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Recent progress in nickel single-atom catalysts for
the electroreduction of CO, to CO

Ziyan Yang,? Rongzhen Chen,? Ling Zhang,? Yuhang Li ©*2 and Chunzhong Li & *?

The electrocatalytic reduction of carbon dioxide (CO,) is considered an effective strategy for mitigating the
energy crisis and the greenhouse effect. Nickel is widely used in single-atom catalysts (SACs) owing to its
special electronic structure. In this minireview, the basic principles of Ni SACs in the electrocatalytic
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reduction of CO, to CO are first described. Subsequently, Ni SACs are divided into three categories
depending on different strategies used to improve properties. The synthesis, morphology, performance

and theoretical calculations of the catalysts are also described. Finally, an overview of the existing
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1 Introduction

Since the industrial revolution of the 18th century, fossil fuel
consumption has been rising. Consequently, the emission of
CO, has also increased drastically. This has led to a number
of environmental issues that can no longer be ignored,
especially the energy crisis and the greenhouse effect." Some
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challenges and perspectives of Ni SACs for CO, reduction is presented.
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studies have proposed that the atmospheric CO,
concentration could reach 570 ppm by 2100, which raises
awareness of the importance of closing the carbon cycle. The
use of clean energy to drive the CO, reduction reaction (CO,-
RR) to convert CO, into value-added fuels and chemicals is
widely considered one of the most promising strategies.” For
instance, electrocatalysis, photocatalysis and thermocatalysis
are the most popular routes nowadays.® Electrochemical CO,
reduction (ECR) aims to transfer CO, into chemicals and
fuels by generating electricity from renewable energy sources,
such as wind, solar and tidal energy. ECR has attracted
considerable attention owing to its following advantages: 1)
easier access to products such as methanol and C,.
compared to thermocatalysis, especially at a low pressure; 2)
lower temperature and pressure requirements for the
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reaction process, resulting in a gentler reaction environment;
3) modular reaction systems have more potential to be scaled
up for industrial applications; 4) more environmentally
friendly using renewable energy resources, such as solar and
wind, to drive CO,RR.>> However, ECR still faces challenges
with product separation, unavoidable competitive hydrogen
evolution reaction (HER), sluggish kinetics, and inert
thermodynamics.

ECR produces an extensive variety of products, the most
typical of which are CO, CH,;, HCOOH, CH;OH, CH;CH,OH,
HCHO, and C,H,. Note that CO,RR 1is unavoidably
accompanied by HER, and therefore, the products always
contain hydrogen. Up to now, metal oxides, metal alloys, metal
nanoparticles and composite materials have undergone broad
investigation.®"* In addition, the electronic structures of
catalysts have a considerable influence on the contribution of
products."*'* SACs have prompted high research interest owing
to their maximum atom-utilization efficiency, adjustable
coordination structures and tunable catalytic properties.'>"®
Hence, the application of SACs in CO,RR could effectively
control the distribution of products and alleviate the cost of
product separation.

Among the multiple reduction products, CO is regarded as
having the highest market value as it is a crucial feedstock
for the Fischer-Tropsch process, which can synthesize high-
value long-chain hydrocarbons."” Moreover, because CO is a
gaseous product, the complicated and expensive post-
treatment procedure of gas-liquid separation is avoided. In
recent years, transition metals (Fe, Co and Ni) with unique
electronic structures and abundant sources have attracted a
lot of attention. Although these metals are designed to be
dispersed at the atomic level, the catalysts show impressively
high selectivity for CO in ECR. In particular, Ni SACs always
exhibit superior performance. However, the reaction
mechanism remains unclear. In some studies, DFT
calculations based on crystal-field theory indicate that the
d-orbital electronic configurations of central metals are
significant to the selectivity and activity of CO,RR.**'® The
central Ni atoms of the Ni SACs are more likely to form the
vacant outermost d-orbital that facilitates electron transfer
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between the C atom of CO, and the Ni atom. Consequently,
CO, molecules adsorbed on the catalyst surface can be
efficiently activated. Ni SACs can also minimize the reaction
potential of CO,-CO conversion, which enhances the
selectivity towards CO.

This review begins by introducing the reaction pathway of
CO,RR to generate CO. Then, it describes the current
methods and mechanisms for identifying the active sites of
Ni SACs. Subsequently, the recently developed nickel-based
nitrogen-doped carbon single-atom catalytic materials are
divided into the following three categories based on the
different strategies used to boost catalytic performance: 1)
different structures of supports, 2) coordination structure
regulation, and 3) surface modification. Finally, we
summarize the existing challenges of Ni SACs and provide an
outlook on future development.

2 Fundamental mechanisms
2.1 Reaction pathway

Experimental research and theoretical simulation show that the
whole CO,RR progress can be divided into three parts: 1) CO,
molecules adsorbed on the catalyst surface; 2) multiple proton-
coupled electron transfer (PCET) processes occur between the
catalyst and the absorbed CO, to activate linear CO, molecules
and form key intermediates; and 3) product desorption from
the surface of the catalysts. The PCET process is an essential
part of the entire reaction that determines the type of target
products. However, some studies have indicated that the
activation of CO, is associated only with electron transfer and
without proton coupled.'® Thus far, the experimental products
of CO,RR mainly include CO, HCOOH, CH;0H, CH,, C,H, and
C,Hs0H. The corresponding half reactions and equilibrium
potentials (versus reversible hydrogen electrode (RHE)) are listed
as follows (Table 1):*°

CO,RR is normally accompanied by inert thermodynamics
and sluggish kinetics, which is associated with the high
dissociation energy of the C—O0 bond in CO, and the multiple
PCET steps.”' Therefore, electrocatalysts are essential for CO,RR
processes, which are the most promising to accelerate the
reaction rates, lower the overpotential, and even improve the
selectivity. Among the various electrocatalysts, such as metal-
organic complexes, metal alloys, and metal oxides, single-atom
catalysts display superior catalytic performance. Numerous
experimental results have shown that the main product of CO,-
RR on SACs is CO. The mechanism of the electrochemical
conversion of CO, to CO at single-atom sites typically involves
the following steps:

CO, + * — *CO, 1)
*CO, + H' +e — *COOH (2a)
*C0, + e — *CO,~ (2b)
*CO,” + H" — *COOH (2¢)

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Table 1 Electrochemical reactions with equilibrium potentials
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Reaction

E, (V vs. RHE) (Product) name

CO, + 2H" + 2¢” — CO + H,0O

CO, + 2H" + 2¢” — HCOOH

CO, + 6H" + 6e” — CH;O0H + H,O

CO, + 8H" + 8¢~ — CH, + 2H,0

2CO, + 12H" + 12¢” — C,H, + 4H,0
2C0O, + 12H" + 12 — C,H;0H + 3H,0

*COOH + H' + ¢ — *CO + H,0 (3)
*CO — CO + *, (4)

where * denotes the active sites on the catalyst surface.

First, the C atom of the CO, molecule is absorbed on the
active site of the SACs (eqn (1)). In the next process, *COOH
is widely believed to be the key intermediate for the
reduction of CO, to CO. However, two paths possibly form
*COOH. One is through a single PCET process (eqn (2a)),
and the other is through a single electron transfer to convert
*CO," intermediate (eqn (2b)), which then quickly gains a
proton to form *COOH (eqn (2c)).?*** But if the binding
between the C atom and the active site is not strong enough,
free CO," intermediate potential forms HCOOH through an
out-sphere  reaction pathway.** Then, the *COOH
intermediate undergoes proton electron transfer and
subsequently forms the *CO intermediate (eqn (3)). Finally,
*CO desorbs from the active sites and indicates the
accomplishment of reducing CO, to CO (eqn (4)). The whole
corresponding process is regarded as a proton-decoupled
electron transfer mechanism (PDET).

2.2 Active sites

In recent studies, SACs have shown great advantages in
enhancing activity, selectivity, and stability. Many
experimental studies have demonstrated that SACs combine
the properties of both homogeneous and heterogeneous
electrocatalysts.®® It is generally agreed that SACs downsize
the active sites to an atomic scale and therefore obtain
extraordinary electronic structure, powerful metal-support
interactions, low-coordinated metal atoms, and maximum
atom utilization simultaneously. However, it remains a great
challenge to investigate the source of these excellent
properties and reveal the mechanism that is essential for
precisely regulating the performance of CO,RR.

Among single-atom catalysts, metal and nitrogen doped
carbon (M-N-C) catalysts have been widely explored. The single
atom sites with nitrogen coordinated (M-N,) in M-N-Cs are
assumed to be significantly different from corresponding metal
counterparts in molecular and electronic structures, enabling
them to be more active in key catalytic reactions.*® Early in the
study, the Fe-N-C system shows excellent performance for
oxygen reduction reaction (ORR) in both acidic and alkaline
media. The atomically dispersed Fe-N, sites have been

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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-0.10 Carbon monoxide
-0.12 Formic acid
0.03 Methanol, MeOH
0.17 Methane
0.08 Ethylene
0.09 Ethanol, EtOH

convincingly proved to be active for ORR through several
physical characterization techniques and catalytic tests, with
Fe-N, being a particularly potential structure of active sites.”” >’
As Ni-N-C catalysts display a significant promise in CO,RR,
more and more researchers have been studying whether Ni-N,
is the source of its activity.

The first challenge is to prove the single atomic site and
characterize the coordinated structure of metal atoms. Koshy
et al.*° combined single-atom electron energy loss spectroscopy
(EELS), annular dark-field scanning transmission electron
microscopy (ADF-STEM), and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) to show conclusive proof of the
presence of NiN,. They prepared three NiPACN samples with
different Ni loadings: NiPACN-0.5 wt% Ni, NiPACN-3.5 wt%,
and PR-NiPACN-3.5 wt% (postreaction high Ni loading NiPACN
sample). The ADF-STEM images showed that Ni atoms were
dispersed atomically and even remained after exposure to
electrochemical CO,RR. Then, atomic resolution EELS is
applied to NiPACN-3.5 wt%, which shows the coexistence of N
K-edge and Ni L-edge signals on single Ni atoms and affords
microscopic evidence for NiN, coordination. Finally, the results
of the ToF-SIMS showed the presence of NiN,C, fragments,
thereby directly confirming the coordination of the single Ni
atom with nitrogen. With the comparison of Ni phthalocyanine,
the active sites are supposed to be NiN,.

The second challenge is to correlate the NiN, sites with
electrochemical activity. Koshy and his co-workers®' have
investigated this through hard and soft X-ray spectroscopy.
The NiN, sites are most likely to be the active sites for
reducing CO, into CO after comparing with Ni aggregates.
Then, three NiPACN samples with different Ni loadings of 0
wt%, 0.5 wt% and 3.4 wt% were prepared. Moreover, as the
Ni loading increases, the partial current density of CO (jco)
also increases until the STEM-HAADF and XRD have observed
the appearance of Ni nanoparticles (NPs) in the catalyst. The
hard and soft X-ray spectroscopic results reveal that pyrrolic-
coordinated Ni atoms are active sites that strongly resemble
the active sites of molecular Ni porphyrin catalysts.

The highly heterogeneous nature of Ni-N-C leads to
difficulty in characterization by nonspatially resolved
methods. Zhang et al®* have found that scanning
transmission X-ray microscopy (STXM) is an effective tool for
exploring this catalyst. The results also reveal that NiN, is the
source of high activity. Up to now, most studies have
identified active sites by comparing different metal loading
samples with ex situ characterization methods. It remains a

Ind. Chem. Mater., 2024, 2, 533-555 | 535
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FEco max Potential Total current TOF
Electrocatalysts ~ Reactors Electrolyte (%) (vs. RHE) density (mAecm™) (h™) Ref.
Ni-N-C H cell 0.5 M KHCO; 97 -0.65 15 3200 18
Ni-N-Gr A separated electrochemical cell 0.1 M KHCO; ~95 -0.7 >0.2 2700 35
Ni-NG Membrane electrode assembly (MEA) 0.1 M KHCO; 97 2.78 V (cell voltage) 50 210000 36
Ni-NG-acid H cell 0.5 M KHCO; 97 -0.9 27.2 2278 37
Ni@NCNTs H cell 0.5 M KHCO; 99.1 -0.8 8.08 — 38
NiSA-N-CNTs A gas-tight electrochemical cell 0.5 M KHCO; 91.3 -0.7 25.7 90000 39
A-Ni@CMK Flow cell 1 M KOH 99.5 -0.6 248 — 40
Ni-NC(AHP) H cell 0.5 M KHCO; ~100 -0.9 14.5 7500 41
Ni-NC(HPU) H cell 0.5 M KHCO; 91 -0.8 271 3250 42
NiSA-NGA-900 H cell 0.5 M KHCO; 90.2 -0.8 6.5 — 43
Ni-HPNCFs H cell 0.5 M KHCO; 97 -1.0 59.6 24900 44
Ni-N-C-900 Flow cell 1M KOH 98 —-0.96 400 >5500 45
SA-NiNG-NV H cell 0.5 M KHCO; 96.4 -0.7 12.5 1000 46
NiNG-S H cell 0.5 M KHCO; 97 -0.8 22.5 2000 47
Ni-N,-O/C H cell 0.5 M KHCO; 99.2 -0.9 23.2 11187 48
NiSA(0.3)-N-PGC  H cell 0.1 M KHCO; 97.2 -0.76 25 7000 49
Ni/Fe-N-C H cell 0.5 M KHCO; 98 -0.7 9.5 3000 50
Ni/Cu-N-C H cell 0.5 M KHCO; 97.7 -0.7 14.0 7000 51
Ni-N3-NCNFs Flow cell 1 M KHCO; 96 -0.72 150 — 52
Ni@C;N,-CN H cell 0.5 M KHCO; ~99 -0.8 4 2000 53
Nig.05,-NG-H H cell 0.5 M KHCO; 97.3 -0.8 15.4 — 54
Ni@N-C Flow cell 1M KOH 97 -1.1 244 — 55
Ni(NC) Flow cell 1M KOH 99 -1.82 160 — 56
Ninps@Niga,-NG  Flow cell 1 M KOH 98 -0.58 200 — 57
NiO/Ni-N-C-800 H cell 0.1 M KHCO; 96.5 -1.1 16.5 9200 58

big challenge to develop in situ and operando technologies to
directly observe the involvement of NiN, sites in the reaction
and understand the mechanisms of the CO,RR.>*

3 Classification of Ni SACs

In recent years, Ni SACs have been extensively researched
because of the high selectivity of CO and the inhibition of
competing hydrogen evolution reactions (HER).** Table 2
displays some of the reported Ni SACs for the conversion of
CO, to CO and superior performance. As shown in Fig. 1,
based on different strategies to enhance performance, Ni
SACs can be classified into the following three kinds: (1)
different structures of supports, (2) coordination structure
regulation, and (3) surface modification.

3.1 Different structures of supports

The traditional structure of Ni SACs is that the central nickel
atom is uniformly distributed on supports and is in

coordination with four nitrogen atoms (Ni-N,). Carbon
supports allow fast electron transport and have advantages in
terms of high electrical conductivity. In addition, these
supports show low activity toward the competing HER.>®
With all these unique properties, carbon frameworks are
extensively exploited for bonding single atom sites. The most
popular types are carbon nanotubes, graphene, and carbon
black.

3.1.1 Graphene and derivatives. The most typical method
for synthesizing SACs is pyrolysis, which requires heating the
precursors at high temperatures for several hours. However,
Ni-N bonds break very susceptibly when heated at high
temperatures. Therefore, when Fe SACs and Co SACs are
explored extensively, no studies related to Ni SACs have been
reported initially. Until 2016, Su et al.*® successfully applied a
thermal treatment strategy in metal complexes with graphene
oxide to synthesize Ni SACs. They first prepared graphite
oxides (GOs) and Ni-pentaethylenehexamine (Ni-PEHA)
complexes. Then, GOs and Ni-PEHA were mixed with ethanol.

Fig. 1 Schematic representation of the classification of Ni SACs according to different regulatory strategies.
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Fig. 2 (a) Representative TEM image of Ni-N-Gr (left) and corresponding
high-angle annular dark-field scanning image (right). (b) High-resolution
TEM image of Ni-N-Gr and corresponding EDX maps of C, N, and Ni. (c)
Cyclic voltammograms of Ni-N-Gr catalyst in CO,-saturated 0.1 M KHCOs
and Ar-saturated 0.1 M KH,PO4/K,HPO, (pH = 6.8) at 10 mV s™. (d) FEs
for the reduction products generated by Ni-N-Gr catalyst.>® Reprinted
with permission from Wiley-VCH, copyright 2016.

After drying the homogeneous mixture, it was laid at the
bottom of an Ar-filled quartz tube. The tube was quickly
placed in the muffle furnace for 45 seconds at 900 °C and
immediately cooled to ambient temperature in a protective
atmosphere of argon. Finally, the graphene was washed by
H,S0,4, and eventually Ni-N-doped graphene (Ni-N-Gr) was
obtained. High-resolution transmission electron microscopy
(HR-TEM) obviously demonstrates the absence of
nanoparticles (Fig. 2a). The corresponding energy-dispersive
X-ray (EDX) elemental maps show that the N and Ni atoms
uniformly disperse on the graphene sheets (Fig. 2b). The
absence of peaks associated with Ni in XRD further proves
the existence of nanoparticles. The results of X-ray
photoelectron spectroscopy (XPS) and extended X-ray
absorption fine structure (EXAFS) are consistent with the
generation of a single Ni atom and the incorporation of the
Ni-N coordination structure into the graphene substrate. In
the electrochemical performance tests, Ni-N-Gr shows
electrocatalytic CO, reduction activity with a —0.5 V versus
reversible hydrogen electrode (RHE) onset potential in CO,-
saturated solution (Fig. 2¢). The main product is CO, and the
sample shows the highest activity with a faradaic efficiency
(FE) of more than 90% at 0.7 to -0.9 V (Fig. 2d). The FE of
H, further increases at more negative potentials, meaning
that the HER came to dominate. Finally, the electro-catalytic
stability of Ni-N-Gr was measured at —0.65 V versus RHE (the
potentials are all versus RHE unless otherwise specified) for 5
h in a KHCO; solution saturated with CO,.

Graphene, as a two-dimensional layered material, has
chemical coordination environments and well-
defined atomic structures that modulate the electronic
properties of confined intra-layer guest atoms. Thus, if
individual atoms are controllably confined in graphene

various

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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vacancies, the nickel electronic structure can be efficiently
tuned to achieve selective CO,-CO conversion. Jiang et al.*°
scattered single Ni atoms into a layered graphene nanosheet
(NS), denoted as Ni-NG. The atomic dispersion and atomic
coordination of Ni have been confirmed by operando X-ray
absorption spectroscopy (XAS) and aberration-corrected
scanning transmission electron microscopy (STEM). The
XANES and EXAFS of Ni and N in Ni-NG are only slightly
different from those of Ni-Pc, suggesting that Ni-N, is the
dominant structure. The catalytic activity for CO,RR was
tested by drop-casting onto a mirror-polished glassy carbon
electrode and then set into a standard three-electrode H-cell
configuration with an electrolyte of CO,-saturated 0.5 M
KHCO;. The onset potential is —0.31 V; the FE of CO rises
quickly to 83% at —-0.60 V, and it is maintained above 90%
until —0.87 V. After increasing the catalyst loading to 1 mg
em™? by changing the electrode to carbon fiber paper, the
current density increases drastically. At a 620 mV
overpotential, CO FE reached a maximum of about 95% at a
current density of around 11 mA cm ™. The current density
did not increase linearly as the catalyst loading increases
probably owing to the overlapping graphene layers on the
carbon fiber paper. In addition, after over 20 hours of
continuous measurement, Ni-NG maintains a stable current
density with a CO selectivity of about 90%, which represents
impressive electrocatalytic durability. Wang et al.*” also found
that the annealing temperature during the synthesis of the
catalyst is essential to tuning both the properties of the
graphene layer and the distribution of the single nickel sites.
They synthesized the catalysts at four temperatures (700, 800,
900, and 1100 °C) and then processed them in 0.5 M H,SO,
for acid treatment. The products are denoted as Ni-NG-X-acid
(where X represents the temperature). Images of TEM suggest
that higher reaction temperatures are conducive to C-N
cleavages, leading to more defects in graphene layers for Ni
NPs to transport and generate larger particles without fully
enveloping the graphene shell. Hence, after annealing and
acid treatment, the catalyst embeds more active Ni sites in
hollow graphene shells. In combination with XRD patterns,
Raman spectra, and TEM, all the outstanding performance is
attributed to the greater specific surface area owing to a
higher degree of graphitization at higher temperatures,
allowing for more exposure of the Ni active sites.
Electrochemical performance tests indicate that 1000 °C is
the optimum annealing temperature. Within a wide potential
window of -0.7 V to -1.2 V, the CO FE is above 90%. At -1.2
V, jco achieves 27.2 mA cm™>.

3.1.2 Mesoporous carbon and derivatives. Zheng et a
revealed that the confinement effect of N-doped carbon
nanotubes (NCNTs) can facilitate *CO desorption by lowering
the binding strength between *CO intermediates and Ni NPs.
Besides, SACs with CNT as the substrate material usually
show excellent stability in CO,RR. Such a curved surface has
been proven to have more extraordinary catalytic activity
owing to a lower energy barrier to form the key intermediate
and higher total density of states around the Fermi level.®

1.38
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(a-d) Characterization of NiSA-N-CNTs, (a) scanning electron microscopy (SEM) image; (b) transmission electron microscopy (TEM) image;

(c) STEM-EDS mapping; (d) ADF image showing the Ni single atoms located on the walls of a CNT (the red circles show typical Ni atoms embedded
in the carbon plane of walls. The insert is the Fourier transform of (d)); (e-g) chemical environment of NiSA-N-CNTs as probed via X-ray absorption
spectroscopy; (e) Ni K-edge spectra of the EXAFS spectrum; (f) comparison of a simulated XANES spectrum of the inserted Ni-core structure with
experimental results; (g) Fourier transform of the EXAFS spectrum of Ni foil, Ni-N-CNTs, NiPc, and NiSA-N-CNTs; and (h) product yields of NiSA-
N-CNTs, Ni-N-CNTs, N-CNTs, and Ni-CNTs for CO,RR at -0.55 V.*° Reprinted with permission from Wiley-VCH, copyright 2018.

Cheng et al.*® used a new multi-step pyrolysis process to
synthesize a SAC with a high metal loading of 20 wt%, which
is based on atomically dispersed Ni on NCTs (NiSA-N-CNTs).
From SEM and TEM, no Ni NPs are observed (Fig. 3a and b).
The atomic dispersion of Ni in NiSA-N-CNTs is displayed in
STEM-EDS  mappings and  AC-STEM-ADF  images
(Fig. 3c and d). The absence of a pre-edge signature at 8338
eV in the EXAFS of the NiSA-N-CNT indicates that the
structure of Ni-N is not planar (Fig. 3e). Through the
combination of STEM images and first-principle simulation
of the XANES, this work establishes the coordination
structure of the Ni atom with two carbon shells following the
four nearest N-coordination shells (Fig. 3f). Based on the
model, the fitting result suggests that Ni is in the
configuration of Ni-N,, which is similar to the coordination
of Ni in NiPc (Fig. 3g). In the multistep pyrolysis process, Ni
single atoms were limited by the cavity, thus inhibiting
aggregation and forming NiSA-N-CNTs with Ni-N, structure.
For NiSA-N-CNTs, CO and H, are the only products for the
CO,RR. At -0.55 V, the CO yield is up to 4.00 x 10~ mmol
em ™ min~" while that of H, is significantly lower (Fig. 3h). At
this point, the FE CO increases to 89.0%, and as the voltage
becomes more negative until —0.70 V, the FE CO reaches a
maximum of 91.3%. After 12 hours of electrolysis, there is
still no significant aggregation and demetallation of the
atomically dispersed Ni.

Ni SACs always have quite a low onset potential that
represents high intrinsic activity. Thus, regulating the
morphological configuration to increase the number of
exposure active sites is considered an effective strategy to
increase the CO,RR kinetics on Ni SACs. Chen et al’®
developed a superior Ni SAC with mesoporous carbon
denoted as A-Ni@CMK by a step-by-step pore-filling synthetic

538 | /Ind. Chem. Mater., 2024, 2, 533-555

strategy (Fig. 4a). Relative experimental studies along with
density functional theory (DFT) calculations indicate that the
higher density active Ni-N, sites, uniform mesoporous
channels and the large surface area of the carbon support
enhance the reaction kinetics. The A-Ni@CMK displays
superior performance in the H-cell with a CO FE of over 80%
in a wide electrochemical potential window of -0.5 to 0.9 V
(Fig. 4b). The jco reaches 51 mA cm™ at —0.8 V (Fig. 4c). In
the flow cell, the FE CO is more than 95% at —0.8 V with an
industrial-level jco value of 366 mA cm ™ (Fig. 4d).

3.1.3 Others. The hollow structure is assumed to facilitate
the transport of key intermediates. Li et al*' constructed
assembled hollow plates (AHP) of N-rich carbon for loading
the single Ni atom to synthesize a high-efficiency catalyst
(denoted as Ni-NC(AHP)) using a dual-linker zeolitic
tetrazolate framework-engaged method (Fig. 5a). These
microspheres assembled from nanoplates (Fig. 5b) also have
greater mesoporosity and a larger surface area, which can
promote mass transport and provide more exposed single Ni
sites. The linear sweep voltammetry (LSV) curves obtained
from the measurement in the H-cell indicate an onset
potential of -0.6 V (Fig. 5c). In particular, an FE CO of
approximately 100% is achieved over a wide potential window
ranging from -0.7 to -1.0 V (Fig. 5d). Moreover, the small
Tafel slope (101 mV dec ") of the Ni-NC(AHP) catalyst proves
that the special structure provides faster kinetics (Fig. 5e).

To further design catalysts with favorable mass transfer
and highly accessible discrete active sites, Li et al*?
developed a credible Ni-templated and Ni-catalyzed method
for converting metallic Ni into single-Ni atoms anchored on
hollow porous urchin-like N-doped carbon to synthesize a
superior SAC (denoted as Ni-NC(HPU)) (Fig. 6a). The
distinctive hollow thorns on the surface (Fig. 6b and c)

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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contribute to a large external surface area and excellent
conductivity, increasing the exposure of single-Ni sites and
accelerating mass transfer, especially electron transfer.
Meanwhile, this unusual shape does not affect the uniform
atomic dispersion of Ni (Fig. 6d). The results of the
examination of the H-type cells indicate that the main
products are CO and H,. The FE of CO reaches 91% with a

NC(AHP)
N Loading
single-Ni

Ni-NC(AHP)

Jjco of 24.7 mA cm™ when operated at 0.8 V. Furthermore,
in potentials ranging from -0.7 V to -0.9 V, the FE of CO
remains above 83% (Fig. 6e and f). The high crystallinity of
Ni-NC(HPU) results in good conductivity;*! thus, this material
displays the lowest charge transfer resistance in the
electrochemical impedance spectroscopy (EIS) test (Fig. 6g).
This work provides new inspiration for synthesizing advanced

C:':\ d X120 e

E 0 == Ni-NC (AHP) 081 . ni L.
5 8 100 == Ni.NC (MP) | * “'mg (XHP;

< 5 bt == NC (AHP) S o7 I-NC (AHP) s
E ol 5 80 = L.
> £ 06/ -

£ ——NC (AHP) S 60 <

g <18 — Ni-NC (MP) 18 2 e

S o0 —— Ni-NC (AHP) £ 40 g 0.51 o o \

- 5 y

S 251 B 20 & 041 \%

E o AN

8 -30 © 0.3

12 -1.0 -0.8 -06 -0.4 -02 00 L -1.0 -09 -0.8 -0.7 -0.6 -0.5 -1.5 1.0 -05 0.0 05 1.0 15

Potential (V vs. RHE)
Fig. 5

Potential (V vs. RHE)

Log (J;o/mA cm?)

(a) Schematic illustration of the preparation route for Ni-NC(AHP); (b) FESEM images of Ni-NC(AHP); the dash circles indicate the openings

and parallel walls of hollow plates; (c-e) CO, electroreduction performance of samples; (c) LSV curves in CO,-saturated 0.5 M KHCOs3 solution; (d)
comparison of CO faradaic efficiency at various potentials; and (e) Tafel plots towards CO product.** Reprinted with permission from Wiley-VCH,

copyright 2021.
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single-atom catalysts with hollow porous structures for
various energy storage and conversion applications.

3.2 Coordination structure regulation

Because CO,RR contains multiple PCET processes and the
single atom centers of SACs are regarded as active sites, the
coordination structures of the metal atomic centers are of
particular importance to the electrocatalytic reaction. The
typical Ni-N, coordination structure with symmetric D,y
square-planar geometry is unfavorable for electron transfer.
Hence, breaking this symmetry is the key to enhancing CO,-
RR kinetics.®” The common strategies include tuning
coordination numbers, creating vacancies, and diversifying
coordination atom species.

3.2.1 Tuning coordination numbers. Nitrogen-doped carbon
is the most common substrate used to stabilize metal sites. In
general, nitrogen atoms anchor central metal atoms by
coordinating with them. Thus, tuning the nitrogen coordination
numbers is meaningful in regulating the electronic structure of
the active site, which may influence both the adsorption
behavior of key intermediates and catalytic performance. Mou
et al.*® reported an efficient and simple impregnation—pyrolysis
process to synthesize Ni SACs, as shown in Fig. 7a. SEM images
and HR-TEM images confirm the absence of Ni nanoparticles
on the synthetic catalyst (NiSA-NGA). High-angle annular dark-

540 | /nd Chem. Mater.,, 2024, 2, 533-555

field scanning transmission electron microscopy (HAADF-
STEM) images, STEM images and the relevant EDS elemental
mappings of NiSA-NGA clearly illustrate that Ni atoms are
atomically dispersed (Fig. 7b and c). The Fourier-transformed
EXAFS strongly supports the existence of Ni-N coordination.
However, unlike the previously discussed catalysts, the lower
relative intensity in NiSA-NGA compared to NiPc implies the
unsaturated coordination of Ni atoms (Fig. 7d). The sample
obtained by pyrolysis at 900 °C (NiSA-NGA-900) shows the best
properties (Fig. 7e-g). At -0.8 V, NiSA-NGA-900 achieves the
highest CO FE of 90.2%, corresponding to a current density of
around 6 mA cm ™. Considering the origin of excellent behavior,
graphene-based aerogels (GA) have a large specific surface area
to improve the density of Ni atoms. The DFT calculation shows
that the key intermediates (*COOH) can be formed at lower free
energies on Ni-N sites with unsaturated coordination compared
to Ni-N, sites. Besides, AG*COOH is much smaller than AG*H
on Ni-Nj, sites, which inhibits HER and improves the selectivity
of CO,RR. Song et al** developed a hard-template method
(Fig. 8a) to synthesize high-density Ni-N, sites with different
coordination numbers anchored on the surface of hierarchically
porous nitrogen-doped carbon nanofibers (Ni-HPNCFs). The
porous HPNCFs have abundant N-doped sites and a large
surface area, facilitating the homogeneous dispersion of Ni
single atoms. Furthermore, the porous structure of these
nanofibers benefits mass transfer and active site exposure. The

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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N 1s XPS spectra suppose that the pyrrolic and pyridinic N sites
are more likely to anchor Ni atoms than graphitic N, which is
further improved by the DFT calculation. By fitting the EXAFS
curves, the results show that an average of 2.9 + 0.1 N atoms is
coordinated to the central Ni atom in the sample. In
combination with the FT-EXAFS spectra, the Ni-N distance is
slightly shorter than that in the Ni-N, in the porphyrin and
phthalocyanine, further demonstrating the formation of the Ni-
N; sites. DFT calculations show that the pyrrole-NiNj site plays
an important role in inhibiting the formation of H*
intermediates for HER. More importantly, it can also reduce the
free energies of COOH* generation and CO* desorption. At —0.7
V, the Ni-HPNCF reaches a high CO FE of 97% and a high jco of
49.6 mA cm™>. This research presents a new approach for
adjusting the geometric and coordination
environment at one time, offering novel inspirations for the
future design of higher-performance catalysts.

To accurately control the coordination environment and
number of Ni atoms, Li et al.*> explored a unique two-step
method (Fig. 8b). In the first step, the particle size range of
the ZIF-8 nanocrystal precursors was controlled by adjusting
the concentration of zinc salt during the synthesis of ZIF-8.
Through one-step carbonization, the precursors were retained
in the derived carbon host. This step can produce nitrogen-
doped carbon hosts with controlled morphology. In the
second step, before thermal activation at relevant
temperatures (400 °C, 900 °C, and 1200 °C) to form
controlled Ni-N bonds, the Ni ions were introduced in the
N-doped carbon host by chemisorption. The thermal
activation temperature is vital to control the structure of

structure

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Ni-N bonds in this method. HAADF-STEM and the
corresponding EDS elemental mappings clearly demonstrate
that Ni clusters gradually transform into atomically dispersed
Ni sites at higher temperatures (Fig. 8c-e). Furthermore, the
XAS reveals that Ni-N bonds become shorter at elevated
thermal activation temperatures, which is associated with
structural distortion in graphene. Besides, XPS indicates that
Ni-N-C-1200 samples have less total and pyridinic nitrogen
content than Ni-N-C-900, which can be attributed to higher
temperatures, resulting in the loss of N atoms and favoring
the formation of the Ni-N; structure. Based on the EXAFS
fitting, the Ni-N coordination number of Ni-N-C-1200 is
3.54, suggesting the coexistence of Ni-N; sites and Ni-N,
sites. As in previous studies, the DFT calculations support
the idea that Ni-Nj; sites can enhance the activity of CO,RR
as well as inhibit HER. However, Ni-N-C-900 performs best
in a flow cell test with a jco of 726 mA cm 2 and a CO FE of
above 90%. This is because although Ni-N; sites are more
active in CO,-to-CO conversion and have better selectivity,
high temperatures reduce the N and Ni atoms, thus
significantly reducing the active site density. Notably, this
work also discusses three possible configurations of NiN;
sites: NiNj;, NiN;C;, and NiNj,,.. Of the three NiNj; sites
modeled and the NiN, site, the NiNj.,. site has the largest
positive Urcozrr) ~ Urmer) value, indicating that the NiNj_yac
site could have high CO,RR selectivity.

3.2.2 Creating vacancies. Ni SACs generally have
impressive selectivity in CO,-to-CO conversion among the
reported catalysts, but some studies, such as the one above,
have indicated that creating a vacancy can still further

Ind. Chem. Mater., 2024, 2, 533-555 | 541
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increase the selectivity. Most reported strategies first
introduce heteroatom coordination to form complex
precursors and subsequently remove heteroatoms at high
temperatures to create vacancies. This is a complex process
with demanding reaction conditions. Jia et al*® proposed a
facile method (Fig. 9a) for creating nitrogen vacancies (NV)
on the Ni-N-C catalyst by continuous microwave-induced
plasma strikes. Upon the induction of NV, the Ni site is
converted to a steady Ni-N, coordination configuration with
pyridinic N-dominance, which promotes the kinetic of CO,-
to-CO conversion. The plasma treatment duration is
significant, as adequate treatment time can generate nitrogen

542 | /nd. Chem. Mater., 2024, 2, 533-555

vacancies in the Ni-SAC (SA-NiNG-NV) by inducing the
reconstruction of coordinated N atoms. For comparison, a 5 s
plasma-treated catalyst, SA-NiNG, was prepared. These two
catalysts are free of Ni NPs, and Ni atoms are uniformly
dispersed on the carbon framework, which is demonstrated
by TEM, XRD, HAADF-STEM and EDS (Fig. 9b-e). In the
Raman spectra, SA-NiNG-NV shows higher Ip/I; (ratio of D
band intensity to G band intensity), supporting the presence
of more defects. Moreover, SA-NiNG-NV displays fewer Ni-N
species and N contents in the XPS spectra compared with SA-
NiNG, which is consistent with the Raman spectra. According

to the FT-EXAFS fitting results, in SA-NiNG-NV, the
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(a) Schematic illustration of microwave induced plasma-assisted synthesis for SACs; (b) transmission electron microscopy (TEM) image of

SA-NiING-NV; (c) X-ray diffraction (XRD) patterns of both catalysts SA-NiING and SA-NiNG-NV, and control samples N-doped graphene (NG) and
metallic Ni nanoparticles decorated NG (Ni NPs-NG); (d) high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
image of SA-NiING-NV; and (e) EDS mapping images of SA-NiNG-NV.*¢ Reprinted with permission from Wiley-VCH, copyright 2021.

unsaturated Ni-pyridinic N,V, structure is formed by each Ni
atom being coordinated to an average of two N atoms.
However, in SA-NiNG, the Ni-pyrrolic N;-C defective
coordination structure is formed by the involvement of three
N atoms in the coordination formation. Combined with the
DFT calculation, this leads to the conclusion that the
unsaturated local coordination environment provides
sufficient space for the adsorption of CO,, while the defective
graphene planes reduce the ability to constrain the Ni atoms,
resulting in the active sites being more likely to shift
outwards and bind to CO, molecules. Electrochemical
performance test data suppose that the introduction of NVs
significantly improves the performance of the catalyst
towards CO,RR. In the potential window ranging from -0.5
to —1.0 V, the maximum value of CO FE increases from 91.2%
to 96.4%. The higher turnover frequency (TOF) reflects the
enhanced intrinsic activity of SA-NiNG-NV.

3.2.3 Diversifying coordination atom species. In addition
to N atoms, the introduction of secondary heteroatoms, such
as S and P, into SACs can also change both the coordination
number and electronic structure of central metal atoms. The
electronic structure is strongly influenced by the first
coordination domains. Besides, the electron localization
around the active sites can be optimized by modifying the
binding band of the second coordination domains. Hu
et al."> optimized the interaction of the active sites and key
intermediates by synergizing the long-range axial
coordination regulation of S atoms within the first
coordination domain and the near-range regulation of P
atoms  within the second coordination domain.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Consequently, the CO FE of the Zn SAC is approximately
100%. Jia et al.*’” reported a method for obtaining a unique
unsaturated NiN,-S coordination structure via microwave-
induced plasma. The electronic structure around Ni atoms
changes significantly owing to the coordinated N and S
atoms, as well as the vacancies and defective sites. Synthetic
NiNG-S catalysts display high electrochemical activity and
selectivity. In an H-cell, NING-S displays a maximum CO FE
of 97% at —0.8 V and a largest joo of 40.3 mA cm™> at —0.9 V.
Ni K-edge XAS spectra demonstrate that S atoms could drop
off easily and form vacancies (denoted as NiN,-VS) at high
potential, therefore confirming the potential-dependent
stability of NiN,-S sites. However, NiNG-S with NiN,-VS
structure still exhibits superior electrochemical properties
than NiNG. DFT calculations reveal that both NiN,-S and
NiN,-VS can reduce the energy barriers of CO,-CO
conversion, thus demonstrating outstanding performance.
Besides modulating the planar coordination environment of
the Ni atom on the carbon network, the insertion of axial
heteroatom coordination is also an effective strategy. According
to the principles of organometallics, the Ni" (i.e., the d® species)
has a strong tendency to form D,, square planar geometries
and is less capable of forming axial bonds.®® For this reason,
precise synthesis of M-N,-O structure with axial M-O
coordination is an extremely difficult task. In classic biological
substances with Fe-N,-Cl and Fe-N; structures, the
heterogeneous and metal atoms form specific coordination sites
on the parallelogram. Inspired by this, Wang et al.*® modelled
biological structures via an axial traction strategy (Fig. 10a). The
XRD together with the TEM demonstrates that metal

Ind. Chem. Mater., 2024, 2, 533-555 | 543
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nanoparticles are effectively removed by acid-leaching
treatment. The EDX element mapping images combined with
XPS verify that coexisting N, O, and Ni atoms are uniformly
dispersed on carbon substrates. According to the results of AC-
STEM, EXAFS, EXANES and DFT calculations, it is concluded
that four nitrogen atoms and one axial oxygen atom anchor the
atomically dispersed Ni sites (inset of Fig. 10b). The Ni-N,-O/C
electrocatalyst exhibits superior ECR performance with a
maximum of 99.2% CO FE at —0.9 V. The CO FE can remain
above 90% in a potential window ranging from —0.5 to -1.1 V,
which is a wider range than that of conventional catalysts (-0.5
to -0.9 V). In comparison with the Ni-N,-PRO/C without an
axial O atom, the extraordinary CO,RR activity of Ni-N,-O/C is
further demonstrated to be due to the axial traction effect
induced by the axial oxygen atom and the Ni-N, site.
Furthermore, this work proposes that, unlike the typical Ni-N,/
C catalysts, the CO, molecules react on the backside of
graphene rather than on the side containing O atoms (Fig. 10c-
f). Huang et al*® reported a one-pot template-sacrificing
pyrolysis strategy by decomposing the Mg(OH), template to
create highly porous structures and synthesize catalysts with the
same Ni-N,-O structure, as described above (Fig. 11a). At -0.76
V, the NiSA(0.3)-N-PGC shows a maximum CO FE of 97.2%.
Overall experimental and theoretical calculations conclude that
the outstanding properties are attributed to the induced charge
asymmetry distribution and the higher electronegativity of the
axially coordinated O atoms, which enhance the electronic
delocalization at the central metal atom sites, resulting in
lowering Gibbs free energy of the rate-limiting step,

544 | Ind Chem. Mater., 2024, 2, 533-555

strengthening the bonding with *COOH, and weakening the
bonding with *CO. In addition, porous structures formed by
interlinked conductive mesh structures and interconnected thin
plates with large specific surface areas greatly facilitate mass
transport.

The introduction of heteroatoms into the coordination
structure not only affects the electron distribution of the central
Ni atoms, but in some cases, the heteroatoms also coordinate
with the Ni atoms to form dual site active centers, synergistically
regulating the interaction with the reaction intermediates. Ma
et al.® investigated 27 types of catalysts with the structure of
Ni-BxCyN, (X + Y + Z = 4) via DFT calculations. B acts like a
transition metal in many cases because its incompletely
occupied valence electron d-orbital is so conducive to accepting
and donating lone pairs of electrons. The results indicate that
with the introduction of B, the Ni and B atoms are coordinated
to form a dual active site, leading to various single or dual site
adsorptions of reaction species. Consequently, the linear scaling
relationship between *CO and *COOH adsorption is obviously
diminished. Notably, in contrast to Ni-BxCyN; (X = 0), the
potential-determining step of Ni-BxCyN, (X # 0) changes to
*CO desorption rather than *COOH formation. Overall, this
work displays the tremendous potential of B to improve the
CO,RR performance of Ni SACs. However, to the best of our
knowledge, this structure has not yet been applied in
experiments. It remains a great challenge.

As a transition metal, Ni has strong binding with H atoms,
which enhances HER. Hu et al.® introduced HER-inert In
atoms to modulate the electronic structure of Cu atoms,

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Reprinted with permission from American Chemical Society, copyright 2022; (b) scheme of the synthesis of Ni/Fe-N-C; (c) HAADF-STEM image; (d
and e) enlarged HAADF-STEM images of Ni/Fe-N-C; (f) elemental mapping of Ni/Fe-N-C; (g) Ni K-edge XANES spectra of Ni/Fe-N-C, Ni-N-C, Fe-
N-C, and Ni foil; and (h) Fourier transformation of the EXAFS spectra at R space.’® Reprinted with permission from Wiley-VCH, copyright 2019.

which suppress HER while promoting CO,RR. This strategy
proves that modulating the binding energy of single-atom
sites with key intermediates by leading in different metal
atoms is a promising approach. For instance, Ren et al.”°
prepared the Ni/Fe-N-C by pyrolyzing the zeolitic imidazolate
framework (Fig. 11b). Observations by HAADF-STEM and EDS
analyses illustrate that single Ni and Fe atoms are
homogeneously distributed without forming NPs (Fig. 11c-f).
The analysis of XANES reveals distorted D,, symmetry in Ni/
Fe-N-C and presumes that the D4, symmetry is distorted by
another ligand (Fig. 11g). According to the Fourier transform
(FT) k*-weighted y(k) function of the EXAFS spectra, Ni/Fe-N-
C has a distinct metal-metal peak at 2.06 A, which is not
found in pure Fe-N-C and Ni-N-C, confirming the presence
of Ni-Fe coordination (Fig. 11h). In a wide potential ranging

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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from -0.5 to -0.9 V, the Ni/Fe-N-C catalyst displays excellent
selectivity for CO FE with over 90% and reaches a peak of
98% at—0.7 V. After 30 hours of electrocatalysis, it also shows
impressive stability by retaining 99% initial selectivity. The
TOF at —1.0 V of Ni/Fe-N-C (7682 h™") is significantly larger
than that of Fe-N-C (813 h™) and Ni-N-C (3690 h™),
representing highly enhanced activity. The lower Tafel slope
of Ni/Fe-N-C demonstrates the greatly enhanced kinetics of
the rate-determining step. DFT calculations demonstrate that
the Ni-Fe dual center can dramatically lower the reaction
barrier, resulting in robust electrode durability. Moreover,
when the monovalent Ni atom with the d° electronic
configuration performs as the catalytic active site, the
intrinsic CO,RR activity of Ni SACs can be effectively
enhanced.®® Zhu et al.®" designed a Ni-Cu coupled atom pair
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with a Ni 3d electronic configuration (Ni/Cu-N-C), which
shows a high TOF of 20695 h™" at —0.6 V with a maximum FE
CO of 97.7%. The results of the XAS indicate that the Ni(i)
species of Ni-Cu structures are the active sites for CO,RR.
The Cu element is more electro-negative; thus, the d-orbital
energy level of the Ni site can be increased while combining
with Cu.*” Consequently, intermediates are more easily
adsorbed because of anti-bonding states away from the Fermi
energy level. The Ni-Cu structure greatly reduces the reaction
potential and promotes CO,RR kinetics simultaneously.
Recently, many studies about coordinating Ni sites with
metallic atoms have been reported, and the communitive
effect between adjacent single atoms is considered essential
for improved catalysis.

3.3 Surface modification

Regulation of coordination structures is the most
straightforward way to alter the electronic distribution of central
Ni atoms. In addition, non-coordinated regulation is a
promising pathway for optimizing the electrocatalytic
performance of Ni SACs. Specifically, it includes the structural
modulation of the catalyst and reaction interface engineering.

3.3.1 Structure modulation of catalysts. N-doped carbon is
regarded as the most common support for SACs. Most
reported studies mainly focus on the single role of
unsaturated coordinated M-N structures in improving the
catalytic behavior of electrocatalysts by breaking the
symmetrical electronic structure of nickel. However, Zheng
et al>® found that the abundant electronegative N dopants
around Ni-Nj sites can modify the first neighboring C atoms
of these sites, thus speeding up the CO,RR kinetics process.
In this work, Zheng et al developed an electrocatalyst
(denoted as Ni-N;-NCNFs) using polyacrylonitrile (PAN) and
dicyandiamide (DCDA) as the abundant N source. Ni-Nj-
NCNFs display a high reaction kinetic in CO,RR with a 71
mV dec ' Tafel slope (Fig. 12a). XPS measurements prove the
existence of Ni-pyridinic N and many extra N dopants
(Fig. 12b). In comparison with Ni-NCNTs, which have low N
resources, sufficient N doping also plays a crucial role in
preventing the aggregation of Ni atoms. The results of WT-
EXAFS, FT-EXAFS, and XANES clarify that the coordination of
Ni atoms of Ni-N3;-NCNFs is a Ni-N; structure with Djp
symmetry, as shown in the inset of Fig. 12c, rather than a
typical Ni-N, structure (D, symmetry). By constructing the
Ni-N;@C, Ni-N;3;/GN@C, and Ni-N3/PN@C model and
calculating the free energy distributions of CO,RR and HER
at the Ni-Nj sites, it can be concluded that the extra doping
N alters the electronic structures of C atoms, which affect the
adsorption of intermediates and the desorption of products,
therefore improving the kinetics of CO,RR and water
dissociation. This work reveals that a non-coordinated
heteroatom is promising for regulating the electronic
structures of active sites.

Wang et al.>® found that the addition of cyano to carbon-
based substrates significantly facilitates the activation of
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CO,. As shown in Fig. 12d, the cyano-modified catalyst,
designated as Ni@C;N,—CN, is prepared by salt-assisted and
calcination methods. Solid-state "*C MAS NMR (Fig. 12e) and
Fourier transform infrared (FT-IR) (Fig. 12f) demonstrate the
existence of the -CN group in the carbon support. FT-EXAFS
indicates the presence of Ni-N, configuration in Ni@C;N,-
CN, also further confirming that the optimization of
performance is not derived from changes in active site
structures (Fig. 12g). The results of DFT calculations suppose
that the formation of CN groups weakens d-n conjugation
between the metal atoms and the supports, thus reducing
the charge transfer from the metal atoms to the supports and
increasing the electron density around the central metal
atoms. In the H-cell electrochemical test at —1.178 V, Ni@Cj;-
N,-CN enables remarkable TOF of ~22000 h™' and Jco of
46.8 mA cm 2 The CO FE is maintained above 90% even with
a CO, concentration of only 30%. When operating at —-0.93 V
in the flow cell with pure CO,, Ni@C3;N,-CN displays —-300
mA cm 2 current density with a CO FE of over 90%.

3.3.2 Reaction interface engineering. Pyrolysis is the most
popular method of preparing SACs.®®*”° Precursors typically
include metal salts, metal-organic frameworks (MOFs),
substrates, such as graphene and carbon nanotubes, and metal
NPs on the substrate. Under high-temperature pyrolysis, the
metal nanoparticles disperse on the substrates at the atomic
level. Consequently, some NPs are inevitably present on SACs.”*
Liang et al.>* investigated the effect of Ni NPs on CO,RR. They
prepared a series of Ni-NG SACs with different amounts of
nickel salts as precursors, denoted as Ni; 11-NG, Nij3,-NG, and
Nip.037-NG. SEM images show a 3D morphology composed of
CNTs and porous NSs (Fig. 13a—c). Some exposed Ni NPs can be
recognized in Ni;;-NG and Nig;-NG, which is further
supported by HAADF-STEM and EDS (Fig. 13d-f). HRTEM and
XPS reveal the co-existence of single Ni atoms, exposed Ni NPs
and encapsulated Ni NPs in Ni-NG. According to the XPS and
ICP, the content of atomically dispersed Ni follows the order
Nig.037-NG > Ni, 3-NG > Ni; 1;-NG, which is in contrast to the
order of the content of NPs. The three Ni-NG electrocatalysts
show electrocatalytic activity towards CO,RR. In the potential
ranging from -0.5 V to -1.3 V, CO FE follows the order Nig o37-
NG > Nij3-NG > Ni; 1;-NG (Fig. 13g), suggesting that single Ni
atoms are more conducive to CO,RR than NPs. Furthermore,
using strong acid to leach out most Ni NPs, the samples
obtained are denoted as Ni-NG-H catalysts. The CO FE of Ni-
NG-H catalysts even slightly increases (Fig. 13h and i), further
indicating that Ni NPs are inactive to CO,RR. However, Wang
et al® discovered that ultra-thin N-doped carbon shells
encapsulating Ni NP catalysts (Ni@N-C) have superior
electrochemical properties. When operating at —1.1 V in the flow
cell, Ni@N-C displays excellent CO FE of 97% with 244 mA
cm? industry-level current density. The impressive performance
is due to the synergistic effects between the encapsulated Ni
NPs and the N-doped carbon shell, which enhance CO,
adsorption, promote electron transfer and expand the exposure
of active sites. This work demonstrates the potential to improve
catalytic performance by tuning the electronic structure of NPs.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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If single atoms and nanoparticles can synergistically promote
CO,RR, then the complex post-treatment steps used to remove
the nanoparticles are eliminated.

Using a brief Ni-metal organic framework-assisted method
(Fig. 14a), Wen et al>® prepared a series of Ni(NC)-based
catalysts formed by different contents of Ni NPs and single Ni
atoms. The EDS images demonstrate that the Ni atoms are
uniformly dispersed in Ni(NC)-1, and the existence of Ni NPs is
also confirmed by the presence of bright spots in some areas
with the combination of HRTEM (Fig. 14b and c). Several
characterization results indicate that Ni(NC)-1 contains more N

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

elements and therefore modulates the electronic structure of
surface Ni species. In contrast, more unmodified Ni-Ni species
are present on the carbon layers of Ni(NC)-2 and Ni(NC)-3.
Consequently, Ni(NC)-1  exhibits  considerably = more
extraordinary electrochemical performance (Fig. 14d and e). In
the flow cell, Ni(NC)-1 shows 99% maximum CO selectivity with
a large j of 160 mA ecm™ at —1.82 V. This work demonstrates
the possibility of activating electrocatalytically inactive sites into
active sites by modulating the electronic environment of Ni
species. However, the detailed functions of NPs and single-atom
sites in CO,RR remain unclear. Bai et al.’” claimed that Ni NPs

Ind. Chem. Mater., 2024, 2, 533-555 | 547
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VCH, copyright 2021.

promote the decomposition of H,O to form *H, making it easier
for adsorbed CO, molecules to generate *COOH through PCET,
while Ni single-atom sites can stimulate CO, activation and CO
desorption.

Some of the above works have proved that the
coordination of the O atoms and the central Ni atoms can
effectively break the symmetry of the electron density of the
Ni-N, sites to improve catalytic performance. However, the
precise construction of the M-N,-O structure remains a great
challenge. Recently, it has been demonstrated that O atoms
can modulate the performance of catalysts in the form of
highly dispersed metal oxide particles without participating
in coordination.”” Li et al.”® designed a simple carbonization
coupled oxidation method for synthesizing NiO/Ni-N-C SACs
modified with NiO clusters (Fig. 15a). HAADF-STEM images
indicate the presence of NiO clusters, Ni NPs and Ni single
atoms (Fig. 15b-d). The EDS images further reflect the

548 | Ind Chem. Mater.,, 2024, 2, 533-555

uniform scatter of the N, Ni, and C elements on the carbon
substrate (Fig. 15e). Analysis of XRD and XPS images leads to
the conclusion that the Ni species are mainly present in the
form of coordinated Ni-O and highly dispersed Ni-N sites in
NiO/Ni-N-C-800, which is in agreement with the results of
XAS, EXAFS, XANES and other characterization techniques.
In a wide potential ranging from -0.9 to —1.3 V, the CO FE of
NiO/Ni-N-C-800 remains over 90% (Fig. 15f). At -1.1 V, CO
FE reaches a peak of 93%. The DFT calculation proposes
greater properties of NiO/Ni-N-C-800 (Fig. 15g and h)
because the NiO clusters reduce the energy barrier of CO,-
CO conversion by enhancing the electronic delocalization of
active sites. Besides, the hierarchical porous morphology of
NiO/Ni-N-C-800 facilitates mass transfer and exposes more
accessible active sites. This work presents advanced insights
into adjusting the electronic structure of active sites by
oxygen modulation.
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4 Summary and perspectives
4.1 Summary

The catalytic reduction of CO, into value-added fuels and
chemicals via renewable electricity is accepted as an efficient
solution to alleviating the energy crisis and greenhouse
effect. SACs have received substantial research attention
owing to their high atom utilization, abundant active sites
and excellent catalytic performance. Besides, SACs have the
advantages of both homogeneous and multiphase catalysis.”*
Regarding the central metals of SACs, transition metals are
the best choice owing to their special electronic structures,
which can provide vacant d-orbitals to combine the key
intermediates and reduce the activation energy barrier of
CO,RR, thus increasing the intrinsic activity. CO,RR has a
wide range of products, of which CO is a key feedstock for
Fischer-Tropsch synthesis and is of high industrial value. In
electrochemical tests, Ni SACs show more outstanding
activity and selectivity than other transition metal SACs and

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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therefore have been a hot topic of research. Based on DFT
calculations and crystal field theory, the d-orbital of the
central transition metal splits in a square planar field in the
conventional M-N, structure of SACs, and Ni is more likely
to form vacant outermost d-orbitals compared with other
transition metals (e.g. Fe, Co, and Cu). Such vacant orbitals
facilitate the transfer of electrons from the C atom of the CO,
molecules to the Ni atom and promote the activation of liner
CO,. In addition, in situ spectroscopic and theoretical
thermodynamic studies indicate that Ni SACs overcome the
free energy potential barrier of the CO,RR rate-determining
step and benefit the generation of *COOH intermediates.
Consequently, Ni SACs always have a higher selectivity for
generating CO than other transition metal single-atom
catalysts.

This review begins by describing the pathway of CO
generation via CO,RR and the characterization methods for
determining the active site structures of Ni SACs. Following
that, depending on different approaches to enhance
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electrocatalytic performance, the Ni SACs reported in recent
years are divided into three groups:

(1) Different structures of supports. Carbon materials are
popular catalyst substrates owing to their abundant sources,
regulated structure, excellent chemical stability, and superior
electrical conductivity. Besides their function as electrical
conductors, carbon substrates also have an essential effect on the
rate of mass transfer. Carbon black, graphene, and carbon
nanotubes are examples of typical carbon substrates. To accelerate
mass transfer and improve active site density, many substrates
with a high specific surface area and many mesoporous channels
are being explored for the synthesis of Ni SACs.

550 | /nd. Chem. Mater., 2024, 2, 533-555

(2) Coordination structure regulation. Nitrogen-doped
carbon facilitates the anchoring of central metal atoms and
stabilizes coordination The most common
structure is Ni-N-C, with Ni-N, as the conventional active
center coordination structure. However, the symmetrical
electronic structure is detrimental to the PCET process and
diminishes the kinetics of CO,RR. Adjusting the coordination
number, constructing vacancy defects, and varying the
species of coordination atoms are prevalent strategies for
breaking symmetric electronic structures. Among them,
varying the species of coordination atoms includes the
addition of dopants other than nitrogen on the carbon

structures.
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substrates (S, P, etc.), the introduction of axial heteroatom
coordination (O, Cl, etc.), and the insertion of metal atoms to
form dual active centers with nickel (Fe, Cu, etc.).

(3) Surface modification. Changing the coordination
structure is the most straightforward way to break the
symmetry of the electron distribution, but altering the
surface structure and composition is also an effective
strategy. Nitrogen has strong electronegativity, and when
doped in excess, it can affect the electron distribution of the
C atoms adjacent to the active site, accelerating the kinetics
of CO,RR. The introduction of functional groups (e.g. -CN)
on the substrate can boost the electron density of the active
sites, thereby accelerating CO, activation. The preparation of
SACs inevitably produces NPs, which are inactive for CO,RR,
but the addition of wultrathin N-doped carbon shells
encapsulating Ni NPs and NiO clusters on the catalyst surface
in appropriate can enhance electrochemical
performance.

amounts

4.2 Perspectives

Thus far, Ni-N-C has made outstanding progress in the
direction of electrocatalytic reduction of CO, to CO, but there
are still many problems to overcome. An excellent Ni SAC
should also have excellent atom utilization, activity,
selectivity and stability. Subsequently, some perspectives on
the existing challenges are then discussed.

(1) Improving the singularity of coordination structures. The
coordination structure is the most vital part of Ni SACs, yet
regulating the microenvironment of the active center to
synthesize active sites with a single coordination environment
remains a great challenge. Currently, most reports attribute the
average properties of the sample to overall -catalytic
performance, lacking rigor in demonstrating efficient active
sites. Methods, such as flame spray pyrolysis, which provides a
relatively homogeneous synthesis environment, hold the
promise of achieving the singularity of coordination structures.

(2) Innovating coordination structure types. Recently, most
studies have focused on modulating the coordination
structure of SACs, which still fail to produce a significant
increase in catalytic efficiency. The formation of super-
coordinated structures using physical-chemical methods
disrupting the original electronic structure equilibrium,
replacing the species of coordination atoms and increasing
or decreasing the number of coordination atoms of the active
central atom in the catalytic material can change the intrinsic
energy band structure, electrical conductivity and catalytic
activity. It provides new opportunities to further improve the
performance of catalysts. Both Fe-N5 and Co-Ns have been
proven to greatly enhance catalytic activity,’*”® but
investigations on Ni-Nj are still relatively few. The Ni-N,-O
structure with axial O coordination shows remarkable
catalytic properties. Xiao et al.”’ have demonstrated that the
Ni-N,4-O, structure has great promise for the electrosynthesis
of H,0,, and it has great research value in applying this
structure to CO,RR. Ultra-high coordination has the potential
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to achieve a quantum leap in properties, and ultra-low
coordination structures, such as Ni-N,, are also well worth
investigating.

(3) Designing multi-sites catalysts. DACs can not only
reduce the activation barriers of CO,RR but also break the
linear scaling relation to further improve selectivity. Ni is
often combined with other metal atoms to form dual-site
catalysts, and owing to its special electronic structure, the
catalysts always show good synergetic effects to promote
catalytic efficiency. Therefore, expanding the number of
active sites to create multi-site catalysts holds considerable
promise. Moreover, if each site plays a distinct role, such as
in one dual-site catalyst in which the Ni site is responsible
for the adsorption of *COOH intermediates and the Cu site
is used to promote C-C coupling, there is a possibility of
generating multi-carbon products with high selectivity.

(4) Improving the loading of Ni. The loading of Ni is
positively correlated with the intrinsic activity of the catalyst.
However, according to the present reports, the loading of
SACs is usually less than 5%. This is because it is difficult to
improve the single-atom stability and inhibit the
agglomeration of metal atoms while increasing the loading
with the current synthesis methods. After a long reaction, Ni
atoms tend to agglomerate to form nanoparticles that
facilitate HER. Therefore, stabilizing the central metal atoms
also contributes to the stability of the catalyst performance.
Creating defects on the N-doped carbon substrates before
inserting Ni atoms can help stabilize the structure of active
sites, while microwave plasma induction and femtosecond
lasers are all worthwhile synthetic approaches. To achieve
industrial applications, it is not only desirable to increase the
loading for achieving current densities for industrial
applications (>200 mA em™) but also to explore synthetic
methods that can produce catalysts on a large scale.

(5) Developing more types of substrates. The framework of
substrates considerably influences catalytic properties.
However, it is still a challenge to expand the types of
substrates, with N-doped carbon being the most common.
Synthesizing single-atom alloys by loading metal atoms on
metal substrates has the potential to display substantial
synergistic effects, disrupt the linear scaling relation, and
promote multiphase catalysis. Aerogels, for example, are
three-dimensional porous structures with a huge surface area
that improves the exposure of active sites, isolates metal
atoms in space and inhibits agglomeration.

(6) Exploring more operando characterization techniques.
CO,RR involves complex PCET processes, and the development
of operando characterization techniques is key to identifying the
real active sites and tracking specific reaction pathways.
Besides, operando characterization technologies can reveal the
stability of the catalyst under reaction conditions, distinguish
the species of key intermediates and clarify the influence of
reaction conditions, which can be of great significance in
designing catalysts with high activity for generating target
products. To date, the main experimental approach to explore
the CO,RR mechanism is through the analysis of ex situ
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characterization (TEM, XAS, XPS, etc.) of the catalyst before and
after CO,RR. However, surface reconstruction, morphological
transformation and active site evolution usually occur during
the reaction process, so these ex situ methods cannot capture
important information about the real CO,RR process. Although
progress has been made in in situ IR, in situ Raman and in situ
electron microscopy, the application is still limited. The small
size of SACs makes it crucial to develop in situ techniques to
directly observe the evolution of active sites at atomic
resolution. Exploring more techniques, such as in situ SEM,
which can visualize individual molecules and atoms adsorbed
on the catalyst surface and monitor the configuration of
intermediates in real-time, can help to clarify the catalytic
mechanisms. Imaging the morphology and activity of the active
center in conjunction with reaction devices is vital to reveal
reaction mechanisms and design catalytic systems.

(7) Optimizing electrolytic cells. For electrochemical
testing, H-cells and flow cells are the most popular choices.
The H-cell is a simple device. However, the tank pressure is
too high, and the test current density is limited. The flow cell
is more compact when combined with a gas diffusion
electrode, which significantly improves the mass transfer
efficiency, but the energy efficiency and reaction life are still
far from the industrial requirements. The membrane
electrode assembly cell (MEA cell) has great industrial
applications, as the cathode is separated from the anode only
by an ion exchange membrane, which greatly reduces the
internal resistance and increases the reaction efficiency, and
has great prospects for industrial applications. However,
there are still many issues that are worth discussing in terms
of testing methods, such as feeding methods and electrode
structures. Recently, the solid oxide electrolytic cell (SOEC)
has gained popularity because of its advantages of high
energy efficiency and high product selectivity. Importantly,
under typical SOEC operating conditions, CO is the only
product of CO,RR. In addition, SOEC operates at high
temperatures, which inhibits the formation of NPs from Ni
SACs during the reaction. Furthermore, the use of SOECs to
produce high-purity CO for CO reduction, such as cascade
systems, is projected to produce multi-carbon products for
upgrading the products.

(8) Investigating the microscopic mechanisms of
electrolytes. The pH and ionic type of the electrolyte crucially
affect the rate of mass transfer and the stability of the
reaction intermediates. Because alkaline electrolytes can
inhibit HER, cathodic electrolytes, such as KHCO;, K,CO3,
and KOH, are frequently used. However, alkaline electrolytes
are prone to form carbonate, which harms single-pass CO,
utilization. Acidic electrolytes have the potential to increase
single-pass CO, utilization but are prone to HER. The
addition of alkali metal ions to a strongly acidic electrolyte
has been confirmed to inhibit HER. Recently, ionic liquid
(IL) electrolytes have attracted attention owing to their high
CO, solubility.”® The IL electrolytes can modulate the three-
phase interface and significantly increase the current density
while increasing the single-pass CO, utilization. Furthermore,
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bulk ionic liquid electrolytes have high viscosity, slow
diffusion rate and low ionic conductivity. When added to Ni
SACs with porous structures, they can develop the secondary
co-catalyst phase and improve catalytic performance. Ni SACs
still have many growth opportunities and are expected to play
a more active role in CO,RR in the future.
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