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single-atom catalysts for energy conversion
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SUMMARY

In recent years, single-atom catalysts (SACs) with unique electronic structure and
coordination environment have attracted much attention due to its maximum
atomic efficiency in the catalysis fields. However, it is still a great challenge to
rationally regulate the coordination environments of SACs and improve the
loading of metal atoms for SACs during catalysis progress. Generally, carbon-
based materials with excellent electrical conductivity and large specific surface
area are widely used as catalyst supports to stabilize metal atoms. Meanwhile,
carbon-based material-supported SACs have also been extensively studied and
applied in various energy conversion reactions, such as hydrogen evolution reac-
tion (HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR),
carbon dioxide reduction reaction (CO,RR), and nitrogen reduction reaction
(NRR). Herein, rational synthesis methods and advanced characterization tech-
niques were introduced and summarized in this review. Then, the theoretical
design strategies and construction methods for carbon-based material-sup-
ported SACs in electrocatalysis applications were fully discussed, which are of
great significance for guiding the coordination regulation and improving the
loading of SACs. In the end, the challenges and future perspectives of SACs
were proposed, which could largely contribute to the development of single
atom catalysts at the turning point.

INTRODUCTION

Generally, catalysts include homogeneous catalysts and heterogeneous catalysts. Homogeneous catalysts
have relatively uniform active centers, higher activity and selectivity, and fewer side reactions, but they are
hard to separate, recover, and regenerate from the reaction system. Heterogeneous catalysts are easily
separated from the system and can be used repeatedly, but the activity and selectivity of heterogeneous
catalysts are often worse than that of homogeneous catalysts. Importantly, single-atom catalyst (SAC), a
new type of catalyst, was developed, which is considered to be a bridge between homogeneous catalysts
and heterogeneous catalysts due to the distinguished selectivity, catalytic activity, and easy to separation
(Chenetal, 2018¢c; Mao etal., 2019; Sun et al., 2019b; Yang et al., 2013). In recent years, many research have
contributed to the developments of single atoms catalysis, but the understanding of single atoms from
atomic and electronic insights is still inadequate due to the deficiency of characterization techniques.
Therefore, it is very important to comprehend the development process, synthesis methods, and coordi-
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energy aspect. Meanwhile, because of the high surface free energy of single atoms, it is still a major chal-
lenge to increase the loading capacity of single atoms. What's more, the coordination environments,
including the coordination number, the coordination atom, and the distance between the center atoms
and the neighboring atoms, greatly influence the catalytic activity of single-atom catalysts (Cook and Bor-
ovik, 2015; Mao et al., 2019; Sun et al., 2019b; Tao et al., 2020). Therefore, how to systematically regulate the
coordination environments is of great significance to the screening of efficient single-atom catalysts (Lang
et al., 2019; Liang et al., 2019; Liu et al., 2019a; Qiao et al., 2015).

The coordination environment and the loading of metal atoms are closely related to the catalytic perfor-
mance of SACs. In order to further study the regulation of coordination environment and loading, a variety
of materials are used as supports for single-atom catalysts, including metal and metal oxide (Cao and Lu,
2020; Ma et al., 2021), sulfide (Feng et al., 2018; Li et al., 2022), phosphide (Jiang et al., 2020), zeolites (Sun
et al., 2019a), metal-organic frameworks (MOFs) (Zhou et al., 2027a), covalent organic frameworks (COFs)
(Liu et al., 2020), and carbon-based materials (Guo et al., 2021), such as graphene, graphdiyne, and hexag-
onal boron nitride. Among these carriers, carbon-based materials are regarded as the promising candidate
materials for large-scale production of SACs due to low cost, superb conductivity, tunable physicochemical
property, and high specific surface area (Georgakilas et al., 2015; Shaik et al., 2019; Su et al., 2013). There-
fore, the overview and summary of carbon-based-material-supported SACs are necessary for the improve-
ment of future work.

In this review, we summarized the synthesis methods of SACs supported on carbon-based materials and
then highlighted the great significance to guide the coordination regulation of single atoms and improve
the loading of SACs. Then, we introduced the advanced characterization techniques, including ex situ and
in situ technologies, which is vital to learn about the SACs from atomic and electronic levels. Most impor-
tant of all, the applications of carbon-based-material-supported SACs in electrocatalysis are discussed by
combining calculations and experiments, and the coordination environment and metal loading of the SACs
are emphasized, involving hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen
reduction reaction (ORR), carbon dioxide reduction reaction (CO,RR), and nitrogen reduction reaction
(NRR). In the end, the challenges and development opportunities of SACs are fully discussed. We believed
that this review could provide essential information to rationally construct SACs in the future.

RATIONAL CONSTRUCTION STRATEGIES

SACs usually display superb catalytic activities for electrochemical reactions, hydrogenation reactions, and
so on. However, the highly dispersed single-atoms tend to migration and agglomerate during the synthesis
process due to the high surface energy. How to synthesize stable and high-loaded single-atom catalysts
requires continuous exploration. In this section, the methods of atomic layer deposition (ALD), impregna-
tion strategy, electrochemical deposition, chemical vapor deposition (CVD), balling milling, and pyrolysis
strategy are summarized. Notably, impregnation strategy and pyrolysis strategies are beneficial to the
large-scale preparation of SACs in industry.

Atomic layer deposition

Atomic layer deposition (ALD) has a promising future in the synthesis of small size catalysts. In the ALD pro-
cess, the substrate is alternately exposed to different reactions of precursor vapors. The material could be
deposited in atomic layers by sequential and self-limiting surface reactions. Previous studies have shown
that ALD can control the morphologies of deposited metals, from tiny discrete nanoparticles to continuous
films, by surface chemistry strategy (King et al., 2008; Liu et al., 2009). Meanwhile, ALD can precisely control
the size and distribution of particles on the substrate (George, 2010; Marichy et al., 2012). In 2013, single Pt
atoms on graphene nanosheets with low coordination were prepared by using ALD technique for the first
time (Sun et al., 2013). The container for graphene was placed directly on the heated stage of ALD.
MeCpPtMej acted as the precursor keeping at 65°C to provide a steady state flux to the reactor (~800
mTorr). Gas lines were heated to 100-150°C to avoid precursor condensation. High purity O, and N
were used as the counter reactant and purging gas, respectively. The reaction took place at 250°C with
the pulse of 1's of MeCpPtMes, 20 s of N, purge, and 5s of O, in an ALD cycles. By increasing the number
of ALD cycles, the size of prepared catalysts can be precisely regulated, including single atoms, sub-nano-
meter clusters, and nanoparticles, while affecting the coordination number of the metal center atom. Simi-
larly, isolated Pt single-atoms and clusters were fabricated on the nitrogen-doped graphene nanosheets
through the same ALD synthesis approach expect for the carrier (Cheng et al., 2016; Figure 1A). There
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Figure 1. The preparation of SACs by ALD and impregnation methods
(A) Synthetic protocol of the Pt ALD mechanism on NGNs (Cheng et al., 2016).
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(B) The fabrication process of Co1/G SACs with tunable loadings. The gray, white, red, and blue balls represent carbon, hydrogen, oxygen, and cobalt,

respectively (Yan et al., 2018b).
(C) The fabrication process of Pt-GDY1 and Pt-GDY2 (Yin et al., 2018).

are numerous individual Pt atoms and very small clusters in the ALD50Pt/NGN's catalysts, whereas some Pt
clusters grow into nanoparticles after 100 cycles. Meanwhile, the HER catalytic performance decreased with
the increased number of ALD cycles, and ALD Pt/NGN catalysts showed higher catalytic activity and long-
term stability in comparison with the commercial Pt/C catalysts in 0.5 M H,SO4. What's more, the Pd/gra-
phene with Pd-C, coordination were prepared by anchoring the palladium hexafluoroacetylacetate
(Pd(hfac),) and formalin at 150°C on a viscous flow reactor (Yan et al., 2015za). The (Pd(hfac),) was held at
65°C to get a sufficient vapor pressure. Likewise, the 99.999% of purity N, act as carrier gas at a flow
rate of 200 mL min~". The manifold was kept at 110°C to avoid precursor condensation. It showed
outstanding activity, selectivity, and durability than the Pd-NPs/graphene in selective hydrogenation of
1, 3-butadiene with about 100% butenes selectivity at 95% conversion at about 50°C. ALD can also be
used to prepare carbon-based-material-supported nonnoble metal single-atom catalysts. The isolated
Co atoms anchored on graphene (Co4/G) with tunable high metal loading and a six-coordination of
Co01-0O,Cy4 were fabricated by ALD (Yan et al.,, 2018b). The amount of metal loading can be modulated
by simply controlling the number of turns of the ALD. As shown in Figure 1B, the first cycle of Co ALD
was carried out on thermally reduced graphene oxide by exposing the carrier to CoCp, vapor. Subse-
quently, the molecule Oj is injected into the cavity to remove the ligand. Although the new active site is
reconstructed, another batch of Co atoms is loaded in the subsequent ALD cycle. The load density of
Co4/G catalyst was precisely adjusted by controlling the cycles of Co ALD. A series of Co¢/G catalysts
with loading capacities 0f0.4,0.8, 1.3, 2.0, and 2.5 wt% were obtained by 1, 2, 3, 4, and 5 ALD cycles, respec-
tively. The Co1/G SACs exhibited high activity and selectivity for the hydrogenation of nitroarenes to pro-
duce azoxy aromatic compounds.

By adjusting the number of cycles, order, and type, ALD can achieve atomically fine control over the struc-
ture of catalyst active sites, providing a bottom-up strategy for precise and controllable catalyst synthesis.
However, the high cost and low yield are the primary reasons for limiting the industrial application of ALD
method.

Impregnation method

Impregnation method, as one of wet-chemical methods, is considered to be the most promising route for
mass production due to the low price and easy operation. Impregnation method is widely used in the prep-
aration of supported catalysts, especially low-content noble-metal-supported catalysts. Yin et al. realized
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coordination regulation through impregnation method and confirmed better HER performance in low co-
ordination environment (Yin et al., 2018). Pt single-atom supported on graphdiyne (GDY) was prepared by
wet-chemical route. The coordination environment is controlled by controlling facile annealing step. React
GDY with K;PtCl,4 aqueous solution at 0°C for 8 h (named as Pt-GDY1) and wash with plenty of water. Then
annealing in Ar atmosphere at 200°C for 1 h (named as Pt-GDY2) (Figure 1C). The Pt-GDY2 with four-coor-
dinated C,-Pt-Cl, exhibits higher mass activity up to 3.3 times than Pt-GDY1 with five-coordinated C;-Pt-
Cls. Higher total unoccupied density of states of Pt 5d orbital and close to zero |AG™ 4| value makes Pt
have higher HER catalytic activity. Hetero-atom doping modification of the carrier affects the coordination
environment. For example, atomically dispersed electrocatalysts (ADCs) with Ru-Cs single atoms and Ru-
O4 nanoclusters were fabricated in S-doped carbon black by using impregnation strategy in room temper-
ature (Cao et al., 2021). Activated carbon and 2, 2-bithiophene were grinded fully and then calcined in a
tube furnace at 800°C for 2 h under N, atmosphere to obtain the S-doped carbon material. Thirty milli-
grams of S-doped carbon material and 20 mL water were mixed intensively in a beaker; 0.05 mmol
RuCl3-xH,0 dissolved in 5 mL deionized water was dropped into the above solution and stirred for another
6 h. Then, the mixture was centrifuged and dried in a vacuum drying oven at room temperature to obtain
the atomically dispersed Ru catalyst. Meanwhile, dual-site Ir, Rh, Pt, Au, and Mo ADCs can also be prepared
by this method. The Ru ADCs show enhanced HER performance in alkaline solution due to the synergic ef-
fect between single-atoms and sub-nanoclusters. What's more, Cu-SA/SNC with low-valence Cu(+1)-Ng-
CgS, was constructed by impregnation method with single copper atoms embedded in a sulfur and nitro-
gen-modified carbon support (Jiang et al., 2019). NayS-9H,0 and S powder were dissolved in deionized
water by ultrasonic dissolving for 5 h at ambient conditions. Then, the solution was heated at 80°C for
12 hinaTeflon autoclave to obtain S precursor. CuPc, DCDA, and trimesic acid were dissolved in deionized
water. Then S precursor was dropped into the above solution for continuously stirring and drying at 80°C.
Next, the mixture was annealed at 900°C for 2 h under N, atmosphere, and the samples were leached in
0.5 M H,SOy, solution at 80°C for 24 h to remove the free-standing metallic residues. Synthesizing single
atom catalysts by the impregnation method is simple, without complicated and expensive equipment
(Sun et al., 2020). Therefore, this method is very suitable for large-scale synthesis of single-atom catalysts.
Yang et al. successfully synthesized a series of M-SACS catalysts (M = Ni, Mn, Fe, Co, Cr, Cu, Zn, Ru, Pt, and
their combinations) by complexing a series of metal cations with 1, 10-phenantholine and loading them on
commercial carbon black (Yang et al., 2019a). The synthetic approach enables large-scale (>1 kg) produc-
tion of single-atom catalysts with high metal loadings. The synthesized Ni single-atom catalyst exhibits
excellent activity in the electrochemical reduction of carbon dioxide to carbon monoxide. It provides an
important approach for large-scale preparation of SACs by impregnation method.

Electrochemical deposition method

Electrochemical methods were regarded as the effective strategies to synthesize high-purity SACs because
of low cost and simple applicability. The standard three-electrode system can quickly prepare the target
sample and accurately control the catalyst preparation process by adjusting the workstation parameters,
which has obvious advantages over the traditional wet chemical method.

Atomic dispersed Ru-doped ultrathin Co(OH), nanosheet arrays (CoRu@NF) was fabricated by electro-
chemical deposition method (Zhu et al.,, 2021; Figure 2A), which shows excellent catalytic performance
of OER in 1.0 M KOH and 0.1 M KOH solution. A standard three-electrode system was carried out for elec-
trochemical deposition. The nickel foam (NF) was immersed 2 cm below the liquid surface; saturated
calomel electrode (SCE) and the carbon rod were used as the working electrode, reference electrode,
and counter electrode. Co(NO3),@6H,0 aqueous solution was poured into a 100 mL electrolytic cell. Cyclic
voltammetry with the scanning potential of 0 ~ —1.2V (versus SCE), the scanning rate of 100mVs™', and the
scanning cycles of 40 times was used. The introduction of Ru reduces the thickness of the nanosheets,
exposing more active sites. Besides, single-atoms Ru were anchored on the surface of MoS; nanosheets
array supported by a carbon cloth with 3D porous structure based on theoretical predictions (Wang
et al., 2019; Figure 2B). The MoS,/CC acts as the working electrode. Atomically Ru was electrodeposited
by cycling MoS,/CC substrate from —0.5to 0.4 V versus SCE at the sweep rate of 20mV s ™" in the electrolyte
containing RuCl; and H,SO, for 20 cycles. Finally, the Ru-MoS,/CC was taken out, washed with deionized
water and dried by nitrogen flow. The catalyst displays HER catalytic performance comparable to commer-
cial Pt/C under pH-universal conditions. What's more, Zeng's group reported the fabrication of SACs by
electrochemical deposition method in a wide range of metals and supports (Zhang et al., 2020). The
cathodic voltage was from 0.10 to —0.40 V, the anodic voltage was from 1.10 to 1.80 V, and the scanning
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Figure 2. Synthesis illustrations of electrochemical deposition strategy, ball milling method, and chemical vapor deposition
(A) Synthetic protocol of the electrodeposition preparation of CoRu@NF and OER catalysis principle (Zhu et al., 2021).

(B) Synthetic protocol for Ru-MoS,/CC array-catalyst (Wang et al., 2019).

(C) The fabrication process of Co-BM-C (Jin et al., 2021b).

(D) Scheme of Pd-Ga model SCALMS studied in this work (Kettner et al., 2019).

(E) Schematic representation of the N-Co-Mo-GC/CNT and Co-Mo-GC/CNT materials.

(F) STEM images (Tavakkoli et al., 2020).

ratewas 5mVs~'. The processes were repeated for 10 times and 3 times in cathodic and anodic deposition,
respectively. The experimental results showed that SACs displayed different electronic states due to
different redox reactions between the cathodes and the anodes. More than 30 different SACs can be suc-
cessfully fabricated from cathodic or anodic deposition only by varying different metal precursors and sup-
ports. Interestingly, the SACs deposited by cathode have higher activity for hydrogen evolution reaction,
whereas the SACs deposited by anode have higher activity for oxygen evolution reaction.

In general, the species and coordination environment of SACs can be changed by varying the supports and
metal precursors. However, there are still few studies on the preparation of single atoms on carbon-based
materials by electrodeposition due to the influence of electrodeposition equipment.

Chemical vapor deposition

As a kind of “top-down” method, CVD is often used to synthesize single-atom catalysts. The research of
CVD began in the late nineteenth century. Its principle is to introduce the reaction agent vapor and other
gases required into the reaction chamber, by increasing the temperature, or other forms of energy, so that
they have chemical reactions on the substrate surface to generate new solid substances deposited on the
surface (Drosos and Vernardou, 2018; Zhang et al., 2019).

The CVD method consists of the following four steps: (1) The reaction gas diffuses to the surface of the ma-
terial; (2) the reaction gas is adsorbed on the surface of the material; (3) the chemical reaction occurs on the
surface of the material; (4) the gaseous by-products are separated from the surface of the material. Due to
the nucleation or growth at the molecular level, CVD is more suitable for the formation of dense and uni-
form thin films on the surface of irregularly shaped substrates, and the deposition speed is fast and the
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quality of the film is very stable (Gardecka et al., 2018). Some special films also have excellent optical, ther-
mal, and electrical properties and thus easy to achieve mass production (Liu et al., 2019b). For example,
Miroslav and colleagues (Kettner et al., 2019) synthesized Pd-Ga alloy supported on highly ordered pyro-
lytic graphite (HOPG) by vapor deposition under ultra-high vacuum, which is shown in Figure 2D. Pd was
deposited using a commercial electron beam evaporator from a Pd wire onto the HOPG substrate that
was kept at room temperature, and Gallium was evaporated from a pyrolytic boron nitride crucible in a sec-
ond electron beam evaporator at an angle of approximately 45° with respect to the sample normal. The
evaporation rates were 1.5 A/min for Pd and 0.5 A/min for Ga, respectively. Through STM/AFM character-
ization results, it can be seen that the HOPG-rich Pd-Ga alloy was prepared on HOPG. The Pd-Ga alloys of
Ga exhibit superior Pd single-atom site properties and excellent stability. In addition, Mohammad and his
team (Tavakkoli et al., 2020) successfully synthesized N, Co, and Mo single-atom-decorated highly graph-
itized graphene nanoflake-carbon tube (CNT) composites by a one-step reactive vapor deposition
method. As shown in Figure 2E, the method first obtains the CoMo mixed catalyst by heating and calcina-
tion. Then, acetonitrile was added in the mixed atmosphere of H,/CH, for N doping, and the carbon ma-
terial was grown on the catalyst at 1000°C. A high specific surface area mesoporous material obtained by
this method is favorable for the oxygen mass transfer process and exhibits high catalytic activity and sta-
bility (basic conditions) for OER and ORR. Through STEM images, single metal atoms can be clearly iden-
tified in the multilayer graphite films, as shown in Figure 2F. However, the deposition temperature of CVD is
usually very high, generally between 900°C and 2000°C, so it is usually used on carbon materials. However,
high temperature can easily cause great damage to common materials, such as nickel foam, which limits
the choice of substrates and deposition layers. At present, two aspects of medium, low temperature and
high vacuum, are the main development directions of CVD (Malarde et al., 2017).

Ball milling method

Ball milling can cut and reconstruct the chemical bonds of materials/molecules and is widely used in the
preparation of carbon-based-material-supported single atoms. Moving balls with kinetic energy apply
their energy to the materials, causing a single metal atom to be embedded on the surface of the carbon
substrate (Yang et al., 2020b). A series of graphene-embedded FeN4 (FeN,/GN) catalysts with different
Fe content were prepared via high-energy ball milling (Deng et al., 2015). Firstly, 2.0 g graphite flake
and 60 g steel balls were placed in a hardened steel cylinder in a glove box, cleaned with high-purity argon
for 20 min, and sealed. Various ratios of 2.0 g FePc and GN composites and 40 g steel balls (1-1.3 cm in
diameter) were operated like before. Ball milling was agitated with 450 rpm for 20 h. A series of FeN,/
GN samples with different Fe content were obtained. Coincidentally, single Fe atoms anchored on gra-
phene nanosheets (FeN,/GNs) were fabricated by ball milling method for the direct conversion of methane
to Cy oxygenated products at room temperature (Cui et al., 2018). Other transition metals were also pre-
pared by this method, including Mn, Fe, Co, Ni, and Cu. A series of M-N4-coordinated SACs were obtained
by simply regulating the type of metal precursor salt. Fe and/or Co atomically dispersed within the 2D con-
jugated aromatic networks (CAN) were synthesized with the assistance of ball milling (Yang et al., 2019b).
Firstly, PMDA, urea, NH4Cl, (NH4),M07024-4H,0, and a certain amount of metal chloride (FeCl; and
CoCl,-6H,0) were mixed in a crucible. The metal polyphthalocyanine weas prepared by heating the
mixture in a muffle furnace at 220°C for 3 h; 0.2 g above polyphthalocyanine and 15 mL deionized water
were transferred into a zirconium dioxide capsule containing zirconium dioxide balls (0.5 mm in diameter).
Ball milling was carried out at 1000 rpm for 1 h. The single-metal-atom-site density up to 10.7 wt% without
agglomeration. CAN-Pc (Fe/Co) with Fe-N4 and Co-N4 coordination displays superior performance to
benchmark Pt/C for ORR and Zn-air batteries. In one study, a rapid one-step mechanochemically induced
self-sustaining reaction was proposed (Jin et al., 2021b). Nitrogen-doped-carbon-supported single Co
atoms were prepared by direct ball milling of cobalt () 5,10,15,20-tetrakis-(4’-bromophenyl) porphyrin
(Co-TPP-Br) and calcium carbide without the pretreatment of carbon support and further pyrolysis proced-
ure (Figure 2C). The mechanochemical energy can ignite and propagate a self-sustaining exothermic pro-
cess, leading to the direct formation of carbon matrix to stabilize metal sites. The sample Co-BM-C
with CoNy4 configuration prepared by ball milling (BM) showed excellent HER (n;0 = 126 mV) and
OER (ny0 = 240 mV) performance in 1.0 M KOH, showing great potential in overall water splitting
(1.60V @ 10 mA cm ™).

Pyrolysis strategy

The pyrolysis strategy shows the merits of low price, environmental friendliness, and simplification in the
synthesis procedures. The different types of metal atoms can be controlled by modulating the parameters
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Figure 3. The preparation of SACs by pyrolysis strategy
(A) Scheme of the formation of W-SAC (Chen et al., 2018a).
(B) Schematic illustration of the structural transition of Co-N,/C nanorod array (Amiinu et al., 2018).

in the synthesis process. Metal nodes in metal-organic framework (MOFs) are known to be atomically
dispersed and have a well-coordinated environment, making them ideal precursor types for building
SACs (Wang et al., 2018a). The single tungsten atoms supported on MOF-derived N-doped carbon matrix
was achieved successfully for HER applications (Chen et al., 2018a). The W-SAC and MOF were prepared by
pyrolysis strategy. Tungsten precursor (WCls) was encapsulated in the skeleton of MOF (UiO-66-NH,) and
then pyrolyzed at 950°C (Figure 3A). The excess zirconia is removed by hydrofluoric acid solution to obtain
W-SAC. Itis important to note that the uncoordinated amines in UIO-66-NH; play an important role in pre-
venting the aggregation of W species. The catalyst displays 85 mV at a current density of 10 mA cm™2 in
0.1 M KOH, where HER catalytic performance is close to that of commercial Pt/C. In addition, zeolitic-imi-
dazolate frameworks (ZIFs) also are often used to design templates and precursor for single-atom catalysts
due to its flexibility and ultrahigh surface area (Xia et al., 2015, 2016). ZIFs can be converted into amorphous
or graphite-carbon frames by pyrolysis synthesis, thus providing a rich platform for the design of functional
custom materials for electrocatalytic applications (Tang et al., 2015; You et al., 2015; Zheng et al., 2014). Co~
N,/C nanorod array derived from 3D ZIF nanocrystals was prepared through Zn®* clusters that react with
methylimidazole/PVP ligand to form ZIF nanocrystals, which catalyze the structural evolution of nanorods
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Figure 4. Coordination environment regulation of SACs

(A-D) The synthetic protocol of Co-N, and Co-N,. Images of (B) SEM, (C) TEM, and (D) the corresponding EDS mapping of Co-N».

(E and F) Magnified HAADF-STEM images of Co-No.

(G—K) Corresponding SAED pattern of Co-N, (Wang et al., 2018b). The images of (H) SEM, (I) TEM, (J) STEM-EDS mapping, and (K) AC-STEM-annular dark-
field (ADF) of NiSA-N-CNTs.

(L) ADF image showed the Ni single atoms anchored on the walls of a CNT. Inset: the image of Fourier transform (Cheng et al., 2018).

(M) ADF images showed coordination environment of Ni single atoms.

(N) The protocols for the synthesis of (upper) conventional and (lower) confined self-initiated dispersing formation process of metals dispersed on graphene
(Han et al., 2019a).

(Amiinu et al., 2018) (Figure 3B). Due to the synergistic effect of the chemical composition and abundant
active sites of the nanorods, the catalysts show excellent ORR and OER performance compared with com-
mercial Pt/C and IrO,.

In order to achieve coordination regulation, Wang and colleagues prepared a series of single-Co-atoms
catalysts with different nitrogen coordination numbers and studied their catalytic performance for CO,
reduction (Wang et al., 2018b). Co/Zn ZIFs were synthesized at room temperature firstly, and then Zn would
be evaporated away during the pyrolysis process. The Co ions would be reduced to single Co atoms
anchored on nitrogen-doped porous carbon. SACs with coordination number from 2 to 4 were prepared
by controlling volatile C-N fragments to adjust the number of N around central Co site through bimetallic
Co/Zn ZIFs at 1000°C, 900°C, and 800°C of pyrolysis temperatures, respectively (Figure 4A). Co nanopar-
ticles were also prepared by pyrolysis of ZIFs containing pure Co. As can be seen from Figure 4B and C, the
Co-Nj3 catalyst maintained the initial ZIF morphology. EDX spectrum indicates that Co atoms are uniformly
distributed throughout the structure (Figure 4D). Meanwhile, atomically dispersed Co atoms can be
directly observed from AC-HAADF-STEM (Figures 4E and 4F). What's more, SAED with ring pattern indi-
cates that the crystallinity of Co-N; catalyst is poor (Figure 4G). The optimum selectivity and activity are
shown when Co is coordinated with two N atoms with 94% CO formation Faradaic efficiency and a current
density of 18.1 mA cm™2 at an overpotential of 520 mV. Meanwhile, the turnover frequency (TOF) value of
the CO formation is up to 18200 h~". The results of experiments and theoretical calculations show that Co-
N, sites can promote the formation of CO; into CO,™ intermediates, thus enhancing the CO,RR perfor-
mance. Moreover, improving the loading of SACs is another factor to promote the industrial application
of single atom catalysis. Atomically dispersed transition metals anchored on nitrogen-doped carbon
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nanotubes (MSA-N-CNTs, where M = Ni, Co, NiCo, CoFe, and NiPt) with high loading were fabricated
through a multi-step pyrolysis strategy (Cheng et al., 2018). Take the NiSA-N-CNTs for example, Ni(acac);
was dispersed with dicyandiamide C,HgN, in 100 mL solution and stirred for 10 h, followed by drying and
grinding. Subsequently, the mixture was heated at 350°C and 650°C for 3 h under Ar atmosphere, respec-
tively. Finally, the as-prepared yellow powder was heated in a selected temperature range of 700-900°C to
obtain the target production. From the SEM and TEM image, it can be observed that the average CNT
diameter is around 31 nm without metallic nanoparticles (Figure 4H and 4l). Meanwhile, the uniform distri-
bution of N and Ni can be seen from STEM-EDS mapping (Figure 4J). In AC-STEM, bright spots corre-
sponding to Ni atoms were uniformly distributed in CNTs, and individual Ni atoms were located on the
walls of a CNT (Figure 4K and 4L). In addition to normal C4 carbon rings, Cs, C7, and other nonCq carbon
rings were also formed in CNT, combining with the results of Raman spectroscopy (Figure 4M). NiSA-N-
CNTs with a load of up to 20 wt% showed the best selectivity and activity for the electrochemical reduction
of CO, to CO, with TOF values two orders of magnitude higher than those of Ni nanoparticles loaded on
CNTs. Han and colleagues reported the single Cu atoms dispersed on graphene through a unique
confined self-initiated dispersing protocol (Han et al., 2019a). The GO/DICY was prepared by stirring di-
cyandiamide (DICY) graphene oxide dispersion and then freeze-drying. Then the mixture was added
into a quartz boat that was tightly wrapped by a piece of Cu foil. The quartz boat was pyrolyzed at
600°C for 2 h and 800°C for 1 h under Ar atmosphere in a tube furnace. The production was treated with
0.5M H,S04 and then pyrolyzed at 300°C again. This novel in situ dispersion protocol produces highly reac-
tive gaseous copper-containing intermediates that essentially circumvent the large-scale agglomeration of
metal atoms in traditional processes and facilitate Cu dispersion on graphene (Figure 4N). The catalyst with
the loading of 5.4 wt% showed an outstanding performance for ORR due to the abundant and highly
dispersive Cu single atoms. Zhao and colleagues prepared a series of M—NC (M = Mn, Fe, Co, Ni, Cu,
Mo, Pt, etc.) SACs with metal loadings up to 12.1 wt% through a cascade anchoring strategy (Zhao
et al., 2019). Firstly, the metal ions are chelated by chelating agent and anchored onto oxygen-species
rich porous carbon support. Then the complex bound carbon and melamine were put into a tube furnace
and heated to 800°C for 2 h under Ar flow to obtain the M-NC. Furthermore, the scale-up synthesis can be
achieved in parallel by the same synthesis route except for increasing the amounts of materials.

In general, the precise and controllable preparation of SACs can be achieved by ALD, however, its expen-
sive equipment and low yield limited the development of this technology. From a practical point of view,
wet-chemistry synthetic methods for SACs are more desirable approaches because of its ease of operation
and feasibility of large-scale manufacturing. From the methods introduced earlier, it can be seen that both
impregnation method and pyrolysis method can be used to achieve the scale-up preparation of carbon-
based-material-supported SACs. In particular, the impregnation method does not require complex and
expensive equipment and displays the characteristics of low cost, simple operation, and easy synthesis,
so it shows great potential in mass preparation.

CHARACTERIZATION TECHNIQUES FOR SACS

The research progress of SACs is closely related to the development of characterization technology. Advanced
characterization techniques help to understand the coordination environments and electronic structures of
SACs, which directly affect the catalytic performance. Hitherto, the main applied characterization methods
included high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), atomic force
microscope (AFM), scanning tunneling microscopy (STM), X-ray absorption spectroscopy (XAS), and Raman
measurements. Furthermore, in situ characterization has also been introduced as a powerful tool for studying
the real active sites, structural changes during the catalysis process, and reaction mechanisms of SACs. Thus,
in order to fully understand the structure, composition, and coordination environment of SACs, it is necessary
to combine a variety of advanced characterization methods. In addition, density functional theory (DFT) simula-
tion provides an unprecedented opportunity to discover catalytic reaction mechanisms, enabling the rational
design of materials with personalized activity.

High-angle annular dark-field scanning transmission electron microscopy

Nowadays, transmission electron microscopy (TEM) is a powerful tool to obtain the fine structure of nano-
materials. From the Figure 5A (Ren et al., 2020), we can see that the received signals are mainly transmitted
electron beam and scattered electron in the range of 83. In the range of 8,, Bragg scattered electrons are
signals. When the received signal is 84, the HAADF image can be obtained. Especially, supported single
atoms can be directly observed through aberration-corrected HAADF-STEM, and even the atomic
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Figure 5. HAADF-STEM characterization

(A) STEM detector distribution diagram (Ren et al., 2020).

(B and C) TEM and (C) HAADF-STEM images of Co SAs/N-C (800).

(D and E) Magnified HAADF-STEM images of Co SAs/N-C (800) (Yin et al., 2016).

structure information could be obtained. The phase contrast of atoms is directly proportional to their rela-
tive atomic number Z. Because the Z value of an isolated atom is different from that of the host atom, the
relative bright dots of single metal atoms can be observed clearly. Therefore, theoretically speaking, the
higher the Z value of the atom on the hosts, the better the image will be. For example, the as-prepared
Co SAs/N-C structure shows rhombododecahedral shape (Yin et al., 2016), as revealed by TEM and
HAADF-STEM (Figures 5B and 5C). The aberration-corrected HAADF-STEM (Figures 5D and 5E) were car-
ried out to elucidate the form of the Co atoms with sub-angstrom resolution. Due to the different Z contrast
between Co and C, the isolated heavier Co SACs can be identified in the carbon support.

Atomic force microscope and scanning tunneling microscopy

The STM is a scanning probe microscopy tool that enables the observation and localization of individual
atoms with a higher resolution than its atomic force microscope counterparts. The atomic-level sharp metal
tip in STM scans the surface atomic structure based on the electron quantum tunneling effect of the tip-
sample nano-gap. The effect causes the tunnel current to show an exponential relationship with the size
of the gap, and an atomic-level sample surface topography characteristicimage is obtained. It is commonly
used in surface scientific research to examine model catalysts, such as single crystals with well-defined sur-
face structures. What's more, the STM can directly observe whether the surface atoms of the material have
periodic surface structure features, surface reconstruction, and structural defects. However, STM cannot
detect deep information and observe insulators. Atomically dispersed platinum (Pt) was synthesized by
photochemical reduction method (Wei et al., 2017). The atomically dispersed Pt on ultrathin carbon films
can be directly observed through STM (Figure 6A). At atomic resolution, single Pt atoms appear as single-
peak protrusions with a diameter of about 0.2 nm and a height of about 0.3 nm. Besides, Wu and colleagues
synthesized high-density Cu(l)-N active sites in an N-doped graphene matrix via pyrolysis of copper phtha-
locyanine and dicyandiamide (Wu et al., 2016). HAADF-STEM and the corresponding element mappings
show the uniform distribution of Cu, N, and C (Figure 6B). From atomic resolution STM image (Figure 6C),
the obvious bright spots can be observed, which indicates that the Cu atoms are atomically dispersed. STM
simulations further revealed the atomic structure of this catalyst, in which atomically dispersed Cu-N; cen-
ters are embedded in the graphene lattice (Figure 6D).

AFM can not only measure the surface morphology of the sample (close to the atomic resolution) but also

detect the force between the atoms on the surface, the elasticity, plasticity, hardness, adhesion, friction,
and so on. From topographicimage, the height of the nanoparticle or the surface roughness of the sample
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Figure 6. STM and AFM characterizations

(A) Typical STM images of Pt single atoms dispersed on ultrathin carbon films (Wei et al., 2017).

(B) HAADF-STEM image and the corresponding EDS mappings for the Cu, N, and C atoms.

(C) STM and (D) STM simulation images (Wu et al., 2016).

(E-G) SEM images of Pd;/C3N4/rGO with different magnifications. Insets of (E) are the photographic images of the 3D Pd;/C3N4/rGO monolith catalyst.
(H) AFM image of GO substrate.

(1) EDS elemental mapping.

(J) High-resolution HAADF-STEM image of Pd;/C3N4/rGO (Fu et al., 2020).

can be seen clearly. Reduced graphene oxide (rGO) has stable anchor sites for metal single atoms, but the
anchor sites are sparse, making it difficult to prepare high-load metal single-atom catalysts. Therefore,
combining rGO with two-dimensional materials with abundant connecting atoms, such as carbon nitride,
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is an effective strategy to deal with this challenge. Therefore, metal single atoms (Pd, Pt, Ru, Au) were fabri-
cated on porous carbon nitride/reduced graphene oxide (C3N4/rGO) foam (Fu et al., 2020). Among these
catalysts, Pdi/C3N4/rGO showed enhanced catalytic activity over its NPs counterpart for Suzuki-Miyaura
reaction. From the Figures 6E-6G, the C3N4/rGO layer with an onion-like microstructure with orderly orga-
nization can be observed. The thickness of GO sheet building blocks was measured by AFM (Figure 6H).
The sheet height of about 0.7 nm corresponds to the height of a single GO layer. Meanwhile, the AC-
HAADF-STEM was applied to observe the samples (Figure 4J). It can be seen from the element mapping
diagram (Figure 6l) that Pd element is evenly distributed in the matrix containing N and C. As shown in iso-
lated single Pd atoms, sites can be seen clearly on the 2D C3N4/rGO sheet without aggregated Pd nano-
particles or clusters.

X-Ray absorption spectroscopy

XAS is an element-specific technique used to obtain the properties of absorbing atoms and their surround-
ings, resulting in a comprehensive understanding of the chemical state and structure of catalysts. It is the
main technique used to characterize different coordination structures, which can be used to gain insight
into the local atomic and electronic structure of single atoms. XAS includes X-ray absorption near edge
structure (XANES) spectrum and extended X-ray absorption fine structure (EXAFS) spectrum. The energy
of XANES spectrum ranges from the absorption edge to 30-50 eV above the absorption edge, and it is sen-
sitive to the charge state and orbital occupancy of single metal atoms. The EXAFS spectrum represents the
spectral region where the energy above absorption edge ranges from 30-50 eV to 1000 eV or more.
Through Fourier transform (FT) analysis of EXAFS, the coordination number and distance between the cen-
tral atom and adjacent atoms can be extracted. Wavelet transform can distinguish backscattered atoms
and provide strong resolution in k and R space, which is the perfect complement to FT. Single Cu atoms
coordinated with both S and N atoms in MOF-derived hierarchically porous carbon (S-Cu-ISA/SNC) was
reported by atomic interface regulation (Shang et al., 2020). To better analyze the chemical state and
atomic structure of the sample, synchrotron-radiation-based soft XANES and XAFS was carried out.
From the analysis of Cu L-edge spectrum (Figure 7A), carbon K-edge spectrum (Figure 7B), N K-edge spec-
trum (Figure 7C), S L-edge, and K-edge spectra of S-Cu-ISA/SNC combining the XPS results, bonds be-
tween atoms can be obtained. Meanwhile, the interface structure at atomic scale, like the average oxida-
tion state of Cu, can be obtained from Cu K-edge XANES spectra of S-Cu-ISA/SNC and the references (Cu
foil, CuS, and CuPc) (Figure 7D). The scattering of Cu-N and Cu-S was detected by FT peaks in FT-EXAFS
spectra for S-Cu-ISA/SNC, and no Cu-Cu bond was found (Figures 7E and 7G). Cu K-edge wavelet trans-
form (WT)-EXAFS has also been applied to study the atomic configuration and the Cu-N and Cu-S contri-
butions of S-Cu-ISA/SNC due to the strong resolution of k and R spaces (Figure 7F). These results strongly
prove the existence of Cu single atoms. Based on the above analysis, the first coordination number of the
central copper atom is 4, including one metal-sulfur and three metal-nitrogen bonds, in which bond lengths
corresponds to 2.32 and 1.98 A, respectively (Figure 7H).

Raman spectroscopy

Raman spectroscopy is a nondestructive analysis technique based on the interaction of light and chemical
bonds in materials. It can provide detailed information about the chemical structure, phase and
morphology, crystallinity, and molecular interaction of the samples. A Raman spectrum is usually
composed of a certain number of Raman peaks. Each Raman peak represents the wavelength position
and intensity of the corresponding Raman scattered light. Every peak corresponds to a specific molecular
bond vibration, which includes not only a single chemical bond, such as C-C, C=C, N-O, and C-H, but also
the vibration of a group composed of several chemical bonds, such as the benzene ring breath vibration,
long polymer chain vibration, and lattice vibration. Raman measurements are used to further analyze the
structural information of SACs. Raman spectra also show the D band and G band, which can be distin-
guished allotropes of carbon in carbon materials. The D band represents the disordered carbon atoms
and spz—hybridized carbon atoms (Li et al., 2012, 2018; Pan et al., 2013; Zhang et al., 2017b), whereas G
band is related to the tangential stretching mode of sp? carbon atoms, indicating the existence of crystal-
line carbon in the carbon material (Deng et al., 2017). Wei and colleagues prepared N-decorated carbon-
encapsulated W,C/WP heterostructure as an efficient HER electrocatalyst in acid and alkaline solutions
(Wei et al., 2021b). The samples prepared with different precursors of (NHg)10H2(W,07)s/NH4H,PO,, 1:0,
1:1, 1:2, 1:4, and 1:12, were labeled as W,C/W@NC, W,C/WP@NC-1, W,C/WP@NC-2, W,C/WP@NC-4,
and WP@NC. The two main peaks located at 697 and 803 cm™" in the Raman spectrum correspond to
the stretching vibration of W-C (Figure 8A). The Ip/lg ratios value of W,C/WP@NC-2 is 0.96 (Figure 8C),
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Figure 7. Characterization results of XAS

A) Cu L-edge XANES spectra of S-Cu-ISA/SNC, CuS, and CuPc.

B and C) C K-edge (B) and N K-edge (C) XANES spectra of the S-Cu-ISA/SNC.

D) Cu K-edge XANES spectra of S-Cu-ISA/SNC and the references (Cu foil, CuS, and CuPc).
E) FT k®-weighted Cu K-edge EXAFS spectra of S-Cu-ISA/SNC and the references.

F) WT-EXAFS plots of S-Cu-ISA/SNC, CuS, and CuPc, respectively.

G) FT-EXAFS fitting curves plot of S-Cu-ISA/SNC at Cu K-edge.

H) lllustration atomic interface model of S-Cu-ISA/SNC (Shang et al., 2020).
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which is smaller than that of W,C/WP@NC-1 (Figure 8B) and W,C/WP@NC-4 (Figure 8D). The results
showed that W,C/WP@NC-2 illustrated high conductivity and quick charge-transfer rate.

In situ characterization

Ex situ techniques are used to establish the relationship between electrochemical performance and the
properties of materials. However, in situ characterization can not only provide plenty of valuable informa-
tion during the dynamic change process but also assess the coordination environment of the active site
accurately. Nowadays, various in situ characterizations have gradually emerged with the continuous in-
depth study of single atoms.

Infrared spectroscopy can directly detect the interaction between adsorbed molecules and the supporter
surface, and time- and temperature-resolved Fourier transform infrared spectroscopy (FTIR) can be used to
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Figure 8. Images of Raman spectra
(A-D) Raman spectra (400-1200 em™") of W,C/WP@NC-1, W,C/WP@NC-2, and W,C/WP@NC-4. Raman spectra (1200-
1700 cm™") of (B) W,C/WP@NC-1, (C) W,C/WP@NC-2, and (D) W,C/WP@NC-4 (Wei et al., 2021b).

detect catalytic intermediates. By detecting the vibration frequency and intensity of the model, the char-
acteristics of the active center can be inferred after appropriate correction. Selection of appropriate probe
molecules, such as CO, NHs, pyridine, and so on, can be used to analyze the overall catalyst, which is an
important strategy to analyze the SACs. This paper mainly introduces the application of infrared spectros-
copy in the characterization of SACs using CO as probe molecule. FTIR measurement was performed using
CO as probe molecule to analyze the dispersion and oxidation state of Pt in the sample (Qiao et al., 2011)
(Figure 9A). In sample B, there are three vibration bands in 2030 em~',1950ecm™’, and 1860 cm ™. The main
peak at 2030 cm " is the linear adsorption of CO at Pt site, whereas the weak vibration band at 1950 cm ™'
and 1860 cm ™" is caused by the adsorption of CO on the bridge of two Pt atoms and the interface between
Pt clusters and the support. That is, bridge-bonded CO indicates the presence of dimer or Pt clusters.
These results indicate that Pt clusters and single atoms coexist in the samples. What's more, Hu and col-
leagues analyzed the existence state of Pt in Pt-SA/CsPbBrz NCs (Hu et al., 2021). The strong vibration
peak at 2058 cm ™! indicates the linear adsorption of CO at the Pt> sites, which proves the existence of sin-
gle Pt atoms (Figure 9B). The absence of CO bridge adsorption peak indicates that Pt atoms may not have
formed Pt nanoparticles or massive Pt atoms agglomeration.

In situ XAS can be used to analyze the evolution of the coordination environments during the catalytic pro-
cess. Xiong et al. reported isolated single-atom Rh anchored on N-doped carbon (SA-Rh/CN) for formic
acid oxidation (Xiong et al., 2020). The in situ XANES spectra of SA-Rh/CN were collected at Rh K-edge
during chronoamperometry (CA) to investigate the change of oxidation state for Rh atom (Figure 9C).
The results showed that the intensity of the main absorption peak at ~ 23250 eV gradually increased
with the extending of reaction time, indicating that the oxidation state of Rh atoms became higher and
higher, which may be caused by the formation of oxides in the process of high potential reaction. Similarly,
the structural evolution and atomic interface structure of isolated Cu sites were collected by Cu K-edge
XANES (Figures 9E and 9F) and EXAFS during ORR (Shang et al., 2020). In situ XAS was carried out in elec-
trochemical cell set-up (Figure 9D). The energy at the edge decreases gradually, along with the intensity of
the white line from 1.05V to 0.75 V. The in situ spectroscopic analysis shed light on the evolution of the
electronic and atomic structures of the Cu-S;N3 moiety of S-Cu-ISA/SNC, revealing that the low-valence
(+1) Cu-N-bond-shrinking HOO-Cu-S1N3, O-Cu-S1N3 and HO-Cu-S;N3 may contribute to ORR activity
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Figure 9. Images of in situ characterization

A) In situ FTIR spectra of CO adsorption for sample B (Qiao et al., 2011).

B) DRIFT spectra of CO adsorption on bare CsPbBrz NCs and 1.04% Pt-SA/CsPbBrz NCs (Hu et al., 2021).

C) In situ XANES spectra of SA-Rh/CN (Xiong et al., 2020).

D) lllustration of the in situ electrochemical cell set-up. WE, working electrode; CE, counter electrode; RE, reference electrode.

E) Cu K-edge XANES spectra of S-Cu-ISA/SNC at different potentials in O,-saturated 0.1 M KOH during the process of ORR catalysis.

F) Differential spectra of Ap XANES are the normalized spectra at each potential minus the spectra recorded at 1.05 V versus RHE.

G) The relationship between the current density and potential for S-Cu-ISA/SNC (left) and the relationship between the average oxidation number of Cu
species in S-Cu-ISA/SNC and potential (right) (Shang et al., 2020).
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(Figure 9G). However, in situ XANES is not yet prevalent because of the extremely limited resources of syn-
chrotron radiation. With the construction of more advanced synchronous light sources, in situ XANES will
play an increasingly important role in scientific research.

In situ Raman is a powerful analytical tool for revealing the reaction route and analyzing the reaction mech-
anism due to the high temporal and spatial resolution. Surface-enhanced Raman scattering (SERS) is
caused by electromagnetic and the charge transfer mechanism, which means that when the analyte is ad-
sorbed on rough metal surface, its Raman signal will be enhanced (Cialla et al., 2012). Sun and colleagues
employed the in situ SERS to monitor the adsorbate-substrate interaction in the process of ORR on the
Au@Pd@Pt core/shell nanoparticles, which provided the direct evidence of *OOH intermediate (Sun
et al., 2022). Furthermore, it is proved that the introduction of Pd shells affects the strain and electronic ef-
fect, leading to enhanced ORR activity. The relationship between ORR performance and strain/electron ef-
fect was illustrated by detecting intermediates from in situ SERS technique. What's more, time-resolved
SERS (TR-SERS) was applied to reveal the dynamics of carbon dioxide (CO,) reduction reaction intermedi-
ates on Cu electrodes (An et al., 2021). The results showed the surface reconstruction of Cu and the dynamic
CO surface intermediates. This technique is of great significance for understanding the dynamic informa-
tion of the surface reaction during CO;, electrolysis.

However, SERS is limited to metal substrates with nanostructures. Shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) is applicable to the surfaces of various materials and nanostructures (Li
et al.,, 2013). SHINERS are composed of a plasma gold or silver core and an inert shell such as SiO, and
Al,O3. These shell-isolated nanoparticles are easy to manufacture and can be dispersed on the surface
of analytes with different composition and morphology, which are employed to enhance the Raman vibra-
tion signal of nearby molecules (Ding et al., 2016). Wei and colleagues adopted in situ SHINERS to monitor
the catalytic reaction process and kinetics of hydrogenation of nitro compounds and to characterize the
structure of Pd single atoms for the first time (Wei et al., 2021a). Pd SAs were anchored on the surfaces
of TiO; or Al,O3 shells of Au-shell-isolated nanoparticles. It also revealed the nucleation process of Pd spe-
cies from single atoms to nanoparticles. This work provided a new spectroscopic tool for the in situ study of
SACs, especially the solid-liquid interface.

SACS FOR ELECTROCHEMICAL REACTIONS

With the development of science and technology, researchers have developed numerous high-perfor-
mance electrocatalysts, and the understanding about these reactions is gradually deepening. Density func-
tional theory (DFT) calculations are widely used to study the free energies of intermediates and further
reveal the mechanism of enhanced reactivity. The development of DFT theoretical models and advanced
characterization techniques has greatly enhanced the understanding of electrocatalyst reaction mecha-
nisms, such as the identification of active sites and the theory design of catalysts. Pt/C is considered to
be the best catalyst for HER and ORR. RuO; and IrO; show the best catalytic performance toward OER.
However, due to the scarcity and high price of precious metals, it is urgent to develop new type catalysts
to reduce the production cost. SACs display great potential in the realization of efficient and selective elec-
trocatalytic processes because of unique electronic structure and coordination environment. The surround-
ing coordination atoms of the central metal atom show important effects on their catalytic activity, selec-
tivity, and stability, which are significant indicators of catalysts. In this section, the characterization of the
existence of single atoms and coordination environments and their related catalytic performance will be
discussed in detail.

Hydrogen evolution reaction

With the consumption of fossil fuels, a series of environmental problems have aroused people’s attention.
Hydrogen is considered to be the most likely alternative to fossil fuels due to its high energy density, no
carbon emission, and without pollution. The method of electrolyzing water to produce hydrogen has at-
tracted wide attention because of high efficiency, no need to consume fossil energy, and high product pu-
rity. Since Nicholson and Carlisle proposed the concept of water electrolysis in the 18th century, electro-
chemical water splitting has been developed for more than 200 years (Kreuter and Hofmann, 1998).
Hydrogen evolution reaction (HER) is represented by the chemical formula as: 2H" + 2e™ — H2, which is
a multi-step electrochemical process that occurs on the electrode surface to generate gaseous hydrogen
at the cathode (Zheng et al., 2015). The reaction mechanism of HER is different in acidic and alkaline solu-
tions, but both can be divided into two elementary reactions (Bockris and Potter, 1952; Sheng et al., 2010).
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The first step is electrochemical hydrogen adsorption, which is called Volmer reaction. The second step is
electrochemical desorption (Heyrovsky reaction) or chemical desorption (Tafel reaction). The mechanism
under acidic conditions can be expressed as (Lasia, 2010)

H" +M+e =M — H*(Volmer reaction) (Equation 1)
M — H" +H" + e~ =M+ H,(Heyrovsky reaction) (Equation 2)

or
2M — H*=2M + H,(Tafel reaction) (Equation 3)

The mechanism under alkaline conditions can be expressed as

H,O+M+e =M — H"+OH ~(Volmer reaction) (Equation 4)
M — H" +H,O+e” =M+OH ™ + Hy(Heyrovsky reaction) (Equation 5)

or
2M — H*=2M + H,(Tafel reaction) (Equation 6)

where H* designates a hydrogen atom chemically adsorbed on an active site of the electrode surface (M).

As explained in Conway and Tilak in detail, the Tafel slope value obtained by the HER polarization curve can
be used to judge the possible rate-determining step during the reaction process (Conway and Tilak, 2002).
From these elementary reactions, we can see that the chemical adsorption and desorption of H atoms is a
complicated process. According to the different pathways of H atom desorption, the HER reaction mech-
anism can be divided into Volmer-Heyrovsky mechanism and Volmer-Tafel mechanism (Li et al., 2016).

The bonding ability of the active sites in the catalyst and H* should neither be too strong nor too weak ac-
cording to the Sabatier principle (Sabatier, 1920). When the bonding ability of M-H* is too strong, it is not
conducive to the breaking of the bond and the release of hydrogen. On the contrary, it is not beneficial to
the process of proton-electron transfer. However, the bond energy between the active site of the catalyst
and H* cannot be measured directly, so it is difficult to establish a direct correlation between the interme-
diate H* and the electrochemical reaction rate (Markovi¢ and Ross, 2002). From the perspective of physics
and chemistry, the adsorption free energy of H* (AGy+) can be used to evaluate the capacity of H adsorp-
tion and the release of H, (Narskov et al., 2005). Therefore, AGy- is a key parameter used to evaluate the
reaction rate. AGy- close to zero could be used to evaluate the efficiency of the catalyst, but not a require-
ment. More importantly, it is concluded that the experimental exchange current density jo value and AGy«
have a "volcano curve” correlation through DFT calculation (Skulason et al., 2010).

As can be seen from the volcano diagram (Zeradjanin et al., 2016), Pt is located at the top of the volcano
diagram, indicating appropriate adsorption energy and the highest current density, which explains the
optimal performance of Pt in HER (Figure 10A). However, due to the scarcity of precious metals, the appli-
cation of SACs in HER has attracted wide attention from researchers in order to improve atomic utilization
rate and reduce catalyst cost. Meanwhile, the development of high-active non-noble-metal catalysts is also
an effective solution.

The introduction of heteroatoms into carbon substrate can not only form new coordination environments
but also improve metal loading, which has attracted extensive attention of researchers. The general coor-
dination number between metal atom and N atom is 4, which may be related to the valence state and elec-
tronic structure of the central atom. For example, Ye and colleagues reported single Pt atoms anchored on
aniline-stacked graphene with a Pt loading of 0.44 wt% through microwave reduction method (Ye et al.,
2019). The Pt SASs/AG with unique Pt-N4 coordination not only displays high HER activity with the overpo-
tential of 12mV at 10 mA cm™2in 0.5 M H,SOy4, better than 20 wt% Pt/C, but also the mass current density of
22,400 Agpt’1 at the overpotential of 50 mV is 46 times higher than commercial 20 wt% Pt/C. Moreover,
stability is also a significant issue in the development SACs. Cyclic stability and long-term stability can
be assessed by cyclic voltammetry sweeps and chronopotentiometric measurements. The Pt SASs/AG
shows negligible decay by comparing the LSV curves before and after 2000 cycles and displays outstanding
long-term stability over 20 h. From the XPS spectrum of Pt 4f (Figure 10B), it shows the strong interaction of
Pt and aniline-formed Pt*" XAFS, and DFT calculations show that the isolated Pt is coordinated with the N
of four aniline molecules (Figures 10C-10E), which optimizes the electronic structure of Pt. The modulation
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Figure 10. Noble-metal-based SACs for HER

A) HER "“volcano” plot for different metal elements (Zeradjanin et al., 2016).

B) The XPS spectra of Pt 4f.

C and D) XANES and (D) FT-EXAFS spectra of the Pt L3-edge of Pt SASs/AG and Pt/C.

E)The EXAFS fitting curve of Pt SASs/AG R-space. Inset: the model of the Pt SASs/AG (Ye et al., 2019).

F) The Gibbs free energy of HER for C3Ny4 (blue) and C3N4—Ru (red) at the equilibrium potential at different bonding sites.

G) Schematic diagram of interfacial charge transfer in C3N4—Ru. Red and blue signals are positive and negative charge, respectively. The isosurface value of
0.003 e au™® (Peng et al., 2017).

(H) The calculated HER free-energy diagram at the equilibrium potential for Pt/C, Ru/C, Ru SAs@C, Ru SAs@C3N,, and Ru SAs@PN (Yang et al., 2018b).
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of the d-band center and density of states (DOS) near the Fermi level of Pt atoms by aniline caused the sin-
gle Ptsites to have appropriate hydrogen adsorption energy and finally enhances HER activity. In addition,
other noble-metal-based SACs have also been studied for HER. The unsaturated coordination between the
central Ru atom and the surrounding N atom can also significantly enhance HER performance. For example,
C3Ny4-Ru were fabricated by thermal treatment of graphitic C3N4 nanosheets and RuCls in water, which
shows apparent HER activity in acidic media, and the HER activity is positively correlated with loading of
Ru (Peng et al.,, 2017). The test results showed charge transfer from C3Ng, a unique functional scaffold,
to the Ru center (Figure 10G). The formation of unsaturated coordination Ru-N, moieties as effective active
sites facilitated the adsorption of hydrogen from the DFT calculation (Figure 10F). Besides, single Ruthe-
nium atoms were anchored amorphous phosphorus nitride nanotubes (Ru SAs@PN) through strong coor-
dination interactions between the d orbitals of Ru and the lone pair electrons of N located in the HPN ma-
trix (Yang et al., 2018b). The SACs in Ru-N3g coordination environment were prepared by impregnation
method. The Ru SAs@PN showed excellent HER activity with overpotential of 24 mV at 10 mA cm~2 and
robust long-term stability over 24 h in 0.5 M H,SO,4. DFT calculations showed that the Gibbs free energy
of adsorbed H* over the Ru SAs on PN is much closer to zero compared with the Ru/C and Ru SAs sup-
ported on carbon and C3Ny4 (Figure 10H). Therefore, adjusting the number of coordination atoms of metal
centers is considered to be a very effective way to optimize HER performance.
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In recent years, non-noble-metal-based SACs have also attracted extensive attention. However, compared
with Pt based catalysts, their performance still needs to be further improved. Non-noble-metal-based SACs
with low coordination environment and unique electronic structure have the potential to replace Pt-based
catalysts (Chenetal., 2017a; Zhang et al., 2018). Graphdiyne (GD) is a two-dimensional carbon material with
monatomic thickness, which has natural uniform pores, rich triple bonds, and strong reduction ability (Li
et al., 2010, 2014). It has been used in various research fields, so GD may also be an excellent candidate
as support. Isolated nickel/iron atoms anchored on graphdiyne were fabricated by electrochemical synthe-
sis method with Ni-C and Fe-C coordination, respectively (Xue et al., 2018) (Figure 11A). From the results of
ICP-MS, the loading of Niin Ni/GD is 0.278 wt% and the loading of Fe in Fe/GD is 0.680 wt%. Fe/GD with
higher metal laoding exhibits the overpotential of 66 mV at 10 mA cm™2, which is smaller than Ni/GD
(88 mV). And their performances are superior to the most state-of-the-art bulk nonprecious catalysts. Mean-
while, the Fe/GD displays more superior durability through 5000 cycling tests. The strong chemical inter-
action and electronic coupling between single atoms Ni/Fe and GD allow a high charge transfer between
the catalytic active center and the support, so the performance of HER is improved.

In addition to coordinating with the same type of surrounding atom, the central metal atom can also coordinate
with different atoms simultaneously. Mo-based catalysts such as carbide, nitride, and sulfide have attracted a lot
of attention because of good performance in HER. Chen and colleagues designed single Mo atoms supported
on N-doped carbon for the first time (Chen et al., 2017a), which shows high HER performance with the overpo-
tential of 132 mV at 10 mA cm™2 and onset overpotential of 13mVin 0.1 M KOH. From AC-STEM and XAFS, it can
be seen that MoiN;C; was formed by single Mo atom immobilized with one nitrogen atom and two carbon
atoms (Figures 11B-11F). More importantly, the active sites MoN;C, showed higher catalytic activity than
Mo,C and MoN due to the lowest absolute value of AGy» in Mo1N;C, compared with the Mo,C and MoN
from the DFT calculation results. Further DOS calculations revealed that the DOS of Mo;NC, near the Fermi
level was much higher than that of Mo,C and MoN, which was favorable for the charge transfer during the
HER process because of higher carrier density. Moreover, tungsten-based catalysts, including WC, (Gong
et al., 2016, Wang et al., 2020), WN, (Yan et al., 2015b), WP, (Wang et al., 2016; Xing et al., 2015), WS, (Lin
etal., 2014; Lukowski et al., 2014; Merki and Hu, 2011; Voiry et al., 2013), and so on, also have outstanding prop-
erties in HER. However, in order to achieve industrial application, it is necessary to further improve HER activity
and stability of the tungsten-based materials. W-SAC with W-N;Cj sites supported on MOF-derived N-doped
carbon was prepared for HER in both alkaline and acidic media (Chen et al., 2018a). The W-SAC showed excel-
lent stability without attenuation after 10,000 CV cycles. It is determined by HAADF-STEM and XAFS that the
atomically dispersed W;N;C; act as the active site, which plays a significant role in enhancing the HER perfor-
mance as proved by DFT calculation results. The DOS of W-SAC near the Fermi level is much higher than of
WC and WN, leading to a larger carried density for promoting charge transfer in HER (Figures 11G and 11H).
Furthermore, the DOS near the Fermi level in W-SAC was mainly contributed by the W d-orbital, whereas the
contributions of C and N p-orbital were negligible; this suggested that the single W dispersion as well as unique
electronic structure could efficiently enhance the d-electron domination near the Fermi level and enhance the
HER catalytic performance. The coordinating atom N is partially replaced by other atoms, which shows a great
influence on the local chemical environment of the central atom. Thus, it can be used to optimize the electronic
structure of the central atom and is an important method to enhance the activity of SACs by modulating the N
coordination to form dual-atom coordination.

Oxygen evolution reaction

Oxygen evolution reaction (OER) is another important half-reaction that occurs at the anode during the wa-
ter electrolysis process, involving four coordinated proton-electron transfer steps. However, there is still a
long way to go in the mechanism understanding and material design of OER catalysts. As shown in Fig-
ure 12A (Chen et al., 2021), the generally accepted OER reaction mechanisms are the traditional adsorbate
evolution mechanism (AEM) and lattice oxygen mechanism (LOM).

In AEM, the reaction mechanism of OER is similar to HER, involving the steps of adsorption and desorption.
The mechanism can be expressed as follows (Man et al., 2011; Rossmeis| et al., 2007):

*+H,0(1)—>OH +H" +e~ (Equation 7)
OH - O"+H" +e~ (Equation 8)

O" + H,O(1)>O0H " +H" +e~ (Equation 9)
OOH" = Oy(g)+H" +e~ (Equation 10)
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A) Protocols for the synthesis of Ni/GD and Fe/GD (Xue et al., 2018).
B) XANES and (C) FT-EXAFS curves of the Mo;N;C; at Mo K-edge.
D) WT-EXAFS of the Mo;N;C,, Mo foil, Mo,C, and MoN.

F) Atomic structure model of the Mo N1C, (Chen et al., 2017a).
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H) The differential charge density slice parallel to the xy plane for W-SAC (Chen et al.,

2018a).

Similarly, OER also has a volcanic curve based on oxygen adsorption energy. Noble metal oxides, such as
IrO, and RuO,, showed the best OER performance due to low overpotential. Based on this mechanism, the
OER performance can be effectively improved by modifying the catalyst supports, such as introducing het-
eroatoms through synergistic effects to optimize the electronic structure, creating defects to redistribute

surface charges and so on.

LOM has attracted much attention in recent years. The lattice oxygen participates in the proton-electron
transfer in the reaction process (Huang et al., 2019). The mechanism can be expressed as follows (Rong

et al., 2016):
OH* = (Vo +00") +H* +e~
(Vo +00") +H,0(1) = O3(g) + (Vo + OH) +H* + e~
(Vo +OH")' +H,0(1) = (Hs_ g +OH) +H* +e
(H: o +OH) —OH +H" +e~

1 Parentheses indicate that adsorbates are calculated in the same supercell.
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Figure 12. Schematic diagrams of OER mechanism

(A) The reaction pathways of OER (Chen et al., 2021).

(B) Correlation between intrinsic OER activity and the oxygen anion diffusion rate in 0.1 M KOH.

(C) Correlation between intrinsic OER activity and the oxygen vacancy diffusion rate in 0.1 M KOH.

(D) A schematic diagram of the AEM and LOM reaction pathways for Si-incorporated strontium cobaltites (Pan et al., 2020).

In early studies, the involvement of lattice oxygen in OER process under acidic conditions was confirmed by
isotope labeling and differential electrochemical mass spectrometry (DEMS) techniques (Kotz et al., 1984;
Willsau et al., 1985; Wohlfahrt-Mehrens and Heitbaum, 1987). The O in RuO,, participates in the reaction to
form soluble RuOy, which is detected in the solution. Pan and colleagues reported a model system of Si-
incorporated strontium cobaltite perovskite electrocatalysts in alkaline solution with similar surface transi-
tion metal properties but different oxygen diffusion rates (Pan et al., 2020). The correlation of intrinsic OER
activity with oxygen ion diffusion rate and oxygen vacancy diffusion rate are shown in Figures 12B and 12C.
The evolution of oxygen correlates with the contribution of the LOM mechanism at different degrees that
closely relates to the oxygen ion diffusivity (Figure 12D). This work provides a reference for designing more
stable perovskite surfaces to further optimize electrocatalysts. A series of perovskite OER catalysts were
also tested through in situ '80 isotope labeling mass spectrometry (Grimaud et al., 2017). The results
showed that the O, generated from the lattice oxygen for some highly active oxides. In combination
with experiments and DFT calculations, catalysts with lattice oxygen exchange exhibited pH-dependent
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OER activity, whereas those without lattice oxygen exchange displayed pH-independent OER activity.
LOM shows higher OER activity than the conventional AEM as proved for the ABO3 (A = lanthanum or
strontium, B = transition metal) perovskites (Yoo et al., 2018). Activity volcano plots for AEM and LOM of
perovskite systems have been established by a simulation work. Furthermore, the LOM is preferred for
achieving bifunctional catalysts for OER and ORR.

Inthe HER and OER of water splitting, OER is the core of electrochemical energy conversion. However, OER
displays high overpotential during the reaction because of sluggish kinetics, which is the main step of en-
ergy consumption. Therefore, high-efficiency electrocatalysts are particularly important to OER (Chen
et al., 2019; Liu et al., 2021; Zhou et al., 2019). RuO; and IrO, exhibit high catalytic activity for OER in a
wide pH value and are often used as benchmarks for OER catalyst evaluation. It was found that the coor-
dination environments of single atom may undergo changes during the process of reaction. Ru single
atoms anchored on nitrogen-carbon support (Ru-N-C) were synthesized with Ru;-N, sites (Cao et al,,
2019). The catalyst showed an efficient and durable electrocatalyst for acidic OER with overpotential of
267 mV at the current density of 10 mA cm™2, mass activity of 3571 A gmeta ', and TOF of 3348 O, h™".
The dissolution rate of Ru is less than 5% in acid solution due to the outstanding structural stability. The
Ru-N-C was employed to measure the overall water splitting in a two-electrode system to mimic the
PEMWE, showing superior activity and stability. The dynamic pre-adsorption of single oxygen atom into
the formation of O-Ru-N, structure with more charge donations of Ru through in situ XAFS and FTIR
was also identified (Figures 13A-13F). Theoretical calculations showed O-Ru-N4 with higher Ru oxidation
state as the real active site for the high OER activity in acidic solution. The formed O-Ru;-N4 moieties under
operando state exhibited a low barrier of O-O coupling to form the OOH* intermediate. It is also an effec-
tive way to prepare SACs by creating defects on the support to regulate the coordination environment.
Atomically dispersed Ni catalyst on defective graphene (a-Ni@DG) with four-coordination Ni-Cy4 structure
was fabricated through an incipient wetness impregnation method and subsequent acid leaching (Zhang
et al., 2018). The Niloading of a-Ni@DG was around 1.24 wt% by this facile and inexpensive strategy. XAS
and DFT calculation revealed that the diverse defects in graphene can induce different local electronic
DOS of a-Ni, which suggested that aNi@defect serves as an active site for unique electrocatalytic reactions
(Figures 13J-13L). For example, aNi@G5775 and aNi@G585 are responsible for HER and OER with low
overpotential and high TOF values and stability, respectively. HAADF-STEM not only confirmed the uni-
form distribution of single Ni atoms but also observed that aNi trapped in the Di-vacancy provided direct
evidence for the Ni-C,4 configuration (Figures 13G-13l). Diverse defects can induce different local elec-
tronic density of states. Creating specific defects on the support forming various active sites can achieve
good catalytic effects for different reactions at the same time.

What's more, bimetallic center SACs have gradually attracted extensive attention from researchers. The
synergistic effect of bimetallic centers can optimize the adsorption and desorption of intermediates and
reduce the reaction energy barrier. For example, atomically dispersed binary Co-Ni sites embedded in
N-doped hollow carbon nanocubes (CoNi-SAs/NC) are synthesized for bifunctional OER and ORR (Han
et al.,, 2019b) (Figure 13M). The rechargeable process of Zn-air batteries is realized efficiently and with
low potential and robust reversibility. DFT calculation showed that the uniformly dispersed single sites
and synergistic effect of adjacent Co-Ni bimetallic centers optimized the adsorption and desorption pro-
cess, reduced the overall reaction energy barriers, and finally promoted the reversible oxygen
electrocatalysis.

In the reported literature, the activity and stability of HER and OER were measured in standard three-elec-
trode system of lab scale. Nonetheless, the catalyst’s performance in the lab scale is somewhat different
from that in practical electrolyzers. The practical electrolyzers usually require higher current density and
voltage, and the operating environment is more intense. Therefore, the practical electrolyzers put forward
higher requirements for the activity and stability of the catalysts.

Currently, the electrolyzers used for water electrolysis include alkaline water electrolyzers (AWE), proton
exchange membrane water electrolyzers (PEMWE), and anion exchange membrane water electrolyzers
(AEMWE). Although traditional AWE has been fully industrialized, it is limited by its environmental friend-
liness and purity of hydrogen production. PEMWE and AEMWE have received extensive attention due to
the high efficiency, high purity of hydrogen produced, and low energy consumption. Influenced by the
properties of the membrane and the local pH, PEMWE and AEMWE are suitable for catalysts in acidic
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Figure 13. The application of SACs for OER

(A) The operando SR-FTIR spectroscopy measurements of Ru-N-C in the acid OER process.

(B) The amplified infrared signal at ~764 cm™ .

(C) The operando EXAFS spectrum and the fitting curves of first shell for Ru-N-C from the open circuit condition to 1.5 V under various voltages in OER
process.

(D) Operando XANES spectrum of Ru-N-C in OER process. Inset: magnified pre-edge XANES region.

(E) Schematic diagram of the effect of oxygen adsorption on the electronic structure of Ru-N-C.

(F) Electron density difference map of the O-Ruy-N4 (Cao et al., 2019).

(G) The image of HADDF-STEM for A-Ni@DG.

(H) The enlarged image of the defective area (vacancy) marked with the yellow dotted line frames in the lower left corner of (G).

(I) The enlarged image of the defective area (with atomic Ni trapped) marked with the yellow dotted line frames in the upper left corner of (G).

(J and K) Ni K-edge XANES spectra (J) and the K?>-weighted Fourier transform spectra (K) of Ni@DG, A-Ni@DG, and the Ni foil reference samples.
(L) The LCF analysis of XANES theoretical modeling (Zhang et al., 2018).

(M) Schematic protocol of the synthesis method of CoNi-SAs/NC (Han et al., 2019b).

(N) Illustration of the PEM water electrolyzer.

(O) Polarization curves of the PEMWE applying as-prepared catalysts as anode.

(P) The stability measurement of GB-Tag 1Tmg 11rp 8025 in the PEMWE at 1.5 A em 2 (Hao et al., 2021).

and alkaline environments, respectively. The current development of PEMWE is relatively mature in com-
mercial-scale water electrolysis for long-term operation, but the progress of durable catalysts other than Ir-
based noble metal OER catalysts in acidic environments remains a great challenge. As more OER catalysts
display better performance in alkaline environment, AEMWE shows certain advantages, but the stability of
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membrane and the design of electrolyzer still need to be further improved to meet the requirements of
long-term electrolysis.

The membrane electrode assemblies (MEA), composed of the catalytic layer and the proton exchange
membrane, is the main site for material transport and electrochemical reaction in the entire electrolytic
cell. The characteristics and structure of the MEA directly affect the performance and life of the PEMWE.
Hao and colleagues applied the prepared grain boundaries (GB)-Ta,Tm,lr1.,.,O2.5 nanocatalysts to
PEMWE as anode in an acidic condition (Hao et al., 2021). The pretreated carbon paper- (CP) and plat-
inum-plated titanium foam were applied as cathode and anode gas diffusion layers (GDLs), respectively.
The MEA were constructed by placing the catalyst-supported Nafion 117 membrane between CP and
Pt-plated Ti foam GDLs (Figure 13N). The polarization curves were measured at 50°C, showing the cell
voltage of GB-Tag 1Tmo 11r0. 8055 is 1.766V to reach the current density of 1 A em™2 (Figure 130). Moreover,
the PEMWE using GB-Tag 1 Tmg 11105055 displayed the outstanding stability at 1.5 A cm ™2 for at least 500 h
without obvious attenuation (Figure 13P). However, the research of SACs on PEMWE still needs to be
further explored.

Oxygen reduction reaction

Oxygen reduction reaction (ORR) occurs at the cathode of electrochemical energy equipment through
either a 4-electron pathway (O,+4H"+4e”—2H,0) or a 2-electron pathway (O,,2H"+2e"—>H,0,). The
four-electron reaction mechanisms are shown as follows (Narskov et al., 2004):

%Oz+*—>o* A Ho B M0+ (13)
or
0,+°° 3 HoO " F' H,0+0°* H HO T X H,0 4 (16)
The two-electron reaction mechanisms are shown as follows:
0+ * 4 HOO * X' 1,0, + 0" (a7

where * represents the catalytically active sites.

The Equations (7) and (8) represent dissociative and associative mechanisms, respectively. Whether the
O-0 bond breaks during ORR process determines the selectivity of H,O, or H,O. The 2-electronic process
is clean and pollution free, and the hydrogen peroxide produced is an important fine chemical. The
4-electronic process produces water directly, which is mainly used in fuel cells and metal-air batteries
(Liu et al., 2018; Tong et al., 2021; Zhou et al., 2021b). However, these two reaction pathways often occur
at the same time, resulting in reduced selectivity of the desired product. Thus, the application of SACs
in ORR has been extensively studied to improve selectivity, stability, and activity.

The precious-metal-group (PMG) catalysts exhibit high-efficiency electrocatalytic performance for ORR.
Doping heteroatoms into carbon materials can affect the coordination environment of the metal center
atoms, which in turn shows an impact on the catalytic performance. M-N-C catalysts with M-N, coordina-
tion structure are considered as potential catalysts for replacing Pt-based materials in ORR. Single Pt atoms
supported on carbon black were fabricated with carbon monoxide/methanol tolerance for ORR (Liu et al.,
2017). DFT calculations were used to study the synergetic effect between single Pt atoms and doped-N and
the intrinsic activity of the active sites on Pt;-N/BP (carbon black) (Figures 14A and 14B). The results showed
that the main effective sites are single-pyridinic-nitrogen-atom-anchored single-Pt-atom centers, display-
ing highly active and making it one of the most promising sustainable, large-scale alternatives to conven-
tional Pt-NP-based electrocatalysts. The catalyst was employed as a cathode in acid single cell, and the po-
wer density reached 680 mW cm 2 at 80°C. The current of Pt;-N/BP still maintains more than 70% when
used as cathode in fuel cell after working for 200 h continuously. It shows good stability compared with
other non-noble-metal catalysts. Other precious metal-based SACs have also been used in ORR studies.
Ir-N-C SAC with Ir-N4 configuration fabricated by host strategy exhibited orders of magnitude higher
ORR activity than Ir NPs (Xiao et al., 2019) (Figure 14C). The Ir-SAC was applied in a Ho/O5 fuel cell as cath-
ode, showing a higher open circuit voltage of 0.0955V and a power density of 932 mW cm~2. The SEM and
HAADF-STEM displayed the morphology and nanostructure of Ir-SAC, and the EDS mapping showed the
existence of Ir embedment within the carbon matrix (Figures 14D-14H). The bright spots in Figure 14l
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(A and B) The proposed reaction pathways for complete ORR on the g-P-N1-Pt;. (A) Top view; (B) side view and bond lengths. The inset in cycle (A) is the free

energy plot for ORR on the g-P-N;-Pt; in acidic solution (Liu et al., 2017).

(C) Host—guest strategy diagram for the synthesis of single atomic site catalysts.

(D-H) STEM images and the corresponding EDX mappings of Ir-SAC.

(I) The image of high-resolution HAADF-STEM for Ir-SAC (Xiao et al., 2019).

(J) Free-energy illustration of the ORR on selected N-coordinated metal moieties embedded on graphene sheets.
(

K) Proposed reaction diagram of the associative mechanism for the ORR on Ru-oxo-N4 moiety in acidic solution (Zhang et al., 2017a).

corresponded to the atomically dispersed Ir atoms. Atomic structure characterization results and DFT cal-
culations showed that the high activity of Ir-SAC was attributed to the moderate adsorption energy of the
Ir-N4 moiety. Single Ru atoms supported on N-doped graphene oxide for ORR in acidic solution were pre-
pared through NH; atmosphere annealing (Zhang et al., 2017a). The Ru/N-doped graphene showed excel-
lent four-electron ORR activity, stability, and tolerance. Combing the DFT calculations, the Ru-oxo-N4 moi-
eties during the oxidative electrocatalytic condition are responsible for the ORR catalytic activity
(Figures 14J and 14K).

Recently, transition-metal-based catalysts have emerged as promising alternatives to PMG materials due
to the adjustable electronic structure. Fe-N is considered to be the best performing non-noble-metal cata-
lyst in ORR. Chen and colleagues performed adjustment of O coordination on Fe SACs to enhance ORR
performance. Single iron atoms anchored on N-porous carbon with Fe loading of 2.16 wt% were fabricated
through a cage-encapsulated-precursor pyrolysis strategy (Chen et al., 2017b). It can be seen from XANES
that Fe is positively charged (Figure 15A). According to the analysis results of FT-and WT-EXAFS, Fe exists
in the form of a single atom in the catalyst (Figures 15B-15E). Meanwhile, the corresponding EXAFS R space
fitting curves of Fe-ISAs/CN is shown as Figure 15F. The coordination number of Fe is 5 with four N atoms
and one O atom. So, the atomic structure model is shown in Figure 15G through further analysis. The Fe as
isolated atoms with N coordination showed higher ORR activity than commercial Pt/C and most non-
precious-metal materials, which was attributed to the high capability of the single Fe atoms in transferring
electrons to the adsorbed OH species demonstrated by first principle calculations. Meanwhile, Fe-ISAs/CN
showed superb durability with little change in E;, for 5000 CV sweeps.

What's more, changing the metal central atom is a direct means to regulate the coordination environment,
which also affects the catalytic performance. Single Co atom and N co-doped carbon nanofibers with
CoNy-G coordination were reported for ORR in both acidic and basis medium (Cheng et al., 2017). TEM
and HRTEM showed that the diameter of the prepared catalyst was about 150 nm, and the substrate
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Figure 15. SACs for ORR

A) XANES spectra.

B) FT of the Fe K-edge and WT of Fe-ISAs/CN (C), Fe foil (D), and Fe,O3 samples (E).
F) The corresponding EXAFS r space fitting curves of Fe-ISAs/CN.

H) TEM image and () zoomed-in TEM image of Co-N/CNFs (inset: SAED image).

J) HAADF-STEM image and (K) EDX mapping of Co—-N/CNFs. (L) AC-STEM image and (M) zoomed-in image of Co-N/CNFs (Cheng et al., 2017).

(
(
(
(G) Protocol model of Fe-ISAs/CN (Chen et al., 2017b).
(
(
(

N) Thermodynamic relations (volcano) lines for the two e~ (green solid line) and four e~ ORR (black solid line) (Sun et al., 2019¢).

was amorphous carbon (Figures 15H and 15I). No obvious bright regions were observed in HAADF-STEM
(Figure 15J), further indicating the absence of cobalt-containing particles. EDX mapping results showed
that Co, N, and C were evenly distributed in CNFs (Figure 15K), and the Co corresponding to bright spots
existed as a single atom in AC-HAADF-STEM (Figures 15L and 15M). The Co-N/CNFs displays desirable
ORR performance and high stability with negligible decrease of Ej/, after 10,000 CV cycles. Moreover,
the catalyst as cathode reached a power density of 16 mW cm™2 and an outstanding stability with
more than 200 h, showing the potential of application. What's more, a series of M-N-C materials (M =
Mn, Fe, Co, Ni, and Cu) with atomically dispersed M-Nj sites were investigated the trends in electrochem-
ical H,O, production from molecular first principles to bench-scale electrolyzers operating at industrial cur-
rent density (Sun et al., 2019¢). Co-N-C catalyst showed outstanding ORR activity and selectivity to H,O,
and more than 4 mol peroxide gcatmysf1 h~" at a current density of 50 mA cm™2. The relationship of activ-
ity-selectivity and the trend of M-N-C materials was further analyzed by DFT calculations, providing a mo-
lecular scale understanding of the experimental volcanic trend of four-electron and two-electron ORR (Fig-
ure 15N). Meanwhile, the binding free energy of HO* intermediate placed Co-N-C close to the top of the
two-electron volcano, retaining catalytic activity while promoting two-electron pathway selectivity.

Carbon dioxide reduction reaction

The increasing global environmental crisis has aroused people’s attention to greenhouse gas emissions,
conversion, and storage (Anagnostou et al., 2016; Mun et al., 2018; Obama, 2017). CO, is considered to
be the main cause of the greenhouse effect. Electroreduction of CO; into high value-added products,
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such as CO, HCOOH, CH,4, CH30H, C,Hy4, and so on, is a promising route, which can mitigate environ-
mental problems. Because water acts as the medium of CO,RR, HER inevitably becomes the side reaction
of this reaction (Li et al., 2017; Yang et al., 2018a). Therefore, efficient catalysts in CO,RR should reduce HER
activity and enhance CO3RR activity at the same time (Lin et al., 2019; Yan et al., 2018a).

Currently, the key obstacle to the development of efficient CO,RR catalysts is the lack of a basic under-
standing of surface-mediated electrochemical reactions. There are many possible products in CO3RR,
involving electron transfer numbers ranging from CO (2e™) and HCOOH (2e™) to CH3CH,CH,OH (18e7),
so the interpretation of the reaction mechanism is more demanding (Lu and Jiao, 2016). Some typical
multi-electron reactions in neutral medium are shown as follows:

CO,(g)+2H" +2e~ —»CO(g) + H,O (Equation 18)
CO,(g)+2H" +2e~ —HCOOH(1) (Equation 19)
CO(g) +4H" +2e™ =HCOOH(1) + H,O (Equation 20)
CO,(g) +6H" +6e~ —CH30H(1) + H,O ( )
CO,(g) +8H™ +8e™ = CHa(g) + 2H,0O ( )

SACs show high activity in many reactions with the highest atomic utilization rate, especially the unsatu-
rated coordination between the central metal atom and the surrounding atoms, which significantly en-
hances the catalytic performance. Meanwhile, the uniform active site and geometry structure enhance
the interaction between the mental centers and the support, which helps to improve the selectivity of
the catalyst (Chen et al., 2018¢). Therefore, SACs display great application potential in CO,RR.

Equation 21
Equation 22

Reducing the coordination number between metal center and N leads to form unsaturated coordination,
which is helpful to optimize the catalytic performance. Zhao and colleagues prepared Ni atoms anchoring
on N-doped porous carbon with Ni-N3 coordination by ZIF-assisted strategy for the first time in CO,RR
(Zhao et al., 2017) (Figure 16A). The SAC displayed outperforming current density of 10.48 mA cm ™2 at an
overpotential of 0.89 V with a high turnover frequency (TOF) of 5273 h™" and Faradaic efficiency (FE) for
CO production of over 71.9%. Besides, Zheng and colleagues fabricated an unsaturated coordination cop-
per with nitrogen sites anchored into graphene matrix (Cu-N»/GN) for CO,RR to CO production (Zheng
etal., 2019). The catalyst showed higher activity and selectivity with the maximum FE of 81% at a low poten-
tial of —0.50 V and an onset potential of —0.33 V than the atomically dispersed Cu-N anchored on carbon
materials reported previously. From a practical point of view, the Cu-N,/GN was applied in rechargeable
Zn-CO,, battery with a peak power density of 0.6 mW cm ™2, and the battery charging process can be pow-
ered by natural solar energy. Theoretical calculations showed that the moderate free energy of Cu-N; sites
promote the adsorption of CO, molecules at the Cu-N, site (Figures 16B-16E). The adsorption state of H,O,
CO,, COOH, and CO with Cu-N;-based DFT electron density was hybridized with surface states of Cu-N,
(Figures 16F=16l). The short bond length of Cu-Nj; sites caused the accelerated charge transfer from Cu-
N3 site to *CO,, which enhanced effectively the formation of *COOH and CO,RR performance. Adjustment
of N coordination was also applicable for controlling the coordination environment of CO,RR SACs. Bifunc-
tional catalysis of Co and N co-doped hollow carbon for CO,RR and HER has been reported (Song et al.,
2018). The loading of Co single-atoms was around 3.4 wt%, and Co-C,N, moieties acted as the major active
sites during the process of CO, reduction. The catalyst was prepared through high temperature pyrolysis
(?00°C) to remain the high content of Co single atoms and prevent the loss of nitrogen. The Co-HNC
possessed better catalysis performance than Co NP-SNCin 0.1 M KHCO3 (Figure 16J). The Co-HNC showed
anearly 100% FE and high formation rate of around 425 mmol g~ h™" at 1.0V, with the product ration of CO/
H, approximating ideal 1/2 in the potential range from —0.7 to —1.0 V (Figure 16K). Meanwhile, the catalyst
displayed the long-term stability for 24 h with negligible degradation of current density (Figure 16L) and the
almostidentical resistance to the Co NP-SNC (Figure 16M). Potassium thiocyanate (KSCN) poisoning exper-
iment was carried out to confirm the selectively functioning of Co SAs and N-C groups for CO,RR and HER.
The CV curves and formation rate change were recorded in Figures 16N and 160, which showed the gaseous
products increased significantly but the CO selectivity of Co-HNC decreased sharply to 9.8%. What's more,
the flow-cell electrolyzer effectively solves the limitation of CO, dissolution and diffusion in the traditional
test device, realizing the highly selective conversion of CO, under the high current density and accelerating
the industrial application of CO2RR technology (Jin et al., 2021a). Yuan et al. designed single Cu atoms
anchoring on the graphediyne (Yuan et al., 2022). In situ Raman and DFT calculations revealed that the pres-
ence of Cu-C bonds leads to the formation of CHy4, more facile during the process of CO,RR. The catalyst
also showed high activity and CH4 FE and partial CH4 current density in flow-cell electrolyzer.
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Nitrogen reduction reaction

Ammonia (NH3) is not only a key raw material for main agricultural fertilizers but also shows important ap-
plications in chemical engineering and pharmaceutical and synthetic fiber fields (Galloway et al., 2004,
2008; Yang et al., 2020a; Zamfirescu and Dincer, 2008). Currently, the industrial synthesis of NHz commonly
depends on the Haber-Bosch method under high temperature and pressure conditions (300-500°C, 15-30
MPa), consuming more than 1% of the global energy supply annually (Guo et al., 2018; Song et al., 2019; van
der Ham et al., 2014a). Moreover, the thermodynamically limited conversion is only ~15%. Using N as raw
material, electrocatalytic nitrogen reduction reaction (NRR) realizes the synthesis of ammonia at room tem-
perature and pressure, which exhibits the merits of low energy consumption and without pollution. It pro-
vides a green and low-carbon technical route for ammonia synthesis industry. NRR involves a ée™ transfer
process:

N2(g) +6H" + 6e™ —2NH;(9g) (Equation 23)

However, the high bond energy of N=N (940.95 kJ mol~") is a major obstacle to the NRR process, so it is
necessary to develop efficient electrocatalysts, especially SACs, to reduce the reaction energy barrier and
accelerate the generation of NH3 (Chen et al., 2018b; van der Ham et al., 2014b; Wang et al., 2017). What's
more, the adsorption of N, on the catalyst surface is usually not satisfactory, which is not conducive to the
formation of intermediates and limits the selectivity and yield of NH3 (Tao et al., 2019). Although many
metal-based catalysts have been researched, most metals are too weakly bonded to achieve efficient N,
adsorption and activation, which is generally considered a rate-limiting step for NRR. Meanwhile, NH3 yield
and faradaic efficiency (FE) are still far below the requirements of practical application.

Carbon-based-material-supported SACs show great application potential toward NRR due to the abun-
dant exposed active sites and high catalytic activity. Single Ru atoms anchored on nitrogen-doped carbon
(Ru SAs/N-C) were fabricated by facile pyrolysis method. The Ru SAs/N-C achieved a recorded-high activity
in NRR, which possessed an FE of 29.6% for NH5 production with partial current density of —0.13 mA cm™2
(Geng et al., 2018). More importantly, the yield of the SACs reaches 120.9 ngnms Mdea. | h~', well above
the highest number ever reported (Figures 17A-17D). The stability of Ru SAs/N-C displayed less than 7%
attenuation of NHj3 yield rate after 12 h potentiostatic measurement. DFT calculation showed that Ru SAs/
N-C promoted N dissociation, resulting in increased activity relative to Ru NPs/N-C. In addition to noble
metals, non-noble-metal SACs have also been studied in NRR. Copper single atoms attached in porous
N-doped carbon network (Cu SAC) with Cu-N, active sites as pH-universal catalyst showed outstanding
NHs yield rate and FE under 0.1 M KOH and 0.1 M HCI conditions (Figures 17E-17H) (Zang et al., 2019).
Meanwhile, the Cu SAC also displayed excellent stability over 12 h with little current attenuation. The com-
bination of experiment and first-principles calculations revealed that Cu-N, coordination acts the effective
active sites in NRR catalysis.

CONCLUSION AND OUTLOOK

Up to now, SACs have attracted extensive research interests in a wide range of catalytic fields, including
photocatalysis, organic catalysis, electrocatalysis, and environmental aspect. The primary target of the
rapid-developing SACs field is reducing the using of precious metals while keeping the catalytic activity.
Carbon-based-material-supported SACs display great application prospect because of its low cost, high
efficiency, and robustness. In this review, we introduced the synthesis methods and the advanced charac-
terization techniques used in the identification of SACs, mainly concerning X-ray-derived spectroscopy and
in situ techniques, which showed important guiding significance for coordination regulation and coordina-
tion environment recognition of SACs. In addition, the applications of carbon-based-material-supported
SACs were discussed in electrocatalysis fields, including HER, OER, ORR, CO,RR, and NRR. To date,
some progress has been made in enhancing catalytic performance of SACs. However, there are still
many opportunities and challenges for the prospect of single atoms in the future.

Firstly, the low loading of single atom in the SACs prepared by the existing synthesis strategies restricts the
development of SACs. The sluggish reaction kinetics need to be overcome through exposing more active
sites in catalysis. Low loading SACs may lead to the accumulation of intermediates during the reaction pro-
cess, resulting in side reactions and reduced selectivity, which is not suitable for industrial scale applica-
tions. However, when the metal atom loading increases, the migration and agglomeration of single atoms
tends to form nanoclusters or nanoparticles due to its high surface free energy. Therefore, itis imperative to
develop SACs with high loading active sites for industrial production. In addition, it is very essential to study
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Figure 17. SACs for NRR

(A) Current densities diagram, (B) FE diagram, and (C) yield rate diagram for NH; production at different potentials on Ru SAs/N-C and Ru NPs/N-C,

respectively.

D) Stability test for Ru SAs/N-C at —0.2 V versus RHE (Geng et al., 2018).
E) LSV curves in N,-saturated and Ar-saturated basic solution.

G) Yield rates of NH3 with increasing cycle numbers in basic solution.

(

(E)

(F) Yield rate and FE at different applied potentials in basic solution.
(

(

H) Yield rate and FE at different applied potentials in acid solution (Zang et al., 2019).

the interaction between metal single atoms and support, because the support shows an effect on the
loading and electronic structure of single atom. For example, Xia and colleagues used graphene quantum
dots as carbon substrates, which were modified with -NH; groups to improve the coordination activity for
metal ions (Xia et al., 2021). The as-prepared transition metal single-atom material achieved a loading of up
to 40 wt% and excellent thermal stability. Besides carbon-based materials, two-dimensional material tran-
sition metals, such as the sulfides, selenides, phosphides, and so on, have also been studied as carriers for
SACs. The electron transfer between metal and carrier can be directly regulated by electronic metal-sup-
port interaction (EMSI), thereby regulating the electronic state of the supported metal. Therefore, it is of
significance to develop the novel supports of SACs with superior catalytic performance for energy

conversions.

Secondly, the coordination environments show a great influence on the electronic and geometric structure
of the central metal atoms, which plays an important role in the catalytic properties of SACs. Nonmetal het-
eroatomic doping (N, O, S, P, etc.) is one of the main strategies to regulate coordination environments.
However, other elements, such as SE, Te, and halogen elements, are rarely studied and may display unex-
pected catalytic properties. In addition, the asymmetric distribution of charges may lead to superior per-
formance. Thus, it is imperative to study the dual or more metal center sites. In a word, rationally construct-
ing coordination environments of SACs is significant to boost the catalytic activity, which provides a direct

way to understand the intrinsic activity of SACs.

Thirdly, the characterization techniques are the significant fundament for the recognition of SACs. At pre-
sent, the identification of coordination environments relies heavily on XAS, whereas the technique is bulk
sensitive and only provides bulk average information. Therefore, it is very important to improve the spatial
resolution of characterization technology. Furthermore, in order to determine the active sites of SACs and
dynamic changes during the reaction, it is necessary to combine in situ characterization techniques. The
dynamic changes of coordination structures and oxidation states of SACs during the catalytic process is
worthy of further exploration because it is closely related to intrinsic activity.

Finally, the step process and reaction mechanism of single-atom catalytic reaction are still in the preliminary
exploration stage. Constructing a reliable structure-activity relationship of catalytic reactions is crucial for
designing high-performance SACs. Theoretical simulation is conducive to understanding the structure-activity
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relationship of catalysts at atomic level. DFT calculation is a powerful tool to explore the atomic structure and
intrinsic active sites. In addition, the reaction free energy of each elementary step and the adsorption energies
of the intermediates can be obtained from DFT calculation, which is of great significance to the understanding
of reaction mechanism. However, some of the proposed mechanisms do not match well with experimental re-
sults. More accurate models should be developed to reflect rational catalytic processes. What's more, DFT
calculation combined with machine learning can predict efficient SACs, which shows a positive effect on the
prospect of electrocatalysis. We believe that this work can promote the development of single-atom catalysis
and deepen readers’ understanding of single atoms.
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