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SUMMARY

Active components with suitable supports are the common paradigm for
industrial catalysis, and the catalytic activity usually increases with minimizing
the active component size, generating a new frontier in catalysis, single-atom
catalysts (SACs). However, further improvement of SACs activity is limited by
the relatively low loading of single atoms (SAs, which are heteroatoms for most
SACs, i.e., external active sites) because of the highly favorable aggregation of
single heteroatoms during preparation. Research interest should be shifted to
investigate SACs with intrinsic SAs, which could circumvent the aggregation of
external SAs and consequently increase the SAs loading while maintaining
them individual to further improve the activity. In this review, SACs with external
or intrinsic SAs are discussed and, at last, the perspectives and challenges for ob-
taining high-loading SACs with intrinsic SAs are outlined.

INTRODUCTION

Heterogeneous catalysis plays a vital role in energy storage and conversion technologies, such as hydrogen
evolution reaction (HER) for hydrogen economy, oxygen reduction reaction (ORR) for metal-air batteries,
and nitrogen reduction reaction (NRR) for green NHj3 synthesis, holding great promise to accelerate a sus-
tainable future.' Developing high-performance catalysts is the prerequisite for industrializing a specific
catalytic process, and currently many industrial catalysts are metal particles supported on solid surfaces.®™®
The catalytic efficiency of heterogeneous catalysts is highly related to the surface/volume ratio of active
components, and the specific activity per atom usually increases with decreasing the particle size. Much
effort has been devoted to downsizing metal particles to achieve better catalytic performance.” '? The ul-
timate limit for downsizing metal particles is single-atom catalysts (SACs), where highly dispersed metal
single atoms (SAs) are anchored on the surface of solid supports (Figure 1A). The first practical SAC with
Pt SAs supported on iron oxide (Pt;/FeQ,) was reported in 2011, and it shows higher activity toward
CO oxidation than the cluster/particle counterpart. Another advantage of SACs is the precisely identified
and uniform active sites, which is conducive to revealing the catalytic mechanism. Such an advantage used
to be only owned by homogeneous catalysts, of which the application is limited by the poor stability and
recyclability. SACs bridge the gap between homogeneous and heterogeneous catalysis. Since then, SACs

have attracted extensive research attention because of the excellent catalytic performances.’?

Over the last decade, large amounts of SACs have been synthesized and utilized toward catalytic reactions )
: i . . . X 'Department of Materials
including HER, ORR, and NRR, and many good reviews have summarized the design concept, synthesis, Science and Engineering,
and application of SACs from both the experimental and theoretical sides. %40 For example, Zhuo University of Toronto,

et al. focused on the stability of metal SAs anchored on different sites of graphene support and the intrinsic Toronto, ON M55 34,

connection between theoretical understanding on electronic structures and catalytic properties’’; Wang S;::Zmem of Mechanical
et al. summarized the concept of SACs with two-dimensional (2D) supports for catalysis and pointed out and Industrial Engineering,
the interplay between the unique geometric and electronic structures of 2D supports and the catalytic per- University of Toronto,
formance of confined single active sites’?; Li et al. discussed the computational simulations on a couple of EZ:;T_}:’ ON M55 3G8,
important applications of SACs and provided good perspectives on future computational simulations for *Correspondence:
SACs." Increasing the SAs loading while maintaining SAs as individual sites is the grail to achieve better lixin.chen@utoronto.ca
catalytic performances (Figure 1A). However, SAs are heteroatoms for most SACs,'>? even for most LXC), ,
metal-organic frameworks (MOFs)-derived carbon-based SACs,” * where vacancies are first created on E?S?odmrffc:r('énvg.g?
support surface and then used to capture single heteroatoms (Figure 1B). In this case, SAs are regarded https://doi. org/10.1016/].isci.
as external active sites herein. Owing to the high surface energy of single heteroatoms compared to 2023.107275
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Figure 1. External and intrinsic SAs in carbon-based SACs

(A-C) Schematic illustrations of the increase in catalytic activity by downsizing the active component and the further
increase by increasing the SAs loading (A), the common approach to synthesize carbon-based SACs with the active center
of MyNy: (i) create vacancies and (ii) capture single heteroatoms (i.e., external SAs) (B), and the conjugation of MTP
molecules having natural MiNy4 centers to SACs with high-loading intrinsic SAs (C).

cluster/particle counterparts, the self-nucleation process of external SAs occurs very easily during prepa-
ration. Aiming at circumventing the self-nucleation of external SAs, the precursors of SAs should be
controlled at a low concentration, resulting in the relatively low loading of external SAs (typically <2
wt % on non-carbon supports)."*"**“>! Hence, it is worthy to shift research interest to SACs with intrinsic
SAs. Figure 1C gives an example of intrinsic SAs with the same active centers in Figure 1B (M{N4, M:
transition metal) to illustrate the difference between external and intrinsic SAs. Metalloporphyrin (MTP)
molecules have natural MN, centers (Figure 1C, left), rather than capture single heteroatoms to construct
M1Ny4 centers. After the direct conjugation of MTP molecules to 2D sheets (Figure 1C, right), SACs with
high-loading intrinsic SAs can be synthesized.

In this contribution, we discuss the recent advances in SACs with external and intrinsic SAs. First, SACs with
external SAs, including noble and non-noble metals as well as non-metal atoms, are summarized, and the
corresponding loading/density of external active sites is discussed. Then, we discuss some studies on SACs
with intrinsic SAs, which is a promising field because of the great advantages in achieving high-loading SAs

2 iScience 26, 107275, July 21, 2023

iScience
Review



iScience

and high catalytic performance but rarely summarized. In the discussion sections, the applications of SACs
in thermocatalysis, electrocatalysis, and photocatalysis are involved. Finally, the perspectives and
challenges on SACs with high-loading intrinsic SAs are outlined.

SACs WITH EXTERNAL SAs

Catalytic performances of SACs are determined by both SAs and supports. The interactions between SAs
and supports have great impact on the electronic structure of SAs, and consequently regulating the coor-
dination environment of SAs is highly efficient in tailoring the activity and selectivity. By sufficient and fine
regulations, SAs could be totally different from the elemental bulk counterpart, showing excellent activity/
selectivity. The application of SACs determines what kind of supports should be utilized. In detail,
high-conductivity supports, such as carbon-based materials, are desirable for electrocatalysis, whereas
high stability and suitable bandgap are required for thermocatalysis and photocatalysis, respectively.

NOBLE METAL SAs

State-of-the-art catalysts for HER, oxygen evolution reaction (OER), etc., mainly rely on noble metals, such
as Pt, Pd, Ru, Ir.>”7>> Since noble metals are scarce and expensive, making the best of the noble resources is
a big but challenging task for industrial catalysis. Increasing the efficiency of Pt is a significant innovation for
the first practical SACs, Pt;/FeO,."* Using the co-precipitation method, a catalyst with Pt SAs anchored
onto the defects of FeO, surfaces (sample A, the Pt loading of 0.17 wt %), as well as a similar catalyst
with the Pt loading of 2.5 wt % (sample B), was synthesized. The aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HADDF-STEM) images (Figures 2A and 2B)
suggested that only Pt SAs can be seen in sample A, whereas Pt SAs, 2D Pt rafts, and three-dimensional
Pt clusters coexist in sample B. In the extended X-ray absorption fine structure (EXAFS) spectra (Figure 2C),
sample A has a strong peak at ~ 1.7 A from the Pt-O contribution and a weak peak at ~ 2.5 A from the Pt-Pt
or Pt-Fe contribution, further suggesting that sample A contains only Pt SAs. Moreover, Pt SAs in sample A
carry positive charges, whereas Pt° clusters are dominant in sample B according to the normalized X-ray
absorption near-edge structure (XANES) spectra (Figure 2D). In situ Fourier-transform infrared (FTIR) spec-
troscopy was used to explore the dispersion and oxidation state of Pt. The band related to CO adsorbed on
Pt>* (2080 cm ™', Figure 2E) indicated the isolation of Pt SAs in sample A, whereas the bands for linearly
bonded CO on Pt®sites (1860, 1950, and 2030 cm ", Figure 2F) verified the existence of Pt dimers or clusters
in sample B. Owing to the highly dispersed Pt SAs, sample A exhibited higher catalytic performances to-
ward CO oxidation and preferential oxidation than sample B and the standard Au/Fe,Oj3 catalyst. The same
group also synthesized a series of catalysts with different Ir loadings (0.01, 0.22, 0.32, and 2.40 wt %) on FeO,,
supports.”® Similar to Pt;/FeQ,, Ir clusters and particles were formed with increasing Ir loading (Figure 3A).
The as-prepared Ir1/FeO, SAC with the Ir loading of 0.01 wt % exhibited high activity for water gas shift
reaction (CO + H,O — CO, + H,), and the theoretical contribution from Ir SAs to the total CO conversion
was claimed to be around 70% based on the weight percentage of Ir SAs (Figure 3B). These two pioneering
works demonstrate the successful synthesis of promising catalysts with minor usage of noble metals and
the importance of SAs compared with the cluster and nanoparticle counterparts. Later, Pd;/FeO,,”’-*®
Rhi/FeO,,”” Aui/FeQ,,””*” and Rui/FeO,*° were synthesized as well; Pt;/FeO, and Ir;/FeO, were also
used in NO reduction,®’ nitroarenes hyclronation,'f’2 oxygen activation,® etc.

Inspired by the high performances of Pt;/FeO, and Ir,/FeO,,'**® SACs with atomically dispersed earth-
scarce noble metals have attracted increasing research attention to create more cost-effective cata-
lysts.®*°® These SACs indeed exhibited high catalytic performances, but the loading of SAs is relatively
low, e.g., 0.17 and 0.01 wt % for Pt;/FeO, and Ir;/FeQ,,'**° respectively. To increase the loading of noble
metal SAs, Liu et al. reported a room-temperature photochemical strategy to fabricate atomically
dispersed Pd catalyst on TiO, nanosheets (Pd{/TiO,) with the Pd loading up to 1.5 wt %.°” They first syn-
thesized two-atom-thick TiO; nanosheets stabilized by ethylene glycolate (EG) and then dispersed them
into water with H,PdCl, solution under ultraviolet (UV) treatment. The TEM and HAADF-STEM images
and the results of energy-dispersive X-ray spectroscopy (EDS) mapping, XANES and EXAFS spectrometry,
FTIR spectra of CO adsorption suggested that Pd SAs are highly dispersed in the as-prepared Pd;/TiO,
catalyst even when the Pd loading increases to 1.5 wt %. The Pd;/TiO; catalyst exhibited extremely high
catalytic activity and stability toward styrene hydrogenation compared with the commercial Pd/C catalyst
and the unsupported homogeneous H,PdCly catalyst (Figures 3C and 3D). During preparation, the UV-in-
duced formation of EG radicals on TiO, promoted the CI~ removal (Figure 3E), which is beneficial to the
high performance of Pd/TiO,. The PdCl,/TiO; catalyst synthesized by the same method as for Pd/TiO,
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Figure 2. Characterizations of the first practical SAC

(A and B) HAADF-STEM images of sample A (A) and sample B (B).

(C-D) The Fourier transform spectra from EXAFS (C) and the normalized XANES spectra (D) of sample A, sample B, PtO,,
and Pt foil.

(E-F) In situ FTIR spectra of CO adsorption for sample A (E) and sample B (F).

(A-F) Reproduced with permission.'* Copyright 2011, Nature Publishing Group.

but without the UV treatment showed poorer catalytic performance than Pd/TiO,. Han et al. modified such
a photochemical method and synthesized a Pt;/TiO, catalyst with the Pt loading of 1 wt %.”° Using in situ
diffuse reflection infrared Fourier transform spectroscopy (DRIFTs) and in situ XANES spectroscopy, they
found that the strong metal-support interaction (SMSI) can also occur between Pt SAs and TiO; at the
reduction temperature of 600°C, whereas the SMSI between Pt nanoparticles and TiO, occurred at
250°C (Figures 3F and 3G). Moreover, Pt SAs were confirmed to be the true active sites toward the hydro-
genation of 3-nitrostyrene. SACs with increasing SAs loading are promising catalysts, which have not only
high activity but also high catalytic capability that conventional catalysts do not possess. With TiO; as the
support, Guo et al. used the ball milling method to synthesize the Pd/TiO; catalyst and utilized it to cata-
lyze the photo-thermo semi-hydrogenation of acetylene, where the photo-induced electrons transferred
from TiO, support to the adjacent Pd SAs facilitated the activation of acetylene’'; Tang et al. synthesized
a Rhy/TiO, catalyst and demonstrated that Rh SAs can change their structures and adapt their catalytic sites
under reaction conditions’?; Thang et al. explained that the high thermal stability of the Pt;/TiO, catalyst
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Figure 3. Noble metal SACs with external Ir, Pd, and Pt SAs

(A and B) The frequencies of the observed size scope (A) and the differences between the experimental CO conversions at
the steady state (solid) and the estimated ones based on the contributions from Ir SAs (stripe) (B) of Ir/FeO, catalysts with
the Ir loadings of 0.01 (a), 0.22 (b), 0.32 (c), and 2.40 wt % (d). (A and B) Reproduced with permission.”® Copyright 2013,
American Chemical Society.

(C and D) Catalytic performances for the first run (C) and turnover frequency (TOF) (D) of several recycles for Pd;/TiO,,
H,PdCl,, and commercial Pd/C.

(E) Energies and models of intermediates and transition states in the stepwise preparation mechanism of Pd;/TiO,.
(C-E) Reproduced with permission.®” Copyright 2016, American Association for the Advancement of Science.

(F and G) In situ DRIFT (F) and XANES spectra (G) of different Pt/TiO, samples.

(F-G) Reproduced with permission.”” Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

through oxidative and reductive treatments is because every Pt SA binds to two excess O atoms, forming
PtO, on surface.”®

NON-NOBLE METAL SAs

Although noble metals usually act well in catalyzing a specific reaction, non-noble metals also play a vital
role in catalysis, such as Fe-based catalysts for the Haber-Bosch process, a method for industrial NH3 syn-
thesis.”*””’ For metal SAs, their properties change significantly and are even no longer similar to the
elementary bulk counterparts, further indicating the great potential of SACs with non-noble metal SAs.

iScience 26, 107275, July 21, 2023 5
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Figure 4. Non-noble metal SACs with external Co SAs

(A) HAADF-STEM image of the Co-NG catalyst with the scale bar of 1 nm.

(B) Percentages of Co, N, O, and C in the Co-NG catalyst measured by XPS and ICP-OES.
(C) The k*-weighted EXAFS in k-space for Co-NG and Co-G.

(D) LSVs of NG, Co-G, Co-NG, and Pt/C in 0.5 M H,SOy, at the scan rate of 2 mV s

(

E) The molar number of produced H; as a function of time, where the red line denotes the theoretically calculated amounts of H, with 100% Faradaic

efficiency.

(F) LSV polarization curves for catalysts with the Co loading of 0.03 (Co-NG1), 0.09 (Co-NG2), 0.29 (Co-NG3), 0.57 (Co-NG4), and 1.23 (Co-NG5).

(A-F) Reproduced with permission.®’ Copyright 2015, Nature Publishing Group.

Using the machine learning (ML) techniques, Wu et al. predicted the catalytic performances of carbon-
based SACs toward OER and ORR and found that SACs with non-noble metal SAs were superior,”®’? which
also occurs for double-atom catalysts (DACs).?° To circumvent the limitation of high cost of Pt catalysts to-
ward HER, Fei et al. synthesized a Co SAC (Co-NG) with Co SAs on N-doped graphene oxide (GO), which
exhibited extraordinarily high catalytic performance toward HER in both acidic and basic media.”’ GO and
cobalt salts were sonicated with the weight ratio of GO:Co = 135:1, and then the well-mixed precursor so-
lution was freeze-dried and heated, which indicates an inexpensive, concise, and scalable method to syn-
thesize non-noble metal SACs. The HAADF-STEM image (Figure 4A) clearly showed Co SAs in the carbon
matrix, and the contents of Co, N, O, and C in Co-NG were determined to be 0.57, 8.5, 2.9, and 88.2 at%,
respectively, by the inductively coupled plasma optical emission spectrometry (ICP-OES, Figure 4B). The
EXAFS analysis was performed at the Co K-edge using the Fourier transform (FT) (Figure 4C) to further
confirm the individual Co SAs in Co-NG. The linear sweep voltammograms (LSVs) results in acidic 0.5 M
H,SO4 media (Figure 4D) suggested that Co-NG is superior HER catalyst though slightly poor as compared
to the commercial Pt/C catalyst, and the Faradaic efficiency of the Co-NG catalyst was determined to be
~100% (Figure 4E). The Co-NG catalyst also exhibited high HER activity when tested in alkaline 1 M
NaOH media. Moreover, Co-NG catalysts with different Co loadings (from 0.03 to 1.23 at%) were synthe-
sized, and the HER activity did not always increase with the increasing Co loading (Figure 4F). This can be
ascribed to that not all Co atoms can be incorporated into the N-doped graphene matrix and consequently
Co-containing clusters or particles occur. This Co-NG catalyst is the first inorganic solid-state SAC exhibit-
ing excellent catalytic performance toward HER, proving that non-noble metal SACs hold great promise to
replace noble metal-based catalysts.

MOFs are a class of porous crystalline materials consisting of metal-containing nodes and organic linkers.
Owing to the natural single-atom metal sites separated by linkers, MOFs have been widely studied as
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Figure 5. MOF-derived SACs with external Fe SAs

(A) Fe K-edge XANES spectra of Fe*"-N-C, Fe,O3, Fe**TPPCI, FeO, and Fe foil.

(B) R-space Fe K-edge EXAFS spectra.

(C and D) Fe K-edge XANES spectra (left) and the first derivative of the spectra (right) of Fe**-N-C (C) and Fe?*-N-C (D) as
dry powder (black) and loaded on glassy carbon electrodes at open circuit potential (OCP) (blue), —0.1 to —0.6 V versus
RHE, with the spectra of Fe,O3, Fe>*TPPCI, FeO, and Fe foil as references.

(A-D) Reproduced with permission.®® Copyright 2019, American Association for the Advancement of Science.

templates/precursors for noble metal and non-noble metal SACs.* % In MOFs and derivates, SAs can be
introduced into the metal nodes, organic linkers, or pores, and SACs (mainly M1N,-C catalysts) can be syn-
thesized after the high-temperature pyrolysis. However, for most MOFs and derivates with SAs stabilized
by linkers or pores, vacancies in (N-doped) carbon matrix generated by the evaporation of low-boiling
point metal sites are still required to capture SAs. In this case, SAs are still external. Hence, only SAs intro-
duced into the metal nodes of MOFs and derivates, i.e., mixed metal nodes, can be regarded as intrinsic, of
which the coordination environment (at least the first-shell coordination) is unchanged before and after py-
rolysis. Gu et al. synthesized Fe®*-N-C catalyst with the Fe loading of 2.8 wt % by the pyrolysis of Fe-doped
ZIF-8, where SAs were stabilized in pores, and investigated its properties and performance by operando
techniques.®® The Fe K-edge XANES spectrum (Figure 5A) suggested that Fe ions in the as-prepared
Fe**-N-C catalyst are in the +3 oxidation state, and the Fe K-edge EXAFS spectrum (Figure 5B) indicated
that Fe®" sites adopt a Fe;X4 (X = N or C) structure. The operando X-ray absorption spectroscopy measure-
ments were performed to explore the change of the Fe®*-N-C catalyst during the CO, reduction reaction
(CO,RR). The Fe** sites were reduced to Fe?” sites with the decreasing applied potential (Figure 5C), along
with the first-shell coordination number of Fe ions decreased from 4 to 3. The Fe?*-N-C catalyst was also
prepared, where Fe?* sites coordinated with four pyridinic N atoms (pyrrolic N atoms for Fe3* sites in Fe3*-
N-C), and there also existed important number of Fe3* sites in Fe?*-N-C. The in situ XANES analysis sug-
gested that Fe3* sitesin the Fe?*-N-C catalyst are reduced to Fe?" at —0.1to —0.2 V versus RHE (Figure 5D).
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Figure 6. Strategies to synthesize SACs with external metal SAs

(A) Schematic diagram of the synthesis and dispersion process of SACs by the high-temperature shockwave.
(B) In situ STEM images of the representative Pt SACs from room temperature up to 1273 K.

(A and B) Reproduced with permission.*” Copyright 2019, Nature Publishing Group.

(C) Schematic diagram of SACs formation by the mechanochemical abrasion.

(D) The radial distribution functions of the as-prepared Fe-N-C, Co-N-C, Ni-N-C, and Cu-N-C catalysts.

(C and D) Reproduced with permission.'® Copyright 2022, Nature Publishing Group.

The activity and stability of Fe?*-N-C catalyst were both poorer than the Fe**-N-C catalyst. This work
proves the significant impact of the coordination environment of SAs in catalytic performances.

Co and other non-noble metal (Fe, Ni, Cu) SACs can be also synthesized by the high-temperature shock-
wave method and the mechanochemical abrasion method.'®*” In the high-temperature shockwave
method, defects in supports can capture SAs generated by the on-state shockwave heating, and the off-
state ensures the stability of whole system (Figure 6A). In situ STEM images (Figure 6B) confirmed that
SAs have a superior structural stability and remain single from room temperature up to 1273 K. Using
this method, noble metal SACs, e.g., Pt SACs with the Pt loading of ~0.24 wt %, can be synthesized as
well, and the support can be carbon materials and TiO,. As regards the mechanochemical abrasion
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method, SAs abraded from the corresponding elementary bulk metals were also stabilized by defects in
supports (Figure 6C). Taking the as-prepared carbon-based SACs as the example, the EXAFS results
suggested that Cu, Co, Ni, and Fe exist in the single-atom state (Figure 6D). The Fe loading in the
Fe-N-C SAC reached ~1.10 £ 0.3 wt %, and the SAs loading can be tuned by changing the abrasion
rate. Similar to the universality of the high-temperature shockwave method, this method was also useful
to synthesize SACs with the support of C3N4, MgO, SiO,, CeO,, etc. These newly developed SACs prep-
aration methods suggest the important role of support defects in capturing single heteroatoms.

NON-METAL SAs

Industrial catalysis heavily relies on metal-based catalysts, such as Fe-based catalysts for industrial NH3 syn-
thesis.”*””/ Moreover, natural N, fixation is achieved by nitrogenases, where the active sites are also transi-
tion metals, mainly Mo and (VA Compared to metal compounds, metal-free materials are recently
emerging as highly promising catalytic candidates because of their abundant natural resources, stability
in acidic and/or alkaline environment, and environmental friendliness.®”° Taking N, fixation as the
example, the underlying reason why metal compounds are efficient in binding and activating N, molecule
is the advantageous combination of unoccupied and occupied d orbitals, which can synergically accept
electronsfrom andback-donate to Nymolecules, i.e., the “accept and back-donate” mechanism (Figure 7A).
Recently, Légaré et al. found that some boron-contained compounds are also active for N fixation, where
boron sites can be active centers because of the combination of filled and empty p orbitals (Figure 7A).”" Yu
et al. extended this concept to heterogeneous catalysis and synthesized boron-doped graphene (BG) with
boron SAs on graphene (G) by the thermal reduction of H3BO3 with GO in a mixed Ho/Ar gas.” The highest
occupied molecular orbital (HOMO) and the unoccupied molecular orbital (LUMO) of G were non-localized
and symmetric, but both HOMO and LUMO of BG were redistributed (Figure 7B). The redistribution of elec-
tron densities resulted in positively charged boron SAs in BG samples, which is in favor of N adsorption.
There were four structures of boron SAs, including BC4, BC3, BC,0, and BCO, (Figure 7C), and their propor-
tions were different in BG samples (Figure 7D). Only physical N, adsorption was observed for G, and chem-
ical N, adsorption was present for BG samples (Figure 7E). Moreover, the chemical N, adsorption on BG
samples increased as the boron loading increases, suggesting that chemical N, adsorption sites are boron
SAs. The BG-1 sample with the highest boron loading of 6.2 at% exhibited higher performance toward NRR
than other BG samples and other reported NRR catalysts in aqueous solutions at ambient conditions.”*?/
This work provides strong evidence of the broad applications of SACs with the active sites of non-metal SAs.

Inspired by the high performance toward NRR of the experimentally synthesized boron SACs,”” the theo-
retical design of boron SACs toward NRR became active. The boron sites in homogeneous catalysts with
sp? hybridization have been proved to be efficient in N, fixation (Figure 7A).”" Ling et al. analyzed that bo-
ron sites with sp® hybridization could also act as active centers for N, fixation because of the concurrence of
occupied and empty p orbitals and N, molecules could be adsorbed with the side-on configuration on bo-
ron sites.”® They designed a metal-free SAC, boron-doped graphitic-carbon nitride (B/g-C3N,), toward
photocatalytic NRR, where g-C3N4 was chosen because of its broad applications in photocatalysis with
the suitable bandgap.””"'%" The as-designed B/g-C3Ny catalyst had not only high activity (the onset poten-
tial of —0.20 V) but also high photoconversion efficiency. In detail, the bandgap of g-C3N4 decreased from
2.98 eV to 1.12 eV because of the introduction of boron SAs, leading to the improved absorbance of the
visible (VIS) light and infrared (IR) light (Figure 7F). Besides B/g-C3Ny, the introduction of boron SAs is
also efficient to boost the photocatalytic performance of g-CN (B/g-CN), which could activate N, and
reduce it to NH3 with a low overpotential of 0.15 V'’ g-C,N is another import carbon nitride material,
and the boron-doped g-C;N (B/g-C;N) is also a promising NRR SAC with the theoretical limiting potential
of —0.15V.#” High catalytic performance has been universally predicted for SACs with boron SAs supported
on 2D carbon nitride materials. In addition, extensive density functional theory (DFT) calculations were car-
ried out to investigate the design principles of boron SACs and reveal how the NRR activity and selectivity
are affected by the local bonding structure of boron SAs and the boron-substrate charge transfer.'® By
incorporating boron SAs into eight 2D materials, twenty-one models were constructed. Figure 7G shows
their free energy changes of the rate-determining step (RDS) of NRR (AGrps.nrr) @and HER (AGgrps.Her),
and smaller AGgps.nrr OCcUrs when 6 gets smaller, whereas AGrps.per is relatively positive. This is because
the electron transfer from boron SAs to adsorbed N is important for N, activation, where more electrons in
boron SAs could increase the possibility for such an electron injection, and negatively charged boron SAs
could bind the H" adatom strongly, leading to high selectivity. The relationship between the catalytic per-
formance toward NRR and the locally chemical environment of boron SAs has been clarified in boron SACs.
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Figure 7. Non-metal SACs with external boron SAs
(A) Schematic illustration of the bonding in well-known end-on-bound transition metal N, complexes and prospective application to monovalent boron

species. (A) Reproduced with permission.”’ Copyright 2018, American Association for the Advancement of Science.

(B) LUMO (blue) and HOMO (red) of BG and undoped G.

(C) Schematic illustrations of the B4C, BC3, BC,0O, and BCO, structures.

(D) Percentages of different boron-doped types in BG samples.

(E) N, temperature-programmed desorption curves of BG samples and G. (B-E) Reproduced with permission.”” Copyright 2018, Cell press.

(F) Optical adsorption spectra of g-C3N, (black) and B/g-C3N, (red). (F) Reproduced with permission.” Copyright 2018, American Chemical Society.
(G) Computational screening of fourteen catalyst combinations in terms of AGrps.nrr @and AGrps.Her VS. 6.

(G) Reproduced with permission.’”* Copyright 2019, American Chemical Society.

Beside electrocatalytic and photocatalytic NRR, SACs with non-metal SAs were also promising in other re-
actions. For example, Jiao et al. established the HER activity of graphene-based materials with boron, N, O,
P, or S SAs and explored their reactivity origin by combining spectroscopic characterization, electrochem-

ical measurements, and DFT calculations.®®
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SACs WITH INTRINSIC SAs

Beside transition metal atoms, some main-group elements, such as boron and Al, have also been proved to
be efficient active sites in SACs. After another decade, at least half of the non-radioactive elements in the
periodic table might be fabricated in SACs. However, as aforementioned, the favorable aggregation of
external SAs and the limited concentrations of surface vacancy defects make the loading of external SAs
relatively low, restricting the further improvement in the catalytic performances of SACs. If the single-
atom structure is naturally possessed, high-loading SAs will be expectable.

NOBLE METAL SAs

MiN, centers (x = 3 or 4) have been widely confirmed as promising active sites for numbers of thermoca-
talytic, electrocatalytic, and photocatalytic reactions.”*'%*~""® As a class of molecules having natural M;N,
centers, MTPs are attractive as SACs or SACs precursors. He et al. developed a universal precursor-dilution
strategy to synthesize a series of SACs and even bimetallic SACs."'* Metals tetraphenylporphyrins
(M-TPPs), analogous materials of MTP with natural MyN4 centers, were co-polymerized with free TPPs,
where free TPPs can extend the mean distance between metal atoms dispersed on the as-prepared
polymer matrix and thus prevent the aggregation of metal atoms during the subsequent high-temperature
pyrolysis. Figure 8A shows the synthesis of the Pt;N;-C catalyst using the precursor-dilution strategy with
Pt-TPP:TPP = 1:40. Because the first-shell coordination of Pt SAs was unchanged before and after pyrolysis
(Figure 8B), the active sites in the Pt;N,4-C catalyst can be regarded as intrinsic SAs. Several characterization
techniques confirmed that Pt is atomically dispersed in carbon matrix with the loading of 0.43 wt %. Accord-
ing to the molar ratio of Pt-TPP:TPP (1:40), the Pt loading should be 0.73 wt %, which suggested the metal
loss during preparation. However, without the dilution of free TPPs, Pt atoms aggregated to nanoparticles
(Figure 8C). By adjusting the molar ratio of Pt-TPP:TPP, different Pt SAs loadings (0.06, 0.21, 0.43, and 0.73
wt %) can be achieved in PtyN4-C samples. More importantly, with suitable ratios of M-TPP:TPP, Ru{N4-C,
Rh1N4-C, PdiNy4-C, In1Ng4-C, Au1N4-C, and AgiNy4-C can be synthesized; CdiNy4-C, BiyN4-C, and Er{N4-C
that have never been reported can be synthesized; this strategy was effective to synthesis bimetallic
SACs with two different precursors, such as Pt-TPP and Sn-TPP to synthesize the Pt;-Sny/N-C catalyst.

As regards MTPs, since the planar tetramer and one-dimensional linear oligomer assembled by individual
MTPs molecules were already synthesized,''> "' 2D MTP sheets are highly expectable (Figure 8D). After
forming 2D MTP sheets, the SAs loading can be significantly improved, such as 25.44 wt % for Ru in 2D
RuTP sheet. Using DFT calculations, Yao et al. investigated the catalytic performances of thirty 2D MTP
sheets toward NRR.'" Starting with exploring N, adsorption (Figure 8E), they found that the end-on
adsorption is stronger than the side-on one when metal atoms are in d' ~ d® series but little difference
for d’ ~ d'° series. This is because N is always physically adsorbed on these 2D MTP sheets caused by
the absence of empty d orbitals for &’ ~ d'° metal atoms. N, adsorption on 2D MTP sheets with the metal
atoms in d” ~ d® series was relatively strong (E,q.n2 < —0.4 eV) because of the coexistence of empty and
occupied d orbitals. For 2D MTP sheets with d' metal atoms, the coordinated N atoms might take away
delectrons of metal atoms, and few electrons thus can be back-donated to adsorbed N,. After computing
the free energy profiles of NRR, metal atoms in the three most active 2D MTP sheets were all in 5d series,
which was attributed to the fact that MN, centers with 5d metal atoms can transfer electron easier. Besides
NRR, 2D MTP sheets have also been explored as SACs toward CO,RR (Figure 8F),"%” ORR (Figure 8G),""®
etc.''”1?9 Utilizing intrinsic SAs achieves not only higher SAs loading but also better activity per specific
active site.

NON-NOBLE METAL SAs
MOF-based

Currently, pyrolyzing MOFs are widely used to synthesize carbon-based SACs, and this method is first
reported by Yin et al.** They prepared a Zn/Co bimetallic MOF with homogeneous distributions of Co®*
and Zn?*, forming mixed metal nodes, where Zn?" sites replace Co?" sites and serve as “fences” to expand
the adjacent distance between Co?" sites. During the subsequent high-temperature pyrolysis, Zn?* sites
were evaporated away because of low boiling point (907°C) and Co?" sites were it situ reduced (Figure 9A),
forming Co SAC, Co SAs/N-C(800), with Co SAs dispersed on N-doped porous carbon and the Co loading
of 1.5wt %. By increasing the pyrolysis temperature, a higher Co loading (4.3 wt %) was achieved in Co SAs/
N-C(900). Co clusters or nanoparticles cannot be observed after careful examination of most areas of the
SACs samples. Note that without the introduction of Zn?* sites, Co®* sites preferred to aggregate during
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Figure 8. Porphyrin-based SACs with intrinsic SAs

(A) Schematic illustration of the preparation of Pt;N4-C catalyst.

(B) The k3—weighted R-space FT spectra of EXAFS for Pt;N4-C, Pt-TPP, PtO,, and Pt foil.

(C) STEM image of Pt nanoparticles on the polymer matrix with Pt-TPP:TPP = 1:0.

(A-C) Reproduced with permission.''* Copyright 2019, Nature Publishing Group.

(D) Top views of the optimized MTP molecules and 2D MTP sheets in a 2 X 2 computational supercell.

(E) Adsorption energies of side-on and end-on adsorbed N (E,q.n2) on thirty 2D MTP sheets, where the green area denotes that E,q.n2 < —0.40 eV.

(D and E) Reproduced with permission.""” Copyright 2020, Elsevier Inc.

(F) Investigated pathways for CO,RR on 2D MTP sheets. (F) Reproduced with permission.'”” Copyright 2019, The Royal Society of Chemistry.

(G) Theoretical limiting potential (Ujim) as a function of AGoop+ with an activity volcano plot on 2D MTP sheet, where the black line denotes Pt (111). (G)
Reproduced with permission.’'® Copyright 2017, Elsevier Inc.

pyrolysis, forming Co nanoparticle supported on N-doped carbon. The spatial distribution of Co SAs in the
as-prepared Co SAs/N-C catalysts was investigated by analyzing a series of HAADF-STEM images with
different focal depths. At specific focal depths, three selected atoms (aq, by, and ¢4, Figure 9B) should
have different intensities, and the intensity versus defocus function plot indeed indicated that the inten-
sities of three atoms are different (Figure 9C) and ¢4 atom located between a; and by along the x-axis
has the lowest intensity at a focal position along the z axis. Hence, Co SAs were highly dispersed in
N-doped carbon, rather than only on the surface. The as-prepared Co SAs/N-C catalysts were more active
than the commercial Pt/C catalyst toward ORR in O,-saturated 0.1 M KOH media, and no obvious decay in
activity can be observed even after 5000 continuous cycles. Owing to the high structural adjustability of
MOFs, a general strategy to synthesize high-loading and high-performance SACs is provided.
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Figure 9. Strategies to synthesize SACs with intrinsic SAs

(A) Schematic illustration of the preparation of Co SAs/N-C catalyst.

(B) Sum of nine aligned HAADF-STEM images of Co SAs/N-C(800).

(C) Excess intensity of aq, by, and ¢; atoms shown in (B).

(A-C) Reproduced with permission.”” Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Schematic illustration of AlM-installed metal atoms undergoing metal exchange. (D) Reproduced with permission.'”! Copyright 2016, American
Chemical Society.

(E) Synthesis principles of Fe-doped ZIF-derived catalysts. (E) Reproduced with permission.'*” Copyright 2017, American Chemical Society.
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Metal exchange is another efficient approach to fabricate MOFs with mixed metal nodes. Klet et al. suc-
cessfully installed Cu, Co, and Ni SAs into Zn-MOF by combining the atomic layer deposition in MOFs
and metal exchange technique (Figure 9D)."?" After successful metal exchange, the color of Zn-AlM
changed from yellow to pale green. The as-prepared precursors held great potential to synthesize SACs
with intrinsic Cu, Co, and Ni SAs. Moreover, Zhang et al. simultaneously added Fe and Zn ions with
2-methylimidazole to prepared Fe-doped ZIF-8 containing Zn;-N4 and Fe;-N4 complexes, and Fe Ny
centers were formed by one-step thermal activation with the Fe loading of ~0.5 at% (Figure 9E).'”” The
as-prepared Fe SAC achieved respectable ORR activity in challenging acidic media (0.5 M H,SO,).

Intrinsic defect-based

Though MTPs/M-TPPs or MOFs are high useful to synthesize SACs with intrinsic SAs, only carbon-based
SACs can be prepared. Aiming at broad applications, metal compound-based SACs with intrinsic SAs
should be explored. In this regard, intrinsic structural defects with the single-atom structure are attractive,
because the concentration of intrinsic defects could be higher than that of single heteroatoms. Regarding
high-loading intrinsic defects, 2D materials are promising candidates, because the ultrahigh surface/vol-
ume ratio can ensure the exposure of all intrinsic defects to reactants. Beyond graphene, transition metal
dichalcogenides (MX;, X: chalcogen) are another representative family of 2D materials and have been
widely used in electronics, electrocatalysis, energy storage and conversion, etc.'”*'?’ Because the prac-
tical physiochemical properties of MX, are far behind the theoretical predictions,’**'*!" Hong et al.
comprehensively investigated the point defects in monolayer MoS, samples synthesized by mechanical
exfoliation (ME), physical vapor deposition (PVD), and chemical vapor deposition (CVD).'* Figures 10A-
10C summarize the analysis of defects and their concentrations for ten optimally fabricated samples by
each method. For PVD samples, antisite defects with one Mo atom replacing one or two S atoms (Mog
or Mos,) were dominant defects (Figures 10A and 10C), and vacancies with one or two missing S atoms
(Vs or Vsp) were frequently observed in ME and CVD samples (Figures 10B and 10C). The concentrations
of Mos and Mosg, in PVD samples reached 7.0 x 10'? and 2.8 x 10"3 cm™2, respectively, and the concen-
tration of Vs in ME and CVD samples was 1.2 x 10"® ecm™2. More importantly, antisite Ms and Ms;, of
MX; have the single-atom structure with individual under-coordinated metal atoms (Figure 10D) and can
be spontaneously formed during PVD, rather than by creating vacancies to capture single heteroatoms
(Figure 10E). Hence, they hold great promise to be advanced SACs. Yao et al. theoretically explored the
activities of Ws and Ws, toward NRR."** The density of these defects in Figure 10D was about 6 x 10"
cm™2, which is a practically viable value because an average density of 3 x 10" cm™2 for antisite Mo,
has already been reported for MoS,."*? With such a practically viable density, the loadings of W SAs in
Ws and Ws; are ~4.5 wt %, significantly larger than those of reported SACs with non-carbon supports (usu-
ally <2 wt %). Strong Nj adsorption on Ws can be proved by the partial density of states (PDOS) (Figure 10F),
and such a strong interaction activated the adsorbed N, by elongating the N-N bond length from 1.108 A
for free N, molecule to 1.190 A. Consequently, Ws can catalyze NRR at a limiting potential of —0.24 V
through the enzymatic mechanism, superior than other MX,-based NRR catalysts, including MX,-based
SACs with external SAs.'%% 3413 The high activity of Ws was ascribed to the movement of the active W
atom (Wo) during the reaction, where the movement can be confirmed the PDOS of N,* on W (Figure 10G).
Besides high activity, Ws and Ws; also exhibited high selectivity, where both H* adsorption (key step for
HER) and N,H,4 formation (side product) are inhibited.

Besides the antisite defects Mg and Mgy, the Frenkel defects with interstitial metal atoms of MX, can be also
regarded as intrinsic SAs.' % Xu et al. first synthesized pristine MoS, monolayer by CVD and then annealed
the as-prepared MoS, materials in Ar atmosphere at 400°C to fabricate Frenkel-defected MoS; (FD-MoS,,
Figure 11A), where FD-MoS,-3 and FD-MoS,-5 denote the annealing time of 3 and 5 min, respectively. With
increasing annealing time from 3 to 5 min, the average concentration of Frenkel defects increased from
0.50% to 0.85%. The HAADF-STEM image and the atomic model of FD-MoS,-3 with highlighted Frenkel
defected sites are shown in Figures 11B and 11C. It can be seen that Mo atom leaves their own lattice sites
and becomes an interstitial anchored by nearby locations, which is consistent with the definition of Frenkel
defects. The Frenkel defect also has the single-atom structure with the SAs of the interstitial Mo atoms. FD-
MoS,-3 and FD-MoS,-5 exhibited superior HER performances compared to pristine MoS, and Pt-MoS; (a
SAC with external Pt SAs on MoS,) (Figures 11B and 11C), highlighting the Frenkel-defect engineering
strategy on 2D materials. Figure 11F is the free energy profile of HER on pristine MoS,, Pt-MoS,, and
FD-MoS;, and the Frenkel defect had the optimal free energy of H* adsorption (close to 0 eV). This exper-
imental work strongly supports the feasibility of metal compound-based SACs with intrinsic SAs.
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Figure 10. Antisite defect-based SACs with intrinsic Mo SAs

(A and B) STEM images for antisite defects in a PVD sample (A) and vacancy defects in an ME sample (B). The case of CVD
samples is similar to (B).

(C) Counts of various point defects in PVD, CVD, and ME samples.

(A-C) Reproduced with permission.'*” Copyright 2015, Nature Publishing Group.

(D) Optimized structures of antisite Ws and Wa,.

(D) Reproduced with permission.'** Copyright 2019, The Royal Society of Chemistry.

(E) Scheme of the vacancy-and-capture formation of MX;-based SACs with external SAs and the spontaneous formation
of the single-atom structure of antisite Mg in MX5.

(F and G) PDOS of side-on-adsorbed Ny* (F) and end-on-adsorbed Ny* (G) on Ws. (F-G) Reproduced with permission.'**
Copyright 2019, The Royal Society of Chemistry.

PERSPECTIVES AND CHALLENGES

SACs have evolved to be a research frontier in thermocatalysis, electrocatalysis, and photocatalysis.
The unique atomic structure enables every active site works efficiently, making SACs highly promising.
Moreover, the active sites of SACs are well-defined, a tremendous advance in the field of heterogeneous
catalysts, and the structure-activity relationship thus can be comprehensively understood and subse-
quently exploited in the rational design of high-performance SACs. Though numerous progress have
been made in recent years, the breakthrough or the commercialization of SACs is still limited by the
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Figure 11. Frenkel defect-based SACs with intrinsic Mo SAs

(A) Schematic synthetic procedure for FD-MoS;.

(B and C) Atomic-resolution HAADF-STEM image (B) and atomic structure (C) of FD-MoS,.

(D and E) Polarization curves (D) and Tafel plots (E) of pristine MoS,, Pt-MoS,, FD-MoS,-3, and FD-MoS,-5 in 0.5 M H,SO4.
(F) Free energy profile of HER on pristine MoS,, Pt-MoS,, and FD-MoS,, including the top views of H*.

(A-F) Reproduced with permission.'** Copyright 2022, Nature Publishing Group.

relatively low SAs loading because of the favorable aggregation of external SAs. To circumvent this inarti-
ficial limitation to obtain high-loading SACs, fabricating SACs with intrinsic SAs is of great worth and ne-
cessity. However, further development of SACs with high-loading intrinsic SAs for advancing the practical
implementation is still challenging.

Currently the number of experimental studies regarding SACs with intrinsic SAs is negligible compared
to that of SACs with external SAs, and future theoretical studies regarding intrinsic SAs thus should
focus on (1) higher experimental feasibility: High-loading intrinsic SAs are indeed naturally owned by
some systems, such as 2D MTP sheets,'?”""""~'?° but the corresponding experimental synthesis is of great
difficulty. Predicted performances based on SACs systems with higher experimental feasibility, such as 2D
M-HAB sheet with the single-metal nodes and the ligand of hexaaminobenzene,"*” will be more attractive
for experimentalists, providing them practically meaningful evidence and guidance; (2) higher catalytic
performance: The predicted performances of the aforementioned SACs with intrinsic SAs are not excellent
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enough. 71177120133 High-throughput techniques and ML should be utilized to make highly efficient
screening for thousands of candidates and thereby achieve higher performance; (3) higher stability: A com-
mon concern for SACs is the stability under harsh reaction conditions, where SAs, the ligand of SAs, and
even the substrate might greatly vary, leading to activity decay. Though the thermodynamic and kinetic sta-
bilities of the aforementioned SACs with intrinsic SAs have been theoretically confirmed,'?”"/=129133 their
stabilities under harsh reaction conditions are still doubtful. More complex theoretical simulations, such as
the diverse implicit/explicit solvation models, the computational Pourbaix diagrams, and even molecule
dynamics, should be conducted to provide stronger evidence for SACs durability.

On the other hand, future experimental studies regarding intrinsic SAs should focus on: (1) higher SAs
loading/density: The loading/density of intrinsic SAs can indeed exceed that of external SAs, but is still
low compared to the whole surface. More advances in experiments are required. For example, increasing
the density of antisite defects by optimizing the chemical potential of the corresponding transition metal;
increasing the fraction of exchanged metal nodes in MOFs by optimizing the experimental conditions; (2)
advanced characterization and detection techniques: In situ and operando spectroscopies should be well
used to explore (i) the real active sites, (i) the reaction intermediates, (iii) the variation in the coordination
environment/valence state of intrinsic SAs, and (iv) the activity decay behavior of SACs, which could in turn
provide guidance for theoretical research.
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