated in O, plasma environment at a pressure of 500

mTorr for 20 min. After soaking in H,SO, for 12 h, the carbon paper was then washed with ethanol
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and deionized water several times and dried at 60°C for 2 days. The Nafion 211 membrane was
chosen as the separator. The pretreatment procedures are as follows. The membrane was first
preconditioned by boiling in 5% H,0; solution and ultrapure deionized water at 80°C each for 1 h.
Then the as-treated Nafion 211 was soaked in 0.05 M H,SO, for 3 h and Milli-Q water for another 1
h.

The electrochemical measurements were undertaken in a standard H-cell in 0.10 M KOH. The
volume of the electrolyte in the anode and cathode chamber was 30 mL for each. For working
electrode preparation, 2 mg of catalyst was dispersed in 1 mL of deionized water which contained
0.1 wt% of Nafion. Next, 100 pL of catalyst dispersion (2 mg mL™) was dipped onto a carbon fiber
paper as the working electrode (1 x 1 cm 2, loading mass: 0.2 mg cm2). The working electrode was
soaked in 10 mL of 0.10 M KOH for 2 h to eliminate the contamination before NRR. An acid trap is
connected with the cathode chamber with two 10 mL clean PP tubes with 5 mL of 0.05 M H,SO4 in
each tube. The saturated calomel electrode (SCE) and graphite rod were chosen as the reference
electrode and counter electrode, respectively. The working electrode was scanned several times
until the current response stabilized. Then all electrolytes in H-cell was replaced by fresh 0.10 M
KOH. All potentials were referenced to the reversible hydrogen electrode according to Nernst
equation (Egue = Esce + 0.059 x pH + 0.241). The SCE electrode was also calibrated in H,-
saturated 0.10 M KOH using a CV method (a Pt wire was used as the working electrode). The scan
rate is 0.1 mV s . The electrolyte was purged with ultra-high purity N, (99.999%) for 30 min
before nitrogen reduction measurement (~50 sccm). A flow of ultra-high purity N, or Ar (20 sccm)
was maintained over the electrolyte during the experiment. The stability test was performed by
replacing the electrolyte every 2 hour without changing the working electrode and Nafion

membrane.

Quantification of Ammonia. The ammonia detection was detected by a reported indophenol blue
method.

Chromogenic reagent (A): 5 g of sodium salicylate and 5 g of potassium sodium tartrate were
dissolved in 100 mL of 1 M NaOH.

Oxidizing solution (B): 3.5 mL of sodium hypochlorite (available chlorine 10-15 %) was added into
100 mL of deionized water.

Catalyzing reagent (C): 0.2 g of sodium nitroferricyanide was dissolved in 20 mL of deionized
water.

Standard solutions preparation:

1000 ppm NHs (1 ppm: 1 ugnus mL™): 0.3146 g of pre-dried NH4CI (105 °C for 4 h) was added in
100 mL of 0.10 M KOH (or 0.05 M H,SQ,) solution. 10 ppm NHs: 1 mL of 1000 ppm NHj3 solution

187



WILEY-VCH
was added in a 100 mL volumetric flask and add 0.10 M KOH (or 0.05 M H,SQO,) solution to the
scale mark. 0.2, 0.4, 0.8, 1.2, 1.6 and 2.0 mL of 10 ppm NH; solution were separately added into a
20 mL volumetric flask and added 0.10 M KOH (or 0.05 M H,SQO,) solution to the scale mark to
obtain 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 ppm NHj; standard solutions.

UV-vis measurement. 2 mL of standard solutions or sample electrolyte was added to test tubes, to
which 2 mL of reagent (A), 1 mL of reagent (B) and 0.2 mL of reagent (C) were then successively
added. After keeping for 1 h, the concentration of the produced indophenol blue was measured
using UV-vis spectrophotometer. The standard curve was plotted with the absorbance values at
wavelength of 655 nm as y axis and the concentration of NH3 as x axis.

Hydrazine Detection. The possible hydrazine product in the electrolytes was estimated by the
method of Watt and Chrisp. The sensitive chromogenic reagent was prepared by dissolving 5.99 g
para-(dimethylamino) benzaldehyde in a mixture of 30 mL concentrated HCI and 300 mL ethanol.
The absorbance of hydrazine after mixing with the chromogenic reagent in the resulting electrolyte

was estimated at 460 nm.

Calculation of NH3 yield and Faradaic efficiency. The NH3 formation rate was determined using
the following equation:
r(NHs) = (c x V)/(t x A)
where ¢ is the measured NH3 concentration, V is the volume of the electrolyte or acid trap, t is the
reduction reaction time, and A is the effective area of the electrode (geometric area).

The Faradaic efficiency was calculated as follows:
FE=3FxcxV /(17 xQ)
where F is the Faraday constant, ¢ is the measured NH3 concentration, V is the volume of the
electrolyte or acid trap, and Q is the quantity of electric charge for one electron of NRR testing. The
total ammonia production is calculated as the summary of the ammonia products in cathodic

electrolytes and acid traps.

>N, Isotope Labeling Experiments. An isotopic labeling experiment used *°N, (98 atom % *°N
purchased from Sigma-Aldrich Chemical Reagent Co. CAS Number 29817-79-6) as the feed gas
was conducted to elucidate the activity origin of NV-W,N3. The volume of the electrolyte was
changed to 10 mL to obtain the electrolyte with higher ammonia concentration. The **N, gas was
purified by passing through an acid trap (0.05 M H,SO,) before entering the electrochemical
chamber. After > NRR for 2 h at —0.2 V versus RHE in 0.10 M KOH solution with the flow rate of
5 sccm, the obtained **NH," electrolyte was determined by 1H nuclear magnetic resonance (NMR,
600 MHz).
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To prepare the NMR sample, 4 mL of electrolyte after NRR was concentrated to ~1 mL. Then
600 pL of the concentrated solution were acidified with 3 M H,SO, to achieve pH ~1-2. Then 30
uL of 100 ppm dimethyl sulfoxide (DMSO) and 70 pL deuterium oxide (D,0O) was added in the
solution. Similarly, the amount of **NH,* was determined by this method when **N, (99.999%) was
used as the feed gas. All NMR measurements were carried out with water suppression and 4000

scans.

NRR Experimental Protocols. As the samples contain nitrogen which may cause false positive
results, standard and control experiments were conducted as following flow chat to exclude possible

interference from any contaminants.

Pre-soaking the working
electrode in 10 mL electrolytes
for 2 h before testing

Electrochemical Tests

Sample in Ar Sample under OCP

Carbon paper in N,

= 3 reproductions, error bar

Ammonia detection

Stability test: Make sure the
total NH; yield (mol) in excess
of N (mol) amountin the
catalysts

Electrochemical test in 15N,
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Figure S1. (a) SEM image, (b) TEM image and (c) XRD pattern of 2D Na,W,0;3 nanosheets.

Figure S2. SEM images of (a) W;N3 and (b) NV-W;Ns.
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Top view m
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Figure S3. Theoretical model of 2D layered W;,N3 that shows its crystal parameter.
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Figure S4. Synchrotron-based W L3 edge XAS spectra of W,N3 and NV-W;Ns.
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Figure S5. (a) XAS fitting results of W>N3 and (b) NV-W;Ns.
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Figure S6. Calibration curve in 0.10 M KOH using ammonium chloride solutions of known
concentration as standards (1 ppm: 1 ugnus mL™Y). (a) UV-vis curves of indophenol assays after

incubated for 1 hour and (b) calibration curve used for estimation of NH3 concentration.
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Figure S7. Calibration curve in 0.05 M H,SO4 using ammonium chloride solutions of known
concentration as standards. (a) UV-vis curves of indophenol assays after incubated for 1 hour and
(b) calibration curve used for estimation of NH3 concentration.
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Figure S8. Chronoamperometry results of NV-W;N3 at different applied potentials.
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Figure S9. UV-Vis absorption spectra of the electrolytes stained with p-CgH13NO indicator after

NRR electrolysis at a series of potentials.
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Figure S10. NRR perforamnce of W,N; obtained under different annealing temperature.
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Figure S12. Chronoamperometry curves for NV-W,N3 at —0.2 V versus RHE in argon-saturated

electrolyte for 2 h.
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Figure S14. Long-term chronoamperometry curve of NV-W;N3 electrode at —0.2 V versus RHE in

N,-saturated electrolyte showing good stability.
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Figure S15. XRD patterns of NV-W;Nj3 before and after stability test.
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Figure S16. TEM image of NV-W;Nj3 after NRR test.

W,N3 before NRR test.

Figure S17. HAADF-STEM images and EDS mapping of NV
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Figure S18. EELS spectra of NV-W;N3; before and after NRR test for 10 h.
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Figure S19. (a) W 4f and (b) N 1s XPS spectra of NV-W;N3 before and after NRR for 10 h.
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Figure S20. XAS Fitting results of NV-W,Nj3 after NRR test obtained from Synchrotron-based W
L; edge XANES.

Top view

Side view

Figure S21. Interfacial electron transfer of dinitrogen molecule on (a) perfect W,N3; and (b) NV-
W5Ns.
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Tables

Table S1. Ammonia yield and corresponding Faradaic efficiency of NV-W;N3 and controls.

Potential NH; Yield*
Sample Peakwe  Peakxon  PeaKosigas Peakasos ) . Q(©) FE %
(vs. RHE) (M9 h™ MQcata )
-0.11° 0.0628 0.0366 0.0399 0.0385 4.88 0.28 11.88
-0.12™ 0.0608 0.0366 0.041 0.0385 4.59 0.31 10.08
-0.13¢ 0.0581 0.0366 0.0426 0.0385 4.20 0.29 9.86
-0.21° 0.1008 0.0366 0.0523 0.0385 12.64 0.7 12.29
-0.2 2™ 0.1000 0.0366 0.0394 0.0385 11.66 0.68 11.67
-0.23¢ 0.0937 0.0366 0.0452 0.0385 10.88 0.69 10.74
-0.31* 0.077 0.0366 0.0436 0.0385 7.72 1.06 4.96
NV-
-0.32™ 0.0736 0.0366 0.0404 0.0385 6.89 0.97 4.84
W;,N3
-0.33¢ 0.0695 0.0366 0.0442 0.0385 6.39 0.94 4.63
-0.41* 0.0739 0.0366 0.0416 0.0385 7.02 7.53 0.64
-0.4 2™ 0.0682 0.0366 0.0441 0.0385 6.14 7.61 0.55
-0.4 3¢ 0.0623 0.0366 0.0499 0.0385 5.44 7.49 0.49
-0.51* 0.0624 0.0366 0.0502 0.0385 5.48 21.94 0.17
052 0.0588 0.0366 0.0452 0.0385 4.49 23.57 0.13
-0531 0.055 0.0366 0.0512 0.0385 4.19 24.68 0.12
-0.21* 0.0607 0.0345 0.0362 0.0357 4.82 0.33 9.96
W,N, —0.2 2™ 0.0596 0.0345 0.0359 0.0357 4.60 0.33 9.50
-0.23¢ 0.0559 0.0345 0.0392 0.0357 4.14 0.31 9.10
-0.21* 0.0687 0.0345 0.0396 0.0357 6.51 0.41 10.81
300°C -0.2 2™ 0.0688 0.0345 0.0363 0.0357 6.31 0.44 9.77
-0.23¢ 0.0645 0.0345 0.0449 0.0357 6.08 0.45 9.21
-0.21* 0.0805 0.0345 0.0468 0.0357 9.13 0.56 11.11
400 °C
-0.2 2™ 0.0766 0.0345 0.0481 0.0357 8.50 0.56 10.34
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-0.23" 0.0734 0.0345 0.0445 0.0357 7.68 0.52 10.06
021 0.0767 0.0345 0.0443 0.0357 8.28 0.64 8.81
600 °C -0.22M 0.0734 0.0345 0.0503 0.0357 8.06 0.65 8.44
-0.231 0.0744 0.0345 0.0372 0.0357 7.40 0.62 8.12

Cycle

No.

1 -0.2 0.0912 0.0355 0.0416 0.0377 10.44 0.58 12.26
2 -0.2 0.0804 0.0355 0.039%4 0.0377 8.32 0.56 10.12
3 -0.2 0.0763 0.0355 0.0389 0.0377 7.54 0.5 10.27
4 -0.2 0.0765 0.0355 0.0465 0.0377 8.07 0.57 9.64
5 -0.2 0.0815 0.0355 0.0396 0.0377 8.53 0.52 11.18
6 -0.2 0.089%4 0.0355 0.043 0.0377 10.2 0.58 11.98
7 -0.2 0.0840 0.0355 0.0568 0.0377 10.11 0.62 111
8 -0.2 0.0795 0.0355 0.0435 0.0377 8.42 0.51 11.25
9 -0.2 0.0740 0.0355 0.0398 0.0377 7.18 0.59 8.28
10 -0.2 0.0809 0.0355 0.0531 0.0377 9.3 0.65 9.74
11 -0.2 0.0890 0.0355 0.0479 0.0377 10.45 0.69 10.31
12 -0.2 0.0858 0.0355 0.0561 0.0377 10.39 0.71 9.97

* The NH3 yield is calculated based on the total NH3 products in cathodic electrolyte (30 mL) and
the acid traps (5mL X 2).
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Table S2. Summary of NRR performances of different catalysts.

Loading Detection Over-
Sample mass (mg NH; yield FE (%) Electrolyte potential Ref.
) method
cm™) (vs. RHE)
11.66 pg h™*
-1
MQcata Indophenol 0.10 M .
NV-W;N; 0.2 2.23 g bt 11.67 blue KOH -0.2V This work
cm?
. 1323 pgh™ Indophenol 0.10 M [10]
Bi NS 0.192 —— 10.49 blue N2,50, -0.8V
2.657 pg ht Indophenol [11]
B,C 0.1 om2 15.95 blue 0.10 M HCI -0.75V
TisC,Ty 472 pgh™ Nessler’s 050 M B [12]
MXene 1.76 cm™ 4.62 reagent Li,SO, 0.1V
Black 31.37 ugh™ Indophenol [13]
phosphorus 0.2 mgcat{l 3.09 blue 0.01 M HCI 0.7V
7.48 ug ht Indophenol [14]
Fe-N-C 1 mgcat{l 56.55 blue 1.0 M KOH ov
. 3400 pg ht Nessler’s 0.50 M [15]
BiNCs 1 Mo 66 reagent K,SO, -06V
Amorphous 83ugh Indophenol [16]
Au/CeO, 2.62 I 10.1 blue 0.10 M HCI -02V
; -1
Ru single- 2 3.665 ug4h 75 Indophenol 0.10 M HCI 021V [17]
atom M0cata blue
45 pgh' Indophenol (18]
Pd/C 0.3 mgcat{l 8.2 blue 0.10 M PBS 01V
Au 6.042 g h™ Nessler’s 0.10 M [19]
Nanorod 0.3 MYcata 3.879 reagent KOH 0.2V
113 ugh' Nessler’s 0.50 M [20]
Mo,C 0.1 MQoy 11 reagent Li,SO, -03V
Defect-rich 29.28 pght Indophenol 0.10M [21]
MoS, 0.4 MOcata - 8.34 blue Na,SO, 04V
6.98 ug h™ Indophenol 22]
Ru/MoS, 1 mgcat{l 17.6 blue 0.01 M HCI -0.15V
nanoRl;rticI 17 055 ugh 5.4 Indophenol o 5 Muct 001V (23]
Es ' cm? : blue : :
538 pugh™ Indophenol [24]
MoS, N/A om 2 1.17 blue 0.10 M HCI -05V
8.09 ugh Indophenol [25]
C3N4s-NVy 2 om 2 11.59 blue 0.10 M HCI -0.2V
VN, o
. 20.6 pg h Nessler’s 0.056 M [26]
nanog'):\rtlcl 0.5 om2 6 reagent H,SO, 0.1V
. 8.6 ugh™ Indophenol 0.20 M 271
BiVO, 1 s 10.04 Blue N&,S0, 05V
2.01ught Nessler’s 0.50 M 28]
PEBCD 1.28 om 2 171 reagent Li,SO, -0.7V
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Table S3. Elemental analysis of NV-W,N3 before and after NRR test. The two electrodes have the

same loading mass of NV-W,Ns.

Mass (Carbon paper + NV-W;Nj3;
Sample _ _ N %
+ Nafion binder)

NV-W;,N; 12.29 mg 0.53

NV-W;Nj; after NRR 12.10 mg 0.55

Table S4. ICP-MS of electrolytes after NRR test.

Sample Conc. [ ppb ] W*

0.10 M KOH <0.993

10 ppb W* 3.737169277

20 ppb W* 15.05726579

50 ppb W* 28.12337586

100 ppb W* 75.29028278

200 ppb W* 218.6314296
Electrolyte after NRR <0.993
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Chapter 7: Molten Salt-Directed Catalytic Synthesis of 2D
Layered Transition Metal Nitrides for Efficient Hydrogen

Evolution

7.1 Introduction and Significance

Exploratory synthesis of new 2D layered transition metal nitrides (TMNs) is very
important in various research fields. However, stringent synthesis constraints have
limited the exploration and preparation of this important class of functional materials.
In this work, molten salts were used as catalysts to synthesize 2D layered TMNs under
mild conditions. A new family of atomically thin 2D layered TMNs (MoN1.2, WNj s
and MoWNy alloy) was synthesized without further exfoliation and exhibited
significant potential for the hydrogen evolution reaction. The salts in our method are
not consumed or changed during the reaction but can facilitate the growth of 2D layered
TMNs by providing a liquid-gas environment and forming a unique TMN-salt-TMN
superstructure as an intermediate. The catalytic molten salt method is simple and
universal, which creates new opportunities for the exploration and preparation of 2D
layered materials with high formation energy for various applications. The highlights

of this Chapter include:
* A new family of 2D TMNs was successfully synthesized for the first time.
* Molten salt can act as a catalyst for the synthesis of high-energy 2D layered TMNS.

* A series of ex-situ experiments revel the growth mechanism and a unique TMN-salt-

TMN superstructure is determined as an intermediate in the reaction.

* Both binary and ternary 2D TMNSs nanosheets can be synthesized by simply changing

the alkali metal salts.

* The 2D TMNs reveal low overpotentials for hydrogen evolution reaction with nio of
129 mV in acidic media and 122 mV in alkaline media, which are much better than the

corresponding values reported for most 2D layered electrocatalysts.
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7.2 Molten Salt-Directed Catalytic Synthesis of 2D Layered Transition Metal

Nitrides for Efficient Hydrogen Evolution

This Chapter is included as it appears as a journal paper published by Huanyu Jin,
Qinfen Gu, Bo Chen, Cheng Tang, Yao Zheng, Hua Zhang, Mietek Jaroniec, Shi-Zhang
Qiao Molten Salt-Directed Catalytic Synthesis of 2D Layered Transition Metal
Nitrides for Efficient Hydrogen Evolution. Chem 2020, https://doi.org/10.1016/
j.chempr.2020.06.037.

208



Statement of Authorship

Title of Paper

Molten Salt-Directed Catalytic Synthesis of 2D Layered Transition Metal Nitrides for Efficient
Hydrogen Evolution

Publication Status

¥ Published ™ Accepted for Publication
) o Unpublished and Unsubmitted w ork w ritten in
™ Submitted for Publication manuscript style

Publication Details

Huanyu Jin, Qinfen Gu, Bo Chen, Cheng Tang, Yao Zheng, Hua Zhang, Mietek Jaroniec, Shi-
Zhang Qiao* Molten Salt-Directed Catalytic Synthesis of 2D Layered Transition Metal Nitrides
for Efficient Hydrogen Evolution. Chem 2020, https://doi.org/10.1016/j.chempr.2020.06.037.

Principal Author

Name of Principal Author (Candidate)

Huanyu Jin

Contribution to the Paper

Research plan, material synthesis, most of the characterizations and data analysis,

electrochemical characterization, and manuscript draft.

Overall percentage (%)

90

Certification: This paper reports on original research | 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. | am the primary author of this paper.

Signature Date 29/July/2020

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

Qinfen Gu

Contribution to the Paper

X-ray diffraction analysis and discussion.

Signature

Date 29/July/2020

Name of Co-Author

Bo Chen

Contribution to the Paper

Transmission electron microscopy analysis.

Signature

Date 29/July/2020

209




Name of Co-Author

Cheng Tang

Contribution to the Paper

Editing process and manuscript revision.

Signature Date 29/July/2020
Name of Co-Author Yao Zheng

Contribution to the Paper Discussion of this manuscript.

Signature Date 29/July/2020

Name of Co-Author

Hua Zhang

Contribution to the Paper

Transmission electron microscopy analysis and discussion of this manuscript.

Signature Date 29/July/2020
Name of Co-Author Mietek Jaroniec

Contribution to the Paper Editing process and manuscript revision.

Signature Date 29/July/2020

Name of Co-Author

Shi-Zhang Qiao

Contribution to the Paper

Supervision of the work, discussion of this manuscript and manuscript evaluation.

Signature

Please cut and paste additional co-author panels here as required.

Date

29/July/2020

210




Chem

¢? CellPress

Molten Salt-Directed Catalytic Synthesis of 2D
Layered Transition-Metal Nitrides for Efficient

Hydrogen Evolution

Temperature \
. Metal oxide Salt

Molten Precursor

z
T
w

Bodhe bbb ot bt o o (g Vertical 2D Nanosheets

TMN-Salt-TMN Superstructure

Exploratory synthesis of novel 2D layered materials is of vital importance for
energy-related applications. In this work, 2D layered transition-metal nitrides were
facilely synthesized via a catalytic molten salt method. Both binary and ternary 2D
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Molten Salt-Directed Catalytic Synthesis
of 2D Layered Transition-Metal Nitrides

for Efficient Hydrogen Evolution

Huanyu Jin," Qinfen Gu,” Bo Chen,® Cheng Tang,' Yao Zheng,' Hua Zhang,*> Mietek Jaroniec,®

and Shi-Zhang Qiao'/+*

SUMMARY

Facile synthesis of single-crystal 2D layered transition-metal nitrides
(TMNs) is of crucial importance for the development of forthcoming
technologies, such as superconducting, electromagnetic interfer-
ence shielding, and energy-related applications. However, the fabri-
cation of TMNs with natural 2D layered structure is thermodynami-
cally difficult, in which stringent synthesis constraints have limited
the exploration of this important class of functional materials.
Here, we employed alkali molten salts as catalysts to achieve facile
and large-scale (over decagram) synthesis of a family of 2D layered
TMNs, such as MoN; 5, WN4 5, and Mog7Wjp 3N4.2, under atmo-
spheric pressure. Ex-situ experiments reveal that the molten salt
can lower the formation energy of 2D layered TMNs by assuring a
liquid-gas synthesis and forming a TMN-salt-TMN superstructure
as an intermediate. The resultant 2D layered TMNs show superior
performance in hydrogen evolution reaction, demonstrating the
immense potential of 2D layered TMNs for energy-related applica-
tions and beyond.

INTRODUCTION

Layered two-dimensional (2D) materials, which have unique electronic structure and
large surface-to-volume ratios, are of great interest for electronics, physics, and
chemistry.""® Over the past decades, a variety of 2D layered materials has been syn-
thesized through many advanced methods, and have shown immense potential in
various applications.””'? The most extensively used classes of transition-metal-
based 2D layered compounds are transition-metal oxides, hydroxides, and chalco-
genides,'%"*"? but these do not always meet forthcoming technological require-
ments, such as superconducting, electromagnetic interference shielding, and
energy-related applications.’*? In sharp contrast, transition-metal nitrides
(TMNs) are an exciting class of materials for superconductors, catalysis, energy stor-
age, and so on.?*"?’ The nitride anion (N39) imparts unique electronic and bonding
characteristics that are difficult to achieve in other compounds, leading to useful
physical and chemical properties.”® However, TMNSs, especially 2D layered TMNs
are rare due to the thermodynamic constraints for their synthesis.?’*° For instance,
high-throughput computation predicted 1,036 exfoliable layered materials but only
one is van der Waals layered 2D TMN.?"*? This is because TMN's are less thermody-
namically stable compared with oxides under ambient conditions, and this, in turn, is
driven by the high thermodynamic stability of N, compared with O,.%*** Conse-
quently, conventional methods for the synthesis of 2D materials (e.g., chemical va-
por deposition, liquid, and mechanical exfoliation) are limited for the preparation

The Bigger Picture
Exploratory synthesis of 2D
layered materials is important in
various research fields, such as
electronics, physics, and
chemistry. However, the
preparation of 2D layered
materials with a high formation
energy is hindered by sluggish
growth thermodynamics. 2D
layered transition-metal nitrides
(TMNs) represent an important
class of materials, the synthesis of
which is challenging. Here, we
report a molten salt method that
permits catalytic synthesis of a
family of single-crystal 2D layered
TMNs under relatively mild
conditions. With the assistance of
molten salt, the atomically thin 2D
layered TMN nanosheets can be
synthesized directly without
further exfoliation process. We
also investigated the effect of
different alkali metal ions (Li*,
Na*, and K¥) on the growth of 2D
TMNs, and both binary and
ternary 2D layered TMNs were
obtained. The catalytic molten
salt method is a generic synthesis
strategy, which opens
opportunities for the exploration
and preparation of 2D materials.
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of 2D layered TMNs. Previously, we obtained 2D layered W;N3 nanosheets by
ammoniation of 2D Na,W4013 templates under atmospheric pressure. However,
the limited choice of suitable templates constrains the exploration of 2D layered
TMNSs.® Recently, researchers realized the synthesis of 2D layered TMN (MXene)
by chemical exfoliation of M,,11AN, matrix (M refers to an early transition metal, A
usually refers to an element of 13 and 14 groups, and N is nitrogen atom).***” How-
ever, due to the poor stability of M,,.1N,, layers during etching (e.g., HF), the synthe-
sis of high-quality 2D layered TMNs is still challenging, and the only known 2D
layered MXene nitrides are limited to Ti-based MXenes.®*%%’

To explore 2D layered TMNs, the most effective way is the use of high pressure to
prevent the out-diffusion of N atom from the metal lattice at high tempera-
tures.®>%*% However, such method is very expensive from the industrial perspec-
tive. Consequently, exploration and synthesis of 2D layered TMNs under atmo-
spheric pressure is urgently needed. Notably, alkali metal ion plays a key role in
lowering the formation energy of high-energy phased 2D materials. For example,
the presence of K* ion can significantly reduce the formation energy of high-energy
2D transition-metal chalcogenides (e.g., 1T7-MoS,).*" Li* ions are pre-intercalated
into the interlayers of 2H-MoS,, facilitating the formation of the high-energy 1T-
MoS,.**3 In the meantime, Hu et al., for the first time, found that the molten salt-
assisted method can provide “naked” ions, which can further lower the growth
energy of 2D materials by eliminating the ion desolvation and then increase the

1

overall reaction rate.***> However, conventional molten salt methods use salts as re-
actants,'**~*° and the lack of a stable ammoniate molten salt at high temperatures

limits the synthesis of 2D layered TMNs.

In this work, we use molten alkali salts as catalysts to synthesize 2D layered TMNs under
atmospheric pressure. Different from previous reports, the salts in our method act as cat-
alysts instead of reactants, which are not consumed or changed in the reaction but can
facilitate the growth of 2D layered TMNs. Ex-situ experiments revealed that the molten
salt can lead to a liquid-gas growth of 2D TMNSs by lowering the melting point of metal
oxide precursors. Furthermore, it can intercalate into the interlayer space of 2D TMNs
during the reaction to form a TMN-salt-TMN superstructure, which can lower the forma-
tion energy and stabilize the 2D layered structure. We also investigated the effect of
different alkali metal ions (Li*, Na* and K¥) in the synthesis of 2D TMNs, and both 2D
layered ternary and binary TMN nanosheets were obtained. In this work, we successfully
synthesized binary 2D layered MoN; 5, WN; 5, and Mog ;W 3N+ » nanosheets for the first
time. These 2D layered TMNs demonstrated superior electrocatalytic performance in
hydrogen evolution reaction. Notably, the 2D layered Mog 7Wg 3N 2 exhibits small over-
potentials of 129 and 122 mV at a current density of 10 mA em~2in0.5MH,SO and 1M
KOH, respectively, surpassing most of the 2D layered electrocatalysts. They also exhibit
excellent oxidation resistance and film-forming property for practical applications.

RESULTS

Catalytic Molten Salt Method

Most metals or metal oxides have high melting points, so their direct ammoniation
under NHz atmosphere is a solid-gas reaction. Such process is limited by the thermo-
dynamically sluggish stuffing of N atoms into metal lattice.”® Consequently, most of
metal nitrides are nitrogen deficient (nitrogen over metal ratio < 1) with simple
chemical compositions and crystal structures (e.g., MoN, W;N, and NizN). On the
contrary, mixed salts can significantly reduce the melting point of the metal and
metal oxide precursors, and lead to a liquid-gas synthesis.m'47 Under molten state,
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Figure 1. Synthesis of Materials via the Catalytic Molten Salt Method
A schematic illustration of the synthesis of 2D layered TMNs.

the metal precursors melt into monomers, which have higher reaction activity and
faster reaction rate.** Using this method, we have synthesized a family of 2D layered
materials, such as MoNj, WN;s, and Mog7Wo 3N The composition of
Moo 7Wo 3N1 2 was confirmed using inductively coupled plasma mass spectrometry
(ICP-MS). Figure 1 shows the flow chart for the synthesis of 2D layered TMNs using
the molten salt method. Typically, metal oxide powders (e.g., MoO3) were mixed
with their alkali metal salts (e.g., Na;MoO,) via ball milling. Then the precursor
was annealed under 5% NHj3 in Ar. Before ammoniation, the mixed precursor melted
first, and then a bottom-up 2D vertical growth on the molten mixture surface took
place. After water washing to remove the salts, the freestanding 2D layered TMN
nanosheets were obtained. Since the final products were atomically thin nanosheets,
no further exfoliation process was required. It should be noted that, without adding
the salts, the final products are conventional 3D non-van der Waals MoN, and W,N
nanoparticles (Figure S1). The resulting 2D layered TMNs nanosheets exhibited a
good dispersity and stability in water, which is shown in Figure S2. After 60 days,
no oxidation was observed, demonstrating good oxidation resistance of the pro-
duced 2D layered TMNs in water. We further investigated the stability of the 2D
layered TMNs using X-ray photoelectron spectroscopy (XPS). After exposing
MoN; ; to air for 8 months, this sample was shown to be stable without any obvious
compositional change (Figures S2C and S2D). The observed good stability origi-
nates from the surface O terminations (Figure S2C), which can prevent further oxida-
tion of 2D layered TMN. It should be noted that over a decagram of 2D layered
TMNs powder can be obtained (Figure S3A) by one-time synthesis, which reveals
the immense potential of this approach for large-scale production. In the meantime,
the lyophilized 2D TMN powder can be directly rolled into a freestanding film with
good hydrophilicity (Figures S3B and S4). The film is flat and thin, which is suitable
for energy conversion and storage application.*®

Characterization of 2D Layered TMNs

The morphology and atomic structure of the 2D crystals are revealed by scanning
electron microscopy (SEM) and spherical-aberration-corrected scanning transmis-
sion electron microscopy (STEM). Figures 2A, 2E, and 2| show the SEM images of
MoN; 5, WN; 5, and Mog ;Wo 3N+ » after washing with water. Compared with the
samples before washing (Figures S5 and S6), the 2D morphology was successfully
preserved, demonstrating the structure stability of these 2D TMNs. Notably, the
samples before washing were atomically thin 2D nanosheets instead of bulk parti-
cles. The atomic structure of the as-prepared 2D crystals exhibited a hexagonal mo-
lecular phase with similar in-plane crystal lattice of 0.25 nm (Figures 2B, 2F, and 2J).
The selected area electron diffraction (SAED) in Figure S7 shows only one hexagonal
pattern, indicating the single-crystal phase of 2D TMNs. The layered structure of the
2D crystals can be clearly seen in high-angle annular dark-field (HAADF) STEM im-
ages (Figures 2C, 2G, and 2K). The MoN; ; and Mog ;Wg 3N > materials show similar
layered structure with single-layer thickness of about 0.6 nm (consisting 3 layers of
Mo atoms per unit) and an interlayer distance of about 0.5 nm. Whereas a single
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Figure 2. Structure Analysis of 2D Layered TMN Nanosheets by Electron Microscopy

(A, E, and 1) SEM images of MoN; » (A), WN1 5 (E), and Mog ;Wg.3N 12 (1).

(B, F, and J) High resolution HAADF-STEM images of 2D layered MoNj ; (B), WN1 5 (F), and
Mog.7Wo.3N1 > (J) nanosheets.

(C, G, and K) Cross-sectional HAADF-STEM images of MoN 1, (C), WN1 5 (G), and Mog 7Wq 3N  (K),
which show the thickness of the monolayer nanosheets and the distance of the interlayer space.

(D, H, and L) Schematic illustration of the corresponding atomic arrangements of MoN; , (D), WN 5 (H), and
Moo 7Wo 3N+ 2 (L). Blue, golden, and red spheres represent N, Mo, and W atoms, respectively.

layered WN; 5 consists of 4 layers of W atoms with single-layer thickness of 0.9 nm
and interlayer space of 0.8 nm, which is different from MoN; ; and the known
W,N3.%° Due to the large contrast of Mo or W atoms to N atoms under STEM
mode, the N atom cannot be observed. The schematic illustration of the expected
atomic arrangements is shown in Figures 2D, 2H, and 2L. Furthermore, Figure S8
shows the in-plane structure of Mog;Wo 3N+ 2, in which W atoms are uniformly
distributed on the MoN, , substrate, demonstrating a doped structure similar to
MoWS, chalcogenides.”” We also compared the sample before and after washing
with water (Figures 2C, 2G, 2K, and S9). The layered atomic structure remain un-
changed, which was in accordance with the SEM images.

The crystal structure of the prepared 2D TMNs was further analyzed by X-ray diffrac-
tion (XRD). MoN; ; and Mog ;Wq 3N, have the similar XRD patterns as that of
MosN.*® WN; 5 has the similar crystal structure as W,N3 (Figures 3A, 3B, and
S10).%> However, according to the TEM images perpendicular to the layers, the
atom arrangement of MoN; ; and WN, 5 at [001] facet clearly shows the unique
layered structure, which is totally different from that of MosN, (non-layered material)
and W,Nj3 (2 layers of W atoms per unit) (Figure S11), indicating that our TMNs are
newfound 2D materials. The broad peak before 10 degree for MoN; ; and WN s re-
flects the layered structure of 2D TMNs. To elucidate the chemical composition of
2D TMNs, we conducted XRD and XPS analysis for the samples before and after
washing with water. As shown in Figure S12, the products before washing are only
2D TMNs and alkali metal salts (e.g., Na;MoO,). Apparently, in the reaction, the
composition and content of the salt remains the same, demonstrating the catalytic

4 Chem 6, 1-13, September 10, 2020
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Figure 3. Characterization of 2D Layered TMNs

(A and B) XRD patterns of MoN; , (A) and WNy 5 (B).

(C and D) XPS surveys of MoN; » (C) and WN; 5 (D) before and after washing by water. The salt can
be washed off easily due to the high solubility of Na,MoO,4 and Na, WO, in water.

(E and F) N K edge XANES spectra of MoN; ; (E) and WN1 5 (F)before and after washing by water.
The unchanged N K edge spectra elucidate the stable feature of 2D TMNs during desalination.

synthesis (Table S1). As shown in Figures 3C and 3D, the sodium content is signifi-
cantly reduced to an undetectable level (Figure S13), indicating that the alkali metal
salts are washed-out completely. In the meantime, the energy-dispersive X-ray spec-
troscopy (EDS) mapping under STEM mode also reveals that the sodium salts have
been washed-out (Figures S14-516). The high-resolution XPS spectra of Mo, W, and
N indicate that the washing process only removes the salt, the nitrides remain stable
(Figures S17-519). By comparing the composition of the samples before and after
reaction, the chemical content of 2D TMNs is determined (N over Mo ratio ~1.2,
N over W ratio ~1.5). Since the only invariable element during the washing process
is nitrogen, we further conducted synchrotron-based X-ray absorption near edge
structure (XANES) to observe the N K edge of 2D TMNs before and after washing.
As expected, the N K edge spectra remain unchanged (Figures 3E and 3F), demon-
strating the stable structure of 2D TMNs even after removal of salts.

DISCUSSION

Growth Mechanism

We further investigated the growth mechanism by a series of experiments and theo-
retical calculations. In this method, the key variables are the temperature and alkali
metal salts. Consequently, we identified the growth mechanism by controlling these
two factors. First, differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were performed on different specimens to corroborate the tempera-
ture zone. As shown in Figure 4A, the melting point of MoO3-Na;MoO, mixture
(608°C) is lower than that of MoO3 (787°C) and Na;MoO, (682°C), individually.
Thus, we can conclude that before reaction, all the reactants are turned into molten
state (Figures S20 and S21). The 2D growth zone is determined at 650°C-700°C for
MoN; > and 700°C-800°C for WN1 5 by ex-situ measurement of the products ob-
tained at different temperatures (Figures S22-S25). When the temperature is higher
or lower, 2D nanosheets are not observed (Figure 4B). For example, when the
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Figure 4. Growth Mechanism of 2D Layered TMN via the Catalytic Molten Salt Method

(A) DSC of different samples.

(B) Schematic illustration of the morphology evolution at different temperatures.

(C) Cross-sectional elemental mapping of a MoN ; nanosheet before washing.

(D) Intensity line profile perpendicular to the layers of MoN; 5, which shows the atomic fraction of different elements.

(E) Growth process of 2D layered TMN. When the precursor becomes molten state, [MO,Joctahedron monomer and ions are formed. Then, [MOJoctahedron
reacts with NHj first and the ions guide the self-assembly of the 2D structure.

(F) DSC profiles of MoO3 mixed with different salts.

(G) TEM images of 2D TMN nanosheets obtained using different salts.
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temperature rises to 900°C, the 2D WNj 5 structure collapses into conventional
TMNs nanoparticles (Mo,N and W,N) (Figures S22 and S24).

Second, we explored the role of salts during synthesis. For molybdenum nitride, the
final product without the salt is a mixture of MoN and MoO. Thus, we calculated the
formation enthalpy of MoN and MoN; ; to evaluate their thermodynamic stability.
As expected, the formation enthalpy of MoN; ; is —0.378 eV, which is higher than
that for MoN (—0.395 eV). Consequently, it is more difficult to synthesize MoN , un-
der mild conditions. After adding salt, MoN1 ; is obtained instead of MoN, which in-
dicates that the molten salt can lower the formation energy of 2D layered TMNs.

Now, we explain why the 2D morphology, rather than the three-dimensional (bulk)
morphology, was obtained in this study. For 2D structured materials, such as
MoN », the reaction rate constant (k) in different growth directions determines
the thickness (k, for the [001] direction) and lateral size (ky, for the [110] direction).
Thus, we need to confirm the relationship between k and activation energy (E) in

the molten salt system, which is shown in Equation 1:**
k o
k_b ) (Equation 1)

where, E, and E,, are the activation energies in different growth directions, R is the molar
gas constant (8.314 J mol™" K™") and T is the reaction temperature. Interestingly, the
cross-sectional elemental mapping of the MoN; , nanosheets before washing (Figures
4C and 4D) clearly shows that the salt is distributed in the interlayer space of 2D TMNs,
demonstrating the formation of a TMN-salt-TMN superstructure (Figure S26). This is
similar to the exfoliation of 2H-MoS, in which Li* ions tend to intercalate into the inter-
layer space rather than into the in-plane crystal lattice of the matrix.”">” Consequently,
the salt interacts with (110) facet directly and lowers its activation energy (Ep). With the
lower values of Ey, the k, over k, increases. As a result, the growth of 2D layered TMNs
along the [110] direction is favorable and leads to a 2D morphology.

Based on these investigations, we can conclude that the formation of 2D layered
TMNs consists of three steps. The first step is the formation of [MO]octahedron S€€ds
from the melted metal oxides (M represents metal ion; x is the number of oxygen
atoms), followed by ammoniation of [MO,]octahedron S€€ds. Finally, the growth of
TMN crystals is based on the assembly of the ammonized [MoN,]octahedron S€€dS
induced by the ions from the molten salts (Figures 4E and S27). Taking MoN; » as
an example, MoOj; is transformed to MoO; due to the reducibility of NHj
(Figure S23), and then [MoOgloctahedron is formed by melting MoO, during the reac-
tion. When the temperature reaches 650°C, [MoOgloctahedron IS transformed to
[MoN,]octahedron first (Equation 2) and then assembled into a 2D plane with the cation
and anion intercalated into the interlayer to stabilize the layered structure and form
the 2D TMN-salt-TMN superstructure (Equation 3).

[M006] octahedron T YNH3 - [MONx]octahedron + 15yHZO (Equation 2)

IMON,Joctahedron + 2Na* + MoO4,2~ — MoNj » + Na,MoOy4 (Equation 3)

In order to examine the universality of this method, we further investigated the effect
of other alkali metal salts on the synthesis of 2D layered TMNs. Here, we use Mo-
based nitrides as examples. Molybdates with different alkali metal ions (Li;MoO4

218
Chem 6, 1-13, September 10, 2020 7



Hydrogen Evolution, Chem (2020), https://doi.org/10.1016/j.chempr.2020.06.037

Please cite this article in press as: Jin et al., Molten Salt-Directed Catalytic Synthesis of 2D Layered Transition-Metal Nitrides for Efficient

¢? CellPress

and K;MoO,) were chosen for the synthesis of TMNs under the same conditions. As
expected, both lithium salt and potassium salt led to the growth of 2D layered TMNs
via the molten salt method (Figures 4F and S28-S30). However, due to the small
ionic radius of Li* ion, lithium salt becomes a reactant other than a catalyst, which
leads to the growth of ternary nitrides nanosheets, such as LiMoN, or LiIWN,, as
shown in Equation 4 (Figure S29).

IMN,Joctahedron + 2Li* + MO42~ + yNH3— 2LiMN; + 1.5yH,0 (Equation 3)

However, for sodium and potassium salts, 2D binary nitrides with TMN-salt-TMN super-
structure are formed (Figures 4G, S30, and S31). Based on these results, we can
conclude that the molten salt method is a facile and general approach, which can be
applied to the growth of MoN;,, WN; 5, and Mog7Wq3N; » by forming a unique
TMN-salt-TMN superstructure as an intermediate. Three factors were considered for
choosing salts in the synthesis of binary 2D layered TMNs: (1) the salt should contain al-
kali metal ion (e.g., Na*) to guarantee an ion-induced 2D growth, (2) the salt should not
react with the metal oxide precursor or NH; at growth temperature to ensure the cata-
lytic synthesis of 2D layered TMNs, and (3) the melting point of the salts should be
appropriate to ensure a molten state growth at certain temperature.

Electrochemical Properties of 2D Layered TMNs

We further investigated the performance of these 2D layered TMNs in energy-related ap-
plications, such as hydrogen evolution reaction (HER). Since TMNs have excellent elec-
tron conductivity and noble metal-like electronic structure,”®>* 2D TMNs are expected
to exhibit good catalytic performance in HER. Figures 5A and 5D show the linear sweep
voltammetry (LSV) curves for different 2D layered TMNs in 0.5 M H,SO,4 and 1 M KOH,
respectively. At the current density of 10 mA ecm~?, the 2D Mog s Wq 3N+ 5 exhibits the
lowest overpotential (n10) of 129 mV in acidic electrolyte and 122 mV in alkaline electro-
lyte, which are significantly lower than those for MoN; ; and WN 5, individually. This ac-
tivity enhancement can be attributed to the optimized W sites induced by the doping
process. Additionally, Mog 7Wq 3N+ » shows the Tafel slope of 59 and 47 mV dec™! (Fig-
ures 5B and 5E) under acidic and alkaline conditions, indicating that the Volmer stepis no
longer the rate-determining step due to the optimization of hydrogen adsorption ability.
Importantly, the unique metal-nitrogen bonds can guarantee a noble-metal-like elec-
tronic structure of transition-metal nitrides.”® Therefore, the 2D layered Mog;Wq 3N 5
features a robust stability in both acidic and alkaline solutions, which is required for a sus-
tainable hydrogen production (Figures 5C and 5F). XRD and SEM measurements for the
samples after HER were conducted (Figure S32) and demonstrated high stability of
Mog 7Wo 3N+ 2 during HER. To achieve a comprehensive assessment of the 2D layered
electrocatalysts, the 1o values of Mog ;W 3N 2 in acidic (Figure 5G; Table S2) and alka-
line media (Figure 5H; Table S3) were compared with other 2D layered HER catalysts re-
ported in recent studies. Evidently, the value of n1g and Tafel slope for Mog ;Wq 3N are
lower than the corresponding values for most of the reported 2D electrocatalysts for
HER, by virtue of the rich metal-nitrogen bonding and higher valance state of the metal

atoms.é,'\ 3,54-57

In addition, our 2D layered TMNs can also serve as the promising electrode materials
for capacitive energy storage owing to the unique 2D layered structure, rapid ion
transport, and film-forming ability. The highest volumetric capacitance of MoN; ,

is 842 F cm—3, which is comparable to the MXene materials (Figures §33-537).48:58

This work demonstrates that the catalytic molten salt method is well suited for
scalable synthesis of a family of 2D layered TMNs under mild conditions. The
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Figure 5. HER Performance of 2D Layered TMNs

(A and B) LSV curves (A) and corresponding Tafel plots (B) of the 2D layered TMNs in Ar-saturated 0.5 M H,SO, solution. Scan rate: 5 mV s~'. RHE,
reversible hydrogen electrode.

(C) Long-term stability of Mog 7Wq 3N+, for HER under acidic conditions.

(D and E) LSV curves (D) and corresponding Tafel plots (E) of the 2D layered TMNs in Ar-saturated 1 M KOH solution. Scan rate: 5 mV s

(F) Long-term stability of Mog 7Wg 3N  for HER under alkaline conditions.

(G and H) Comparison of nyo with recently reported 2D layered HER catalysts in both acidic (G) and alkaline (H) conditions. 110, overpotential at the
current density of 10 mA cm 2.

molten salts act as catalysts during the synthesis and enable the formation of a
unique TMN-salt-TMN superstructure. The control experiments reveal the critical
role of alkali metal ion and reaction temperature in the synthesis, which provides
the unique ion-induced growth environment and lower formation energy. The re-
sulting 2D TMNs show excellent HER performance as the HER electrocatalysts and
high volumetric capacitance as the capacitive electrode materials, which are bet-
ter than most of the conventional 2D layered materials. The catalytic molten salt
method is facile and scalable for synthesizing a series of 2D layered TMNs and
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represents a promising route for manufacturing 2D layered materials for various
applications.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Shi-Zhang Qiao (s.qiao@adelaide.edu.au).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The data supporting the findings of this study are available for the article and Sup-
plemental Information or from the corresponding authors upon request.

Synthesis of 2D Layered MoN, , Nanosheets

The 2D MoNj , nanosheets were synthesized via a three-step method. First, 1.44 g of
MoO3 powder and 2.42 g of Na,MoO,-2H,0 (or 2.38 g of K;MoO,) powders (mole
ratio of 1:1) were mixed via ball milling. Ball milling was carried out in a planetary mi-
cro mill system (Fritsch PULVERISETTE 7 premium line) with a rotation speed of
400 rpm for 20 min (two cycles). Then, 100 mg of this mixture was put flatly into a por-
celain boat. It should be noted that if the thickness of the accumulation was too large,
the reaction would have been incomplete due to the formation of molten salt shield.
The 2D MoN; , material was produced by annealing the as-prepared precursor at
650°C for 5 h at the ramp rate of 1°C min™" under 5% NHj3 in Ar atmosphere. Finally,
the product was washed by ultrasonication in deionized water to remove the salt.

Synthesis of 2D Layered WN, s Nanosheets

The 2D layered WN1 5 nanosheets were synthesized via a three-step method like that
used for the preparation of MoN; ,. First, 2.31 g of WO3; powder and 3.3 g of
Na,WO,-2H,0 (or 3.26 g of K;WO,) powder (mole ratio of 1:1) were mixed via
ball milling. Then, 100 mg of this mixture was put into a porcelain boat uniformly.
The 2D WN; 5 material was produced by annealing the as-prepared precursor at
750°C for 5 h at the ramp rate of 1°C min~" under 5% NHj in Ar atmosphere. Finally,
the product was washed by ultrasonication in deionized water to remove the salt.

Synthesis of 2D Layered Moo ;Wo 3N1.2 Nanosheets

First, 50 mg of MoO3-Na;MoO,-2H,0 mixture and 50 mg of WO3-Na,WO,4-2H,0
were mixed. Then, the mixture was put into a porcelain boat uniformly. The 2D
Mog 7Wo 3N1 2> material was produced by annealing the as-prepared precursor at
650°C for 5 h at the ramp rate of 1°C min~" under 5% NHs in Ar atmosphere. Finally,
the product was washed by ultrasonication in deionized water.

Synthesis of 2D Ternary TMN Nanosheets

Liz,MoQy (Li,WQOy4) was mixed with MoO3 (WO3) with the mole ratio of 1:1 using ball
milling. Then, the mixture was annealed at 650°C (750°C for W) for 5 h at the ramp
rate of 1°C min~" under 5% NHj in Ar atmosphere. Finally, the product was washed
by ultrasonication in deionized water.

Electrochemical Test for HER

Typically, 4 mg of catalyst was dispersed in 800 pL of deionized water. Then 200 pL of
1wt % Nafion in water was added to the catalyst dispersion. Since all the catalysts are
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electrically conductive, carbon black was not added. Next, 20 L of the catalyst
dispersion (4 mg mL™") was transferred onto a 5 mm glassy carbon rotating disk elec-
trode (0.4 mg cm™?) serving as the working electrode. The reference electrode was
Ag-AgClin 3.5 M KCl solution and the counter electrode was a graphite rod. All po-
tentials were referenced to the reversible hydrogen electrode by adding (0.205 +
0.059 X pH) and all polarization curves were corrected for the iR compensation
within the cell. A flow of Ar was maintained over the electrolyte during the experi-
ment to eliminate dissolved oxygen. The working electrode was rotated at
1,600 rpm to remove hydrogen gas formed on the catalyst surface.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.06.037.
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Figure S1. SEM images and XRD patterns of the ammoniated samples from MoO3 and WOs3
powders without salts.
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Figure S2. (A) and (B) Images of the 2D TMN fresh dispersion in Milli-Q water (day 0) and
dispersion in the 60t day. (C) Mo 3d and (D) O 1s XPS spectra of MoN1 2 before and after
exposure to air for 8 months. The intensity of the peak at 532 eV (Mo-O bonding) increases
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slightly after 8 months, indicating the existence of surface O termination.

Figure S3. (A) Photograph of 2D MoNi, powder obtained from one-pot synthesis by
increasing the amount of precursors. (B) The freeze-dried 2D TMNs (MoN12) powder behaves

528

Powder

Rolling

like a clay, which can be rolled to produce the freestanding films.
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1798

Figure S4. Digital image showing the contact angle of a water droplet on a rolled TMN film.

g T

Figure S5. Low resolution SEM images of (A) MoN1 2, (B) WN15 and (C) Moo7Wo.3N1.2 before
washing.

A -

Figure Sé6. High resolution SEM images of (A) MoN1 2, (B) WN15 and (C) Moo 7Wo 3N+ before
washing.
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Figure S7. SAED patterns that demonstrate the single-crystal structure of 2D layered TMNss.
(A) MoN12, (B) WN15 and (C) Moo7Wo3N12. The ring-shaped pattern in (C) is due to the
overlapping of multiple nanosheets.

nanosheets.
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Figure S9. Cross-sectional HAADF-STEM images of
Moo.7Wo.3N1.2 before washing.
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Figure S10. XRD pattern of MoosWo3N1.2 after washing.
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Figure S11. Theoretical models of MosNs and W2N3 that show their crystal parameters.
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Figure S12. XRD pattern of MoN12 and WN1 5 before washing.
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Figure S13. XPS survey scan of Moo sWo.3N12 before and after washing.
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Figure S14. Elemental mapping and EDS of MoN 2 before and after washing.
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Figure S15. Elemental mapping and EDS of WN1 5 before and after washing.
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Figure S16. Elemental mapping and EDS of Moo 7Wo.3N1.2 before and after washing.
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Figure S17. High resolution XPS spectra of (A) Mo 3d, (B) Mo 3p and N 1s and (C) Na 1s of

MoN1 ;2 before and after washing.
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Figure S18. High resolution XPS spectra of (A) W 4f, (B) N 1s and (C) Na 1s of WN 5 before

and after washing.
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Figure S19. High resolution XPS spectra of (A) Mo 3p and N 1s, (B) Mo 3d, (C) W 4f and (D)

Na 1s of Mog.7Wo.3N1.2 before and

after washing.
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Figure S20. TGA profiles of MoOs, NazMoO4 and their mixture. The mixed salts can lower
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Figure S21. TGA and DSC profiles of WO3, Na;WQO4 and their mixture.
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Figure S22. SEM images of the Mo based samples obtained at different temperatures. (A) At
500 °C, the sample is MoO2 nanoparticles. (B)At 600 °C, small nanosheets start to grow on
the surface of molten salt. (C) At 650 °C, the 2D nanosheets can be observed clearly with a
flower like morphology. (D) When the temperature reaches 750 °C, the nanosheet is starting
to collapse, which is due to the outward diffusion of N atom from Mo lattice at high

temperature.
650 wash
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@
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IS 500
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Figure S23. XRD patterns of the Mo based samples obtained at different temperatures. At
500 °C, MoO; is turned into MoO: due to the reducibility of NHz. When the temperature
increases to 650 °C, MoO; is turned into MoN1 2.
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Figure S24. SEM images of the W based samples obtained at different temperatures. (A) At
500 °C, the sample is WOy nanoparticles. (B) At 650 °C, ultra-small nanosheets start to grow.
(C) When the temperature reaches 750 °C, the 2D growth can be observed clearly. (D) When
the temperature reaches 900 °C, the outward diffusion of N atom from W lattice occurs, and
the 2D WN15 nanosheets are turned into W2N nanoparticles.
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Figure S25. XRD patterns of the W based samples obtained at different temperatures. At
600 °C, WOs reacts with Na,WO4 and forms NaWQO3. When the temperature increases to
750 °C, NaWOs is turned into Na;WO4 and WN 5.
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Figure S26. (A) Cross-sectional element mapping of a WN1 5 nanosheet before washing. (B)
Intensity line profile perpendicular to the layers of WN1.5, which shows the atomic fraction of
different elements.
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Figure S27. SEM images of MoNi> and WN;s obtained from the precursors with the
oxide/salt molar ratio of 1:3. An increase in the salt amount does not affect the final product,
demonstrating the catalytic property of salt. In these two images, the vertical growth of 2D
nanosheets on the salt surface can be observed.
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Figure S28. TGA profiles of MoO3 mixed with different salts.
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Figure S29. SEM images and XRD patterns of the sample synthesized using Li* salts. Ternary
2D TMNs nanosheets are obtained. It should be noted that LiMoN2 and LiIWN; also have
layered structure with Li* ion in the interlayer.
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Figure S30. SEM images and XRD patterns of the sample synthesized using K* salts. The

impurity of W2N may be due to the high melting point of K;WOa.
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WN 5 obtained using K* salts.
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Figure S32. (A) SEM images and (B) XRD spectrum of Moo 7Wo.3N12 after HER stability test.
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Figure S33. (A) CV curves of 2D layered TMNs at the scan rate of 100 mV s™'. (B) Volumetric
capacitance obtained at different scan rates. (C) Gravimetric capacitance obtained at different

scan rates.
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Figure S35. (A) SEM images and (B) XRD spectrum of MoNj, film after capacitive
performance test.

Figure S36. SEM images of the (A) in-plane and (B) fracture surface of the ~11 pm-thick
MoN 2 film.
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Figure S37. Electrochemical impedance spectroscopy (EIS) measurement of 2D TMNs.

Figure S33A shows the cyclic voltammetry (CV) curves for 2D TMNs obtained at the scan rates
of 100 mV s™'. The rectangular voltammograms demonstrate the good double-layer
capacitance. The specific capacitances in Figure S33B and S33C are calculated based on the
CV curves at the scan rate from 2 mV s~' to 2 V s7'. All these 2D TMNs show excellent cycling
stability (Figure S34). After stability test the morphology and chemical composition of 2D
TMNs remain the same (Figure S35). At 2 mV s7', the volumetric capacitance of a 11 um thick
MoN 2 electrode (Figure S36) was 842 F cm=3, which is higher than that for WN1.5 (647 F cm~3)
and Moo 7Wo3N12 (434 F cm~3). This value is among the highest volumetric capacitance values
obtained for pristine 2D materials such as Ti3C2Tx clay and Mo1.33C MXene with the similar
film thickness.!? EIS was also performed to examine the electron/ion transport (Figure S37).
The results reveal a typical capacitive behavior with no apparent charge-transfer resistance,
which indicates a fast electron transport in the restacked film type electrodes. These practical
results demonstrate the superior performance of 2D layered TMNs synthesized by catalytic
molten salt method for energy related applications.
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Table S1. Elemental composition of 2D TMNs before and after washing.

2D TMNs W (%) Mo (%) N (%) O (%) Na (%)
MoN1 2 before washing 20.59 26.76 36.82 15.82
MoN 2 after washing 30.09 34.85 33.81 1.25
WN15 before washing 24.94 25.95 32.28 16.83
WN1 5 after washing 25.77 37.39 35.89 0.95
Moo 7Wo3N12 before washing  10.69 18.34 39.83 25.80 5.34
Moo.7Wo.3N1.2 after washing 10.25 21.73 52.73 15.29 N/A
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Table S2. Summary of HER activities of our 2D layered TMNs and other 2D electrocatalysts

under acidic conditions.

Tafel slope
Catalysts N0 (MV) Ref.
(mV dec™)
Moo.7Wo.3N1.2 129 59 This work
MoN1 2 270 79 This work
WN1s 348 82 This work
MoS,/TisCoTx@C 135 45 3
VS2/V2CTx 138 37.9 4
Moo sWo 5S2 138 55 5
MoS2/TizC2Tx nanoroll 152 70 6
O, P-MoS; 150 53 7
Ti3C2Tx nanofibers 169 97 8
Ti2CTx 170 100 9
Mo2CTx: Co 180 N/A 10
Mo,CTx (low F coverage) 189 75 11
E-TizC20x 190 60.7 12
1T MoS: 205 51 13
P-VoCTx 220 74 14
Mo.CTx 283 N/A 15
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Table S3. Summary of HER activities of our 2D layered TMNs and other 2D electrocatalysts

under alkaline conditions.

Tafel slope
Catalysts N0 (MV) Ref.
(mV dec)
Moo.7Wo.3N1 2 122 47 This work
MoN1 2 306 83 This work
WN 5 463 121 This work
NiFe-LDH/TizCoTx 132 70 16
Co9Sg@Mo0S; 143 117 17
VS2/V2CTx 164 47.6 4
Mn-MoSe> 167 60 18
Ni-MoS2/RGO 168 69.5 19
MoS2/Mo2CTx 176 207 20
NiS2/VoCTx 179 85 21
BP QDs/TizCoTx 190 83 22
MoS: nanosheets 200 104 17
Vertical MoS; nanosheets 204 76.6 23
Ni-WSe> 215 109 24
MoS2/NisS: 218 83.1 25
NiMosS4 257 98 26
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Supplemental Experimental Procedures
Chemicals

MoOs (99.97%), WO3 (99.9%), Na:MoO4-2H20 (>99.5%), KoMoOs (98%), Li2WO4 (98%),
Na;WO4-2H,0 (>99%) and KoWO, (94%) were purchased from Sigma-Aldrich without further
purification. Li2MoQO4 (99%) was purchased from Tianjin HEOWNS Biochemical Technology
Co., Ltd., China.

Electrochemical Tests for Supercapacitor

We used a typical three-electrode configuration for aqueous electrolyte testing in Swagelok
cells (Swagelok, USA). In this setup, carbon black was the counter electrode, Ag/AgCl was the
reference electrode, and a Celgard film served as the separator (Celgard, USA). All the
electrochemical tests were carried out using CHI760D, and electrochemical impedance was
measured with potential amplitude of 10 mV from 1 mHz to 1 MHz.

Characterization

X-Ray Powder Diffraction (XRD) data were collected on a Rigaku MiniFlex 600 X-Ray
Diffractometer. Field-emission SEM imaging was conducted on a FEI QUANTA 450 electron
microscope. The transmission electron microscope images, aberration-corrected TEM images,
high-angle annular dark-field imaging and EDS mapping were taken on a FEI Titan Themis 80-
200 operating at 200 kV. Melting point of the samples was determined by thermogravimetric
analysis (TGA, METTLER TOLEDO TGA/DSC 2) under Ar with a temperature ramp of 20 °C
min~'. Inductively coupled plasma mass spectrometry (ICP-MS) analysis was conducted using
an Agilent 7500cx instrument with attached laser ablation system.

The synchrotron based XANES measurements were carried out on the soft X-ray spectroscopy
beamline at the Australian Synchrotron, which is equipped with a hemispherical electron
analyzer and a microchannel plate detector that enables simultaneous recording of the total
electron yield and partial electron yield. The calibration of XPS data was normalized to the
photoelectron current of the photon beam, measured on an Au grid. The raw XANES data
were normalized using software Igor Pro 8.

DFT calculations

First-principles calculations were performed by CASTEP package code with density-functional
theory (DFT).?” The data were collected using generalized gradient approximation with the
exchange-correlation function of the Perdue-Burke—Ernzerh.?82? The cutoff energy of plane
wave was set at 500 eV. All the structural models were optimized and the energy and force
convergence are 105 eV per atom and 0.03 eV A, respectively.
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Chapter 8: Conclusions and Perspectives

8.1 Conclusions

This Thesis focuses of designing new atomically thin 2D materials and their derivatives
for energy-relevant electrocatalysis applications and gaining insights into the reaction
mechanisms of these processes. According to the works in this thesis, the following

conclusions can be drawn:

1. Using 2D C3Ns@MoN hybrids as a model catalyst, the possibility of activating 2D
materials as efficient electrocatalysts for the alkaline HER was demonstrated. The
construction of highly active C3N4and MoN interfaces facilitated the formation of dual
active sites, which realized the balance of Haq and OH,q intermediates. It was also found
that the contribution of Had and water dissociation in this electrocatalyst could be
balanced by regulating the proportion of g-CsNs4 to MoN. Confirmed by
electrochemical measurements and DFT calculations, the activity enhancement
originates from the optimized hydrogen adsorption energy on the N sites of g-C3N4 and
the stronger OH adsorption energy of the Mo atoms in MoN. This demonstrates the
feasibility of tuning the binding energies of multiple active sites through the

construction of 2D heterostructures for the alkaline HER.

2. The facile synthesis of 2D nitrogen—rich MosNs nanosheets for HER was achieved
using a simple Ni induced salt-template method. The addtional nitrogen atoms
incorporated in the MosNg lattice greatly changed its inherent properties, leading to a
higher Mo valence state and Pt-like electronic structure. The MosNg nanosheets
exhibited excellent HER perfromance in various electrolytes, especially in seawater.
For seawater HER, its performance was significantly better than other nitrogen—
deficient TMNs and the Pt/C benchmark. The MosNg catalyst combines high activity
and good stability simultaneously, demonstrating the possibility of using 2D nitrogen—

rich TMNss for electrocatalytic processes in harsh electrocatalytic environments.

3. A multifaceted heteroatom-doping method was developed to optimze the HER

activity of non-noble metal catalysts on graphene supports. Out of all the doped Ni
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catalysts tested, N-P co-doped Ni exhibited the best HER performance with a very small
overpotential of 24 mV at a current density of 10 mA cm™. As confirmed by
experiments and DFT calculations, doping-induced charge redistribution on the Ni
surface can change the electronic structure of the Ni metal, resulting in catalytic
properties similar to nobel metal catalysts. Similar enhancement was also observed for
Co metal catalysts, demonstrating the versatility of this method. This study
demonstrates the possibility of activating TMEs via heteroatom doping and provides
new insight for activating unconventional materials for applications in other energy

storage and conversion systems.

4. The nitrogen vacancies confined on 2D W>N3 nanosheets was confirmed as a stable
active site for the electrocatalytic reduction of N> to NH3 under ambient conditions. The
activity and stability of nitrogen vacancies is evaluated by electrochemical
measurements and various ex situ characterization. Significantly, the nitrogen-vacancy-
engineered 2D W>N3 exhibits significant NRR performance. Electrochemical and
isotopic labeling experiments reveal that the NV-W;,N3 follows a distal mechanism that
is different from conventional TMNs. The theoretical calculations demonstrate that the
electron loss induced by the nitrogen vacancies can lower the thermodynamic limiting
potential and thus facilitate the overall NRR. This work highlights the potential of
vacancy engineering on 2D materials for catalytic NRR and provides new insight for

preparing novel materials for applications in energy storage and conversion systems.

5. The facile and scalable synthesis of a new family of 2D layered TMNs for the HER
is achieved by a catalytic molten salt method. The molten salts act as the catalysts
during the synthesis and enable the formation of a unique TMN-salt-TMN
superstructure. The control experiments reveal the critical role of the alkali metal ion
and reaction temperature in the synthesis, which provides the unique ion-induced
growth environment and lower formation energy. The resulting 2D TMNs show
excellent HER performance as HER electrocatalysts and high volumetric capacitance
as capacitor electrode materials, which are better than most of conventional 2D layered

materials. The catalytic molten salt method is simple and scalable for synthesizing a
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series of 2D layered TMNs and represents a new route for manufacturing 2D layered

materials for various applications.

In summary, novel 2D nanomaterials were demonstrated as efficient electrocatalysts for
energy-relevant electrocatalytic processes such as the HER and NRR. By modifying
their surface properties and electronic structures at the atomic level, the 2D materials
can be extended to other research areas. Moreover, discovering the reaction
mechanisms of these electrocatalyst materials can provide a solid foundation for the

design and optimization of more efficient 2D electrocatalysts.
8.2 Perspectives

Although great achievements have been made in the research area of 2D materials for
electrocatalysis, additional endeavors are still required to accelerate the development

of 2D electrocatalysts for clean and renewable energy technologies. These include:

1. The current production yield, quality, and quantity of 2D nanomaterials are still
inadequate for industrial and commercial requirements. Consequently, the optimization

of current synthesis methods is highly needed.

2. Although there has been significant progress on the development of high
performance 2D electrocatalysts, a fundamental understanding of their activity origins
in many electrocatalytic processes is still required. It is therefore necessary to increase
computing power and calculations to investigate the physicochemical properties of 2D

electrocatalysts in more detail.

3. Current characterization of 2D electrocatalysts is usually based on ex-situ methods.
However, one of the most important factors in electrocatalysis is the adsorption of
reaction intermediates which cannot be probed using these methods. This generally
leads to a poor understanding of the working mechanism. Consequently, more advanced

in-situ characterization methods are needed.

4. 2D electrocatalysts at present cannot satisfy current commercial and fundamental
requirements. Most electrocatalytic processes lack efficient 2D electrocatalysts,

resulting in many development opportunities in these fields. Consequently,
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synthesizing new 2D electrocatalysts with suitable compositions and functionalities are

highly needed.

5. Advanced synthetic methods should be developed to realize precise control of the
physical and chemical properties for modelling 2D nanomaterials, such as size,
thickness, edges, doping sites, defects, etc. These model catalysts can therefore bridge
the gap between molecular configurations in theoretical calculations and the actual

samples used in experiments.

2D electrocatalysts represent a significant contribution in both fundamental studies and
practical applications in clean energy systems. First, the development of new types of
2D nanomaterials is very promising because they can be tailored to target specific
electrocatalytic process. Second, to fully utilize the unique properties of different 2D
nanomaterials, hybridization is a promising solution for specific applications. More
intriguingly, hybridization of 2D nanomaterials can also generate new properties and
functionalities. Last, further efforts are needed to elucidate many details of the working
mechanisms, as they currently remain poorly understood. It is of paramount importance
to fill the gap between theory and experiments for 2D electrocatalysts, which requires
close collaboration amongst material scientists, computational chemists, and

electrochemists.
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