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Abstract

The development of efficient energy conversion technologies, such as electrocatalysis process
converting electricity derived from renewable energy to various forms of chemical energy,
provides a highly desired pathway to produce transportable fuels and value-added chemicals
from low-cost feedstocks like water and air, simultaneously to ease the fossil fuel reliance as
well as the greenhouse gases emissions. Ammonia (NH3) and hydrogen peroxide (H>O>) are
globally important chemicals as basic building blocks in industry and promising carbon-free
hydrogen carriers. Production of NH3 from N2 (NRR) or H20O: from O> (2e” ORR) through the
sustainable and energy-saving electrocatalysis process are therefore highly meaningful. A
crucial step in conducting these processes is to develop efficient electrocatalysts for effective
activation of the reactants and selective formation of the desired products. Therefore, this
Thesis aims to design and synthesize novel nanostructured materials as efficient
electrocatalysts for nitrogen and oxygen reduction reactions. Besides the electrocatalyst
engineering, energy devices combining various reactions/techniques are also elaborately

designed as demonstration for future practical applications.

In this Thesis, a systematic review on the recent research progress for the application of main
group elements on NRR is firstly provided by investigating their interaction with N> and the
strategies for suppression of the undesired hydrogen evolution reaction (HER) (Chapter 2).
This chapter provides a concise but comprehensive understanding on various reaction pathways

for NRR and strategies towards N> activation and HER suppression.

The first part of this Thesis (Chapter 3 and 4) focus on a comprehensive optimization and
accurate evaluation of NRR performance by investigating aspects such as electrocatalyst and
electrolyte. Firstly, semiconducting bismuth nanosheet was for the first time reported to be

promising candidate for ambient NRR. The high NRR electrocatalytic activity of the Bi NS



originates from the sufficient exposure of edge sites coupled with effective p-orbital electron
delocalization. Secondly, trace amount of nitrate and nitrite were found to exist in some lithium
salts such as Li2SO4 and LiClO4, which are usually used as electrolytes. Reduction of those
nitrogen oxyanions (NOy ) causes false positive results for NRR. To avoid these false positive
results and to make the best practice of NRR research, simple but versatile spectrophotometric
methods were employed to quantitatively determine NOx  contaminations, followed by

effective high-temperature annealing strategy to eliminate them.

The second part of this Thesis (Chapter 5) focus on exploration of novel strategy for efficient
nitrogen fixation other than the present one-step NRR process. It is proposed that fixation of
N»-to-NH3 can be decoupled to a two-step process with one problem effectively solved in each
step, in which facile activation of N> to NOx™ is realized by a non-thermal plasma technique

and highly selective conversion of NOx™ to NHj3 by electrocatalytic reduction.

In the third part of this Thesis (Chapter 6), the electrochemical reduction of Oz via a two-
electron reaction pathway for sustainable and decentralized H2O> production was investigated
on a nitrogen-rich few-layered graphene (N-FLG). A positive correlation between the content
of pyrrolic-N and the H>O: selectivity is experimentally observed. The critical role of pyrrolic-
N is elucidated by the variable intermediate adsorption profiles as well as the dependent
negative shifts of the pyrrolic-N peak on X-ray absorption near edge structure spectra.
A practical device coupling electrochemical H>O> production with furfural oxidation was
then assembled to achieve high-value products on both anode and cathode with optimized

energy efficiency.
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Chapter 1: Introduction

1.1 Significance of the Project

Compared to traditional fossil-fuel driven industry, the emerging electrocatalytic refinery
serves as a more reliable, sustainable and environmentally friendly approach to transform
renewable energy and low-cost feedstocks into transportable fuels and value-added chemicals.'
For example, the electrocatalytic N> reduction to NH3 (NRR) provides a possibility for
replacing the traditional Haber-Bosch process and the electrocatalytic reduction of O; via a
two-electron pathway to H>O> (2~ ORR) could be a promising alternative for the current
anthraquinone process.?> Both NRR and 2¢~ ORR provide not only green and sustainable, but
also decentralized and scalable approach for on-site/-demand production of value-added
chemicals (NH3, H»0). These electrochemical refinery reactions could facilitate the
development of electrochemical industry to produce high value chemicals and important

commodities from low-cost feedstocks powered by renewable energy sources.

A key bone of this blueprint is to develop efficient electrocatalysts with high activity,
selectivity, and stability for the desired transformation reactions. In recent years, various
strategies have been developed to design materials with multiple dimensions and various
surface properties. For example, two-dimensional (2D) materials with unique electronic
structure and tunable exposed facet has recently attracted much attention as electrocatalysts.*
Since the electrochemical reactions happen on the solid-liquid interface between electrode and
electrolyte, the surface properties of the electrocatalysts are vital for binding key reaction
intermediates, thus greatly impact the selectivity and activity.’ To effectively tune the surface
properties, tactics such as alloying, defect engineering, heteroatom doping, facet engineering

constructing core-shell structure, etc have shown great effectiveness.®



Besides the rational design and synthesis of materials, advances in surface characterization
techniques are vital to bridge the gap in mechanistic understanding of electrolysis process. For
example, physical characterizations such as scanning/transmission electron microscopy, X-ray
photoelectron spectroscopy and synchrotron-based X-ray absorption spectroscopy allow
confirmation of structure and composition of the electrocatalyst. In-situ spectroscopic
techniques such as surface enhanced Raman spectroscopy (SERS) and surface enhanced
infrared spectroscopy (SEIRS) can provide meaningful information about the species produced
on the heterogenous interface during the electrocatalysis process.” Therefore, this Thesis aims
at design and synthesis of advanced electrocatalysts for production of transportable fuels and
value-added chemicals. Meanwhile, combining electrochemical measurement with a series of
ex-situ and in-situ characterizations, reaction mechanisms are investigated in detail and

expected to inspire future advances in electrocatalysis.

1.2 Research Objective

The major aim of this Thesis is to produce transportable fuels and value-added chemicals
through electrocatalysis from renewable feedstocks like water and air. This requires
development of efficient electrocatalysts and comprehensive understanding on reaction
mechanisms. In this regard, a combination of materials synthesis, physical characterizations,
electrochemical measurement and in situ spectroscopy is employed to study the structure-
activity relationship. In particular, the objectives of this Thesis are:

To design two-dimensional nanostructured materials as electrocatalysts for NRR.

To identify and eliminate the contamination in commonly used electrolyte in NRR for more
rigorous measurement and product quantification practice.

To explore a system integration between plasma oxidation with electrocatalytic reduction for

N> fixation that simultaneously solves N> activation and ensures NH3 selectivity.



To tailor the selectivity of electrochemical hydrogen peroxide generation by tunable pyrrolic-
nitrogen-carbon.

To assemble a practical device for production of valuable chemicals on both anode and cathode.

1.3 Thesis Outline

This Thesis is presented in the form of journal publications. It contains several research
findings on electrocatalytic NRR and 2e~ ORR. Novel nanomaterials were designed and
synthesized to produce NH3 and H>O» from electrocatalytic reduction of nitrogen and oxygen,
respectively. Recent progress and challenges for the application of the main-group elements on
nitrogen reduction reaction were reviewed followed by exploring the application of several
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 electrocatalysis.

Chapter 2 reviews the recent progress and challenges for the application of main-group
elements on nitrogen reduction reaction.

Chapter 3 presents two-dimensional mosaic bismuth nanosheets for highly selective ambient
electrocatalytic nitrogen reduction.

Chapter 4 identifies and eliminates contamination in electrolyte for nitrogen reduction reaction.
Chapter 5 reports efficient nitrogen fixation to ammonia through integration of plasma
oxidation with electrocatalytic reduction.

Chapter 6 tailors the selectivity of electrochemical hydrogen peroxide generation by tunable
pyrrolic-nitrogen-carbon.

Chapter 7 presents the conclusion and perspectives for future work on design and application

of novel nanomaterials for electrocatalysis.
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Chapter 2: Literature Review

2.1 Introduction and Significance

Electrocatalytic nitrogen reduction reaction (NRR) is widely recognized as a promising
alternative to traditional Haber-Bosch process. Despite the rapid progress in recent
years, the application of NRR is still suffering from low Faradaic efficiency and low
ammonia yield due to the high energy barrier of N2 activation, the low solubility of N2
in aqueous solutions and the competing HER. To address these issues, selection of
catalyst materials that can effectively activate the inert N2 and meanwhile restrain the
HER is indispensable. Main group elements with partially occupied valence p orbitals
and intrinsic poor hydrogen adsorption ability could provide more ideal active centres
for nitrogen activation and fixation.

In this Chapter, mechanisms for main group elements-based electrocatalysts boosting
N> activation are comprehensively summarized, mainly including Lewis acid-base
interaction, p-electron backdonation, Li-mediated pathway, vacancy engineering and
heteroatoms doping. Meanwhile, mechanisms for HER suppression are also discussed.
Namely, intrinsic poor proton binding, limiting the electron accessibility, constructing
hydrophobic layer and electrolyte engineering and ions effect. This literature review
provides a concise but comprehensive understanding on various reaction mechanisms
for NRR and strategies towards N> activation and HER suppression, which is expected
to inspire the future catalyst design for NRR. Highlights of this work include:

1. First Review of MGEs for boosted NRR. We critically assess and comparatively

summarize MGEs-based materials design and regulating strategies for optimal NRR

11



performance. We do this by identifying the functional mechanisms for boosted NRR
and suppressed HER rather than enumerating catalysts by elements, or type.

2. Comprehensive strategies in electrolyte and interface based on MGEs. We critically
assess and compare methods for engineering and optimization of electrolyte and
electrode surface based on MGEs. We show how these can be gainfully used to boost

NRR.

3. Universal principles and methodologies to explore new catalysts and strategies. We
show that MGEs-based functional mechanisms are generalizable, and how they
might be judiciously applied as a basis for smart design of advanced catalyst

materials for N2 fixation.

2.2 Main group elements boost electrochemical nitrogen reduction.
This Chapter is included as it appears as a journal paper in preparation for publication
by Laiquan Li, Cheng Tang, Huanyu Jin, and Shizhang Qiao. Main group elements

boost electrochemical nitrogen reduction. Minor revision before acceptance.

12



Statement of Authorship

Title of Paper

Main Group Elements Boost Electrochemical Nitrogen Fixation

Publication Status

™ Published [ Accepted for Publication

Unpublished and Unsubmitted w ork w ritten in

¥ Submitted for Publication manuscript style

Publication Details

Laiquan Li, Cheng Tang, Huanyu Jin, Kenneth Davey, Shizhang Qiao. Main group elements
boost electrochemical N, fixation. Minor revision before acceptance.

Principal Author

Name of Principal Author (Candidate)

Laiquan Li

Contribution to the Paper

Proposed the review topic, reviewed and organised the literatures, and wrote the manuscript.

Overall percentage (%)

80

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 | 05/09/2021

Co-Author Contributions

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

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

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

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

Name of Co-Author

Cheng Tang

Contribution to the Paper

Helped to revise the manuscript and organise the figures.

Signature Date 05/09/2021
Name of Co-Author Huanyu Jin

Contribution to the Paper Helped to revised the manuscript.

Signature Date 05/09/2021

13




Name of Co-Author

Kenneth Davey

Contribution to the Paper

Signature

Helped to evaluate and edit the manuscript.

Date 05/09/2021

Name of Co-Author

Shi-Zhang Qiao

Contribution to the Paper

Signature

Supervised development of work, helped in manuscript evaluation and acted as corresponding
author

Date 05/09/2021

14




Chem

¢ CellPress

Main Group Elements Boost Electrochemical

Nitrogen Fixation

Laiquan Li,' Cheng Tang,'* Huanyu Jin,' Kenneth Davey,! and Shi-Zhang Qiao'2*

1School of Chemical Engineering and Advanced Materials, The University of Adelaide, SA 5005, Australia

*Correspondence: s.qico@adelaide.edu.au (S.Q.), cheng.tang@adelaide.edu.au (C.T.)

SUMMARY

Renewable energy-derived electrocatalytic nitrogen reduction reaction
(NRR) is practically promising for production of green ammonia (NH3),
an important chemical for sustainability and carbon-neutrality in global
agriculture and energy demand. However, application of NRR is limited
by low Faradaic efficiency and NH; yield because of a high-energy
barrier for N, activation and competing hydrogen evolution reaction
(HER). In contrast to widely investigated transition metals, main group
elements (MGEs) with manifold physicochemical properties and
intrinsically poor hydrogen adsorption ability could provide superiority
to address the above challenges. In this Review we: 1) Critically assess
the use of MGEs in NRR by identifying the functional mechanism of
boosting NRR and suppressing HER, rather than by catalyst elements or
type; 2) Present a comprehensive summary of methodologies for N,
activation and HER suppression, which are generalizable to advanced
catalysts for N, fixation, and; 3) Show MGEs-based mechanisms that can
be judiciously applied for smart design of highly active and selective
materials, electrolytes, and interface for electrocatalytic N, reduction.
We conclude that MGEs can significantly boost electrochemical N,
fixation. Findings will be of interest to a wide range of researchers to
guide practical development in electrochemical N, fixation.

KEYWORDS: main group elements, Lewis acid, p-electron backdonation, hydrogen
evolution suppression, vacancy engineering, heteroatom doping, lithium mediation

INTRODUCTION

Ammonia (NHas) is an important and globally produced chemical (>175 million tonne annually).

As a building block for fertilizers it underpins agriculture to grow food for some half of the
global population.! It is a practically promising carrier for renewable energies because of its
high hydrogen content (17.7 wt.%), high gravimetric energy density (3 kWh kg?), carbon-free
feature, and mature technologies for storage, transportation and operation.? The Haber-Bosch
(HB) process dominates industrial synthesis of NHs. However drawbacks include, that it uses
fossil fuel-derived hydrogen, consumes large amounts of energy that accounts for 1-2% of
global consumption and around 1% of greenhouse gas emissions.® For a sustainable and carbon
neutral future, next-generation NHs synthesis should be efficient, environmentally friendly,
compatible with intermittent renewable energies, and operated at mild conditions. Amongst
various artificial nitrogen fixation methods, electrocatalytic nitrogen (N2) reduction reaction
(NRR) driven by renewable electricity has emerged as a practically attractive approach with
significant advantages, including mild reaction conditions, variable proton sources and
simplified reaction infrastructure.* However, NRR is currently limited by low Faradaic
efficiency (FE) and low NHsz yield as a result of the high energy barrier for N2 activation, low
solubility of N2 in aqueous solutions, and competing hydrogen evolution reaction (HER).>®

Current strategies to address these issues have focused on catalyst design for effective N:

activation and concomitant HER suppression.” Transition metals (TMs)-based electrocatalysts
e.g. Fe, Mo, V and Ti are widely investigated owing to their considerable activity for N2

15

The bigger picture

As the precursor for nitrogen-rich
fertilizers, ammonia (NHs) is
globally important. The widely
used Haber-Bosch process for
industrial production requires
harsh operating conditions and
relies on fossil fuels that increase
global energy consumption and
greenhouse gas emission. The
renewable energy-derived
electrocatalytic nitrogen reduction
reaction (NRR) that produces
green NHs under mild conditions
is a promising alternative.
However, high-energy barrier for
Nz activation and competing
hydrogen evolution reaction
(HER) limits practical application
of NRR.

Solutions lie on the development
of novel electrocatalysts for
boosted N2 activation and
advanced strategies for
suppressed HER. In contrast to
widely investigated transition
metals, main group elements
(MGEs) with manifold
physicochemical properties and
intrinsically poor hydrogen
adsorption ability could provide
superiority in realising the above
goals. In this Review MGEs-
based NRR research is critically
assessed for the first time. The
overarching aim is to critically
assess application and provide a
comprehensive understanding of
MGEs-based materials design and
functional mechanisms for
boosted N2 activation and
suppressed HER.
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activation.®1° N2 molecules can be activated by either accepting o electrons from N2 via empty
d-orbitals, or donating electrons from partially occupied d-orbitals to the n* antibonding
orbitals of N2.1* However, d-electrons also contribute significantly to the formation of metal—
H bonds,*? resulting in undesired hydrogen (Hz) evolution and thus low FE for NH3 formation.
In contrast, main group elements (MGEs), such as B, C and Bi, with TMs-like partially
occupied valence p-orbitals but intrinsically poor hydrogen adsorption ability, have attracted
increasing research interest for selective N activation and fixation.**!4 In contrast to the
dominant ‘acceptance-donation” mechanism for TMs-based NRR electrocatalysts, MGEs
boost NRR and suppress HER via various mechanisms because of diverse physical and
chemical properties.!>'* Research in MGEs-based NRR electrocatalysis however remains
limited, and therefore poorly explored. It is necessary to develop a more comprehensive
understanding of MGEs-derived high activity and selectivity for NRR, and to use this to guide
rational design of MGEs-based electrocatalysts and/or regulation methods for selective N:
fixation. A targeted and critical assessment of fundamentals and methods to boost MGEs-based
electrocatalytic NRR is therefore highly relevant and timely.
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Figure 1. Unique Advantages and Application of MGEs in NRR to boost N: activation
and suppress HER.

In this Review, we critically assess and summarize reaction mechanisms and intrinsic
challenges of NRR, which calls for elaborate electrocatalyst design to concomitantly activate
N2 and suppress HER. We then discuss the advantages and recent advances in MGEs-based
NRR. Significantly, in contrast with literature that is more general in enumerating catalysts by
elements or types, we focus on the role and application of MGEs with different mechanisms to
boost N2 activation or suppress Hz evolution (Figure 1). Because of various electronic
structures and physicochemical properties, MGEs can boost N2 activation via Lewis acid-base
interaction, p-electron backdonation, Li-mediated pathway, vacancy engineering and
heteroatom doping, and; suppress Hz evolution via intrinsically poor proton binding, limited
electron accessibility, hydrophobic electrode surface engineering and alkali metal cations
effects. We assess prospects in development of electrocatalytic NRR, including establishing
rigorous protocols, synergetic design of MGEs-based catalysts, implementation of in
situ/operando characterizations, and integration of multiple advanced methods. We show that
MGEs-based functional mechanisms are generalizable, and how they might be judiciously
applied as a basis for smart design of advanced catalyst materials for N> fixation.'> We conclude
that MGEs can significantly boost electrochemical N2 fixation.
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FUNDAMENTALS OF ELECTROCHEMICAL N, REDUCTION
Reaction Pathways of NRR

Generally, reaction pathways of NRR are classified into two categories: dissociative and
associative. In the dissociative pathway, the N=N bond is firstly broken, followed by
hydrogenation on each N atom to form two NHs molecules (Figure 2A). However, it is
extremely difficult to directly break the N=N bond due to its high bond energy of 944 kJ mol~
15 This is an explanation of why industrial HB process, which follows the dissociative pathway,
requires harsh reaction conditions. However, NRR on surface of most electrocatalysts follows
the associative pathway, which can be further divided into distal and alternating pathways in
the hydrogenation sequence (Figure 2B).% In the distal pathway, hydrogenation preferentially
occurs on the terminal N atom to form the first NHz molecule, whilst in the alternating pathway,
hydrogenation concomitantly occurs on both the two N atoms.'” The possible formation of
N2zHs byproduct is a key distinction between these two pathways.*® It is noteworthy that the
alternating pathway can also initiate with a side-on N2 adsorption, known as the enzymatic
pathway (Figure 2B).Y

Two other reaction pathways have been revealed for some electrocatalysts with unique
structure and properties, namely the Mars-van Krevelen (MvK) mechanism, and Li-mediated
pathway. For certain nitrogen-containing materials, especially transition metal nitrides,
hydrogenation can occur on the surface lattice N atoms to form the first NHs molecule, and the
generated nitrogen vacancy (Nv) is then replenished by the adsorbed N2 to release the second
NHz molecule on the terminal N atom (Figure 2C).1® Although it is predicted to require
relatively low overpotentials,?® the MvK mechanism has recently been questioned
(decomposition versus catalysis) due to the readiness of lattice N atoms stripping, and difficulty
in refilling N2 into Nv.2! In Li-mediated N2 fixation pathway, Li metal reacts directly with N2
to form lithium nitride (LisN), that then reacts with a proton source (e.g. ethanol, water) to
release NH3 (Figure 2D).22 A practical obstacle with this pathway is how to efficiently reduce
the generated Li* ions back to Li metal to make the process safe and continuous.?324
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Figure 2. Reaction Pathways of NRR.

(A) Dissociative pathway and (B) associative pathway. Reproduced with permission from Cui et al.*®
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) MvK pathway. Reproduced with permission from Yang et al.'® Copyright 2018 American
Chemical Society.

(D) Li-mediated pathway. Reproduced with permission from Lazouski et al.** Copyright 2019
Elsevier.
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Intrinsic Obstacles to NRR Development

Factors that hinder development of NRR mainly stem from the, 1) inertness of Nz in
thermodynamics and kinetics, 2) competing HER, and 3) technical limitations with the reaction
system.

The extremely strong triple bond (N=N) results in the inert properties of N2. From the
thermodynamic perspective, activation and reduction of N2 is plagued with the short bond
length (109.76 pm) and high dissociation energy (944 kJ mol™) of N=N bond,® the large
enthalpy change for direct N2 protonation (AH® = 37.6 kJ mol),25 and the low electron affinity
(-1.9 eV) and high ionization potential (15.85 eV) for N2 adsorption on catalyst surface.'8%°
From the kinetic perspective, the large energy gap (10.82 eV) between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital of N2, the lack of a dipole
moment, and the low polarizability of N2, impede electron transfer and reaction kinetics for N2
reduction and NHs production.>8

Selectivity of NRR for NHsz production is restrained by competing HER. Although a
thermodynamically potential window exists between NRR and HER, NRR usually proceeds at
a high overpotential because of the difficulty of N2 activation and unfavorable scaling relation
between intermediates.?® It is well documented that the majority of investigated materials,
especially the d-block TMs-based electrocatalysts, exhibit more negative onset potentials for
NRR compared with those for HER.?" Further, evaluation of designed electrocatalysts and
improvements in NRR performance face technical limitations, including extremely low
solubility of N2 in aqueous solutions (0.66 mmol L) that limits N> coverage on electrode
surface,® and ubiquitous NH3 contaminations (from NOy, NOx~, NHs and NH4*) that lead to
uncertainty and possible false positives.?®2°

Advantages of Main Group Elements for Selective N, Activation

To obviate intrinsic limitations with NRR, it is necessary to develop proper electrocatalysts
and effective strategies for simultaneous activation of N2 and suppression of HER. In
comparison with the TMs-based electrocatalysts, main group elements, including the s-block
alkali metals, p-block metals, metalloids, and non-metals with multifarious physical and
chemical properties, are predicted to give practical opportunities for selective N: activation and
fixation (Figure 3).
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Figure 3. MGEs boost N2 activation via various mechanisms.

MGEs have strong interactions with N2 in various forms. Resembling TMs with partially
occupied valence d-orbitals,** some MGEs also possess donor/acceptor frontier p-orbitals that
are energetically accessible.** Empty p-orbitals can accept lone pair electrons from N via a
Lewis acid-base interaction, whilst partially occupied p-orbitals can activate N2 by p-electron
backdonation.!14%0 Beyond these TMs-like properties, MGEs exhibit more superiorities for
N2 activation. For example, Li, a main group element in s-block, is the only metal that can
spontaneously split N=N bonds at ambient condition.?*3* Some main group non-metals (e.g. C,
B, P, S and F) can construct abundant defect sites, either via vacancy engineering or heteroatom
doping, to provide favorable chemical environments for N2 adsorption and accommodation.
Moreover, MGEs exhibit unique advantages in suppressing HER. The weak hydrogen binding
ability of MGEs and abundant valence electrons are less favorable for competing Hz evolution,
rendering more ideal active sites for N2 adsorption and reduction.®*** Solvation and steric
effects arisen from alkali cations (e.g. Li*)®%¢ and electrode engineering with hydrophobic
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layers®38 can effectively regulate proton accessibility on the heterogeneous electrocatalyst
surface, therefore steering selectivity to NRR.*°

MAIN GROUP ELEMENTS BOOST N2 ACTIVATION
Lewis Acid-Base Interaction

Each nitrogen atom in N2 has a pair of lone electrons, which can donate electrons to strong
electron acceptors, acting as a weak Lewis base. To effectively activate N2 and avoid formation
of metal-H bonds, Lewis acid catalytic sites with strong electrophilicity are highly expected.*?
Optimized Lewis acid pair at both ends of N2 molecules can haul and activate N=N bonds
through a ‘pull-pull’ effect (Figure 4A).%

Creation of Lewis acid sites depends on unoccupied orbitals for accommodating the lone pair
electrons of N2 molecules. Boron (B) with three valence electrons (2s?2p*) and empty p-orbitals,
has been widely investigated as a typical Lewis acid-based active site for NRR.**4! Both sp?
and sp® hybridization of B can form empty orbitals to capture the lone pair electrons (Figure
4B).*>*! Following hybridization, the unoccupied orbital of B can effectively activate N2 via
capture of the lone pair electrons,*>4! whilst the partially filled orbitals can donate electrons to
the antibonding orbitals of N2.124 A number of B-containing electrocatalysts have been
reported that exhibit high activity and selectivity for NRR, including two-dimensional (2D)
boron nanosheets,*® B-doped graphene,* B-decorated black phosphorus,*? BN* and B4C.*® In
addition to B, Gallium (Ga), a member of boron group elements, has similar electronic structure
to B, including occupied and empty orbitals. It was theoretically demonstrated that Ga is also
able to facilitate N2 adsorption and activation by a similar Lewis acid-base interaction.*?
Through introducing Se vacancies in the GaSe monolayer, a special chemical environment with
exposure of three sp3-hybridized Ga atoms was created, that provided empty sp3-orbitals to
accommodate c-electrons of N2. For other p-block elements without unoccupied orbitals such
as Bi, it might be difficult to apply such Lewis acid-base interaction to activate N2 due to lack
of intrinsic Lewis acid sites. Nevertheless, unoccupied orbitals can be intentionally created by
surface molecular modification. For example, an integrated introduction of oxygen vacancy
and hydroxy| radical on surface of Bi4Osl2 can result in unoccupied orbitals by breaking Bi-Bi
bonds (Figure 4C).*” The induced vacant p-orbitals will serve as Lewis acid sites to
accommaodate the lone pair electrons of N2 molecules.

The NRR activity of Lewis acid electrocatalyst can be further boosted by increasing the density
of Lewis acid sites or tuning the Lewis acidity.*®° To augment the electron-deficient B sites,
a B-rich covalent organic framework (COF) was designed and synthesized via self-
condensation of 1,4-benzenediboronic acid on conductive N-doped carbon nanosheets.>
Density functional theory (DFT) calculations revealed that the B sites with localized positive
charge facilitate N2 adsorption and dissociation, and bond with nitrogenous species under NRR
conditions, as verified by molecular dynamics (MD) simulation, in situ X-ray powder
diffraction (XRD) and in situ Raman measurement. A lattice distortion induced by bonding at
B sites led to a virtuous cycle of more excited sites and stronger N2 affinity until the whole
system reached a high-point reaction status (Figure 4D), thus resulting in a high NH3s yield of
12.53 pg mgeart h™t and superior FE of 45.43% at —0.2 V versus reversible hydrogen electrode
(RHE) in 0.10 M KOH.® To tune the Lewis acidity, one can either introduce heteroatoms with
higher electronegativity or multiple elements to form dopant pairs.**! For example, because
of much higher electronegativity of F (3.98) compared with that for C (2.55), F-doped carbon
is reported to possess much more Lewis acid sites than the un-doped counterpart, as evidenced
by NHs temperature-programmed desorption.5* Both experimental and theoretical studies
confirmed that Lewis acid sites boosted the binding of N2, facilitated dissociation of N2 into
*N2H, and suppressed HER, leading to a high NH3 yield of 197.7 ug mges * h™* at —0.3 V versus
RHE and a high FE of 54.8% at —0.2 V versus RHE in 0.05 M H2504.5! In the case of B-doped
graphene, the lower electronegativity of B (2.04) compared with C (2.55) leads to a local
electron-deficient environment at the B sites, which not only promotes adsorption of N2 due to
the Lewis acid-base interaction, but also prohibits the binding of proton (Lewis acid) for H:
evolution.** Moreover, the Lewis acidity of B-doped carbon can also be enhanced by
introducing a second heteroatom dopant such as N*® and S%2.
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Figure 4. N; activation via Lewis acid-base interaction.

(A) Schematic of N, activation by Lewis acid sites through a “pull-pull” effect. LA means Lewis
acid sites.

(B) Hybridization diagrams of Boron. (A) and (B) are reproduced with permission from Shi et al.*?
Copyright 2019 The Royal Society of Chemistry.

(C) Creation of empty orbital on Bi by introducing oxygen vacancy and hydroxyl on BisOsl,.
Reproduced with permission from Lv et al. 4’ Copyright 2020 Elsevier.

(D) Schematic of electrochemical excitation of B-rich COF for more active sites and stronger N,
affinity. Reproduced with permission from Liu et al.>° Copyright 2019 Springer Nature.

Because N atoms are significantly electronegative, the lone pair electrons in N2 molecules are
not readily be donated. Therefore, smart design of MGEs-based electrocatalysts for boosted
interaction between N2 and Lewis acid sites is highly preferred. This might be achieved by: 1)
Introducing relatively strong Lewis acid sites with high electrophilicity, 2) Increasing the
number of Lewis acid sites on the surface of designed electrocatalysts, and; 3) Tuning the
surrounding chemical environments of Lewis acid sites for optimized N2 accommodation.

p-electron Backdonation

In addition to empty frontier orbitals (acceptor), certain MGEs possess partially occupied
orbitals (donor),*® and enable efficient activation of N2 via p-electron backdonation (Figure
5A). Specifically, the occupied p-orbitals of MGEs donate electrons back into the unoccupied
antibonding orbitals of Nz, resulting in weakening or cleaving of the strong N=N triple bond.?

Recently, bismuth (Bi) was found to exhibit advantages in electrocatalytic N2 reduction. DFT
calculation has shown that the density of states (DOS) near the Fermi level mainly localize
around Bi atoms in Bi-based catalysts, indicating that Bi atoms can activate N2 by back-
donating p-electrons.>® In 2019, it was reported that metallic Bi is a promising candidate for
electrochemical N2 fixation (Figure 5B).%° Derived from BiOl precursors, the in situ reduced
2D mosaic Bi nanosheets exhibited sufficient exposure of edge sites and a decreased interlayer
Bi—Bi bond length, which could effectively promote the delocalization of Bi p-electrons.>* The
achieved NRR performance in 0.10 M Na:SOs was almost 10-fold that for bulk Bi
nanoparticles. The structural reconstruction and chemical transformation of bismuth species
during electroreduction was investigated by in situ Raman spectroscopy, confirming the
intrinsic activity origin from metallic Bi sites.*® The intrinsic NRR activity of Bi was revealed
to be higher than that for TMs because of the strong interaction between Bi 6p band and N 2p
orbitals.* Specifically, N2 molecule can be stretched and activated by accepting electrons from
the partially occupied Bi band to its antibonding orbitals (n*2py, n*2p; and 6*2pyx) (Figure
5C).52 In addition, the semiconducting property of Bi, especially for thin films with quantum
confinement effect,” can suppress competing HER by limiting the surface electron
accessibility and promote selectivity of NRR.30:%
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In addition to Bi, other p-block metals also possess high affinity for N adatoms, such as
aluminium (Al). It is reported that Al has the strongest N-binding ability amongst the post-
transition metals, owing to the interaction between Al 3p band with N 2p orbitals.3* For
example, a porous Al-based metal—organic framework (MOF) material, MIL-100 (Al), was
designed for electrochemical NRR in alkaline media, and exhibited a significant FE toward
NHsz of 22.6% at a low overpotential of 177 mV.% Investigations revealed that the unsaturated
Al sites within the unique porous MOF structure should play a synergistic role in facilitating
electrochemical N: fixation (Figure 5D). Based on the strong interaction between Al and Nz,
Zhi and co-workers proposed and demonstrated a rechargeable Al-N2 battery with an ionic-
liquid electrolyte, a graphene-supported Pd catalyst cathode, and an Al anode (Figure 5E).%°
This innovative Al-N: battery exhibited not only efficient power supply, but also
electrochemical N2 fixation to NHs with a significant FE of 51.2% and high NHs yield of 27.1
ug mgeat h™t. The mechanism of the battery and N2 fixation involved a reversible reaction
between Al and AIN (2Al + N2 « 2AIN) and the release of NHs (AIN + NaOH + 2H.0 —

NaAlO: + NHs- H20).
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Figure 5. N; activation by p-electron backdonation.

(A) Schematic of N, activation by p-electron backdonation. MGE means main group element.

(B) Schematic of NRR activity origin on 2D mosaic Bi nanosheet. Reproduced with permission from
Li et al.*® Copyright 2019 American Chemical Society.

(C) Schematic electron donation from the p-electrons of Bi atoms to the unoccupied antibonding
orbitals (t*2py, ©*2p; and 6*2px) of the N, molecule. Reproduced with permission from Sun et al.5
Copyright 2017 The Royal Society of Chemistry.

(D) Schematic of strong interaction between Al 3p orbital and N,. Reproduced with permission from
Fu et al.%® Copyright 2020 American Chemical Society.

(E) Schematic of Al-N; battery achieving both energy conversion and N, fixation. Reproduced with
permission from Guo et al.>° Copyright 2020 The Royal Society of Chemistry.

To further boost the interaction between p-electrons of MGEs with * antibonding orbitals of
N2, more strategies are anticipated to tune the accessibility and delocalization status of p-
electrons, such as morphology modification and facet control.®%%* Moreover, certain MGEs
exhibit multiple characteristics with synergistic effect and are advantageous for selective N2
reduction. For example, the B atoms with sp® hybridization possess both empty orbitals for
Lewis acid-base interaction and occupied orbitals for electron backdonation,** whilst the
metallic Bi simultaneously boost N2 activation via back-donating p-electrons and suppress
HER due to the semiconducting property.® Therefore, p-block MGEs have significant practical
potential for N2 fixation under ambient conditions. This is however an area that requires further
investigation both experimentally and theoretically.

Vacancy Engineering

Vacancy engineering is considered an effective strategy to improve catalytic behavior of
electrocatalysts.32% Vacancies can effectively improve the ability to capture electrons, adjust
the energy band structure, and lower reaction barriers.> For NRR, a series of MGEs-derived
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vacancies have been reported to boost N2 activation and fixation, including oxygen vacancy

(Ov),%! nitrogen vacancy (Nv),®2 sulfur vacancy (Sv),®® selenium vacancy (Sev)® and bismuth

vacancy (Biv).%
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Figure 6. N; activation by vacancy engineering.

(A) NRR on adjacent bi-Ti** sites on anatase (101) surfaces with oxygen vacancy. Reproduced with
permission from Cao et al.'® Copyright 2019 Springer Nature.

(B) Schematic of isotopic exchange experiment on V*NO to unravel the real active sites for NRR.
Reproduced from Yang et al.® Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(C) Limiting potential for NRR on various metals as a function of binding energy of NoH*.

(D) Comparison of the activation energy for NRR on perfect Bi (110) sites and defective Bi (110)
sites. (C) and (D) are reproduced with permission from Wang et al.®* Copyright 2019 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Amongst various vacancies, Oy is reported to have the lowest formation energy.5” Importantly,
it can be facilely synthesized by different methods, including thermal annealing, heterogeneous
ion doping, wet chemical reduction and high-energy particle bombardment.®! The fundamental
contribution of Oy to NRR activity has been well demonstrated with a number of metal oxide
substrates, e.g. TiO2,'° Fe203,% Mo00O,% BiVO4® and LaCoOs.” As active sites for NRR, Oy
facilitates adsorption and activation of N2 by boosting the electron-donating ability of adjacent
metal atoms to the 7* antibonding orbitals of N2 molecule.1%% For example, for a noble-metal-
free BiVOs electrocatalyst, the introduction of Ov was shown to boost N2 adsorption and
activation at the V atoms with lower coordination and higher spin-polarization with a localized
magnetic moment.”® Via DFT calculations and experimental verification, Zheng and co-
workers unravelled the functional mechanism of Oy in TiO2-based NRR electrocatalysts. The
two adjacent Ti®* sites on Oy-rich anatase TiO2 (101) were confirmed as the most active
electrocatalytic centers, which effectively induced N2 chemisorption in a lying-down manner,
significantly elongated the N-N bond from 1.12 to 1.18 A, and favorably reduced the reaction
free energies of the first hydrogenation step by 0.26 eV (Figure 6A).%° Considering the chemical
properties akin to O, constructing S and Se vacancies was also investigated as effective
strategies to boost NRR.%34 For example, introduction of Sy into MoS:; shifts the d-band center
of edge Mo sites toward the Fermi level (-0.26 eV — -0.14 eV), leading to a stronger
interaction with N2 molecule.5® However, the vacancy-induced positive shift of d-band center
simultaneously impacts NRR and HER with poor selectivity. To boost NRR and suppress HER,
Liu and co-workers buried Sev-rich ReSe: electrocatalysts between two super-hydrophobic
carbonized bacterial cellulose layers. This resulted in a significantly improved FE toward NHs
of 42.5% at —0.25 V versus RHE in 0.10 M NazS04.%*

Nitrogen vacancy is also ideal for NRR because of its similar structure and size with N atoms

in N2 molecule. For example, electron paramagnetic resonance spectra and UV-Vis diffuse
reflection spectra confirm that Ny significantly modulates the m-electron delocalization in the
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conjugated system of a polymeric carbon nitride catalyst.” It constructs a binuclear end-on
bound configuration that is favorable for spatial electron transfer and effectively activates N2
via electron backdonation, leading to > 10-fold enhancement in NHz yield compared with Ny-
free counterpart.’”> For Ny in metal nitrides, however, the reaction mechanism is more
complicated. Although Ny can be stable in some specific nitrides (e.g. 2D W2N3%2) and provide
an electron-deficient environment to facilitate N2 adsorption and activation, it is widely
reported to be dynamically involved in NRR via the MvK mechanism. With a combination of
operando X-ray absorption spectroscopy, quantitative isotope exchange experiments and DFT
calculations, Xu and co-workers confirmed that NRR followed the MvK mechanism on VN
nanoparticles with VNo.zOos as the active phase (Figure 6B).1*%¢ Both the surface N atoms
adjacent to a surface O and the Ny sites were revealed to be the catalytic active sites. The surface
Ny sites however are unstable during NRR, and can be preferentially healed by filling with N
atoms, or trigger decomposition of nitrides, leading to deactivation or false positive
results.?-6673 Therefore, it is important to quantitatively examine the density of initial and
steady-state active sites on NRR catalysts, and to develop effective strategies (e.g. via
introducing dopants) to increase density and stability of surface vacancies.®

In addition to anionic vacancies, cationic vacancies have also been reported to effectively
activate N2. For example, Yan and co-workers prepared Biv-rich Bi (100) nanoplates by
plasma-assisted reduction of Bi203.%% DFT calculations revealed the key role of Biv defects in
boosting the adsorption and activation of N2 both thermodynamically and kinetically (Figure
6C and D). Meanwhile, Bi exhibited significantly weaker HER activity than TMs-based
catalysts because of poor binding with H adatoms. Consequently, the vacancies transformed
the nearly non-catalytic material (pristine Bi) into a practically promising NRR electrocatalyst,
exhibiting a high FE of 11.68% and NH3 yield of 5.453 pg mggi* ht at —0.6 V versus RHE in
0.2 M Na2SOs..

These research findings are intended to guide rational design and effective utilization of
vacancies for high-performance NRR at ambient condition. However, vacancy engineering for
NRR electrocatalysts is still facing some critical challenges, which require further investigation
in the following aspects: 1) Smart materials design for controllable concentration,
configuration and location of vacancies; 2) Exploration of advanced vacancy engineering with
dual- or multi-compositions (e.g. N/O);*® 3) Implementation of in situ/operando techniques to
precisely monitor reaction intermediates and exactly understand vacancy-mediated reaction
mechanism, and; 4) Knowledge-guided improvement of the durability of vacancies under NRR
conditions.

Heteroatom Doping

Heteroatom doping is another effective strategy, especially for the nonmetal MGEs, to boost
N2 activation and hydrogenation. Incorporation of one or multiple heteroatoms into metal-free
substrates or metal compounds has been widely employed to develop efficient electrocatalysts
for energy conversion reactions.’” These regulated catalytic performances are generally
ascribed to tuned surface properties, such as electronic structure, spin polarization, metal
valence and coordination environment.527577

To date, various heteroatoms have been doped into nanocarbon materials for boosting N2
activation and fixation, including B,*4650 N,78-80 F 5181 552 p& and CI.8 In general, the
difference in electronegativity alters the charge distribution of the sp?-conjugated carbon matrix,
thereby optimizing intermediate chemisorption and facilitating electron transfer. Heteroatoms
with electronegativity lower than C (2.55), such as B (2.04),* were reported to form a local
electron-deficient environment and Lewis acid sites at the dopant sites; whilst those with
greater electronegativity, such as F (3.98),5! N (3.04)" and O (3.44),% induce Lewis acid sites
at the dopant-adjacent C sites. DFT calculations showed that the positively charged sites can
strongly interact with N2 and significantly elongate the N=N bond.®® Via a combination of
theoretical calculations and experimental verification, a systematic investigation of
chalcogen/oxygen group elements (O, S, Se and Te) doped nanocarbon materials highlighted
the doping effect and functional mechanism for boosted NRR.” The doping-induced charge
accumulation facilitated N2 adsorption on adjacent C atoms (Figure 7A), whilst the spin
polarization boosted the potential-determining step of the first protonation to form *NNH
(Figure 7B). Te-doped carbon, with enriched charge accumulation and the largest amount of
polarized spin moment, was demonstrated to exhibit significantly boosted electrocatalytic NRR
activity (Figure 7C).™
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Figure 7. N; activation by heteroatom doping.

(A) Absorption free energy of N, (AEn,) and Gibbs free energy for formation of *NNH (AG«nni) On
pristine and heteroatom-doped carbon catalysts.

(B) Correlation between AG«yyn and spin moment of active carbon atoms.

(C) Maximum In (TOF) as a function of AGn, + AG«ywi for O, S, Se and Te doped C catalysts. (A—
C) are reproduced with permission from Yang et al.”® Copyright 2020 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

(D) Schematic of proposed strong-weak electron polarization (SWEP) of N=N bond by boron-doped
MOSz.

(E, F) Proposed NRR process with first protonation step highlighted on B-MoS,/CFC and MoS,/CFC,
respectively. (D—F) are reproduced with permission from Guo et al.”” Copyright 2020 Elsevier.

The efficacy of heteroatom doping on catalytic activity can be further enhanced by regulating
the doping configuration and inducing a second heteroatom. For example, amongst various N
dopants (e.g. pyridinic-, pyrrolic- and graphitic-N), pyridinic-N is revealed as the critical site
to boost the adsorption and activation of N2. A smart catalyst design for high-density pyridinic-
N sites on carbon network is highly expected.’®" It is however possible that N dopants are
protonated and decomposed, leading to inferior stability and false positive NRR activity.?
Therefore, the stability of N dopants should also be evaluated for catalyst design, for example,
by thermodynamic evaluation, to compare the theoretically predicted NRR limiting potential
and the substrate decomposition potential 8 Further, NRR activity of N-doped carbon can be
promoted by additional doping with B, F, P or S atoms, amongst which N, B co-doping exhibits
greatest enhancement effect.?’ In the case of B-doped carbon nanofiber, inducing the S co-
dopant shifts the p.-band center position of B dopant, thereby boosting the adsorption of N2 on
S-C-B sites and reducing energy barriers for the rate-determining step.%

In addition to carbon substrate, heteroatom doping on TMs-based materials can effectively tune
d-band structure, enrich the catalytic active sites and thus boost interaction with N2.7785 Sun
and co-workers reported a boron-doped molybdenum disulfide (B-MoS2) electrocatalyst with
a highly significant NHs production and efficiency in acidic aqueous electrolyte.”” Through
taking advantage of the difference in N2 activation properties of B and Mo (namely the electron
accepting ability of the empty 2p orbitals of B and the electron backdonation capacity of the
5d orbitals of Mo), they established a strong-weak electron polarization (SWEP) pair to
significantly polarize and activate the non-polar N=N triple bond (Figure 7D). Compared with
the MoS2 model, B-MoS: exhibited a polarized charge distribution with more negative charge
transfer toward B and positive charge toward Mo. It significantly elongated the N=N bond to
1.33 A (versus 1.24 A for MoS;) and facilitated the first protonation of adsorbed N2 with a
significant decrease in free energy (1.1 eV versus —0.23 eV) (Figure 7E and F). Similar
promotion effect of heteroatom doping was also observed on other metal oxides or hydroxides,
such as B-doped MnO,® and F-doped B-FeOOH.88

Compared with other primary electrocatalytic reactions, investigation of heteroatom doping for
NRR is in its early stages with limited choice of catalyst, poor mechanism understanding and
limited performance enhancement. In future, attention should be given to: 1) Precise
identification of doping configuration and a more refined understanding of correlation with
performance; 2) Knowledge-guided design and controllable synthesis of doping configuration
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and position; 3) Enrichment of optimal dopants on the catalyst surface; 4) Careful tailoring of
substrate nanostructure to facilitate mass transfer, and; 5) Development of reliable methods for
mass production of designed heteroatom-doped materials.

Li-Mediated Pathway

Lithium-mediated pathway offers an innovative route to achieve superior activity and
selectivity for electrocatalytic N2 fixation.247 This is because, from the activity perspective
the highly reactive Li is an excellent N2-reducing agent that spontaneously splits N=N bonds
at ambient condition,?3! and from the selectivity perspective, rational design of Li-mediated
reaction process can separate N activation from subsequent protonation and therefore
circumvent competing HER.888 This Li-mediated NRR pathway involves three steps, namely,
1) Li deposition, 2) Li nitridation, and 3) NHs formation. Reports differ primarily in the method
for Li generation from Li*,?> which is related to the type of proton source e.g. ethanol, Hz or
H20 and will determine the operation mode as Continuous or Stepwise.
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Figure 8. N; activation via Li-mediated pathway.

(A) Chemistry involved in continuous Li-mediated NRR. Reproduced with permission from
Lazouski et al.2* Copyright 2019 Elsevier.

(B) Schematic of Li-mediated NRR based on a phosphonium proton shuttle. Reproduced with
permission from Suryanto et al.¥” Copyright 2021 AAAS.

(C) Schematic of stepwise Li-mediated NRR. Reproduced with permission from McEnaney et al %
Copyright 2017 The Royal Society of Chemistry.

(D) Electrochemical Li deposition at cathode (organic electrolyte) using electrons that originate from
water oxidation at the anode (aqueous electrolyte). Reproduced with permission from Kim et al.®
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Continuous Mode

Given the intense interaction between metallic Li and water (Li° + H20 — LiOH + 1/2 Hz) and
competing HER in aqueous electrolyte (H20 + e~ — OH™ + 1/2 Hy), it is more favorable to use
non-aqueous electrolyte and proton carrier for Li-mediated NRR. In 1993, Sakata and co-
workers first proposed and demonstrated this concept via electrolysis in a solution of LiClO4
with ethanol in tetrahydrofuran (THF), achieving a highly significant current efficiency of 8%
and 59% under 1 and 50 atm of N2, respectively.3-% They proposed a Li-mediated mechanism
as follows: 1) Electrons are transferred from the working electrode to reduce Li* and deposit
Li metal on the electrode surface, 2) N2 reacts with the deposited Li to form LisN, and; 3) LisN
is protonated by ethanol additive to form NHs and lithium ethoxide (EtOLi). Investigation of
various metal alloys revealed that the Li deposition on the electrode surface plays an important
role in Li-mediated NRR.%* Additionally, a moderate protic additive (ethanol as optimum
choice) is critical to regulate the proton supply, increase NHs yield, and suppress HER.
However, the reaction mechanism and intrinsic kinetics of Li nitridation (toward LisN and NHs3)
competing with Li protonation (toward Hz) was not clear. In 2019, Manthiram and co-workers
refined the understanding of this process by using a coupled kinetic-transport model (Figure
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8A).2* They found that although these two reactions are first order in N2 and ethanol, the
nitridation reaction is more sensitive to the amount of plated Li. Through a series of
improvements in the experimental setup, including using of a separator, drying of solvent,
purification of reagents, and galvanostatic operation, a high FE of 18.5% was obtained with a
NHz yield of 7.9 nmol cm=2s72,

Ethanol however is sacrificial as a proton donor in the electrolyte. It cannot be fully generated
at the anode and impedes the stable operation in reasonable long-term.®” For a more continuous
and durable Li-mediated NRR, it is necessary to improve the recyclability and electrochemical
stability of ethanol, or develop an improved recycling proton carrier. Manthiram and co-
workers addressed the incomplete ethanol-ethoxide recycling by coupling Hz oxidation
reaction (HOR) at the anode, which produces protons to regenerate ethanol from the ethoxide
and meanwhile avoids solvent oxidation.?? By using stainless-steel cloth (SSC)-based non-
aqueous gas diffusion electrodes to improve transport of gaseous species in THF, they achieved
a high FE of 35+6% with a significant NHs partial current density of 8.8+1.4 mA cm2. Very
recently, MacFarlane and colleagues proposed a phosphonium salt as the proton shuttle with
high stability, recyclability and additional ionic conductivity for continuous Li-mediated
NRR.8 As is shown in Figure 8B, the phosphonium cation transforms into a ylide structure
after reacting with LisN to release NHs. The ylide is then readily reprotonated and transformed
back to the original phosphonium form by HOR-derived H* at the anode. As the proton shuttle
was not consumed in NRR, stability during the long-term operation was significantly enhanced,
resulting in a highly significant NHs yield of 53 nmol cm2 s and a high FE of 69% in 20 h.

Stepwise Mode

Although the continuous mode for Li-mediated NRR exhibits high FE and high NHzs yield, it
requires high-cost non-aqueous electrolyte (e.g. THF) with strict-drying and expensive proton
sources (ethanol and Hz).?* It is more attractive to get NH3 from atmospheric N2 and H20 in
aqueous conditions, but practically difficult because of intense interaction between the Li
deposits with H20. To circumvent this issue a direct and effective strategy is to physically
separate Li deposition, Li nitridation and NHs formation.

In 2017, Nerskov and co-workers demonstrated a Li cycling electrification strategy using H20
as the proton source by stepwise LiOH electrolysis, Li nitridation with N2 and LisN hydrolysis
to release NHs (Figure 8C).% Separation of the proton from electron transfer process, as well
as the metallic Li from water, effectively circumvents HER, leading to a high initial overall
current efficiency of 88.5% to NHs. However, LiOH electrolysis required a total cell potential
of > 3.0 V and a high temperature at 450 °C that significantly limited energy efficiency.
Moreover, separation of the deposited Li (liquid state at 450 °C) from the molten salt electrolyte
is practically difficult. To address this issue, Kim et al. immobilized the Li deposits on a Ni
substrate in an organic electrolyte (propylene carbonate), using electrons that originated from
water oxidation at the anode (agueous electrolyte).®° The consumed Li in the organic phase was
complemented by aqueous anodic electrolyte through a Li-ion conducting glass ceramic
material (LISICON) (Figure 8D). Following Li electro-deposition, Li nitridation in N2 and
LisN hydrolysis in diluted sulfuric acid were conducted to form NH4* with a high FE of 52.3%.
The biphasic system was optimized by polymethyl methacrylate (PMMA) to reinforce the
immiscibility of aqueous/organic electrolytes, and omit using expensive LISICON
membranes.®? PMMA in the organic phase ensured a water-proof nature of the organic solvent,
and boosted Li plating efficiency, leading to an increased FE of 57.2 % compared to that with
a physical membrane.®

Another approach for Li-mediated N2 fixation in ambient condition is to construct Li—N2
batteries, in which discharging and charging process drives formation and decomposition of
LisN (6Li* + N2 <> 2LisN). NHs is obtained by LisN hydrolysis with water. In 2017, Zhang
and co-workers first constructed a rechargeable Li—N2 battery consisting of a Li anode, ether-
based electrolyte, glass-fiber separator, and carbon-cloth cathode.*® Following fine tuning of
the operating current density and discharging periods, the battery exhibited a high FE of 59%
for N: fixation. It is notable that the hygroscopicity and instability of LisN product during
charging/discharging makes the Li—N2 system rechargeable, but irreversible.* Therefore future
research is needed to understand the interface chemistry and to improve electrode stability and
cyclability.

Li-mediated approach is appealing and powerful for N2 activation and fixation to NHs because
of intrinsic advantages in high activity and selectivity. However, this approach faces significant
technical obstacles, such as formation of solid electrolyte interphase (SEI) layer during Li
deposition,? complex process in stepwise mode,®® diffusion limitation with gaseous reactants
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in electrolytes,?* and; limited recyclability and durability.®®% To address these issues progress
is needed in: 1) Elaborate design of reaction apparatus for continuous operation with increased
stability; 2) Development of new electrode materials to facilitate Li electro-deposition; 3)
Understanding of kinetic-transport in the whole system including electrode, electrolyte and SEI
interface, and; 4) Use of solvent additives and engineering of new electrolytes for faster Li*
transportation and favorable SEI layer.®”

MAIN GROUP ELEMENTS SUPPRESS H, EVOLUTION

In addition to boosting N2 activation, the high-performance electrocatalytic synthesis of NH3
also relies on suppression of competing HER. Present research mainly focuses on optimizing
electronic structures of electrocatalysts to regulate intermediate adsorption and reaction
pathway to NRR versus HER.% However, it is a prerequisite to more clearly understand the
mechanistic origin of NRR/HER competition, such as differences in electron and proton
transfer® and dependence on applied potential.*® From a qualitative analysis, Nerskov and co-
workers revealed that the reaction rate of NRR is not meaningfully impacted by electron and
proton concentration (zeroth order), whilst that for HER is first order in both.® Additionally, a
more recent theoretical investigation reported that the surface proton and N2 coverage
crossover leads to a significant decrease in NRR activity and selectivity, originating from the
large charge transfer in adsorption of proton over N2.% Therefore, it is reasonable to limit
accessibility of protons, electrons or both for kinetically suppressed HER whilst maintaining
NHs yield (Figure 9A and B). In this regard, MGEs have the unique advantage of being able to
suppress HER.

Poor Proton Binding Ability

Controlling the surface coverage of proton with increased binding barriers has been well
demonstrated as an effective strategy to retard HER and facilitate NRR (Figure 9A).3%% Most
TMs-based electrocatalysts are good binders of protons than nitrogen due to their d-orbital
structures, while MGEs have intrinsically poor proton binding ability. As is shown in Figure
9C, MGEs, such as Bi, Sn, Pb and Ga, are all located on the left-leg of the volcano-type activity
plot for HER, indicating their weak hydrogen binding strength.®33* For example, Pb was
introduced into HER-active electrocatalysts (Pd nanosponges and RuO:) to regulate the
reaction selectivity.”” Experimental results and DFT calculations confirmed that the
incorporation of Pb can effectively reduce *H adsorption to inhibit HER activity, and to
decrease *NNH generation free energy to boost NRR activity. Nonmetallic MGEs, such as
carbon-based materials, are also reported to have high free energy toward *H adsorption,
leading to highly significantly reduced HER activity.®® Consequently, carbon substrates are
widely used in NRR electrocatalysts and are anticipated to show great potentials when
combining with the above mentioned N: activation approaches.*

Low Electron Conductivity

In addition to protons, limiting electron accessibility is also an effective strategy which
significantly lowers production of Hz whilst not impacting the formation rate of NHs (Figure
9B).% DFT calculation showed that the free energy of proton adsorption, AG (*H), rapidly
becomes more negative with negative shifts of applied potentials, whilst the value for N:
adsorption, AG (*N2), does not change meaningfully (Figure 9D). This is consistent with
previous reports that the rate of Hz evolution is dependent on surface concentration of electrons,
whilst the rate of NHs is not.3® Therefore, when the electron transfer becomes rate-limiting,
HER will be significantly suppressed. Most metallic MGEs are semiconducting with
intrinsically sluggish electron conductivity, and therefore are favorable for suppressing HER.
For example, Bi-based nanomaterials have been widely investigated as highly selective
electrocatalysts for NRR.3%5¢ The in situ reduced Bi° species was demonstrated to be the active
phase,* and its semiconducting feature limits surface electron accessibility and suppresses
HER.3%:39 A similar finding is reported for Sn- and Sh-based electrocatalysts.**'%° Analogously,
some conductive polymers have been reported as practically promising HER inhibitors, such
as polypyrrole,’®* polyaniline'®> and polyimide.’®® The electron transfer rate and reaction
selectivity can be regulated by tuning the thickness of the polymer film,'% or by optimizing the
Mott-Schottky interface between metals and semiconductors. %
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Figure 9. MGEs contribute to HER suppression.

(A) Strategies to suppress HER through limiting proton transfer either by reducing concentration of
proton (left), or increasing barriers for proton transfer (right).

(B) Strategies to suppress HER through limiting electron transfer either by introducing a thin
insulator (left), or using semi-conductors to limit the stream of electrons (right). (A) and (B) are
reproduced with permission from Singh et al.*® Copyright 2016 American Chemical Society.

(C) Volcano plot of exchange current (logjo) for HER as a function of M—H bond energy. Reproduced
with permission from Conway et al.®* Copyright 2000 Elsevier.

(D) Change of AG (*H), AG (*N,), and AG (*N, — *NNH) with potential. The red-color dash line
indicates crossover potential of HER and NRR. Reproduced with permission from Choi et al.®
Copyright 2021 Springer Nature.

(E) Schematic of HER suppression using proton-filtering COFs. Reproduced with permission from
Liu et al.’” Copyright 2021 Springer Nature.

(F) Hlustration of water content in LiCl solution with high-level hydration system. Reproduced with
permission from Wang et al.** Copyright 2021 Springer Nature.

Electrode Surface Engineering

In addition to the direct use as promising electrocatalysts, the unique physiochemical properties
of MGEs-based materials offer an opportunity to rationally control proton accessibility and
mass diffusion via electrode surface engineering. For example, the surface hydrophobic
treatment of electrocatalysts by MGEs-based molecules, e.g. polytetrafluoroethylene (PTFE)
and 1-octadecanethiol, can be used to tailor reaction selectivity in aqueous gas-involving
electrochemical applications, such as CO2 reduction reaction (CRR).%* Similarly, hydrophobic
layers (e.g. PTFE,* fluorosilane'®) can regulate concentration of reactants (H* and N2) by
impeding water adsorption and attracting N2 at the electrode surface. This simultaneously
suppresses undesired HER and boosts N2 reduction to NHs. The FE toward NHs for PTFE-
treated Au nanoparticles in photoelectrochemical NRR significantly increased by 4 times
compared with that for the untreated counterpart.®® Additionally, the local diffusion of H* and
N2 in the near-electrode region can be precisely regulated by engineering the surface layer.
Very recently, Yan and co-workers proposed a proton-filtering exfoliated covalent-organic-
framework (COF) layer with moderate proton filterability and significant nitrogen penetration
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flux (Figure 9E), realizing a high NHs yield of 287.2 pug mger * h™t with FE of 54.5% on a
routine B-doped carbon electrode.®”

Electrolyte Engineering and lons Effect

Another method using MGEs to suppress HER during NRR is addition of alkali metal cations
(Li*, Na*, K*) in the electrolyte, especially at high concentration. The cation-derived solvation
and steric effects will significantly impact the local pH, selectively stabilize specific
intermediates, and limit proton migration within the electrical double-layer (EDL) region,
resulting in steered-reaction selectivity.*>3 For example, Rondinone and co-workers reported
that alkali metal cations form a dehydrated cation layer surrounding the nanoscale tip of a
carbon material to exclude water whilst allowing access to N2 molecules.®® The suppression
was critically dependent on size and N2 binding energy of cations. However, the mechanism
origin remains unknown, leading to uncertainty of the best choice (Li* versus K*).3>% Very
recently, Yan and co-workers optimized this strategy using a highly concentrated LiCl
electrolyte (10 M) to suppress HER and concomitantly boost nitrogen accessibility.® By
combining MD simulations, finite element simulations, and various in situ characterizations, a
‘salting-out” effect was confirmed as illustrated in Figure 9F. In contrast to dilute solutions,
highly concentrated salt solutions can break or distort hydrogen bond networks, immobilize
H20 molecules around Li* ions, and significantly decrease free water within the Stern layer.
The resulting appropriate proton supply and ideal nitrogen enrichment enables superior NRR
performance with a high FE of 71% and a high NHs yield of 9.5 <107 mol cm 2 s™* at -0.3
V versus RHE in 10 M LiCl on a metal-free electrocatalyst. Li* ions can also be used to occupy
and poison HER active sites because of their high Lewis acidity. For example, the association
of Li* ions with polyimides has been employed to passivate HER in aqueous rechargeable
lithium-ion batteries.'% In 2017, Wang and co-workers introduced Li* ions to suppress HER
during NRR.297 The association of Li* ions with the electron-rich C=0 groups in poly(N-ethyl-
benzene-1,2,4,5-tetracarboxylic diimide) electrocatalyst, confirmed by electrochemical
characterizations and DFT calculations, can induce a higher energy barrier for Hz evolution,
giving a larger potential window to a higher-selectivity NRR.

Besides cationic ions, MGEs-based anionic ions are also critically important to regulate the
adsorption behavior of gaseous reactant and protons. For instance, it has been reported that
halide anions with high affinity to the electrode can not only strongly restrain CO2 on electrode
surface, but also suppress the adsorption of proton, leading to a higher HER overpotential 1%
This halide anion effect provides new opportunity for boosted N2 capture and suppressed
protons adsorption, which however is current receiving few attentions in NRR.

CONCLUSION AND PERSPECTIVE

The performance of electrocatalytic NRR is critically limited by the high-energy barrier for N2
activation and competing HER. Based on a critical assessment and comparative summary of
MGEs-based materials design for optimal NRR performance, it is concluded that: 1) MGEs are
significantly advantageous in boosting N2 activation and suppressing HER in comparison with
conventional TMs-based electrocatalysts; 2) Optimization of electrolyte and electrode surface
can be gainfully used to boost NRR, and; 3) Importantly, MGEs-based functional mechanisms
are generalizable, and could be judiciously applied as a basis for smart design of advanced
catalyst materials for N2 fixation. This review is expected to be a springboard for the smart
design of advanced catalyst materials for NRR in the future. There are however four key areas
that will need to be addressed in future investigation:

Establishment of Rigid Protocols for NRR Evaluation

Due to low nanomole NHs yields with NRR, and possibility for a level of contamination in
experiment e.g. from the environment, consumables and chemicals,®'%® a rigorous
measurement protocol for reliable determination of NRR-derived NHs is needed. This will
permit direct comparison and evaluation of different reports. Several protocols have been
proposed in previous reports,42%1%° amongst which !N isotope experiment is the most
powerful and indispensable to effectively obviate false positive results.*® Chorkendorff and
co-workers reported the best practice for quantitative isotope measurement by cycling *°N2 gas
with consideration of reducing both contamination and cost.?® For day-to-day experiments,
integration of multiple quantitative methods, such as indophenol blue method, Nessler’s
method, and ion chromatography, is recommended for accurate quantification of NHs
concentration. To permit meaningful comparison of results collected under varying conditions
and experimental set-ups among research groups, it is important to have a standardized test
procedure and transparent reporting.* An appropriate benchmark catalyst, akin to Pt/C widely
used in Oz reduction and HER, is highly desired to accelerate the research efforts for NRR.
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Synergetic Design of MGEs-based Electrocatalysts and Strategies

Owing to unique electronic structure and physiochemical properties, MGEs-based materials
are advantageous for N2 activation and HER suppression following various mechanisms. Based
on the understanding of each mechanism, it is highly promising to design advanced strategies
with synergetic effects. For example, it is possible to simultaneously: 1) Introduce Lewis acid
sites on g-C3N4 nanosheets with nitrogen vacancies for electrocatalyst; 2) Apply Li-mediated
pathways with highly concentrated Li* solution as electrolyte, and; 3) Decorate a hydrophobic
layer with optimal proton and nitrogen supply as interface. Research efforts to optimize
electrolyte, electrolyte additives and electrode/electrolyte interface based on the distinctive
features of MGEs, is likely to return significant growth in understanding of NRR. In addition
to NRR, the MGEs-based functional mechanisms and methodologies are generalizable in other
multi-electron reactions with sluggish kinetics and Hz evolution competition such as CO2
reduction and nitrate/nitrite reduction.>* ' Therefore, future theoretical and experimental
study needs to comprehensively consider intrinsic properties, surface electrochemical
environment and catalytic stability, to design advanced catalysts and strategies for NRR and
other reaction systems.

In Situ/Operando Measurement for Insight into N, Reduction Mechanism

In situ and operando techniques are powerful tools to monitor electrocatalyst change and
reaction intermediates within the EDL region under reaction conditions, thus bridging the gap
between mechanistic understanding and electrocatalysis process.!!? Real-time and in situ
observations by various techniques, such as in situ/operando surface-enhanced infrared
absorption spectroscopy,*® Raman,%3” XRD,% and X-ray absorption spectroscopy,'® can be
used to confirm occurrence of NRR, detect specific *NxHy intermediates to refine reaction
pathway, identify the actual catalytic active sites, and develop understanding of electrocatalysts
deactivation. However, present in situ spectroscopic techniques have limitations, such as the
ambiguous assignment of spectroscopic peaks, environment-sensitive variation of signals, high
requirements on controlling testing configurations, and insufficient acquisition speed for short-
lived intermediate species. Future research will need to include: 1) Optimization and
benchmarking of existing methods, 2) Development of in situ techniques with better sensitivity
and greater resolution, 3) Establishment of a database for NRR-related in situ characterizations,
and; 4) Integration of multiple in situ methods with varying function for comprehensive and
unambiguous mechanistic understanding.

Integration of Multiple Techniques for New N, Fixation Approaches

Instead of typically one-step N2 fixation to NHs, a multiple-step approach is promising by more
effectively solving one problem in each step. For example, we recently realized efficient N2
fixation to NH3 through integration of plasma oxidation with electrocatalytic reduction.’** A
non-thermal plasma technique is used to effectively activate N2 to nitrogen oxyanions (NOx"),
whilst the following electrocatalysis ensures highly selective conversion of NOx to NHs.
Therefore, integration of multiple techniques for complementarity could provide opportunity
to realize high-efficiency conversion of N2 to NHs. Demonstration of the whole from N2 (or
even air) to NHs, together with techno-economic analyses could underpin an acceleration in
development of sustainable and efficient N2 fixation.

In summary, the remarkable progress that MGEs-based catalysts and strategies have achieved
in the field of NRR has confirmed their great potential in electrochemical reduction of N2 to
NHas. Despite great challenges ahead, it is envisioned that a combination of synergetic catalyst
design with in-depth fundamental understanding, together with reliable in situ/operando
characterizations and efficient integration of multiple techniques will promisingly accelerate
the development of more sustainable, efficient, and durable NHz synthesis technologies in the
near future.
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Chapter 3: Two-dimensional Mosaic Bismuth Nanosheets for

Highly Selective Ambient Electrocatalytic Nitrogen Reduction

3.1 Introduction and Significance

Electrochemical fixation of N> to ammonia is a promising strategy to store renewable energy
and mitigate greenhouse gas emissions. However, it usually suffers from extremely low
ammonia yield and Faradaic efficiency due to the lack of efficient electrocatalysts and the
competing HER. To address this issue, semiconducting main group metal, instead of those
HER-active transition metals, can be applied to restrict the surface electron accessibility and

allows for preferential adsorption of No.

In this chapter, bismuth was chosen as a model material to investigate the nitrogen reduction
reaction on semiconducting main group metals. Two-dimensional (2D) mosaic bismuth
nanosheets (Bi NS) were fabricated by in situ electrochemical reduction of 2D BiOI nanosheets,
which simultaneously served as precursor and template. By rational morphology and electronic
structure engineering, sufficient exposure of edge sites coupled with delocalization of Bi p-
electrons were achieved. Those Bi atoms with delocalized p-electron near the edge sites are
supposed to be active sites for the reductive adsorption and activation of N». As expected, the
2D Bi NS exhibited high average ammonia yield and Faradaic efficiency. The Highlights of

this work include:

1. Effective modification of electronic structure. The decreased inter-layer Bi—Bi distance is
believed to effectively promote the delocalization of Bi p-electrons, thus enhancing the
reductive absorption and activation of N».

2. Intriguing material design. The mosaic structure allows for sufficient exposure of the surface
and edge sites, which could deliver more favourable electronic structures and catalytic

activities than those in the bulk counterparts.
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3. High activity towards NRR. The as-fabricated Bi NS delivered a favourable average
ammonia yield as high as 2.54 + 0.16 ugNHscm_2 h™% at 0.8 V vs. reversible hydrogen
electrode in 0.1 M NaxSOg. In addition, The Bi NS also demonstrated a high Faradaic efficiency

(10.46 = 1.45 %) towards NRR.

3.2 Two-dimensional Mosaic Bismuth Nanosheets for Highly Selective Ambient
Electrocatalytic Nitrogen Reduction

This chapter is included as it appears as a journal paper published by Laiquan Li, Cheng Tang,
Bingquan Xia, Huanyu Jin, Yao Zheng, Shi-Zhang Qiao.* Two-Dimensional Mosaic Bismuth
Nanosheets for Highly Selective Ambient Electrocatalytic Nitrogen Reduction. ACS Catalysis

2019, 9, 2902-2908.
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ABSTRACT: Electrochemical fixation of N, to ammonia is a promising strategy to store .
renewable energy and mitigate greenhouse gas emissions. However, it usually suffers from I

extremely low ammonia yield and Faradaic efficiency because of the lack of efficient N

electrocatalysts and the competing hydrogen evolution reaction. Herein, we report that the D"

semiconducting bismuth can be a promising catalyst for ambient electrocatalytic N, *

reduction reaction (NRR). A two-dimensional mosaic bismuth nanosheet (Bi NS) was ™. M

fabricated via an in situ electrochemical reduction process and exhibited favorable average R ~

ammonia yield and Faradaic efficiency as high as 2.54 + 0.16 ugyy, em?h7' (~1323 g e J
mg.. ' h™') and 10.46 + 1.45% at —0.8 V versus reversible hydrogen electrode in 0.1 M

Na,SO,. The high NRR electrocatalytic activity of the Bi NS could be attributed to the % : g
sufficient exposure of edge sites coupled with effective p-orbital electron delocalization in ¢ ' H
the mosaic bismuth nanosheets. In addition, the semiconducting feature, which limits \ O e p-electron

surface electron accessibility, could effectively enhance the Faradaic efficiency. This work
highlights the potential importance of less reactive main group elements with tunable p-electron density, semiconducting
property, and ingenious nanostructure for further exploration of N, reduction reaction electrocatalysts.

KEYWORDS: electrocatalysis, nitrogen reduction reaction, bismuth, main group metals, electron delocalization

B INTRODUCTION (room temperature and atmosphere pressure), without fossil
fuel consumption and CO, emission. Various kinds of
nanomaterials have been employed as NRR electrocatalysts,
such as noble metals (Ru, Pd, Au, etc.),'®"” transition-metal
compounds (Fe203,18_20 MoSZ,Zl’22 VN,23 CoP,24 M02C,25
etc.), and even metal-free catalysts (C;N,°° B-doped
graphene,”” N-doped carbon,”® B,C,*” black phosphorus
nanosheet,”” etc.). Despite the encouraging advances during
with a high hydrogen content (17.7 wt %), high gravimetric the past few years, the NRR activity and selectivity are still far
. -1 . i from satisfactory. First, the extremely low solubility of N, in
energy density (3 kW h kg™'), and technically ready operation, )
: f th d o - 46 aqueous electrolyte limits the mass transfer and current
is one of the most green and promising energy carriers. et . ) )
Meanwhile, it is also one of the most largely produced and density.” Second, the c;)mp e(timg hyd}fogen evolut11on' r?”?g;
important chemicals in the world. More than 150 million tons (HER) process .strongy reduces the NRR se e'ct.1v1ty.
of ammonia are produced every year by the known Haber- Theoretical studies revealed that the late transition-metal
Bosch process, over 80% of which is used for fertilizers and has §urface (Fe, Rh, Ru, etc.? is likely covere.d. with H-adatoms
fed up to half of the world’s population.”* However, this instead of N-adatoms, while the early transition metals (Sc, Y,
process requires high temperature and pressure and extremely Ti, and Zr) require a large bias of ~1 to ~1.5 V versus

relies on fossil fuels, accounting for 1—2% of the world’s energy standard hydrogen electrode, thus leading to limited
consumption and ~1% of global greenhouse gas emission candidates for favorable NRR electrocatalysts with high activity

annually.’ Thus, it is of paramount significance to explore and selectivity.”* To .circulmvent this. problem,. Norskov et al.

environmentally friendly, sustainable, and highly efficient st}ggested surface engineering st.rategles to restrict th.e access of

alternative methods for ammonia synthesis in the future. either p rotons or electrons, Wthh allows enough s.1t‘es fgr N,
So far, biological,'’ photocatalytic,'"'* and electrochemi- adsorption and is tbus beneﬁc1al' to. NRR selectivity. Fo_r

o approaches have been explored for ammonia synthesis. example, one can induce a thin insulator or use semi-

Among those methods, the electrocatalytic nitrogen reduction conductors to supply a slow stream of electrons.

reaction (NRR) driven by the electrical energy from renewable

The continuous growing of the worldwide population and the
energy demand, climate change and fossil fuel shortage have
been key challenges for the sustainable development of human
PR (g . -
society. ~ This calls for the exploration and application of
energy-dense carriers that can efficiently harvest, store, and
transport the renewable energy (from solar, wind, etc.) to the
site of demand without releasing greenhouse gas. Ammonia,

energy sources like solar and wind has emerged as an attractive Received: January 24, 2019
technology. It is expected to realize facile and economic Revised:  February 18, 2019
nitrogen fixation to ammonia even under ambient conditions Published: February 21, 2019
ACS Publications  © 2019 American Chemical Society 2902 DOI: 10.1021/acscatal.9b00366
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Figure 1. (a) XRD patterns of the BiOI precursor and Bi NS; (b) SEM and (c) dark-field TEM images showing the nanosheet feature of Bi NS;
(d) TEM image of Bi NS showing the mosaic structure; (e) high-resolution TEM image of Bi NS; (f) SAED pattern of mosaic Bi NS.

Therefore, we turn our attention from those HER-active
transition metals to some less reactive metals, especially the
main group metals with semiconducting properties like Sn and
Bi. These less reactive metals may be able to selectively
promote the reductive adsorption of N, to form N,H* without
affecting the binding energy of the later intermediates,”* and
also limit the surface electron accessibility for a suppressed
HER process. In fact, bismuth-based materials have been
widely investigated in electrocatalytic CO, reduction reaction
(CO,RR) and artificial nitrogen fixation, demonstrating
excellent activity and selectivity.”* ™ Zhang and co-workers
demonstrated that N, could be adsorbed on the oxygen
vacancies (OVs) through coordinating with the OV connected
and partially reduced Bi atoms with an end-on bound
structure.*”*" Density functional theory (DFT) calculation
has shown that for Bi-based photocatalysts, the density state
near the Fermi level is mainly localized around Bi atoms,
indicating that Bi atoms can serve as active centers to donate p-
electrons and thus activate N,.** We here hypothesize that by
smart surface and electronic structure engineering, semi-
conducting main group metals could also be promising as
efficient NRR catalysts.

Herein, we explored the NRR performance of metallic Bi
catalyst under ambient conditions. Fine structure tuning was
realized by in situ electrochemical reduction of 2D bismuth
oxyiodide (BiOI) to achieve 2D mosaic bismuth nanosheets
(Bi NS). Unexpectedly, the as-obtained Bi NS exhibited a
superior average NH; formation rate and Faradaic efficiency as
high as 2.54 + 0.16 pgyy, cm > h™" (~13.23 yg mg,, ' h™")

and 1046 + 1.45% at —0.8 V versus reversible hydrogen
electrode (RHE) in 0.1 M Na,SO,. The activity origin was
investigated by a series of control experiments and detailed
characterizations. This work highlights the potential impor-
tance of less reactive main group elements with delocalized p-
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electrons, the delicate nanostructure, and the semiconducting
property for further exploration of NRR electrocatalysts.

B RESULTS AND DISCUSSION

The 2D mosaic Bi NS was fabricated via in situ electrochemical
reduction of BiOI precursors. The 2D BiOI nanosheets were
synthesized by a routine hydrothermal method (see Exper-
imental Section in the Supporting Information) to serve as
both the precursor and template. Scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)
images reveal that the obtained BiOI exhibits a microflower-
like morphology assembled by intercalating ultrathin nano-
sheets (Figure S1), consistent with previous reports.*’
Although BiOlI is generally stable under ambient conditions
and photocatalytic NRR process, it cannot bear the large
cathodic potential for electrocatalytic NRR. A pair of
pronounced redox waves can be observed between —0.7 and
0.6 V versus RHE in the typical cyclic voltammetry (CV) curve
of BiOI in 0.1 M Na,SO, electrolyte (Figure S2). The
reduction peak at around —0.15 V versus RHE is ascribed to
the transformation from Bi’* to Bi (insets of Figure S2),
suggesting that electrochemical reduction is a facile method to
fabricate Bi nanomaterials. To accomplish the thorough
reduction process, the BiOI precursor was first loaded on a
carbon paper electrode and then it underwent repeated CV
scans between the cathodic potential from —0.7 to 0 V for 100
cycles (Figure S3). After 50 cycles, the CV curves are almost
the same, indicating the complete reduction (Figure S3b).
Figure la compares the X-ray diffraction (XRD) patterns of
the as-obtained electrode with reduced Bi catalysts and the
BiOI precursor. All the diffraction peaks of the BiOI precursor
can be indexed to tetragonal BiOI (JCPDS No. 10-044S),
while the diffraction peaks of the reduced sample are totally
changed and can be assigned to rhombohedral Bi (JCPDS No.
44-1246). After the in situ transformation from BiOI
precursors, the obtained Bi sample inherited the microflower-
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Figure 2. (a) High-resolution XPS I 3d spectra and (b) Raman spectra of the BiOI precursor and Bi NS; (c) Bi L;-edge XAFS of BiOI precursor,

Bi NS, and Bi NP.

like morphology assembled by nanosheets (Figure 1b). Despite
retaining the 2D ultrathin nanosheet structure, the Bi NS
appears to be less smooth and uniform (Figure 1c, Figure S1).
The high-resolution TEM image shows that some ultrasmall
nanoflakes with size less than 10 nm are scattered in the matrix
of the 2D Bi NS, forming a mosaic morphology (Figure 1d).
These scattered ultrasmall nanoflakes exhibit obvious and
disoriented fringes with lattice spacing of 0.32 nm correspond-
ing to the (012) facet of Bi (Figure le). Figure 1f shows the
selected area electron diffraction (SAED) pattern of the
obtained Bi NS whose zone axis is indexed along the [001]
direction. Two sets of diffraction spots with typical hexagonal
configuration can be obtained, further demonstrating the
disoriented and heterogeneous feature of the mosaic nano-
sheets over a large area.

In contrast to the topotactic transformation with excellent
2D structure integrity and single crystallinity,”’ we obtained
2D mosaic Bi nanosheets through the in situ electrochemical
reduction of BiOI nanosheets, which can be ascribed to the
difference in the pH of electrolytes and the reduction
techniques. Such phase transformation can be rationalized by
an inhomogeneous mechanism.** The electrochemical reduc-
tion process is expected to occur simultaneously throughout
the whole BiOI nanosheets, during which the Bi atoms are not
only reduced but also migrate because of the escape of
neighboring O and I atoms, thereby resulting in the formation
of scattered Bi ultrasmall nanoflakes in the whole matrix.

To further examine the conversion from the BiOI precursor
to metallic Bi, we collected X-ray photoelectron spectroscopy
(XPS) and Raman spectra. Distinct I 3d peaks can be observed
in the XPS spectrum of the BiOI precursor while the iodine
signals disappeared in the XPS spectrum of Bi NS (Figure 2a
and Figure S4). The Raman spectrum of BiOI precursor can be
recognized by the two characteristic peaks at 85 and 150 cm™,
which correspond to the A;; and E, stretching modes of Bi—I
bonds, respectively (Figure 2b).43’4§ After the electrochemical
reduction process, the two Raman peaks at 71 and 98 cm™ in
the spectrum of Bi NS can be assigned to the first-order E, and
Ay stretching modes of Bi—Bi bond.***” To shed light on the
detailed structure of the formed Bi NS, X-ray absorption fine
spectroscopy (XAFS) was then conducted on BiOI and Bi NS,
as well as homemade Bi nanoparticles (Bi NP) as comparison
(Figure 2c). The Bi NP was fabricated by the chemical
reduction of Bi** aqueous solution using NaBH,. The XRD
pattern confirms the crystal structure of rhombohedral Bi
(Figure SS), while the SEM image shows a coral-like structure
constructed by interconnected Bi nanoparticles with size
around 80 nm (Figure S6). As shown in Figure 2c, the obvious
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higher energy of the Bi Ly; edge for the BiOI precursor
indicates its high oxidation state. After reduction, the almost
overlapped curves of Bi NS and Bi NP further imply the
conversion from BiOI precursor to metallic Bi. Therefore,
coupled with the above XRD measurement, these character-
izations sufficiently demonstrate the complete conversion from
the BiOI precursor to metallic Bi.

To preliminarily probe the NRR activity, we first evaluated
the polarization curves of the in situ reduced Bi NS on glassy
carbon electrode using a rotating disk electrode (RDE) with a
rotating rate of 1600 rpm and scan rate of 5.0 mV s™'. As
shown in Figure 3a, the linear sweep voltammetry (LSV)
curves in Ar or N, saturated 0.10 M Na,SO, (pH 6.1)
electrolytes are sequentially measured using the same working
electrode and electrolyte. A cathodic current onset appears at
around —0.6 V versus RHE because of HER for both Ar and
N, saturated conditions, while an obvious higher current
density can be clearly seen in N, saturated electrolyte,
indicating the additional contribution from NRR. When
more negative bias voltages are applied, the polarization curves
in N, and Ar gradually coincide as the drastic HER dominates
the electrode process. According to the polarization curves, the
appropriate potential window for electrocatalytic NRR ranges
from —0.7 to —1.1 V versus RHE.

The electrocatalytic NRR performance was then systemati-
cally investigated in a 0.10 M Na,SO, aqueous solution using a
gastight H-cell (Figure S7). A pretreated Nafion 117
membrane was used to separate the anode and cathode
chambers with 30 mL of electrolyte in each. Before the NRR, a
carbon paper coated with BiOI precursor (mass loading: 0.192
mgg; cm”~>) was first reduced by 100-cycle CV scans from —0.7
to 0 V versus RHE. Then the obtained carbon paper loaded
with Bi NS was directly used as a working electrode for
electrocatalytic NRR in refreshed electrolyte. Ultra-high-purity
N, gas (99.999%) was first purged into the cathodic chamber
for 30 min (50 mL min~") and then bubbled with a constant
flow rate of 20 mL min~" throughout the whole electrolysis
process. Magnetic stirring was applied with a stirring rate of
600 rpm in the cathode chamber throughout the measurement.
Consecutive acid traps were connected with the cathode
chamber with 5§ mL of 0.05 M H,SO, in two 10 mL clean
polypropylene tubes. After electrolysis at specified potentials
from —0.7 to —1.1 V versus RHE for 2 h, the produced NH;
was quantitatively determined by the indophenol blue method.
The possible byproduct (N,H,) was determined by the
method of Watt and Chrisp."® The calibration curves for
quantitatively determining NH; and N,H, are shown in
Figures S8—S10.
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Figure 3. (a) LSV curves of Bi NS in Ar and N, saturated 0.10 M
Na,SO, measured by RDE electrode; (b) chrono-amperometry
results at different applied potentials; (c) NH; formation rates of Bi
NS at different potentials; (d) NRR Faradaic efficiency of Bi NS at
different potentials; (e) UV—vis spectra of electrolytes stained with
indophenol indicator for Bi NS at different conditions. (Black line for
pure 0.1 M Na,SO, electrolyte; red dotted line for electrolyte after
electrolysis at —0.8 V for 2 h in Ar saturated 0.10 M Na,SO,; blue
dashed line for electrolyte after electrolysis under OCP for 2 h in N,
saturated 0.10 M Na,SO,.) (f) NH; formation rate and Faradaic
efficiency of cycles at —0.8 V versus RHE.

Figure 3b shows the chronoamperometry curves at different
applied potentials in which the steady current densities
indicate the good chemical stability of Bi NS during the
NRR tests. The UV—vis absorption spectra of the electrolytes
stained with indophenol indicator after electrolysis for 2 h were
collected to quantify the produced ammonia. The highest
absorbance intensity, namely, the highest ammonia production
rate, was obtained at —0.8 V versus RHE (Figure S11). As
shown in Figure 3c, the highest NH; yield of 2.54 + 0.16 ug
h™' ecm™ is achieved at —0.8 V versus RHE, which is
determined from three independent measurements using
separately prepared electrodes under the same condition
(Table S1). To obtain accurate and reliable results of the NH,
production, we scrutinized the ammonia concentrations in the
cathode chamber, anode chamber, and in-line acid traps.
Considerable amounts of ammonia can be detected in both the
anode chamber and acid traps, which respectively account for
about 30% and 10% of the total ammonia production (Figure
S11). Besides the high ammonia yield, the Bi NS demonstrated
a high Faradaic efficiency of 10.46 + 1.45% at —0.8 V versus
RHE (Figure 3d). This Faradaic efficiency is among the best
results achieved in aqueous conditions (Table S2). It is
noteworthy to mention that the Faradaic efficiency could be
easily affected by some catalyst-irrelevant issues, for example,
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the gas flow rate. An optimized measurement configuration is
investigated and proposed to accurately evaluate the Faradaic
efficiency (Figures S7 and S12). When more negative
potentials are applied, the NH; yield and Faradaic efficiency
decreases dramatically (Figure 3c,d). It can be attributed to the
blooming HER at lower potentials in which case more protons
occupy the active sites and thus hinder the efficient adsorption
of nitrogen. Besides the ammonia production, only a trace of
the N,H, byproduct was detected under all applied potentials
(Figure S13), corresponding to N,H, Faradaic efficiencies less
than 0.05% (Table S3).

To identify the origin of the produced NH; we also
conducted a series of control experiments, including the Bi NS
electrode in N, saturated solution at open-circuit potential
(OCP), the Bi NS electrode in Ar saturated solution at —0.8 V
versus RHE (Figure S14), and the bare carbon paper electrode
in N, saturated solution at —0.8 V versus RHE (Figure S15).
The corresponding UV—vis spectra for all control samples
show feeble signals comparable to that of the fresh electrolyte
(Figure 3e, Table S1). The minor higher absorbance of those
control experiments may come from the trace amount of
ammonia in air."” Those control experiments convincingly
indicate that the 2D mosaic Bi NS serves as active species for
promising activity and selectivity toward electrocatalytic NRR.
Stability is another important factor to fully evaluate an
electrocatalyst, which was further investigated by cycling and
chronoamperometric measurements at —0.8 V versus RHE.
The durability toward NRR was performed by testing the
ammonia production and replacing the electrolyte every 1 h
without changing the electrode and Nafion membrane. Neither
significant current density loss emerges during the long-term
electrolysis process for 25 h at —0.8 V versus RHE (Figure
§$16), nor the NH; yield and corresponding Faradaic efficiency
decrease obviously after six cycling tests (Figure 3f and Figure
S$17). Furthermore, the SEM image of the Bi NS after long-
term NRR measurement shows the successful maintaining of
nanosheet structure (Figure S18), indicating the high stability
of Bi NS electrode for electrocatalytic nitrogen fixation.

To elucidate the remarkable activity of the 2D mosaic Bi NS,
we further investigated the NRR performance of Bi NP.
Although a similar current density (~0.1 mA cm™) can be
obtained during the chronoamperometric measurement at
—0.8 V versus RHE (Figure S19), the NH; yield and Faradaic
efficiency of Bi NP are detected to be significantly inferior to
those of Bi NS (Figure S20). As shown in Figure 4a, the NH,
yield of Bi NP is determined to be 0.268 ug h™' cm™, and the
Faradaic efficiency is 0.66%, which are both significantly less
than those obtained from Bi NS sample (Table S1).

Compared to the Bi NP sample, the 2D mosaic Bi NS
exhibits a smaller size and thickness for individual Bi
nanoflakes, thereby leading to more exposed surface and
edge sites. This hypothesis can be verified by Raman spectra.
As shown in Figure 4b, the two Raman bands for Bi NS show
distinct blue shift as compared to those of the Bi NP.
Furthermore, the full width at half-maximum (fwhm) for the
Raman bands of the Bi NS, especially for the A;, modes, are
much wider than that of the Bi NP. The blue shift and the
broadened feature of the Raman bands are attributed to the
significantly decreased grain size of the Bi NS in contrast to
that of the Bi NP.*® In addition, the double-layer capacitance
measurement demonstrates that the Bi NS sample possesses a
much larger capacitance and thereby exposes more electro-
chemically active surface area, nearly 4-fold, than Bi NP
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Figure 4. (a) Comparison of NHj; yield and Faradaic efficiency of Bi
NS and Bi NP; (b) Raman spectra of Bi NS and Bi NP; (c) Bi Ly;-
edge extended XAFS spectra of Bi NS and Bi NP; (d) schematic
illustration of the NRR activity origin and N, absorption mode on
mosaic Bi NS.

(Figure S21). To further investigate the local electronic
structure difference between Bi NS and Bi NP, we further
conducted Fourier transform extended X-ray absorption fine
structure. As shown in Figure 4c, the Bi NS exhibits two typical
main peaks at ~2.6 and 3.0 A, which can be assigned to the
intra- and interlayer Bi—Bi bonds.***" In contrast to the same
peak position for intralayer Bi—Bi bond, the interlayer Bi—Bi
bond peak for Bi NS apparently shifts toward lower radial
distance, indicating a decreased interlayer Bi—Bi bond length.
The decreased interlayer Bi—Bi distance is believed to
effectively promote the delocalization of Bi p-electrons,™
which could enhance the reductive absorption and activation
of N,. Therefore, the excellent NRR performance of Bi NS can
be attributed to its special surface and electronic structure
because of the 2D mosaic nanostructure and decreased
interlayer Bi—Bi distance. Those Bi atoms with delocalized
p-electron near the edge sites are expected to provide abundant
catalytic active sites for the end-on adsorption and
simultaneous activation of N, (Figure 4d), which is supported
by the associative distal pathway due to the absence of N,H, in
the products. Moreover, electrochemical impedance spectrum
(EIS) measurement was further conducted to study the
electron transfer of Bi NS and Bi NP. As shown in Figure S22,
both Bi NS and Bi NP exhibit resistance more than 200 €,
demonstrating their inferior conductivity due to the semi-
conducting properties of bismuth. Compared to Bi NP, Bi NS
shows larger charge-transfer resistance, which is consistent with
its poorer HER performance than that of Bi NP (Figure S22b).
Therefore, the high Faradaic efficiency of Bi NS could be
attributed to the semiconducting feature of bismuth as well as
the generally too positive free energy of H adsorption on Bi
sites (e.g, 0.95 eV for Bi (001) facet).”” Despite the addition
of conductive carbon black to ensure the smooth electron
transfer from catalyst to current collector, the catalyst itself is
mainly semiconducting. It is believed to limit the electron
availability at the catalyst surface, especially near the active
sites, ensure preferential adsorption of N,, and thus achieve a
higher Faradaic efficiency toward NRR.*

B CONCLUSION

In summary, 2D mosaic Bi nanosheets were successfully
developed for highly selective electrocatalytic nitrogen fixation,
which demonstrates that Bi could be a superior NRR
electrocatalyst after smart surface and electronic structure
engineering. The as-obtained Bi catalyst attains average NH;
yield and Faradaic efficiency as high as 2.54 + 0.16 pgyy, cm™>

h™ (~13.23 ug mg.,. ™ h™") and 10.46 + 1.45% at —0.8 V
versus RHE, which are almost 10-fold of the performance
obtained by Bi nanoparticle. The high performance of the
obtained Bi NS toward NRR could be attributed to the
sufficient exposure of edge sites coupled with effective p-orbital
electron delocalization. The semiconducting feature, which
limits surface electron accessibility, could effectively enhance
the Faradaic efficiency. This work reveals that both the
structure engineering and electronic structure modulation
should be considered when investigating the performance of a
specific family of materials for electrocatalytic NRR. Besides,
we believe this work can pave new ways to develop and
optimize more promising electrocatalysts, especially those from
main group metals, for the electrocatalytic NRR at ambient
conditions.
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Experimental Section

Material:

Sodium salicylate (S3007, > 99.5%), potassium sodium tartrate (NaKC4H;O4-4H,0), sodium
nitroferricyanide (CsFeN6Na,O, > 99%), sodium hypochlorite (available chlorine 10-15 %),
para-(dimethylamino) benzaldehyde (99%), NH4CI (99.998%), BiCl; (> 98%), Potassium
iodide (> 99.5%) and acetic acid are purchased from Sigma-Aldrich Chemical Reagent Co.,
Ltd. Nafion 117 membrane (Dupont) is purchased from Fuelcell store. Ultrapure water used
throughout all experiments was purified through a Millipore system. Ultra high purity N,
(99.999%) and Ar (99.999%) were purchase from BOC gas, Australia.

Imaging and spectroscopic characterization:

Field-emission SEM imaging and EDS mapping were conducted on a FEI QUANTA 450
electron microscope. TEM and HRTEM images are collected on a Phiips CM 200 transmission
electron microscope operated at 120 kV. XRD patterns were obtained using a D4 endeavour
(Bruker) X-ray diffraction system with Co Ko radiation. XPS data were collected under
ultrahigh vacuum (< 1078 Torr) using a monochromatic Al Ko X-ray source. Raman data were
collected on a HORIBA LabRAM HR Evolution spectroscopy using the excitation wavelength
of 532 nm. The absorbance data of spectrophotometer were collected on SHIMADZU UV-
2600 ultraviolet-visible (UV-Vis) spectrophotometer; the Bi Ly-edge XAFS data were

collected on the X-ray absorption spectroscope beamline of Australian Synchrotron.

Synthesis of bismuth oxyiodide nanosheet:

In a typical procedure, 0.2 mmol of BiCl; was firstly dissolved in 20 mL of 1.2 M acetic acid
and stirred for 30 min, followed by addition of 5 mL of 0.04 M KI solution. The pH of the
above mixture solution was then adjusted to 6 using 3 M NaOH. After stirring for another 30
min, the solution was then transferred to a 50 mL Teflon-lined autoclave and heated at 160 °C
for 2 hours. The BiOI nanosheets were finally obtained after collecting by centrifugation,

washing by deionized water and freezing drying.

In-situ formation of Bi NS from BiOl precursor:

The in-situ formation of Bi NS was achieved by 100-cycle reductive CV scans at negative
potentials. As shown in Figure S2, the CV scans were conducted with a scan rate of 100 mV
s7! from —0.7 V to 0 V vs. RHE. This range involves the reduction potential and is more
negative than the oxidation potentials of BiOI. During the first 50 cycles, the BiOI converted
to Bi; and during the second 50 cycles the Bi electrode gradually became stable.
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Synthesis of Bismuth nanoparticle (Bi NP):

0.2 mmol of BiCl; was firstly dissolved in 20 mL of deionized water. After stirring for 20 min,
10 mL of 1 M NaBH, was then added by droplet. After vigorous stirring for another 2 hours,
the black product was thoroughly washed by deionized water and dried in vacuum oven at

60°C.

Electrochemical measurements:

Carbon paper (Toray Paper 090) was first treated in O, plasma environment at a pressure of
500 mTorr for 20 min. After soaking in 3 M H,SO,4 for 12 h, the carbon paper was then
thoroughly washed with ethanol and deionized water and dried at 60°C. The Nafion 117
membrane was preconditioned by boiling in 5% H,0, solution and ultrapure deionized water
at 80 °C for 1 h respectively, followed by treatment in 0.05 M H,SO, for 3 h and deionized
water for another 1h.

Electrochemical data were collected with a CHI 1000 electrochemical workstation (CHI
Instruments, Inc.). Three electrode system was used in the electrochemical measurement in
which a saturated calomel electrode (SCE) was used as a reference electrode, and a graphite
rod as a counter electrode. The NRR measurement apparatus is shown in Fig. S5. The volume
of the electrolyte in the anode and cathode chamber is 30 mL for each. A consecutive acid trap
is connected with the cathode chamber with 5 mL of 0.05 M H,SO, in two 10 mL clean PP
tube. A magnetic stirring with a stirring rate of 600 rpm is applied throughout the measurement.
For the working electrode preparation, 4 mg of BiOI powder and 1 mg of carbon black were
dispersed in 960 pL of the mixture of isopropanol and water (v/v=1:1) and 40 pL of 5wt%
Nafion solution. The mixture was sonicated for 3 h to form a uniform catalyst ink. 80 pL of the
resulting catalyst ink was drop-casted onto a 1 x 1 cm? carbon paper. The final mass loading
was calculated based on the stoichiometric ratio of Bi in BiOI, namely 0.192 mgg; cm2. For
the LSV test on RDE, 20 pL of the above mixture was drop-casted on to a glassy carbon
electrode with diameter of 0.5 cm. The LSV curve was obtained at a scan rate of 5 mV s~! with
a rotating speed of 1600 rpm. All potentials were referenced against the reversible hydrogen
electrode (RHE) based on the Nernst equation (Egyg = Escg + 0.059xpH + 0.241). All
experiments were carried out at room temperature (25 °C). 0.10 M Na,SO,4 was used as
electrolyte, which was purged with ultra-high purity N, (99.999%) for 30 min before N,
reduction measurement (~50 mL min~'), and then bubbled with a constant flow rate of 20 mL
min~! throughout the whole electrolysis process. The stability test was performed by replacing

the electrolyte every 1 hour without changing the electrode and Nafion membrane.
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Determination of ammonia:

@)
)

2)

3)

b)
1)

2)

3)

9

Stock reagent:

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.

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

Standard solutions preparation

1000 pgnps/mL stock: 0.3146 g of pre-dried NH,4Cl1 (105°C for 4 h) was added in 100
mL of 0.10 M Na,SO, solution.

10 pgnys/mL stock: 1 mL of 1000 pgngs/mL stock solution was added in a 100 mL
volumetric flask, and add 0.10 M Na,SO;, solution to the scale mark.

0.2,0.4,0.8,1.2, 1.6 and 2 mL of 10 pgnys/mL stock solution were separately added
into a 20 mL volumetric flask and added 0.10 M Na,SO, solution to the scale mark to
obtain 0.1, 0.2, 0.4, 0.6, 0.8 and 1 pgnys/mL standard solutions.

UV-vis measurement

2 mL of standard solutions or sample solution was added to test tubes, to which 2 mL of

chromogenic reagent (A), 1 mL of oxidizing solution (B) and 0.2 mL of catalysing reagent

(C) were then successively added. After shaking up and standing 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 NH; as x axis.

Determination of hydrazine:

The possible hydrazine product in the electrolytes was estimated by the method of Watt and

Chrisp. To prepare a sensitive chromogenic reagent, 2.0 g para-(dimethylamino)benzaldehyde

was dissolved in a mixture of 10 mL concentrated HCI and 100 mL ethanol. The absorbance

of hydrazine after mixing with the chromogenic reagent in the resulting electrolyte was

estimated at 460 nm.

Calculation of NH; yield and Faradaic efficiency:

The ammonia formation rate was determined using the following equation:

r(NH;) = (¢ x V)/(t x A)

49



where c is the measured NH; 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, which is the geometric
area of the electrode covering with Bi NS.

The Faradaic efficiency was calculated as follows:
FE=3F xcxV /(17 x Q)
where F is the Faraday constant, c is the measured NHj3 concentration, V is the volume of the
electrolyte or acid trap, t is the reduction reaction time, M is the relative molecular mass of
NHj; and Q is the total charge used for the electrodes.

The total ammonia production is calculated as the summary of the ammonia products in

cathode chamber, anode chamber, and also in-line acid traps.

Measurement of electrochemically active surface area:

The electrochemically active surface area was measured by double layer capacitance method.
CV measurement was conducted at the potential window 0.3 V — 0.4 V vs. RHE with different
scan rates of 10, 20, 40, 60, 80, 100 mV. By plotting the (J,-J.)/2 at 0.35 V vs. RHE against

the scan rate, the slope value was calculated to be the double layer capacitance (Cg)).
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Supplementary Results

Figure S1. (a) SEM and (b) TEM images of BiOI precursor.
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Figure S2. CV curve of BiOI shows the reduction to metallic Bi at cathodic potentials; insets

shows the schematic crystal structure of BiOI and Bi.
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Figure S3. (a) CV scans of BiOl for the first 50 cycles and (b) next 50 cycles.
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Figure S4. (a) XPS survey spectra of BiOI precursor, Bi NS and Bi NP.
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Figure S5. XRD patterns of Bi NS on carbon paper and Bi NP powder.
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Figure S6. SEM image of Bi NP.
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Figure S7. Image of the apparatus for NRR measurement.
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Figure S8. Calibration curve in 0.10 M Na,SO, using ammonium chloride solutions of known
concentration as standards. (a) UV-vis curves of indophenol assays after incubated for 1 hours
and (b) calibration curve used for estimation of NH; concentration. The absorbance at 655 nm
was measured by UV-Vis spectrophotometer, and the fitting curve shows good linear relation

of absorbance with NH; concentration (y = 0.412x + 0.0513, R=0.99998).

54



—_
Q
S
—
o

b
_81 amL ( )0_4- y=0.634x+0.023
0.8. PG it | Re=0.9092
o ——0.3 ugmL” o 0.3
=
'- —05ugmL
5 802
) o l
0 [72]
o 0.1-
< < '
0.0
420 440 460 480 500 00 01 02 03 04 05
Wavelength (nm) N,H, Concentration (ug mL™)

Figure S9. Calibration for N,H, detection. (a) UV-Vis curves of various concentrations of
N,H, stained with p-CyH;;NO indicator and incubated for 20 min at room temperature. (b) A

calibration curve used to calculate the concentrations of N,H,.
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Figure S10. Calibration curve in 0.10 M H,SO,4 using ammonium chloride solutions of known
concentration as standards. (a) UV-vis curves of indophenol assays after incubated for 1 hours
and (b) calibration curve used for estimation of NH; concentration. The absorbance at 655 nm

was measured by UV-Vis spectrophotometer, and the fitting curve shows good linear relation

of absorbance with NH; concentration (y = 0.383x + 0.0513, R?=0.99999).
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Figure S11. (a-c) Typical UV-vis spectra of electrolytes in the cathode chamber, anode
chamber and acid trap (10 mL) solutions stained with indophenol indicator after electrolysis
for 2 h at different potentials. (d) NH; formation rates of Bi NS at different potentials showing

the contributions from the above solutions.
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Figure S12. (a) Influence of N, gas flow on the total current density of electrodes at —0.7 V vs.
RHE; from the top to bottom: (i) Bi NS, (ii) Bi NS under magnetic stirring, (iii) carbon paper,
(iv) carbon paper under magnetic stirring; (b) NH; formation rate and corresponding Faradaic

efficiency of Bi NS at N, flow rates of 20 and 130 sccm.

Note: Given the extremely low solubility (0.66 mmol L-! under ambient conditions)' and low
diffusion coefficient of N, in water, a significant variation of pH and N, gradient near the
catalyst surface is likely to be generated during electrocatalysis, which can lead to unfavorable
mass transfer effects on the resultant performance. As revealed in Figure S12, when the
chronoamperometric measurements are conducted using a Bi NS-coated working electrode at
—0.7 V vs. RHE, distinct current density drops can be observed when the gas flow changed
from 130 to 50 and from 50 to 20 mL min~!. Similar phenomenon is also found for the bare
carbon paper substrate, indicating that such current density variation should be ascribed to
catalyst-irrelevant issues, but can considerably influence the accurate measurement of Faradaic
efficiency. As shown in Figure S12b, similar NH; formation rates are obtained at N, flow rate
of 20 and 130 sccm, while the Faradaic efficiency obtained at N, flow rate of 130 sccm (3.53%)
is much lower than that obtained at 20 sccm (10.46%). Therefore, to minimize the influence of
gas flow rate on the current and to accurately measure the Faradaic efficiency, a small N, gas
flow rate of 20 sccm is applied in this work. Furthermore, magnetic stirring is applied to

alleviate pH gradient and promote N, diffusion.

57



(@)1.0 (b)2.0
] —0.1 M Na,SO,| ~
] — 07V £
oo 08V 2151
S 064 — 09V e
_L.‘S ) —-10V E 104
S 0.4 —-1.1V G
g >
0.2 T 001
| pd
0.0 T T T Y T —— 0.0 T v T v T v T v T
420 440 460 480 500 -11 10 -09 -08 -07
Wavelength (nm) Potential (V vs. RHE)

Figure S13. (a) UV-Vis absorption spectra of the electrolytes stained with p-C9H;;NO
indicator after NRR electrolysis at a series of potentials. (b) N,H, yields obtained at different

potentials.
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Figure S14. Chronoamperometry curves for different control experiments; (a) Bi NS at -0.8 V

under Ar atomosphere. (b) Open circuit potential (OCP) test for Bi NS in 0.10 M Na,SO, under

N, atmosphere.
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Figure S15. (a) Chronoamperometry curve of bare carbon paper; (b) NH; yield of Bi NS and

bare carbon paper at -0.8 V at N, atmosphere.
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Figure S16. Long-term choronoamperometry curve of Bi NS electrode showing good stability.

59



d
(N}

=
o

—2nd
—3md
—4th
——45&th
——=6th

000 1800 2700 3600
Time (s)

Current density (mA cm™?)
5 b
i ]

o
[e2)
o

Figure S17. Chronoamperometry curves of Bi NS at —0.8 V vs. RHE for 6 cycles.

Figure S18. SEM image of Bi NS after NRR

60



E 024 ) Bi NP@-0.8V in I,

o
e

Current density (
&
(]

L
o

0 2000 4000 6000
Time (s)

Figure S19. Chronoamperometry curves of Bi NP in N saturated 0.10 M Na,SO,4 at -0.8 V
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Figure S20. UV-Vis absorption spectra of the cathode electrolytes stained with Indophenol
indicator after NRR electrolysis for Bi NS and Bi NP.
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Figure S22. (a) Electrochemical impedance spectra of Bi NS and Bi NP at —0.8 V vs. RHE;
(b) LSV curves of Bi NS and Bi NP.
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Table S1. Ammonia yield and corresponding Faradaic efficiency of Bi NS and controls.

Sample Potential Peakwg Peakcy PeaKogas Yield QO FE
(hgnus cm™ hl) (%)
-0.7V 0.0587 0.0564  0.0593 2.27 0.247 6.25
-0.8 V-1t~ 0.0921 0.0760  0.0776 2.62 0.8 11.15
-0.8 V-20d 0.0917  0.0762  0.0794 2.64 0.8 11.24
-0.8 V-3¢ 0.0839 0.0754  0.0790 2.38 0.9 9.01
-0.8 V-ave  0.0877  0.0741 0.0771 2.54 0.83 10.46
-09V 0.0729  0.0681 0.0691 1.56 1.68  3.16
-1.0V 0.071  0.0632  0.0730 1.34 3.49 1.31
Bi NS -1.1V 0.0633 0.0612  0.0611 0.82 7.3 0.38
-0.8 V(Ar) 0.0542 0.0524  0.0555 0.095 0.74 043
OCP (N,) 0.0542 0.0526  0.0555 0.102 -- --
BiNP -08V(Ny;) 0.0579 0.0534  0.0555 0.268 1.38  0.66
CP -08V 0.0541  0.052 0.0555 0.08 -- --

Note: A typical calculation for ammonia yield and Faradaic efficiency:

The absorbance peak value for indophenol indicator stained blank 0.1 M Na,SO,4 and 0.05 M

H,S0, (acid trap solution) are 0.052 and 0.0555, respectively. The volumes of electrolyte and

acid trap are 30 and 10 mL, respectively. The electrode area is 1 cm? and reaction duration is

2 hours.

So taking “-0.8V-15" as example, the amount of the ammonia produced can be calculated as

below:

(0.0921+ 0.0760 — 2 x 0.052) x 30/0.412 + (0.0776-0.0555) x 10/0.383 = 5.238 ng NH;

The yield can be calculated as below:

5.238 ug/1 cm? 2 h=2.619 pgyus cm> h!

The corresponding faradaic efficiency can be calculated as below:

[(5.238 x 1076 g x 3 x 96485 C/mol)/(17 g/mol x 0.8 C)] x 100 % = 11.15%
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Table S2. Summary of the representative reports on electrocatalytic N, fixation at ambient

conditions.
Faradaic Detection
1 El \ H; yiel Ref.
Catalysts ectrolyte NH; yield efficiency method e
Ion
Ru/C 2 M KOH 0.21 pg' h'! em? 0.28% Chromatogr 2
aphy
I henol
Pd/C 0.1 M PBS 1.35 pg'! bl cm? g0,  indophenol
Blue
Nessler’
AuNanorod 0.l MKOH  6.042 ug' h'lmgly,  3.879% essiers -y
Reagent
Amorphous el ] o Indophenol
Au/CeO. 0.1 M HCI 831 pg!' h'' mgle,. 7.79% Blue 5
AuHNCs  0.5MLiCIO;  3.90 ug! h! em?2 3020 hesslers
Reagent
TA reduced Indophenol
1 bl me-l 0
AWTIO, 0.1 M HCI 21.4 pg! il mg' e, 8.11% Blue 7
Nessler’
Ti;CT,  0.5MLLSO; 472 pg! bl em? 4.62% eSS g
Reagent
l b
Mo,C  0.5MLL,SO, 112 pg! bl cm? 7.8% Nessler's
Reagent
Cr,0O Indophenol
Y 01 M Na,SO,  3.04 ug! bl em? 6.78% COPHENOL
microsphere Blue
Defect-rich Indophenol
1 bl o2 0
MoS, 0.1 M Na,SOq, 2.93 pgthltcecm 8.34% Blue 11
Nb,Os5 Indophenol
.1 M HCI 4. ‘Th'!ecm? 529 12
nanofiber 0 ¢ 36 ne o 0.52% Blue
Ammonia
Fe,03-CNT KHCO; 0.22 pg' h'! cm? 0.15% selective 13
electrode
Indophenol
BiVO,  02MNaSO;  86ug'himgle  10.04% 2014
Bi,V,0,,/C el 1 o Indophenol
0, 0.IMHCI 2321 pg'h'mgly.  10.16% Bl 15
I henol
Fe-SS  Ionic Liquids 1.4 pg! ! cm? 60% ndophenol -
Blue
I hol
B,C 0.1 M HCI 2657 ugl hlem? 15950  ndopnehol
Blue
Nessler’
PEBCD  05MLi,SO;  1.58 pg! bl em? 2.58% eSS g
Reagent
2.54 pg' h'! cm? Indophenol This
Bi JAMN 10.49¢
INS 0 2,504 13.23 ng' h' mg1, 0.49% Blue work
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Table S3. N,H, yield and Faradaic efficiency obtained at different potentials for Bi NS.

Potential (gas) (“gzrlglg hl) FE (%)
L0.7V (Ny) 0.011 0.108
0.8V (Ny) 0.016 0.049
~0.9V (Ny) 0.001 0.002
_1.OV (Ny) 0.001 0.001
LIV (Ny) 0.014 0.005
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Chapter 4: Electrochemical Nitrogen Reduction: Identification

and Elimination of Contamination from Electrolyte

4.1 Introduction and Significance

Electrochemical nitrogen fixation so far is plagued with extremely low ammonia yield and
selectivity. Even trace amount of contamination may cause substantial influence on the
detected ammonia yield, so that it is always challenging to discern the contribution of
contaminants to electrocatalytic ammonia yields. As a result, the NRR field is now at a stage
where it is unclear which catalyst design can be identified to be efficient and active for NRR
without careful and rigorous measurement and excluding all the contaminations. It is therefore
of critical significance to identify and eliminate all of contamination that influence the NRR

measurement.

In this chapter, the presence of trace amount of nitrate and nitrite in some commonly used
commercial lithium salts was quantitatively identified, which delivered deceiving NRR data
with excellent reproducibility and accumulative effect. The possible nitrate and nitrite
contamination in the electrolyte can be efficaciously prejudged by simple spectrophotometric
methods and can be effectively removed by high-temperature treatment. This study gives rise
to substantial cautiousness on contamination from electrolytes and contribute to more accurate
measurement of NRR and establishment of reliable NRR catalyst. The Highlights of this work

include:

1. Identification of contamination from electrolyte. For the first time the presence of nitrate and

nitrite in some commonly used lithium salts such as Li2SO4 and LiClO4 was identified.

2. Elimination of NO, contamination from lithium salts. Taking advantage of the different
boiling points of nitrates, nitrites and other salts, high temperature treatment was applied to

effectively remove NO, contamination from lithium salts.
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3. Contribution to establish reliable electrolytes and catalysts for NRR. Simple
spectrophotometric methods could serve as versatile and efficacious methods to prejudge the

NO, contamination in electrolyte.

4.2 Electrochemical Nitrogen Reduction: Identification and Elimination of
Contamination from Electrolyte

This chapter is included as it appears as a journal paper published by Laiquan Li, Cheng Tang,
Dazhi Yao, Yao Zheng, Shi-Zhang Qiao.* Electrochemical Nitrogen Reduction: Identification

and Elimination of Contamination in Electrolyte. ACS Energy Letters 2019, 4, 2111-2116.
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Electrochemical Nitrogen Reduction:
Identification and Elimination of
Contamination in Electrolyte

arge-scale ammonia production is always one of the

most critical issues in regard to human survival and

sustainable development.' > Nowadays, ammonia is
industrially manufactured by the century-old Haber—Bosch
process, which produces more than 170 million tons of
ammonia every year.6 Despite its wide application, it is a
massively energy-consuming process that uses fossil fuels as the
hydrogen source and accounts for ~1% of annual global
greenhouse gas emission.”
synthesis via nitrogen reduction reaction (NRR) driven by
renewable energy under mild conditions is a highly attractive
alternative and has received intensive attention and exploration
over the past few years.""~'' However, electrochemical N,
fixation is still plagued with poor ammonia yield and faradaic
efficiency due to the extremely low solubility of N, in aqueous
electrolytes, the competing hydrogen evolution, as well as the
sluggish kinetics.'”"® The amount of produced ammonia is
usually as low as the nanomole level; therefore, it is challenging
to accurately measure and unequivocally attribute it to
electrochemical N, fixation, especially with the interference
of various contamination.

Recently, discussion has arisen among researchers in this
field regarding the need to improve how ammonia detection
and control tests are conducted.'*™** To ensure that the
detected ammonia is produced from dinitrogen rather than
other extraneous contamination, the key task is to identify and
exclude all of the contamination sources as specifically and
thoroughly as possible. Several groups have recently inves-
tigated various contamination sources present in laboratory
'VIS16 We also proposed a set of rigorous
experimental protocols to study electrochemical NRR with a
thorough discussion of various experimental parameters.'” The
contamination sources can be classified into two groups: out-
system and intrasystem. The out-system contamination mainly
includes ammonia or NO,, present in the air, human breath,
and rubber gloves. As a closed system is mandatory for NRR
tests,'®'” such out-system contamination can be rationally
excluded with careful and rigorous operation and may not
cause substantial influence. However, the intrasystem con-
tamination, such as nitrogen-containing compounds in the feed
gas, electrocatalysts, and membrane, is more indeterminate and
even cannot be probed independently, thus usually resulting in
a significant impact on the ammonia yield and even unreliable
results. Without sufficient and rigorous control experiments, it
would be unreliable to evaluate the NRR activity of
electrocatalysts. Although many papers have been reported
to identify and exclude various contamination, no work claims
that the electrolyte solution may also be a considerable source
of contamination.

The electrochemical ammonia

environments.
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Herein, we found that trace amounts of nitrate and nitrite
exist in some lithium salts, for example, Li,SO, and LiClO,,
which are usually used in the preparation of electrolyte.
Significant ammonia production with excellent reproducibility
and a cumulative effect was observed using a bare substrate (Ti
foil, carbon paper, or copper foam) without loading any
catalyst in both N,- and Ar-saturated Li,SO, solution. The
detected ammonia was demonstrated to be electrochemically
reduced from the trace amount of nitrate and nitrite in Li,SO,
rather than N,, as schematically shown in Figure 1. Simple and

Figure 1. Schematic illustration showing the electrochemical
conversion of various nitrogen-containing species in the Li,SO,
electrolyte. The nitrate and nitrite contamination in the electrolyte
can be electrochemically reduced to ammonia, resulting in false
positive N, reduction performance.

versatile spectrophotometric methods were employed to
quantitatively determine such contamination, and an effective
approach by high-temperature annealing was then proposed to
eliminate nitrate and nitrite. This Viewpoint highlights several
critical issues in regard to the identification and elimination of
contamination in the electrolyte and will contribute to more
accurate and reliable NRR research.

“Perfect” Data for NRR without Electrocatalysts. Due to the
extremely low ammonia yield and influence of extraneous
contamination in the laboratory, NRR study always suffers
from fluctuation and variability when ammonia production is
measured. As a result, it is usually very challenging to achieve
ammonia yields with desirable reproducibility or a cumulative
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Figure 2. False positive NRR performance observed in both N, and Ar atmosphere using a bare Ti foil without loading any catalyst in a 0.5 M
Li,SO, solution. (a) UV—vis spectra for the indophenol blue indicator stained electrolytes after electrolysis at —0.1, —0.5, —1.0, and —2.0
mA cm™? in N, for 1 h and (b) corresponding ammonia yield rates at each current density. (c) UV—vis spectra for the indophenol blue
indicator stained electrolytes after electrolysis at —1.0 mA cm™ in N, for 1, 2, and 3 h. (d) UV—vis spectra for the indophenol blue indicator
stained electrolytes after electrolysis at —0.5 and —1.0 mA cm™? in Ar for 1 h. (e) UV—vis spectra for the indophenol blue indicator stained
electrolytes after electrolysis at —1.0 mA cm™2 in Ar for 1—16 h and (f) corresponding accumulative ammonia yield. In (a) and (d), the solid
lines exhibit the results for the second cycle, and the dashed lines show the results for the third cycle. In (a), (c), (d), and (e), the lowest line
shows the result for the fresh electrolyte before electrolysis.

effect, especially in aqueous solutions. However, we observed However, we finally realized that the ammonia was produced
excellent reproducibility and a cumulative effect only using a from contamination as a similar ammonia yield could also be
bare Ti foil in 0.5 M Li,SO, electrolyte (Sigma-Aldrich, L6375, observed in Ar atmosphere (Figure 2d), with as good
>98.5%). Initially, we conducted the NRR experiment by reproducibility as that observed in the N, atmosphere. During
applying a fixed negative current density on a Ti foil (1 cm X 1 long-term electrolysis in the Ar atmosphere, the good
cm) in N, atmosphere. For each current density, we repeated cumulative effect can also be observed within the initial 5 h,
the NRR test three times with fresh Li,SO, electrolyte and after which the ammonia increment decreases gradually and
omitted the first cycle to exclude any possible preabsorbed comes to a standstill after 13 h (Figure 2e,f). In addition,
ammonia contamination on the Ti foil. The produced ammonia production can also be achieved using a bare carbon
ammonia was quantitatively determined by the indophenol paper and copper foam in the same Li,SO, electrolyte in an Ar
blue method, in which the absorbance value at a wavelength of atmosphere without using any catalyst (Figure S3). However,
655 nm for the indophenol blue indicator stained electrolyte is no ammonia yield can be observed using Ti foil in either 0.5 M
proportional to the ammonia concentration.”> As shown in Na,SO, or K,SO, electrolyte and in either N, or Ar
Figure 2a, the ammonia yields achieved for the second and the atmosphere (Figure S4). Thus, the above results lead us to
third cycles are almost the same on each applied current conclude that the detected ammonia is electrochemically
density, demonstrating excellent reproducibility. A consider- synthesized but not derived from the electrocatalyst, electrode
able ammonia yield rate as high as 3.16 ug cm™ h™' is substrate, or inlet gas, which is most likely ascribed to the
obtained at a current density of —2.0 mA cm™ (the ammonia influence of electrolyte-dependent contamination.
calibration curve refers to Figure S1), which is comparable to Identification of Nitrate and Nitrite in the Electrolyte. Most of
and even hlgher than that of many reported electro- the extraneous ammonia contamination usually causes
catalysts.'®'” It is noteworthy to mention that the ammonia accidental positive results that are easy to be independently
yield rate increases with the applied current density (Figure identified and rationally excluded by rigorous controls.'*">'”'*
2b), indicating that the detected ammonia is electrochemically However, NO, in the feed gas or electrolyte can be
produced. Besides the excellent reproducibility, a good electrochemically reduced to NH; and result in continuous
cumulative effect is also observed when different electrolysis production of ammonia.'"'® With the knowledge that the feed
periods are applied even though no catalyst is used. The gases (N, and Ar) are of ultrahigh purity (99.999%), we
concentration of the ammonia in the electrolyte increases focused our attention on the Li,SO, electrolyte. It is thus
linearly in the 3 h continuous electrolysis process (Figures 2c assumed that the detected ammonia originates from the trace
and S2). Such good reproducibility and a cumulative effect are amount of the nitrogen-containing impurity in Li,SO,, such as
very favorable indications of electrochemical NRR activity. nitrate or nitrite. Therefore, we examined the presence of
2112 DOI: 10.1021/acsenergylett.9b01573
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NO;™ and NO,™ in Li,SO, solution using spectrophotometric
methods. Nitrate shows typical absorption to ultraviolet light at
a wavelength of 220 nm,”"** in which the absorbance value is
in proportion to its concentration (Figure S5). As shown in

Figure 3a,b, the presence of NO;™ in Li,SO, electrolyte is
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Figure 3. Quantitative detection of nitrate and nitrite in Li,SO,
solution. (a,c) UV—vis spectra for nitrate and nitrite determi-
nation. (b,d) Concentrations of detected nitrate and nitrite in
different concentrations of Li,SO, solutions.

identified as the absorbance value at 220 nm increases linearly
with the concentration of Li,SO,. The concentration of NO;~
in 0.5 M Li,SO, is measured to be as high as 11.19 g mL™
(Figure 3b). If all those nitrates were reduced to ammonia, the
nitrate-derived NH; concentration would be up to 3.07 ug
mL™!, which is much higher than those assigned to NRR
reported so far ( < 1 ug mL™)."'® Moreover, when
electrocatalysts with high activity toward nitrate reduction to
ammonia were used in such nitrous electrolyte, false positive
results and overestimation of the NRR activity would likely be
delivered (Figure S3). The detection of NO,™ is based on the
Griess—llosvay reaction, in which nitrite reacts with two
aromatic amines in sequence, producing pink azo dye that can
be spectrophotometrically assayed by visible light at 540 nm
(Figure S6).”**° The presence of NO,™ in Li,SO, electrolyte is
thus confirmed by the linear increase of the absorbance value
at 540 nm with increasing Li,SO, concentration (Figure 3c,d).
The concentration of NO,™ in 0.5 M Li,SO, is determined to
be 32.8 pg L™', which is ~0.3% of the concentration of NO;".
Spectrophotometric tests also show that almost no NO;™ exists
in either 0.5 M Na,SO, or K,SO, solution (Figure S7), and
only a very tiny amount of NO,™ can be detected in K,SO,.
Given the high ammonia yield in 0.5 M Li,SO, with
undetectable ones in 0.5 M Na,SO, and K,SO,, we thus
suppose that the produced ammonia stems from the
electrochemical reduction of NO,”, especially NO;™ in the
Li,SO, electrolyte, rather than N,.

Elimination of NO,~ from Li,SO,. It is known that metal
sulfates usually possess much higher thermal stability than
metal nitrates and nitrites. For example, Li,SO, has a boiling
point of 1377 °C, much higher than that of LINO; (600 °C)
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and LiNO, (350 °C).*® To eliminate the nitrate or nitrite from
Li,SO, and to further verify the origin of the detected
ammonia, we annealed Li,SO, in Ar atmosphere at 800 °C for
4 h. The XRD pattern of the as-annealed Li,SO, can be well
assigned to monoclinic Li,SO, (JCPDS No.: 20-0640) (Figure
S8). We further tested the concentration of nitrate and nitrite
in the annealed Li,SO, using spectrophotometric methods. As
shown in Figure 4a,b, both of the absorbance values at 220 nm
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Figure 4. Elimination of nitrate and nitrite by high-temperature
treatment. (a,b) UV—vis spectra for the determination of nitrate
and nitrite in 0.5 M Li,SO, before (gray lines) and after (red lines)
annealing treatment. (c,d) UV—vis spectra for the 0.5 M annealed
Li,SO, electrolytes before (gray lines) and after (other lines)
electrolysis with bare Ti foil at —1.0 mA cm™ for 1 and 2 h in Ar
and N,.

for NO;™ and 540 nm for NO,™ significantly decrease after
annealing at high temperature. Furthermore, the concen-
trations of NO;~ and NO,” do not change with the
concentration of Li,SO, after high-temperature annealing
(Figures S9 and S10), indicating the successful elimination
of nitrate and nitrite in Li,SO,. The above results indicate that
high-temperature treatment is highly effective for eliminating
the nitrate and nitrite while keeping Li,SO, unchanged. We
further conducted electrolysis at a constant current density of
—1.0 mA cm ™2 in 0.5 M as-annealed Li,SO, using Ti foil under
otherwise identical conditions. No ammonia could be detected
in either the Ar or N, atmosphere (Figure 4c,d). Notably, the
Nafion membrane is not the ammonia source as it has not been
replaced during all tests, including electrolysis in the pristine
Li,SO,, as-annealed Li,SO,, Na,SO,, and K,SO, electrolytes.
The above results on the one hand demonstrate that the Ti foil
is inactive for NRR and on the other hand reveal that the feed
gas is NO, free. Therefore, we conclude that the detected
ammonia is produced from the reduction of nitrate and nitrite
in the pristine Li,SO,.

Identification of NO,” Contamination in Various Lithium
Salts. As Li,SO, is a commonly used electrolyte in NRR,
especially for investigation of the electrolyte effect on NRR
performance, the trace amount of NO,” contamination may
cause substantial interference for determining the activity of
electrocatalysts and lead to unreliable conclusions. To probe

DOI: 10.1021/acsenergylett.9b01573
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Table 1. Labeled NO;~ Content in Various Lithium Salts and Detected NO;~ Concentration in Their 0.5 M Solution

chemical brand product code assay (%)
Li,SO,-H,0 Sigma-Aldrich 398152 299.0
Li,SO,H,0 Sigma-Aldrich 62612 >99.0
Li,SO4H,0 Sigma-Aldrich 62609 >99.0
Li,SO, Sigma-Aldrich 203653 >99.99
Li,SO, Sigma-Aldrich L6375 >98.5
Li,SO, Sigma-Aldrich 62613 >98.0
Li,SO, Alfa Aesar 13404 >99.7
Li,SO, Aladdin 1130839 >98.5
LiClO, Sigma-Aldrich 431567 >99.99
LiClO, Sigma-Aldrich 205281 >95.0
Li,CO; Sigma-Aldrich 431559 >99.99
Li,CO; Sigma-Aldrich 62470 >99.0

labeled NO;~ content” [NO,] in 0.5 M solution (ug mL™")”

<0.001% -

<10 mg kg_1 -

<10 mg kg’l —

na.‘ not detected
na. 11.19

na. 1.02

na. 2.82

n.a. not detected
n.a. 1.39

na. 2.38

<5 mg kg™ -

<5 mg kg™ -

“The content was read from the labels on the bottles of the chemicals. “The concentration of NO;~ in a 0.5 M solution of lithium salts was
determined by the spectrophotometric method “n.a. means that no information about nitrate was available on the product specification label.

the universality of this issue, we measured the NO,~
concentration in several Li,SO, products with various brands
and product codes (Table 1). The concentration of nitrate and
nitrite is revealed to vary significantly among different Li,SO,,
products (Figure Sa,b, Table 1, Figure S11). Most importantly,
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Figure S. Identification of nitrate contamination in various lithium
salts. (a) UV-—vis spectra for determining nitrate and (b)
relationship between the concentration of nitrate and the ammonia
yield rate after electrolysis with bare Ti foil at —1.0 mA cm ™2 in Ar
for 1 h in 0.5 M Li,SO, solutions with different brands and
product codes (SIG: Sigma-Aldrich; ALF: Alfa Aesar; ALA:
Aladdin). (c) UV—vis spectra for determining nitrate in different
LiClO, solutions. (d) UV—vis spectra for indophenol blue
indicator stained electrolytes before (dashed lines) and after
(solid lines) electrolysis with bare Ti foil at —1.0 mA cm™ in Ar
for 1 h in different LiClO, solutions.

the ammonia yields achieved after electrolysis with bare Ti foil
at —1.0 mA cm™ in Ar for 1 h in different Li,SO, electrolytes
are positively correlated with the concentration of nitrate
instead of nitrite (Figures Sb, S11), confirming that the false
positive results are dominantly derived from the NO;~
contamination. We realize that not all Li,SO, chemicals
contain nitrate or nitrite contamination because no obvious
NO;™ is detected in the fresh electrolyte and no ammonia yield
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is achieved after electrolysis using some untreated Li,SO,
products (Sigma-Aldrich, 203653; Aladdin, L130839) (Figure
Sb). The nitrate and nitrite in Li,SO, most probably originate
from lithium carbonate, which is the upstream product for
most commercial lithium salts.”” In fact, the lithium carbonate
chemical (Sigma-Aldrich, 431559), even though with a high
purity of 99.99%, is labeled with a NO;~ content of § mg kg™".
Generally, the lithium carbonate is industrially produced from
either spodumene or continental brines.””** The spodumene
route starts with a heating process at 1100 °C to transform a-
spodumene to S-spodumene,”® which could eliminate nitrate
or nitrite for the downstream products. However, the
production of lithium carbonate from brines, which contain
trace amounts of nitrate and nitrite,”” is generally realized by a
series of evaporation, adsorption, solvent extraction, and
membrane processes.””’’ As nitrate and nitrite are highly
dissoluble in aqueous solutions, it is usually difficult to totally
remove them in the industrial processes. As a result, all of the
lithium sulfate monohydrates are labeled with a certain amount
of nitrate (Table 1). Besides, other lithium salts that are
produced from lithium carbonate may also contain a trace
amount of NO,” contamination, such as LiClO, another
commonly used electrolyte in NRR. As shown in Figure Sc,
nitrate is detected in 0.5 M LiClO, solutions with an assay of
both 95.0% (Sigma-Aldrich, 205281) and 99.99% (Sigma-
Aldrich, 431567). The nitrate-derived false positive ammonia
yield is thus achieved for both cases and is more significant in
the 95.0% LiClIO, electrolyte due to its much higher content of
NO;~ contamination (Figure 5¢,d).

In summary, we systematically identified, quantified, and
eliminated the trace amount of nitrate and nitrite contami-
nation in some commercial lithium salts toward more reliable
electrocatalytic NRR study. Even though those impurities exist
in ppm or lower levels, they could cause significant false
positive results with deceptive reproducibility and a cumulative
effect, which may misguide researchers. We experimentally
demonstrated that the possible nitrate and nitrite contami-
nation in the electrolyte can be efficaciously prejudged by
simple spectrophotometric methods and can be effectively
removed by high-temperature treatment. Although demon-
strating false positive results for NRR, our study highlights
several critical issues to which attention needs to be paid in
order to develop both reliable electrocatalysts and electrolytes.
First, we highlight that extra attention must be paid to the
electrolyte in electrocatalytic NRR study, and the prejudgment

DOI: 10.1021/acsenergylett.9b01573
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of NO,™ in electrolyte is strongly recommended prior to NRR
tests. Second, the electrolyte has been highly expected to play
important roles in enhancing the NRR selectivity and activity
by optimizing the solvent, concentration, pH value, cation,
etc.”’ ™% However, the present results raise the demand for
further investigation and even re-evaluation of the electrolyte
effects on NRR performance, especially the reported improve-
ment ascribed to Li* ions. Last but not least, we claim that
understanding all of the negative results is just as important as
identifying positive results, especially at the current stage of
NRR research. We appeal to and encourage researchers to
directly confront those “negative” results and thoroughly
uncover the nature of potential interferences in this promising
research area, which is believed to promote healthy develop-
ment and reliable breakthrough in the electrochemical NRR
field.
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Experiment Details

Materials

Li>SO4 (Alfa Aesar, 13404, >99.7%), Li.SO4 (Sigma Aldrich, L6375, >98.5%), Li>SO4 (Sigma
Aldrich, 203653, >99.99%), Li.SO4 (Sigma Aldrich, 62613, purum, >98.0%), Li,SO4 (Aladdin,
L130839, >98.5%), LiClO4 (Sigma Aldrich, 431567, >99.99%), LiClO4 (Sigma Aldrich,
205281, >95.0%), salicylic acid (Sigma Aldrich, 84210, >99.0%), NH4Cl (Sigma Aldrich,
254134, 99.998%), potassium sodium tartrate (NaKC4H4O¢-4H20, Sigma Aldrich, V800336,
>99%), sodium nitroferricyanide (CsFeNeNa2O, Sigma Aldrich, 71778, >99%), sodium
hypochlorite (Sigma Aldrich, 425004, available chlorine 10-15%), para-(dimethylamino)
benzaldehyde (Sigma Aldrich, 156477, >99%), N-(1-Naphthyl)ethylenediamine
dihydrochloride (Sigma Aldrich, 222488, >98%), sulfanilamide (Sigma Aldrich, S9251,
>99%), sodium nitrite (Sigma Aldrich, 237213, >97%), potassium sulfate (Sigma Aldrich,
P9458,>99.0%), sodium sulfate (Chem-supply, SA007, >99%) were used in this study. Nafion
211 membrane (Dupont) was purchased from Fuelcell store. Ultrapure water used throughout
all experiments was purified through an Adelab Millipore system. Ultra high purity N2
(99.999%) and Ar (99.999%) were purchase from BOC Gas, Australia.

Material characterization
XRD data were collected on a D4 endeavour (Bruker) X-ray diffraction system with Co K,
radiation. The absorbance data of spectrophotometer were collected on SHIMADZU UV-2600

ultraviolet-visible (UV-Vis) spectrophotometer.

Annealing treatment of Li2SOa4
A certain amount of Li>SO4 was placed in a tube furnace, which was then heated up to 800°C
under Ar atmosphere. After maintaining for 4 h, the tube furnace was naturally cooled down to

room temperature.

Electrochemical measurements

Electrochemical data were collected with a CHI 760e electrochemical workstation (CHI
Instruments, Inc.). Three-electrode system was used in the electrochemical measurement in
which a Ag/AgCI electrode was used as the reference electrode, and a graphite rod as the
counter electrode. Ti foil was polished using abrasive paper and then soaked in 0.1 M HCI.
After rinsing with ethanol and deionized water, the Ti foil was directly used as a working
electrode. Pre-treatment of Cu Foam was the same as the Ti foil without polish process. The

Nafion 211 membrane was preconditioned by boiling in 5% H>O- solution and deionized water
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at 80°C for 1 h, respectively, followed by treatment in 0.05 M H2SO4 at 80°C for 3 h and
deionized water at 80°C for another 1 h. The NRR test was conducted in a H-Cell with 30 mL
of electrolyte in the anode and cathode chamber, respectively. The gas flow rate was fixed at
20 sccm throughout the whole electrolysis process. A PTFE coated stirrer bar with a rotation

rate of 550 rpm was placed in the cathode chamber to enhance the mass diffusion.

Determination of ammonia

The produced ammonia was quantitatively determined by indophenol blue method. Briefly, 5.0
g of sodium salicylate and 5.0 g of potassium sodium tartrate were dissolved in 100.0 mL of
1.0 M NaOH to prepare the chromogenic reagent (reagent A). 3.50 mL of sodium hypochlorite
(available chlorine 10-15 %) was added into deionized water and diluted to 100.0 mL to prepare
the oxidizing reagent (reagent B). 0.20 g of sodium nitroferricyanide was dissolved in 20.0 mL
of deionized water to obtain the catalysing reagent (reagent C). To quantitatively determine the
amount of ammonia, 2.0 mL of sample solution was added to a test tube, to which 2.0 mL of
reagent A, 1.0 mL of reagent B and 0.20 mL of reagent C were successively added. After
mixing up and standing for 1 h, the absorption spectra were collected on UV-vis
spectrophotometer using a standard 1 cm quartz cuvette. The concentration-dependent
absorption spectra were calibrated using standard ammonia chloride solutions with different

known concentrations.

Colorimetric detection of NO3~

NOs~ standard solution preparation (ug mL~* corresponds to the concentration of NO3z")

1) 100.0 pg mL*stock: 0.1112 g of pre-dried LiNO3z was added into 1.0 L of deionized water.

2) 5.0 pg mL? stock: 5.0 mL of the above 100 pg mL™ stock was added in a 100.0 mL
volumetric flask, and add deionized water to the scale mark.

3) 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 and 5.0 mL of 5.0 ug mL* stock solution were
separately added into the test tube, to which the deionized water was then added to make
up to 5.0 mL, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 and 5.0 pg mL* standard solutions
were finally obtained.

UV-vis spectrophotometer measurement

Nitrates show typical absorption to ultraviolet light at the wavelength of 220 nm, in which the
absorbance value is in proportion to the concentration of nitrates. Therefore, the content of the
NOz™ in Li2SOg4 solution can be quantitatively determined. In a typical procedure, 5.0 mL of

standard or sample solutions were added to the test tubes followed by addition of 0.10 mL of
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1.0 M HCI. After shaking up and standing for 5 min, the concentration of NO3~ was measured
using UV-vis spectrophotometer at wavelength range from 200 nm to 300 nm. The standard
curve NOgz™ determination was then plotted with the absorbance value difference at 220 nm and
275 nm as y axis and the concentration of NOz™ as x axis.

Colorimetric detection of NO2~

NO_~ standard solution preparation (g mL™* corresponds to the concentration of NO2)

1) 100.0 pg mL ! stock: 0.15 g of pre-dried NaNO, was dissolved in 1.0 L Deionized water.

2) 1.0 ug mL*stock: 1.0 mL of 100.0 pg mL* stock was added into in a 100.0 mL volumetric
flask and add deionized water to the scale mark.

3) 0.1 g mLtstock: 2.0 mL of 1.0 pg mL* stock was added into a 20.0 mL volumetric flask,
followed by adding deionized water to the scale mark.

4) 0.1,0.2,0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mL of ug mL* stock were added into the test tube,
then deionized water was added into the test tube to make up to 5.0 mL to obtain 2, 4, 10,
20, 40, 60, 80 and 100 pg L standard solutions.

Chromogenic reagent preparation

0.50 g of sulfanilamide was dissolved in 50.0 mL of 2.0 M HCI solution to prepare
sulfanilamide solution (reagent A). 20.0 mg of N-(1-Naphthyl) ethylenediamine
dihydrochloride was dissolved in 20.0 mL of deionized water to prepare N-(1-Naphthyl)
ethylenediamine dihydrochloride solution (reagent B).

UV-vis spectrophotometer measurement:

Nitrites can be diazotized by sulfanilamide under acid environment, and the diazotized
compound can be coupled with N-(1-Naphthyl) ethylenediamine dihydrochloride, producing
pink azo dyes which show typical absorption at wavelength of 540 nm. Therefore, the content
of the nitrite in LioSO4 solution can be quantitatively determined using this method. In a typical
procedure, 5.0 mL of standard or sample solutions were added to the test tubes, followed by
addition of 0.10 mL of reagent A. After mixing up and standing for 10 min, 0.10 mL of reagent
B was added to the above solution. The solution was then shaken up and allowed to stand for
30 min, and the concentration of NO, was measured using UV-vis spectrophotometer at
wavelength range from 450 nm to 650 nm. The standard curve for NO2~ determination was
then plotted with the absorbance value difference at 540 nm and 650 nm as y axis and the

concentration of NO>~ as x axis.
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Supplementary Figures
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Figure S1. Calibration curve of NHz in 0.5 M Li,SO4 using ammonia chloride solutions with
known concentration as standards. (a) UV-vis spectra of indophenol indicator stained 0.5 M
Li>SO4 with various known NHs concentration after incubated for 1 h and (b) calibration curve
used for the determination of NH3 concentration. The absorbance values at 655 nm were
measured by UV-vis spectrophotometer, and the fitting curve shows good linear relation of
absorbance with NHz concentration (y = 0.286x + 0.0327).

o
)
o

NH, Concentration (ug mL™")
o
=

=
o
IS

1 2 3
Time (h)

Figure S2. Ammonia concentration in 0.5 M Li2SO4 solution after electrolysis process using
bare Ti foil at —1.0 mA cm~2 in N, atmosphere for 1, 2 and 3 h showing the linear increase of

ammonia concentration with increasing electrolysis duration.
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Figure S3. UV-vis spectra for the electrolytes stained with indophenol blue indicator after

electrolysis on (a) carbon paper (CP) and (b) Cu foam (CF) in Ar at —1.0 mA cm~2 for various

durations. (c) Average ammonia yield rates for CP, Ti foil and CF in Ar at —1.0 mA cm2.

Note: The ammonia production varies among different substrates due to their various abilities
towards NOs™ reduction. Remarkably, a high average ammonia yield rate up to 3.09 pg cm2
h~* can be obtained in Ar atmosphere at —1.0 mA cm~2 when using Cu foam, a substrate with
high activity towards NOs~ reduction to ammonia.5! Therefore, if electrocatalysts with high
activity towards NOs™ reduction to ammonia were used in nitrous electrolyte, false positive
results or overestimation of the activity of the studied catalyst would be obtained. When
comparing the NRR activities between the designed electrocatalysts and control samples, their
different activities towards NOs™ reduction to ammonia may cause deceptive illusion that the
designed electrocatalysts is more favorable to NRR than the control samples, resulting in
unreliable conclusion and thus misleading the catalyst design.

[S1] Polatides, C.; Kyriacou, G. Electrochemical Reduction of Nitrate lon on Various
Cathodes-Reaction Kinetics on Bronze Cathode. J. Appl. Electrochem. 2005, 35 (5), 421-427.
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Figure S4. UV-vis spectra of the electrolyte stained with indophenol blue indicator before
(grey lines) and after (other lines) electrolysis with bare Ti foil at —1.0 mA cmin (a) 0.5 M
Na>SO4 and (b) 0.5 M K2SOg4 in Ar and N2 atmosphere for 1 h.
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Figure S5. Calibration for nitrate determination. (a) UV-vis spectra for various concentrations

of LiNOs. (b) Calibration curve used for calculating the concentration of nitrate.
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Figure S6. Calibration for nitrite determination. (a) UV-vis spectra for various concentrations

of NaNO.. (b) Calibration curve used for calculating the concentration of nitrite.
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Figure S7. UV-vis spectra for determining the (a) NOs™ and (b) NO2™ concentration in 0.5 M
Na>S04 and K>SO4, comparing with those in 0.5 M annealed Li>SOa.
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Figure S8. XRD pattern of Li»SO4 after annealing at 800°C for 4 h.
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Figure S9. (a) UV spectra for determining the concentration of NO3z™ in annealed Li>SOs. (b)
The concentration of NO3™ in various concentrations of Li>SO4 before and after annealing
treatment.
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Chapter 5: Efficient Nitrogen Fixation to Ammonia through

Integration of Plasma Oxidation with Electrocatalytic Reduction

5.1 Introduction and Significance

Global demand for nitrates and ammonia for use as fertilizers and industrial feedstocks
continues to steadily increase. Transformation of atmospheric nitrogen to ammonia is a long-
sought goal for human beings. However, one-step conversion through either a conventional
Haber-Bosch process, or recently developed NRR process, suffers from drawbacks of a high

energy consumption for activation of inert N> and low selectivity toward NH3 product.

In this Chapter, the N>-to-NH3 conversion was decoupled to a two-step process with one
problem solved independently and effectively in each step, including: 1) facile activation of N>
to NO, by non-thermal plasma, and; 2) highly selective conversion of NO, to NHj3 via
electrocatalytic reduction. To achieve high selectivity of NO, reduction to NH3 (eNO,RR), a
surface boron-rich core-shell nickel boride nanoparticle (NisB@NiB2.74) was developed as an
electrocatalyst. The surface B-rich feature was evidenced to boost activity, selectivity, and

stability for eNORR on Ni-based catalysts. The highlights of this work include:

1. New two-step strategy for efficient N> activation and selective fixation to NH3. Integration
of plasma driven N2 oxidation with electrocatalytic nitrate/nitrite reduction produced ammonia

directly from air with an ammonia yield ~2,500 times higher than that for NRR process;

2. High activity and selectivity for nitrate reduction to NH3. Superior nitrate reduction
performance was achieved on NisB@NiB:.74 with a significant ammonia yield of 198.3 pmol

h™! em™ with Faradaic efficiency of nearly 100% at —0.3 V vs RHE;

3. Critical role of surface-enriched B sites. The electron-deficient B sites could not only serve
as Lewis acid sites to enhance NO,~ adsorption, but also suppress surface oxidation of Ni sites

and prevent overactive hydrogen evolution.
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5.2 Efficient Nitrogen Fixation to Ammonia through Integration of Plasma Oxidation
with Electrocatalytic Reduction.

This chapter is included as it appears as a journal paper published by Laiquan Li, Cheng Tang,
Xiaoyang Cui, Yao Zheng, Xuesi Wang, Haolan Xu, Shuai Zhang, Tao Shao, Kenneth Davey,
Shizhang Qiao.* Efficient Nitrogen Fixation to Ammonia through Integration of Plasma

Oxidation with Electrocatalytic Reduction. Angewandte Chemie 2021, 60, 14131-14137.
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Efficient Nitrogen Fixation to Ammonia through Integration of Plasma
Oxidation with Electrocatalytic Reduction

Laiquan Li*, Cheng Tang", Xiaoyang Cui', Yao Zheng, Xuesi Wang, Haolan Xu, Shuai Zhang,
Tao Shao, Kenneth Davey, and Shi-Zhang Qiao*

Abstract: Present one-step N, fixation is impeded by tough
activation of the N=N bond and low selectivity to NH;. Here
we report fixation of N,-to-NH; can be decoupled to a two-step
process with one problem effectively solved in each step,
including: 1) facile activation of N, to NO,” by a non-thermal
plasma technique, and 2) highly selective conversion of NO,~
to NH; by electrocatalytic reduction. Importantly, this process
uses air and water as low-cost raw materials for scalable
ammonia production under ambient conditions. For NO,”
reduction to NH;, we present a surface boron-rich core—shell
nickel boride electrocatalyst. The surface boron-rich feature is
the key to boosting activity, selectivity, and stability via
enhanced NO,  adsorption, and suppression of hydrogen
evolution and surface Ni oxidation. A significant ammonia
production of 198.3 umolcm > h™" was achieved, together with
nearly 100 % Faradaic efficiency.

Introduction

Ammonia (NHj) is a globally important chemical, which
is currently widely produced in large-scale by one-step
Haber—Bosch (H-B) process.'! However, the harsh operating
conditions and overreliance on fossil fuels make H-B process
highly costly, energy- and emission-intensive and centralized
(Figure 1a-i).”! Electrocatalytic nitrogen reduction reaction
(eNRR) has therefore attracted increasing attention because
of more mild operating conditions and high compatibility with
renewable energy (Figure 1a-ii).’) However eNRR suffers
from extremely low NH; yield and low Faradaic efficiency
(FE) because of: 1) low solubility of N,, 2) difficulty in N,
activation, and 3) competing hydrogen evolution reaction
(HER)."! This also results in troublesome ammonia detection
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and practically indistinguishable yield from adventitious
nitrogen-containing species.”’ There is therefore an signifi-
cant demand for an alternative process that is efficient,
sustainable and scale-adjustable for ammonia production.

Taken together, one-step conversions of N, to NHj; either
by H-B process or eNRR have practical drawbacks due to the
difficulties and high energy consumption in N, activation and
poor NHj selectivity. Alternatively, this conundrum can be
decoupled to a two-step process with one problem effectively
solved in each step. To achieve this goal, a feasible approach is
to transform the sluggish N, into more reactive species, such
as nitrogen oxyanions (NO, ),® followed by an effective
reduction process (Figure 1a-iii). N=N bond breaking is
practically difficult because of high bond energy of
941 kJmol ", Inspired by N, fixation by lightning in nature,
the use of plasma, especially non-thermal plasma with low
energy input, is reckoned to provide effective N, activation.”!
It is reported that the theoretical limit of the energy
consumption for plasma-based N, fixation is over 2.5 times
lower than that for H-B process.”®! Importantly, air can be used
directly as a gas source for converting N, to nitrogen oxides
(NO,), that can then be absorbed by water to form reactive
NO, . To achieve selective conversion of NO, to NHs,
electrocatalytic reduction is advantageous owing to the high
activity and selectivity that can be flexibly tuned in catalysts,
electrolyte, interface and potential.”}

Numerous efforts have been undertaken to optimize
plasma reactors for N, oxidation with relatively low energy
consumption.%1% For example, a reverse vortex flow gliding
arc plasma was reported with a high NO, yield of 1.5% with
a low cost of 3.6 MJmol' NO,!" The production of
ammonia via electrochemical NO,” reduction reaction
(eNO,RR) however is less developed, suffering from issues
including low selectivity to NHj, high overpotentials and poor
stability.'” Cu-based nanomaterials are conventionally used
as electrocatalysts for eNO,RR!" but require high over-
potentials (ca. 1.2 V) to obtain practically acceptable yields
and FEs. This can be ascribed to the low binding affinity and
nucleophilicity of NO,” on Cu surface, and sluggish water
dissociation failing to provide sufficient protons.'* In con-
trast, Ni is reported to have strong adsorption of intermedi-
ates such as *NO; , *NO,  and *NH,.!'”) However, HER
activity on Ni surface is too strong, leading to low selectivity
and efficiency for ammonia production.® Therefore, rational
design and fine modulation of Ni-based nanomaterials for
efficient eNO,RR and concomitantly suppressed HER is
important in realizing selective production of ammonia, and
ultimately fulfilling the two-step nitrogen fixation.
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Figure 1. Proof-of-concept of two-step N,-to-NH; conversion. a) Three nitrogen fixation routes. b) pNOR: Yield of NO,™ as a function of plasma
treatment time (100 mL 0.10 M KOH as absorbent). c) eNO,RR: Batch experiment at —0.3 V vs. RHE (50 mL electrolyte taken after 20 min plasma
treatment) with successive consumption of NO,” and ammonia production.

In this work, we exploited advantages of the two-step N,-
to-NH; fixation by serially integrating a plasma-driven N,
oxidation (pNOR) to activate inert N, with an eNO,RR
process to achieve highly selective ammonia production
(Figure 1a-iii). To boost activity, selectivity, and stability of
eNO,RR to ammonia, we developed a novel surface boron-
rich core—shell nickel boride nanoparticle (denoted as
Ni;B@NiB, ,,) as electrocatalyst. Following facile N, activa-
tion by pNOR process and electrolyte absorption, the
Ni;B@NiB, -, catalyst exhibited ca. 100% conversion of as-
obtained NO,” to NHj, resulting in a significant ammonia
yield of ca. 2500 times higher than that for eNRR. The activity
origins and structure-property relations of the new
Ni;B@NiB,,, catalyst were studied by a series of physical
characterizations, poisoning experiments, and in situ Raman
and infrared spectroscopy.

Results and Discussion

We carried out a proof-of-concept using a model air (N,/
O, mixture, v/v =4:1) as the gas feed for pNOR, 0.10 M KOH
as the absorbent and the as-obtained solution as electrolyte
for eNO,RR. Inert N, was activated by pNOR (Supporting
Information, Figure S1), where the plasma-excited nitrogen
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(N) reacts with the activated oxygen species (‘O, O;) to
convert N, to NO,, such as NO, and NO.' Alkaline
absorption generates an aqueous mix of NO, and NO;™ via:

2NO, +20H" — NO,~ +NO,” + H,0 (1)

NO, +NO +20H™ — 2NO,” + H,0 (2)

Yield of NO,™ was found to increase linearly with plasma
operation time (Figure 1b). A high total NO,™ yield of ca.
1.35 mmolh ! was achieved, in which the concentration of
NO,™ is over two times higher than that of NO;~ (Figure 1b).
The as-obtained NO, ™ solution was used directly as electro-
lyte for eNO,RR with Ni;B@NiB,,, as electrocatalyst at
a fixed potential of —0.3 V vs. reversible hydrogen electrode
(RHE). The concentration of NO;~, NO,” and NH; was
quantified by UV-vis measurements (Supporting Informa-
tion, Figures S2-S4). As shown in Figure 1¢, NO,™ and NO;~
ions were rapidly consumed, whilst NH; was simultaneously
produced. The total concentration of N-containing species
remained constant during the batch experiment. A significant
average ammonia yield of 160.4 umolh! was achieved in the
initial 1 h, which then declined due to NO, ™~ consumption. The
conversion of NO,” to NHj; approached 96.7% within an
extended reaction time of 3 h, which is superior to most
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reported batch experiments on varying catalysts (Supporting
Information, Table S1). Significantly, the ammonia yield from
eNO,RR is ca. 2500 times higher than that from eNRR using
the same electrocatalyst within the same reaction period
(Supporting Information, Figure S5). It is therefore conclud-
ed that the two-step integration of plasma N, oxidation
(pNOR) with electrocatalytic reduction (eNO,RR) is practi-
cally feasible for highly efficient and selective nitrogen
fixation to ammonia at ambient conditions.

Since nitrogen oxyanions are weak Lewis bases, it is
reasonable to induce abundant Lewis acid sites on the surface
of electrocatalysts to boost NO,  adsorption. Boron atoms
with unoccupied 2p orbital in valence shell can accept
electrons from donors, readily serving as Lewis acid sites.¥!
We therefore developed a surface B-rich core—shell nickel
boride structure (Ni;B@NiB,,), which was synthesized by
calcination of an amorphous nickel boride precursor
(Ni;B@NiBy;,). Transmission electron microscopy (TEM)
image shows that as-synthesized Ni;B@NiB,,, is composed
of interconnected nanoparticles (Figure 2a), and it resembles
the morphology of the precursor (Supporting Information,
Figure S6). High-resolution TEM image (HRTEM) shows
that Ni;B@NiB, -, has a core-shell structure for each nano-
particle (Figure 2b). The core is crystalline exhibiting lattice
fringes with a spacing of 0.204 nm and 0.219 nm, assigned,
respectively to the (220) and (002) facets of Ni;B. The
formation of Ni;B core is also confirmed by X-ray diffraction
(XRD; Supporting Information, Figure S7) and selected area
electron diffraction pattern (SAED; inset of Figure 2a). In
contrast, the thin shell layer is amorphous with an average

—~
o
~

Research Articles

dyno=2.04 A

Internati

thickness of 3 nm. Such core-shell structure is advantageous
in providing an active surface and a stable bulk, leading to
both high activity and stability.

The composition distribution was investigated by energy-
dispersive X-ray (EDX) analysis and X-ray photoelectron
spectroscopy (XPS) measurements. As shown in Figure 2¢
and d, the EDX mapping and line analyses clearly verify
distinct B and Ni distribution in the core and shell regions,
featuring a B-rich shell. Point EDX spectroscopy analysis
reveals that atomic content of Ni and B in the shell region
were 18.8% and 56.0 %, whilst in the core were 59.5% and
15.5% (Figure 2¢e), respectively. This surface B-rich feature is
distinctive from the precursor prior to annealing, for which Ni
and B distribute uniformly throughout the entire structure
with a higher content of Ni than B also on the surface
(Supporting Information, Figure S6). XPS survey reveals a B/
Ni atomic ratio of 2.74 for the shell of annealed sample, and
a lower value of 0.72 for the precursor (Supporting Informa-
tion, Figure S8), consistent with the EDX results. Samples
before and after annealing are therefore denoted as
Ni;B@NiB,;, and Ni;B@NiB,,, respectively. It is apparent
that annealing is vital for the surface B/Ni distribution.
During annealing, the core became crystalline (Supporting
Information, Figure S7) and the obtained nanoparticles
slightly agglomerated into larger particles (Supporting In-
formation, Figure S9). Meanwhile, the light B atoms diffused
to the surface and formed a B-rich shell owing to different
diffusion behavior of heavy metal and light non-metal
elements at high temperature./'”
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Figure 2. Characterization of Ni;B@NiB,,. a) TEM and, b) HRTEM images for Ni;B@NiB, . Inset of (a) shows SAED pattern. c) EDX mapping.
d) EDX linear scan of selected area in (c). e) Point EDX results adopted from shell and core regions of Ni;B@NiB,,. f) Ni 2p XPS spectra and

g) B 1s XPS spectra for Ni;B@NiB,;, and Ni;B@NiB, ;.
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The electronic structure of obtained samples was then
investigated by surface sensitive XPS and electron energy loss
spectra (EELS). As displayed in Figure 2 f, Ni 2p XPS spectra
show the coexistence of Ni” and Ni** signals on the surface for
both samples.”” Significantly, Ni;B@NiB, ,, exhibits a higher
Ni’/Ni** ratio of 1.63 than that for Ni;B@NiB,;, of 0.54. The
Ni L edge EELS spectra, in which L;/L, area ratio increases as
the oxidation state of Ni decreases,”"! was then conducted.
The higher Ly/L, area ratio (3.89) recorded in the shell regions
of Ni;B@NiB,,, than that of Ni;B@NiB,, (3.37) further
confirms the lower Ni valence state for Ni;B@NiB,,.
(Supporting Information, Figure S10). These findings confirm
the enrichment of Ni’ sites on the B-rich surface after
annealing.””! Figure 2g shows the B 1s XPS spectra for the
two samples. The peak at around 187.5 eV is assigned to B” in
nickel boride and the other at around 192.2eV to B—O
bonding in borate or boron oxide.”” The B%B** ratio for
Ni;B@NiB,,, is determined to be lower than that for
Ni;B@NiB, ,, (0.19 versus 0.28), revealing a higher B valence
state on the surface of Ni;B@NiB, ,,. This can be explained by
the electron transfer from B atoms to the 3d bands of Ni
atoms occurring on the B-rich surface. The resulting electron-
deficient B sites are expected to serve as Lewis acid sites for
boosted NO,~ adsorption.!"*"!

The eNO,RR performance was systematically evaluated
in Ar-saturated 0.10 M KOH with certain amount of NO,~
(NO,™ or NO;7). Linear sweep voltammetry (LSV) curves
were recorded for Ni;B@NiB, ,, in the electrolyte containing
varying NO;~ concentration from 0 to 100 mM (Figure 3a).
The onset potentials are found to positively shift with
increasing NO;~ concentration, implying more favorable
kinetics for eNO;RR than those for HER. The low value of
reaction order with respect to NO;™ concentration (< 0.5) for
Ni;B@NiB, ,, suggests strong adsorption of NO;~ (Supporting
Information, Figure S11).*%! Figure 3b shows the maxi-
mum NHj yields and FEs for Ni;B@NiB, -, at varying NO;~
concentration. A significant FE of 90.7% was achieved at
a low NO;™ concentration of 1 mM. The FE increases to
100% at a high NO; concentration of 100 mM, with
a significant ammonia yield of 198.3 pmolcm 2h~". Addition-
ally, reduction of NO,™ (eNO,RR) on Ni;B@NiB, -, was also
evaluated in 0.10 M KOH containing 10 mM NO, . As shown
in the Supporting Information, Figure S12, over a wide
potential from 0.1 to —0.4 V vs. RHE the FEs for eNO,RR
to NH; are nearly ca. 100 %, indicating superior thermody-
namics and kinetics. Note that eNO,RR can be regarded as
a part of eNO;RR on Ni;B@NiB,,,;*/ nonetheless, it is not
the rate-determining step (RDS). This is evidenced by the
Tafel slope of 105.3 mVdec' for eNO;RR on Ni;B@NiB,,
(Supporting Information, Figure S13), which value is approx-
imate to 120 mV dec™' and implies the conversion of *NOj, to
*NO, as the RDS.! For this reason in this work we mainly
focus on eNO;RR.

The potential-dependent eNO;RR performance of
Ni;B@NiB,,, was evaluated in 0.10 M KOH with 10 mM
NO;~ (Supporting Information, Figure S14). As shown in
Figure 3¢, high NO; -to-NH; selectivity is achieved on
Ni;B@NiB, ;, over a significant potential range from 0.1 to
—0.5V vs. RHE. A maximum FE of 98.7% was achieved at
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—0.3V vs. RHE with a NHj; yield of 107.1 pmolcm 2h™".
Little nitrite ions and H, were detected at potentials higher
than —0.3 V vs. RHE, after which HER rises with increased
FE toward H, (Figure3c; Supporting Information, Fig-
ure S15). Electrocatalytic stability was then evaluated
through replacing electrolyte every 0.5 h for 10 cycles. As
shown in Figure 3d, no meaningful change to ammonia
production and FE is seen during long-term electrolysis. The
LSV curves for Ni;B@NiB, ,, are almost identical before and
after stability testing (Supporting Information, Figure S16)
and the B-rich shell layer was found to be well maintained
(Supporting Information, Figure S17). The LSV curve for
Ni;B@NiB,,;, following stability testing however exhibited
severe degradation in both the onset potential and current
density (Supporting Information, Figure S16). It is therefore
concluded that Ni;B@NiB,,, exhibits outstanding activity,
selectivity, and durability for eNO,RR to NHj, which is
superior to reported catalysts with respect to overpotential,
FE and ammonia yield (Supporting Information, Table S2).

A nickel nanoparticle (Ni NP) sample with similar
morphology (Supporting Information, Figure S18) and elec-
trochemically active surface area (Supporting Information,
Figure S19) to Ni;B@NiB, -, but without B incorporation was
synthesized to investigate the role of surface-enriched B sites.
The surface B content therefore increases gradually from Ni-
NP to Ni;B@NiB,;,, and to Ni;B@NiB,,,. As shown in
Figure 3e and f, both FE and NH; yield show a positive
relationship with surface B content, demonstrating that
incorporation of B can effectively boost eNO,RR activity
for Ni-based catalysts. Note that surface oxygen contributes
negligibly to eNO,RR activity, which is verified by a series of
control experiments (Supporting Information, Figures S20
and S21). It is therefore concluded that the surface-enriched
B sites are critical to boosting both eNO,RR activity and
stability, which are further elucidated below.

The eNO,RR activity and selectivity origins were inves-
tigated by a series of LSV tests in different electrolytes on
Ni;B@NiB,,,, Ni;B@NiB,,, and Ni NP. Figure 4a presents
the LSV curves obtained in 0.10 M KOH with and without
10 mM NO;" . More negative HER onset potential and larger
eNO;RR current density are observed with increasing surface
B content. The suppressed HER activity is attributed to the
gradually diluted surface nickel sites,”! whilst the boosted
eNO;RR activity can be ascribed to the enhanced NO;~
adsorption on Lewis acid B sites. To verify this hypothesis
of Lewis acid-base interaction between B sites and NO;~,
poisoning experiments using a stronger Lewis base, potassium
thiocyanide (KSCN), were carried out. As shown in Fig-
ure 4b, following addition of SCN™ ions into the NO; -
containing solution, the current density for eNO;RR is
seriously plummeted down while that for HER remains
almost unchanged. In contrast, eNO;RR performance on Ni
NP is nearly unaffected by addition of SCN™~ ions (Supporting
Information, Figure S22). These findings indicate that SCN~
ions compete with NO;™ to adsorb on B sites, due to higher
Lewis basicity, rather than Ni sites. Additionally, the forma-
tion of B—N bonds on Ni;B@NiB,,, during eNO;RR, as
evidenced by the adsorption peak at 805 cm™'[%?7 was
confirmed by in situ attenuated total reflectance surface
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enhanced infrared absorption spectroscopy (ATR-SEIRAS)
(Figure 4¢). It is therefore concluded that the surface-
enriched electron-deficient B sites are responsible for en-
hanced NO;  adsorption and thereby contribute to the
boosted catalytic activity.

Mechanism for the improved stability of Ni;B@NiB,,,
was studied via ex situ XPS, EELS spectra, and in situ Raman
and ATR-SEIRAS measurements. For Ni;B@NiB,,,, severe
surface oxidation is evidenced by the markable decrease in
the Ly/L, area ratio in EELS spectrum (Figure 4 d;Supporting
Information, Figure S23) and the disappearance of the Ni’
signal in Ni 2p XPS spectrum after stability testing (Support-
ing Information, Figure S24). The Ni;B@NiB, ,, sample how-
ever exhibited only a slight decrease in Ls/L, area ratio of 0.07
(Figure 4d; Supporting Information, Figure S23) and main-
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tained a significant portion of Ni’ sites (Supporting Informa-
tion, Figure S24). In situ Raman spectra monitor the surface
variation during eNO;RR with additional clarity. As shown in
Figure 4 e, two bands appeared at 458 cm ' and 496 cm ' upon
applying potentials on Ni;B@NiB,,, which are assigned to
the vibration of Ni-OH bond stretching and Ni-O stretching
in Ni(OH), (Supporting Information, Figure S25), respective-
1y.*®! However, no such peaks appeared in the in situ Raman
spectra for Ni;B@NiB, -, (Figure 4 f). In situ ATR-SEIRAS
measurements also verified the formation of Ni(OH), on
surface of Ni;B@NiB,,,, but not on Ni;B@NiB,,,, during
eNO;RR (Supporting Information, Figure S26). We therefore
reveal that the surface oxidation, a common problem causing
activity degradation on Ni-based eNO;RR electrocatalysts in
alkaline solution,” is due to formation of a thin layer of
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Ni(OH), that exhibits a very low activity for eNO;RR  based electrocatalysts (Figure 5). The Ni sites are responsible
(Supporting Information, Figure S27). This issue can be for water dissociation to provide protons for NO,” hydro-
effectively obviated through enriching B atoms on catalyst genation. The enriched electron-deficient B sites on the
surface to induce electrons transfer to Ni sites and thus surface could not only enhance adsorption of NO, , but also

impede the surface oxidation of Ni.

Conclusion

A two-step N,-to-NH; fixation
through serial integration of plasma-
driven N, oxidation with electrocatalyt-
ic nitrogen oxyanions reduction to am-
monia is demonstrated, enabling facile
N, activation and efficient NH; produc-
tion in each step (Figure5). A novel
surface B-rich core-shell nickel boride
nanoparticle Ni;B@NiB,,, electrocata-
lyst was developed and delivered a sig-
nificant ammonia yield of
198.3 pmolecm *h™! with a near 100%
Faradaic efficiency. By combining a ser-
ies of ex situ characterizations and in
situ spectrometric measurements, we
revealed a dual-site reaction mecha-
nism for eNO,RR on boron-rich nickel-

www.angewandte.org

alleviate surface oxidation of Ni’ sites and prevent overactive
hydrogen evolution. The synergistic contribution from Ni and
B sites lead to excellent activity, selectivity, and durability for
eNO,RR to NH;. This work provides new insights and

pNOR eNO,RR ~ Brich Ni surface

Pﬁre Ni surface

Figure 5. The pNOR + eNO,RR process and dual-site mechanism for boosted eNO,RR activity.
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opportunities for renewable chemicals production by decou-
pling the challenges of molecule activation and product
selectivity, and by integrating various advanced technologies
such as plasma catalysis and electrocatalysis.
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Experimental Procedures
1. Materials Preparation and Characterization

Chemicals and Materials

All chemicals were purchased from Sigma-Aldrich and used without further purification. Milli-Q
water with a resistivity of 18.2 MQ-cm was obtained from a Bio-strategy Option-Q water purification
system. Carbon paper (Toray Paper 60) and anion exchange membrane (Fumasep FAA-3-50) used in this
work were purchased from Fuel Cell Store (Texas, USA). Ultra-high purity Ar (99.999%) and N
(99.999%) were purchased from BOC Gas, Australia.

Synthesis Methods

Synthesis of NisB@NiBo.72 and NisB@NiB2.7s: NizB@NiBo72 was synthesized by a facile wet
chemistry method. Typically, 1.0 g of Ni(CH3COz2)2-4H20 was added to 50 mL of 0.01 M NaOH solution
under magnetic stirring, followed by rapid addition of 5 mL of 1.2 M NaBH4 solution. Intense gas
evolution and instantaneous formation of a dark precipitate were observed. Following agitation for 10
min the dark precipitate was collected by centrifugation, and washed by ethanol and deoxygenated
deionized water several times (> 3), then dried overnight by freeze-drying to obtain NisB@NiBo.72 catalyst.
To prepare NisB@NiB274, NizB@NiBo.72 was carefully annealed in 5% Hj/Ar atmosphere in a tube-
furnace at 300 °C for 2 h with a slow ramp rate of 2 °C min-1. All the above products were stored under
vacuum at room temperature (RT, 20 °C) to prevent oxidation.

Synthesis of Ni NP: 1.0 g of Ni(CH3CO2)2-4H.0 was added to 7.5 mL of ethanol. A white slurry
prepared by mixing 2.5 g of NaOH with 5 mL of 50% N2H4-H20 solution was added to the above solution
under magnetic stirring. The produced dark precipitate was washed with aqua-ammonia to remove
Ni(OH)2 by-product, followed by rinsing with ethanol and water several times (> 3) and freeze-drying.
The product was then obtained by annealing at 300 °C in 5% H./Ar atmosphere for 2 h.

Synthesis of NiO: NiO was prepared via annealing NisB@NiB2.74 at 500 °C in air for 2 h.

Synthesis of Ni(OH)2: Synthesis of Ni(OH), was conducted by Yu et al.}l Typically, 0.291 g of
Ni(NOz)2-6H20 was added to 20 mL of ethanol under magnetic stirring for 10 min. Subsequently, 2 mL
of oleylamine in 10 mL of ethanol was added rapidly. Following stirring for 30 min, the solution was
transferred to a sealed, Teflon-lined autoclave and heated to 180 °C for 15 h. The obtained green
precipitates were collected by centrifugation and washed by ethanol several times and dried to powder by
freeze-drying.

Synthesis of Ni3(BOs)2: Synthesis of Nis(BOs), was by the method of Liu et al.?! 0.713 g of
NiCl.-6H20, 0.201 g of Na2B4O7 and 0.088 g of NaCl were mixed in an agate-mortar and ground for 30
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min. The obtained light-green powder was transferred into a porcelain-boat in a quartz tube-furnace and
annealed at 800 °C in air for 2 h. Following cooling to RT the green-product was collected and washed
with deionized water several times (> 3) and dried at 60 °C.

Imaging and Spectroscopic Characterization

Field-emission SEM images were collected on a FEI QUANTA 450 electron microscope. The TEM
images, HAADF-STEM images, EDX analyses and EELS spectra were collected on a FEI Titan Themis
80-200 operating at 200 kV. XRD patterns were obtained using a Rigaku MiniFlex 600 X-Ray
Diffractometer with Co Ko radiation. XPS data were collected under ultrahigh vacuum (< 1078 Torr)
using a monochromatic Al Ka X-ray source. The absorbance data of spectrophotometer were collected
on SHIMADZU UV-2600 ultraviolet-visible (UV-Vis) spectrophotometer.

2. Plasma-driven Nitrogen Oxidation Experiment

A nanosecond pulsed spark discharge system was employed to activate and dissociate N2 and O
molecules to produce NOy. The experimental setup is shown in Figure S1, which mainly consists of three
parts: a plasma reactor, a power supply, and an electrical measurement system. The plasma reactor is
composed of a quartz tube and two stainless-steel rods (diameter 12 mm, thickness 5 mm) that serve as
the high voltage and ground electrodes, respectively. The discharge gap was fixed at 3 mm. The discharge
was driven by a nanosecond pulsed power supply (HV-2015, Xi‘an Smart Maple Electronic Technology
Co., Ltd) with a voltage of 10 kV, rising time of 100 ns, pulse width of 100 ns, falling time of 100 ns, and
repetition frequency of 1 kHz. The applied voltage and the discharge current were measured by a high
voltage probe (Tektronix P6015, 75 MHz, 1000/1) and Rogowski coil (Pearson 6585, 1 V/A), then
recorded by an oscilloscope (Tektronix DPO 2024).

Simulated air with a N2 and O volume ratio of 4:1 generated by an air generator was fed into the
discharge chamber at a constant gas flow of 40 sccm. The outlet gas was driven into a Fourier transform
infrared spectroscopy (Thermo-Fisher Nicolet iS50) equipped with a Herriott cell (volume: 100 mL) for
the detection and measurement of gaseous products. After a gas flow of 20 min, the outlet gas was fed

into a sealed cell containing 100 mL of 0.1 M KOH aqueous solution as the absorbent.

3. Electrochemical Measurements

Electrochemical data were collected with a CHI-650D electrochemical workstation (CHI Instrument,
Inc.). An H-type cell with three-electrode system was used in the electrochemical measurement in which
a graphite-rod was used as counter electrode and an Ag/AgCI (filled with saturated KCI) as reference
electrode. The cathodic chamber was separated from the anodic chamber by an anion exchange membrane
(Fumasep FAA-3-50). For the working electrode, 5 mg of the obtained catalyst was dispersed in 1 mL of

ethanol containing 40 pL of 5 wt% Nafion solution. The mixture was ultra-sonicated for 3 h to form a
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uniform catalyst ink. 40 pL of the resulting catalyst ink was drop-cast onto a 1 x 0.5 cm? carbon paper.
All experiments were carried out at RT and all potentials were referenced against reversible hydrogen
electrode (RHE) based on the Nernst equation (Erre = Eagager + 0.0592xpH + 0.2). 0.10 M KOH with
various concentrations of nitrate/nitrite were used as electrolyte, which was purged with the ultra-high
purity Ar throughout electrolysis process.

Measurement of electrochemically active surface area (ECSA): The ECSA was measured by a double-
layer capacitance method. Cyclic Voltammetry (CV) scans were conducted at a potential range from 0.55
V to 0.65 V vs RHE with increasing scan rates of 10, 20, 30, 40 and 50 mV s~X. The capacitance current
densities (half the difference between the anodic current density and cathodic current density) at 0.60 V
vs RHE were plotted against scan rates, and the double-layer capacitance (Cai, mF cm2) was derived from
the slope.

4. Product Quantification

Quantification of ammonia: The product ammonia was quantitatively determined by the indophenol
blue method. Briefly, 5.0 g of sodium salicylate and 5.0 g of potassium sodium tartrate were dissolved in
100.0 mL of 1.0 M NaOH to prepare the chromogenic reagent (Reagent A). 3.50 mL of sodium
hypochlorite (available chlorine 10% to 15%) was added to deionized water and diluted to 100.0 mL to
prepare the oxidizing reagent (Reagent B). 0.20 g of sodium nitroferricyanide was dissolved in 20.0 mL
of deionized water to obtain the catalysing reagent (Reagent C).

To quantitatively determine the amount of ammonia, 2.0 mL of diluted sample solution was added to
a test tube, to which 2.0 mL of Reagent A, 1.0 mL of Reagent B and 0.20 mL of Reagent C were
successively added. Following mixing and left-standing for 1 h the absorption spectra were collected on
UV-vis spectrophotometer using a standard 1 cm quartz cuvette. The concentration-dependent absorption
spectra were calibrated using standard ammonia chloride solutions with varying concentration (Figure
S4).

Quantification of nitrate: Nitrates exhibit typical absorption to ultraviolet light at a wavelength of
220 nm, where the absorbance value is proportional to concentration of nitrate. In a typical procedure, 5.0
mL of standard solution, or (diluted) sample solution was added to a test-tube followed by addition of
0.10 mL of 6.0 M HCI solution. Following shaking and left-standing for 5 min the concentration of NO3~
was measured using UV-vis spectrophotometer at wavelength range from 200 to 300 nm. The standard
curve for NO3™ determination was plotted with absorbance value difference at 220 nm and 275 nm as y-
axis (ordinate) and concentration of NO3™ as x-axis (abscissa). The concentration-dependent absorption
spectra were calibrated using standard potassium nitrate (KNO3) solution of varying concentration (Figure
S2).
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Quantification of nitrite: Nitrites (NO2") can be diazotized by sulfanilamide under acid environment,
and the diazotized compound can be coupled with N-(1-Naphthyl) ethylenediamine dihydrochloride,
producing pink azo dyes that show typical absorption at a wavelength of 540 nm.

To prepare the chromogenic reagent, 0.50 g of sulfanilamide was dissolved in 50.0 mL of 2.0 M HCI
solution to prepare sulfanilamide solution (Reagent A). 20.0 mg of N-(1-Naphthyl) ethylenediamine
dihydrochloride was dissolved in 20.0 mL of deionized water to prepare N-(1-Naphthyl) ethylenediamine
dihydrochloride solution (Reagent B). In a typical procedure, 5.0 mL of standard solutions or samples
were added to the test tubes, followed by addition of 0.10 mL of Reagent A. Following mixing and left
standing for 10 min, 0.10 mL of Reagent B was added to the solution. The solution was then shaken and
allowed to stand for 30 min, and the concentration of NO.  was measured using UV-vis
spectrophotometer at wavelength range from 450 nm to 650 nm. The standard curve for NO2
determination was plotted with the absorbance value difference at 540 nm and 650 nm as y-axis and the
concentration of NO>™ as x-axis. The concentration-dependent absorption spectra were calibrated using
standard potassium nitrite (KNO) solutions with different known concentrations (Figure S3).
Quantification of gas product: H> was detected via a gas chromatograph (GC, 8890B, Agilent) equipped

with a thermal conductivity detector (TCD) and flame ionization detector (FID).

5. Computation of Faradaic Efficiency and Yield
Faradaic efficiency (FE) was computed by dividing the charge used for a product synthesis by the total
charge consumption (Q), namely:

For nitrate to ammonia this is given by;

FE = (8 x F x C(NH3) x V)/Q Q)
For nitrite to ammonia, by;

FE = (6 x Fx C(NH3) x V)/Q (2)
For nitrate to nitrite, by;

FE = (2 x Fx C(NO2) x V)/Q (3)

where F is Faraday constant (96485 C mol™?), C measured concentration (umol L) and V volume of
electrolyte (L).
The yield rate of ammonia, v(NHz3), was computed from:

V(NH3) = (C(NHs3) x V)/(t x A) 4)

where t is reaction time (h) and A effective area of electrode (cm?).

6. In situ Measurements
In situ Raman: In situ Raman measurement was conducted on a confocal Raman microscope
(HORIBA LabRAM HR Evolution) equipped with a 532 nm laser. An 1800 gr cm™ grating was used for
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all measurements. The electrochemical tests were conducted in a three-electrode electrochemical cell with
a quartz window. A graphite rod and an Ag/AgCI (filled with saturated KCI) were used, respectively, as
the counter and reference electrode. A glassy-carbon plate loaded with catalyst was used as the working
electrode, and 0.10 M KOH with 10 mM NOs" as electrolyte. The Raman spectra were collected at the
applied potential every five accumulations (10 s per accumulation).

In situ ATR-SEIRAS measurement: In situ ATR-SEIRAS was performed on a Nicolet iS20
spectrometer equipped with an HgCdTe (MCT) detector cooled with liquid nitrogen and a VeeMax IlI
(PIKE technologies) accessory. The electrochemical test was conducted in a custom-made three-electrode
electrochemical single-cell. A Pt-wire and a saturated Ag/AgCl were used as counter and reference
electrode. A fixed-angle Ge prism (60°) was used to load catalysts and served as the working electrode.
The Au thin-layer was coated according to reported method with slight modification.®! The reflecting
plane of the Ge prism was polished with diamond compound (0.05 um, Kemet. Int. Ltd.), and sonicated
in ethanol and water. The surface was contacted with 40% NHa4F for 90 s. Deposition of Au was performed
at a temperature of 60 °C by immersing the reflecting plane of the prism in a mixture of a plating solution
(0.015 M NaAuCls-2H20 + 0.15 M NazSOz + 0.05 M NazS203-5H.0 + 0.05 M NH4Cl) and 2%
hydrofluoric acid (1:2 by vol) for 5 min, after which the prism was rinsed with Milli-Q water. For ATR-

SEIRAS measurement, 32 scans were collected with a spectral resolution of 4 cm™ for each spectrum.
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Results and Discussion
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Figure S1. (a) Scheme for apparatus for plasma-driven N. oxidation. Gas product (NOy) was quantified

by Fourier transform infrared spectroscopy (FTIR). (b) Photograph of the plasma reaction chamber.
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Figure S2. Calibration curves for nitrate concentration.
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Figure S5. Comparison between the ammonia yield from the two-step N> fixation and eNRR process.
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Figure S6. Microscopic characterization of NisB@NiBo.7.. (&) TEM image of NisB@NiBo.72. Inset shows
selected area electron diffraction pattern. (b) High-resolution TEM image showing amorphous structure.

(c) EDX mapping showing distribution of B and Ni. (d) EDX linear-scan of selected area in (c).
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Figure S7. XRD patterns for NisB@NiB2.72 and NisB@NiBo.7.
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Figure S8. Surface atomic content of boron and nickel from XPS survey results.
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Figure S9. Particle size distribution for (a) NisB@NiBo.72 and (b) NisB@NiB2.74.

112



(a)|nio Ni-L (b) [Nine Ni-L
L, ‘
w) 2]
€ €
3 >
o] o]
O 1, O __
L./L,=4.03
L/L,=2.91
840 860 880 900 840 860 880 900
Energy loss (eV) Energy loss (eV)
(c) L, Ni.B@NiBy,,  Ni-L (d) M~NiBan,o,
L
LZ
LJL,=3.37
8 4.-
C cC
3 2
O O
Ly/L,=3.89
840 860 880 ) 840 860 880 900
Energy loss (eV) Energy loss (eV)

Figure S10. Ni-L EELS spectra for (a) NiO representing Ni?* signal, (b) Ni NP representing Ni° signal,
(c) surface region of NizB@NiBo.72, and (d) surface region of NizB@NiB2.74.

Note: EELS spectra were employed to determine the valence state of nickel sites on surface of the
materials. It is known that the Ls/L area ratio is significantly sensitive to the oxidation state of metals.[*!
The La/L area ratio increases as the oxidation states of transition metals decrease.® © Figure S10a and b
show Ni-L edge EELS spectra adopted from the bulk area of the as-prepared NiO and Ni NP, representing
the Ni* and Ni° signal, respectively. Ls/L> ratio values of 2.91 and 4.03 were obtained for Ni?* and Ni°
signals, respectively. Figure S10c and d show the Ni-L edge profiles adopted from the surface region of
two samples. The La/L> area ratio on the surface of NisB@NiBo.72 and NisB@NIiB2 .74 were calculated to
be 3.37 and 3.89, respectively, further suggesting the lower valence state of nickel on surface of

NisB@NIiB2.74 as compared with NisB@NiBo.72.
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Figure S11. (a) LSV curves for NizB@NiB2.74 in 0.10 M KOH with varying nitrate concentration. (b)

Reaction order with respective to NOs™ concentration at 0 and —0.1 V vs RHE adopted from (a).

Note: The reaction order determination experiments were conducted by LSV under supplement addition
of varying concentration of NO3™ using NisB@NiB2.74 as catalyst. Current densities at 0 V and —0.1 V vs
RHE were adopted becasue at these potentials the mass transfer of NO3™ is not limited. The reaction order
was obtained by ploting logarithm of NHs partial current density as y-axis and logarithm of nitrate
concentrations as x-axis. According to the Rate Law, the slope represents the value of the reaction order.
As is shown in Figure S11b, the low value reaction orders indicate a near zero™ order dependency for
cathodic current with respect to nitrate concentration, suggesting favourable kinetics for eNOsRR to NH3
on NisB@NiB274.I" 8
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Figure S12. Nitrite reduction performance on NisB@NiB274 measured in 0.10 M KOH with 10 mM
KNO:. (a) I-t curves for nitrite reduction on NisB@NiB2.7s. (b) UV-vis spectra stained with indophenol

indicator for NisB@NiB274 at varying potential (all sample solutions were diluted 10 x times before

indophenol blue test). (c) Faradaic efficiency (FE). (d) Am

ammonia at varying potentials.
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Figure S13. (a) LSV curve for nitrate reduction on NisB@NiBz.74 on rotating disk electrode (RDE) at a
scan rate of 10 mV s and rotating speed of 1600 rpm in 0.10 M KOH with 10 mM KNOg. (b)
Corresponding Tafel slope collected in the kinetic control region in (a).
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Figure S14. I-t curves for eNOsRR on NizB@NiB274 in 0.10 M KOH with 10 mM NOs".
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Figure S16. LSV curves before and after stability test for NisB@NiB2.74 and NizB@NiBo.72.
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Figure S17. (a) TEM image and (b) elemental mapping images of NisB@NiB. 74 after stability test.
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Figure S18. (a) XRD pattern and (b) SEM image for Ni NP.
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Figure S19. Determination of electrochemically active surface area. (a-c) CV curves for NisB@NiBo.72,
NisB@NiB2.72 and Ni NP obtained in the capacitance region at varying scan rate. (d) Capacitance current

density at 0.6 V vs. RHE as a function of scan rate. Note that the slope represents the double-layer
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capacitance (Car), which is positively related to electrochemically active surface area.

Note: The Cai for NisB@NiB2.74 is calculated to be 0.31 mF cm, slightly less than that for NisB@NiBo.72
(0.34 mF cm™). This can be ascribed to the slight increase in particle size following annealing. Despite a
lower ECSA, NisB@NIiB2.74 exhibits significantly better eNO3RR performance than that of NisB@NiBo.72,

indicating that the higher electrochemical activity of the NisB@NIiB:.74 originates from the surface boron-

rich feature, rather than the difference in ECSA.
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Figure S20. (a) XRD pattern for NiO nanoparticles sample. Inset shows corresponding SEM image. (b)
LSV curves for NiO nanoparticles in 0.10 M KOH with and without 10 mM NOs".
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Figure S21. LSV curves for Niz(BOs)2 in 0.10 M KOH with and without 10 mM NOs™.

Note: A series of control experiments to examine the influence of oxygen on eNOsRR were carried out
because oxygen is unavoidable when handling the materials. When annealing NizB@NiBo.72 in air, the
obtained NiO shows significantly degraded eNO3RR performance (Figure S20). Because oxygen can
exist in the form of nickel borate, we further synthesized a nanorod-like Ni3(BOs)2. LSV measurement
shows that Ni3(BOz)2 exhibits very weak eNOsRR activity (Figure S21). It is therefore concluded that

surface oxygen and Ni?* sites contributes little to eNOxRR activity.

120



O_
§ -10-
<
£ ——KOH
-20 4
.%“ ——KOH+NO,-
o) ——KOH+NO,+SCN"
T -304
c
o
3 401
'50 T T T T T T T
-0.4 -0.2 0.0 0.2

Potential (V vs RHE)

Figure S22. Result of KSCN poisoning experiment of Ni NP.
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Figure S23. Ni-L EELS spectra for the surface region of (a) NisB@NiB2.74 and (b) NisB@NiBo.7, after

long-term stability test.
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Figure S24. XPS spectra for NisB@NiB274and NisB@NiBo.7 after long-term stability test.
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Figure S25. (a) XRD pattern and (b) Raman spectrum for as-synthesized Ni(OH)..
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Figure S26. In situ ATR-SEIRAS for NisB@NiBo.72 (left) and NizB@NiB2.74 (right). Spectrum measured
at open-circuit potential (OCP) was adopted as background spectrum.

Note: The sharp peak at a wavenumber ~ 3611 cm™! on NisB@NiBo.72 can be attributed to the O-H
vibration of hydrogen-bonded hydroxyl group in Ni(OH)2.°! The absence of this peak for NisB@NiB2.74
further demonstrates the alleviated formation of Ni(OH)2 thin-layer.
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Figure S27. LSV curves for Ni(OH)2 in 0.10 M KOH with and without 10 mM NO3".
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Table S1. Comparison of batch experiment performance of NisB@NiB2.74 with reported catalysts under

ambient conditions.

Potential or current

Catalyst Electrolyte density Performance Reference

NBONiE,,  CIOMKOHMIN o5y qpue S50 NO: CONUTRUON, i
0.5% Zr-Ni 200 ppm NaNO; / éS?éﬁi,NNcii’}cﬁiﬁﬁTnpth”H [10]
Ni 05¢gL? Nazfo4 wjth / 36% NO3~ +consumption, [11]

50 mg mL™ NO; 25% NH4* yieldin4 h

e OOLMNOSI sy ivote (1O oo
CuzoNiszo O'OioMmll\\lﬂaﬁg;Vith —1.1V cell voltage 7%50%0 Il\]ll-i {;g;;ulrr?gﬂin [12]
W MO v 155N commiten
Cuati, LRISOHUIN iovisrgeo SN ol
Cuti LRISOHUIN ovisngneo SN, o g
s OAMNSOMIN g BTN ot
CuNP Ollof\(/)lsKl\lesgggith 15 Vvs Ag/AgCl 7970.03/%/0NNO e 2/?§:Jdmiﬁﬁ102nh [15]
wzng OISO ysvisagaer NG sommeten g
TGk OSMNESOLN  ogsvusmie NG, e g
Ti0,.,/CP 0.5 M Na;SO4 with 1.6V vs SCE 95% NOs~ consumption, [17]

50 ppm NOs~

87% NH,* yield in 2 h
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Table S2. Comparison of eNO3RR activity of NisB@NiB2.74 with previously reported catalysts under

ambient conditions.

Catalyst Electrolyte Hi%g‘:;;;; @ (l:llzz?/icerlnol_zrﬁie) Reference
NiBONiB;7, M S W oBThG 107.1 This work
NisB@NiB274 O'igoMmTAONHoV:jth 70,;(8(@%% 198.3 This work
NiBONiB,7, M QT W P 172.9 This work

Ni NP 20 mMNOS 12Vvs HgHgo / (3]
CUPTCDA g bom Ny 04V s RHE 515 (8]
Cu/Cu0 0.5 M NaSOs with 97% @ ” (16]
NWAS 200 ppm NO3 —0.85V vs RHE

oomos, oIS OV RHE / 6]
Cu nanosheet O.iOMmT/IONHC\),Z ,ith 0. 1959 \Y/%)S@RHE 4.6 [19]

CusoNiso 11? nfl\c/l) F|11\(I)v?h —0.123;;/0vg@RHE / [20]

Ti02,/CP 0.55|\(;| ;?;?rzmsr\%:y . —1.e§3 3;/3/;@SCE 50 [17]

Ru-ST-0.6 t I\*;ONHO‘;Y“*‘ fear 100% @ 1170 [21]
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Chapter 6: Tailoring Selectivity of Electrochemical Hydrogen

Peroxide Generation by Tunable Pyrrolic-Nitrogen-Carbon

6.1 Introduction and Significance

Electrochemical two-electron oxygen reduction to hydrogen peroxide (H202) is a promising
route for on-site H2O: generation as an alternative to the energy-intensive anthraquinone
process. Compared with the scarce noble metals, carbon-based materials, especially nitrogen-
doped carbon, are particularly promising due to their abundance, low cost and more importantly,
the tunable surface and structure properties. However, the exact correlation between the N

doping configuration and the ORR pathway remains controversial.

In this chapter, a scalable g-C3Ny-templated strategy was rationally designed and a nitrogen-
rich porous few-layered graphene (N-FLG) was synthesized with tunable nitrogen doping and
electrocatalytic activity towards H2O> generation. Detailed mechanisms were revealed by ex
situ x-ray adsorption near edge structure (XANES) characterization. Furthermore, a practical
device combining H>O; generation with biomass conversion was successfully fabricated. The

Highlights of this work include:

1. Novel material structure with high 2e- ORR performance. A novel porous few-layered
graphene with selectively tuned pyrrolic-N doping was synthesized and a high H>O; selectivity

of over 95% in alkaline condition was achieved.

2. Probing intermediates for mechanism study. XANES spectra revealed the critical role of
pyrrolic-N on electrochemical H>O; production. Variable adsorption profiles of OOH* and O*
intermediates during the ORR process and the closely dependent negative shifts of the pyrrolic-

N peak were observed.

3. Significant potential for real application. A practical device coupling H>O> generation with

furfural oxidation was designed and assembled. A high yield rate of 9.66 mol h™! gea ! for H>O
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and 2.076 mol m2 h™! for 2-furoic acid were achieved at cathode and anode respectively under

a small cell voltage of 1.8 V.

6.2 Tailoring Selectivity of Electrochemical Hydrogen Peroxide Generation by Tunable
Pyrrolic-Nitrogen-Carbon

This chapter is included as it appears as a journal paper published by Laiquan Li, Cheng Tang,
Yao Zheng, Bingquan Xia, Xianlong Zhou, Haolan Xu, Shi-Zhang Qiao.* Tailoring Selectivity
of Electrochemical Hydrogen Peroxide Generation by Tunable Pyrrolic-Nitrogen-Carbon,

Advanced Energy Materials 2020, 10, 2000789.
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Tailoring Selectivity of Electrochemical Hydrogen Peroxide
Generation by Tunable Pyrrolic-Nitrogen-Carbon

Laiquan Li, Cheng Tang, Yao Zheng, Bingquan Xia, Xianlong Zhou, Haolan Xu,

and Shi-Zhang Qiao*

The electrochemical reduction of O, via a two-electron reaction pathway to
H,0; provides a possibility for replacing the current anthraquinone process,
enabling sustainable and decentralized H,0, production. Here, a nitrogen-
rich few-layered graphene (N-FLG) with a tunable nitrogen configuration

is developed for electrochemical H,0, generation. A positive correlation
between the content of pyrrolic-N and the H,0, selectivity is experimentally
observed. The critical role of pyrrolic-N is elucidated by the variable inter-
mediate adsorption profiles as well as the dependent negative shifts of the
pyrrolic-N peak on X-ray adsorption near edge structure spectra. By virtue of
the optimized N doping configuration and the unique porous structure, the
as-fabricated N-FLG electrocatalyst exhibits high selectivity toward electro-
chemical H,0, synthesis as well as superior long-term stability. To achieve

developed as an attractive and alternative
approach for on-site and on-demand H,0,
production, in that oxygen undergoes a
two-electron pathway reduction.~") More-
over, the electrochemical H,0, generation
can be coupled with many other reactions,
for example biomass conversion reactions,
enabling the production of high-value
products on both anode and cathode of the
practical device within small energy input.

For H,0, synthesis from two-elec-
tron oxygen reduction reaction (ORR),
it requires an active and low-cost elec-
trocatalyst which can selectively reduce
0, to H,0, instead of H,0. It has been

high-value products on both the anode and cathode with optimized energy
efficiency, a practical device coupling electrochemical H,0, generation and
furfural oxidation is assembled, simultaneously enabling a high yield rate
of H,0, at the cathode (9.66 mol h' g.,,”") and 2-furoic acid at the anode

(2.076 mol m=2 h™") under a small cell voltage of 1.8 V.

1. Introduction

Hydrogen peroxide (H,0,) is one of the most important indus-
trial chemicals as a potential energy carrier and an environ-
mentally friendly oxidant for various sanitization applications
and environmental remediation.'™ Nowadays, the large-scale
manufacturing of H,0, is dominated by the multi-step anth-
raquinone process, which is energy-intensive, waste-producing
and difficult for on-site H,0, production."*! Development
of low-cost and decentralized H,0, production is thus highly
desired to reduce the cost for H,0, synthesis, storage, and
transportation. Recently, the oxygen electrochemistry strategy is
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reported that ORR on some noble metals
and their alloys such as Pt,[2l Ay, /3 Pd,l™
Pd-Hg,™ and Au-Pd® follows a two-elec-
tron pathway with small overpotential as
well as high H,0, selectivity. However, the
large-scale applications of noble metals
are far more constrained by their scarcity.
Carbon-based materials are therefore par-
ticularly promising due to their abundance, low cost, and high
electrochemical stability under reaction conditions.®l More
importantly, the tunable surface and structure properties
make it possible to modify the electrochemical performance of
the carbon-based electrocatalysts.l”1%l Among various modifica-
tion methods, nitrogen doping is of particular interest to induce
efficient active sites with favourable electrochemical proper-
ties.2021l However, the majority of these previous works have
shown that N-doped carbon based electrocatalysts are prone to
accelerate the four-electron ORR pathway under alkaline con-
ditions.?223] There is still limited understanding in identifying
and tailoring the active nitrogen configuration for two-electron
ORR pathway.

The two-electron pathway involves only one intermediate,
namely OOH*, while further reduction of OOH* results in
other two intermediates (O* and OH¥), leading to a four-elec-
tron pathway.?*2’! Probing the adsorbed intermediates on the
surface of electrocatalysts during the electrochemical process
could provide meaningful information in terms of the active
sites and reaction pathways.?®! Generally, mixed two-electron
and four-electron pathways usually occur due to the lack of
optimal electronic structure for either of them.l”’] To suppress
the four-electron pathway, the key knob relies on pre-
venting the bond-breaking reaction of OOH* + e~ — O* + OH",
and thus effectively preserving the OOH* intermediate.?+28l

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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For example, Au surfaces with relatively weak oxygen binding
energy could efficaciously prevent the breakage of the O—OH*
bond, resulting in a highly selective two-electron pathway for
H,0, production.””! Hence, it is highly desirable to develop a
catalyst platform with fine tunability in electronic structure for
regulating the intermediate binding energy and ORR pathway,
as well as improving the catalytic activities.

Herein, we elaborately designed a scalable g-C3Njtem-
plated strategy to synthesize N-rich few-layered graphene
(N-FLG) with tunable nitrogen doping and dependent activi-
ties toward H,0, electrosynthesis. Using melamine and gly-
cine as nitrogen sources for different nitrogen configurations,
the nitrogen doping state on as-fabricated N-FLG could be
effectively tuned by varying the mass ratio of the precursors.
We experimentally observed a positive correlation between the
content of the pyrrolic-N and the H,0, selectivity. The critical
role of the pyrrolic-N on two-electron ORR pathway was further
elucidated by X-ray adsorption near edge structure (XANES)
spectroscopy. Profiting from the optimized N configuration and
the porous structure, the as-fabricated N-FLG-8 (mass ratio of
melamine:glycine is 8) electrocatalyst exhibited excellent two-
electron ORR performance in alkaline medium with high selec-
tivity over 95% toward electrochemical H,O, synthesis as well
as superior long-term stability. When coupled with biomass
conversion reaction (furfural oxidation), a practical device was
assembled with the generation of high-value products (H,0, on
cathode and 2-furoic acid on anode) at high yield rates under a
small cell voltage.

2. Results and Discussion

2.1. Material Synthesis and Characterization

As illustrated in Figure 1a, we synthesized the N-FLG-X by
grinding a mixture of melamine and glycine with a mass ratio
of X:1, followed by a two-step polymerization and carbonization

550 °C, 2h

Polymerization

“53 |

Polil-glycine decorated g-CsN,

www.advenergymat.de

under Ar atmosphere. During the pyrolysis process, the mela-
mine would transfer to melam, melem and finally to g-C;N,,
resulting in nitrogen configurations in forms of pyridinic- and
graphitic-N.3% Meanwhile, the dehydration process of glycine
would occur on the in situ formed g-C3N,, resulting in a signifi-
cant amount of N—H bond,B! which is expected to contribute
to the formation of pyrrolic-N. Therefore, the nitrogen configu-
ration on the final product would be adjusted by varying the
mass ratio of melamine and glycine. It is noteworthy to men-
tion that the in situ formed g-C3;N,, which exhibits layered and
lamellar structure (Figure S1, Supporting Information), could
serve as a template for the final products. When the mela-
mine was absent or in relatively low mass ratios, the glycine
was prone to agglomerate into bulk lumps with low specific
surface areas (Figure S2a—c, Supporting Information). When
a higher mass ratio of melamine was applied, a well-defined
porous graphene-like material with plenty of wrinkles could
be obtained (Figure S2d, Supporting Information). For a fair
comparison with similar nanostructure, here we adopted mass
ratios of 8:1, 12:1, and 16:1, and the as-fabricated materials were
denoted as N-FLG-8, N-FLG-12, and N-FLG-16, respectively.
Figure 1b—d present the scanning electron microscope (SEM)
image and bright-field transmission electron microscope (TEM)
images of N-FLG-8 as a typical sample. With the help of the
g-C3N, template, the precursors transform into ultrathin gra-
phene layers with a crumpled and wrinkle-rich morphology
(Figure 1b,c). The graphene layers are abundant of in-plane
holes with size less than 10 nm, and exhibit thickness of about
six layers (Figure 1d). It is notable that the interplanar spacing is
=~0.44 nm, which is much larger than the theoretical thickness
of monolayer graphene (0.335 nm).?2 This can be further
verified by the X-ray diffraction (XRD) pattern. As shown in
Figure S3 in the Supporting Information, all the N-FLG samples
exhibit a broad peak located at =25.6°, which is lower than the
(002) peak (26.6°) of the standard graphite (JCPDS No. 26-1079).
The enlarged interlayer distance can be attributed to the N-rich
feature of the graphene layers,?*34 which is expected to facilitate

800 °C, 2h

“ Carbonization >

900«
OZOX

graphitic-N
pyridinic-N
pyrrolic-N

Figure 1. Synthesis of N-FLG and structure characterization. a) Schematic illustration of the synthesis of N-FLG. b) SEM image of N-FLG-8.
c) Low-resolution and d) high-resolution bright-field TEM images of N-FLG-8.
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the mass transfer during the fast electrochemical reactions.
The energy dispersive spectroscopy (EDS) element mapping
of N-FLG-8 (Figure S4, Supporting Information) suggests the
homogeneous incorporation of N in the graphene nanosheets.
N-FLG-12 and N-FLG-16 are also demonstrated to possess the
similar 2D wrinkle-rich nanostructure (Figures S5 and S6,
Supporting Information). The structural porosity was further
investigated by nitrogen adsorption-desorption experiments
(Figures S7-S9, Supporting Information). A high specific sur-
face area of 358.8 m? g1 is achieved for N-FLG-8, which is com-
parable to those of N-FLG-12 (372.5 m? g™!) and N-FLG-16 (3970
m? g7)). Besides, the pore width of all the obtained graphene
materials is mainly distributed within 2-10 nm, which is con-
sistent with the TEM observations and further confirms their
porous feature. The Raman spectra reveal similar intensity ratio
of D and G bands (Ip/Ig) for N-FLG-8, N-FLG-12, and N-FLG-
16, indicating their comparable defective contents (Figure S10,
Supporting Information). Moreover, the similar double layer
capacitances of the three samples reveal their analogous sur-
face roughness with little differences in electrochemically active
surface area (Figure S11, Supporting Information).

The chemical properties of the N-FLG samples were then
investigated in detail by X-ray photoelectron spectroscopy (XPS)
and XANES spectroscopy. As shown in Figure S12 and Table S1

www.advenergymat.de

in the Supporting Information, the XPS survey spectra reveal a
high content of nitrogen in all samples (19.2 at% for N-FLG-8,
18.1 at% for N-FLG-12, and 16.5 at% for N-FLG-16), demon-
strating their N-rich feature. The high nitrogen doping con-
tent is expected to effectively alter the electronic structure and
facilitate the O, adsorption.*! As displayed in Figure 2a, the
N 1s XPS spectra can be deconvoluted into four peaks, which
are assigned to pyridinic-N (398.4 eV), pyrrolic-N (399.6 eV),
graphitic-N (401.1 eV), and oxidized-N (402.7 eV).?73637] It ig
obvious that the percentage of pyrrolic-N significantly decreases
from 24.9% for N-FLG-8 to 8.1% for N-FLG-16, while those
of pyridinic-N and graphitic-N increase from 30.6% to 40.1%
and 34.8% to 43.0%, respectively (Table S2, Supporting Infor-
mation). Besides, from N-FLG-8 to N-FLG-16, the gradually
decreased content of C—N bond and the increased content of
C=N bond displayed in the high resolution C 1s XPS spectra
also reveal the same trend for the nitrogen configuration vari-
ation (Figure S13 and Table S3, Supporting Information). It is
further verified by the normalized N 1s K edge XANES spectra.
As revealed in Figure 2D, a distinct decrease of pyrrolic-N from
N-FLG-8 to N-FLG-16 is obviously observed, which is con-
sistent with the XPS results. More specifically, from N-FLG-8
to N-FLG-16, the atomic content of pyrrolic-N significantly
decreases from 4.8 to 1.3 at%, while those of pyridinic-N and

a [NFLGs b e
[ Pyridinic-N -~ :N:FLG:12
I Pyrrolic-N 4 g N-FLG-16
| Graphitic-N <
[ | Oxidized-N >
g (2]
C
Q9 Pyrrolic-N
E | Pyridinic-N
8 N
N
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N-FLG-12 €
) i o
—_ Z
3 | |
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2 Photon energy (eV)
2 c
C
£ 8
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_____________ Qo
- SRRy °
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) e,
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221
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Figure 2. Composition investigation of N-FLG. a) High-resolution N 1s XPS spectra with peaks deconvoluted into pyridinic-N, pyrrolic-N, graphitic-N,
and oxidized-N species. b) XANES spectra of N-FLG-8, N-FLG-12 and N-FLG-16. c) The atomic contents of pyridinic-N, graphitic-N, and pyrrolic-N for

N-FLG-8, N-FLG-12, and N-FLG-16 derived from the XPS results.
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graphitic-N slightly increase from 5.8 to 6.6 at%, and from
6.6 to 71 at%, respectively (Figure 2c; Table S2, Supporting
Information). Therefore, by virtue of the in situ formed g-C;N,
as a template, we obtained hierarchical few-layered nitrogen-
rich graphene materials with abundant in-plane pores, which
are believed to enhance the mass transfer during the electro-
chemical reaction.®! In addition, due to the different polym-
erization processes, the nitrogen configuration was selectively
tuned by varying the mass ratio of the nitrogen precursors.
Compared with the conventional tuning method by control-
ling the annealing temperature,3® our method provides a more
controllable and effective approach for selectively modifying the
nitrogen configuration on carbon materials with similar nano-
structures. It is expected to serve as a decent material platform
for studying the structure-activity relation of N-doped carbon
electrocatalyst at atomic level.

2.2. Electrocatalytic ORR Performances

The ORR performances were evaluated in 0.10 M KOH using
rotation ring disk electrode (RRDE), with the collection effi-
ciency being pre-calibrated by the redox reaction of [Fe(CNg)]s/
[Fe(CNg)];~.*! Figure 3a shows the linear sweep voltammetry
(LSV) curves collected at 1600 rpm in O,-saturated electrolyte,
together with the H,0, detection current collected by the Pt
ring electrode at a constant potential of 1.2 V versus reversible
hydrogen electrode (RHE). The background current that arises
from double layer capacitance was subtracted by recording the
sweep profile at the same scan rate in N,-saturated electrolyte.
In the order from N-FLG-16, N-FLG-12, to N-FLG-8, increased
ring currents, decreased disk currents, and negatively shifted
onset potentials are obtained, suggesting a gradually tuned reac-
tion pathway with a higher fraction of two-electron ORR. The
calculated H,0, selectivity and electron transfer number (n) are
plotted in Figure 3b as a function of applied potential. N-FLG-8
delivers the highest H,0, selectivity of over 95% and the lowest
electron transfer number below 2.1 in a wide potential range
from 0.30 to 0.70 V versus RHE. Such a high selectivity and
activity toward electrochemical H,0, generation is supe-
rior to most of the previously reported results (Figure S14
and Table S4, Supporting Information). H,0, selectivity of
~80% and =65% are observed on N-FLG-12 and N-FLG-16,
respectively, suggesting that the nitrogen configuration could
effectively tune the O,-to-H,0, selectivity. Accordingly, from
N-FLG-8 to N-FLG-16, the electron transfer number is tuned
from 2.01 to 2.81. Besides the good performance in alkaline
solution, N-FLG-8 also exhibits decent H,0, generation per-
formance with a high selectivity of =80% in a neutral solution
(Figure S15, Supporting Information). The electrochemical sta-
bility of N-FLG-8 was then evaluated using both RRDE test and
bulk electrolysis. As shown in Figure 3c, the H,O, selectivity
could be maintained over 95% during 8 h continuous electrol-
ysis at a fixed disk potential of 0.40 V versus RHE. Nearly iden-
tical LSV curves were obtained before and after the stability test
(Figure 3d), with 98.5% of the H,0, selectivity and 98.2% of the
disk current being maintained (Figure 3e). When coated onto a
gas diffusion layer (GDL) electrode and tested in a H-type cell,
N-FLG-8 can deliver a steady-state current density as high as
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—20 mA cm™2 over 50 h (Figure S16, Supporting Information),
demonstrating its excellent electrochemical stability and pro-
mising potential for practical applications.

2.3. The Activity Origin of H,0, Generation

In spite of the similar nanostructure and specific surface area,
obvious differences of ORR activity and selectivity are achieved
on different N-FLG samples, which should be ascribed to
the tuned nitrogen configurations. Although oxygen doping
has also been reported to facilitate the two-electron ORR pro-
cess, 4 we claim that the nitrogen doping instead of oxygen
doping plays the determining role in our case because of the
much lower atomic contents (Table S1, Supporting Informa-
tion) and similar configuration of oxygen dopants among all
the three samples (Figure S17, Supporting Information). It is
notable that nitrogen-doped carbon materials have been widely
reported as superior four-electron ORR electrocatalysts, 2223l
while they can also serve as highly selective two-electron
ORR electrocatalysts.?%424] The exact correlation between the
N doping configuration and the ORR pathway remains con-
troversial, which limits the rational material design and
performance optimization. Herein, we performed XANES
spectroscopic characterization to probe the reaction intermedi-
ates and identify the real active sites for electrochemical H,0,
generation on N-FLG. Figure 4a—c presents the evolution of
the carbon K edge XANES spectra of N-FLG-8, N-FLG-12 and
N-FLG-16 before and after ORR process. On the basis of pre-
vious reports, 8 the peak located at ~2875 eV is related to
T*c_o-c, c.n in the pristine sample before reaction, and the
intensity increment after reaction can be assigned to the adsorp-
tion of intermediate species (O*) on carbon atoms.[*! Besides,
the peak located at =289.3 eV is attributed to the adsorption of
OOH* intermediates.>*l Generally, the OOH* intermediate
evolves in both two-electron and four-electron pathways, while
the O* intermediate only emerges in four-electron pathways.
As shown in Figure 4a—c, N-FLG-8 exhibits the strongest inten-
sity of C-OOH* peak and the lowest increment of C—O* peak
after ORR, demonstrating its excellent selectivity toward two-
electron ORR. Conversely, the significant increment of C—0O%*
peak and the hardly any expansion of C-OOH* peak after ORR
indicate a higher fraction of four-electron pathway process on
N-FLG-16. This phenomenon can also be verified by the oxygen
K edge XANES spectra, in which a distinct C—O* peak for
N-FLG-16 while only a little increment for N-FLG-8 compared
with the pristine spectra are observed after ORR (Figure S18,
Supporting Information).®! Nitrogen K edge XANES spectra
were further recorded to unravel the critical role of specific
nitrogen configurations. As depicted in Figure 4d, we observed
negative shifts of the pyrrolic-N peak after ORR, while the peak
positions of the pyridinic-N and graphitic-N remained nearly
unchanged for all the three samples. The negative shift can be
ascribed to the distortion of heterocycles caused by the absorp-
tion of intermediates on the carbon atoms near the pyrrolic-
N.[] Remarkably, the negative shifts in nitrogen K edge spectra
descend in the order: N-FLG-8 (0.20 eV) > N-FLG-12 (0.16 V)
> N-FLG-16 (0.14 eV), in well consistence with the intensities
of the C—OOH* peaks in carbon K edges. Thus, it is rational
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Figure 3. ORR performance of N-FLG in 0.10 m KOH. a) LSV curves of N-FLG-8, N-FLG-12, and N-FLG-16 recorded at 1600 rpm and at a rate of
5.0 mV s7, showing the ORR current density on the disk (i) and the detected H,O, currents on the ring electrode (ling)- b) The calculated H,0,
selectivity and electron transfer number (n) during the potential sweep. c) Stability measurement of N-FLG-8 at a fixed disk potential of 0.40 V versus
RHE. The Pt ring was refreshed every 2 h by rapid scan at potential range from 0 to 0.8 V versus RHE to remove the accumulated PtO,, and the electro-
lyte was replaced to eliminate the influence of the accumulated H,0, on the ring current during the continuous operation. d) LSV curves of N-FLG-8
and e) the H,0, selectivity and diffusion-limiting disk current density (j) at 0.4 V versus RHE before and after 8 hour's stability test.

to conclude that the adsorption of OOH* intermediates on the
carbon atoms near the pyrrolic-N induces the distortion of hete-
rocycles and results in the negative shifts of the pyrrolic-N peak.
Furthermore, when correlating the atomic content of specific
nitrogen configurations with H,0, selectivity, a positive rela-
tionship between the pyrrolic-N content and the H,0, selectivity
is obtained (Figure 4e), whereas no such positive correlation
can be found for either pyridinic-N or graphitic-N (Figure S19,
Supporting Information).
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It suggests that the much larger number of pyrrolic-N
dopants in N-FLG-8 may alter the electronic structure toward
optimized adsorption of OOH* intermediate and thus lead
to the superior selectivity of two-electron pathway. To further
understand the promoting effect of pyrrolic-N on selective
H,0, generation, we then measured LSV in a H,0,-containing
(50 mmol L) electrolyte. As shown in Figure S20 in the
Supporting Information, the H,0, reduction current decreases
obviously on N-FLG-8 compared to N-FLG-12 and N-FLG-16,
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Figure 4. Elucidation of the activity origin for H,O, generation. a—c) Carbon K edge and d) nitrogen K edge XANES spectra of N-FLG-8, N-FLG-12, and

N-FLG-16 before and after ORR tests. In the insets of (a—c), the grey shadow p

resents the pristine peak before reaction and the orange shadow presents

the peak increment after reaction. e) Relationship between H,0, selectivity and atomic content of pyrrolic-N. f) Schematic diagram of two-electron and

four-electron ORR pathways on N-FLG with different nitrogen configurations

indicating an effectively hindered reduction of H,0, to H,0
due to the presence of more pyrrolic-N dopants. It has been
reported that nitrogen atoms with a higher electronegativity
could activate 7-conjugated system and impart positive charge
on the adjacent carbon atoms, thus facilitating the adsorption
of OOH* intermediates.*”) However, the delocalized lone pair
electrons from the pyridinic-N could aggressively induce charge
transfer from the 7 orbital to the antibonding orbitals in O,,
resulting in significantly weakened O—O bond and further dis-
sociation of OOH* intermediate into O* and OH*.2%°%51 The
graphitic-N is reported to be positively charged and the carbon
atoms surrounding graphitic-N may act as Lewis acids,”
which are not favorable for the adsorption of intermediates.
Therefore, we propose that the OOH* intermediates could be
substantially preserved with the presence of a high amount of
pyrrolic-N, leading to a two-electron ORR pathway on the adja-
cent carbon atoms. Four-electron pathway is supposed to pref-
erentially occur on the carbon atoms adjacent to the pyridinic-N
rather than pyrrolic-N dopants (Figure 4f).

2.4. Practical Device Demonstration
To investigate the potential of the catalyst for practical applica-

tion, we combined the electrochemical H,0, generation with
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biomass conversion for the purpose of producing valuable
products on both cathode and anode. Furfural (FU), which is
generally mass-produced by the dehydration of agricultural by-
products,’>>4 was here chosen as a substrate for electrochem-
ical oxidation. The product of furfural oxidation, 2-furoic acid
(FA), is widely used for preservative in industry, acting as bacte-
ricide and fungicide.”**¥ The combination of H,0, generation
and FU oxidation was realized in a conventional flow cell with a
two-electrode configuration (Figure 5a; Figure S21, Supporting
Information). A GDL electrode (1.8 X 1.8 cm?) casted with
N-FLG-8 electrocatalyst was used as the cathode electrode and a
nickel foam was used as the anode electrode. The accumulated
H,0, yield on the cathode was quantified by Ce**/Ce*" colori-
metric method (the standard curve is shown in Figure S22 in
the Supporting Information), while the FA produced on the
anode was determined by high performance liquid chromatog-
raphy (HPLC). Figure 5b shows the polarization curves of the
assembled flow cell with and without the presence of FU. Sig-
nificantly increased current density and decreased cell voltage
can be realized when replacing conventional oxygen evolution
reaction (OER) by FU oxidation on the anode. Only a small
cell voltage of 1.28 V, in contrast to 1.98 V in the absence of
FU, is required to drive a high current density of 50 mA cm™2,
indicating the remarkable thermodynamic advantage of FU oxi-
dation relative to water oxidation. Under the optimized mass
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Figure 5. Application of N-FLG-8 in a practical flow cell device. a) Scheme of the flow cell coupling electrochemical furfural oxidation and H,0, genera-
tion. b) LSV curves of the flow cell with or without furfural addition in the anode side. c) The H,0, yield rates and faradaic efficiencies at different cell
voltages. d) Stability test of the flow cell simultaneously generating 2-furoic acid and H,0,.

transfer in flow cell setup, the cell current can reach as high as
350 mA (=110 mA cm™?) at the cell voltage of 1.8 V (Figure 5b).

Bulk electrolysis was then performed at different cell voltages
of 0.9, 1.2, 1.5, and 1.8 V. As shown in Figure 5¢, H,0, yield
rate of 9.66 mol h™! g, ™! (2.31 mmol h™! cm~2) can be achieved
at the cell voltage of 1.8 V, which outperforms most of the
reported bulk H,0, production in flow cell system (Table S5,
Supporting Information). It is noteworthy to mention that high
faradaic efficiencies of near 100% are realized at all the applied
cell voltages, further demonstrating the exclusive selectivity
for two-electron ORR pathway on N-FLG-8. This novel electro-
chemical device can be steadily operated for a long term with
a stable current and product yield rate (Figure 5d; Figure S23,
Supporting Information). Simultaneously, the continuous con-
sumption of FU and production of FA on the anode were also
confirmed by the HPLC results (Figure S24, Supporting Infor-
mation). A high FU conversion rate of =70% in 60 min with an
average FA yield rate of 2.076 mol m~2 h™! was achieved at the
cell voltage of 1.8 V (Figure 5d).

3. Conclusion

In summary, porous N-rich few-layered graphene with control-
lable morphology, nanostructure and composition have been
fabricated by a facile g-C3N templated method. By changing
the mass ratio of the precursor materials, the content of
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pyrrolic-N was selectively tuned. We revealed that the H,0,
selectivity could be effectively facilitated with the presence of
the high amount of pyrrolic-N. The critical role of the pyrrolic-N
was elucidated by the variable adsorption profiles of OOH*
and O* intermediates on C K edge XANES spectra as well
as the dependent negative shifts of the pyrrolic-N peak on
N K edge XANES spectra. N-FLG-8 with the highest pyrrolic-
N content and abundant in-plane pores was demonstrated to
have superior activity toward electrochemical H,0, synthesis,
enabling high selectivity over 95% and excellent long-term
stability. By virtue of the high activity of N-FLG-8, a practical
device coupling electrochemical H,0, generation with furfural
oxidation was assembled, enabling simultaneous production of
value-added products of H,0, on cathode with a high yield rate
of 9.66 mol h™! g, ! (2.31 mmol h™' cm™?) and FA on anode
with a yield rate of 2.076 mol m™ h~! under a small cell voltage
of 1.8 V. The selective nitrogen configuration tuning method
and the identification of the favourable effect of pyrrolic-N to
two-electron ORR pathway in this work provide new ideas for
the design of advanced carbon-based electrocatalysts for various
electrochemical and catalytic applications.

4. Experimental Section

Synthesis of N-FLG: In a typical procedure, melamine and glycine with
various mass ratios (for example 8:1 for N-FLG-8) were first thoroughly
grinded in an agate mortar. The mixed powders were put into a porcelain
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boat and then transferred to a tube furnace. The mixture was first heated
to 550 °C in Ar atmosphere at a ramp rate of 2 °C min~'. After keeping
at 550 °C for 2 h, the annealing temperature was then elevated to 800 °C
with a ramp rate of 3 °C min~' and kept at 800 °C for another 2 h. After
cooling down naturally to room temperature, the resultant black product
was grounded into powder using an agate mortar and directly used for
the preparation of catalyst ink.

Imaging and Spectroscopic Characterization: Field-emission scanning
electron microscope (SEM) images were collected on a FEI QUANTA
450 electron microscope. The TEM images, HAADF-STEM images and
EDS mapping were collected on a FEI Titan Themis 80-200 operating
at 200 kV. XRD patterns were obtained using a Rigaku MiniFlex 600
X-Ray Diffractometer with Co Ko radiation. XPS data were collected
under ultrahigh vacuum (<107 Torr) using a monochromatic Al Ko
X-ray source. Raman data were collected on a HORIBA LabRAM HR
Evolution spectroscopy using the excitation wavelength of 532 nm. The
absorbance data of spectrophotometer were collected on SHIMADZU
UV-2600 ultraviolet—visible (UV-vis) spectrophotometer. Furfural and
its oxidation product (2-furoic acid) were quantitatively determined by
HPLC (Waters Alliance e2695 Separations Module).

Electrochemical Measurements: Electrochemical data were collected
with a CHI 760e electrochemical workstation (CHI Instruments, Inc.).
Three-electrode system was used in the electrochemical measurement
in which an Ag/AgCl electrode was used as the reference electrode,
a graphite rod as a counter electrode, and a RRDE (disk area:
0.247 cm?) with a Pt ring (ring area: 0.1866 cm?) as the working electrode.
All potentials measured against Ag/AgCl electrode were converted to
the RHE. To prepare the catalyst ink, 5.0 mg of the obtained catalyst
powders and 0.5 mg of carbon black were dispersed in 960 uL of the
mixture of isopropanol and water (v/v = 1:1) and 40 pL of 5 wt% Nafion
solution. After ultrasonic treatment for 3 h, 5.0 UL of the catalyst ink was
drop-casted on to the disk electrode for the RRDE measurement.

The oxygen reduction activity was measured by cyclic voltammetry
(CV) and LSV techniques in O, saturated electrolyte at a scan
rate of 5.0 mV s™. Prior to the measurement, the Pt ring was first
electrochemically cleaned by sweeping the potential between 0 and 0.8 V
until steady CV curve was obtained. The electrolyte was first purged with
N, and a LSV curve was recorded in N,-saturated 0.10 m KOH at the
rotating speed of 1600 rpm. Then, the electrolyte was purged with O, at
least 30 min, and the LSV curve of ORR was collected in O,-saturated 0.10 m
KOH at the rotating speed of 1600 rpm. The capacitance or faradaic
currents were then eliminated by subtracting the current measured in
N,-saturated electrolyte from that in O,-saturated electrolyte. The ring
currents were recorded by fixing the ring potential at 1.2 V versus RHE
to detect the H,0, produced on disk electrode. The collection efficiency
(N) was determined to be 37.1% by the redox reaction of [Fe(CN)g]*/
[Fe(CN)g]>~. Selectivity of the catalysts toward H,O, production was
calculated based on the following equation

200 X I1pg /N

H,0,% =
22 |Idisk|+’ring/N

m
The electron transfer number at the disk electrode during ORR
process was calculated as follows

Hgisi]
n=———rdsd__ 2
‘Idisk|+lring/N ( )

X-Ray Absorption Near-Edge Structure (XANES) Measurement: The
K-edge X-ray absorption spectra of C, N, and O were measured on
the soft X-ray spectroscopy beamline at the Australian Synchrotron.
For the XANES measurements, the catalyst powder was supported on
a porous copper foam under =10 Ton pressure. The copper foams with
catalyst powder were first injected to an ultrahigh vacuum chamber to
collect the pristine spectra. For the XANES spectra after ORR process,
the electrodes were then reacted at a fixed potential of 0.6 V versus
RHE in an O, saturated 0.10 m KOH for 60 min. After the ORR process,
the copper foam with catalysts was quickly dried by blowing Ar and
subjected to the ultrahigh vacuum chamber for the data collection.
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Measurement  of  Electrochemically ~ Active  Surface Area: The
electrochemically active surface area was measured by double layer
capacitance method. CV scans were conducted at the potential window
from —0.05 to 0.05 V versus Ag/AgCl reference electrode with scan rates
of 5,10, 15, 20, and 25 mV s7". By plotting the (J, — J.)/2 at 0 V against
the scan rate (J, is the anodic current density and J, is the cathodic
current density), the slope value was calculated to be the double layer
capacitance (Cg)).

Practical Device Assembly and Measurement: As shown in Figure S21
in the Supporting Information, a conventional flow cell was constructed
to simulate a practical device, which couples electrochemical H,0,
generation with furfural oxidation. 40 mL of 1.0 m KOH solution
with 30 mmol L™ of furfural continuously flowed through the anode
chamber which was separated from the cathode chamber by a Nafion
117 membrane (Fuel Cell store). A nickel foam (4 cm?) was used as the
anode electrode for furfural oxidation. The catalyst was dispersed onto
a GDL electrode (1.8 x 1.8 cm?) by a spray gun, resulting in a loading
mass of 0.24 mg cm~2 The cathode chamber was circulated with 40 mL
of 1.0 M KOH under a flow rate of =4 mL min~". High purity O, was
continuously purged through the opposite side of the catalyst with a flow
rate of =5 mL min~'. LSV was performed at a scan rate of 10.0 mV s
with a cell voltage range from 0 to 2.0 V. The electrolysis was then carried
out by employing different cell voltages for various durations to evaluate
the actual production of H,0,. All the LSV measurements and bulk
electrolysis for the flow cell were carried out without IR compensation.

Product Quantification: A Ce* titration method was used to
quantitatively analyze the produced H,0, based on the following equation

2Ce** +H,0, —» 2Ce¥* +2H* +0, T 3)

where the Ce* solution displayed yellow while the Ce** solution was
colorless. The yield of H,0, was then quantified by measuring the
mole amount of the consumed Ce*", which was determined by UV-vis
spectrophotometry. A typical calibration curve was plotted by linear fitting
the absorbance values at wavelength length of 320 nm for various known
concentration of 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mmol L™ of Ce*"
(Figure S22, Supporting Information). The standard solution of Ce** with
the concentration of 0.5 mmol L™ was prepared by dissolving 16.65 mg
of Ce(SOy), in 100 mL of 0.5 mol L™' H,SO,. To quantify the produced
H,0,, sample solution was mixed with 0.5 mmol L' Ce** solution by a
volume ratio of 1:400 or 1:800. After standing for 2 h, the mixture solution
was then measured by UV-vis spectrophotometry. The yield of H,0, was
finally determined based on the reduced Ce** concentration. For the anode
product, the concentration of the produced 2-furoic acid was determined by
HPLC equipped with an UV-vis detector. A mixture of ammonium acetate
(70%) and methanol (30%) was used as the mobile phase with a flow rate
of 0.6 mL min~". The wavelength of the detector was set to 245 nm.

The faradaic efficiency (FE) for H,O, generation in flow cell was
calculated as follows

FE (%) = mole of generated H,0, X 2 x 96,485
o total consumed charge (C)

X 100% (4)

The FU conversion rate was calculated as follows

mole of consumed FU
()

Conversion rategy (%) = mole of mitialFU < 100%

The FA yield rate were calculated as follows

Yield rateps = % (6)

where C, is the concentration of the produced FA, V, is the volume of the
electrolyte in anode chamber, A, is the area of the anode electrode, and
t, is the electrolysis duration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S2. SEM images of the products obtained from different mass ratios of

melamine: glycine. a) Absence of melamine. b) 1:1. c) 4:1. d) 8:1.
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Figure S3. XRD patterns of N-FLG-8, N-FLG-12, and N-FLG-16.

Figure S4. a) HAADF-STEM image of N-FLG-8 and its EDS element mapping

images of b) carbon, c) nitrogen, and d) oxygen.
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Figure S5. a) SEM, b) TEM, and c) high-resolution TEM images of N-FLG-12.

Figure S6. a) SEM, b) TEM, and c) high-resolution TEM images of N-FLG-16.

145



WILEY-VCH

N-FLG-8
BET surface area:358.8 m’/g

—+—N-FLG-8

1

y

%éba.
"W‘Oa—aa—nﬁ_;g,_

r r r r : 0.00 T
00 02 04 06 08 1.0 10 100

P/P, Pore diameter (nm)

Figure S7. a) Nitrogen adsorption-desorption isotherm, and b) its corresponding pore
distribution pattern of N-FLG-8.
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Figure S8. a) Nitrogen adsorption-desorption isotherm, and b) its corresponding pore
distribution pattern of N-FLG-12.
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Figure S9. a) Nitrogen adsorption-desorption isotherm, and b) its corresponding pore

distribution pattern of N-FLG-16.
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Figure S10. Raman spectra of N-FLG-8, N-FLG-12, and N-FLG-16 with Ip/lg values

of 1.01, 1.00, and 1.02, respectively.
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Figure S11. Determination of electrochemically active surface area. (a-c) CV curves
of N-FLG-8, N-FLG-12 and N-FLG-16 obtained in the capacitance region at different
scan rates. (d) The capacitance current densities ((Ja—Jc)/2) measured at 0 V vs.
Ag/AgCI as a function of scan rate. Note that the slope value represents the double
layer capacitance (Cq), which is positively related with the electrochemically active
surface area. The Cy for N-FLG-8, N-FLG-12 and N-FLG-16 are calculated to be
1.88, 1.81 and 2.06 mF cm 2, respectively.
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Figure S12. XPS survey spectra of N-FLG-8, N-FLG-12, and N-FLG-16.
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Figure S13. High-resolution C 1s XPS spectra of a) N-FLG-8, b) N-FLG-12, and ¢)
N-FLG-16.
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Figure S14. Comparison of the H,O, selectivity on N-FLG-8 and other reported

electrocatalysts in alkaline condition.
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Figure S15. a) LSV curve of N-FLG-8 in 0.10 M Na,SO,, and b) its corresponding

H,0; selectivity.
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Figure S16. a) Stability test of N-FLG-8 on a GDL electrode. b) LSV curves before
and after stability test.
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Figure S17. High-resolution O 1s XPS spectra of a) N-FLG-8, b) N-FLG-12, and ¢)

N-FLG-

16.
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Figure S18. Oxygen K edge XANES spectra of a) N-FLG-8 and b) N-FLG-16 before

and after ORR process.
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Figure S19. Relationship between H,O; selectivity and atomic content of a) pyridinic
N and (b) graphitic N.
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Figure S21. Digital photos of the assembled device.
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Figure S22. a) UV-vis spectra of Ce** solution with various concentrations and b) its

corresponding standard curve.
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Figure S23. Current-time curves of N-FLG-8 in the flow cell configuration at cell

voltages of 1.2, 1.5,and 1.8 V.
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Figure S24. a) HPLC spectra of the anode electrolyte after electrolysis at cell voltages
of 1.2, 1.5, and 1.8 V for 60 min. b) HPLC spectra of the anode electrolyte after
electrolysis at cell voltage of 1.8 V for 10-60 min.
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2. Supplementary Tables

Table S1. Atomic content of C, N and O for N-FLG-X according to XPS survey

spectra.

Sample C (at.%) N (at.%) O (at.%)
N-FLG-8 78.4 19.2 2.4
N-FLG-12 79.1 18.1 2.8
N-FLG-16 80.5 16.5 3.0

Table S2. Nitrogen content and percentage of different configurations for N-FLG.

Total  Pyridinic-  Pyrrolic-  Graphitic- Pyrrolic-  Graphitic-

sample N N N N Pyr(g';';'N N N
(at. %) (%) (%) (%) o (at. %) (at. %)

N-FLG-8  19.2 30.6 24.9 34.8 5.8 48 6.6

N-FLG-12  18.1 36.7 17.6 37.3 6.6 3.2 6.8

N-FLG-16  16.5 40.1 8.1 43.0 6.6 1.3 7.1

Table S3. Percentage of different bonds on C 1s spectra for N-FLG.

Sample CCIC=C(%) C=N(%) CO(@®) CN(@®%) C-OOH %)

N-FLG-8 49.3 19.1 10.2 10.3 6.2
N-FLG-12 50.9 20.2 9.8 8.9 5.8
N-FLG-16 48.8 24.5 8.0 7.9 5.6

S15
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Table S4. Summary and comparison of the H,O, production performance of recently

reported electrocatalysts.

Onset potential

Sample (V/ vs. RHE) pH value  H,0, selectivity Reference
N-FLG-8 0.8 13 >95% This work
N-FLG-8 0.57 7 79% This work

GOMC 0.77 13 92% [S1]
O-CNTs 0.78 13 90% [S2]
O-CNTs 0.52 7 85% [S2]

g-N-CNHs 0.71 13 65% [S3]
g-N-CNHs 0.53 7.4 80% [S3]

F-mrGO 0.825 13 100% [S4]

N-O-P-C-800 0.75 13 95% [S5]
CMK3-20s 0.8 13 91% [S6]
CMK3-20s 0.46 7 70% [S6]
meso-BMP 0.86 13 ~65% [S7]

ToT5/AB 0.84 13 65% [S8]

MesoC 0.78 13 70% [S9]

Fe-CNT 0.82 13 95% [S10]

Fe-CNT 0.52 7 90% [S10]

Co-POC-O 0.84 13 80% [S11]

S16
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Table S5. Summary and comparison of the bulk H,O, production in flow cell system.

Current )
Anode densit M Ra Faradaic
Catalysts reaction voltage (mA cr)r:* (molh™  (mmol h™ efficiency Reference
(V) 2) 1g_lcat) ! Cm_z) (%)
FU )
N-FLG-8 . 1.8 108.1 9.66 2.31 99.6 This work
oxidation
N-FLG-8 .FU. 1.5 70.4 5.50 1.33 995 This work
oxidation
N-FLG-8 .FU. 1.2 36.1 3.11 0.850 99.8 This work
oxidation
N-FLG-8 .FU. 0.9 15.4 1.44 0.343 100 This work
oxidation
CB-10% OER 2.13 / 3.56 3.30 84 [S12]
CB-10% HOR 0.61 / 3.66 3.40 90 [S12]
N-O-P-C-800 OER 1.3 / 0.54 / 93.1 [S5]
N-O-P-C-800 OER 25 / 0.8 / 94 [S5]
CMK3-20s OER 1.8 / 1.28 / 91 [S6]
CMK3-20s OER 2.4 / 1.8 / 95 [S6]
AC+VGCF OER / 59.4 / 0.228 26.5 [S13]
IGDE OER / 52 / 0.465 98.7 [S14]
AC(3.8 M
HNO,)+VGCF OER / 40 / 0.6 31 [S15]
Co-C HOR 0.1 30 0.06 0.2 30 [S16]
CoTPP/KB HOR / 95 / 0.95 55 [S17]
MnCI-OEP/AC HOR / 56.1 / 0.356 34.1 [S18]
CoN,Cy HOR / 80 / 0.47 32 [S19]
VGCF+XC72 HOR / 100 / 2 94 [S20]
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Note: Ry is the H,O, production rate normalized to the catalyst mass; Ra is the H,O,
production rate normalized to the electrode geometric area; OER is oxygen evolution
reaction; HOR is hydrogen oxidation reaction.
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Chapter 7: Conclusion and Perspective

7.1 Conclusions

This Thesis focuses on the design, synthesis, and application of novel nanostructured materials
for electrocatalytic production of portable fuels and value-added chemicals and the mechanistic
understanding of these electrocatalysis processes. On basis of the works in this Thesis,

following conclusions can be drawn:

1. Two-dimensional mosaic Bi nanosheets could be a superior NRR electrocatalyst after smart
surface and electronic structure engineering. The high performance of Bi NS towards NRR
could be attributed to the sufficient exposure of edge sites coupled with effective p-orbital
electron delocalization. The semiconducting feature, which limits surface electron
accessibility, effectively enhances the Faradaic efficiency. Both the structure engineering and
electronic structure modulation should be considered when investigating the performance of a

specific family of materials for electrocatalytic NRR.

2. Trace amount of nitrate and nitrite contamination in some commercial lithium salts were
systematically identified, quantified and eliminated towards more reliable electrocatalytic NRR
study. Even though those impurities exist in ppm or lower level, they could cause significant
false positive results with deceptive reproducibility and accumulative effect, which may
misguide researchers. The possible nitrate and nitrite contamination in the electrolyte can be
efficaciously prejudged by simple spectrophotometric methods and can be effectively
removed. Understanding the negative results is just as important as identifying positive results,

especially at the current stage of NRR research.

3. A smart two-step N2-to-NHs fixation through serial integration of plasma-driven N>
oxidation with electrocatalytic nitrogen oxyanions reduction to ammonia was demonstrated,

enabling facile N activation and efficient and selective NHz production in each step. A novel
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surface B-rich core-shell nickel boride nanoparticle electrocatalyst was developed and
delivered a significant ammonia yield with high Faradaic efficiency. It is revealed that Ni sites
are responsible for water dissociation to provide protons for NOx™ hydrogenation. The enriched
electron-deficient B sites on the surface could not only enhance adsorption of NOy", but also
suppress surface oxidation of Ni® sites and prevent overactive hydrogen evolution. The
synergistic contribution from Ni and B sites lead to excellent activity, selectivity, and durability

for eNOxRR to NHs.

4. Porous N-rich few-layered graphene with controllable morphology, nanostructure and
composition have been fabricated by a facile g-C3N4-templated method. By changing the mass
ratio of the precursor materials, the content of pyrrolic-N can be selectively tuned. H.O>
selectivity could be effectively facilitated with the presence of the high amount of pyrrolic-N.
The selective nitrogen configuration tuning method and the identification of the favorable
effect of pyrrolic-N to two-electron ORR pathway provide new ideas for the design of

advanced carbon-based electrocatalysts for various electrochemical and catalytic applications.

In summary, these systematic works in this Thesis shed lights on the development of efficient
electrocatalysts towards the production of portable fuels and value-added chemicals by rational

materials design, advanced characterizations, and elaborate mechanism investigation.

7.2 Perspectives
Despite considerable progresses have been achieved in the research area of electrocatalytic
nitrogen fixation and oxygen reduction, additional work needs to be done to expand the library

of electrocatalytic refinery for sustainable production of fuels and value-added chemicals.

1. Expanding the library of nanostructured materials is still the key bone as the reaction
performance depends heavily on the surface physicochemical properties of electrocatalysts. In

this regard, exploring new material systems or smart modification methods based on existing
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materials may provide opportunities to harvest new electrocatalysts with more favourable
catalytic activity. Meanwhile, other factors that influence the activity and selectivity should
also be considered, such as the electrolyte or solvent effect, the heterogenous interface, the
applied bias potentials, the mass transfer of reactant, the reactor configurations.

2. To explore promising electrocatalysts, the atomic and molecular level understanding of the
catalytic process is prerequisite and necessary. In situ/operando microscopic and spectroscopic
techniques such as in situ X-ray microscopy, electron microscopy, SEIRS, SERS, etc, provide
great chance monitoring the evolution of electrocatalyst surface, probing the key reaction
intermediates, and identifying the real active sites. In addition, the recently developed operando
computational modelling also provides critical insights on reaction thermodynamics and
kinetics. Combining the above in situ characterizations with operando theoretical simulations,
catalytic mechanisms under working conditions can be effectively and exclusively refined and
identified, thus boosting the optimization of electrocatalysts.

3. Besides the nitrogen- and oxygen-based resources like N2 and O, carbon-based feedstock
such as CO2 can also be involved for production of various chemicals. For example,
electrocatalytic coupling of CO, with N2 provides an intriguing approach for direct urea
production under ambient conditions. In the future, a wide range of integrated electrocatalytic
processes can be further explored based on the bond cleavage and formation processes between
C, H, O, N coupling to produce more complex and valuable fuels or chemicals such as CxHyO,
(alcohols, aldehydes, carboxylic acids), CxNyH; (amines, nitriles), and CxNyH-O (amides).

To sum up, combining rational catalyst design and advanced characterizations, more advances
in electrocatalysis are worthfully anticipated. Production of sustainable fuels and valuable
chemicals from abundant feedstocks (eg. N2, Oz, H20, CO, biomass) through renewable
energy driven electrocatalysis approach will substantially facilitate the development of neutral

carbon footprints and sustainable society.
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