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Abstract

The depletion of fossil fuels and rapid environmental deterioration call for the
development of clean and sustainable energy supplies for the future. Recently, the
electrocatalytic refinery (e-refinery) is emerging as a more sustainable and
environmentally benign strategy to harness renewable energy for the production of
value-added chemicals. As the second most produced chemical in the world, ammonia
has played a significant role in agriculture and chemical engineering, and now severs
as one promising medium for hydrogen storage, due to its higher energy density. Thus,
exploration of strategies to produce ammonia (NH,) powered by renewable energy with
decreased carbon emissions has raised widespread interests among researchers. Up till
now, two main routes with lower carbon emission levels have been proposed: (1) steam
methane reforming coupled Haber-Bosch process (SMR-HB) with carbon capture and
storage technologies (SMR-HB + CCS) and (2) direct electrocatalytic nitrogen (N,)
reduction reaction (NRR) in aqueous conditions. For the CCS, electrocatalytic
reduction of carbon dioxide (CO,) to other carbonaceous products is regarded as the
highly effective pathway. However, the difficulty to achieve these two routes is to
develop electrocatalysts for effective activation and conversion of the reactants
(like N, and CO,). Therefore, this Thesis aims to design and synthesize novel
nanostructured materials as efficient electrocatalysts for N, and CO, reduction
reactions. In conjunction with the electrocatalyst engineering, detailed investigations
on catalyst “structure-to-performance” correlations are also elaborated to guide the

design of catalysts for future applications in other fields.

In this Thesis, a systematic review on the roadmap towards electrocatalytic green
NH, production is provided (Chapter 2). This chapter critically evaluates the
challenges of NRR and discusses several emerging strategies for green ammonia

synthesis beyond conventional catalyst design and engineering, including



electrocatalytic nitrogen oxidation, electrocatalytic nitrate reduction, bio-

electrocatalysis and redox-mediated electrocatalysis.

The first study of this Thesis (Chapter 3) focuses on a comprehensive and accurate
evaluation of NRR performance by employing in situ fragmented bismuth
nanoparticles as a promising candidate for ambient NRR. NRR performance is
rigorously evaluated in both neutral and acid electrolyte through ionic chromatograph
and isotope labelling testing. Online differential electrochemical mass spectrometry
(DEMS) detects the production of NH, and N,H, during NRR, suggesting a possible

pathway through two-step reduction and decomposition.

The second section of this Thesis (Chapter 4 and 5) explores novel strategies for
efficient CO, fixation to produce value-added chemicals via electrocatalytic CO,
reduction (CRR). In/ex situ characterizations unravel the in-depth understanding on
the complicated surface reconstruction of Bi-MOF's under CRR conditions, which can
be controlled using electrolyte and potential mediation. The intentionally
reconstructed Bi catalyst exhibits excellent activity and selectivity for formate
production. It is also revealed that unsaturated surface Bi atoms are formed during
reconstruction and become the active sites. The optimized CO,-to-CO performance is
achieved on the asymmetric dual-atom NiCu catalysts which are distributed within
threshold distance on the N-doped graphene. The simulation results and
electrocatalytic experiments unravel the inter-metal interaction with a threshold
effect. The random distribution algorithm and mathematical modelling establish the
relationship between diatomic distance and metal loading amount, benefiting the

design of dual-atom catalysts for other electrocatalytic reactions and applications.

In the third part of this Thesis (Chapter 6), a simple and straightforward strategy
based on the “adsorption-sonication” route is developed for the synthesis of noble-
metal single atom catalysts (SACs) on C,N,, including Pd, Pt, Ag, and Au. It is found

the Pt SACs on the C;N, (Pt-CN) exhibit promising electrocatalytic nitrate reduction



for ammonia production. The Pt-CN achieves the maximized FE for ammonia
of 80.42% at -0.45 V versus reversible hydrogen electrode (vs RHE) and the
highest ammonia yield of 10.65 pmol cm™ h™ at -0.8 V in 0.1 M KNO,/0.5
M K,SO, electrolyte. This work deepens the understanding of the growth
mechanism of SACs, explores some new insights into employing traditional wet
chemistry in SACs preparation, and also paves the way for their future

industrial production and application.
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Introduction



1.1 Project Significance

Ammonia (NH;) is the one of the most important chemicals in our daily life, which
not only serves as a source of modern agriculture (such as fertilizer) but also can be
developed as a promising clean energy carrier."” For the production of ammonia in
industry, Haber-Bosch (H-B) process has been the most commonly adopted strategy.®
' However, the H-B method consumes huge quantities of fossil fuels, and requires
harsh conditions such as high temperature (400-500 °C) and high pressure (100-200
bar), which exhausts 1.4 % of global annual energy consumption and produces carbon
emission to pollute the environment.” *” Therefore, developing methods for green

ammonia synthesis is of great urgency and importance.

Recently, electrocatalytic refinery (e-refinery), due to its inherent merits including
using renewable and clean energy and ease of operation, has been widely employed
in energy chemistry and fuel production.”® Specifically, e-refinery represents various
electrocatalytic processes that can efficiently convert renewable feedstocks (e.g., air,
water, CO,, biomass derivates) to transportable fuels (e.g., NH,, C,H,OH),
commodity chemicals (e.g., CO, H,, C,H,, CH,OH), and even speciality chemicals."
For green ammonia synthesis, in addition to direct electrocatalytic nitrogen (N,)
reduction reaction (NRR) in aqueous conditions, the electrocatalysis-coupled routes
exhibit high technology readiness and low carbon emissions. Particularly, the water
electrolyzer coupled HB process (eH,O + HB), and steam methane reforming coupled
HB process with carbon capture and storage technologies (SMR-HB + CCS) are two
most promising routes.” However, the main bottleneck for employing e-refinery for
green ammonia synthesis lies in the development of efficient electrocatalysts with
high activity, selectivity, and stability for the desired transformation reactions. This
Thesis aims at the rational design and development of efficient nanomaterials for

NRR and CO, reduction reaction (CRR) through detailed investigations of catalyst



structure on working conditions. Combining a series of ex-situ and in-situ
characterizations, as well as theoretical simulations, reaction mechanisms and
“structure-to-performance” correlations are discussed and established as the
principles for designing electrocatalysts, which are expected to inspire future advances

in electrocatalysis and other related fields.

1.2 Research Objectives

The main goal of this Thesis is to discover promising, effective and stable
electrocatalysts as the candidates to fulfil electrocatalytic N, and CO, reduction to
meet different demands of the green ammonia synthetic routes. To achieve this, a
combination of electrochemistry, in situ spectroscopy, theoretical computations, and
material physiochemical characterizations was utilized. Specifically, the objectives
were to:

e Find promising electrocatalysts for direct N, electroreduction (NRR).

e Investigate and modulate catalyst surface reconstruction in CRR.

e Rationally design electrocatalysts for optimized CRR. performance.

e Explore indirect green ammonia synthesis via electrocatalytic nitrate

reduction (NitRR).
1.3 Thesis Outline

This Thesis presents the outcomes of my PhD research and is presented as a sequence
of journal publications. The Chapters in this Thesis are presented as follows:

e Chapter 1 summarizes the background of the Thesis and outlines the project
scope and key contributions to the field of e-refinery for sustainable production
of chemicals.

e Chapter 2 provides a review of recent literature covering the electrocatalytic

green ammonia production strategies beyond the ambient aqueous synthesis.



Chapter 3 investigates the direct ammonia electrosynthesis through
electrochemical N, reduction based on in situ fragmented Bi electrocatalyst,
and discusses the possible reaction pathway.

Chapter 4 unravels the surface reconstruction of Bi-MOFs under the CRR
working condition by combining in situ spectroscopy, ex situ scanning
transmission electron microscopy (STEM) and theoretical computations.
Chapter 5 discusses the correlation of inter-metal distance in the NiCu dual-
atom catalysts with the CRR performance. New insights into the design and
development of dual-atom catalysts (DACs) and their “structure-to-
performance” correlation are also gained.

Chapter 6 presents a novel and simple strategy for the fabrication of noble-
metal single-atom catalysts (SACs) on the carbon-based matrix, and explores
their practical application of nitrate electroreduction for ammonia production.
Chapter 7 presents the conclusions and provides some outlooks for future work

on NRR, CRR and other e-refinery reactions.
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Chapter 2

Literature Review: Electrocatalytic Green
Ammonia Production beyond Ambient

Aqueous Nitrogen Reduction
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2.1 Introduction and Significance

Achieving carbon neutrality is one of the most important and challenging goals for
the world during the coming decades. Ammonia, one of the world's most important
chemicals, is dominantly used for fertilizer production to underpin modern
agriculture, and recently attracts increasing interest as an energy-dense, carbon-
neutral carrier for renewable energy. The present Haber-Bosch process for NH,
production is energy-, emission-, and capital-intensive. Alternatively, electrocatalysis
technologies have potentials for green ammonia production with decreased carbon
emissions, higher compatibility with renewable energy sources, and flexible operation.
Present research work dominantly focuses on the design and synthesis of efficient
electrocatalysts, identification of actual catalytic active sites, and elucidation of
reaction pathways and mechanism. However, such trial-and-error research cannot
effectively address the intrinsic limitations from nitrogen activation and reaction
system, and the achieved performance is still far from feasibility. Aiming at obvious
technological and performance breakthroughs, a critical assessment and insightful
discussion of new opportunities and strategies beyond catalyst design and ambient

aqueous nitrogen reduction is urgently anticipated.

The combination of materials science and chemical engineering is very likely the best
way to design and develop more advanced, clean and green synthesis approach. In
contrast with literature that focuses on electrocatalyst design and mechanism
understanding, we try to identify the right battle to fight. Starting by discussing the
roadmap for the development of green ammonia production technologies, this review
presents recent advances and further opportunities in the effective coupling of water
electrolyzers and the Haber-Bosch synthesis loop. Some new strategies beyond
materials science are also included to boost electrocatalytic nitrogen reduction
performance. Besides, emerging electrocatalytic processes are discussed to close the

the anthropogenic nitrogen cycle. For example, the electrocatalytic ammonia

13



production performance can be potentially boosted by electrolyte effect, operation
pressure, Li-mediated reaction, reactor innovation, new N-transformation reactions,

and redox-mediated catalysis.

Accordingly, this Chapter highlights the crucial roles and opportunites of research in
materials synthesis, processing, reaction engineering and catalysis on accelerating the

development of green ammonia production..

2.2 Electrocatalytic Green Ammonia Production beyond

Ambient Aqueous Nitrogen Reduction

This Chapter includes work published in the journal article Chem. Eng. Sci. 2022,
257, 117735. It presents a review of recent literature covering the roadmap towards
green NH; and critically assessing the challenges of NRR. Perspectives are focusing
on several emerging strategies beyond conventional catalyst design and engineering

under ambient aqueous conditions.
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1. Introduction

Achieving carbon neutrality is one of the most important and
challenging goals for the world during the coming decades. It is
crucial to help limit the long-term rise in average global tempera-
ture to well below 1.5 °C above pre-industrial levels, consistent
with The Glasgow Climate Pact. Up to date, more than 130 coun-
tries have committed to carbon neutrality, and over 90% of them
set a net-zero carbon emissions target by 2050. The Energy sector
is the major source of global carbon emissions (>75%) and holds the
key to responding to the world’s climate challenge (Agency, 2021a,
2021b). In the net zero scenario, half of total energy consumption
in 2050 will be supplied by electricity, and 90% of global electricity
comes from renewable sources with solar and wind together
accounting for ~70% (Agency, 2021b). It is noteworthy that renew-
able electricity is intrinsically seasonal, intermittent, remote, and
geographic, leading to extensive demand for ramping flexibility
and high-efficient storage and transport. Advanced batteries for
electrochemical energy storage will be predominantly used to pro-
vide short-term flexibility, while energy-dense fuels need to be
developed for long-term storage, seasonal balancing, and long-
distance transport in the form of chemical energy (Tang et al.,
2021). Although green hydrogen (H,) produced by water elec-
trolyzers has attracted extensive research efforts and policy sup-
port as one of the most promising carbon-free energy carriers,
the high cost and safety risk for H, storage and transport signifi-
cantly limit the development of hydrogen energy industry (Jiang
and Fu, 2021).

Stage 1

Among various alternatives, ammonia (NHs) shows great poten-
tial as an ideal energy-dense liquid fuel to carry green H, and
renewable energy (ARPA-E, 2016; Li et al, 2021g; Wang et al,,
2018). Advantages of NH3 include: 1) a large hydrogen content of
17.6 wt%, 2) a high volumetric energy density of 4.32 kWh L~!
liquid, 3) facile liquefication at moderate conditions (1.0 MPa at
25 °C or 0.1 MPa at -33 °C), 4) a high safety level with much nar-
rower explosion limit (15-28%), 5) complete industry chains and
standards for NH3 production, storage, transport and use, and; 6)
catalytic decomposition to supply CO,-free H, for fuel cells (Jiang
and Fu, 2021; Schiith et al., 2012; Tang and Qiao, 2019). The dom-
inant technology for artificial NH; synthesis nowadays is the inge-
nious Haber-Bosch (HB) process, which underpins the modern
fertilizers and agriculture to feed half of the global population.
However, the fossil fuel-based HB process consumes 1-2% of global
energy and generates ~1% of global energy-related carbon emis-
sions. Besides, to gain economic benefits at scale the NH;3 plants
are centralized and in a huge size, leading to low compatibility
with renewable energy. Therefore, it is highly demanded to
develop decentralized, fossil fuel-free, and carbon-neutral process
for green NH; production (Smith et al., 2020; Tang and Qiao,
2019; Wang, M. et al., 2021).

During the past few years, several promising routes have been
explored to produce NH3 with modular reactors, decreased carbon
emissions, and higher compatibility with renewable electricity
(MacFarlane et al.,, 2020; Wang, M. et al.,, 2021). As shown in
Fig. 1, main NH3 synthesis routes can be classified in the following
sections according to the technology readiness level and carbon

Ammonia today

Agriculture

—_— n Carbon capture
Reforming  HB synthesis loop and storage

A [

Ammonia use in the future

Fig. 1. The roadmap of NH; synthesis technologies. (Reproduced from (Wang, M. et al., 2021) with permission from The Royal Society of Chemistry).
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emission level (Wang, M. et al., 2021): 1) steam methane reforming
coupled HB process (SMR-HB), 2) SMR-HB with carbon capture and
storage technologies (SMR-HB + CCS), 3) water electrolyzer cou-
pled HB process (eH,O + HB), 4) direct electrocatalytic nitrogen
(N3) reduction reaction (NRR) in aqueous conditions, 5) electrocat-
alytic reduction of N, with Hy (H-NRR), and; 6) lithium (Li)-
mediated electrocatalytic NRR (Li-NRR). The Route 3 uses water
electrolyzers to replace emission-intensive SMR process for H, pro-
duction, while the Routes 4-6 conduct electrocatalytic NRR at
ambient conditions to replace HB process. Extensive research
efforts have been devoted to these electrocatalysis processes,
focusing on the design and synthesis of efficient electrocatalysts,
identification of actual catalytic active sites, and elucidation of
reaction pathways and mechanism (Li et al., 2021d; Qing et al.,
2020; Suryanto et al., 2019). However, the achieved performance
is still far from feasibility and cannot compete with the current
HB process. Specifically, the electrocatalytic NRR suffers from a
poor Faradaic efficiency (FE, < 30%) and low NH3 yield (2-3 orders
of magnitude lower than that of HB process) because of the large
energy barrier for N, activation, low solubility of N, in aqueous
solutions, and competing hydrogen evolution reaction (HER)
(Zhao et al., 2021). Aiming at obvious technological and perfor-
mance breakthroughs, a critical assessment and insightful discus-
sion of new opportunities and strategies beyond catalysts design
and ambient aqueous NRR is urgently anticipated.

To address the challenges in green NH; synthesis and dilemmas
in electrocatalytic NRR, this Review critically assesses recent
research efforts and emerging directions. Notably, in contrast with
literatures focusing on electrocatalysts design and mechanism
understanding, we try to identify the right battle to fight. For the
(eH,0 + HB) route, we discuss the status and challenges of water
electrolyzers, as well as the efficient integration with HB process.
For electrocatalytic NRR, we highlight a series of intrinsically effec-
tive opportunities to boost N, activation or suppress H, evolution,
from aspect of electrolyte effect, operation pressure, Li-mediated
reaction, and reactor innovation. We also evaluate several new
electrocatalytic processes for nitrogen fixation and green NHs syn-
thesis, such as electrocatalytic nitrogen oxidation, electrocatalytic
nitrate reduction, bioelectrocatalysis and redox-mediated electro-
catalysis. We conclude by providing a broader perspective on the
roles and opportunities of electrocatalysis to achieve green NH;
synthesis towards carbon neutrality.
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2. Green hydrogen coupled Haber-Bosch process

Using green H, from water splitting for HB NH3 industry has
been considered as one of the most promising hybrid synthesis
approaches for clean energy storage (Dana et al., 2016; Tang
et al., 2021; Wang et al., 2018). This route can directly transform
the existing HB plants into green NH3 industries without major dis-
ruption (Fig. 2a) (Smith et al., 2020). Although this concept is easy
to propose and not new, it has only attracted considerable atten-
tion in recent years owing to the commercialization of water elec-
trolyzers and the decline of renewable electricity price. Many
companies are investing in pilot-scale (eH,O + HB) plants powered
by wind or solar electricity worldwide. For example, green NH3
demonstration programs are currently operational in Oxford
(30 kg per day, developed by Siemens) and Fukushima (20 kg per
day, developed by Fukushima Renewable Energy Institute)
(Brown, 2018). Yara, partnering with ENGIE, is developing a green
NHs project next to their Pilbara fertilizer plant in Western Aus-
tralia (Atchison, 2021). A 10 MW solar farm and electrolyzer is
announced to be installed and operational by the end of 2022, pro-
ducing 625 tons of green H, and 3,500 tons of green NH3 annually.

The success of such green NH; industry relies on 1) increased
energy efficiency of water electrolyzers and 2) small-scale, dis-
tributed and agile HB loop process (Smith et al., 2020). Today, var-
ious water electrolyzers are commercially available from many
companies such as Siemens, Cummins, Proton Onsite, and Nel
Hydrogen (Buttler and Spliethoff, 2018), which have successfully
reached MW-scale power capacity at > 1000 Nm> h™! per stack.
Compared to other kinds of electrolyzers, proton exchange mem-
brane (PEM) electrolyzers show a lot of advantages such as the
compact and modular design, high current density, high system
efficiency, fast response, dynamic operation, and high H, purity.
However, the cost competitiveness is still limited by the high price
of green H, production. Currently, renewable-powered water elec-
trolyzers run at > US$4 per kg of H,, three times more expensive
than SMR process (US$1.3-1.5 per kg of H,) (Lagadec and
Grimaud, 2020). The cost is expected to be substantially decreased
in 2030 with larger PEM scales (~US$0.5 M MW™1), improved per-
formance (3 A cm™2 at 1.8 V), and cheaper renewable electricity
(<US$0.02 kWh™!) (Peterson et al., 2020; Wang, M. et al., 2021).
A most recent study revealed that the replacement of SMR process
by renewable-powered water electrolyzer can significantly
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Fig. 2. Green H, coupled HB process for green NH; synthesis. (a) Schematic of the (eH,O + HB) process with H, and NH3 production stages. (b) Sankey diagram showing the
attributions of direct CO,-eq emissions arising from the (eH,O + HB) process. (Reproduced from (Smith et al., 2020) with permission from The Royal Society of Chemistry).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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decrease the associated CO, emissions for NH; manufacturing by
~75% from 1.5 to 0.38 tons of CO, per ton of NH; (Fig. 2b)
(Smith et al., 2020).

Furthermore, the use of renewable electricity and PEM-based
green H, systems provides new opportunities to optimize the cou-
pled HB synthesis loop (Smith et al., 2020). The high purity and
pressure (~80 bar) of produced H, make the purge, gas compres-
sion, and electronic motors unnecessary, thus increasing the
energy efficiency of the HB synthesis loop by 50% (~4.2 GJ per
ton of NH3). The conventional HB process is typically operated con-
tinuously to prevent the damage of catalysts; however, the inter-
mittency of renewable electricity from wind or solar demands a
dynamic operation of PEM electrolyzers and HB synthesis loop.
Therefore, in addition to improving the energy efficiency of water
splitting, more efforts are required to explore advanced HB pro-
cesses with lower pressure, alternative ammonia separation tech-
niques, faster response time, smaller scale, and less capital
(Smith et al., 2020).

3. Promising opportunities to enhance direct electrocatalytic
NRR

To improve the electrocatalytic activity and selectivity of NRR,
previous research efforts dominantly focus on exploring new elec-
trocatalysts and optimizing their electronic structures (Cui et al.,
2018; Li et al.,, 2019a; Qing et al., 2020; Suryanto et al., 2019;
Tang and Qiao, 2019; Yao et al., 2020). However, the resulting per-
formance enhancement is still highly restricted due to the ultralow
solubility of N, in aqueous electrolyte, large energy barrier for
N=N bond dissociation, and highly active HER competition (Cai
et al,, 2021; Lazouski et al., 2019). With the deepening of mecha-
nism study and advance in electrochemical technologies, more
effective and targeted approaches beyond electrocatalysts design
have been proposed, including the engineering of electrolytes,
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implementation of new N, reduction mechanism, and operation
of NRR under more favourable conditions and devices.

3.1. Non-aqueous electrolyte and ion effects

Optimization of electrolyte can readily enhance N, solubility
and discriminatively regulate NRR/HER activity (Cui et al., 2018;
Tang and Qiao, 2019). By choosing different solvents, the solubility,
diffusion and mass transport of N, could be greatly altered (Battino
et al., 1984; Liu et al., 2019). The modulation of proton transport/-
supply to anode can favourably promote NRR with inhibited HER
(Liu et al,, 2021; Zhou et al., 2017).

Using non-aqueous solvent-water hybrid electrolyte is one
promising method to promote NRR performance. Compared with
water, alcohols feature a relatively low proton-donating ability
(Ashida et al., 2019; Nedic et al., 2011) and higher N, solubility
(Jia et al., 2019). The methanol-water electrolyte with water volu-
metric content of 0.16% (Ren et al., 2021) and 2-propanol-water
electrolyte with water volumetric content of 10% (Kim et al.,
2016) were employed in previous works to successfully achieve
high FE towards NH; formation. With modulated local proton con-
centration and microenvironment (Fig. 3a), the methanol-water
electrolyte enabled a record high FE of 75.9 + 4.1% and NH3 yield
0f 262.5 + 7.3 g goth™!, nearly 8-fold enhanced compared with that
in aqueous electrolytes (Ren et al., 2021). Furthermore, the NRR
performance was revealed to exhibit a volcano-like relationship
with the proton-donating ability of solvents (Fig. 3b). However,
electro-reduction of alcohols to form alkoxides (e.g., CH30™) and
H, appears to be common for alcohol-water hybrid systems, indi-
cating the importance of addressing stability issues (Kim et al.,
2016). Different from conventional solvents, ionic liquids (ILs)
totally consist of anions and cations by ionic bonds and exhibit lig-
uid state under ambient conditions (Zhou et al., 2017). ILs possess
many advantages as electrochemical electrolytes, including a wide
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Fig. 3. Non-aqueous electrolyte and ion effects to enhance direct electrocatalytic NRR. (a) Schematic of NRR and HER processes at the solid-liquid-gas interface of methanol-
water electrolyte. (b) Volcano-like correlation between NRR activity and different electrolytes with various proton-donating ability. (Reproduced from (Ren et al., 2021) with
permission from American Chemical Society). (c) Illustration of hydration shells in pure water, a low-level hydration system, and a high-level hydration system. The cyan,
yellow, red, and white spheres represent Li, Cl, O, and H atoms, respectively. (Reproduced from (Wang et al., 2021c) with permission from Springer Nature). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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electrochemical window, non-volatility, high conductivity, and
high stability (Liu et al., 2010; Quinn et al., 2002; Rosen et al.,
2011). In addition, N, is more soluble in ILs than in pure water
(Battino et al., 1984; Suryanto et al., 2018), and fluorination of
ILs can further improve the mole fraction solubility of N, (Kang
et al., 2019; Zhang et al., 2018). Inspired by these unique merits,
a hydrophobic, highly N,-soluble, and fluorinated IL was designed
for NRR, rendering a high NHs FE of 60% on a nanostructured Fe
catalyst under ambient conditions (Zhou et al., 2017).

The composition and concentration of supporting electrolyte,
namely ion effects, also influence the electrocatalytic NRR perfor-
mance. For example, potassium cations (K*) were reported to pro-
mote NRR performance over bismuth (Bi) catalysts and noble
metallic catalysts including Au, Ag and Pt (Gao et al., 2019; Hao
et al, 2019). Density functional theory (DFT) computations
revealed that K* ions lowered the energy barrier required by the
potential-determining step over Bi catalysts. Simultaneously, pro-
ton transfer could be retarded in the presence of high-
concentration K*, which would be concentrated near the catalyst
surface (Hao et al., 2019). The influence of high-concentration
solute ions was further investigated recently by combining molec-
ular dynamics simulations, in situ Fourier transform infrared (FTIR),
in situ X-ray diffraction (XRD), and in situ Raman spectra (Wang
et al,, 2021c). In the aqueous 10 M LiCl electrolyte, N, was ideally
enriched within the Stern layer and only finite free-H,0 molecules
were available with others involved in lithium hydration (Fig. 3c).
The balance between N, supply and proton activity obtained a
superior NH; FE of 71 # 1.9% and yield of (9.5 = 0.4) x 10~'° mol
cm~2 s7! at —0.3 V vs. reversible hydrogen electrode (RHE).

In fact, considering the complexity of electrolyte/electrode
interface and impurities in chemicals, some “false-positive” results
may be unconsciously obtained (Choi et al., 2020; Li et al., 2019b).
Some co-existing ions from the supporting electrolyte and the lea-
ched ions from catalysts reconstruction lead to the exaggerated
and erroneous ammonia yield (Zhao et al., 2019). Also, the pH of
the electrolyte solution, reaction time, and the linear range of
ammonia quantification need to be carefully evaluated before
determination (Yao et al., 2020; Zhao et al., 2019). Other external
strategies including gas cleaning by acid trap and pre-catalysis
under Argon, combined with isotope labelling nuclear magnetic
resonance (NMR) verification, are recommended to conduct as an
protocol for standard NRR tests (Andersen et al., 2019; Choi
et al.,, 2020; Iriawan et al., 2021; Tang and Qiao, 2019). Therefore,
the rigid operation for NRR experiments is a prerequisite to under-
stand the ion effect for NRR with direct and solid evidence to con-
firm the roles of specific ion engagement.

The introduction of non-aqueous electrolyte, especially the
organic solvents, obstacles the ammonia separation from the reac-
tion system and their industrial-scale application. Additionally,
changes in solvent polarity have a non-negligible effect on UV-
Vis assays, further hindering the accurate quantification of ammo-
nia yield (Liang et al., 2016; Lazouski et al., 2019; Zhao et al., 2019).
For ILs electrolyte, it is still challenging to find desirable ILs with
matched electrochemical potential window for NRR, without leav-
ing influence on the ammonia production and determination
simultaneously (McEnaney et al.,, 2017; Ong et al., 2011; Zhou
et al.,, 2017). The stability of ILs, especially under electrical field,
needs to be investigated before application (McEnaney et al.,
2017; Zhou et al., 2017). More importantly, the viscosity of ILs is
usually dependent on the change of temperature (Ghatee et al,,
2010), which will affect the N, diffusion and mass transfer in the
ILs. Furthermore, the techno-economic assessment of ILs needs to
be taken into consideration for the actual application (Gnahm
and Kolb, 2011; Zhang et al., 2012; Plechkova and Seddon, 2008),
including synthesis of ILs with specific cations and anions, purifica-
tion and pre-treatment, and recyclability. Therefore, it is important
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to choose a suitable quantification method for different reaction
systems, and there is a long way to go for industrial-scale applica-
tion of non-aqueous NRR.

3.2. Lithium-mediated NRR

Due to the highly negative standard reduction potential of
lithium (Li*/Li, —3.04 V vs. standard hydrogen electrode), Li can
easily dissociate N=N bonds under ambient conditions. Therefore,
Li-mediated nitrogen activation offers a novel and promising path-
way for NH; electrosynthesis (Li et al., 2021d). In 1993, this con-
cept was first demonstrated via electrolysis with a near-aprotic
solvent as follows (Tsuneto et al., 1993): 1) plating out metallic
Li from a Li-salt, 2) as-deposited Li reacting with N, to form LisN,
and 3) LisN protonation to generate NH3 by a suitable proton
source. However, the current efficiency for NH3 production on this
proposed model is still a major problem, together with the poor
cyclicity and limited mechanism understanding (Li et al., 2021b).
Recent efforts have been endeavoured to enhance the Li-
mediated ammonia electrosynthesis from the perspective of
above-mentioned three steps.

Lithium plating is favourable in non-aqueous media due to the
vigorous reaction between metallic Li and water (Li + H,O — LiOH +
1/2 H,). For example, propylene carbonate (PC) was used for Li
deposition, complemented with aqueous anodic electrolyte
through an expensive Li*-conducting glass ceramic material (LISI-
CON) (Kim et al., 2018). After Li nitridation in N, and LisN hydrol-
ysis in diluted sulfuric acid, NH; was formed with a high FE of
52.3%. This system was further optimized by polymethyl
methacrylate (PMMA) reinforcement to improve the immiscibility
and avoid using expensive LISICON membranes (Kim et al., 2019).
Alternatively, LiOH electrolysis in a LiCI-KCI/LiOH-LiCl controlled
molten salt mixture was proposed to yield high efficiency for Li
production (Fig. 4a) (McEnaney et al., 2017). The absence of pro-
tons and carbonates mitigated both by-products (e.g., Li,CO3) and
HER, leading to a high overall current efficiency of 88.5% to NHs.
Tetrahydrofuran (THF) electrolyte with lithium salts and additional
proton sources (e.g., ethanol) was also widely used for Li-mediated
NRR (Lazouski et al., 2020; Lazouski et al., 2019; Li et al., 2021b;
Suryanto et al., 2021).

The reaction rate of LisN formation also plays a crucial role on
enhancing NRR activity. It was noticed that NHs yields increased
at higher partial pressures of N, (Tsuneto et al., 1994). The forma-
tion of LisN was revealed to be the rate-limiting step for NHs pro-
duction, and the reaction rate exhibited a first order dependence
on N, with N, transport limitations at higher current densities
(Fig. 4b) (Lazouski et al., 2019). It was also verified by another sim-
ple kinetic model (Schwalbe et al., 2020), that increasing the mass
transport of N led to a much higher FE for NH; formation. There-
fore, the use of gas diffusion electrodes to improve N, transport
provides promising enhancement for Li-mediated electrocatalytic
NRR system (Lazouski et al., 2020).

The choice of proton sources for LisN protonation significantly
affects the long-term stability of Li-mediated routine (Andersen
et al., 2020; Lazouski et al., 2020). Ethanol was first used as a sac-
rificial proton donor (Tsuneto et al., 1993), but solvent decomposi-
tion was suggested to occur alongside the ethanolysis of LisN and
thus restrict continuous operation. With an ingenious design of
anode reaction and reactor configuration, ethanol can be regener-
ated from the ethoxide by protons produced from H, oxidation
reaction (HOR) at the anode (Lazouski et al., 2020). LiCl-KCl-CsCI
eutectic mixture (Murakami et al.,, 2003) and phosphate molten
salt electrolyte (Musgrave et al., 2021) can also bind protons, thus
providing high diffusion rates in favour of N—H bond formation. A
phosphonium salt-based proton shuttle was devised to solve the
long-term stability of proton sources (Suryanto et al., 2021). As
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Fig. 4. Lithium-mediated NRR. (a) Schematic of Li deposition by molten salt electrolysis. (Reproduced from (McEnaney et al., 2017) with permission from The Royal Society of
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Li-mediated NRR based on a phosphonium proton shuttle. (Reproduced from (Suryanto et al., 2021) with permission from AAAS). (d) Influence of oxygen content on the
resulting FE for NH; electrosynthesis. (Reproduced from (Li et al., 2021b) with permission from AAAS).

shown in Fig. 4c, the phosphonium cation stably shuttled the HOR-
derived protons from the anode and then donated them to reduced
nitrogen at the cathode to form an ylide and release NHs. As the
proton shuttle was not consumed in NRR, 20-hour stability was
achieved with a significant NH; yield of 53 + 1 nmol cm ™2 s~!
and a high FE of 69 * 1%.

Besides the factors on the reaction-based process, other physi-
cal practices to enhance activity and stability of Li-mediated NRR
have been studied, including increase of the electrode area (Li
et al,, 2022), and implementation of continuous (Lazouski et al.,
2019) or cycling procedures (McEnaney et al., 2017). Notably, con-
taminations in the feeding N, may have a counterintuitively posi-
tive effect on both the FE and the stability of NRR, which also sheds
light on the underlying mechanism. Most recently, it was reported
that adding 0.6 to 0.8 mol% O, into 20 bar of N, achieved a record-
high NHj3 FE of up to 78.0 + 1.3% (Fig. 4d) (Li et al., 2021b). Inspired
by studies in Li-air batteries and supported by theoretical microki-
netic modelling, such enhancement was ascribed to the decreased
Li diffusion rate through the solid electrolyte interface (SEI) layer
formed in the presence of O,. XRD and X-ray photoelectron spec-
troscopy (XPS) analysis revealed that O, induced the formation of
a more homogeneous and uniform SEI layer for increased cyclabil-
ity and stability.

Despite these advances, the Li-mediated NRR system is not
ideal. The sensitivity of Li to water and oxygen requires harsh oper-
ation conditions and limits its application to the non-aqueous sys-
tem. All reagents must be carefully pre-treated and employed in
the glove box if needed (Andersen et al., 2019). According to the
REFUEL program of the US Department of Energy, the target for
ammonia electrosynthesis is a FE of 90% at 300 mA cm 2 and an
energy efficiency (EE) of 60% (ARPA-E, 2016; Li et al., 2021b). How-
ever, the present system could only achieve a low EE (~26% assum-
ing 80% of FE) far from the practical application (Li et al., 2021b).
Long-term stability and recycling need to be improved due to the
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irreversible Li loss during the reaction (Li et al., 2021d). The varia-
tion and vague understanding on SEI layer also hinders the opti-
mization of stability and performance of the whole NRR system
(Li et al., 2021d; McEnaney et al., 2017; Westhead et al., 2021).
Hopefully, with the development of characterization tools and bat-
tery science, the stability and effectiveness of Li-mediated NRR
could be facilitated to the practical application scale (Li et al.,
2021b; Westhead et al., 2021).

3.3. NRR under pressure

As the concentration of N5, as a reactant, in aqueous solution is
very low, the adsorption efficiency of N, on catalyst during elec-
trolysis will be severely reduced compared with that of protons
or H,0 involved in HER, resulting in inhibited NH; yield and FE.
According to the Henry’s law, the solubility of a gas in liquid is pro-
portion to the equilibrium partial pressure of the gas. Therefore,
the dissolved N, concentration in water and N, supply to catalyst
surface is expected to be increased under higher partial pressure
of Ny. It is an emerging and promising research direction for elec-
trocatalytic NRR under pressure, but also a new challenge (Cheng
et al.,, 2019; Zou et al., 2020).

The primary challenge for breakthrough of pressurized NRR is
the rational design and assembly of electrochemical cell devices
with pressure. In 2019, it was realized for the first time by moving
the routine reactor directly into the pressurized kettle in the form
of an open system (Cheng et al., 2019). The pressurized environ-
ment can promote the dissolution of N,, accelerate the N=N bond
activation, and inhibit the competing HER (Fig. 5a). Compared with
atmospheric pressure conditions, the NRR performance under N,
pressure of 0.7 MPa was improved with the maximum NHj; yield
increased from 13.10 to 13.55 pug cm 2h~!, and maximum NH;
FE from 0.26% to 14.74% (Fig. 5b). With a well-designed integrated
pressurized electrolytic cell (Fig. 5c), the N, pressure can be
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non-aqueous electrolyte, a pressure gradient across the cloth is required to prevent complete catalyst flooding due to the lack of substantial capillary action. (d) The effect of
pressure gradients across GDEs on the NH; FE at 15 mA cm 2. (Reproduced from (Lazouski et al., 2020) with permission from Springer Nature).
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applied to as high as 55 atm (Zou et al., 2020). The electrocatalytic
NRR performance was gradually enhanced with the increase of N,
pressure (Fig. 5d). At 55 atm, the maximum NH; yield reached
74.15 pg cm~2h~! with a high NH; FE of 20.36%. DFT computations
revealed that the driving force for N, adsorption as end-on *N, on
the catalyst surface increased by 9.62 k] mol~! under 55 atm,
which significantly facilitated NRR and in turn suppressed HER.

Although there are encouraging breakthroughs in pressurized
devices for electrocatalytic NRR, several major issues are
demanded to be addressed. First, the greatly improved N, adsorp-
tion on the catalyst surface will restrain the adsorption of protons,
and ultimately inhibit the hydrogenation reduction of N,. It is crit-
ical to balance the adsorption of N, and protons under pressure
conditions. Second, the gas tightness and durability of pressurized
devices should be carefully evaluated. Oxygen produced at the
anode may exert destructive pressure on the membrane separating
cathode/anode zones or harm the stability of catalysts in an open
system. Third, although the pressurized condition enhances N5 sol-
ubility and thus improves the NRR selectivity, N, diffusion requires
further improvement to increase the reaction rate. More advances
in pressurized electrocatalytic NRR and other reactions are antici-
pated by optimizing the reactor design and interface engineering
(Li et al., 2020Db).

3.4. Flow cells

Given the inherently slow diffusion and terrible solubility of N,
in aqueous media, using the continuous flow reactors (denoted as
flow cells) is also an effective strategy to enhance the NRR perfor-
mance (Furuya and Yoshiba, 1989; Wei et al., 2021; Yang et al.,
2018). It is because the flow cells can continuously circulate N,
and products to and away from electrodes, which can greatly over-
come the problem of N, supply and transport limitations in H-type
cells.

Currently, the widely studied NRR flow cells are membrane
electrode assembly (MEA) reactors (Kugler et al., 2014; Lazouski
et al., 2020; Wei et al.,, 2021). As shown in Fig. 6a (Nash et al,,
2017), such compact architecture utilizes a polymer electrolyte
membrane to separate the anode and cathode, meanwhile transfer
the ions while attenuating product crossover (Chen et al., 2021;
Weekes et al., 2018). A highly porous gas diffusion layer (GDL)
loaded with catalysts (denoted as gas diffusion electrode, GDE) is
located between the electrode and membrane to promote the con-
tact of supplied N, and electrocatalyst during NRR, and thus
increase the upper limit of reaction rates. Based on this, the NRR
efficiency in flow cells is not only related to the electrocatalyst
performance, but also depends on GDL and membrane compo-
nents (Hasnat et al., 2009; Lees et al., 2022; Liu and Xu, 2010).
In 2017, the electrocatalytic NRR was first investigated in a MEA
flow cell, and the influence of membrane components on NRR per-
formance was studied via using both cation and anion exchange
membranes (CEMs and AEMs) (Nash et al., 2017). The authors
demonstrated that NH;3 yields for noble metal catalysts were
higher in CEMs than those in AEMs, while this trend was reversed
for NH3 FE because of the relatively slow kinetics of HER in alka-
line solutions (Fig. 6b).

The flow cell configuration can be integrated with the Li-
mediated NRR approach to achieve further enhanced performance
(Lazouski et al., 2020). Generally, the GDLs are hydrophobic carbon
substrate for aqueous flow cells, which however cannot enable
effective gas-liquid contact in non-aqueous solvents, such as
THF. Instead, a stainless steel cloth-based support was used as
the GDL to support in situ plated Li metal and a pressure gradient
across the GDL was maintained to control the non-aqueous
electrolyte penetration (Fig. 6¢) (Lazouski et al., 2020). The
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non-aqueous Li-mediated NRR in a flow cell achieved a NH3 partial
current density of 8.8 + 1.4 mA cm 2 and a high NH; FE of 35 * 6%
(Fig. 6d).

Although flow cells can improve NRR performance in both
aqueous and non-aqueous electrolytes, many aspects of system
engineering and catalyst design require further development. It is
noticeable that the time-dependent ammonia yields are not on
the same numerical scale (Yang et al., 2018). Also, the ammonia
can pass through the membrane or be adsorbed on the membrane
and even oxidized on the counter electrode (Hanifpour et al., 2020;
Ren et al.,, 2019a, 2019b). Such phenomenon can cause significant
errors in ammonia measurement (~30%), which challenges the
accurate quantification of produced ammonia and the long-term
stable operation (Ren et al., 2019a, 2019b). Water flooding issue
is another challenge that needs to be solved in flow cells. Once
flooding happens, the cathode diffusion layer and catalyst layer
are saturated with water (Pan et al., 2021). The limited solubility
and diffusion of N, in water will obstacle the adsorption and acti-
vation of N, onto the catalyst surface, thus lowering the thermody-
namics and kinetics of NRR (Pan et al., 2021). Nevertheless, recent
advances in the CO, flow cell electrolyzers can provide some useful
suggestions for the design and improvement of NRR flow cells
(Leonard et al., 2020a; Leonard et al., 2020b; Niu et al., 2021;
Yang et al.,, 2021). With more understandings and strategies for
better flow cell configurations, the stability and longevity for
NRR flow cell could be further improved.

4. Emerging strategies for electrocatalysis-enabled green
ammonia synthesis

Despite recent advances and the above-mentioned new oppor-
tunities for electrocatalytic NRR, the performance of NH3 elec-
trosynthesis is still highly limited by the intrinsic challenges of
NRR. Increasing research interest has been attracted to explore
new strategies for electrocatalytic nitrogen fixation and NH3 pro-
duction, such as nitrogen oxidation followed by nitrate/nitric oxide
reduction. Specifically, Fig. 7a summarizes possible routes for
nitrogen transformations towards NHs synthesis, which will be
highlighted in the following sections.

4.1. Electrocatalytic nitrogen oxidation

As a counterpart of NRR, electrocatalytic nitrogen oxidation
reaction (NOR) is also a vital procedure for sustainable nitrogen
cycle and fixation (Lim et al., 2021; Wang et al., 2022). According
to the Pourbaix diagram for the N,-H,O system, N, is unstable
towards nitrate under moderate electrooxidation conditions
(Chen et al., 2018). Thus, electrooxidation of N, into nitrate is the-
oretically feasible (Equation 1) and could be regarded as a promis-
ing avenue for replacement of the conventional nitrate synthesis
(Ostwald process) to reduce the energy consumption and green-
house gas emission (Kuang et al., 2020). More importantly, electro-
catalytic NOR could effectively couple with NRR as a full
electrochemical cell via just using ambient N, and water as the
feedstock. Theoretical calculation reveals that NOR-NRR coupling
cell would require a lower cell voltage (1.08 V) than that of water
splitting (1.23 V) to operate in neutral or alkaline electrolyte (Chen
et al., 2018). Green NH3 and nitrate can be simultaneously gener-
ated in cathode and anode to directly yield NH4NO5; (Equation
2,3), thereby boosting the efficiency for nitrogen fixation (Chen
et al., 2018).

N, (g) + 6H,0 (1) — 10e™ 22NO3;~ (aq) + 12H* (aq) (1)

N, (g) + 8H* (1) + 6e™ =22NH," (aq) (2)
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Fig. 7. Electrocatalytic nitrogen oxidation and nitrate reduction reactions. (a) Possible routes for nitrogen transformations towards NH; synthesis. (b) Schematic of the NOR
mechanism on Ru/TiO, composite electrocatalysts. (Reproduced from (Kuang et al., 2020) with permission from Wiley-VCH). (c) Reaction pathway and mechanisms for
NO,RR mediated by electron transfer (blue arrow) and atomic hydrogen (green arrow). (Reproduced from (Zhang et al., 2021) with permission from Elsevier). (d) Renewable
N,-to-NH3 conversion through integration of plasma-driven N, oxidation and electrocatalytic NOyRR and (e) corresponding mechanism. (Reproduced from (Li et al., 2021c)
with permission from Wiley-VCH). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N; (g) + 3H,0 (I) & NH4* (aq) + NOs~ (aq) + H; (g) (3)

Assuming a reasonable FE of 10% for both cathodic (NRR) and
anodic (NOR) reactions due to the competing water splitting reac-
tions, the 60 mol of electrons input could provide at least 6 mol of
electrons to drive pure NRR with 1 mol of N, consumed, or drive
NRR-NOR coupling cell with (1 + 0.6) mol of N, converted. There-
fore, the NRR-NOR coupling cell exhibits much higher energy effi-
ciency for N, fixation.

For NOR, the proposed N,-to-nitrate process involves two main
stages: electrochemical activation of inert N, into the key *NO
intermediate and the following reduction of *NO intermediate to
*NHs (Anand et al., 2021; Kuang et al., 2020). However, the specific
reaction pathways vary from report to report. In the first stage, the
adsorbed *N, is oxidized to form a *N,OH intermediate, which will
experience various redox intermediates, such as *N,O, *N,OOH,
*N,0,, *NO,, *NOH and *NO intermediates (Han et al., 2021;
Kuang et al., 2020; Li et al., 2021e). In the second stage, the active
*NO intermediate will react with *O from water splitting or adja-
cent lattice O of catalyst to form *NOs (Dai et al., 2020; Han
et al., 2021). Therefore, the key factor for designing highly efficient
and selective NOR electrocatalysts is to promote N, adsorption and
activation and regulate the competing oxygen evolution reaction
(OER) activity for moderate *O supply. For example, a Ru-doped
TiO,/RuO, catalyst was proposed to boost electrooxidation of N,
into nitrate (Kuang et al., 2020). The doped Ru®* sites in TiO, lattice
with upshifted d-band center functioned as the main active sites
for N, oxidation, while the induced RuO, provided optimal OER
active sites to promote the redox transformation of *NO to nitrate
(Fig. 7b), leading to a considerable nitrate yield of 161.9 pmol gqi-
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h~'and a high nitrate FE of 26.1%. In the case of ZnFe,Co,_404, the-
oretical and experimental results revealed that Fe assisted the first
N—O bond formation on the *N site, while high-oxidation-state Co
stabilized the absorbed *OH for the second and third N—O bond
formation (Dai et al., 2020). In addition to the boosted NOR activity,
another worthy thing is that the surface chemistry and structure of
electrocatalysts would dynamically change during NOR process
(Dai et al., 2020; Fang et al., 2020; Han et al., 2021). Thus, tracing
the catalyst evolution and probing the active species is also impor-
tant and urgent for NOR to exactly understand the reaction mech-
anism, which can be conducted with the aid of isotope-labelling
tests, in situ spectra and online differential electrochemical mass
spectrometry (DEMS) (Li et al., 2021e).

Although NOR offers a new route for electrocatalytic nitrogen
fixation, it apparently faces similar challenges as NRR, including
the ultralow solubility of N, in aqueous electrolyte, high dissocia-
tion energy of N=N bonds, and the parasitic OER competition.
Therefore, the further research of NOR is recommended to investi-
gate the efficacy of above-mentioned opportunities for NRR, such
as non-aqueous electrolyte, high-concentration salt effect, flow
cell, and pressurized reaction. The stability of electrolytes and cat-
alysts under highly positive potentials applied for NOR requires
deliberate evaluation.

4.2. Electrocatalytic nitrate reduction

Nitrate (NO3) is a common contaminant in agricultural and
industrial wastewater runoff, and can be removed by electrocat-
alytic denitrification into N, (Duca and Koper, 2012). However,



D. Yao, C. Tang, P. Wang et al.

the N, product is valueless, making such denitrification a waste of
nitrogen-rich fertilizers. Recently, this research area attracted
renewed interest to directly reduce NO3 into NH3 as an alternative
and sustainable production process for NHs (van Langevelde et al.,
2021; Zhang et al., 2021). This strategy can pave a way to fertilizer
recovery and recycling in the route of N, - NH; — NO3 — NH;
(Greenlee, 2020).

The electrocatalytic reduction of NO3 to N, or NH5 goes through
various intermediates, such as *NO,, NO3, *NO, *N,0 and *NH,OH
(Fig. 7¢) (Duca and Koper, 2012; Zhang et al., 2021). Without the
need to break or form N—N bonds, electrocatalytic nitrate reduc-
tion reaction (NO,RR) to NHj5 is intrinsically easier with a higher
selectivity and yield (Li et al., 2019b). Up to date, a series of tran-
sition metal-based catalysts have been reported for high-
performance NO,RR, especially Cu-based materials (Chen et al.,
2020a; Wang, Yuhang et al., 2020; Wang, Yuting et al., 2020), Ti/
TiO,-based materials (Jia et al., 2020; McEnaney et al., 2020), Ni-
based materials (Li et al., 2021c), and Fe single-atom catalysts (Li
et al,, 2021a; Wu et al., 2021). For example, a high NHj3 yield of
5.56 mol g;,lth*l with nearly 100% selectivity was obtained over
strained Ru nanoclusters in alkaline electrolyte (pH = 14) with
1 M NO3 (Li et al., 2020a). Experimental and theoretical study
revealed that the tensile lattice strains endowed hydrogen radicals
(-H) as the dominant reactive species to accelerate intermediate
hydrogenation and restrain hydrogen dimerization. A copper-
incorporated crystalline 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA) catalyst exhibited a high NH; yield of
436 + 85 pg cm2h~'and a maximum FE of 85.9% at —0.4 V vs.
RHE in neutral electrolyte (pH = 7) with 500 ppm NO3 (Chen
et al., 2020a). The unique electronic structure of Cu suppressed
HER and boosted the formation of N—H bonds, while the PTCDA
structure facilitated protons and electrons transfer to the active
Cu sites. However, the resulting NH3 yields and selectivity are
revealed to highly depend on operation conditions, such as the
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pH of electrolyte, nitrate concentration, and applied potential
(McEnaney et al., 2020; van Langevelde et al., 2021), which
requires extra caution and investigation in further studies. Besides,
the catalyst durability remains to be improved.

It is noteworthy that such approach cannot realize complete
sustainability because nitrate is industrially produced by the Ost-
wald process of NHs, and the concentration of NO3 in natural
wastewater streams is too low for electrocatalysis (van
Langevelde et al., 2021). Therefore, the study of large-scale concen-
tration of real wastewater or exploration of new renewable nitrate
sources is crucial for the practical application of electrocatalytic
NO,RR process. Recently, electrocatalytic oxidation of nitric oxide
(NO) in exhausted gas has been demonstrated for nitrate synthesis
over defective carbon cloth (Wang et al., 2021a). NO itself can also
be electrocatalytically reduced to NHs3 at a remarkable rate of
517.1 pmol cm2h~' and FE of 93.5% over a Cu foam electrode
(Long et al., 2020). Another promising strategy is plasma-driven
N, oxidation to NO,, followed by alkaline absorption to generate
an aqueous mixture of NO3 and NO3 (Li et al., 2021c; Sun et al.,
2021). The integration of plasma-driven N, oxidation and electro-
catalytic NOLRR can realize highly efficient NH; production from
air with advantages in yield, selectivity, energy cost, and scale tun-
ability (Fig. 7d and e) (Li et al., 2021c).

4.3. Bioelectrocatalysis and redox-mediated electrocatalysis

In nature, biological nitrogen fixation to NH;3 occurs efficiently
through the enzyme nitrogenase (Foster et al., 2018). Bioinspired
mechanism investigation and catalysis design is believed to be
very beneficial to the enhancement of electrocatalytic nitrogen fix-
ation. By interfacing oxidoreductase enzymes to the solid electrode
surface, electron transfer between the enzyme and the electrode
can be finely tailored, resulting in bioelectrocatalysis (Milton and
Minteer, 2019). According to the pattern of electron transfer, it
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Fig. 8. Bioelectrocatalysis and redox-mediated electrocatalysis for NRR to NHs. (a) Schematic of direct bioelectrocatalysis with direct electron transfer. (b) Schematic of
mediated bioelectrocatalysis with redox-mediated electron transfer. E, S, M, red, and ox represent enzyme (or catalyst), substrate, mediator, reduced state, oxidized state,
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Table 1
Performance comparison of some representative NRR systems with the quantification method.

Catalyst/Electrode Electrolyte NH; Yield Faradaic Efficiency Ammonia Detection Method Reference
2D mosaic Bi nanosheet 0.1 M Na,SO,4 2.54 +0.16 pg cm 2h~! 10.46 + 1.45% Indophenol blue Li et al,, 2019a
@ —0.8 Vvs RHE @ —0.8 V vs RHE
Fragmented Bi nanoparticle 0.1 M Na,SO,4 3.25 £ 0.08 pg cm 2h! 12.11 +£ 0.84% Indophenol IC* NMR! Yao et al., 2020
@ —-0.7 Vvs RHE @ —0.6 V vs RHE blue
Bi nanocrystal 0.5 M K,S04 200 mmol g 'h™! 66% Nessler’s Ammonia kit NMR Hao et al., 2019
(0.052 mmol cm—2h~") @ —0.6 V vs RHE reagent
@ —-0.6 Vvs RHE
Ag nanotriangle 0.5 M K;S04 58.5 mgnus g;gl h! 25% Nessler’s Indophenol blue NMR Gao et al,, 2019
@ —-0.25 V vs RHE @ —0.25 V vs RHE reagent
Deposited Li/stainless-steel 1 M LiBF4/0.11 M EtOH/THF 0.410+0.038 pgcm 25 '@20mAcm 2  39.5 % 1.7% Indophenol NMR Cai et al., 2021
cloth @ —10 mA cm ™2 blue
Deposited Li/Copper 1 M LiBF4/0.1 M EtOH/THF 7.9 + 1.6 nmol cm 2 s~2 185 +£2.9% Indophenol NMR Lazouski et al.,
@ —15 mA cm 2 @ -8 mA cm 2 blue 2019
Boron-doped carbon paper/ 0.1 M HCl 287.2 +10.0 pg h™'mggt 54.5 +1.1% Indophenol NMR Liu et al,, 2021
exfoliated proton- @ —0.3 Vvs RHE @ —0.3 Vvs RHE blue
filtering COF
Activated B-rich COFs/NC 0.1 M KOH 12.53 pgh 'mg ! o 45.43% Indophenol NMR Liu et al., 2019
@ —0.2 V vs RHE @ —-0.2 V vs RHE blue
Fluorine doped tin oxide [Pe6.6,14][€FAP] on SSC: 14 mg m2h! on FTO: 60.0 = 0.6% Indophenol NMR Zhou et al.,
(FTO) glass/stainless /[Campyr][eFAP] @ —0.8 V vs NHE @ —0.8 V vs NHE blue 2017
steel cloth (SSC)
FeOOH/CNTs 0.16 %H,0/CH;0H 2625+73mgh 'mgot @ -1.2VvsAg/ 759 +4.1% Indophenol NH} ion selective NMR Ren et al., 2021
AgCl @ —1.2 V vs Ag/AgCl blue electrode
o-Fe@Fe30,4 Nanorod 0.16FPEE ~2.35 x 107" mol s~! cm 2 ~32% Indophenol Suryanto et al.,
/[Campyr][eFAP] @ —0.65 V vs NHE @ —0.65 V vs NHE blue 2018
Single-atom boron- 10 M LicCl (95204) x 100" mol s ' cm 2 @ 71 +1.9% Indophenol NMR Wang et al.,
decorated carbon —0.3 Vvs RHE @ —0.3 Vvs RHE blue 2021c
catalyst
Deposited Li/Mo foil (0.6 to 0.3 M LiClO,4 in THF with 1.0 vol%  EE*: 11.7 + 0.5% 78.0 + 1.3% Indophenol NMR Li et al., 2021b
0.8 mol% oxygen in 20-  EtOH @ —4 mA cm 2 @ —4 mA cm 2 blue
bar N,)
Li-ion conducting glass 1 M LiClO4/propylene carbonate  1.88 x 107° mol s~! cm™2 52.3% Indophenol NH} ion selective Kim et al., 2018
ceramic materials (PC) @ 1.39 mAh cm 2 @ 1.39 mAh cm2 blue electrode
Deposited Li/Ni substrate 1 M LiClO4/PC with 121 x 107° mol cm 2 57! 57.2% NMR Kim et al., 2019
1 wt% poly(methyl me- @ 0.83 mAh cm ™2 @ 0.83 mAh cm 2
thacrylate) (PMMA)
Deposited Li/SSC 1 M LiBF4/THF/0.11 M ethanol 30 + 5 nmol cm 257! 35+ 6% Indophenol NMR Lazouski et al.,
@ —-8.8 mA cm 2 blue 2020
Deposited Li/Cu (0.5-bar H, 0.2 M LiBF4/0.1 M [Pg66,14] 53 + 1 nmol cm 257! 69 +1% Indophenol NMR Suryanto et al.,
and 19.5-bar N,) [eFAP] solution in THF @ —22.5 mA cm 2 blue 2021
Deposited Li/HBTCu (20-bar 2 M LiClO4 in 99 vol% THF and 46.0 £ 6.8 nmol s~ cm™2 13.3 £ 2.0% Indophenol Li et al., 2022
N,) 1 vol% EtOH @ —100 mA cm 2 @ —100 mA cm 2 blue
FesMosC (0.7 MPa 1 M KOH 13.55 pg cm 2h~! 14.74% Indophenol NMR Cheng et al.,
pressurized) @ —0.025 V vs RHE @ —0.025 V vs RHE blue 2019
Rh single atom/Graphdiyne 5 mM H,S0,4 and 74.15 pg h™! cm™2 20.36% NMR Zou et al., 2020
(55 atm) 100 mM K3SO4 @ —-0.2 Vvs RHE @ —0.2 Vvs RHE
Ru/Carbon Black (GDEP) Diluted H,SO4/PBS 9.9 x 107" mol cm 257! 64.8% Indophenol NMR Wei et al., 2021
@ —0.1 Vvs RHE @ —0.1 Vvs RHE blue
VNg.700.45 (GDE) 0.05 M H,S04 33 x 107 mol cm 257! 6.0% Nessler’s NMR Yang et al.,
@ —-0.1 Vvs RHE @ —-0.1 V vs RHE reagent 2018
Ir/C and Au/C (GDE) 0.1 M KOH Ir/C: 43 x 100 molcm2s™' @ -02V  Au/C: 0.55% Nessler’s Nash et al.,
vs RHE @ —-0.2 V vs RHE reagent 2017
¢ EE: energy efficiency.
b

c

a

GDE: gas diffusion electrode.

IC: ion chromatography.

NMR: nuclear magnetic resonance.
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can be divided into direct and mediated bioelectrocatalysis (Fig. 8a
and b). For direct bioelectrocatalysis, the enzyme is typically
immobilized on the electrode surface, and the cofactor of enzyme
can transfer electrons with the electrode acting as either the source
or sink of electrons (Bollella and Katz, 2020). Contrastively, medi-
ated bioelectrocatalysis involves a redox species (i.e., small mole-
cule or redox polymer) to promote electrons shuttle between the
enzyme/cofactor and electrode (Kano and Ikeda, 2000). In the case
of nitrogenase, it includes a catalytic protein to reduce N, and an
electron-transferring reductase protein to deliver electrons for N,
fixation (Dong et al., 2020). By using methyl viologen (MV) to shut-
tle electrons between nitrogenase and electrode, N, reduction to
NH3 can be mediated at an electrode surface (Fig. 8c) (Milton
et al., 2017). This MV-mediated NRR bioelectrosynthetic experi-
ment can run for 1 h with a NH; yield of 2.1 + 0.5 pumol per mg
of MoFe protein at a FE of 58.8 + 6.1%.

Nowadays, such bioelectrocatalysis concept has been extended
to redox-mediated heterogeneous electrocatalysis for O, reduction
to H,0, (Murray et al., 2019), CO, reduction to CO (Li et al., 2021f;
Ren et al., 2019a, 2019b), and N, reduction to NH; (Wang et al.,
2021d). With a polyoxometalate (POM) as the redox mediator
and 1 %Fe-TiO, as the heterogenous catalyst, electrocatalytic NRR
can be shifted from the electrode surface to a separate catalyst
bed, rendering huge versatility in catalyst design, loading and gas
flow (Fig. 8d) (Wang et al., 2021d). The POM-mediated electrocat-
alytic NRR process has achieved a high current density of
100 mA cm~2, a high NH; yield of 5.0 pg cm2h~! and 61.0 ppm
NH3 accumulated in the electrolyte. Redox-mediated electrocat-
alytic NRR can also be realized by using tris(phosphine)borane
iron(I) as the molecular catalyst and decamethylcobaltocene as a
metallocene mediator (up to 6.7 equiv. of NH3 production per Fe)
(Chalkley et al., 2018).

Despite unique potentials, the redox-mediated electrocatalysis
is still confronted with great challenges (Chen et al., 2020b). It is
difficult to choose a universal mediator with a suitable electric
potential window for any system, and mediated catalysis systems
are usually unstable under extremely reductive potentials for large
current densities. Therefore, it is necessary to rationally design and
explore effective mediators and improve their long-term/on-site
stability and recyclability for electrocatalysis (Chalkley et al.,
2020).

5. Conclusion and outlook

The development of green NH3 production technologies repre-
sents a viable alternative to decarbonize and defossilize the pre-
sent SMR-HB process, help close the anthropogenic nitrogen
cycle, and convert intermittent renewable electricity to trans-
portable chemicals and fuels. Recent research in the field of
electrocatalysis-enabled nitrogen fixation shows both challenges
and chances (Table 1). As discussed in this Review, the roadmap
towards green NH;3 contains several progressive stages from
(SMR-HB + CCS) through (eH,0 + HB) to electrocatalytic NRR. To
enhance the electrocatalytic activity and selectivity and facilitate
the development towards practical application, we critically
assessed the challenges of NRR and highlighted several emerging
opportunities beyond catalysts design and ambient aqueous condi-
tions. For the (eH,0 + HB) route, additional work should be further
developed to improve the energy efficiency of water splitting and
innovate the HB synthesis loop to match with renewable sources
in flexible scales. For the direct electrocatalytic NRR route, a com-
bination of materials science and chemical engineering is very
likely the best way to design and develop more advanced green
NH3 synthesis approaches. Specifically, the development of elec-
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trocatalytic green NH3 production can be facilitated by further
efforts in the following aspects:

1) New material choices and effective interface engineering are
urgently demanded to improve the electrocatalytic activity
and selectivity towards NH3 production, which can be facil-
itated by DFT and machine learning prediction. With the
advance of in situ characterization tools (e.g., Raman, XRD,
FTIR, DEMS), interfacial behaviours and reaction mechanism
during NRR involving catalyst evolution, ions, electrolyte
and key intermediates could be figured out thoroughly.

2) The investigation of some new aspects beyond materials
science is believed to make breakthroughs in NRR, including
the use of non-aqueous electrolytes, the regulation of ion
effects, the design of Li-mediated pathway, and the opera-
tion under pressure and in flow cells. More work is required
to elucidate the functional mechanism and enhance the
durability of these emerging systems.

3) The exploration of other electrocatalytic nitrogen transfor-
mation reactions is beneficial for both green NH;5 synthesis
and nitrogen cycle closing, such as the oxidation of nitrogen
(or air) to nitrate and nitric oxide, as well as the reduction of
nitrate to NHz with substantially greater performance. Alter-
native catalysis processes, such as plasma catalysis, bioelec-
trocatalysis, redox-mediated electrocatalysis, and
photocatalysis offer new opportunities to address the chal-
lenge of N, activation and innovate the reaction process
design.

4) Rigorous, effective, and standardized experimental protocols
are prerequisite for the reliable development of green NH;
electrosynthesis due to the present low yield and ubiquitous
contaminations (Iriawan et al., 2021; Tang and Qiao, 2019).
Repeated and quantified isotope-labelled test coupled with
proper gas cleaning (e.g., acid trap, pre-catalysis) is the only
conclusive proof of electrocatalytic production (Andersen
et al., 2019).

5) More advanced ammonia separation and quantification
methods are essential for the non-aqueous NRR system.
The design of automatic and use-friendly separation and
analysis protocol creates more chances for studying and
comparing solvent effect in the NRR, and paves the way to
choosing the “best” one for future industrial-scale
applications.

6) The knowledge and know-how share between academia and
industry is also important to inspire new concepts and
strategies for enhanced electrocatalytic performance. It will
help bridge the fundamental advances in materials design
and mechanism understanding with the state-of-the-art
technological breakthroughs in reactor engineering and sys-
tem integration, leading to improved energy efficiency, eco-
nomic benefits, and practical feasibility.

Hopefully, with the combination of theoretical study, in situ
characterization, electrocatalyst design, operational condition reg-
ulation, reactor engineering, and various catalysis integration,
green NHs synthesis and the induced “ammonia economy” will
be achieved in the near future.
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In Situ Fragmented Bismuth
Nanoparticles for Electrocatalytic

Nitrogen Reduction
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3.1 Introduction and Significance

Electrochemical NRR provides a promising alternative to the energy-intensive H-B
process for green ammonia synthesis. However, the activity and selectivity of NRR
are highly limited by the large energy barrier for N, activation and competing
hydrogen evolution reaction. Among various electrocatalyst candidates, bismuth-
based materials have gained extensive attention owing to their unique electronic
structures and poor hydrogen evolution. However, the identification of real active
sites and reaction mechanism is still under debate due to potential-dependent
variation of structure and chemical states. To address this issue, we employed Bi-
based metal-organic framework (Bi-MOF) as the pre-catalyst to study the mechanism
of electrochemical NRR. Our work reveals the importance of monitoring and
optimizing both the electronic and geometry structures of electrocatalysts under real
NRR conditions towards higher activity and selectivity. The highlights of this work

include:

(1) In situ electrochemical reduction and fragmentation method was reported to
synthesize densely packed Bi’ nanoparticles (NPs) as highly active NRR
electrocatalysts. In 0.10 M Na,SO,, the in situ synthesized Bi NPs can achieve an
NH3 yield of 3.25 + 0.08 pg cm™ h™' at -0.7 V vs RHE and a Faradaic efficiency of
12.11 4+ 0.84 % at -0.6 V vs RHE.

(2) In situ Raman spectra was employed to investigate the structural reconstruction
and chemical transformation of Bi species during NRR. The Bi-MOF pre-catalyst
should be fully reduced to metallic Bi’ species and fragmented into nanoparticles

under NRR potentials more negative than —0.5 V vs RHE.
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(3) Online DEMS was employed to monitor the real-time products and intermediates
during NRR. NH; and N,H, were unambiguously detected, which suggested a new

NRR pathway through two-step reduction and decomposition (N, = N,H, — NH,).

(4) In-depth understanding of the activity origin of Bi-based NRR electrocatalysts.
Combing the in situ characterizations and electrochemical evaluations, the zero-
valent Bi’ is identified as the active species, and the fragmented nanostructure is
important to enhance the activity and selectivity due to enriched edge sites and space

confinement effect.

3.2 In Situ Fragmented Bismuth Nanoparticles for

Electrocatalytic Nitrogen Reduction

This chapter is included as it appears as a journal paper published by Dazhi Yao,
Cheng Tang, Laiquan Li, Bingquan Xia, Anthony Vasileff, Huanyu Jin, Yanzhao
Zhang and Shi-Zhang Qiao. In situ fragmented bismuth nanoparticles for

electrocatalytic nitrogen reduction, Adv. Energy Mater. 2020, 10, 2001289.
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The electrochemical nitrogen reduction reaction (NRR) is a promising
alternative to the energy-intensive Haber—Bosch process for ammonia
synthesis. Among the possible electrocatalysts, bismuth-based materials
have shown unique NRR properties due to their electronic structures and
poor hydrogen evolution activity. However, identification of the active sites
and reaction mechanism is still difficult due to structural and chemical
changes under reaction potentials. Herein, in situ Raman spectroscopy,
complemented by electron microscopy, is employed to investigate the
structural and chemical transformation of the Bi species during the NRR.
Nanorod-like bismuth-based metal-organic frameworks are reduced in
situ and fragment into densely contacted Bi® nanoparticles under the
applied potentials. The fragmented Bi® nanoparticles exhibit excellent NRR
performance in both neutral and acidic electrolytes, with an ammonia yield
0f3.25+0.08 pgcm 2 h™'at 0.7 V versus reversible hydrogen electrode
and a Faradaic efficiency of 12.11 £ 0.84% at —0.6 V in 0.10 M Na,SO,. Online
differential electrochemical mass spectrometry detects the production of
NH; and N;H, during NRR, suggesting a possible pathway through two-
step reduction and decomposition. This work highlights the importance of

(NRR) under ambient conditions and pow-
ered by renewable electricity.>””) However,
the electrochemical NRR suffers from
poor activity and selectivity, mainly owing
to: 1) a large energy barrier for activating
and breaking the strong N=N triple bond,
2) sluggish reaction kinetics and a complex
reaction pathway involving six proton-
coupled electron transfer steps, and; 3) the
competing hydrogen evolution reaction
(HER) on nearly all metal-based catalyst
surfaces in aqueous systems.® There-
fore, it is crucial to find potential NRR
electrocatalysts with high activity and
selectivity.

Among the various reported NRR elec-
trocatalysts (e.g., noble metals, transition
metal compounds, heteroatom-doped
carbon, and single-atom catalysts),1012-21]
bismuth (Bi)-based materials are very
attractive for both electrochemical and
photocatalytic nitrogen reduction due to

monitoring and optimizing the electronic and geometric structures of the

electrocatalysts under NRR conditions.

Artificial nitrogen fixation to ammonia (NHj;) is one of the most
fundamental technologies for the sustainable development of
modern society given that NHj; is used as a nitrogen source in
agricultural fertilizers, a chemical feedstock for many indus-
trial processes, and a high-energy-density carrier for renew-
able hydrogen.*? Currently, the industrial production of NH;
remains highly dependent on the capital-, energy-, and emis-
sion-intensive Haber-Bosch process. To achieve green and sus-
tainable production of NH3, extensive research has been devoted
to investigating the electrochemical nitrogen reduction reaction
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their unique electronic structures.[??~24
These materials include: amorphous
Bi,V,011/CeO, hybrid,*® vacancy-rich
BiVO,,1?°l Bi nanosheets 28 defect-rich
Bi (110) nanoplates,?! Bi nanodendrites,
and ultrathin porous BisO;I nanotubes.?! The Bi 6p band can
provide localized electrons for back-donation to the 7* anti-
bonding orbitals of adsorbed N, molecules, enabling efficient
activation and reduction.%2331 The semiconducting Bi can also
effectively suppress the HER due to the high free energy barrier
for hydrogen adsorption and limited electron accessibility on
its surface.'"?732 Both experimental evaluations and theoretical
studies have shown that the oxygen vacancies in bismuth com-
pounds and the defective edges in bismuth metal structures
are the active NRR sites.?>?%] However, considering the pos-
sible reduction and reconstruction of Bi-based nanomaterials
which occur during NRR conditions, a comprehensive view of
the activity origin on these materials is still lacking.l?33 This
transformation could be responsible for the resultant electro-
chemical activity, but highly limits the accuracy and reproduc-
ibility of NRR performance tests and hinders the identification
of the active sites.

Recent advances in in situ/operando studies have provided
profound insight into the crucial role of the potential-driven
changes to morphology, crystal structure, and chemical state
during electrochemical oxidation or reduction reactions.?*3% A
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well-known case study is that of oxide-derived copper (OD-Cu),
which shows significantly higher activity and C,, selectivity
in CO, electroreduction compared to copper itself.[>>%¢ Some
groups have demonstrated that the presence of a small amount
of subsurface oxygen or residual Cu,0O phase in OD-Cu could
increase CO binding energy and favor C—C coupling.?”38
Others have shown that the oxide precursors are fully reduced
to metallic Cu’, but fragment into densely contacted nano-
particles during reaction.?*] Consequently, abundant grain
boundaries and high-index facets are formed which can facili-
tate C—C coupling.?**) Other oxide-derived materials like
OD-Au*l and OD-Ag*?! have also been successfully employed
for CO, electroreduction. Compared with polycrystalline Au
and Ag, OD-Au and OD-Ag could effectively increase the sta-
bilization of CO,"~ or COOH" intermediates on their surfaces
and thus enhance activity and selectivity. Analogously, moni-
toring and identifying the real surface structure and chemical
state of Bi-based materials under NRR conditions is of great
importance to establish a definitive correlation between struc-
ture and performance. It can accelerate the comprehensive
understanding of the reaction mechanism, and provide more
accurate design principles for the rational development of
Bi-based NRR electrocatalysts.

In this work, we employed a Bi-based metal-organic frame-
work (Bi-MOF) as the precursor (precatalyst) to study the
mechanism of electrochemical NRR. Under the applied nega-
tive potentials, the Bi-MOF was reduced to metallic Bi° species
and the nanorod morphology fragmented into densely packed
nanoparticles (NPs). In situ Raman spectroscopy was used to
investigate the chemical and structural transformation of the Bi
species during the NRR, which was complemented by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The electrochemical NRR performance was evalu-
ated in both neutral and acidic conditions. Ammonia was quan-
titatively determined by UV-vis spectroscopy and ion chroma-
tography (IC), and was confirmed with N, isotope-labeling
tests. In addition, online differential electrochemical mass spec-
trometry (DEMS) was employed for in situ mass-resolved deter-
mination of volatile electrochemical reaction intermediates and
products, which confirmed the NRR activity and identified the
reaction pathway on zero-valent bismuth catalysts.

The Bi-MOF was synthesized using a modified solvo-
thermal reaction between BiOI nanosheets and trimesic acid
(H3BTC).[**l SEM and TEM images show that the as-synthe-
sized Bi-MOF exhibits a nanorod-like structure with an average
length of =~4 um and width of =100 nm (Figure 1a; and Figure S1,
Supporting Information). The X-ray diffraction (XRD) patterns
are indexed to CAU-17 [Bi(BTC)(H,0)] with some character-
istic diffraction peaks of residual BiOI precursors (Figure S2,
Supporting Information). The utilization of ultrathin BiOI
nanosheets as precursors is essential for the successful syn-
thesis of the nanosized Bi-MOF.J Although the Bi—O bonds
in the Bi-MOF are stable in the presence of water,*}! they are
likely reduced and reorganized during NRR tests due to the
large cathodic potential and solvent-assisted ligand exchange
effect.?#! Figure S3 (Supporting Information) shows the cyclic
voltammograms of Bi-MOF recorded in N,-saturated 0.10 M
Na,SO,. The broad reduction peak in the first cathodic sweep
is ascribed to the poor conductivity of the Bi-MOF and the high
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energy barrier to initiate the structural disassembly. This phe-
nomenon also coincides with the electrochemical impedance
spectrum results (Figure S4, Supporting Information), where
Bi-MOF exhibits a large charge-transfer resistance (R, = 1233 Q).
After 20 cycles, the cyclic voltammetry (CV) curves become
stable with a pair of redox peaks between 0 and —1.0 V versus
reversible hydrogen electrode (RHE), indicating the transforma-
tion of Bi-MOF to another steady Bi species, which is identified
as metallic Bi’ NPs by microscopy and spectroscopy characteri-
zations. SEM images of the precatalyst-loaded electrode clearly
confirm the transformation of the nanorod structure of Bi-MOF
into nanoparticles after consecutive CV treatments (Figure 1b;
and Figure S5a, Supporting Information). TEM images show
that these nanoparticles are formed from much smaller
nanoparticles with an average size of =5 nm (Figure 1c; and
Figure S5b,c, Supporting Information). These crystalline
nanoparticles exhibit clear lattice fringes with a spacing of
0.373 nm corresponding to the Bi (101) facet (inset of Figure 1c),
which is consistent with the XRD patterns. All the XRD peaks
assigned to the Bi-MOF disappear after electrochemical reaction,
and the newly generated peaks can be indexed to rhombohedral
Bi (JCPDS No.44-1246). Other peaks in the diffraction pattern
are related to the carbon paper substrate (Figure S2, Supporting
Information). Compared to the Bi-MOF precatalyst, the in situ
obtained Bi NPs exhibit a much smaller charge-transfer resist-
ance (R, = 18.58 Q), which is beneficial for the electrocatalytic
NRR process.6-48]

To gain insight into the structural and chemical conversion of
the Bi species, in situ Raman spectroscopy was used to monitor
the electrochemical reduction process. A screen-printed elec-
trode coated with Bi-MOF was studied under a thin electrolyte
film (N,-saturated 0.10 m Na,SO,). As displayed in Figure 1d,e,
two pronounced bands can be observed at 86 and 152 cm™ for
the Bi-MOF sample at —0.1 V versus RHE, which are slightly
shifted compared with the bulk Bi-MOF material (Figure S6a,
Supporting Information). When the applied potential is stepped
negatively from —0.1 to —0.3 V  versus RHE, the bands at
86 and 152 cm™ decrease in intensity, and two weak bands
appear around 69 and 93 cm™, which can be assigned to the E,
and Ay stretching modes of Bi—Bi bonds.***) When potentials
more negative than —0.5 V versus RHE are applied, the initial
three bands disappear, and the bands around 69 and 93 cm™
both increase in intensity, confirming the complete transforma-
tion of the Bi-MOF to metallic Bi® NPs. Note that the E, and
Ay stretching modes of Bi—Bi bonds may shift with changes
of morphology, such as a redshift of E, mode from 69 cm™ for
nanoparticles to 71 cm™ for nanosheets.[”#)l Therefore, by com-
bining the in situ Raman spectroscopy results with the SEM,
TEM, and XRD characterizations, we can conclude that the
Bi-MOF nanorods undergo significant structural rearrangement
and chemical change to Bi NPs during electrochemical reduc-
tion (Figure 1f). The in situ reduced metallic Bi’ is found to be
the dominant Bi species on the electrode for electrochemcial
NRR under potentials more negative than —0.5 V versus RHE.

The electrochemical NRR performance of the Bi NPs
was evaluated using a two-compartment gas-tight H-cell
under ambient temperature and pressure. The anodic and
cathodic chambers were each filled with 30 mL of electrolyte,
and separated by a pretreated proton-exchange membrane
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Figure 1. Characterization of in situ transformation from Bi-MOF to Bi NPs. a) TEM image of Bi-MOF. b) High-resolution SEM image and c) TEM
images of Bi NPs obtained after in situ reduction. d,e) In situ Raman spectra of the catalyst immersed into a thin electrolyte film with applied potential
from —0.1to —1.1V versus RHE. f) Schematic diagram for the in situ electroreduction-derived transformation from nanorods to nanoparticles.

(Nafion 117). Ultrahigh-purity N, gas (99.999%) was first purged
into the cathodic chamber for 20 min and then constantly
bubbled (20 mL min™!) throughout the whole electrolysis pro-
cess. Magnetic stirring at 500 rpm was applied in the cathodic
chamber to facilitate mass transfer. Two consecutive acid traps
(5 mL of 0.05 m H,SO, in each) were linked to the cathodic
chamber to collect ammonia in the off-gas. The Bi-MOF precata-
lyst was loaded onto carbon paper at a loading of =0.5 mg cm™,
and electrochemically reduced by a 20-cycle CV treatment in
N,-saturated 0.10 m Na,SO, (Figure S3, Supporting Informa-
tion). In the initial study of NRR activity, we first evaluated the
polarization curves of in situ reduced Bi NPs. Linear sweep vol-
tammetry was employed with a scan rate of 5.0 mV s in N,
or Ar saturated 0.10 M Na,SO, (Figure S7, Supporting Informa-
tion). The reduction current density below —0.6 V versus RHE
in N, is slightly larger than that in Ar, implying that the Bi NPs
may catalyze the reduction of N,. The electrochemical NRR per-
formance of the in situ synthesized Bi NPs was further evalu-
ated by 1 h chronoamperometry tests under different potentials
(from —0.4 to —0.9 V vs RHE) in Nj-saturated 0.10 M Na,SO,
aqueous solution. The electrolyte for the first cycle (20 CV
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scans and 1 h electrolysis) was discarded to exclude any possible
preabsorbed ammonia contamination for each newly prepared
electrode. Figure 2a displays the chronoamperometry curves
at different applied potentials. The current density increases
significantly when the applied potential shifts from —0.4 to
—-0.9 V versus RHE. After electrolysis at a given potential, the
produced ammonia in the anodic chamber, cathodic chamber,
and acid traps was quantitatively determined by the indophenol
blue method. The standard curves for ammonia concentration
in 0.10 m Na,SO, and 0.05 M H,SO, are shown in Figures S8
and S9 (Supporting Information). The UV-vis absorption
spectra obtained for each potential are displayed in Figure S10
(Supporting Information). As shown in Figure 2b and Figure
S10d (Supporting Information), the in situ synthesized Bi NPs
achieve a maximum NHj yield of 3.25 + 0.08 ug cm™ h™' at
—0.7 V. versus RHE and maximum faradaic efficiency (FE) of
12.11 + 0.84% at —0.6 V versus RHE, which are comparable
with previously reported bismuth catalysts (Table S1, Sup-
porting Information).?5-3%51-531 N,H, cannot be detected in
the electrolytes after 1 h electrolysis by the Watt and Chrisp
method (Figures S11 and S12, Supporting Information). The
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Figure 2. Electrochemical NRR performance in 0.10 m Na,SO,. a) Chronoamperometry responses of Bi NPs at different applied potentials in N,-sat-
urated 0.10 M Na,SO,. b) Ammonia yield and Faradaic efficiency of Bi NPs at different potentials. c) Stability test for 10 cycles at -0.7 V versus RHE.
d) UV-vis spectra of cathodic electrolytes stained with indophenol indicator for control tests and e) for NRR tests with different electrolysis time.
f) 'TH NMR spectra of both “NH,* and "NH,* produced from NRR (at —0.7 V vs RHE) using N, and ®N, as the nitrogen source, respectively. NMR
responses (y-axis) for standard samples (*NH,Cl and *NH,Cl) were shrunk by 20 fold numerically. Ammonia yields determined in the anodic chamber,
cathodic chamber, and acid trap in panel (b) were omitted for clarity but the details can be found in Figure S10 (Supporting Information).

electrocatalytic stability of the Bi NPs was evaluated by consecu-
tive cycling tests at 0.7 V' versus RHE without changing the
electrode and Nafion membrane. The NH; yield and FE only
slightly fluctuate during 10 tests (Figure 2c; and Figures S13
and S14, Supporting Information). No obvious variations in
the morphology and size of the Bi NPs is observed after long-
term NRR tests (Figure S15, Supporting Information), further
revealing their high stability for electrochemical NRR.

The electrochemical reduction of N, to NH; on Bi NPs was
unambiguously confirmed by a series of control tests, observed
product accumulation, and isotope labeling tests. As shown in
Figure 2d, negligible ammonia is detected in the freshly pre-
pared electrolyte, electrolysis at —0.7 V in Ar-saturated elec-
trolyte (—0.7 V in Ar), Bi NPs under open circuit potential in
N,-saturated electrolyte (OCP in N,), and electrolysis with bare
carbon paper in N,-saturated electrolyte. Further, accumula-
tion of ammonia concentration is observed in the cathodic
chamber over 4 h of electrolysis in N,-saturated electrolyte at
—0.7 V versus RHE (Figure 2e). Isotope labeling experiments
and 'H NMR spectroscopy demonstrate that an obvious dou-
blet around 72 ppm (J = 72 Hz) assigned to "NH,* can be
detected using N, (98 at% 1N, CAS: 29817-79-6) as the feed
gas (Figure 2f). A very weak but identifiable triplet (J = 52 Hz)
assigned to *NH," can also be observed, which is most likely
due to trace contamination in the electrolyte and N, gas.*5>4
However, the integration of peaks for "NH,* is nearly four
times that of “NH,* (Figure S16, Supporting Information),
and the triplet obtained during N, tests is significantly lower
than that obtained during N, tests (Figure 2f). Therefore, we
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confirm that the ammonia product originates from the electro-
chemical reduction of N, on the Bi NPs.

To study the pH effect on NRR performance, we also eval-
uated the Bi NPs in 0.05 m H,SO, (Figure S17, Supporting
Information). In this case, both the indophenol blue method
with UV-vis spectroscopy and IC were performed to quantify
the ammonia concentration (Figures S18-S20, Supporting
Information). IC technique is very attractive for the quantita-
tive detection of ammonia due to its high sensitivity, low detec-
tion limit, fast response, and low-cost in operation,”>°¢ but the
NH,* signal can be interfered by the high Li* and Na* signals
in common neutral electrolytes. In 0.05 m H,SO,, the peak
with a retention time of 9.7 min is assigned to NH,*, and its
peak area is linearly correlated with the concentration of NH,*
(Figure S19, Supporting Information). As shown in Figure 3a,
results from these two quantitative methods have an accept-
able relative error (<10%). It meets the requirement of instru-
mental analysis and confirms the reliability of the indophenol
blue method. When compared with that in the neutral electro-
lyte, a similar trend of NHj yield in the potential range from
—-0.4 to —0.9 V versus RHE is achieved, with the highest NH;
yield of 3.03 £ 0.03 ug cm™ h! occurring at 0.7 V versus
RHE (Figure 3a). However, the FE in acid decreases dramati-
cally when the potential is more negative than —0.4 V versus
RHE (Figure 3b), and the value at —0.7 V versus RHE is only
1.42 £ 0.21%, which is nearly one magnitude lower than that in
neutral. Norskov and co-workers revealed that the rate of NRR
is zeroth order in electron and proton concentrations, while
the rate of HER is first order in both.™ Thus, the HER activity
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Figure 3. Electrochemical NRR performance in 0.05 M H,SO,. a) Ammonia yield at different potentials determined by indophenol blue method and I1C
technique, respectively. b) Faradaic efficiency comparison for Bi NPs at different potentials in 0.05 m H,SO4 and 0.10 M Na,SO,, respectively. c) HER
current density of Bi NPs in Ar-saturated 0.10 M Na,SO, and 0.05 m H,SO, at the scan rate of 50 mV s™. d) IC responses of cathodic electrolytes for
control tests and e) for NRR tests with different electrolysis time. f) IC responses of cathodic electrolytes for 10-cycle NRR tests at —0.7 V versus RHE

in 0.05 M H,SO,.

will be significantly enhanced due to the abundant electrons
and protons in acid, as confirmed by the cathodic polarization
curves of Bi NPs in Ar-saturated 0.10 m Na,SO4 and 0.05 M
H,SO, (Figure 3c). Rigorous control tests, product accumula-
tion, and stability were also investigated in the acidic electro-
lyte, and the obtained ammonia was quantified by IC. Only
trace amounts of ammonia is detected in the freshly prepared
electrolyte, and no obvious increase is observed in all of the
control experiments (Figure 3d). It is consistent with results
in the neutral electrolyte determined by the indophenol blue
method (Figure 2d). The peak area generally increases with
electrolysis time (Figure 3e), and remains nearly constant for
10 cycling tests at —0.7 V versus RHE (Figure 3f; and Figure S21,
Supporting Information). Therefore, the in situ synthesized Bi
NPs are also stable and active for electrochemical NRR in acidic
conditions. However, the pH of the electrolytes should be care-
fully selected to optimize selectivity.

The electrochemical NRR process was further investigated by
online DEMS to monitor the volatile intermediates and prod-
ucts (Figure 4a, see the Experimental Details in the Supporting
Information).’”->% The DEMS measurements were carried out
in a thin layer flow cell without separation between the cathodic
and anodic chambers. To rigorously identify the mass-to-charge
ratio (m/z) signals, the standard mass spectra of all possible spe-
cies (NH3, O,, Ny, H,0, N,H,) are provided in Figures S22-S26
(Supporting Information). As summarized in Table S2 (Sup-
porting Information), the existence of m/z signals at 27, 30, 31,
and 33 can be attributed exclusively to the formation of N,H,,
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and the signal at 15 can be assigned to either NH; or N,H,.
Figure 4b and Figure S27 (Supporting Information) record the
typical online DEMS results of Bi NPs under —0.7 V  versus
RHE in Nj-saturated 0.10 M Na,SO,. The absence of m/z sig-
nals at 27, 31, and 33 indicates that no featured fragments from
N,H, are detected, which is also supported by the Watt and
Chrisp method (Figure S12, Supporting Information). Thus,
the obvious m/z signal at 15 confirms the formation of NHj3 in
the products. In contrast, no ammonia-related fragments can
be detected when Ar is used as the feed gas, and all the sig-
nals are assigned to H,O in the electrolyte and O, generated
on the anode (Figure S28, Supporting Information). Figure 4c
shows that the intensity (colored area) of the m/z signal at
17 (NHj;) varies with the applied voltage, and the highest value
is achieved at —0.7 V versus RHE, in good accordance with
the electrochemical results obtained in the H-cell (Figure 2b).
Although m/z at 17 may arise from evaporated water, the frag-
ment from water does not vary with potential. Therefore, we
reasonably assume that the NRR process can be tracked using
an m/z of 17. Further, the ion current shows a time-dependence
when a negative potential is applied to the catalyst in Nj-satu-
rated electrolyte. As shown in Figure 4d, the integrated ion cur-
rent increases with electrolysis time, while there is an absence of
signal when the potential was not applied. Also note that the m/z
signal at 30 during the NRR is weak but recognizable (2 x 107,
Figure S27, Supporting Information), indicating the presence
of N,H,.Pl Recently, Shao and co-workers detected a N,H,
(0 < x <2) intermediate of the NRR on Rh by surface-enhanced
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Figure 4. Online DEMS investigation. a) Schematic illustration of the DEMS technique for the real-time detection of volatile intermediates and products
during NRR. b) Mass spectra obtained during NRR tests with Bi NPs at —0.7 V versus RHE in N,-saturated 0.10 m Na,SO,. c) lon current responses
of the m/z signal at 17 at different reaction potentials and conditions. d) lon current responses of the m/z signal at 17 for different NRR test time at
—0.7 V versus RHE in Nj-saturated 0.10 m Na,SO,. e) Possible reaction pathways of NRR on the surface of Bi NPs.

infrared absorption spectrometry (SEIRAS) and DEMS, and
proposed a new two-step reaction pathway for NRR.*”! Analo-
gously, the possible reaction pathway for NRR on the Bi surface
is proposed and illustrated in Figure 4e. In this pathway, the
absorbed N, molecule on edge or defective sites first reduces to
N,H,* by a two-electron transfer process. This is then followed
by its desorption and decomposition in the electrolyte to form
NH; (3N,H, — 2NH; + 2N,).’>% However, the possibility of
the distal associative pathway cannot be completely ruled out,
which involves the sequential hydrogenation on the outer N
atom, release of one NHj, and continuing hydrogenation for
another NH; molecule.?”]

In conclusion, we utilized electrochemical reduction to fab-
ricate zero-valent metallic bismuth nanoparticles (Bi NPs) in
situ from a Bi-MOF for electrochemical NRR under ambient
conditions. The structural reconstruction and chemical trans-
formation of the bismuth species during electroreduction
was investigated by in situ Raman spectroscopy for the first
time. The MOF-derived Bi NPs are densely assembled from

Adv. Energy Mater. 2020, 10, 2001289

nanosized crystalline nanoparticles (=5 nm) and achieve signif-
icant activity and stability for the electrochemical NRR in both
neutral and acidic conditions. In 0.10 M Na,SO,, the in situ syn-
thesized Bi NPs achieve an NH; yield of 3.25 + 0.08 g cm™2 h™!
at—0.7 V versus RHE and a FE 0f 12.11 + 0.84% at —0.6 V versus
RHE. In 0.05 M H,SO,, the NHj; yield achieved is similar, but
the FE decreases by an order of magnitude due to the much
higher HER activity in acid. The online DEMS study detects
the production of NH; and N,H, during the NRR, which sug-
gests an associative pathway is a possible NRR mechanism
on the bismuth surface. The in situ investigation of both the
material and reaction products in this work confirms that
metallic bismuth (Bi%) is active for electrochemical NRR. This
work demonstrates the importance of studying the potential-
dependent transformations of precatalysts, either intentionally
via pretreatment processes or incidentally during in situ reac-
tions, which may affect the reproducibility of electrochemical
tests and alter the resulting performance. It is anticipated that
this work will provide new insight and strategies for material
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design, catalyst monitoring, and reaction pathway study in this
field, and ultimately benefit the development of electrochemical
ammonia synthesis.

Supporting Information

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

Materials and chemicals. Acetic acid (CH3COOH), ammonia chloride (NH4Cl, 99.998%),
ammonium-N chloride (**NH4Cl, >98 at. % °N, >99% CP), bismuth (l11) chloride (BiCls, >98%)),
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide-ds (ds-DMSQO), methanol
(anhydrous, 99.8%), deuterium oxide (D.O, SKU-293040, 99.9 at. % D, contains 0.75 wt. % 3-
(trimethylsilyl)propionic-2,2,3,3-ds acid, sodium salt), ©®N, (98 at. % °N, CAS: 29817-79-6),
potassium  sodium  tartrate  (NaKC4HsO¢ 4H20), para-(dimethylamino)  benzaldehyde
((CH3)2NCgH4CHO, 99%), potassium iodide (KI, > 99.5%), sodium hydroxide (NaOH, anhydrous
pellets, >98%), sodium nitroferricyanide (CsFeN6Na20O, > 99%), sodium hypochlorite (available
chlorine 10-15 %), sulfuric acid (H2SOa4, ACS reagent, 95.0-98.0%), trimesic acid (Benzene-1,3,5-
tricarboxylic acid, HsBTC), and sodium salicylate (S3007, > 99.5%) were purchased from Sigma-
Aldrich Chemical Reagent Co. Ltd. Isopropanol, sodium hydroxide and sodium sulfate (AR,
Anhydrous Powder) were ordered from Chem-Supply Pty. Ltd. Carbon paper and Nafion 117
membrane (Dupont) were purchased from Fuelcell store. Ultra-high purity Nitrogen (99.999%) and
Argon (99.999%) were supplied from BOC gas, Australia.

Synthesis of bismuth oxyiodide (BiOI) nanosheets. BiCls (0.2 mmol) 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 Kl solution. Then,
the pH of the above mixture solution was adjusted to 6 using 1 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 h. The final product (BiOIl nanosheets) was collected by centrifugation, washing by deionized water

and freezing drying.

Synthesis of bismuth-based metal-organic frameworks (Bi-MOF). In a typical procedure, 0.339 g
BiOl nanosheets and 0.6 g HsBTC were dissolved in 15 mL of DMF and 5 mL of methanol at room
temperature and stirred for 30 min. Then, the dispersion was transferred into the 50 mL Teflon-lined
autoclave and heated at 120 °C for 3 h. The obtained salmon pink powder was collected by
centrifugation and washing with methanol several times to remove the solvent. Finally, the product

was dried in an oven at 60 °C for 12 h.

Pretreatment of Nafion 117. 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 H2SO4 for 3 h and deionized water for another 1h.

In situ formation of Bi NPs from Bi-MOF precatalysts. 10 mg of Bi-MOF was dispersed in 960 puL
of mixed solvent (Visoproponal:Vwater = 1:2) with the addition of 40 uL of 5 wt% Nafion. The dispersion
was vigorously sonicated for 6 h to form a homogenous ink. The ink was drop-casted onto a 1 %<1

cm? polytetrafluoroethylene (PTFE)-coated carbon paper to reach a precatalyst loading of 0.5 mggi-
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mor CM~2. The in situ electroreduction of Bi-MOF to Bi NPs was achieved by 20-cycle consecutive
cyclic voltammetry (CV) scans from 0 to —1.0 V vs reversible hydrogen electrode (RHE) in 0.10 M
Na>SO4 with a scan rate of 50 mV s,

Characterization. Field-emission scanning electron microscopy (SEM) images were collected on a
FEI QUANTA 450 electron microscope. The transmission electron microscopy (TEM) images were
collected on a Philips CM 200 transmission electron microscope operated at 200 kV. X-ray powder
diffraction (XRD) patterns were obtained using a Rigaku MiniFlex 600 X-Ray Diffractometer with
Co Ka radiation. The absorbance data of spectrophotometer were collected on SHIMADZU UV-2600
ultraviolet-visible (UV-Vis) spectrophotometer. Raman data were collected on a HORIBA LabRAM
HR Evolution spectroscopy using a 100 X objective lens and 532 nm laser as the excitation
wavelength. For in situ Raman test, a screen-printed electrode coated with Bi-MOF was immersed
into a thin electrolyte film (N2-saturated 0.10 M Na>SOs). Each spectrum was collected for 60 s (20
s for each exposure time and 3 times for accumulation) with the potential applied from —0.1 to —1.1
V vs RHE.

Electrochemical experiment. Electrochemical NRR performance was evaluated in a gas-tight
standard three-electrode H-cell with the cathodic and anodic compartments separated by a Nafion
117 membrane. A graphite rod and saturated Ag/AgCl electrode served as the counter and reference
electrodes, respectively. All experiments were carried out at room temperature (25 <C). Potentials (E)
in this study were calibrated to the RHE reference scale by E (V vs RHE)=E (V vs saturated
Ag/AgCl)+0.0591 x pH+ 0.197. Before electrolysis, the electrolyte was purged with ultrahigh-
purity N2 (99.999%) for 20 min to ensure the removal of residual air in the reaction system. During
electrolysis, high-purity N2 was continuously fed into the cathodic compartment with magnetic
stirring (500 rpm). An acid trap was connected with the cathodic chamber with two 10 mL clean PP
tubes with 5 mL of 0.05 M H>SOg in each tube. The electrolyte of the first cycle (20 CV scans and 1
h electrolysis) was discarded to exclude any possible pre-absorbed ammonia contamination for each
newly prepared electrode. For comparison, electrolysis tests were also conducted in high-purity
(99.999%) Ar-saturated electrolyte under the same experimental conditions. Current densities were
normalized to the geometrical area of the electrodes. AC Impedance technique was employed to study
the electrochemical impedance spectra of Bi-MOF and Bi NPs. The range of frequency was set from
100 mHz to 1000 Hz. The stability test was performed by replacing the electrolyte every 1 h without
changing the electrode and Nafion membrane.

15N, isotope-labelled experiments. Isotope labelling tests were conducted using °N; as the feed gas.
After electrolysis for 2 h at —0.7 V vs RHE in 0.10 M Na»SO4 solution with a flow rate of 5 sccm, the
obtained °®NHa"* electrolyte was acidified to a pH of 1-2. Then, 125 pL of the acidified electrolyte
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was mixed with 125 pL of D20 and 750 uL of ds-DMSO and then determined by *H nuclear magnetic
on a Bruker Ascend 600 MHz system with water suppression.

Quantification of NHz by indophenol blue method. All test solutions (electrolytes in cathodic and
anodic compartments, acid trap, standard solutions) were incubated with indophenol blue indicator at
25 °C for 1 h before UV-Vis tests. The absorbance at 650 nm for each solution was collected with a
UV-vis spectrophotometer (SHIMADZU, UV-2600). A series of standard solutions with suitable
NH4ClI concentration diluted with 0.10 M Na2SO4 or 0.05 M H2SO4 were prepared and tested to plot
a calibration curve. The concentrations of ammonia in the test solutions were calculated directly from

the calibration curve for each pH value, respectively.

Indophenol blue indicator is prepared by mixing three reagents. 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. For UV-Vis absorbance measurement, 2 mL of chromogenic reagent
(A), 1 mL of oxidizing solution (B) and 0.2 mL of catalysing reagent (C) was added to the vial which
contained 2 mL of the test solutions. After mixed it up and incubation for 1 h, the concentration of

the produced indophenol blue was measured using UV-Vis absorbance spectrophotometer.

Quantification of hydrazine. Watt and Chrisp method were employed to quantify the possible
hydrazine. 2.0 g of para-(dimethylamino)benzaldehyde was dissolved in a mixture of 10 mL of
concentrated HCI and 100 mL of ethanol. After mixing with the chromogenic reagent in the resulting

electrolyte, concentration of hydrazine was determined according to the absorbance at 460 nm.

Quantification of NHz with ion chromatograph. The amount of ammonia produced in acid
electrolytes was also measured by ion chromatograph (Thermo-Fisher DIONEX Integrion HPIC).
The test procedure followed the standard operation procedure provided by the vendor. Briefly, 25 pL
of the resultant electrolyte was injected into the chamber for separation. Dilution factor was set as
1.0000 and average step was 0.2 s. Delivery speed was 4.0 mL min~* and running time for each sample
was 30 min. The peak appeared at a retention time of 9.7 min was assigned to NH4*, and the peak

area was calculated for calibration with a series of standard solutions.

Calculation of NH3 yield and Faradaic efficiency. The ammonia formation rate was determined
using the following equation: r(NHz) = (c xV) / (t <A), where c is the measured NH3 concentration,
V is the volume of the electrolyte or acid trap, t is the reaction time, and A is the geometric area of the
working electrode. The Faradaic efficiency was calculated as follows: FE = (3F x<c xV) /(17 xQ),
where F is the Faraday constant (96485 C mol™), ¢ is the measured NHs concentration, V is the

volume of the electrolyte or acid trap, and Q is the total charge used for the electrodes. The total
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ammonia production was calculated as the summary of the ammonia products in cathodic chamber,

anodic chamber, and also in-line acid traps.

Online differential electrochemical mass spectra (DEMS). The DEMS data were collected on the
QAS 100 by Linglu Instruments (Shanghai) Co. Ltd. to perform online analysis of gas. The
measurements were carried out using a thin layer flow cell, which permitted experiments under
controlled and continuous mass transport conditions. The volatile or the dissolved gaseous products
were evaporated in the high vacuum of a prechamber, and the remaining species were directed to a
main chamber, where the sample was analyzed by a commercial quadrupole mass spectrometer
(Pfeiffer Prisma). The working electrode was prepared by depositing the electrocatalyst ink on a
carbon paper with a loading around 0.5 mg cm2. The electrode was separated from the porous PTFE
membrane (Gore-Tex) by a 100 um thick PTFE spacer. The saturated Ag/AgCl electrode was
positioned in the electrolyte inlet as the reference electrode. The Pt wire was positioned in the
electrolyte outlet as the counter electrode. Amperometry method was employed and potential applied
was between —0.7 and —0.9 V vs RHE. N2 and Ar were continuously purged during the experiment
and 0.10 M Na>SO4 was chosen as the electrolyte. There was no separation between the cathodic and
anodic chambers in the three-electrode system for DEMS determination. The flow rate of electrolyte
was 10.0 puL s'L. The volatile products of the electrochemical reactions were monitored at different

values of m/z ionic signals. All original data in the mass spectra are reported at 1 PPAmu.
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2. Supplementary Figures

Figure S1. Typical SEM images for a) BiOl nanosheets and b) Bi-MOF nanorods. As shown in

Figure S1b, there are some residual BiOl nanosheets in the Bi-MOF products, which are also
illustrated by XRD results.
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Figure S2. XRD patterns of synthesized Bi-MOF and in situ reduced Bi NPs, compared with BiOl
and CAU-17.
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Figure S3. 20 cycles of CV treatments for the in situ electrochemical reduction of Bi-MOF to Bi
NPs (scan rate = 50 mV s2).

500 + Rs CPE1 = Bi-MOF
£s e BiNPs
400 | Lot .
n "
2 30f .. ]
5 : ~
i 200 - . % .
) = 9 L “'
n B o
100 i ..- i‘ = Bi-MOF
L . ® BINPS
® o 5 10 HE 20
0r Z (Ohm)
0

200 400 600 800 1000 1200
Z' (Ohm)

Figure S4. Electrochemical impedance spectra for the Bi-MOF and in situ synthesized Bi NPs on
carbon paper under open circuit potential. The circuit elements Rs, Rct and CPE1L in the circuit diagram

refer to solution resistance, charge-transfer resistance and the Constant Phase Element, respectively.
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Figure S5. a) SEM and b) TEM images for Bi NPs after the in situ electrochemical reduction. c)

Particle size distribution of the crystalline nanoparticles based on a statistic analysis.
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Figure S6. Raman spectra of the synthesized Bi-MOF and commercial Bi powder for comparison. (A

=532 nm, 50x objective, 10 mW lase power).

53



00}
L —Ar
05} N,
» i
Q 1‘0 L
<
é L
> -15}
i
@ i
[:}]
T 20}
[t
o
S sl
3 25
30F
h ¢ " 1 1 " 1

-1.2 -1.0 -0.8 -0.6 -04 -0.2
Potential (V vs RHE)

Figure S7. LSV curves for Bi NPs in N»-saturated 0.10 M Na>SOs (red line) and Ar-saturated 0.10
M NazSOs4 (black line).

Figure S8. Standard curves for NH4ClI solution with different concentrations in 0.10 M NaxSO4 by
indophenol blue colorimetric method. a) UV-Vis spectra of different solutions after stained with
indophenol indicator for 1 hour and b) corresponding linear fitting between absorbance and NH4Cl

concentration. The error bars were calculated by determination of three times.
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Figure S9. Standard curves for NH4Cl solution with different concentrations in 0.05 M H>SO4 by
indophenol blue colorimetric method. a) UV-Vis spectra of different solutions after stained with
indophenol indicator for 1 hour and b) corresponding linear fitting between absorbance and NH4Cl

concentration. The error bars were calculated by determination of three times.
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Figure S10. Typical UV-Vis spectra of the solution stained with indophenol indicator after NRR in
0.10 M NaSO4 at different potentials for a) cathodic chamber (WE), b) anodic chamber (CE), and ¢)
acid trap solutions (OG). d) Corresponding NH3 yield.
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Figure S11. Standard curves for hydrazine with different concentrations in 0.10 M Na>SO4 by the
Watt and Chrisp method. a) UV-Vis spectra and b) corresponding linear fitting between absorbance
at 460 nm and hydrazine concentration. The error bars were calculated by determination of three

times.
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Figure S12. Typical UV-Vis spectra for detecting hydrazine in the cathodic chamber after electrolysis
at different potentials in 0.10 M NazSOa.
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Figure S13. Chronoamperometry responses of in situ synthesized Bi NPs for NRR at —0.7 V vs
RHE in N»-saturated 0.10 M Na>SO4 for 10 cycles.
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Figure S14. UV-Vis absorption spectra of the solution stained with indophenol indicator after NRR
in 0.10 M Na>SO; at different potentials in consecutive cycling tests. a) Cathodic chamber (WE), b)

anodic chamber (CE), and c) acid trap solutions (OG).
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Figure S16. Integrals of peaks in *H NMR for a) the whole range and b) ®NH4" obtained from the
NRR (at —0.7 V vs RHE) using *°N; as the feed gas.
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Figure S17. Chronoamperometry responses of Bi NPs for NRR at different potentials in N2-saturated
0.05 M H2SOs.
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Figure S18. Typical UV-Vis spectra of the solution stained with indophenol indicator after NRR in
0.05 M H2SO0;4 at different potentials for a) cathodic chamber (WE), b) anodic chamber (CE), and ¢)
acid trap solutions (OG). d) Corresponding NHz yield.
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Figure S19. Standard curves for NH4Cl solution with different concentrations in 0.05 M H>SO4
detected by ion chromatograph. a) Responses of NH4ClI solution with different concentrations in ion
chromatograph and b) corresponding linear fitting between the NH4" peak area (retention time ~9.7
min) and NH4Cl concentration. The error bars were calculated by determination of three times.
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Figure S20. Typical ion chromatographic responses of acid electrolytes (0.05 M H.SQO.) after
electrolysis at different potentials in the a) cathodic chamber (WE), b) anodic chamber (CE), and c)

acid trap solutions (OG). d) Corresponding ammonia yield.
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Figure S22. Standard mass spectra of NHsz gas in NIST database.
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C7664417&Mask=200)
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Figure S23. Standard mass spectra of Oz in NIST database.
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C7782447&Mask=200)
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Figure S24. Standard mass spectra of N2 in NIST database.
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C7727379&Mask=200)
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Figure S25. Standard mass spectra of H,O in NIST database.
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C7732185&Mask=200)

Rel. Intensity

Hydrazine
MASS SPECTRUM

100

80

60~

404

204 ‘

% I I I

12 16 20 24 28 32 36
m/z

Figure S26. Standard mass spectra of N2Hs in NIST database.
(https://webbook.nist.gov/cgi/cbook.cgi?ID=C302012&Mask=200)
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Figure S28. Extended range of DEMS results obtained during electrochemical tests with Bi NPs at
—0.7 V vs RHE in Ar-saturated 0.10 M Na>SOg.
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3. Supplementary Tables

Table S1. Summary of the representative reports on bismuth-based NRR electrocatalysts.

Faradaic
Catalyst Electrol NHs yield Potential - Ref.
atalys ectrolyte 3yie otentia efficiency e
. 12.11% at This
-2 K1 .
Bi NPs 0.10 M NazSOq4 3.25pgem “h 0.7V 06V work
Bi NPs 0.05MH:S0s  3.03pgem?h?  —07V 1.42% This
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B"‘C\gé)“/ 0.10 M HCI 2321 ghimgla 02V 10.16% 3
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i fn’;'lﬁfer 0.10 M Na2SOs  19.92 pgh*mgle  —0.8V 43% 4
Bismuth 0.5 M K2S04 P B 0
nanocrystals (pH=3.5) 884 ngem=h 06V 06% >
2D i
Biml\cl’gz'c 0.10 M NaSO:s  254ugem?h®  —08Vv  10.46% 6
defect-rich Bi 41 B 11.68% at
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k-shell
B?’épofoﬁs ¢ O0LOMHCI  2863pgh mgia 05V 1058% 11
porous BisO7I 2 -1
0.1 M NazSOs 3.146 pgem 2 h 04V 13.42% 12
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Table S2. Distribution of m/z signals of related molecules obtained from the standard mass spectra
(Figure S22-S26).
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Chapter 4

The Controllable Reconstruction of Bi-
MOFs for Electrochemical CO, Reduction

through  Electrolyte and Potential

Mediation
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4.1 Introduction and Significance

The reconstruction of catalyst materials is widely observed under operating conditions.
However, this process usually results in uncontrollable and detrimental deviation from
target active sites and expected catalytic performance. Therefore, it is highly desirable
to understand and modulate these processes toward stable and well-defined surface
chemistry. To address this issue, we employed Bi-based metal-organic frameworks (Bi-
MOFs) as a case study to investigate and control the reconstruction process during

electrochemical CO, reduction reaction (CRR). The Highlights of this work include:

(1) A comprehensive understanding of the two-step reconstruction of Bi-MOFs under
CRR conditions. In situ Raman spectra combined with ex situ electron microscopy
revealed the two-step reconstruction: a) electrolyte-mediated conversion of Bi-MOFs

to Bi,0,CO;, and; b) potential-mediated reduction of Bi,0,CO, to Bi.

(2) A controllable reconstruction was proposed to synthesize well-defined
electrocatalysts in situ. Intentional pre-treatment of Bi-MOFs achieved a highly active,
selective (Faradaic efficiency ~ 92%), and stable (>10 h for reaction, and > 1 week in

electrolyte) Bi electrocatalyst for formate production.

(3) Understanding of active sites and reaction mechanism on Bi-based CRR
electrocatalysts. Theoretical computations, kinetics analyses, and in situ infrared
spectroscopy confirmed that surface unsaturated Bi atoms formed during the
controlled reconstruction serve as the active sites, and bicarbonate functions as the

proton donor for *OCHO formation in the first hydrogeneration step.
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4.2 The Controllable Reconstruction of Bi-MOFs for
Electrochemical CO, Reduction through Electrolyte and

Potential Mediation

This chapter is included as it appears as a journal paper published by Dazhi Yao,
Cheng Tang, Anthony Vasileff, Xing Zhi, Yan Jiao and Shi-Zhang Qiao. The
controllable reconstruction of Bi-MOFs for electrochemical CO, reduction through

electrolyte and potential mediation. Angew. Chem. Int. Ed. 2021, 60, 18178— 18184.
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The Controllable Reconstruction of Bi-MOFs for Electrochemical CO,
Reduction through Electrolyte and Potential Mediation
Dazhi Yao®, Cheng Tang", Anthony Vasileff, Xing Zhi, Yan Jiao, and Shi-Zhang Qiao*

Abstract: Monitoring and controlling the reconstruction of
materials under working conditions is crucial for the precise
identification of active sites, elucidation of reaction mecha-
nisms, and rational design of advanced catalysts. Herein, a Bi-
based metal-organic framework (Bi-MOF) for electrochem-
ical CO, reduction is selected as a case study. In situ Raman
spectra combined with ex situ electron microscopy reveal that
the intricate reconstruction of the Bi-MOF can be controlled
using two steps: 1) electrolyte-mediated dissociation and con-
version of Bi-MOF to Bi,O,CO;, and 2) potential-mediated
reduction of Bi,0,COj; to Bi. The intentionally reconstructed
Bi catalyst exhibits excellent activity, selectivity, and durability
for formate production, and the unsaturated surface Bi atoms
formed during reconstruction become the active sites. This
work emphasizes the significant impact of pre-catalyst recon-
struction under working conditions and provides insight into
the design of highly active and stable electrocatalysts through
the regulation of these processes.

Introduction

Electrochemical CO, reduction (CRR) is a promising
strategy for carbon capture, storage, and utilization,!" as it can
convert greenhouse CO, into useful carbon feedstocks (e.g.,
COP and HCOOHP!) and value-added C,. products (e.g.,
hydrocarbons”! and alcohols®) for fuels and chemicals
manufacturing.”! Recent studies have focused on tuning the
intrinsic catalytic activity and selectivity of a catalyst by
changing composition, morphology, and atomic arrange-
ment.”! However, the catalyst design, performance evalua-
tion, and structure—property correlation are always conducted
empirically and ambiguously. This is generally because of
a limited identification and understanding of the actual active
sites and reaction pathway under working conditions.!
Specifically, the catalyst materials may undergo dynamic
changes, such as phase transformation,”) nanoclustering,"”!
degradation,™! and reduction,”'? under operating condi-
tions. This reconstruction will result in uncontrollable and
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detrimental deviation from the target active sites and
expected catalytic performance.[*!"!

Reconstruction of an electrocatalyst is any change of
chemical composition and/or structure at the surface or in the
bulk and is widely observed.[’**!1*13] The reconstruction is
usually triggered and mediated by the interaction with
surrounding reactants/products under working condi-
tions,®™=!% and by external stimuli like electric potential.**11°!
For instance, during the CRR and nitrogen reduction reaction
(NRR), negative reduction potentials led to the surface
reconstruction of Bi-based metal-organic frameworks
(MOFs) into metallic Bi’, which then serves as the active
phase.'”! Interestingly, in a similar potential region, the
reconstruction of Bi-MOFs generated various morphologies
that were different from the precursors, such as Bi nano-
particles,'™® nanosheets,'™ and nanoleaves.> However,
the reconstruction process and its causal factors are not well
understood, resulting in poor control of the final morphology,
chemical valence states and active sites. Consequently, this
leads to an inaccurate understanding of structure—property
relationships and limited means to optimize catalytic per-
formance.?#1% 131 Therefore, it is highly desirable to fully
understand the reconstruction behavior of electrocatalysts
under working conditions, and controllably regulate the
inevitable reconstruction toward higher activity and stability.
This is crucial for refining reaction mechanisms and designing
optimal catalysts.

Herein, we report a comprehensive investigation into the
favorable control of the reconstruction of Bi-MOFs for the
CRR. With a combination of ex situ electron microscopy and
infrared spectroscopy, and in situ Raman spectra, we reveal
that the reconstruction can be controllably tailored by two
steps (Figure 1a): 1) electrolyte-mediated dissociation and
conversion of Bi-MOFs to Bi,O,CO;, and 2) potential-
mediated reduction of Bi,O,COj; to Bi. The intentional pre-
treatment of the Bi-MOFs achieves a highly active, selective,
and stable Bi catalyst for CO, electroreduction to formate.
Density functional theory (DFT) computations, kinetics
analyses, and in situ infrared spectroscopy tests are performed
to explain the underlying reaction mechanism.

Results and Discussion

Bi-MOF nanorods (NR) were first prepared according to
previous reports with some modifications.">*! Scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) images show that they are typically 4 pm in
length and 100 nm in width (Figure 1b, Figure S1). The X-ray
diffraction (XRD) pattern confirms the crystal phase indexed

Angew. Chem. Int. Ed. 2021, 60, 18178 -18184
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Figure 1. In situ surface reconstruction of the Bi-MOF NR to Bi NS for the CRR. a) Schematic of the two-step reconstruction process, including
1) the electrolyte-mediated chemical and structural transformation from Bi-MOF NR to Bi,O,CO; NS, and 2) electrochemical reduction of
Bi,0,CO; NS to Bi NS. b) SEM image for Bi-MOF NR and c) Bi,0,CO; NS. d) TEM image for the final Bi NS.

to CAU-17 (Figure S2). When the Bi-MOF is used as
a pre-catalyst for the CRR, it will be exposed simultaneously
to the electrolyte and applied potential. Therefore, the
electrolyte-mediated and potential-mediated reconstruction
were investigated separately to understand the reconstruction
process and distinguish influential factors.

Once contacted with the CRR electrolyte (0.1M or 1.0 M
KHCO; aqueous solution), the Bi-MOF NR was converted
into nanosheets, as shown by SEM images (Figure 1c, Fig-
ure S3 and S4). XRD patterns confirm that the nanosheets are
Bi,0,CO; (Figure S5), showing two characteristic peaks
around 30° and 33° (JCPDS No. 44-1488). To resolve the
atomic-scale structure of the Bi,0,COjs, bright field and high-
angle annular dark field (HAADF) imaging was performed
on an aberration-corrected scanning transmission electron
microscope (STEM). As shown in Figure S6a-d, the tetrag-
onal structure of Bi,O,CO; exhibits an interplanar distance of
0.273 nm for (110) facets, consistent with the XRD analysis.
Figure S6b shows a vertical Bi,0,CO; NS with a thickness of
about 4 nm. The crystallographic orientation of Bi,O,CO; NS
was confirmed by analyzing the fast Fourier transform (FFT)
pattern of the STEM images, and shows that growth occurred
along the (002) direction (Figure S6d,e). It is worth noting
that bismuth vacancies and in-plane defects are contained on
Bi,0,CO; NS, presumably derived from strain and CO,
release during atomic reorganization. Importantly, these
nanosheets retain their morphology under CRR working
conditions (Figure 1d), indicating that the final structure and
morphology of electrocatalysts is determined by the forma-
tion of Bi,0,CO;.

To better understand the electrolyte-mediated formation
of Bi,0,CO;, Fourier-transform infrared spectroscopy (FT-
IR) and Raman spectra were employed to monitor the
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conversion. Compared to the Bi-MOF NR precursor, the
Bi,0,CO; NS showed none of the characteristic FT-IR bands
for carboxylate groups in the trimesic acid (H;BTC) ligands,
whilst several new bands at 1477, 1385, 1053, and 845 cm™!
assigned to the carbonate groups in Bi,0,CO; arose (Fig-
ure 2 a, Figure S7, Table S1)."! Ex situ Raman spectra of the
Bi-MOF NR and Bi,0,CO; NS revealed an obvious shift in
the Bi—O vibrational band from 85 to 77 cm ' and from 150 to
162cm™! (Figure 2b). In situ Raman tests showed this
dynamic transformation from Bi-MOF to Bi,0,CO; more
clearly (Figure 2c). As the immersion time increases, the
bands at 820 cm ' and 1002 cm ' gradually weaken, which is
attributed to the loss of C—H in the BTC* ligands (Table S2).
After immersing in 0.1m KHCO; for 20 min, the band at
820 cm™! disappeared, whilst a new band appeared at
1069 cm !, which was assigned to the stretching vibration of
C—O0 in Bi,0,COs;. These findings imply that the reconstruc-
tion involves a change of Bi coordination from Bi«Ogyc to
Bi—Oyicarponae due to ligand exchange in 0.1m KHCO;
solution.

‘We note that no change in morphology or crystal structure
was observed after immersing the Bi-MOF NR in water
(Figure S8), 0.1m NaCl aqueous solution (Figure S9), 0.1m
HCI, and 0.1 M NaOH (Figure S10), consistent with previous
studies."® In addition, the thickness of the Bi,0,CO; NS in
KHCO; aqueous solution is dependent on the bicarbonate
concentration. Specifically, 3.8 nm and 11.5 nm thick sheet
were obtained in 0.1 M and 1M KHCO; solution, respectively
(Figure S11 and S12). These observations indicate that the
Bi«Ogyc coordination in the Bi-MOF NR is stable against
water, CI~, OH™, and Na™ "% but is sensitive to HCO;~. Due
to the similarity in bite angle with BTC*~, HCO," is likely to
replace the BTC’™ linkers by solvent-assisted ligand ex-
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Figure 2. Spectroscopic and morphological characterizations for reconstruction process from Bi-MOF NR to Bi,0,CO; NS and in situ electro-
reduction to Bi NS prior to CRR. a) FT-IR spectra and b) Raman spectra of Bi-MOF NR and resultant Bi,0,CO; NS. c) In situ Raman spectra to
reveal the conversion from Bi-MOF NR to Bi,0,CO; NS on exposure to 0.1 M KHCO;. d) HAADF-STEM image of Bi NS. e) Magnified HAADF-
STEM image of the marked area from Figure 2d (inserted FFT image). f) In situ Raman spectra to characterize the transformation from

Bi,0,CO; NS to Bi NS under CRR conditions.

change, thereby accelerating the dissociation of Bi*" and
triggering chemical and structural transformation.*'® In this
reaction scheme, the hydrolysis of HCO;™ and dissociation of
Bi*" could occur at the same time and contribute to each
other. Therefore, the electrolyte-mediated reconstruction can
be described by Equations (1)—(3).") The whole reaction can
be written as Equation (4).

Bi** +3H,0 = Bi(OH); | +3H" (1)
HCO; +H,0 = CO, | +OH™ +H,0 2)
2Bi(OH), + CO, — Bi,0,CO; + 3H,0 (3)
2Bi** + HCO;™ +2H,0 — Bi,0,CO, +5H" (4)

The electrochemical stability of the Bi,O,CO; NS during
the CRR was assessed using cyclic voltammetry (CV) in CO,-
staturated 0.1 M KHCOj; solution. As shown in Figure S13, the
current density in the first scan is smaller than the following
segments, and finally becomes stable after 10 segments. This
indicates the potential-mediated conversion of Bi,O,CO; NS
to another electrochemically stable Bi species, identified as
Bi NS by spectroscopy and microscopy characterizations. As
shown in Figure S14, all the XRD peaks assigned to Bi,0,CO;
disappeared after the electroreduction, whilst new peaks
indexed to rhombohedral Bi (JCPDS No. 44-1246) were
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formed. Compared to the Bi,O,CO; NS, the in situ reduced
Bi NS showed no noticeable morphological change after CV
treatment or amperometry i~ testing (Figure S15 and S16).
The resultant nanosheets were also ultrathin and contained
abundant in-plane defects (Figure 1d and 2d). As shown in
Figure 2e, the clear lattice fringes and corresponding FFT
pattern matched well into the Bi (012) facet. The thickness of
in situ converted Bi NS is similar to that of the Bi,O,CO; NS
(Figure S17), which is determined to be 3.5 nm and 11 nm,
respectively.

The potential-mediated reconstruction of Bi,O,CO; NS to
Bi NS was also investigated by in situ Raman spectroscopy
(Figure 2 f and S18). When the applied potential was scanned
from —0.5 to —1.3 V versus the reversible hydrogen electrode
(vs. RHE), the characteristic vibrations of C—O (1069 cm™)
and Bi=O (162 cm™) from Bi,0,CO; weakened gradually,
whilst two new bands appeared at 71 and 97 cm™'. These
bands likely correspond to the E, and A,, stretching modes of
Bi—Bi bonds, respectively.'”¥ This confirmed the complete
transformation of Bi,0,CO; NS to Bi NS.

By combining in situ Raman spectroscopy with ex situ
electron microscopy, we can conclude that the bicarbonate
anion plays a key role in triggering the surface reconstruction,
and the applied negative potential is crucial for the formation
of the stable and active Bi phase. Based on these findings, we
propose a two-step intentional pre-treatment of Bi-MOFs
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Figure 3. Electrochemical performance of the Bi NS for the CRR. a) LSV curves of the two Bi NS in N,- and CO,-saturated 0.1 M KHCO;.

b) Potential-dependent Faradaic efficiencies of HCOO™ for the Bi NS in CO,-saturated 0.1 m KHCO,;. c) Potential-dependent HCOO™ partial
current densities of the Bi NS. d) Amperometric i—t stability of the 3.5 nm Bi NS in 0.1 m KHCO; at —1.1 V vs. RHE. e) Electrochemically active
surface area measurement. Half of charging current density differences (Aj/2) are plotted against scan rates. f) Nyquist plots for the two Bi NS

with fitted circuit shown.

before CRR operation to achieve controllable reconstruction.
This includes 1) immersing the Bi-MOF electrode in KHCO;
electrolyte for 30 min, and 2) reducing the electrode by
10 segments of cyclic voltammetry.

Electrocatalytic CRR performance of the in situ recon-
structed Bi NS samples (3.5nm and 11 nm thick) was then
investigated in a two-compartment gas-tight H-cell. Figure 3a
shows linear scan voltammograms (LSV) of the Bi NS in CO,-
and N,-saturated 0.1 M KHCO;. Both Bi NS samples exhib-
ited higher current densities in the CO,-saturated electrolyte,
showing obvious activity for the CRR. The cathodic current
density of the 3.5 nm BiNS increases significantly below
—0.8 V, reaching —17 mA cm ? at —1.3 V vs. RHE. To further
evaluate CRR activity and selectivity, chronoamperometry
tests were conducted at different potentials in CO,-saturated
0.1m KHCOj; solution (Figure S19). The resultant gaseous
and liquid products after one-hour electrolysis were collected
and analyzed by gas chromatography (GC) and nuclear
magnetic resonance (NMR), respectively. As shown in Fig-
ure 3b and S20, formate (HCOO™) was the primary product
over the whole potential range, and CO and H, were minor
products. The 3.5 nm Bi NS achieves a maximum Faradaic
efficiency (FE) for formate production of 92% at —1.1 V vs.
RHE, and a maximum formate partial current density
(jucoo-) of —15mAcm™2 at —1.3V vs. RHE (Figure 3¢).
All these parameters are superior to the 11 nm Bi NS, and
among the best results for Bi-based CRR catalysts (Ta-
ble $3).1°*<1! Fyrthermore, the 3.5 nm Bi NS exhibits stable
CRR performance at —1.1 V for 10 h with negligible change
in current density and FE for formate (around 90 %; Fig-
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ure 3d). The catalytic performance was also retained after the
electrodes were stored in N,-saturated water for one week
(Figure S21). Postmortem analysis after long-term electrolysis
reveals that the morphology of the Bi NS was preserved
(Figure S22). The excellent stability of the BiNS in both
electrocatalytic conditions and storage in water is attributed
to the controlled morphological reconstruction from the pre-
treatment process.

To understand the thickness-dependent performance of
these Bi NS, the electrochemically active surface area (EC-
SA) and electrochemical impedance spectra (EIS) were
investigated. As shown in Figure 3e and S23, the 3.5 nm
Bi NS possessed nearly twice the ECSA of the 11 nm Bi NS.
Further, the Nyquist plots in Figure 3 f show a smaller charge-
transfer resistance for the 3.5nm NS compared with the
thicker counterpart (21.99 Q vs. 35.13 Q). Therefore, the
thinner Bi NS provides more accessible active sites and
exhibits faster electron transfer. This can be easily optimized
by changing the bicarbonate concentration in the first
electrolyte-mediated reconstruction step.

DFT computations were conducted to understand the
activity origins of the Bi NS for the CRR. As shown in
Figure 2d,e, the Bi NS possessed abundant defects in the
crystalline planes. Therefore, we studied the Bi (012) surface
with a complete lattice (pristine Bi) and with one vacant Bi
atom in the top layer (defective Bi), as shown in Figure S24.
Electronic structure analysis reveals that the p-orbital density
of states (DOS) position of defective Bi moves toward the
Fermi level (Figure S25), indicating stronger adsorption of
CO, and intermediates.”” As illustrated in previous studies,
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the electrochemical reduction of CO, to HCOOH on Bi
generally occurs through the *OCHO intermediate, with
oxygen atom(s) binding to the Bi surface.* Therefore,
*OCHO was selected as the key intermediate to be studied
for CO, electroreduction. Figure S26 presents the computed
free energy diagrams for CO, electro-reduction to HCOOH
via the *OCHO pathway on both pristine and defective Bi
models. The Gibbs free energy change (AG) for the first
electron/proton transfer to *OCHO is much higher than the
second one, denoting that the first hydrogenation step on both
Bi NS is the rate-determining step (RDS). However, on
defective Bi, AG for the first electron transfer (0.29 eV) is
lower than that on pristine Bi (0.33 eV). It implies that this
step is thermodynamically more favorable on defective Bi.
Furthermore, charge difference analysis reveals electron
depletion on the Bi atoms during *OCHO adsorption (Fig-
ure S27). The active Bi site (the most negatively charged) in
defective Bi loses 0.23 more electrons for OCHO* adsorption
than that in pristine Bi (Figure S28). Taken together, the
computation results show that vacancy-adjacent (or unsatu-
rated) Bi sites in the Bi NS are the active sites and have
enhanced adsorption of *OCHO intermediates.”?"*!

The reaction mechanism was further studied by inves-
tigating the kinetics and intermediates. As displayed in
Figure 4a, a comparison of Tafel plots between 3.5 nm and
11 nm Bi NS shows that the thinner Bi NS exhibited improved
reaction kinetics by virtue of the smaller Tafel slope (170.1 vs.
213.2mVdec') in a similar potential region. Although the
Tafel slope is much higher than 118 mV dec™!, it is likely the
first electron transfer step is the RDS on 3.5 nm Bi NS,?! and
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Figure 4. CRR catalytic mechanism and pathway study on the Bi NS.
a) Tafel plots for the two Bi NS. b) Rate dependency on the concen-
tration of bicarbonate ([HCO;7]) for 3.5 nm Bi NS at —0.9 V vs. RHE.
c) In situ ATR-SEIRAS of 3.5 nm Bi NS in CO,-saturated 0.1 m KHCO;
and d) N,-saturated 0.1 M KHCO; between —0.6 V and —1.3 V vs.
RHE. e) Proposed CRR pathway on the defective Bi NS surface with
HCO;™ participation.
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is consistent with the DFT analysis (Figure S26). Reaction
order study reveals a quasi-first order (0.80) dependency of
formate partial current density on bicarbonate concentration
(Figure 4b, Figure S29). This suggests that the bicarbonate
will participate directly in the formate pathway.>*2!

To determine the role of bicarbonate in the formate
pathway, in situ attenuated total reflectance surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) measure-
ments were performed in both CO,- and N,-saturated 0.1 M
KHCO:;. As the applied potential was stepped from —0.6 V to
—1.3 V vs. RHE, an increase of a band around 2936 cm™' was
observed (Figure 4c). This is ascribed to the C—H stretching
vibration of *OCHO intermediates® rationalizing the
selection of *OCHO as the key reaction intermediate for
DFT computation. Interestingly, a weak C—H stretching
vibration band was also observed in N,-saturated electrolyte
(Figure 4d), suggesting a possible CRR pathway without
direct CO, feed.[' This can be rationalized by the generation
of CO, from HCO, decomposition [Eq. (2)].!*! However,
the CRR activity contributed solely by HCO;™ is less than 5%
(based on FE,,..) after one-hour electrolysis, compared
with that in CO,-saturated electrolyte (Figure S30). Conse-
quently, we infer that bicarbonate serves predominantly as
a proton donor for *OCHO formation in the first hydro-
generation step according to Equations (5)—(7) (Figure 4e¢, 6
depicts an active site on which species can adsorb).[%%21:3]

Og; + CO,(aq) + ¢ + HCO; ™ = Oy ocuo + COs>
Opi_ocno + €~ +H" — Ogi_ncoon

O _ncoon — Os + HCOOH
Conclusion

We definitively revealed the reconstruction process of Bi-
MOFs under CRR conditions, which guided the synthesis of
a highly active, selective, and stable Bi catalyst for CRR. The
intricate reconstruction process of Bi-MOFs prior to CRR
can be decoupled into two steps: 1) electrolyte-mediated
conversion of Bi-MOF NR to Bi,0,CO; NS by bicarbonate-
initiated ligand substitution, and 2) potential-mediated re-
duction of Bi,0,CO; NS to Bi NS. The first step controls the
final morphology and defects, whilst the second step deter-
mines the final composition and valence states. For example,
tuning the bicarbonate concentration can produce Bi,0,CO;
NS and Bi NS with different thickness and catalytic perfor-
mance. In situ reconstructed Bi NS with thickness of 3.5 nm
achieved a FE of 92% towards formate production and was
stable under operating conditions. Abundant unsaturated Bi
atoms were formed adjacent to the surface vacancies during
the two-step reconstruction, contributing to more favorable
adsorption of *OCHO intermediates and ultimately benefit-
ing the reaction process. This work emphasizes the necessity
and importance of thoroughly understanding the surface
reconstruction process under working conditions. It also
highlights the controllable manipulation of such reconstruc-
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tion processes to rationally design highly active and stable
electrocatalysts.
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Experimental Procedures

Chemicals and materials: Acetic acid (CHsCOOH), bismuth (lll) chloride (BiCls, = 98%),
concentrated hydrochloric acid (HCI, 36%), dimethylformamide (DMF, anhydrous, 99.8%),
dimethyl sulfoxide-deé (DMSO, SKU-151874, 99.9 at.% D), deuterium oxide (D20, SKU-293040,
99.9 at.% D, contains 0.75 wt.% 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt), formate
standard for ion chromatography (1000 mg/L in water), methanol (anhydrous, 99.8%), phenol,
potassium iodide (KlI, = 99.5%), potassium chloride (KCIl, ACS reagent, 99.0-100.5%),
potassium bicarbonate (KHCOs, BioUltra, = 99.5%), sodium chloride (NaCl, ACS reagent,
=299.0%), sulfuric acid (H2SOa4, ACS reagent, 95.0-98.0%), and trimesic acid (Benzene-1,3,5-
tricarboxylic acid, HsBTC, 95%) were purchased from Sigma-Aldrich Chemical Reagent Co. Ltd.
Isopropanol (= 99.8%), sodium hydroxide (NaOH, anhydrous pellets, = 98%), ethanol
(denatured, 100% AR), and concentrated nitric acid (HNOs, 70%) were ordered from Chem-
Supply Pty. Ltd. Carbon paper and Nafion 117 membrane (Dupont) were purchased from
Fuelcell store. Ultra-high purity N2 (99.999%), laser-grade CO2 (99.995%), and ultra-high purity
Ar (99.999%) were supplied by BOC gas, Australia. Ultrapure water (18.2 MQ-cm, PURELAB
OptionQ) was used in all experiments. All chemicals were used in this work without further

purification.

Synthesis of bismuth oxyiodide (BiOl) nanosheets: BiCls (0.2 mmol) 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 KiI
solution. Then, the pH of the above mixture solution was adjusted to 6.0 using 1 M NaOH. After
stirring for another 30 min, the solution was transferred to a 50 mL Teflon-lined autoclave and
heated at 160 °C for 2 h. The final product (BiOl nanosheets) was collected by centrifugation,

washing with deionized water and freezing drying.

Synthesis of bismuth-based metal-organic framework nanorods (Bi-MOF NR): In a typical
procedure, 0.339 g of BiOIl nanosheets and 0.6 g of HsBTC were dissolved in 15 mL of DMF
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and 5 mL of methanol at room temperature and stirred for 30 min. Then, the dispersion was
transferred into a 50 mL Teflon-lined autoclave and heated at 120 °C for 3 h. The obtained
salmon pink powder was collected by centrifugation and washed with methanol several times to

remove the solvent. Finally, the product was dried in an oven at 60 °C for 12 h.

Pretreatment of Nafion 117: The Nafion 117 (proton exchange membrane) was preconditioned
by boiling in 5% H20:2 solution and ultrapure deionized water at 80 °C for 1 h, respectively,
followed by treatment in 0.05 M H2SO4 for 3 h and in deionized water for another hour.

Electrode preparation: 10 mg of Bi-MOFs was dispersed in 960 uL of mixed solvent
(Visoproponal : Vwater = 1 : 2) with the addition of 40 pyL of 5 wt% Nafion. The dispersion was
vigorously sonicated for 6 h to form a homogenous ink. The ink was drop-cast onto a 1 x 1 cm?
carbon paper to reach a loading of 0.5 mgsi-vors cm=2.

In situ reconstruction of Bi-MOFs to Bi202C0O3 nanosheets (NS): The prepared electrode
modified with Bi-MOFs was directly immersed into fresh 0.1 M KHCOs or 1.0 M KHCOs. After
30 minutes, this electrode was taken out and rinsed with deionized water and ethanol several
times and finally kept in N2-saturated ethanol for further use.

In situ electrochemical reduction of Bi2O2COs to Bi NS: The as-obtained Bi20O2CO3 electrode
was electro-reduced by 10-segment consecutive cyclic voltammetry (CV) scans from —0.3 V to
—1.4 V versus the reversible hydrogen electrode (vs RHE) in CO2-saturated 0.1 M KHCO3 with
a scan rate of 50 mV s

Material characterizations: The crystal structure and chemical structure of the samples was
characterized by powder X-ray diffraction spectroscopy (Rigaku MiniFlex 600 X-ray
Diffractometer). The morphology of the materials was characterized by a field emission scanning
electron microscope (SEM, FEI Quatum 450, 3.0 kV) and transmission electron microscope
(TEM, FEI Tecnai G2 spirit TEM, 120 kV). High-angle annular dark-field scanning transmission
electron microscopy (HADDF-STEM) imaging and energy-dispersive X-ray spectroscopy (EDX)
mapping were taken on an FEI Titan Themis 80-200 (200 kV voltage) equipped with a Super-X
high sensitivity windowless EDX detector for rapid compositional analysis. Atomic force
microscopy (AFM) images were collected on NT-MDT Ntegra Solaris instrument. Fourier-

transform infrared (FT-IR) spectroscopy was performed with a Thermo-Fisher Nicolet iS10.

Electrochemical measurements: Electrochemical measurements were performed on a 760E
potentiostat (CH Instruments, USA) using a gas-tight H-cell with anode and cathode

compartments separated by a Nafion 117. The in situ reconstructed Bi NS electrode was used
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directly as the working electrode. An Ag/AgCl electrode and RuOg2-coated titanium mesh
electrode were used as the reference and counter electrode, respectively. All electrochemical
measurements were conducted in CO2-saturated (pH = 6.8) or N2-saturated (pH = 8.3) 0.1 M
KHCOs electrolyte. Amperometric i-t techniqgue was utilized to evaluate electrocatalytic
performance for CO2 reduction. Electrolysis was carried out at potentials between -0.8 V and
-1.3 V vs RHE in 100 mV intervals for 1 hour testing. iR compensation was included in all
electrochemical measurements. The conversion for the potential in Ag/AgCl to RHE was

calculated as following (Correction under hydrogen saturated electrolyte):

ERHE = EAg/AgCl + 0224‘ + 0059 X pH (1)

Determination of products and calculation of Faradaic efficiency (FE): Briefly, 100 pL of
headspace gas in the cathode compartment was automatically injected into a gas
chromatograph (GC, Agilent 8890B configured with thermal conductivity detector and
methanizer/flame ionization detector) for gas product quantification. The liquid products (formic
acid/formate) were determined using nuclear magnetic resonance spectroscopy (NMR, Agilent
500/600 MHz *H NMR) and were quantified with internal standards (DMSO and phenol in D20).

The Faradaic efficiency for gaseous product was calculated as follows:

v x
FE — Qgas % 100% = (60 s/min)x<24000 cm_3/mol)XNXF
gas Qtotal J

x 100% ()

where v = 10 mL min is the volume flow rate of COz; x is the measured CO/Hz concentration
in sample loop referring to standard curve; N is the number of transferred electrons for
production of CO/H: (here is 2); F = 96,485 C mol™; and j is the recorded current (A).

The Faradaic efficiency for liquid product was determined as follows:

n XN XF

FEjiquia = —QQliquid X 100% =

total Qtotal

x 100% A3)

where n is the moles of liquid product; N is the number of transferred electrons for formic acid/
formate (here is 2); F = 96,485 C mol.

Tafel analysis and kinetic study: Overpotentials for HCOO™ production were determined using

the following equation:

N = Erue - E° (4)
where EY is the equilibrium potential for formate production.?! For the analysis of electrochemical

kinetics, Tafel slopes were derived from the Tafel equation:

n=blg(LL=) (5
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where n (V) is an overpotential between the applied potential and the standard CO2/HCOO"~
reduction potential E®; b is the Tafel slope (mV dec™); jucoo™ is the partial current density (mA

cm™2) for HCOO™ formation; |° is the total exchange current density (mA cm™2).

Electrochemically active surface area (ECSA) measurement: ECSA=Rs x s, in which s

stands for the geometric area of carbon paper electrode (in this work, s=1.0cm?). The
roughness factor (Rf) was estimated from the ratio of double-layer capacitance (Ca) for the
working electrode and an ideal smooth metal electrode. Assuming that the average double-layer
capacitance is 20 yF cm™ for a smooth metal surface, Rt= Ca/20.[Y1 The Cai was determined by
measuring the capacitive current associated with double-layer charging from the scan-rate
dependence of cyclic voltammetric stripping. For this, the potential window of cyclic voltammetric
stripping was 0.05 V-0.15V vs Ag/AgCI (electrolyte: 0.1 M KHCOs solution). The scan rates
were 20, 40, 60, 80 and 100 mV s™%. The Ca was estimated by plotting the Aj/2 = (ja—jc)/2 at
0.10V vs Ag/AgCI against the scan rate, where jc and ja are the cathodic and anodic current

densities, respectively.

In situ Raman measurements: The catalyst inks used for in situ Raman spectroscopy
measurements were the same as those for electrochemical measurements. 40 pL of catalyst
ink was uniformly deposited on a 5 mm x 4 mm screen-printed working electrode (Pine
Research Instrumentation, RRPE1002C). The fully dried electrode was connected to the 760E
electrochemical workstation via a cell grip and USB connector and was then attached to a
microscope slide on the sample stage. 100 pL of COz-saturated 0.1 M KHCOs electrolyte was
added dropwise to the electrode. A coverslip was then placed on the top of the electrode. In situ
Raman spectra were collected using a Raman spectroscope (HORIBA LabRAM HR Evolution)
configured with an MPLN50x objective len (Olympus), 1800 | mm™ grating, and a 785-nm
Raman laser. Baseline correction was applied in all in situ Raman spectra. All applied potentials

were converted to RHE.

In situ attenuated total reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) measurements: In situ ATR-SEIRAS was performed with a Thermo-Fisher
Nicolet iS20 equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector and purged with
dry air (grade 1). A PIKE electrochemical cell was mounted on a VeeMax Ill ATR accessory,
with 60° Au-coated silicon prism (PIKE Technologies). A CHI 760E electrochemical workstation
(CH Instruments, USA) was connected for chronoamperometric tests. All ATR-SEIRAS

measurements were collected with a spectral resolution of 4 cm™, optical velocity of 1.8988,
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and gain of 1.0. 100 pL of the catalyst ink suspension (0.5 mg mL™1) was dropped onto the prism
and left to dry slowly. The silicon prism was then assembled into electrochemical cell fitted with
an Ag/AgCI electrode (Pine Research) and Pt wire as the reference and counter electrodes,
respectively. The cell was filled with 5.5 mL of 0.1 M KHCOs solution and the defective Bi NS
were in situ obtained after purging CO2 for 30 min and following a similar electrochemical

reduction discussed above.

Theoretical calculations: All calculations were performed using density functional theory
(DFT). The Perdew-Burke Ernzerhof (PBE) functional was employed for electron exchange-
correlation within the generalized gradient approximation (GGA), as implemented in the VASP
code.B The ionic cores were described by the projector-augmented wave (PAW) method. Van
der Waals (vdW) interactions between atoms were considered in all the energy calculations!
with the plane-wave cutoff energy value of 450 eV. During geometry optimization, the structures
were relaxed to forces on the atoms smaller than 0.01 eV A-L. Gamma k-point was used for all
calculation. A (3 x 3 x 1) k-point grid was applied for bulk lattice constants optimization and
studying the CO: electroreduction mechanism on Bi surface slabs. For density of state (DOS)
analysis, more k-point grid (8 x 8 x8) was utilized to increase the accuracy of plot.5! The pristine
Bi (012) surface was modelled with a five slab by cleaving a (2 x 2 x 1) supercell with 20 A of
vacuum space,® according to the HAADF-STEM image. The optimized lattice constants are
a=4.609A, b =14.393 A, and ¢ =30.193 A. The defective Bi models were built by removing

one Bi atom in the top layer.

The Gibbs free energy (G) of adsorbed and gas-phase species was calculated as:
G =Eprr + ZPE-TS (6)

where Eprr is the total energy of the system calculated from DFT; ZPE is the calculated zero-
point energy, S is the calculated entropy, and T is the standard temperature of 298.15 K (Table
S4). For the construction of free energy diagrams, all the species are referred to the Bi+ CO2
(9) + 2(H* + e7) state, where Bi is the energy of the pristine or defective Bi slab models and COz2
(9) is the gas-phase Gibbs free energy of CO2. pH correction was also included and thus the
free energy of H* was derived as Gu+ = 1/2GH2 — ksTIn10 x pH (ks is Boltzmann’s constant).

The vibrational frequencies were computed by treating all 3N degrees of the adsorbates as
vibrational within the harmonic oscillator approximation, and assuming that any changes in the
vibrations of the nanocomposite surface were minimal, in concert with earlier studies.[’l Gas-
phase free energies were also obtained by standard methods.[l The standard state pressure of

101,325 Pa was used for the fugacity of gaseous CO:2 species, while a fugacity of 3534 Pa and
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19 Pa were used for H20 and HCOOH respectively, corresponding to vapour pressure of water,
1 M HCOOH.®l The adsorbate solvation effects were included approximately in the same
manner as in previous studies: intermediates containing adsorbed *OCHO was stabilized by
0.10 eV.l"a Gas phase energetics of species containing a CO backbone were compensated to
match experimental values. Specifically, 0.19 eV of compensation was used for COg2.[* 72 9
*OCHO was selected as the intermediate for formate production. This is supported by previous
reports,8® 1 and more convincingly, by the C—H vibration signal detected in the in situ ATR-

SEIRAS measurements.

The computational hydrogen electrode (CHE) model was applied to include the electrode
potential correction to the free energy of each state, by considering the electrochemical proton-
electron transfer being a function of the applied electrical potential.[’2 101 In this model, the free
energy of a proton-electron pair at 0 V vs RHE is defined to be equal to 1/2 of the Hz free energy

at 101,325 Pa. Spin—orbit coupling (SOC) was not included in the calculations.* 9 11]

Charge difference (puitr) is calculated according to the following equation:

Pdiff = Ptotal — PCO2* — Psubstrate (7)
where protal IS the total charge density of Bi model with one CO2 molecule adsorbed; pco2xand
Psubstrate are the charge densities of a gaseous CO2 molecule and the initial system (Bi model),

respectively.
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Supplementary Figures

Figure S1. a) SEM image and b) TEM image of Bi-MOF NR.
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Figure S2. XRD pattern of Bi-MOF NR, with some precursor (BiOl) remaining.
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Figure S3. SEM images of different magnifications for Bi-MOF NR on carbon paper.
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Figure S4. Typical SEM images of Bi-MOF NR soaked in KHCO3 aqueous solution with different
concentrations, showing drastic morphological transformation from Bi-MOF NR to Bi2O2COs NS.
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Figure S5. XRD patterns of Bi-MOF NR soaked in KHCO3 aqueous solution for different lengths

of time, generating a new phase corresponding to Bi2O2COs.

Figure S6. a-b) Bright field STEM images for Bi202COs NS. ¢) HADDF-STEM image, d)
corresponding fast Fourier transform (FFT) pattern, and e) visualized crystal structure for
Bi202CO3 NS. f) STEM-EDX mapping for Bi2O2CO3 NS.
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Figure S7. FT-IR spectra of Bi-MOF NR and Bi2O2CO3 NS.

Figure S8. SEM images of Bi-MOF NR soaked in pure water for a) 10 min and b) 30 min.
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Figure S9. Typical SEM images of Bi-MOF NR soaked in 0.1 M NaCl aqueous solution for a)

10 min and b) 30 min. c) XRD patterns to characterize any compositional or phase change of

the Bi-MOF NR after soaking in 0.1 M NaCl aqueous solution for 1 h.
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Figure S10. SEM images to characterize morphological changes of Bi-MOF NR soaked in a, b)
0.1 M HCl and c, d) 0.1 M NaOH aqueous solution.
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Figure S11. a, b) Typical SEM images and ¢) HADDF-STEM image of Bi2O2CO3 NS derived
from Bi-MOF NR soaked in different concentrations of KHCOs solution. The lateral size of
Bi2O2CO3 NS in c) is measured to be about 12.2 nm.
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Figure S12. Typical AFM images of Bi20O2COs NS after soaking Bi-MOF NR in a) 0.1 M KHCOs
and c) 1.0 M KHCOs. b) and d) are the height profiles corresponding to the marked lines in (a)
and (c), respectively. The average thickness of the Bi202CO3 NS is a) 3.8 nm and c) 11.5 nm,
respectively, consistent with the measurement from lateral HAADF-STEM images (Figure S6b
and S11c).
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Figure S13. CV treatments used for the in situ electrochemical reduction of a) 3.8 nm Bi202COs3
and b) 11.5 nm Bi202COs3 NS to Bi NS under CO2 atmosphere.

93



* carbon paper
¥ Bi,0,CO,
A Bi

Intensity (a.u.)

26 (°)

Figure S14. XRD patterns of Bi-MOF NR, and derived Bi202CO3 NS and Bi NS.

Figure S15. Morphological characterization of resultant Bi NS from in situ electroreduction of
different Bi2O2CO3 NS via CV technique in COgz-staturated 0.1 M KHCOs3 solution. a, b) SEM
images of Bi NS derived from 3.8 nm and 11.5 nm Bi202COzs NS, respectively. ¢, d) TEM images
of Bi NS derived from 3.8 nm Bi202CO3 NS.
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Figure S16. Morphological characterization of resultant Bi NS from in situ electroreduction of
different BiO2COs NS via amperometric i-t technique in CO2-staturated 0.1 M KHCOs3 solution.
Typical SEM images of Bi NS derived from 3.8 nm Bi202CO3 NS under a) -1.2 V, b) -1.4 V, c¢)
—1.6 V and d) —-1.8 V (vs Ag/AgCl) for 30 min.
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Figure S17. Typical AFM images of as-obtained Bi NS from in situ electroreduction of a) 3.8 nm
and c) 11.5 nm Bi202C0O3 NS. b) and d) are the height profiles corresponding to the marked
lines in (a) and (c), respectively. The average thickness of the BiNS is a) 3.5 nm and c) 11 nm

respectively.

Figure S18. In situ Raman spectra to characterize the loss of the carbonate vibrational band
during the electroreduction of Bi2O2CO3 NS to Bi NS under CRR conditions.
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Figure S19. Chronoamperometry responses for a) 3.5 nm Bi NS and b) 11 nm Bi NS at different
potentials in COz-saturated 0.1 M KHCO3 (Potentials marked in the Figure are vs RHE).
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Figure S20. Potential-dependent Faradaic efficiencies toward HCOO~, CO, and Hz on 3.5 nm
Bi NS (dark line) and 11 nm Bi NS (light line) in 0.1 M KHCOs.
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Figure S21. Chronoamperometry response of stored 3.5 nm Bi NS at -1.1 V vs RHE in CO2-

saturated 0.1 M KHCOs. The working electrode was stored in N2-saturated water for one week
since initial testing.

Figure S22. Typical a) SEM image, b) TEM image, and ¢c) HADDF-STEM image of 3.5 nm Bi
NS after long-term testing.
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Figure S23. ECSA measurements. Cyclic voltammograms of a) 3.5 nm Bi NS and b) 11 nm Bi
NS at various scan rates (20 to 100 mV s™1) in the region of 0.05 to 0.15 V vs Ag/AgCl.
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Figure S24. Optimized configurations of a) the pristine Bi model and b) the defective Bi model.
Models are presented from both top and side directions. Purple spheres represent Bi atoms.
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Figure S25. p-Electron DOS of pristine Bi and defective Bi models. The dashed line indicates

the Fermi level (EF), and the arrow labels indicate the p-DOS descriptor (the highest peak near

the Fermi level).[0!
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Figure S26. Free energy diagrams of CO:2 reduction pathways to HCOOH on the pristine Bi
model (black line) and the defective Bi model (red line). (U = 0 vs RHE, pH corrected at 6.8)
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Figure S27. Electron charge difference for *OCHO adsorption on a) the pristine Bi model and
b) the defective Bi model. Cyan regions show electron depletion, and yellow regions show
electron accumulation. The isosurface value is 0.003 e~ A-3. White, brown, red and purple

spheres represent H, C, O and Bi atoms, respectively.
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Figure S28. Bader charge analysis of a, b) the pristine Bi model and c, d) the defective Bi model
with *OCHO intermediate adsorbed. Models are presented from both top and side directions.
Positive values represent a positive charge on the atom. White, brown, red and purple spheres

represent H, C, O and Bi atoms, respectively.
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Figure S29. a) Linear sweep voltammetry responses of 3.5 nm Bi NS in COz-saturated KHCO3
solution with different concentrations (0.02 to 0.20 mol L™). b) Chronoamperometry responses
of 3.5 nm Bi NS at —0.9 V vs RHE in COz-saturated KHCOs aqueous solution with different
concentrations.
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Figure S30. Faradiac efficiency of CO, Hz, and HCOO™ for 1-h electrolysis in the N2-saturated
0.1 M KHCOs on the 3.5 nm Bi NS. During initial 15 min, some formate was produced; however,

no more formate was detected after 1-h electrolysis.
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Supplementary Tables

Table S1. Assignment of selected vibrations in the FT-IR spectra.['?

nijrﬁ\éilf?ﬁ;r_ll) Assignment Origin
2936 v(C-H) stretching vibration o C—H in Aldehydes Formate
1716 pas(COO) asymmetggrztéisﬁgtiggg;/ci)kzjrs;ion of the HeBTC
1650 vas(C-0) asymmetric stretching vibration of C-O Bi-MOF
1609 vs(C-C) symmetric stretching vibration of C-C HsBTC
1524 vas(C-0) asymmetric stretching vibrations of C-O Bi-MOF
1477 i3(COs%) anti-symmetric vibration stretching of COz%~ Bi-0.CO3
1450 15(COO) symmetr(i;1 rsgroe)zsgpeggvrig;%t;on of the HsBTC
1431 vs(C-0) symmetric stretching vibration of C-O Bi-MOF
1385 i3(COs%)  anti-symmetric vibration stretching of COs>~  Bi,0.CO3
1355 vs(C-0) symmetric stretching vibration of C-O Bi-MOF
1053 i1(CO3%) symmetric stretching vibration of CO3?~ Bi.0O.CO3
845 i2(COz%) out-of-plane bending of CO3%~ Bi»O.COs3
738 y(aryl-H) out-of-plane bending of aryl-H HsBTC
690 14(CO3z%) in-plane deformation of CO3?" Bi,0.CO3
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Table S2. Assignment of selected vibrations in the Raman spectra.[120. 12d. 13]

Raman

shift (cm) Assighment Origin
1069 »(C—=O)cor symmetric str(itgrhtjgg ;[i:)ration of C-O Bi,O,CO5
ooz c-cy LR bendngore g e gy
820 o(C—H)ar C—H out-of-plane deformation band Bi-MOF
162 -- external vibration mode of Bi=O Bi-O.CO3
150 -- external vibration mode of Bi=O Bi-MOF
97 Ag lattice vibration mode of Bi—Bi Bi
85 -- vibration mode of Bi=O Bi-MOF
77 -- external vibration mode of Bi=O Bi.0,COs3
71 Eq lattice vibration mode of Bi—Bi Bi
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Table S3. Summary and comparison of CRR performance on Bi-based electrocatalysts.

Potential ranges (mV)

Catalyst Electrolyte Potential  FEformate fOr FErormae > 80% Ref
3.5 nm Bi NSs 0.1 M KHCO -1.1V 92% ~450 This work
' ' ®  VvsRHE 0
11 nm Bi NSs 0.1 M KHCO -1.1V 87% 400 This work
' ®  VvsRHE 0
nano-BilCu 0.1 M KHCO —15V 91% 300 [14]
' *  vs Ag/AgCl 0
elongated -0.9V 0
Bismuth oxides 0.5 M KHCO, vs RHE 91% 300 [15]
HSA-BI 0.5 M KHCO —15V 92% 300 [16]
' ®  VsSCE 0
Bi»0,CO3 -1.2V 0
reduced Bi NS 0.1 MKHCO, vs Ag/AgCI 83% 100 [17]
. . . -0.82V
Oxide-derived Bi 0.5 M KHCO3 vs RHE 82% 100 [18]
Bi nanodendrite 0.5 M NaHCO; 8V 96% 200 [19]
' ®  VsSCE 0
nano-Bi 0.5 M KHCO -16V 98% 200 [20]
' 3 vs SCE 0
exfoliated Bi -1.1Vv 0
ranosheets 0.1 M KHCO3 Vs RHE 86% 100 [21]
. . -0.74V
Bi dendrite 0.5 M KHCOs vs RHE 89% 200 [22]
Bi nanoflakes 0.1 M KHCO 08V 90% 100 23]
' ®  VsRHE 0
, ~1.45V o
Biss/GDE 0.5 M KHCOs3 vs SCE 90% 300 [24]
Bi nanostructure 0.5 M KHCO —0.9V 92% 400 [25]
' ®  VsRHE 0
MOF-derived -0.67V 0
Bi,0COs 0.5 M KHCO3 vs RHE 96% 300 [26]
MOF-derived -0.97V
Bi NPs 0.5 M KHCO3 vs RHE 95% 400 [27]
MOL-derived -0.9V o
Bi NSS 0.5 M KHCOs3 vs RHE 100% 500 [9Db]
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Potential ranges (mV)

Catalyst Electrolyte Potential  FEformate fOr FErormate > 80% Ref
, -1.1V .
3.5 nm Bi NSs 0.1 M KHCO3 vs RHE 92% ~450 This work
, -1.1V .
11 nm Bi NSs 0.1 M KHCO3 vs RHE 87% 400 This work
Bi.Ss-derived -0.75V 0
defect-rich Bi 0.5 M NaHCOs3 vs RHE 84% 100 [28]
, -0.7V 0
AgBi-500 0.1 M KHCOs3 vs RHE 94% 500 [29]
: -0.58 vV
Bismuthene 0.5 M KHCO3 vs RHE 98% 300 [1]
topotactic 17V
transformed Bi 0.5 M NaHCOs Vs SCE ~100% 400 [9a]
NS
Curved Bi -1.0V 0
nanotubes 0.5 M KHCOs3 vs RHE 92% 600 [30]
, -09V o
Bi@C 0.5 M KHCOs3 vs RHE 92 % 400 [31]
. -0.69 V 0
Cu foam@BIiNW 0.5 M NaHCOs3 vs RHE 95% 600 [32]
. -09V 0
Bi.Os -NGQD 0.5 M KHCOg3 vs RHE 100% 600 [33]
Bi2Os ~1.256 V o
NS@MCCM 0.1 M KHCOg3 vs RHE 93% 600 [34]
2D Mesoporous 0.9V 000
Bi NS 0.5 M NaHCOs3 vs RHE 99% 500 [35]
POD-BI 0.5 M KHCO3 ~1.16 v 95% 500 [36]

vs RHE
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Table S4. Computed gas phase properties and thermodynamic energy correction for *OCHO.

Eorr (8V)  ZPE (eV) T*S (eV)

H, —22.96 0.27 ~0.40

CO, —6.68 0.31 —0.66
H.0 (g) ~14.22 0.57 —0.54
HCOOH —29.88 0.77 -0.17
*OCHO — 0.62 —0.19
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Chapter 5

Inter-metal Interaction with a Threshold
Effect in NiCu Dual-atom Catalysts for

CO, Electroreduction
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5.1 Introduction and Significance

Dual-atom catalysts (DACs) have become an emerging platform to provide more
reactivity and active sites for the multi-electron/proton concerning electrocatalytic
reaction, such as CO, reduction (CRR). However, the introduction of the asymmetric
dual-atom site causes complexity in its structure, leaving incomprehensive
understanding of the catalytic mechanism. Particularly, the role and mechanism of
inter-metal interaction has yet to be understood. Therefore, it is urgent and crucial
to investigate the inter-metal site distance effect of DACs, which can not only promote
the full potential of DACs, but also guide the design of advanced atomically-dispersed
single-atom catalysts. To address this issue, we employed a peripherally distributed
NiCu dual-atom catalyst supported on the nitrogen-doped carbon (NiCu-NC) as a
case study. The distance (d)-dependent inter-metal interaction was investigated, and
thus a newly-proposed macro-descriptor as the guidance for future design of DACs

was also provided. The highlights of this work include:

(1) First report of d-dependent inter-metal interaction features in DACs. We propose
a rational and universal model (“M,, M,”) to study the “structure-to-property” of
DACs and theoretically reveal that the electronic structures, CRR activity and
selectivity can be effectively altered by the inter-metal interaction, which is

determined by the inter-metal distance.

(2) Mutually confirmed threshold effect for inter-metal interaction in DACs. We
experimentally confirm a distance threshold around 5.3 A between adjacent Ni and
Cu moieties to trigger effective electronic regulation. On this threshold distance
distribution, both selectivity and activity of the CRR are boosted, evidenced by high-
angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM), X-ray synchrotron-based measurements, and electrochemical measurements.
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(3) Universal macro-descriptor to guide DACs design. We rigorously establish an
effective and universal macro-descriptor to correlate the inter-metal distance and
intrinsic material features, i.e. d o« (thickness X metal loading)~%°, by Monte Carlo
experiments using both algorithm modelling simulation and mathematical derivation.
It closely aligns with experiments and previous reports, and will serve as a practical

guide for designing atomically-dispersed catalysts.

In short, this work offers new insights into the understanding and design of
atomically-dispersed catalysts in the future. The optimized synergistic effect and
reactivity can be readily achieved by just reaching their diatomic threshold distance,
which can be realistically obtained by controlling the amount of the added metal

precursors.

5.2 Inter-metal Interaction with a Threshold Effect in NiCu

Dual-atom Catalysts for CO, Electroreduction
This chapter is presented as a submitted research paper by Dazhi Yao, Cheng Tang,
Xing Zhi, Bernt Johannessen, Ashley Slattery, Shane Chern and Shi-Zhang Qiao.

Inter-metal interaction with a threshold effect in NiCu dual-atom catalysts for CO,

electroreduction, Adv. Mater., 2022, 2209386. https://doi.org/adma.202209386.
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Abstract: Dual-atom catalysts (DACs) have become an emerging platform to provide more
flexible active sites for electrocatalytic reactions with multi-electron/proton transfer, such as
COz reduction reaction (CRR). However, the introduction of asymmetric dual-atom sites causes
complexity in structure, leaving an incomprehensive understanding of inter-metal interaction
and catalytic mechanism. Taking NiCu DACs as an example, herein, we propose a more
rational structural model, and investigate the distance-dependent inter-metal interaction by
combining theoretical simulations and experiments, including density functional theory
computation, aberration-corrected transmission electron microscopy, synchrotron-based X-ray
absorption fine structure, and Monte Carlo experiments. A distance threshold around 5.3 A
between adjacent Ni-Ns4 and Cu—N4 moieties is revealed to trigger effective electronic
regulation and boost CRR performance on both selectivity and activity. A universal macro-
descriptor rigorously correlating the inter-metal distance and intrinsic material features (e.g.,

metal loading, thickness) is established to guide the rational design and synthesis of advanced
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DAC:s. This study highlights the significance of identifying the inter-metal interaction in DACs,
and helps bridge the gap between theoretical study and experimental synthesis of atomically

dispersed catalysts with highly correlated active sites.

Keywords: dual-atom catalysts, inter-metal interaction, atomic distance, threshold effect,

electrocatalysis, CO> reduction

1. Introduction

Single-atom catalysts (SACs), i.e., isolated metal atoms coordinated by neighbouring sites on
the host support, have attracted significant attention in heterogeneous catalysis owing to unique
structure and maximized atomic utilization of them [!!. Generally, SACs feature homonuclear
metal sites and manifest enhanced electrocatalytic activity for various reactions, especially
oxygen reduction reaction (ORR) [?l. However, such site homogeneity with a single kind of
active centre significantly hinders their performance in complex reactions where the adsorption
of multiple intermediates demands independent regulation *1. Taking CO, reduction reaction
(CRR) as an example, the adsorption energy scaling relationship between *CO and other
carbon-bound species reveals that the key reduction intermediates, *COOH and *CHO, cannot
be stabilized independently of *CO % 4. Such scaling relations generally result in high
overpotential and low catalytic efficiency, thus leaving unsatisfactory CRR reactivity and

3¢, 4,51 - Aiming at higher flexibility in optimizing active centres and

selectivity in practice [
intermediate adsorption, dual-atom catalysts (DACs) have been proposed to construct
asymmetric bimetallic sites [°]. The incorporation of second heteronuclear metal sites induces
more top/bridge sites, diverse absorption strength and modes, and synergistic effects via inter-
metal interaction, enabling a new degree of freedom to break the linear scaling relations of

(e, 71 Recent

different intermediates and thus improve the reaction activity and selectivity
reports including NiFe Bl ZnLn Pl IrNi 1% and IrFe !l moieties highlight the unique

advantages and effective applications of DACs in lowering the reaction barrier (overpotential)
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and accelerating the reaction kinetics for multi-step electrocatalytic reactions including ORR
and CRR [7&12],

With the promising development of SACs from monometallic to multi-metallic systems,
the chemical interaction between individual atoms has been revealed as a crucial factor to alter
electronic structures and catalytic reactivity !’ However, the role and mechanism of inter-
metal interaction have yet to be understood. The crucial challenges include: 1) bottleneck in the
precise and controllable synthesis of DACs with well-defined configurations, 2) difficulty in
characterizing the adjacent and uniform distribution of heteronuclear atoms, and 3) knowledge
gap between experimental observation and theoretical interpretation [* ' Ideally, the
heteronuclear metal sites in DACs are connected by linking or bridging atoms (e.g., O/N/S
atoms) with a well-defined configuration on the host support (e.g., N-doped graphene), which
is denoted as “M;—M,” in Figure 1a [®*]. However, such adjacent and specific moieties cannot
be strictly and uniformly constructed by prevailing synthetic methods '*131. The simplified
“Mi1—M;” model and corresponding atomic bonding/orbital coupling theory cannot rationalize

s [ 15161 " A5 comparison, a new model of

the experimentally observed performance of DAC
“Mi, My” for DACs which considers two crucial features — random distribution of heteronuclear
metal sites and proximity effect between each other, is seldom studied % '3 The
characteristics of “Mi, M>” configuration can effectively bridge the research from isolated
SACs (M) through correlated SACs (M1, M) to ideal DACs (M1—M>) (Figure 1a), rendering
a more justified and universal structure model to unravel the fundamental mechanism of inter-
metal interaction [°°l. Therefore, it is urgent and crucial to first investigate the inter-metal
distance effect of DACs based on the “Mj, M>” configuration, which can not only promote the
full potential of DACs, but also guide the design of advanced SACs with more flexibility in
concentration, composition, structure, and property.

Herein, NiCu dual-atom dispersed on nitrogen-doped carbon (NiCu-NC) was selected as

a case to investigate the inter-metal distance effect on its CRR performance. We first conducted
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theoretical predictions with various SACs and DACs models to evaluate the effect of inter-
metal interaction on the electronic structure, and CRR activity and selectivity of DACs,
revealing a distance threshold for effective inter-metal interaction. Further experimental
synthesis, atomic characterization and electrocatalytic measurement confirmed the superior
CRR activity and selectivity of DACs over SACs, especially on the onset potential and CO
selectivity. The non-bonding inter-metal interaction and synergistic effect were further
elucidated by analysing the electronic structure. Aiming at a more efficient and practicable
design principle for DACs, we conducted random computational simulation and mathematical
analysis to correlate the inter-metal distance with intrinsic material properties, such as the metal
loading and substrate thickness. These findings offer some fresh and qualitative insights into
the structural understanding, activity origin, and rational design of DACs by regulating the

inter-metal distance and synergistic effect.

2. Result and Discussion
2.1. Theoretical Investigation of Inter-Metal Interaction Effect
We first evaluated the inter-metal interaction of DACs and its effect on CRR performance by
changing the inter-metal distance (d) between adjacent Cu and Ni atoms. As shown in Figure
1b, four DACs models were built with the same first coordination sphere configuration (metal—
N4) but varied d values for density functional theory (DFT) computation. The models are
denoted as dNiCu-d, where d is calculated to be 2.6, 4.1, 4.9, and 5.3 A, respectively. Two
monometallic counterparts, donated as sNi and sCu, were also considered to simulate the DACs
without inter-metal interaction by increasing d to infinity. All these DACs models are confirmed
to be thermodynamically stable with lower formation energies than those of SACs (Figure 1b).
To investigate the effect of inter-metal interaction on electronic structures, we introduce
the “net electron difference” (JAe|) to reflect the d-dependent electron redistribution on both Ni

and Cu sites. The |Ae| value is set as zero for both sNi and sCu models as the baseline. As shown
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Figure 1. Theoretical calculations to study the inter-metal interaction effect on the dNiCu
model. (a) Schematic of SACs and DACs showing the change in site proximity with different
models. (b) Net electron difference of Ni and Cu sites in different dNiCu models using sNi and
sCu models as the baseline, respectively. (c) Free energy diagrams of CO; electroreduction to
CO on the Ni sites for dNiCu-5.3, dNiCu-2.6 and sNi models (U = 0 eV; pH = 6.8). (d)
Computed pDOS of the Ni d-orbital for dNiCu-5.3, dNiCu-2.6 and sNi models. (e) Free energy
diagrams of HER on the Ni sites for dNiCu-5.3, dNiCu-2.6 and sNi models (U =0 eV; pH =
6.8). (f) Calculated limiting potentials difference for CO; reduction over H evolution on Ni

sites.

in Figure 1b, the DFT computation reveals a negative correlation between |Ae| and d values for
both sNi and sCu. The dNiCu-2.6 structure exhibits the most electron depletion on Cu (~0.08
e) and some on Ni (~0.02 e), and such electron redistribution effect is continuously weakened
as the distance elongated. When d is larger than ~5.0 A, the electron difference is becoming
negligible (<0.003 e) compared to that of sNi and sCu. Therefore, there is a distance threshold

(here 5.3 A) to trigger effective inter-metal interaction in terms of the electronic structures for
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DACs, which is consistent with the findings in densely populated Fe SACs 3. When d is
closer than the threshold, the electronic structure of metal centres will be substantially altered
by decreasing the inter-metal distance; however, the d-dependent effect will be negligible for
the distance above the threshold. This two-stage d-dependent electronic interaction is believed
to play a vital role in regulating the CRR activity and selectivity for DACs.

The influence of inter-metal interaction on CRR activity and selectivity was further studied
by computing the free energy diagrams and limiting potentials (UL) for different structures. We
investigated the CO; reduction to CO through *COOH on both DACs (i.e., dNiCu-2.6, dNiCu-
5.3) and SACs (sNi, sCu). As shown in Figure 1¢ and Figure S1, the formation of *COOH from
CO:2 is the potential-limiting step for all cases, and the Gibbs free energy change of this step
(AGcoon) is used as the activity descriptor (Table S1 and S2). For all studied models, Ni sites
are revealed to serve as the catalytic active centres with theoretical overpotentials relatively
lower than those on Cu sites (Figure 1c and Figure S1). Additionally, the formation of DACs
facilitates the adsorption of *COOH, evidenced by the lower AGcooun on the dNiNi-2.6
comparing with sNi (Figure S1). Compared to the SACs without inter-metal interaction, the
dNiCu-5.3 moiety exhibits obviously decreased energy barrier (AGcoon) and thus higher CRR
activity on the Ni sites. Such enhancement effect by introducing a neighbouring Cu site to Ni
sites is further elucidated by investigating Ni 3d electronic configuration (Figure 1d and Figure
S2). As shown in Figure 1d, the computed partial density of states (pDOS) reveal an obvious
upshift of the peak location (£, first maximum near Fermi energy) and d-band centre (£4) upon
the incorporation of heterogeneous Cu sites and a decrease of the inter-metal distance. This
regulated electronic structure is responsible for accelerated adsorption of reaction intermediates
(135,171 Notably, the closer d will simultaneously strengthen the adsorption of *H for competing
hydrogen evolution reaction (HER) on Ni sites (Figure le), resulting in a trade-off between
CRR activity and selectivity. The limiting potentials for CRR over HER, i.e., (UL(CO2)—

UL(H>2)), were applied as a reasonable descriptor to clearly figure out the CRR selectivity on
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the d-dependent Ni sites '®]. As compared in Figure 1f and Figure S3, dNiCu-5.3 exhibits both
high activity and selectivity for CRR, while dNiCu-2.6 is unfavourable due to the significantly
decreased selectivity, even lower than that of Ni SACs.

The theoretical study well reveals that the electronic structure, CRR activity and selectivity
of DACs can be effectively altered by the inter-metal interaction, which is determined by the
inter-metal distance. It is noteworthy that the d-dependence features a novel threshold effect.
Specifically, for dNiCu-5.3 DACs featuring the threshold d, the inter-metal interaction-derived
electronic structure regulation (<0.003 e) significantly promotes the *COOH adsorption for
CRR (Figure 1¢) while slightly improves the *H adsorption for HER on Ni sites (Figure 1e),
thus rendering a highly active and selective catalyst for CO; reduction to CO. By further
decreasing d, however, the strong electronic interaction (e.g., one order of magnitude higher for
dNiCu-2.6) leads to unfavourable enhancement of HER and lower selectivity towards CRR
(Figure le and 1f). Therefore, these theoretical findings highlight the crucial importance to
refine the fundamental mechanism understanding of d-dependent synergistic effects to guide
the design of DACs with optimal structures and properties.

2.2. Synthesis and Characterization of NiCu DACs

Guided by theoretical predictions, we synthesized peripherally dispersed NiCu DACs on the
nitrogen-doped graphene (denoted as NiCu-NC) by pyrolyzing a mixture of dicyandiamide,
glucose, nickel, and copper salts in the argon atmosphere (Figure S4). Ni and Cu SACs, denoted
as Ni-NC and Cu-NC, were also fabricated via similar approaches with the only addition of one
corresponding salt precursor. Transmission electron microscopy (TEM) images show that the
as-obtained NiCu-NC sample exhibits corrugated nanosheets with a multi-layer thickness
(Figure 2a and 2b). Such nanosheet morphology is attributed to the added dicyandiamide as a
sacrificial template, which initially assembles into the layered graphitic carbon nitride (g- C3Ny),

and binds aromatic carbon intermediates from the glucose. Finally, graphene nanosheet is
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Figure 2. Atomic characterization of the obtained NiCu-NC DACs. (a) TEM image and (b)
high-resolution TEM images of the as-obtained NiCu-NC. The insert in Figure 2b shows the
edge thickness of the N-doped carbon nanosheet. (c) Representative atomic-resolution
HAADF-STEM image and (d) EELS of NiCu-NC. (e) Histogram of the observed inter-metal
distance (left) and percentage of DACs versus SACs with 5.3 A as the threshold (right). (f)
Magnified HAADF-STEM image of a NiCu atomic pair and the corresponding 3D intensity
profile.

formed at higher temperatures (900°C) after the complete pyrolysis of g-C3Ns ). The
interplanar spacing (0.35 nm) is slightly larger than that of pristine multi-layer graphene (0.335
nm), which might ascribe to the corrugation-derived lattice distortion and heteroatom-doped
defects %% Raman spectra further confirm the defective structure of nitrogen-doped graphene
substrates, showing a large intensity ratio of D and G bands around 1.0 (Figure S5). Such
defective laminated morphology is beneficial for the uniform anchoring and dispersion of
atomic metal species. Powder X-ray diffraction (XRD) analysis of as-obtained samples reveals
two broad peaks centred around 28° and 44°, assigned to the (002) and (101) facets of graphitic
carbon (Figure S6) 2%, The absence of diffraction peaks for metallic nanoparticles, as well as

no pronounced agglomeration in high-resolution TEM images, suggests the formation of
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isolated Ni and Cu sites. As comparison, Ni-NC and Cu-NC samples were also characterized
by Raman spectra, XRD spectra, and TEM images (Figure S5-S7), both of which display
identical features as NiCu-NC.

The atomic dispersion and inter-metal distance were further investigated by aberration-
corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM). The HAADF-STEM image of NiCu-NC DACs displays a large amount of well-
dispersed, bright dots with different brightness and size below 2 A on the carbon matrix (Figure
2c, Figure S8). They are assigned to isolated Ni and Cu metal atoms due to the atomic number-
dependent contrast variation. Electron energy loss spectroscopy (EELS) and energy-dispersive
X-ray spectroscopy (EDX) mapping validate the uniform dispersion of Ni and Cu elements on
the N-doped carbon matrix (Figure 2d and Figure S9). CO adsorption measurement via in situ
Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy also verifies the
formation of single-atom catalysts ?!1. As shown in Figure S10, time-dependent DRIFT spectra
reveal that CO absorption bands on NiCu-NC are centred at 2120 cm™!. As the time of CO
purging increases, the intensity of CO adsorption bands also increases. The uniform and isolated
dispersion of metal atoms is also confirmed for Ni-NC and Cu-NC SACs samples (Figure S7).
The Ni and Cu metal loadings in NiCu-NC are quantified by inductively coupled plasma mass
spectrometer (ICP-MS) to be ~0.67 wt.% and 0.88 wt.%, respectively. All the as-obtained
DACs and SACs samples exhibit a similar total metal loading, ranging from 1.14 to 1.55 wt.%
(Figure S11, Table S3). These results further validate the atomic-resolution HAADF-STEM
analyses, demonstrating the successful preparation of atomically dispersed NiCu-NC catalysts.

To gain more insights into the adjacent distribution of Ni and Cu atoms, we conducted
statistical analysis by considering more than 300 atoms in HAADF-STEM images (Figure 2c,
Figure S8, Figure S12). For one specific single-atom site, its inter-metal distance was
determined by measuring the distance from its nearest metal site (Figure S12b). As shown in

Figure 2e, the statistic histogram of inter-metal distance satisfies a normal distribution, with a
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fitted average value of 0.50 = 0.13 nm. If we take the theoretically predicted d value with
effective inter-metal interaction (i.e., < 5.3 A) as the threshold between SACs and DACs, more
than 60% of the bright single-atom dots can be regarded as bimetallic pairs (Figure 2e), which
is comparable with and even higher than previous reports *l. Considering the great challenge
to identify each metal atom by HAADF-STEM, this statistical analysis provides an effective,
reasonable and qualitative approach to investigating the inter-metal distance and interaction in
both DACs and densely populated SACs. Figure 2f exhibits the HAADF-STEM image and
corresponding intensity profile for a typical NiCu bimetallic pair with different contrast and d
of 0.51 nm. The atomic-resolution elemental analysis via electron energy-loss spectroscopy
(EELS) line-scan % ¢l further corroborates the dual-atom element composition, i.e., one Ni
atom and one Cu atom with a diatomic distance of 5.1 A (Figure S13), which accounts for the
largest proportion (Figure 2¢) and matches well with the dNiCu-5.3 moiety.

2.3. Electronic and Coordination Structure Analysis of NiCu DACs

To identify the atomic structure and inter-metal interaction of as-obtained NiCu-NC DACs, we
performed the synchrotron-based X-ray absorption fine structure (XAFS) spectroscopy
characterization. As shown in Figure 3a, the Ni K-edge X-ray absorption near edge structure
(XANES) spectra of NiCu-NC and Ni-NC locate between those of nickel (II) phthalocyanine
(NiPc) and Ni Foil. It implies that the average valence state of isolated Ni atoms is between 0
and +2 in both SACs and DACs, which is the same for isolated Cu atoms (Figure 3b). The
subtle difference in valence states between SACs and DACs is then investigated by the first-
derivative XANES spectra (Figure 3¢ and 3d). Notably, the adsorption edges corresponding to
the 1s — 4p transition 1'% 13%222] are almost identical (shift within 0.2 eV) for Ni K-edge between
NiCu-NC (8338.3 eV) and Ni-NC (8338.1 e¢V) and for Cu K-edge between NiCu-NC (8981.6
eV) and Cu-NC (8981.5 eV), respectively. To further clarify the electronic states of Ni and Cu,
we investigated the near-edge X-ray absorption fine structure (NEXAFS) spectrum for NiCu-

NC. As shown in Figure S14, the NEXAFS spectrum of N K-edge for NiCu-NC suggests an
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Figure 3. Coordination structure analysis of the obtained NiCu-NC DACs. (a) Ni K-edge
and (b) Cu K-edge XANES spectra. (¢) The derivative of the normalized Ni K-edge and (d) Cu
K-edge XANES spectra of NiCu-NC, Ni-NC, Ni/Cu Pc and Ni/Cu foil. (¢) Ni K-edge and (f)
Cu K-edge FT-EXAFS spectra of different samples in R-space. (g) The R-space EXAFS-fitting
curves of the as-obtained NiCu-NC sample at Ni K-edge and (h) Cu K-edge using the dNiCu-
5.3 model. (i)The most likely structural model of the as-obtained NiCu-NC. The brown, grey,
orange and blue balls represent C, N, Ni and Cu atoms, respectively.

evident absorption at ~399.5 eV, further proving the formation of metal-nitrogen bonding (**
221 The Ni L-edge of both NiCu-NC and Ni-NC shows a shoulder peak around 853.6 eV at the
L3 region, implying that Ni is partially oxidized state in both samples (Figure S14b) & 191 Also,

no pronounced peak shift between NiCu-NC and Ni-NC further denotes the subtle interaction

between atomical Ni and Cu sites, which is similar to that in the Cu L-edge of both NiCu-NC
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and Cu-NC (Figure S14c¢). These findings reveal a subtle electronic structure change between
as-obtained DACs and SACs, which is in line with the computation results of dNiCu-5.3 (Figure
1b) but different from previous reports [13%22],

To further investigate the coordination configuration of Ni and Cu atoms in NiCu-NC
DACs and SACs counterparts, the extended X-ray absorption fine structure (EXAFS) was
analysed. Figure 3e and 3f display the Fourier transform (FT) of k*-weighted EXAFS spectra
for Ni and Cu K-edge in the R-space, respectively. The Ni K-edge spectra exhibit a predominant
peak around 1.45 A for NiCu-NC and Ni-NC samples, similar to that for NiPc, which is
assigned to the scattering of the first shell Ni-N path. The Cu K-edge spectra also feature the
main peak around 1.5 A originating from the Cu—N scattering for NiCu-NC and Cu-NC samples,
in line with that for CuPc. Compared to Ni and Cu foils, the absence of metal-metal
coordination (~2.2 A) for as-obtained DACs and SACs samples further corroborates the
isolated dispersion of each metal and suggests a moderate distance without direct bonding
between metal atoms. We also introduced wavelet-transform (WT) analysis for EXAFS spectra
to identify the surrounding coordination of Ni and Cu centers in the radial distance and the k
space 2> 24 As shown in Figure S15, the maximum intensity of Ni K-edge and Cu K-edge
spectra is found at ~3.5 A™! for both NiCu-NC, Ni-NC and Cu-NC, which is attributed to the
Ni—N or Cu—N scattering paths in the first coordination shell, consistent with FT-EXAFS results.
At high radial magnitude (>2.5 A), the WT-EXAFS intensity for NiCu-NC is comparable to
these of Ni-NC and Cu-NC, but different from that of Ni/Cu metal foil '® 22231, Furthermore,
the local coordination structure of NiCu-NC DACs was quantitatively analysed by the least-
squares EXAFS curve fitting using structure models with varied d values % 23241 The detailed
fitting results, including metal-N/metal-metal path length and coordination numbers, are
shown in Table S4. If the sCu/sNi models with an infinitely large d or the dNiCu-2.6 model
with a very small d are applied, the fitting curves exhibit significant deviation in the region of

the second shell (Figure S16 and S17). In contrast, the EXAFS curve fitting using the dNiCu-
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5.3 model achieves the best fitting coefficient and matches well with the experimental spectra
for NiCu-NC (Figure 3g—i, Figure S18 and S19). On one hand, the fitting results confirm an
average coordination number of 4 for both Ni and Cu centres to form the Ni—N4 and Cu—Ngy
moieties in the first shell and eliminate the existence of Ni—Cu coordination bonds. On the other
hand, additional metal-C/N bonds with longer lengths (> 2.5 A) have been found (i.e., Ni—
C(16)/C(31) and Ni—N(1)/N(5) bonds in Table S4), corroborating the non-bonding diatomic
entity without direct metal-metal or metal-C/N—metal bonds. Taken together, the above-
mentioned characterizations of as-obtained NiCu-NC DACs, especially the HAADF-STEM
and EXAFS results, match well with the proposed dNiCu-5.3 model in terms of the electronic
structure change, local coordination configuration, and inter-metal distance.

2.4. CRR Activity and Selectivity of NiCu DACs

To investigate the electrocatalytic performance enhancement of DACs by inter-metal
interaction, we conducted CRR measurements in CO-saturated 0.10 M KHCO3 using a gas-
tight H-cell, which could provide much smaller biases and interference on the catalysts, thus
leading to the slightest change in the structure of catalysts and benefit the clear mechanistic
studies (>, As shown in Figure 4a, the linear scan voltammogram (LSV) tests reveal that NiCu-
NC DAC:s deliver higher current responses than Ni-NC and Cu-NC SACs below —0.40V vs
reversible hydrogen electrode (RHE) in the CO»-saturated electrolyte, implying its superior
CRR activity. CRR selectivity was evaluated by chronoamperometry tests at different potentials
(Figure S20), and gaseous products were quantitatively analysed by online gas chromatography.
Carbon monoxide (CO) and hydrogen (H>) are identified as the predominant products over the
whole potential range, with a total Faradaic efficiency (FE) close to 100% (Figure 4b,c). At an
applied potential as positive as —0.32 V vs RHE, CO product can be obviously detected for
NiCu-NC but is not evident for Ni-NC and Cu-NC samples, suggesting a smaller onset

overpotential () of converting CO, to CO (Figure 4b). NiCu-NC sample can achieve a
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maximum FE for CO production (FEco) as high as ~98%, much better than that of Ni-NC and
Cu-NC SACs. Furthermore, NiCu-NC exhibits a significantly wide potential window for FEco
> 80% (from —0.47 V to —1.27 V vs RHE; 800 mV), which is ~200 mV wider than that of Ni-
NC. Given the boosted activity and selectivity, NiCu-NC exhibits much higher CO partial
current density (jco) over the entire potential window. Specifically, NiCu-NC can deliver a high
jco of —18.2 mA cm™ at —1.27 V vs RHE, which is ~1.5 and ~9 times greater than those of Ni-
NC and Cu-NC, respectively (Figure 4d). Such CO»-to-CO activity and selectivity of NiCu-NC

are among the best results for state-of-the-art DACs and SACs evaluated in H-cells (Table S5).

Figure 4. Catalytic performance of CO: electroreduction to CO. (a) LSV polarization
curves for NiCu-NC, Ni-NC, and Cu-NC in CO;-saturated 0.1 M KHCO:s electrolyte. Potential-
dependent Faradaic efficiencies of (b) CO and (c) H» for NiCu-NC, Ni-NC, and Cu-NC in CO»-
saturated 0.1 M KHCOs. The error bars were calculated by three independent tests. (d)
Potential-dependent CO partial current densities for different samples. (¢) Calculated TOF for
NiCu-NC, Ni-NC, and Cu-NC on different applied potentials. (f) Stability evaluation of NiCu-

NC by chronoamperometric test at —1.07 V vs RHE for continuous 30 hours.

The superior intrinsic activity of NiCu-NC DAC:s is further illustrated by calculating the

turnover frequency (TOF) for CO production based on the number of all metal sites (Ni and/or
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Cu), as well as the kinetics studies. As shown in Figure 4e, NiCu-NC exhibits a maximum TOF
of 681 h™! at —1.27 V vs RHE, which is ~1.2 and ~5.5 times higher than those of Ni-NC and
Cu-NC, respectively. Moreover, NiCu-NC shows excellent durability for CRR electrocatalysis,
demonstrated by the stable current density and FEco over 30 h during the continuous
electrolysis at a constant potential of —1.07 V vs RHE (Figure 4f). Post-mortem microscopy
characterization of NiCu-NC after long-term electrolysis indicates no formation of
nanoparticles or nanoclusters by potential-induced agglomeration (Figure S21). Additionally,
we conducted Tafel analysis to understand the reaction kinetics of the dual-atom sample for the
boosted catalytic performance. As shown in Figure S22, the Tafel slope for CO evolution on
NiCu-NC is 138 mV dec”!, where the first electron transfer can be attributed to a rate-
determining step (RDS), i.e., CO> activation with proton-coupled electron transfer (PCET) [2°],
The reaction order analysis elaborates more on the RDS (Figure S22b). The approximate zero-
order dependency on [HCO37] suggests that the source of the proton in PCET step was mainly
from  water  dissociation  rather  than directly  from  bicarbonate, ie.,
*+CO2+H,0+e =*COOH + OH 261, Compared with Ni-NC (257 mV dec ') and Cu-NC
(289 mV dec!), NiCu-NC has the smallest Tafel slope, confirming its improved kinetics for
the CO; to CO conversion, benefiting from the synergistic Ni/Cu dual sites. Such results are
also consistent with the findings and rationality in the DFT computations, where sCu exhibited
higher AGcoon while the sNi or Ni site of the dNiCu-5.3 lowered the energy barrier (Figure
S2). These results manifest the crucial role of inter-metal interaction and synergistic effect
between Ni and Cu atoms on enhancing the electrocatalytic performance of DACs, which will
be elucidated further by theoretical studies. Since Ni sites are identified as the catalytic active
centres (Figure 1 and Figure S2), we analysed the electron state change of Ni sites with *COOH
bonded to investigate the synergistic mechanism in DACs. As compared in Figure S23 and S24,
upon *COOH adsorption on the Ni sites of dNiCu-5.3 and sNi, different electron transfer

behaviours are observed. For dNiCu-5.3, more electron depletion is observed on both Ni (from
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+1.03 to +1.16) and Cu sites (from +0.91 to +1.05). This synergistic interaction leads to 0.33¢
accumulation on the *COOH adsorbed onto the Ni site in the dNiCu-5.3, while COOH on the
sNi can just receive 0.26e (Figure S23), which can rationalize the similar net electron change
but counterintuitively lowered *COOH adsorption energy between dNiCu-5.3 and sNi. Given
the large inter-metal distance exceeding the metal-metal bond length, the electron contribution
from Cu sites should be shuttled through the NC substrate to Ni sites, and finally to the *COOH
intermediate. Therefore, such through-structure electron transfer is likely to be the active origin
of the non-bonding synergistic interaction between neighbouring DACs.

2.5. Macro-Descriptor for Rational Design of DACs

Although theoretical and experimental studies mutually verify the effect of inter-metal
interaction and d-dependent electrocatalytic performance for DACs, it remains difficult to
rationally design and synthesize DACs with favourable inter-metal interaction. Based on
current technological advances on DACs synthesis, it is very reasonable to assume that the
experimentally obtained DACs feature random distribution of metal atoms for most cases. The
atomic distribution and inter-metal distance of metal sites can be mathematically analysed by
Monte Carlo experiments. Specifically, we built a 20 nm x 20 nm grid to stand for the N-doped
graphene substrate, and randomly spread a certain amount of orange and blue spheres (radius:
0.15 nm, in equal numbers) inside to represent Ni atoms and Cu atoms in the NiCu-NC DAC:s.
The distance between any given orange sphere and its nearest blue sphere was defined as the
inter-sphere (i.e., inter-metal) distance (Figure 5a; Experiment Section). The random algorithm
programming logic and details can be found in the Experimental Section. Figure 5a and Figure
S25 display the typical position distribution after randomly dispatching spheres with number
ranging from 100 to 1200. It is noticeable that the range of inter-sphere distance decreases as
the surface density of spheres (i.e., n = sphere number/grid area) grows (Figure 5b). When n
increases from 0.25 nm™ to 3.0 nm™, the most probable inter-sphere distance will decrease

from 1.11 nm to 0.29 nm (Figure 5c), which matches well with the d range for dNiCu-2.6 and
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Figure 5. Macro-descriptor of the inter-metal distance for DACs via random distribution
analysis. (a) The typical position of 400 spheres in two different colours after random
distribution on the 20 x 20 nm grid. (b) The Box-line plot for the statistical illustration of the
inter-distance of varied numbers of randomly distributed spheres. (¢) The probability density
curves converted from Figure 5b. (d) The fitting curve correlating the inter-site distance and the
surface density of spheres, based on the mode of distance (peak value) from Figure 5c. (e)
Schematic of Ni and Cu atoms dispersed on multilayered graphene nanosheets within the

threshold distance, showing the synergistic effect to boost CRR activity and selectivity.

dNiCu-5.3 moieties. Furthermore, by referring to a previously reported mathematical model
investigating the distance between two random uniform points in a unit square 2], the expected
value of inter-sphere distance (d) can be rigorously correlated with the surface density of
spheres (n) (Equation 1). The step-by-step mathematical derivation is presented in the

Supplementary Text.

1
It is notable that the fitting curve (orange dash line in Figure 5d) of simulation results shows
almost the same coefficient (—0.51) as that from mathematical derivation (—0.5). Considering

the experimentally obtained DACs supported on a two-dimensional (2D) host substrate (i.e., N-
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doped graphene, Figure S26), the d can be further correlated with the intrinsic material
parameters (Equation 2).

dx (F X T X 1,)7°5 (2)

where F is a material-dependent factor showing the total atom number of monolayer substrate
per unit square, 7 is the thickness of the 2D substrate, and 7. is the atomic ratio of metal atoms.

Promisingly, such d-r, correlation can serve as a universal and practicable macro-
descriptor to guide the design and synthesis of DACs and SACs with targeted inter-metal
distance and favourable performance enhancement by regulating the substrate thickness and
metal loading. It has been validated in Fe-N4 SACs for ORR application ['*3]. The increase of
metal loading will decrease the inter-metal distance of adjacent Fe atoms and optimize the ORR
activity. Given the most recent advance of the SACs formation mechanism ?®! and present
insight into the d—r. correlation, the fabrication of well-defined carbonaceous DACs or SACs
can be rationally achieved by regulating the carbon precursor amount and type, carbonization
method, the vaporization-dependent metal precursor amount, and other related factors.
Meanwhile, it is more economic and feasible to synthesize high-performance DACs/SACs with
moderate metal loading and threshold inter-metal effect, rather than to pursue ultrahigh metal

loading amount (Figure 5e).

3. Conclusion

We unravelled a critical and qualitative effect of threshold distance between neighbouring
metals of DACs on the electronic structure and electrocatalytic performance. It has been
mutually confirmed by theoretical simulation and experiments, including microscopic,
spectroscopic and electrochemical techniques, as well as computational modellings. By taking
NiCu-NC as an example, Ni and Cu atoms featuring a threshold distance of 5.3 A exhibited
non-bonding interaction but the synergistic effect to regulate the electronic structure and
promote intermediate adsorption, thus boosting the activity and selectivity of CO2

electroreduction. The threshold-distributed NiCu-NC DACs exhibited a low onset potential
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(300 mV) and a wide potential window of ~ 800 mV for selective CO; reduction to CO (> 80%)),
with a maximum FE of ~98% at —1.07 V vs RHE in 0.1 M KHCOs3. The random distribution
simulation and mathematical analysis also revealed an effective macro-descriptor to correlate
the inter-metal distance with structure features, such as the substrate thickness and metal
loading. This work stresses the importance of a thorough structural investigation of DACs and
paves the way for a deeper understanding of inter-metal interaction with more rational and
realistic principles, which will benefit the design, characterization, and mechanism elucidation

of atomically dispersed catalysts in the future.

4. Experimental Section

Experimental details can be found in the Supporting Information.
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1. Experimental Section

1.1. Theoretical calculations

All calculations were performed using DFT. The Perdew—Burke Ernzerhof (PBE) functional
was employed for electron exchange-correlation within the generalized gradient approximation
(GGA), as implemented in the VASP code 11, The ionic cores were described by the projector-
augmented wave (PAW) method. Van der Waals (vdW) interactions between atoms were
considered in all the energy calculations with a plane-wave cut-off energy value of 500 eV.
During geometry optimization, the structures were relaxed to forces on the atoms smaller than
0.02 eV A~!. A Monkhorst-Pack k-point grid of (2 x 2 x 1) was applied. The DFT-D3 method
of Grimme was employed to address vdW interactions between atoms. For DOS calculation,
Gamma k-point grid with a condense number (9 x 9 x 9) was applied. The sCu, sNi, and various
dCuNi models were built on a 6 x 6 graphene supercell with 15 A of vacuum space. The Cu
and Ni atoms were bonded to N atoms. The computational hydrogen electrode (CHE) model
was employed for free energy calculations 5% 531, The free energies (G) of intermediates were
obtained by G = E + ZPE — TS. The zero-point energy (ZPFE) and entropy correction (71S) were
calculated from vibration analysis and used to convert electronic energy (£) into G at 298.15 K.
The solvation effects were included for *COOH and *CO stabilized by 0.25 eV and 0.1 eV,

(83841 The calculation of formation energy (Eformation) is referenced from previous

respectively
reports (541 For single-atom catalysts model (sNi/sCu), Eformation Was calculated as Eformation =
Esniicu— Enicu-v — pUniicu, where Egniicu 18 the energy of the sNi/sCu model, Eni/cu-v is the energy
of nitrogen-doped carbon matrix without the incorporation of metal atom (Ni/Cu), and pni/cu
denotes the chemical potential of Ni/Cu species (i.e., one Ni/Cu atom of bulk Ni/Cu). For dual-
atom catalyst model (dNiCu), Eformation is derived from the following equation: Eformation =
Eanicu — Ednicu-v — UNi — Pcu, Where Egnicu represents the energy of dNiCu model, and Eanicu-v
is the energy of nitrogen-doped carbon matrix without the incorporation of both Ni and Cu

metal atoms. The d-band center was determined according to the following equation g4 =

f_°°°o ng(e)eds

™ na() s’ where ¢ is the energy of electrons, and nq (¢) is the density of electron. The free
_oNd
energy of H" was derived as Gur = 1/2Gn> — kgTIn10 x pH (kg is Boltzmann’s constant)!54,

The electron transfer was studied through Bader charge and charge density difference analyses.

1.2. Materials synthesis

Nickle (IT) chloride hexahydrate (NiCl2-6H20), copper (II) chloride dihydrate (CuClz-2H>0),
dicyandiamide, dimethyl sulfoxide-ds (DMSO, SKU-151874, 99.9 at.% D), deuterium oxide
(D20, SKU-293040, 99.9 at.% D, contains 0.75 wt.% 3-(trimethylsilyl)propionic-2,2,3,3-d4
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acid, sodium salt), glucose, copper (II) phthalocyanine (CuPc, Cs>HisNgCu), nickel (II)
phthalocyanine (NiPc, C32Hi¢NgNi), potassium bicarbonate (KHCO3), phenol, hydrochloric
acid (HCl, 37%), and nitric acid (HNOs3, 65%) were purchased from Sigma-Aldrich. Carbon
paper and Nafion 117 membrane (Dupont) were purchased from the Fuel-cell store. Laser-grade
CO2 (99.995%) and ultra-high purity Argon (99.999%) were supplied by BOC gas, Australia.
Ultrapure water (18.2 MQ-cm, PURELAB Option Q) was used in all experiments. All
chemicals were used in this work without further purification.

NiCu DACs sample was prepared using a modified method according to previous reports
85,56 In detail, 2.0 g of dicyandiamide and 0.1 g of glucose were dissolved in deionized water,
followed by the dropwise addition of an equivalent volume (0.5 mL) of freshly made NiCl, and
CuCl; aqueous solution (0.01 M). After vigorous stirring, the solution was dried by rotary
evaporation at 80°C. The as-obtained powder was ground and then transferred into lidded
crucibles in a tube furnace under Argon atmosphere. The powder was annealed at 900°C for
one hour with a heating rate of 3°C min!. Once cooled to room temperature, the product was
washed with water and 1 M HCl and centrifuged at 10,000 rpm three times. The purified sample
was dried in an oven under vacuum at 60°C overnight. Ni SACs and Cu SACs were prepared

using a similar method but with the only addition of 1 mL of either 0.01 M NiCl; or 0.01 M

CuClz aqueous solution.

1.3. Materials characterization

The crystal structure of the samples was characterized by powder X-ray diffraction
spectroscopy (Rigaku MiniFlex 600 X-ray Diffractometer). The morphology was characterized
by the transmission electron microscope (TEM, FEI Tecnai G2 spirit TEM, 120 kV). HADDF-
STEM imaging and EDX mapping were taken on the FEI Titan Themis 80-200 (200 kV
voltage) equipped with a Super-X high-sensitivity windowless EDX detector for rapid
compositional analysis. EELS spectra of Ni L-edge and Cu L-edge were collected with a probe
current of ~110 pA, sampling with a dwell time of 5 s per pixel and a pixel size of ~6.3 nm.
The metal loading amount was determined by an inductively-coupled plasma mass
spectrometer (Agilent 8900x QQQ-ICP-MS, Agilent, USA). Raman spectra were collected
using a Raman spectroscope (HORIBA LabRAM HR Evolution) configured with a 100 x
objective lens (Olympus), 1800 1 mm™' grating, and a 532-nm Raman laser. In situ Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) measurements on CO
adsorption were performed using a Thermo Nicolet IS20 spectrometer. A Pike Technologies
DRIFTS cell was used. Before each of the following IR experiments, the sample was pretreated

in the DRIFTS cell in flowing Argon (20 mL min™') at room temperature for 20 minutes. In CO
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adsorption experiments, the pretreated sample was purged with Argon at room temperature
before switching to CO (5 mL min ') flow for 30 min. IR spectra were recorded continuously
throughout these processes. All reported IR spectra are referenced to a background spectrum

collected after pretreatment but prior to CO adsorption.

1.4. XAS characterization

All X-ray absorption spectra (XAS) were performed on Australia Synchrotron, Clayton,
Victoria, Australia. The NEXAFS spectroscopy measurements for N, Ni, and Cu were
performed with Drain Current detector. The XANES and EXAFS of the samples at Ni K-edge
(8333 e¢V) and Cu K-edge (8979 eV) were collected from 1.9 T Wiggler XAS beamline using
liquid nitrogen cooled Si (111) crystal at Hutch B experimental station (8—19 keV). Samples
were mounted using standard sample holders and analyzed at room temperature. Ni Foil and
Cu foil were used as references. All data of metal foils were obtained via transmission mode,
while other samples were tested using fluorescence mode. The acquired EXAFS data were
extracted and processed according to the standard procedures via the ATHENA and ARTEMIS
modules implemented in the FEFIT software packages 7). The position of the absorption edge
was determined from the first maximum of the first derivatives of (E). The &°>-weighted FT of
¥(k) in R space was obtained over the range of 3 to 12.0 A by applying a Hanning window
function. Energy calibration was performed based on Ni and Cu metal foils. For EXAFS
modelling, the amplitude reduction factor (So*) was determined according to the EXAFS of the

corresponding metal foil.

1.5. Electrochemical measurement

Electrochemical measurements were performed on a 760E electrochemical workstation (CH
Instruments, USA) using a gas-tight H-cell with anode and cathode compartments separated by
a proton exchange membrane (Nafion 117). An Ag/AgCl electrode (3.0 M KCl) and RuO>-
coated titanium mesh electrode were used as the reference and counter electrode, respectively.
All electrochemical measurements were conducted in CO»-saturated (pH = 6.8) or Ar-saturated
(pH = 8.3) 0.1 M KHCO:; electrolyte. The amperometry i-t technique was utilized to evaluate
electrocatalytic performance for CO> reduction. Electrolysis was carried out at potentials
between —0.32 V and —1.27 V vs RHE for 1-hour testing. The tested potential (vs Ag/AgCl)
was converted to that vs RHE as follows: Erug = Eagiagcr + 0.224 + 0.059 x pH. For
electrochemical kinetic analysis, Tafel slopes were derived from the Tafel equation: 1 =b Ig

(jco), where 1 is the overpotential (V) between the applied potential to the standard CO»-to-CO
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reduction potential (—0.11 V vs RHE), b is the Tafel slope (mV dec™'), and jc is the partial

current density for CO (mA cm?).

1.6. Qualification of CO and H>

The CRR products were determined using similar procedures as previous works 581, Briefly,
the headspace gas in the cathode compartment was automatically injected into Agilent 8890 gas
chromatography (GC) configured with a thermal conductivity detector (TCD) and
methanizer/flame ionization detector (FID). The liquid products were determined using a
nuclear magnetic resonance (NMR, Agilent 500/600 MHz 'H NMR) and quantified with
internal standards (DMSO and phenol in D>O). No notable liquid products were found.

1.7. Determination of products and calculation of Faradaic efficiency (FE) (5517

Briefly, 100 pL of headspace gas in the cathode compartment was automatically injected into
a gas chromatograph (GC, Agilent 8890B configured with a thermal conductivity detector and
methanizer/flame ionization detector) for gas product quantification. The FE for the gaseous
product was calculated as the following Equation:

FEgis= 2% x 100% = (Gos/mm) (TN

total I

F
X 100%

where v =10 mL min ! is the volume flow rate of CO»; x is the measured concentration of gas
product in sample loop referring to standard curve (part per million, ppm); Vm is the gaseous
molar volume (24000 mL mol ™! at 25°C, 101 kPa). N is the number of transferred electrons for
one molecule product (here is 2); F is the Faradaic constant, 96485 C mol!; and / is the recorded

current (A).

1.8. Calculation of Turnover Frequency (TOF, h™') [ 510]

The TOF for CO was calculated as the following Equation:

ICO
TOF (1) = — N XF 3600

where Ico is the partial current (A) of CO formation; N is the number of transferred electrons
for one molecule product (here is 2); F is the Faradaic constant, 96485 C mol™!; meca is the
catalyst mass (g) on the electrode; w is the mass fraction (wt.%) of metal obtained from the

ICP-MS analysis; Mmetal is the atomic mass of Ni (58.6 g mol™!) or Cu (63.5 g mol™).

1.9. Programming for random distribution simulation

Program codes were established and run on the environment of the Python 3.10 version. To
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simply visualize the distribution of DACs on the N-doped graphene, spheres in different colours
were selected to represent Ni and Cu atoms. The random number function, together with one
‘while’ loop, was employed for the generation of spheres on a 20 nm x 20 nm grid. We defined
the total number of spheres as N, and two kinds of spheres were generated in equal numbers but
in different colours (O for the orange spheres while B for blue spheres; O equals B). The ‘while’
loop will terminate when N = O + B. The radius of every sphere was defined as 0.15 nm, while
the distance between spheres was set to larger than 0.20 nm. In each iteration, two random
numbers (x and y) were generated, representing the coordinate of the randomly generated
position. By changing the input value of N from 100 to 1200, the random distribution of
different surface density of spheres on a 20 nm x 20 nm grid was obtained. Later on, the
Euclidean distance between a given orange sphere and its nearest blue one was counted, and
the corresponding distance histograms were plotted after counting all inter-sphere distances.
For a more statistically average result, 12 stochastic simulations were conducted following the

aforementioned procedures.

1.10. Programming boundary condition setting

To obtain chemically meaningful results from the simulation, reasonable boundary conditions
were considered during the random distribution simulation: (1) the radius of the sphere was set
to 0.15 nm; (2) the distance between any two spheres must be greater than 0.2 nm; and (3) all
spheres need to be randomly distributed on a 20 nm x 20 nm grid. These limitations were
proposed due to the following factors: (1) the atomic radius of Ni atoms and Cu atoms is
calculated as 0.135 nm 3! and (2) the inter-metal distance observed in the reported DACs is
generally larger than 0.2 nm. In each iteration, two random numbers (x and y) were generated.
(x, ) stood for the coordinate of the randomly generated position. If the distance between this
position and every other occupied position was larger than 0.2 nm, one sphere will be placed
on this (x, y) position. At odd iterations, orange spheres were placed onto the grid according to

this algorithm. At even iterations, blue spheres were placed on the grid.

1.11. Mathematical model and derivation
The aforementioned Monte Carlo experiment can be mathematically formalized as follows.
Symbols shown in this part are just for mathematical discussions and not associated with those
shown in the Main Text.

Setup: Let n be a positive integer. Let X1, .. ., X, and Y1, . . ., ¥, be random points that are
uniformly sampled in a unit square. Given two points X and Y, we denote by || X —Y|lthe

Euclidean distance between X and Y. For each X; with 1 <i<n, we compute min,__, || X, - Y/l

1<j<n
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To investigate the distribution of min Il x, -7l it suffices to calculate the probability

1<j<n

density function of min Il x -yl for X and Y1, . . ., ¥, random uniform points in a unit

1<j<n
square. Notice that
0<min,_,_, Il X —Y,ll<+/2.

First, we know from Theorem 1 5! that for two random uniform points X and Y in a unit
square, the density of their squared distance || X —YI[*is given by A(z) = 0 for z < 0 and z > 2,
and for 0 <z <2,

h(z)=g (min (z, 1),z,1,1)—g(max (z—1,0),z 1, 1)
where g(x, z, r, s) i1s Equation 2 (56) (corrected):

(G ) o

= x+ 21z —x — 2s/x + rsarcsin(2xz "' —1).
Therefore,
h(z):{n—4\/2+z, (0<z<),
2 +4Jz—1-z+2arcsin(2z"' 1), (1<z<2).
We then compute that the probability of || X — Yl <tis
Pr(l X - Yl <7)
=Pr(l X -YIP <*)= jo h(z)dz
mt’ =86 + 11, (0<z<,
= §+§\/t2_—1+§t2\/12_—1
21t 2 aresin(1-212), (1<t <+/2).
Also, Pr(| X -Yl[<t)equals 0 if # < 0 and equals 1 if ¢ >2 Tt follows that the probability of
min,_,_, | X - Y [[<¢1s
Pr(min_,_ | X =Y [ <?)
=1-Pr(l X =Yl >¢)"
=1-(1-Pr(l X ~1lI<p))
1-(1-7® +57 =12, 0<t<1),
= 1—(%—§\/t2——1—§t2\/t2——1

+277 +1 427 arcsin(1-262))", (1<1<42).

We again have that pr(min Il X —Yll<0) equals 0 if # <0 and equals 1 if ¢ > \/E

1<j<n
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Let f

n

(z) be the probability density function of min,__, | X =Y, . Then it is

< Pr(min

| X —v,ll< z). That s, fn(z)=0for z<0 and Z>\/§,andfor OSZS\/E,

1<j<n

11(271'2—822 +2z3)(l—71'22 +37° —%24)"_1, (0<z<L),
—8z+87° 3 . o

M\———-4z-2z —4zarcsin(1-2z ))

f(@2)=1 N1

x(%—%\/zz—l—gzzxﬁz—1+2zz+%z4

+22% arcsin(l — 22_2))”_1, (1<z<2).

Further, if f,(z) reaches its peak at z = d(n), then d(n) is the solution to f,(z)=0 with 0<z <1,
or equivalently,

(n —l)(27zz -8z + 223)2 - (27z —16z+ 622)(1 -z’ +§z3 —%24) =0.
Thus, as n — ®,

1

N2

Yet another important problem is about the expected value D(n) of min,_,_, Il X, - Yl

d(n)~

with 1<i<n. We have

1S . 1< :
D(n)=E{— E min,__, | Xl.—Y/.||}=—ZE[mml<j<n||Xi—Y1-||]
ni5 ' ' n.5 ' '

—E[min,_,_, | ¥ 1] =" Pr(min,_ ., | XY, > s
~['sode+ [ s,00dt,
where
S,(t)=(1-m> +57 —11*),
S, ()= (%-%x/ﬁ—gtzx/ﬁ+2t2 +irt 421 arcsin(l—ZfZ))".
We also introduce

S,y =(1-z)",

and rewrite D(n) as

~5/12

D= [ s, 0t~ Sy0de+ [ (8,(0)-5,(0))d

NG
S de+ 7S, 0

Now, we approximate each integral as n — oo. First,

146



C(n+l) 1
2C(n+3) 2dn’

N
[ s, =

where the Gamma function has the asymptotic approximation ['(x+a) ~T'(x)x“ for @ € C as
X — 10, Next, noticing that S,(¢) is a decreasing function on [0,1/ /7 with 0<§,(¢) <1, we

have

Jz
‘ﬂm%mm

1 » 1
o)

since S, (n~>"'?) decays exponentially to zero as n — oco. For the third integral, we use the

n-1

trivial identity " —b" = (a—b)(@"" +a""b+---+ab"” +b""), and deduce that for 0< a,b <1,

the inequality | a" —b" [<n|a—b| holds true. Thus,

—5/12

n
<]
0

(8 1., (1
SI’ZJ.O (gt —5[ jdf—O(Fj.

For the fourth integral, noticing that Si(¢) is decreasing on [0, 1] with 0<.S,(¢) <1, we have

1
< Sl (n—5/12) — OKTJ,
n

Ion (S,(6)—S,(1) )t S, (1)~ S, (1) | dt

‘ -5/12

mw&mm

since s (n*"*) decays exponentially to zero as n — oo. Finally, since S, (t)is decreasing on

[1,v2] with 0<.5,(f) <1 and §,(1) decays exponentially to zero as n — oo, we have

<Niﬂgm=%%%.
n

The above argument then leads us to the approximation as n — o,

D(n) ~ L

2Wn

Uﬁgmm
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2. Supplementary Figures

Figure S1. Free energy diagrams of CO» electroreduction to CO on (a) Ni sites and (b) Cu sites
for dNiCu-5.3, dNiCu-2.6, dimer atom models (i.e., dNiNi-2.6 and dCuCu-2.6) and sNi/sCu
models (U =0 eV; pH = 6.8), and Free energy diagrams of (c) HER on the Cu sites of dNiCu-
5.3, dNiCu-2.6 and sCu models.

Figure S2. Computed pDOS of the Cu d-orbital for dNiCu-5.3, dNiCu-2.6 and sCu models.
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Figure S3. Radar chart summarizing CRR activity and selectivity of different SACs and DAC:s.

Figure S4. Schematic of the fabrication procedure for NiCu-NC DACs. DICY is dicyandiamide.
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Figure S5. Raman spectra of the as-obtained NiCu-NC, Ni-NC, Cu-NC and NC. The dashed

lines are assigned to D and G bands at ~1350 cm™' and ~1580 cm™!, respectively.

Figure S6. Powder XRD patterns of the as-obtained NiCu-NC, Ni-NC, Cu-NC and NC.
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Figure S7. High-resolution TEM images of the as-obtained (a) Ni-NC and (b) Cu-NC.
HAADF-STEM images of (c) Ni-NC and (d) Cu-NC.
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Figure S8. HAADF-STEM images of the as-obtained NiCu-NC in different magnification.

Figure S9. EDX Elemental mapping of the NiCu-NC.
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Figure S10. Time-dependent in situ DRIFT responses for CO adsorption on the NiCu-NC.

Figure S11. ICP-MS determination of (a) Ni and (b) Cu contents by using the standard Ni and
Cu calibration solutions, ranging from 0 ppb to 500 ppb.
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Figure S12. The analysis of the inter-metal distance in NiCu-NC DACs based on the (a) 3D
transformed image from the marked area in Figure 2c and (b) the counting method and result
for the atomic arrangement. Yellow squares stand for the dual-atom pairs (DACs), while white
circles represent the isolated single atom (SACs). The percentage of dual-atom pairs over

isolated single-atom is listed in Figure 2e.

Figure S13. The line analysis of the intensity profile in the acquired HAADF-STEM image
(Figure 2f), accompanied by atomic-resolution EELS mapping of the Ni/Cu pair.
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Figure S14. NEXAFS of (a) N K-edge, (b) Ni L-edge and (c) Cu L-edge for NiCu-NC, Ni-NC
and Cu-NC respectively.

Figure S15. WT-EXAFS spectra of (a) Ni K-edge and (b) Cu K-edge for NiCu-NC, Ni/Cu-NC,

and Ni/Cu metal foil reference respectively.
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Figure S16. The R-space EXAFS-fitting curves of the as-obtained NiCu-NC sample at (a) Ni
K-edge and (b) Cu K-edge by using (c) the sNi/sCu model for curve fitting.The brown, grey,

orange balls represent C, N, and Ni/Cu atoms, respectively.
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Figure S17. The R-space EXAFS-fitting curves of the as-obtained NiCu-NC sample at (A) Ni
K-edge and (b) Cu K-edge by using (c) the dNiCu-2.6 model for curve fitting. The brown, grey,

orange balls represent C, N, and Ni/Cu atoms, respectively.
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Figure S18. The EXAFS-fitting for the NiCu-NC sample at Ni K-edge. (a) The magnitude and
(b) real component of FT-EXAFS spectra in R-space. (¢) k-space plot and (d) the real
component in g-space. (¢) The most likely structural model (dNiCu-5.3) used for fitting. The

brown, grey, orange and blue balls represent C, N, Ni and Cu atoms, respectively.
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Figure S19. The EXAFS-fitting for the NiCu-NC sample at Cu K-edge. (a) The magnitude and
(b) real component of FT-EXAFS spectra in R-space. (¢) k-space plot and (d) the real
component in g-space. (¢) The most likely structural model (dNiCu-5.3) used for fitting. The

brown, grey, orange and blue balls represent C, N, Ni and Cu atoms, respectively.
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Figure S20. Chronoamperometry responses tested in the H-cell for (a) NiCu-NC, (b) Ni-NC
and (c) Cu-NC, at different potentials in CO»-saturated 0.1 M KHCO:s.

Figure S21. Post-catalysis (a) high-resolution TEM image and (b) HAADF-STEM image
characterization of NiCu-NC DAC:s after CRR.
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Figure S22. Kinetics studies of CO»-to-CO. (a) Tafel slopes for CO evolution on NiCu-NC,
Ni-NC and Cu-NC, and (b) Rate dependencies on [HCO3™] for NiCu-NC.

Figure S23. Bader charge analysis for dNiCu-5.3 model on the Ni site at top-view (a) without
*COOH adsorption and (b) with *COOH adsorption. (¢) Electron charge difference for dNiCu-
5.3 model with *COOH adsorption on the Ni site. Positive and negative values in this Figure
represent the electron depletion and accumulation respectively. Cyan regions show electron
depletion, and yellow regions show electron accumulation. The isosurface value is 0.004 ¢ A~
3. Brown, grey, orange and blue spheres represent C, N, Ni and Cu atoms, respectively. Charge
difference (paifr) is calculated according to the following equation: pdifr= protal — P*COOH — Psubstrate
where piotal 18 the total charge density of the model with the adsorbed *COOH intermediate on
the Ni site; pxcoon and psubstrate are the charge densities of *COOH intermediate and the initial

system (dNiCu-5.3 model).

161



Figure S24. Bader charge analysis for sNi model on the Ni site at top-view (a) without *COOH

adsorption and (b) with *COOH adsorption. (c¢) Electron transfer for sNi model with *COOH

adsorption on the Ni site. Positive and negative values in this Figure represent the electron

depletion and accumulation respectively.

¥ {nm)

Y {(nm)

20

104

¥ (nm)

10 20
x{nm)

Y {nm)

T
10 20
X (nm)

20

i 48

¥ (nm)

x {nm)

T
10 20

x {nm)

x (nm)

Figure S25. The typical position of dispatching (a) 100, (b) 200, (c) 600, (d) 800, (e) 1000, and

(f) 1200 spheres on the 20 nm x 20 nm grid after random simulations.

162



Figure S26. The monolayer graphene contains 180 carbon atoms with lattice parameter of a =

2.13A,p=213A,c=1A.
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3. Supplementary Tables

Table S1. Thermodynamic energy corrections (in eV) for gaseous molecules and reaction

intermediates.

Gas molecule/

adsorbate ZPE -
CO2 0.31 —0.66
CcO 0.13 -0.61
H» 0.27 -0.40
HO 0.57 -0.54
*COOH 0.61 -0.24
*CO 0.15 -0.27
*H 0.17 -0.02
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Table S2. Optimized configurations showing top view and side view of reaction intermediates

explored in this research.

Adsorption site Model *COOH *CO *H

Cu dCuNi-5.3

Ni_dCuNi-5.3

Cu_sCu

Ni_sNi

Cu_dCuNi-2.6

Ni_dCuNi-2.6
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Table S3. The mass loading of Ni and Cu for NiCu-NC, Ni-NC and Cu-NC determined by ICP-

MS.
Sample Ni content (wt.%) Cu content (wt.%) Total metal content (wt.%)
NiCu-NC 0.67 0.88 1.55
Ni-NC 1.10 0.04 1.14
Cu-NC 0.05 1.39 1.44

166



Table S4. Ni K-edge and Cu K-edge EXAFS curve-fitting parameters for NiCu-NC and

reference samples based on different DFT-simulated models.

K- 2 ) R- Reference
Sample edge Path Reir N So o AEo factor Model

Ni Foil Ni Ni—Ni 2.479 12 0.750 0.005 0.764 0.001 --
Cu Foil Cu Cu—Cu 2.561 12 0.850 0.004 0923 0.001 --

Ni Ni—-N 1.952  5.031 0.750 0.005 0.296 0.026 sNi/sCu

Cu  Cu-N 1952 4435 0850 0010 2852 0036 (FigueSI6)

Ni-N 1.852  4.675 0.750 0.005
Ni 1.725 0.0188
Ni—Cu 2.574 0.033 0.750 0.018

dNiCu-2.6
Cu—N  1.882 4344 0850 0.009 4361 (Figure S17)
Cu 0.018
Cu=Ni 2574 —-1.179 0750 0.029 48.01
Ni-N@4) 1958 4317 0.005
Ni-C31)  2.624 4.264 0.007
NiCu-NC
Ni—C(16)  3.429  2.002 0.009 -
Ni 0.750 05133 0.028 SNIC“SSI'g
Ni-N(5)  3.998  1.058 0.014 (Figure S18)
Ni-N(1) 4312 1357 0.006
Ni—-Cu  2.574  0.001 0.432
Cu-N(1) 1921 4.075 0.008
Cu-C(17) 2.623 3.932 0.005 i
Cu 0.850 4664 0.007 ;u\hcussl.g
Cu—-C(8) 3.008 4.002 0.010 (Figure S19)
Cu-N(4) 3412 1.127 0.005

Note: N, coordination number; Res, distance between absorber and backscatter atoms; o2,
Debye-Waller factor for both thermal and structural disorders; AE®, Energy shifts for inner
potential correction; R-factor indicates the goodness of the fitting result. So> was fixed for the
NiCu-NC sample according to the Ni/Cu foil reference. The number shown in the listed path

represents the atomic number in the corresponding model.
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Table S5. Summary and comparison of CRR performance on some typical atomically dispersed

electrocatalysts including Ni sites or Cu sites.

Potential Potential
i
7 R
Catalyst Electrolyte (Vs FEco (%) Jco ({rzl A anse Reference
RHE cm?)  (mV, FEco
) > 80%)
NiCu-NC DAC 0.IM =0.77 95.3 3.54 ~800 Thi rk
iCu- KHCO3 . . . is wo
. 0.5M
NilFel-N-C KHCO3 0.50 96.2 2.4 ~500 [S13]
. 0.5M
Ni-Zn-N-C KHCO; —0.80 >95 ~14 >500 [S14]
. 0.5M
NiFe-DASC KHCO; 0.80 94.5 50.4 ~500 [S15]
Ni/Cu- 0.5M
N-C KHCO; 0.69 99 22.4 700 [S10]
Ni/Fe- 0.5M
N-C KHCO; —-0.70 98 7.4 700 [S16]
0.5M
CuFe/N-C KHCO; 0.40 95.5 2.1 ~500 [S17]
0.1 M
Cu-Fe-Ns-C KHCO; 0.70 98 3.8 ~500 [S18]
) 0.5M
Ni SAC KHCO; —0.60 95.2 14.3 ~400 [S19]
. 0.1 M
Ni-N-Gr KHCO; 0.65 90 ~0.2 ~350 [S20]
Ni SAs 0.5M
IN-C KHCO; 1.0 71.9 10.48 -- [S21]
) 0.5M
Ni-NCB KHCO; —0.68 99 ~7 ~500 [S22]
0.1 M
Cu-N4-NG KHCO; 1.00 80.6 ~6 ~100 [S23]
Cu-N» 0.1 M _
IGN KHCO; 0.50 81 ~4 -- [S24]
0.1 M
Cu-N-C KHCO; —0.80 28 ~1.5 -- [S25]
Cu-C3N4 0.IM -1.10 36 ~2 -- [S26]

KHCOs3
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Chapter 6

Sonication Production of Noble-metal
Single-atom Catalysts for Electrocatalytic
Nitrate Reduction
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6.1 Introduction and Significance

It is highly desirable to develop simplistic and efficient method for synthesizing singl-
atom catalysts (SACs) under mild conditions with potential to work at an industrial
production scale. Here we report on harnessing the cavitation generated from the
ultrasound effect to synthesize noble-metal SACs (including platinum, palladium,

silver and gold) on the C;N, matrix. The highlights of this work include:

(1) Ex situ spectroscopic characterizations unravel the crucial steps in the growth of
SACs assisted by sonication, i.e., trapping and binding. The first trapping process
requires some active sites to capture metal precursors, like interplanar defects and
vacancies, while the sonication treatment contributes to the formation of atomic

binding between metal atoms and the matrix.

(2) No further post-treatments and sophisticated procedures are required in the
process, and gram-level yield can be obtained in a single run and under ambient

conditions.

(3) The practical application validaty of this strategy is corroborated by the excellent
green ammonia production which is achieved on the Pt-CN-s via electrocatalytic

nitrate reduction.

This work deepens the understanding of the growth mechanism of SACs, explores
some new insights into employing traditional wet chemistry in SACs preparation,

and also paves the way for their future industrial productions.
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6.2 Sonication Production of Noble-metal Single-atom Catalysts

for Electrocatalytic Nitrate Reduction
This chapter is presented as a manuscript format for research paper by Dazhi Yao,
Yanzhao Zhang, Cheng Tang, Junyu Zhang, Bernt Johannessen, and Shi-Zhang Qiao.

Sonication production of noble-metal single-atom catalysts for electrocatalytic nitrate

reduction, In preparation.
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Abstract

Developing a simplistic strategy to fabricate atomically dispersed catalysts under mild
conditions is crucial for industrial scale production and use. Here we report on harnessing the
cavitation generated from the ultrasound effect to synthesize noble-metal SACs (including
platinum, palladium, silver and gold) on the C3Ns matrix. Ex situ spectroscopic
characterizations unravel the critical steps in the growth of SACs assisted by sonication, i.e.,
trapping and binding. The first trapping process requires active sites to capture metal precursors
such as interplanar defects and vacancies. While the sonication treatment contributes to the
formation of atomic binding between metal atoms and the matrix. No further post-treatments
and sophisticated procedures were required in the process, and gram-level yield can be obtained
in a single run and under ambient conditions. The validity of the practical application of the
strategy is corroborated by the excellent green ammonia production achieved on the Pt-CN-s
via electrocatalytic nitrate reduction. This work deepens the understanding of the growth
mechanism of SACs, explores some new insights into employing traditional wet chemistry in

SACs preparation, and also paves the way for their future industrial production and application.
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Introduction

Single-atom catalysts (SACs) have attracted considerable interests recently. Their unique
structure, i.e., the atomically metal atoms dispersed onto a host matrix, offers maximized atom
utilization and provides higher activity, which has sparked their potential applications in both
heterogeneous and homogeneous catalysis.!!'*! For the fabrication of SACs, the “bottom-up”
route based on the “impregnation-binding” strategy is commonly utilized, especially via high-

[5-) However,

temperature annealing for the synthesis of the carbon matrix-supported SACs.
the atoms inevitably tend to aggregate into nanoclusters or particles to decrease their surface
energy.”> 121 Thus, acid washing is usually required as a post-treatment step for the cleaning
of SACs.['* 4] Notably, some noble metal elements, due to their intrinsic electrical potentials,
cannot react with common acid without damaging the carbon matrix.!'> '/ The necessity of
requiring expensive equipment, sophisticated techniques and operations, and time-consuming
procedures, along with the low yield production, also burden the development of the synthesis
and practical application of SACs.!!% 1711 Therefore, it is desirable to find alternatives for the
synthesis of SACs toward high-yield production with ease of operation and under mild
conditions.

Traditional solution synthesis is one of the mature and facile methods for the preparation
of nanomaterials. It has been developed as a method capable of industrial scale or automated
fabrication of materials.['* 20221 However, it is challenging to synthesize SACs by solution
chemistry due to the difficulties in precisely tailoring diffusion, aggregation and nucleation of
the product atoms in the liquid phase.l?**’! Recently, inspired by the growth mechanism of
high-entropy nanoalloys, the high temperature and short residence time generally enable the

[26-28

homogeneous mixing of elements and minimize particle agglomeration. 1" Sonochemistry

is one of the suitable candidates to meet the requirements mentioned, which has been developed

s.[2%311 Bubbles in the solution act as a micro-

into a mature method for nanomaterial synthesi
reactor like annealing in the furnace. The acoustic cavitation from the ultrasound effect,
especially during the collapse of these bubbles, can generate significant energy (>1000°C,
~2000 atm) occurring in momentary timespans (< 10’ s), which can accelerate the metal atom
binding process.[?”> 3 21 Thus, a proposal for the synthesis of SACs through wet chemistry
assisted by sonication treatment comes to our mind. It is imagined that the experiment protocol
should include two critical steps. First, the metal precursors are first trapped onto the host

matrix. Second, the mixture will be transferred into the ultrasonicator for the atomic binding

with the substrate.
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Herein, we report a general “sonication” strategy and successfully fabricate precious
element metal SACs on the C3Ns, including Pt, Au, Pd, and Ag, denoted as X-CN-s (X = Pd,
Pt, Ag and Au; Scheme 1). By introducing ex situ scanning transmission electron microscope
(STEM) and X-ray photoelectron spectroscopy (XPS) to follow the development process, we
unravel that the sonochemistry-assisted SACs strategy includes two crucial steps: (1) capture
of metal precursors onto the matrix (adsorption), via the highly active sites (such as defects,
vacancies and edge sites); and (2) formation of the atomic binding between metal precursors
and matrix under the sonicating treatment (Scheme 1). Additionally, acid washing and other
post-treatment procedures are not required for this sonication method of SACs preparation.
Notably, the resultant yield of this sonication method reaches gram-levels in single runs. The
practical application of the SACs obtained from the “sonication” method is further supported
by measuring the electrocatalytic nitrate reduction (NitRR) performance for ammonia
production on the Pt-CN-s. This work reports a novel and straightforward method of
synthesizing noble-metal SACs under mild conditions with great energy efficiency, and also

extends the practical applications of noble-metal SACs to green ammonia production.

nnnnnnnnnnnnnnnnnnnnnnnn

Scheme 1. Illustration of the SAC synthetic procedure based on the two-step strategy via

“adsorption-trapping and sonication-binding”.
Results and Discussions

First, C3N4 was fabricated via the pyrolysis of urea at 550°C in the air. High-resolution
transmission electron microscopy (HRTEM) (Figure S1) reveals that the prepared C3Ny has a
thin, sheet-like morphology with wrinkles. X-ray powder diffraction (XRD) results identify
two pronounced diffraction peaks located at ~13° and 27.4°, corresponding to the (100) and
(002) peaks of typical graphite C3N4 (Figure S2). >3 After sonicating the mixture of C3N4 metal
precursors (NaxPdCls as an example), Pd atoms can be atomically dispersed on the C3Ny
substrate. The high-resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) confirmed the formation of the Pd single atom. As shown in

Figure la and Figure S3, there are no metal clusters or nanoparticles on the C3Na. Instead,
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highly dispersed bright spots are visible (Figure 1b—e), which are ascribed to Pd metallic atoms
because of the higher atomic mass compared to carbon and nitrogen. XRD patterns of the
prepared Pd-CN-s show similar features of carbon nitride, without any metal signals (Figure
S4). The absence of diffraction peaks for metallic nanoparticles, together with no
agglomeration in high-resolution TEM images, indicates the formation of isolated Pd atoms
supported on the C3N4. The energy-dispersive spectroscopy (EDS) spectrum and mapping
images further demonstrate the presence of Pd element and their uniform distribution and the
absence of larger aggregates (Figure 1c and Figure S5). The Pd metal mass loading amount of
Pd-CN-s sample is quantified by the inductively coupled plasma mass spectrometry (ICP—MS),
to be ~1.47 % (Table S1).

Figure 1. Morphological and atomic characterization of the as-obtained Pd-CN samples.
The typical (a) TEM image, (b) HAADF-STEM image, and (c) corresponding EDS mapping
of Pd-CN-s samples. (d) The intensity profile along the marked area in Figure 1b. (e) 3D
transformed atom-overlapping fitting of the highlighted area in Figure 1b.

179



The dispersion of Pd species on the C3N4 matrix was also confirmed by X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) to
identify the structure of the as-obtained Pd-CN-s at the atomic level. As shown in Figure 2a,
the K-edge of Pd-CN-s is located between the metallic Pd’ and PdO, indicating the positive
oxidation state of Pd in Pd-CN is situated between Pd° and Pd** (Figure 2a). Figure 2b shows
the Fourier transform (FT) of the Pd K-edge EXAFS oscillations of Pd-CN-s, with reference to
standard PdO and Pd foil. The peak at approximately 1.48 A, belonging to the Pd—N path, and
no obvious Pd—Pd path (2.50 A) was observed in the Pd-CN-s sample. Therefore, by combing
the results from the HAADF-STEM images and XAFS analysis, Pd atoms are revealed to be

atomically dispersed on the C3N4 matrix.

a b

1.2 -
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——— Pd metal foil
- PdO
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Figure 2. (a) XANES spectra of Pd K-edge and (b) Fourier transform R-space spectra at the
Pd K-edge of Pd-CN-s, Pd metal foil and standard PdO samples.

To investigate the effectivity of the two-step strategy and the possible production process,
we employed ex situ STEM imaging to follow the Pd-CN-s at different stages. As mentioned
above, the general “capture-and-bonding” process requires active adsorption sites to combine
metal precursors. The vacancy defects in the C3Na, especially those surrounded by nitrogen
atoms, can capture the free metal precursor (like [PdCl4]*") in the solution owing to the physical
confinement effect and electrostatic/coordination interaction.[** 3* Thus, we examined the
morphology of C3N4 after the addition of Na,PdCls but without sonication (i.e., Pd-CN-a) to
determine the effect of the adsorption process. As shown in Figure S6, the HADDF-STEM
image of Pd-CN-a exhibits many densely populated bright dots with a diameter of
approximately 0.2 nm, which are similar to those on the Pd-CN-s (Figure 1b). The contrast
under the electron probe, combined with the results from EDS mapping results, ascribed these

dots to the atomic Pd metal dispersed on the Pd-CN-a (Figure S7). Notably, Pd single atoms
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are uniformly distributed on the whole C3N4 nanosheet. By imaging alongside the edge toward
the inner sheet as shown in Figure S8, the density of bright spots is not significantly decreased
with the change of imaging position. Pd single atoms are not only densely populated around
the edge of C3N4, but are distributed inside the nanosheet. Such findings indicate that the higher
energy sites including structural defects and the active edge of the C3N4 can effectively capture

metal precursors, thus achieving the adsorption step of the single-atom synthesis.

To further verify the necessity of the adsorption step for the single-atom synthesis, we
employed two typical two-dimensional (2D) materials (MoS2 and BN) as comparisons to
support the claim because of their similar structure but different intrinsic defects compared to
CsN4. MoS2 and BN were directly utilized from commercial samples without further
modification (Experimental Section in the Supporting Information). Prior to the addition of
NazPdCls to a MoS2/BN dispersion, HADDF-STEM images of both samples only exhibit
corresponding lattice and atomic arrangement from crystal, while no bright spots from the
highly contrasted heavy elements were detected (Figure S9). However, after mixing the matrix
dispersion with [PdCl4]*", Pd atoms were presented on the margin of the MoS:2 nanosheet, or
at the junction of several nanosheets, but did not show up in the bulk phase (Figure S10).
Contrastively, no Pd atoms were formed on either edge or inside of the BN nanosheet (Figure
S11). It is inferred that no interplanar defects are presented in the bulk of commercial MoS2
and BN, so there are no accessible sites to capture precursors. The dangling bonds from
unsaturated Mo atoms at the edge serve as higher energy sites for adsorption, leading to the

[35, 36

formation of Pd single atoms concentrated around the margin. I These results confirm the

necessity of adsorption sites to trap metal precursors as the first step for SAC synthesis.

The in-depth mechanism of the adsorption and atomic binding process was also studied by
ex situ X-ray photoelectron spectroscopy (XPS) to monitor the change in the chemical status
during the fabrication process. As shown in Figure 3 and Figure S12, four elements including
C, N, Cl, and Pd were analysed for the pristine CN, Pd-CN-a and Pd-CN-s samples. Two peaks
at the bonding energy of 284.6 and 287.9 eV in C 1s spectra were observed, which are assigned
to sp? and sp® C—N bonds.*”- 38 The N 1s peaks of the pristine C3N4 can be deconvoluted into
three peaks at approximately 398.5, 399.1 and 400.7 eV, which are related to C=N-C, N-C3,
and —NH2 respectively.l*”- 8 The capture of [PdCl4]*~ precursors onto the C3N4 matrix (i.e.,
Pd-CN-a) was corroborated by the presence of Cl 2p and Pd 3d spectra (Figure 3c-d). The Pd
3d peaks at 338.0 eV and 343.2 eV are ascribed to the Pd (II) in the [PdC14]*".
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Figure 3. Deconvolution of the high-resolution XPS of (a) carbon 1s spectra, (b) nitrogen 1s
spectra, (c) palladium 3d spectra, and (d) chloride 2p spectra for C3sN4, Pd-CN-a and Pd-CN-s

samples.

After sonication treatment of Pd-CN-a, the C=N-C (398.2 V), N-C3 (399.5 eV) peaks of the
N 1s spectra shift to higher binding energy (398.5 eV and 399.8 eV respectively), indicating
the interaction between Pd atom and N species. Notably, two different forms of Pd can be seen
in the Pd-CN-s, namely Pd* and Pd*" located around 336.2 and 338.0 respectively®® 491, This
suggests bonding of the single-atom Pd with nearby N atoms, indicating that Pd is introduced
in the form of a single atom rather than as nanoparticles. The Cl 2p32 XPS (199.2eV) evidences
that ultrasound sonication treatment triggered the complete removal of Cl ligands, further
denoting the cleavage of Pd-Cl in the [PdCls]*", and the formation of Pd-N (Figure 3d).
Combined with previous studies, we speculate that cavitation is the driving factor for atomic

binding for the fabrication of Pd-CN-s. It is believed in the sonication process that high pressure
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(~2000 atm) and temperature (>1000°C) can be generated, which offers similar reaction
conditions to pyrolysis for SACs synthesis at ambient pressures and temperatures rapidly.
These results demonstrate the successful synthesis of Pd-CN based on the “adsorption-

sonication” strategy.

Figure 4. Visualization of the universality of the proposed synthetic strategy. Typical
HAADF-STEM images of (a) Pt-CN-s, (b) Ag-CN-s and (¢) Au-CN-s (left column), and
magnified STEM images from the edge of nanosheet (middle column) or focusing on the inner

part (right column). All scale bars inserted in the figure are S5Snm.

The universality of the “adsorption-sonicating” strategy in the synthesis of single-atom
catalysts was also investigated on other noble-metal atoms dispersed on the C3N4 matrix (i.e.,
X-CN-s, X=Pt, Au, and Ag). As shown in Figure 4, HAADF-STEM images exhibited many
bright spots on the support. The EDS mapping suggests the element composition and uniform
distribution of metal atoms on the C3N4 (Figure S13-S15). No obvious large metal particles are
found under STEM images, consistent with the results of their corresponding XRD patterns

(Figure S16). Notably, noble-metal atoms are distributed on the edge and inner areas. This is
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similar to the results of Pd-CN-s, indicating that the growth mechanism of other atomically
dispersed catalysts follows the “adsorption-sonication” strategy. ICP results revealed the
loading amount of different metals on C3Na4 by using this strategy (Table S1). In addition, such
route is suitable to scale to industrial production levels. By proportionally magnification of
ingredients, the resultant Pd-CN-s with gram-level yield is obtained in a single run (Figure
S17). Consequently, these findings indicate that the proposed “adsorption-sonication” strategy
is a universal route to the simplistic synthesis of atomically dispersed catalysts under ambient

conditions.

To explore the practical application of as-synthesized SACs, we evaluated the performance
of representative Pt-CN-s in the electrocatalytic nitrate reduction reaction (NitRR), because Pt
SACs on C3N4 were predicted to achieve the promising technological potential for ammonia

41,421 The electrocatalytic experiments were

production via NitRR but were seldomly studied.!
undertaken in a gas-tight H-cell under ambient conditions. The Pt-CN-s samples were drop-
cast onto carbon paper (1x1 cm?) as the working electrode with a mass loading of 0.2 mg cm 2.
As shown in Figure Sa, the linear scan voltammograms (LSV) suggest that Pt-CN-s exhibits
higher current density on addition or absence of 0.1M KNOs3 to the electrolyte (0.5M K2S0O4),
implying its superior NitRR performance. Product selectivity was investigated in K2SO4/KNO3
electrolyte by amperometry i-t testing of the Pt-CN-s sample at different applied potentials for
30 min (Figure S18). Ammonia (NH3) and nitrite (NO2") were quantified by ultraviolet-visible
(UV—Vis) spectrophotometry (Figure S19-S20; Experimental Section). Gas product (H2) was
determined by online gas chromatography (GC; Experimental Section). As shown in Figure
3b, the Pt-CN-a exhibits high selectivity for electrocatalytic NO3 -to-NH3 conversion. The
NitRR started at —0.35 V versus RHE, with an overall current density (j) of —2.72 mA ¢cm 2 and
faradaic efficiency of NH3 (FEnus) of ~ 30% (Figure 4b). Pt-CN-s achieved a maximum NHj3
yield of 10.65 umol cm™2 h™! at —0.80 V versus RHE and maximum FEnw; of 81.42 % at —0.45
V versus RHE (Figure 4b-c). The stability of Pt-CN-s is also evidenced by its long-term testing
at —0.45 V versus RHE for continuous 8 hours. No obvious variations in ammonia yield are

noticed during cycles, and the FE nus keeps around 80% (Figure 4d).
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Figure 5. Electrocatalytic nitrate reduction performance of Pt-CN-s. (a) LSV responses of
Pt-CN-s in 0.5M K2SO4 aqueous solution with addition or absence of 0.1M KNO:s. (b) Faradaic
efficiency for different products and (c) potential-dependent ammonia yield determined in the
0.1 M KNO3 + 0.5 M K2SOs electrolyte. (d) Time-dependent ammonia yield and Faradaic
efficiency for ammonia at —0.45V versus RHE in the 0.5 M KNO3 + 0.5 M K2SO4 electrolyte.

To exclude possible nitrogen contamination from the carbon nitride, a series of control tests
including blank experiments and isotope labelling tests were conducted. As shown in Figure
S21, the bare C3Na electrode achieved negligible nitrate reduction activity, corroborated by the
current density in the LSV curves with the addition/absence of KNO3 to the electrolyte. No
noticeable production of ammonia is detected on the bare C3Nas electrode after electrolysis at
—0.8 V versus RHE in Ar-saturated 0.5 M K2S0O4/0.1 M KNOs electrolyte (Figure S22).
Further, isotope labelling experiments by using 'H NMR spectroscopy demonstrated that a
doublet around 7.2 ppm (J = 72 Hz) assigned to "’NH4" can be detected using K!*NO3 (98 atom
% SN, CAS: 57654-83-8) as the feeding N-species origin (Figure S23). Therefore, we confirm
that the ammonia product originates from the electrochemical reduction of nitrate in the

electrolyte.
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Conclusion

In summary, a simplistic method for synthesis of SACs under ambient conditions based on the
“adsorption-sonication” strategy successfully achieved to obtain noble-metal atoms supported
on the C3N4 matrix (X-CN, X = Pd, Pt, Au, and Ag). A two-step synthetic route is revealed by
ex situ STEM and XPS characterizations. The capture of metal precursors through an active
site is the prerequisite, while the following sonication treatment realizes the atomic binding,
thus facilitating their large-scale preparation at mild temperature. As an example, the
electrocatalytic nitrate reduction performance was studied on the as-obtained Pt-CN-s. By rigid
blank experiment and isotope labelling testing, the Pt-CN-s achieved the maximized FE for
ammonia of 80.42 % at —0.45 V versus RHE and the highest ammonia yield of 10.65 pmol
cm 2 h'at—0.8 Vin 0.1 M KNOs + 0.5 M K2SOs electrolyte. The onset potential of around
—0.30 V versus RHE and long-term stability of 8 h in the presence of KNOs3 electrolyte denotes
the potential application of SACs in future green ammonia production. This study provides a
novel strategy for the construction of SACs and also facilitates a new route in the field of energy

catalysis in the future.
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1. Experimental Section

Chemicals and materials. Ammonia chloride (NH4Cl, 99.998%), boron nitride (BN),
chloroplatinic acid hydrate (H2PtCls - xH20), concentrated hydrochloric acid (HCI, 36%), gold
(II) chloride trihydrate (HAuCls - 3H20), molybdenum(IV) sulfide (MoS2), N-(1-
Naphthyl)ethylenediamine dihydrochloride (>98%), sodium nitrite (>97%), sulfanilamide
(>99%), palladium(II) oxide (PdO) , palladium(Il) acetylacetonate(Pd(acac)2), platinum(IV)
oxide (PtOz2), platinum(II) acetylacetonate (Pt(acac)2), potassium sulfate (K2SO4), potassium
(KNO:3), silver nitrate (AgNO3), potassium sodium tartrate hydrate (NaKCsH4O6-4H20), para-
(dimethylamino) benzaldehyde ((CH3)2NC¢H4CHO, 99%), sodium nitroferricyanide
(CsFeNeNa20, > 99%), sodium hypochlorite (available chlorine 1015 %), sodium salicylate
(S3007, > 99.5%), sodium tetrachloropalladate(Il) (Na2PdCls), sulfuric acid (H2SOs, ACS
reagent, 95.0-98.0%), urea(CO(NH2)2), were purchased from Sigma-Aldrich Chemical
Reagent Co. Ltd. Isopropanol (=99.8%), sodium hydroxide (NaOH, anhydrous pellets, >98%),
ethanol (99.9% AR), and concentrated nitric acid (HNO3, 70%) were ordered from Chem-
Supply Pty. Ltd. Carbon paper and Nafion 117 membrane (Dupont) were purchased from
Fuelcell store. Ultra-high purity Ar (99.999%) were supplied by BOC gas, Australia. Ultrapure
water (18.2 MQ-cm, PURELAB OptionQ) was used in all experiments. All chemicals were

used in this work without further purification.

Synthesis of carbon nitride (C3N4). 10.0 g of urea was first ground in a mortar into fine urea
powder. Then, the as-obtained powder was transferred into lidded crucibles in a muffle furnace.
The powder was annealed at 550°C for four hours with a heating rate of 5°C min~'. Once
cooling down to room temperature, the product was washed with water three times, followed

by centrifuging and drying at 70°C in the oven.

Synthesis of noble-metal single atom supported on the C3N4(X-CN, X= Pd/Pt/Ag/Au). For
a typical procedure, the synthesis of Pd-CN was followed by two steps. First, 50 mg of C3N4
was dispersed in 20 mL of deionized H20 under ultrasound for 30 min. Then, 100 uL. Na2PdCle
aqueous solution (20 mM) was added to the above C3Na dispersion, and the mixed solution
was kept in vigorous stirring for around 16 h. The as-obtained dispersion was then collected
by centrifugation, washed with water and ethanol three times, and re-dispensed into 30 mL
nitrogen-saturated deionized water. The as-obtained dispersion was transferred into the
nitrogen-filled airtight flask, followed by treatment in the ultrasound waves (40kHz; Branson
ultrasonic bath) for 4 hours. The final product, Pt-CN, was collected by centrifugation, washed
with water and ethanol, and freeze dried for future use. Other X-CN samples (i.e., Pd-CN, Ag-
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CN, and Au-CN) were prepared using a similar method but with a change of noble-metal
precursor H2PtCls, AgNO3 or HAuCls. The samples before and after ultrasonic treatment are

named X-CN-a and X-CN-s respectively.

Synthesis of Pd single atom supported on the MoS; and BN (Pd-MoS2/BN). Pd-MoS: and
Pd-BN samples were prepared using a similar method as mentioned above, but the substrates
were changed to cleaned MoS2 and BN. The cleaned MoS2 and BN were obtained from

corresponding commercial samples and washed with water and ethanol.

Materials characterization. The crystal structure of the samples was characterized by powder
X-ray diffraction spectroscopy (Rigaku MiniFlex 600 X-ray Diffractometer). The morphology
was characterized by the transmission electron microscope (TEM, Philips CM 200, 200 kV).
HADDF-STEM imaging and EDX mapping were taken on the FEI Titan Themis 80-200 (200
kV voltage) equipped with a Super-X high-sensitivity windowless EDX detector for rapid
compositional analysis. XPS measurement was performed on a VGESCALAB 210 XPS
spectrometer with Mg Ka source. The X-ray absorption spectra (XAS) were performed at the
Australia Synchrotron, Clayton, Victoria, Australia (ANSTO). The XANES and EXAFS of the
samples at Pd K-edge (24350 eV) were collected from 1.9 T Wiggler XAS beamline using
liquid nitrogen-cooled Si (111) crystal at Hutch B experimental station (19—31 keV). Samples
were mounted using standard sample holders and analysed at room temperature. Pd Foil and
PdO standard samples were provided by ANSTO and used as references. All data of metal foils
were obtained via transmission mode, while other samples were tested using fluorescence

mode.

Electrochemical experiment. Electrochemical nitrate reduction performance was evaluated
in a gas-tight standard three-electrode H-cell with the cathodic and anodic compartments
separated by a Nafion 117 membrane. Nafion 117 membrane was preconditioned before use
by boiling in 5% H20:2 solution and deionized water at 80 °C for 1 h, respectively, followed by
treatment in 0.05 M H2SO4 for 3 h and deionized water for another 1h. A RuO: and a saturated
Ag/AgCl electrode served as the counter and reference electrodes, respectively. All
experiments were carried out at room temperature (25 °C). Potentials (E) in this study were
calibrated to the RHE reference scale by E (V versus RHE)=E (V versus
Ag/AgCl)+0.0591 xpH+0.217. The electrolyte was purged with ultrahigh purity Ar
(99.999%) for 20 min before and during electrolysis.
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Quantification of liquid products. In brief, the quantification of ammonia is based on the
indophenol blue method. Chromogenic reagents were prepared according to our previous
studies. For nitrite (NO2") determination, 0.50 g of sulfanilamide was dissolved in 50.0 mL of
2.0 M HCI solution to prepare sulfanilamide solution (A). 20.0 mg of N-(1-Naphthyl)
ethylenediamine dihydrochloride was then dissolved in 20.0 mL of deionized water to prepare
N-(1-Naphthyl) ethylenediamine dihydrochloride solution (B). For UV-vis measurement of
NO27, 5.0 mL of sample solutions, 0.10 mL of A and 0.10 mL of B were mixed up for
measurement. The ammonia and nitrite standard curves were established with the increase of

the concentration of NH4" and NOz™ in the aqueous solution (Figure S19 and S20).

Qualification of gaseous H; products. Briefly, the headspace gas in the cathode chamber was
injected into the gas chromatograph (Agilent 8890B GC) configured with a thermal
conductivity detector (TCD) detector and flame ionisation detector (FID). The concentration
of Hz (ppm) is calculated by the peak area ratio according to the standard curve, calibrated by

the customized standard gas supplied from BOC gas, Australia.

Isotope labelling testing and NMR determination. Isotope labelling tests were conducted
using K'°NOs3 as the N-source. After electrolysis for 30 min at —0.8 V vs RHE in Ar-saturated
0.10 M K'®NO3/0.50 M K2SOs solution, the obtained electrolyte was acidified to a pH of 1.
Then, 125 pL of the acidified electrolyte was mixed with 125 pL of D20 and 750 pL of de-
DMSO and then determined by 'H nuclear magnetic on a Bruker Ascend 600 MHz system with

water suppression.
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2. Supplementary Figures

Figure S1. High-resolution TEM image of the pristine C3N4 nanosheet.

Figure S2. XRD pattern of the as-obtained C3Na.
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Figure S3. The typical STEM image of the as-obtained Pd-CN-s sample.
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Figure S4. XRD pattern of Pd-CN-s in comparison to that of C3Na.
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Figure S5. EDS spectrum of the Pd-CN-s sample, highlighting the presence of the Pd element.

Figure S6. HAADF-STEM images of the Pd-CN-a samples at different areas.

196



CI HAADF-Mixing

10 +

(8]
]

Intensity (counts)

Pd L

o

0 2000 4000 6000 8000 10000 12000
Energy (eV)

Figure S7. (a) EDS mapping and (b) EDS spectrum of the Pd-CN-a sample. The presence of
the Pd element before sonication treatment confirms the origin and necessity of the adsorption-

trapping process.
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Figure S8. HAADF-STEM pictures of Pd-CN-a imaged from (a, b) the edge area of a thick
sheet to (c, d) its inner part, indicating the uniform distribution of Pd atoms on the matrix. The

scale bar in each figure is 5 nm.
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Figure S9. HAADF-STEM images of (a,b) MoS; and (c, d) BN in different magnification.
Samples are obtained from commercial suppliers (sigma-aldrich) and are not purified or

treated.

Figure S10. HAADF-STEM images of the Pd-MoS»-s sample in different magnification.

199



Figure S11. HAADF-STEM images of the Pd-BN-s sample in different magnification. No

contrasted spots in the images denote the absence of Pd atoms hosted on the BN.

Intensity (a.u.)

Pd-CN-a

100 200 300 400 500 600 700
Binding energy (eV)

Figure S12. XPS surveys of the C3Ns, Pd-CN-a, and Pd-CN-s samples/
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Figure S13. (a) EDS mapping and (b) EDS spectrum of the Ag-CN-s sample.
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Figure S14. (a) EDS mapping and (b) EDS spectrum of the Au-CN-a sample.
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Figure S15. (a) EDS mapping and (b) EDS spectrum of the Pt-CN-a sample.
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Figure S16. XRD patterns of the as-obtained Pt-CN-s, Au-CN-s and Ag-CN-s, in comparison
to that of Pd-CN-s.
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Figure S17. The photograph for Pd-CN-s synthesized in large scale.
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Figure S18. Chronoamperometry responses of Pt-CN-s at different applied potentials in Ar-
saturated 0.50 M K>SO4 with the addition of 0.10 M KNOs.
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Figure S19. Standard curve for NH4Cl solution with different concentrations in 0.50 M K>SO4

by indophenol blue colorimetric method. Corresponding linear fitting between absorbance and

NH4Cl concentration is inserted.
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Figure S20. Standard curve for NaNO> solution with different concentrations in 0.50 M K>SO4

by indophenol blue colorimetric method. Corresponding linear fitting between absorbance and

nitrite (NO7") concentration is inserted.

206



o
I

[\
(&)
1

----C,N, @ 0.5M K2SOy4
-=--C,N, @ 0.5M K2SOy4 +0.1M KNO3

Current density (mA cm™)
g

754
——Pt-CN-s @ 0.5M K2SO4

-100 4 —— Pt-CN-s @ 0.5M K2S04 +0.1M KNO3

-1.2 -0.9 -0.6 -0.3 0.0

Potential (V vs RHE)

Figure S21. LSV curves for C3N4 and Pt-CN-s in Ar-saturated 0.50 M K>SO4 with the absence
of 0.10 M KNOs (grey line) and addition of the 0.10 M KNOj3 (red line).
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Figure S22. UV-vis spectra of cathodic electrolytes stained with indophenol indicator for
control tests. Electrolysis of C3N4 in the 0.1M KNO3/0.5M K>SO4 solution at —0.8 V vs RHE
for 30 min brings about a negligible amount of ammonia. The cathodic electrolyte for Pt-CN-

s was diluted 10 times before the colormetric assay.
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Figure S23.'H NMR spectra of '“NH4" and ''NH4" produced from NitRR of Pt-CN-s at —0.8
V vs RHE on using K'*NO3 and K'°NO:s as the feeding source, respectively.
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3. Supplementary Table

Table S1. The metal mass loading of X-CN-s samples determined by ICP-MS.

Sample Metal content (wt.%)
Pd-CN-s 1.47
Pt-CN-s 1.10
Au-CN-s 0.98
Ag-CN-s 1.25
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Chapter 7

Conclusions and Outlooks
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7.1 Conclusions

This Thesis aimed to develop the rational design and synthesis of nanomaterials for
electrocatalytic N, and CO, reduction to produce value-added chemicals. Mechanistic
investigations of electrocatalytic processes and “structure-to-performance” correlation
are also included. On the basis of the works in this Thesis, the following conclusions

are drawn:

1. The fragmented Bi” nanoparticles exhibit excellent NRR performance in both neutral
and acidic electrolytes, with an ammonia yield of 3.25 + 0 .08 pg cm™ h* at 0.7 V
versus RHE and a Faradaic efficiency of 12.11 4+ 0.84% at —0.6 V in 0.10 M Na,SO,.
Online differential electrochemical mass spectrometry detects the production of NH,
and N,H, during NRR, suggesting a possible pathway through two-step reduction and

decomposition.

2. The intricate reconstruction process of Bi-MOFs prior to CRR can be decoupled
into two steps: electrolyte-mediated conversion of Bi-MOF NR to Bi,0,CO, by
bicarbonate-initiated ligand substitution, and potential-mediated reduction of
Bi,0,CO, to Bi. The first step controls the final morphology and defects, whilst the
second step determines the final composition and valence states. For example, tuning
the bicarbonate concentration can produce Bi,0,CO, and Bi with different thickness
and catalytic performance. In situ reconstructed Bi NS with thickness of 3.5 nm
achieved a FE of 92% towards formate production and was stable under operating
conditions. Abundant unsaturated Bi atoms were formed adjacent to the surface
vacancies during the two-step reconstruction, contributing to more favourable

adsorption of *OCHO intermediates and ultimately benefiting the reaction process.

3. By taking NiCu-NC as an example, Ni and Cu atoms featuring the threshold
distance of 5.3 A exhibited non-bonding interaction but synergistically regulated the
electronic structure and promoted intermediate adsorption, thus boosting the activity

and selectivity of CO, electroreduction. The threshold-distributed NiCu-NC DACs
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exhibited a low onset potential (300 mV) and a wide potential window of ~ 800 mV
for selective CO, reduction to CO (> 80%), with a maximum FE of ~98% at -1.07 V
vs RHE in 0.1 M KHCO,. The random distribution simulation and mathematical
analysis also revealed an effective macro-descriptor to correlate the inter-metal

distance with structure features, such as the substrate thickness and metal loading.

4. A simplistic and effective method for synthesis of SACs under ambient conditions
based on the “adsorption-sonication” strategy successfully achieved noble-metal atoms
supported on the C,N, matrix (X-CN, X = Pd, Pt, Au, and Ag). A two-step synthetic
route is revealed by ex situ STEM and XPS characterizations. The capture of metal
precursors through an active site is the prerequisite, while the following sonication
treatment realizes the atomic binding, thus facilitating their large-scale preparation at
mild temperature. As an example, the electrocatalytic nitrate reduction performance
was studied on the as-obtained Pt-CN-s. By rigid blank experiment and isotope
labelling testing, the Pt-CN-s achieved the maximized FE for ammonia of 80.42% at
—0.45 V versus RHE and the highest ammonia yield of 10.65 pmol cm™ h™ at —0.8 V
in 0.1 M KNO, + 0.5 M K,SO, electrolyte. The onset potential of around -0.30 V
versus RHE and long-term stability of 8 h on the presence of KNO, electrolyte denote

the potential application of SACs in future green ammonia production.

In summary, these systematic studies in this Thesis shed light on the development of
efficient electrocatalysts towards the production of portable fuels and value-added
chemicals. By advanced characterizations, deep investigation of structure and
elaborate mechanism studies, “structure-to-performance” correlations are also
established to guide future design of optimized electrocatalysts and achieve promising

performance.
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7.2 Outlooks

Although extensive studies have been conducted and many strategies have been
proposed for designing effective electrocatalysts on NRR and CRR toward value-added
chemical productions, additional works are required to further develop and establish

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

1. The investigation of some new aspects beyond materials science is believed to make
breakthroughs in NRR, including the use of non-aqueous electrolytes, the regulation
of ion effects, the design of Li-mediated pathway, and the operation under pressure

and in flow cells.

2. The exploration of other electrocatalytic nitrogen transformation reactions are
beneficial for both green NH, synthesis and nitrogen cycle closing, such as the oxidation
of nitrogen to nitrate and nitric oxide. Alternative catalysis processes, such as plasma
catalysis, bio-electrocatalysis, redox-mediated electrocatalysis, and photocatalysis offer
new opportunities to address the challenge of N, activation and innovate the reaction

process design.

3. The precise study and modulation on the structure of single-atom catalysts are of
great importance. Particularly, their formation process, controlled by the precursor
amount, reaction conditions, along with the dynamic change under working conditions,
should be shed light on. Hopefully, with the advancement of in/ex situ characterization
tools, more systematic understandings could be achieved to guide the rational design
and development of atomically-dispersed catalysts, and clarify their “structure-to-
performance” correlations (for example, the relationship between loading amount and

their performance).

4. Reactor and electrolyte engineering may provide new solutions to obtain higher
performance CRR. Detailed investigation of issues in the application of flow-cell in

CRR, the optimization of the cell and optimizing the electrolyte can further improve

213



the performance and the stability of CRR. Developing CRR in the acid medium can

effectively overcome the CO, loss and carbonate accumulations in CO, electrolyzers.

5. By coupling in situ generated intermediates or products, integrated reactions and
tandem reactions can extend the framework of e-refinery. For examples, using in situ
electrocatalytically generated Cl, and H,0, species for sequential oxidation reactions
have been verified as one effective pathway to fulfil propylene oxide and peroxyacetic

acid productions.
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