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ABSTRACT: Single metal atoms embedded within select supporting matrices have
shown great potential in the development of high-efficiency, low-cost electro-
catalysts because of maximal atom utilization and mass activity. As the single metal
atoms are stabilized by coordination bonds with the substrate, the strong metal−
support interactions can be exploited for ready manipulation of the electrocatalytic
activity and selectivity toward target reactions. However, most single-atom catalysts
(SACs) are prepared by pyrolysis and contain a wide range of coordination
structures. Resolving the atomic configurations of the metal coordination moieties
represents a critical first step in the establishment of an unambiguous correlation
between the SAC structure and activity. In this Review, we summarize recent
progress in the studies of single-atom electrocatalysts, with a focus on the impacts of
the coordination structure of the single-atom sites on the electrocatalytic activities
toward a series of reactions that are important for various electrochemical energy
technologies, such as hydrogen evolution reaction, oxygen evolution reaction, oxygen reduction reaction, nitrogen reduction
reaction, CO2 reduction reaction, and so on. The survey entails a wide range of SACs, from noble metals (e.g., Pt, Pd, Ru, Ir, Au,
etc.) to non-noble metals (e.g., Fe, Co, Ni, Cu, etc.), supported on a variety of substrate materials (e.g., pristine and doped carbon,
metal, metal oxide, metal sulfide, etc.). Finally, the Review concludes with a perspective highlighting the promises and challenges in
the further development of SACs within the context of coordination chemistry.
KEYWORDS: single-atom catalyst, coordination moiety, atomic configuration, electrocatalytic activity, noble metal, non-noble metal

1. INTRODUCTION

Development of new, sustainable energy technologies
represents an important mission of modern chemistry, as
manifested by the extensive interest in fuel cells, metal−air
batteries, water electrolyzers, artificial carbon and nitrogen
fixation, and so on.1,2 The operation of these technologies all
require appropriate advanced electrocatalysts,3−5 and tran-
sition metals have been used extensively as the leading catalysts
toward the wide range of important electrochemical reactions
involved, such as hydrogen evolution reaction (HER), oxygen
reduction reaction (ORR), oxygen evolution reaction (OER),
formic acid oxidation reaction (FAOR), methanol oxidation
reaction (MOR), nitrogen reduction reaction (NRR), carbon
dioxide reduction reaction (CO2RR), and so on.6−11 The most
commonly used electrocatalysts are based on noble metal
nanoparticles, such as Pt, Pd, Ru, Au, Rh, and Ir. However,
despite their apparent activity, their high costs and low natural
abundance significantly hamper the commercialization proc-
ess.12 One intuitive strategy to mitigate such issues is to reduce
the size of the nanoparticles and hence the costs of the
catalysts, as the bulk atoms are not directly involved in the
reactions, and single-atom catalysts (SACs) represent the
ultimate solution.13,14 Indeed, SACs have been attracting a
great deal of attention because of their maximal atom

utilization and, more importantly, unprecedented activity and
selectivity toward various reactions.15,16

SACs are generally stabilized within a support matrix
involving an unsaturated coordination configuration,17,18

which allows the binding of reaction intermediates and
facilitates the catalytic reactions. Yet the plentiful variations
of the coordination structures inevitably influence the binding
energy of reaction intermediates, leading to a dramatic
difference of the electrocatalytic activity.19−23 In addition, the
strong metal−support interaction (SMSI) is maximal in
SACs,24,25 where the activity of the metal sites may be
enhanced by the supporting substrate, and concurrently,
additional contributions may arise from the neighboring
atoms of the substrate.26 Both of these vary with the exact
coordination configurations surrounding the metal sites.
Some of these results have been highlighted in several recent

review articles.14,27−33 Herein, we will summarize recent
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progress of SAC electrocatalysis with a specific focus on the
impact of the atomic coordinating structure on the electro-
catalytic activity and selectivity. We will survey a range of SACs
(including both noble metals and non-noble metals) that are
anchored on different substrates, such as metals, metal
(hydro)oxides, metal sulfides, metal phosphides, (pristine or
doped) carbon, MXene, among others, involving different
coordination configurations (e.g., M−Mx, M−Cx, M−Ox, M−
Sx, M−Px, M−Nx, M−CxNy, etc.). Careful correlation between
the activity and the atomic coordination yields fundamental

insights that are critical in the rational design and engineering
of high-performance catalysts toward a wide range of reactions.
Within this context, a perspective is also included to highlight
the challenges and strategies in future research.

2. NOBLE METALS
The immediate benefits of noble metal SACs are the minimal
cost and maximal mass activity due to maximum atom
utilization. In addition, the electrocatalytic activity may be
significantly enhanced, as compared with the nanoparticle or

Figure 1. (a) HAADF-STEM image of Pt1/OLC with Pt single atoms identified by the red circles. (b) Optimized atomic model of PtO2C295. (c)
Comparison of mass activity of Pt1/OLC with other samples at the overpotential of −38 mV. (d) Calculated free-energy diagram of HER. Inset
shows the model of H adsorption on the Pt SA site. (e) SEM image of Pt1/NPC. Inset is a high-resolution image. (f) XAS spectra of Pt1/NPC. (g)
HAADF-STEM image of Pt1/NPC, with a proposed structure of the active site. (h) HER polarization curves of Pt1/NPC. Inset is the zoom in at
potential close to zero. Panels a−d are adapted with permission from ref 44. Copyright 2019 Springer Nature. Panels e−h are adapted with
permission from ref 38. Copyright 2018 American Chemical Society.
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bulk forms. For instance, Pt SACs have been found to exhibit
remarkable activity toward HER, H2O2 production, and
FAOR; Ru SACs are active for HER, OER, and NRR; Ir
SACs can catalyze OER; Au SACs can serve as NRR catalysts
and assist in HER and OER; and Rh SACs are effective
catalysts for FAOR. Notably, the electrocatalytic activity
depends sensitively on the coordination configuration, which
may explain some of the conflicting results reported in the
literature.
2.1. Pt SACs. Pt SACs have been found to exhibit apparent

electrocatalytic activity toward a range of important reactions
(except for OER34). Below is a survey of the latest progress.
2.1.1. HER. The most prominent application of Pt SACs is

for HER.35,36 The typical support materials include N- or S-
doped carbon, graphitic carbon, graphdiyne, transitional metal
oxide, chalcogenide, phosphide, MXene, and metal nano-
particle. Accordingly, Pt SAs are coordinated with different
atoms within the supporting matrix. Interestingly, it is
consistently observed that the coordination of Pt with atoms
of high electronegativity leads to a high valence state and
enhanced HER performance.37−39

Pyrolyzed carbon has been one of the most commonly used
substrates to anchor Pt SAs for HER40−42 because of ready
manipulation of the electron density by strong interfacial
interaction, high electrical conductivity, and ease of synthesis
and doping.12 In one of the first studies of Pt SACs toward
HER, Cheng et al.43 prepared Pt SACs by atomic layer
deposition (ALD) and observed a better performance than that
of Pt clusters, even though the detailed coordination structure
was not fully revealed then. The overpotential (η10,HER) needed
to reach the current density of 10 mA/cm2 in 0.5 M H2SO4
was close to −50 mV for the Pt SACs, comparable to that of Pt
clusters and Pt/C, but the mass activity was 7.8 times that of Pt
clusters and 37.4 time that of Pt/C. This motivated a number
of subsequent studies, and the coordination structure became
increasingly clear. For instance, Liu et al.44 also adopted the
ALD method to load Pt SAs onto a pyrolyzed onion-like-
carbon support (Pt1/OLC, Figure 1a). The Pt SAs were found
to reside on the surface of a fullerene-like C295 cage (Figure
1b), with a tetrahedral coordination configuration of Pt−O2C1,
according to results from extended X-ray absorption fine
structure (EXAFS) analysis. Such a structure was stable

Figure 2. (a) Schematic illustration of the synthesis of Mo2TiC2Tx-PtSA for HER. (b) HAADF-STEM images of Mo2TiC2Tx-PtSA and proposed
coordination structure. (c) HER polarization of Mo2TiC2Tx-PtSA. (d) Schematic illustration of the fabrication procedure of Pt/np-Co0.85Se. (e)
HAADF-STEM image of Pt/np-Co0.85Se. (f) HER activity of Pt/np-Co0.85Se in comparison to relevant results in the literature. (g) HER
mechanism determined by in situ XAS analysis. Panels a−c are adapted with permission from ref 48. Panels d−g are adapted with permission from
ref 54. Copyright 2018−2019 Springer Nature.
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because of a high diffusion energy (3.2 eV) of Pt atoms by
DFT calculations. Moreover, the Pt SAs were positively
charged, with a valence state between Pt(0) and Pt(IV). This
catalyst showed an apparent HER activity, with η10,HER = −38
mV and a mass activity 43 times higher than that of
commercial Pt/C (Figure 1c). However, it is noticed that
the bare surface of Pt−O2C1 was inert for HER because of a
very negative adsorption energy of H (ΔGH, Figure 1d).
However, the ΔGH of the adsorption of the third H was very
close to 0 (Figure 1d). This suggests that the actual active site
was H2PtO2C1. Another noticeable factor is the out-of-plane
geometric arrangement of the Pt atoms. Such a structure with a
strong local electric field can promote proton mass transfer. In
another study, Yin et al.37 adopted the impregnation-annealing
method to load Pt SAs onto graphdiyne. The best sample
showed a Pt coordination structure of Pt−C2Cl2, in which the
Pt 5d orbitals had a high unoccupied density of state (DOS).
Similarly, Ji et al.45 loaded Pt atoms onto multiwall carbon
nanotubes via an irradiation method, where the positively
charged Pt atoms were bonded to four oxygen atoms
connected to the nanotube. All these samples show apparent
HER activity in an acid electrolyte.
In addition to pristine carbon, heteroatom-doped carbon has

also been widely used to anchor metal single atoms. Notably,
binding of heteroatoms to Pt SAs can influence the electronic
structure of the metal sites and increase the Pt valence state,
which is in favor of the HER process. For instance, within a
pyrolyzed carbon structure, nitrogen dopants are believed to
enhance the stability of Pt SAs through Pt−N coordination
bonds. In an early study, Li et al.38 synthesized Pt SACs on
nitrogen-doped carbon by UV radiation, which was denoted as
Pt1/NPC (Figure 1e). Results from X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS) measurements suggest a square-planar-type Pt−N4
structure (Figure 1f,g) and the pyridine-type Pt−N4 (normal
Pt−N4) was the major structure in the catalyst, instead of
pyrrolic Pt−N4 (Stone−Wales Pt−N4), because of a lower
binding energy as well as a better consistency of the bond
length between experiment and theory of the former structure.
Furthermore, because of charge transfer from Pt to the
coordinated N atoms, the resulting vacancy of the Pt 5d orbits
induced efficient H adsorption and high stability of the Pt SAs,
a key factor of the excellent HER performance. Experimentally,
the HER mass activity was 16-fold greater than that of
commercial Pt/C at −0.025 V in 0.5 M H2SO4, and η100,HER
shifted only by 1 mV after 3000 test cycles.
S-doped carbon has also been used to stabilize Pt SAs, where

the HER activity is ascribed to the relatively high valence state
of Pt SAs by charge transfer from Pt to S. Yet the HER activity
of Pt−S4 moiety is not as good as that of Pt nanoclusters.46

Interestingly, unlike most SACs, the Pt−S coordinate structure
shows unique CO resistance during alkaline HER.47 Kwon et
al.47 showed that Pt2+ centers embedded in S-doped carbon
formed a Pt−S4 structure, with two strong Pt−S bonds and
two labile ones. During alkaline HER, CO or H2O would
replace the labile S to form a tetrahedral Pt−X2S2 (X = H2O or
CO) structure. Unlike most metal active sites (bulk materials
or single atoms) that are prone to CO poisoning, the alkaline
HER activity of the Pt−S4 moiety became unexpectedly
promoted by CO adsorption. This was ascribed to the CO-
terminated Pt that had a higher valence state because CO
worked like a π-acceptor and withdrew electrons from Pt. It is
noticeable that this unexpected CO promotion only works for

the Pt−S4 center in alkaline electrolytes, but not in acidic or
neutral electrolytes.
Pt SACs supported on other substrates have also been

widely used as efficient HER catalysts, such as other noble
metals, metal oxides, metal sulfides, metal phosphides, and so
on. Similar to Pt SAs supported on heteroatom-doped carbon,
an increasing Pt valence state leads to an improved HER
activity. Zhang et al.48 adopted the electrochemical exfoliation
method to deposit Pt SAs onto an exfoliated Mo2TiC2Tx layer
forming a triangular antiprism Pt−C3O2 structure in Mo
vacancy. The best sample was labeled as Mo2TiC2Tx-PtSA
(Figure 2a−c). In this sample, Pt SAs were partially positively
charged because of charge transfer from Pt to the Mo2TiC2Tx
nanosheets. This sample exhibited an η10,HER of −30 mV in 0.5
M H2SO4 and a mass activity 40 times better than that of
commercial Pt/C catalyst because of the low ΔGH on Pt
(−0.08 eV) and an improved d-electron domination by Pt
atom doping.
Noble metals can also be used as suitable supports of Pt

SACs. For example, Zhang et al.49 adopted ALD to load Pt SAs
onto Pd octahedra prepared a priori to form a Pt/Pd single-
atom alloy. The resulting sample showed a better specific
activity than commercial Pt/C, as well as an ultrahigh mass
activity that was 54.6 times higher than the latter in 0.5 M
H2SO4. EXAFS analysis showed that the Pt atoms were
situated on the surface of Pd octahedra, with an average
coordination of Pt−O2.5Pd0.8. The remarkable HER activity
was ascribed to the high unoccupied density of Pt 5d orbitals,
consistent with Pt SACs on other supports. In a similar case,
Chao et al.50 load Pt SAs on PdCu nanorings by an ultrasonic
bath method. EXAFS measurements showed an average
coordination structure of Pt−Cu3.6Pd5.1O1.4. These two studies
clearly show that Pt SAs on Pd has an HER activity much
better than Pd itself and commercial Pt/C in acidic electrolyte.
Metal oxide is another common support material, with the

surface oxygen atoms as strong coordination sites to stabilize
Pt SAs and induce efficient Pt to O charge transfer. For
instance, Liu et al.39 synthesized Pt SAs on a MoO3 nanosheet
by the formation of Pt−O coordination bonds. With apparent
charge transfer from Pt to O, the resulting sample showed an
HER activity similar to that of commercial Pt/C in 0.5 M
H2SO4. In another study, Gao et al.51 loaded Pt SAs onto
CeO2 nanowires/nanorods by the dealloy method, where Pt
SAs were bonded to the oxygen of CeO2, leading to a
remarkable HER activity and stability in 0.5 M H2SO4.
Metal sulfides, phosphides, and selenides represent another

option of support materials. These substrates alone have been
known to have obvious activity toward HER. The rich surface
defects can be exploited to stabilize Pt SAs, and the ensuing
SMSI effects can lead to enhanced intrinsic activity and hence
an overall excellent HER performance. For example, Guan et
al.52 deposited Pt SAs onto MoS2/NiS2 heteronanostructures
by a calcination method, which showed an excellent HER
activity in acid, with an η10,HER of −34 mV as well as good
stability. The active sites were ascribed to the Pt atoms
adsorbed onto the S atoms of the MoS2 surface. Similarly, Feng
et al.53 synthesized a Pt SAC on a NiS/Al2O3 surface and
observed a high HER specific activity that was comparable to
that of commercial Pt/C. X-ray absorption near-edge spec-
troscopy (XANES) measurements confirmed the cationic state
of the Pt atoms, while EXAFS analyses revealed the formation
of Pt−S coordination bonds. DFT calculations suggested that
with Pt atoms adsorbed onto the surface of NiS, both Pt and S

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c01950
ACS Catal. 2020, 10, 7584−7618

7587

pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01950?ref=pdf


of NiS were active toward HER. Moreover, if Pt substituted Ni
beneath the surface layer, the surface S sites remained
activated. This suggests that the excellent HER performance
arose from the Pt−S centers, and the significant synergistic
interaction between the Pt SAs and metal sulfide support.
Similar behaviors were observed with metal selenides. Jiang

et al.54 synthesized a Pt SAs/np-Co0.85S nanoporous composite
by an electrochemical etching method (Figure 2d−g). During
the cyclic process, Co atoms of Co0.85Se were dissolved
forming vacancies where Pt atoms were trapped. The Pt SAs
were found to be positively charged and coordinated to six Se
atoms, forming an octahedral Pt−Se6 structure. The resulting
sample showed an excellent HER activity in neutral electrolyte,
with an η10,HER of only −55 mV. In situ XAS measurements
showed that water molecules were adsorbed on the Co sites

and became dissociated into H and OH, which were then
bound to Pt and Co atoms, respectively (Volmer reaction);
and two H atoms on the Pt site were combined to form H2

(Tafel reaction). Results from DFT calculations showed a
strong charge redistribution after Pt addition into the system.
Meanwhile, H adsorption on Pt and Co was very close to that
on Pt(111) surface, indicating a synergistic effect of the Pt SA
dopants.
Similarly, as one of the best nonprecious metal catalysts for

HER, CoP has also been adopted to be a support of Pt SAs to
further enhance the performance. Zhang et al.55 loaded Pt SAs
onto a CoP nanotube-Ni foam by an electrochemical potential-
cycling method. With positively charged Pt SAs, the resulting
samples showed a good HER activity in neutral electrolyte,
with a mass activity ca. 4 times that of commercial Pt/C.

Figure 3. (a) HAADF-STEM image of Pt1−N/BP. (b) R space FT-EXAFS spectra of Pt1−N/BP, Pt1/BP, Pt foil, and PtO2. RRDE polarization
curves of Pt1−N/BP and control samples in (c) 0.1 M HClO4 and (d) 0.1 M KOH. (e) HAADF-STEM image of 0.2 wt % Pt1/TiC. (f) FT-EXAFS
spectra of Pt/TiC, Pt/TiN and Pt foil. (g) ORR polarization curves of Pt1/TiC and Pt1/TiN in 0.1 M HClO4. Panels a−d are adapted with
permission from ref 56. Copyright 2017 Springer Nature. Panels e−g are adapted with permission from ref 62. Copyright 2017 American Chemical
Society.
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In summary, Pt SACs can be prepared with a range of
supporting substrates for effective HER electrocatalysis in acid
and neutral media. The common key factor is that Pt SAs are
coordinated to atoms of high electronegativity, which withdraw
electrons from the Pt 5d orbitals. For carbon and metal
supports, Pt SAs are coordinated with high-electronegativity
elements like O, N, or Cl and the coordination structures
become the active centers. For metal sulfides, selenides, and
phosphides, the Pt-substrate coordination moieties not only
serve as the active sites but also activate neighboring atoms of
the support materials for additional contributions to the
activity. The HER performances of these Pt SACs are also
summarized in Table S1.
2.1.2. ORR. ORR is an essential reaction of fuel cells and

metal−air batteries. Currently, Pt-based nanoparticles are the
catalysts of choice. While development of Pt SACs is seemingly
a most promising way to reduce the Pt use by its maximum
atomic utilization, most Pt SACs are found to be active for
ORR only in alkaline solutions and rarely catalyze 4e−

reduction of oxygen, and the active sites remain under debate.
In one of the earliest studies, Liu et al.56 loaded Pt atoms on N-
doped carbon by controlled pyrolysis (Figure 3a−d). XAS
analyses of the resulting sample, Pt1−N/BP, showed that the
Pt atoms were coordinated with C and N atoms and with a
coordination number of 3 and 2, respectively (i.e., Pt−C3N2).
Electrochemically, Pt1−N/BP exhibited a high ORR activity
with a half-wave potential (E1/2) at +0.87 V vs reversible
hydrogen electrode (RHE) in 0.1 M KOH, even better than

commercial Pt/C. Nevertheless, the ORR performance in 0.1
M HClO4, while one of the best for Pt SACs, was not as good
as that of Pt/C, with E1/2 = +0.76 V. Note that in this study the
ORR in both acidic and alkaline media was argued to proceed
via the 4e− pathway, and the sample without Pt−N
coordination showed only a low activity. Similarly, Li et al.38

observed that Pt−N4 sites were efficient for ORR in alkaline
solution, with E1/2 = +0.89 V, but exhibited a poor activity in
acid, involving 4e− in the former and only 2e− in the latter. In
another study, Choi et al.57 showed that Pt SACs with Pt−S4
sites were effective for H2O2 production in 0.1 M HClO4, with
a charge transfer number (n) of 2.1, where the E1/2 was as
negative as +0.3 V and varied with the concentration of S.
They showed that the 2e− pathway, rather than the 4e− one,
was kinetically favorable for the Pt−S4 sites in carbon.
However, contradictory results are rampant in the literature.
In one study,58 Pt SACs were found to predominantly catalyze
the reduction of oxygen to H2O2 even in alkaline solution. In
another study,59 Pt SAs in carbon vacancies forming a Pt−C4
structure were found to catalyze the 4e− ORR in 0.1 M HClO4
with an activity that was even better than that of Pt/C. Similar
results were observed with Pt−N4 moieties embedded in
carbon.60

Different from carbon-based Pt SACs, Pt SACs supported
on TiC or TiN show a consistently high H2O2 yield. Yang et
al.61 prepared Pt SAs (0.35 wt %) onto the surface of TiN by
the incipient wetness impregnation method, where the Pt
atoms were coordinated to Ti and Cl, with a coordination

Figure 4. (a) Schematic structure, TEM image and elemental maps of C3N4−Ru-F. (b) Polarization curve of HER catalyzed by various samples in
0.5 M H2SO4. (c) Calculated Gibbs free energy of HER at equilibrium for different bonding sites in undoped C3N4 and C3N4−Ru-F. (d) HAADF-
STEM image of Ru-NC-700 with both Ru SAs and Ru NPs in nitrogen-doped carbon. The scale bar is 2 nm. Zone I is Ru SAs, zone II is Ru
clusters, zone III is Ru nanoparticles, and zone IV is the carbon background. (e) (clockwise) LSV curves of the series of samples in 0.1 M KOH,
EDTA and KSCN poisoning tests, stability tests after 10 000 cycles, and control experiments with samples with a lower content of Ru nanoparticles
and with Ru nanoparticles alone (no Ru SACs). (f) Energy diagram of RuCxNy structure from first principle calculations. Panels a−c are adapted
with permission from ref 67. Copyright 2017 Royal Society of Chemistry. Panels d−f are adapted with permission from ref 69. Copyright 2019
Springer Nature.
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number of 0.573 and 3.038, respectively. The resulting samples
exhibited a high H2O2 yield in 0.1 M HClO4, with an E1/2 as
low as +0.6 V. By contrast, for the samples prepared with a
high Pt concentration, the formation of Pt nanoparticles led to
effective 4e− ORR and a more positive E1/2. An even higher
H2O2 yield was observed with ORR catalyzed by Pt SACs
supported on TiC in 0.1 M HClO4,

62 with the Pt atoms
involved in a coordination structure of Pt−Cl2.4Ti0.4 (Figure
3e−g). Consistently, Kim et al.63 prepared Pt SACs on Sb-
doped SnO2, where the Pt atoms took the place of Sb, bonded
with Sn and O atoms with a coordination number of 2.61 and
0.77, respectively. The resulting samples showed an E1/2 of ca.
+0.6 V and obvious H2O2 yield (20−30%) for ORR in 0.1 M
HClO4.
From the results presented above, one can see drastic

discrepancy of the ORR performance even for Pt SACs in
seemingly similar coordination configurations. It is generally
argued that Pt SAs catalyze only the 2e− pathway because of a
lack of neighboring bind sites to induce the breaking of the O−
O bond. Yet this cannot account for the 4e− ORR behaviors
observed in some of the studies, and further in-depth studies,
in particular, structural characterizations, are strongly desired.
These results are also summarized in Table S2.
2.1.3. Fuel Oxidation. Pt SACs have also shown remarkable

electrocatalytic activity for the anodic oxidation of fuel
molecules. As mentioned above, Kim et al.63 prepared Pt

SACs supported on Sb-doped SnO2, with an average Pt
coordination of Pt−Sn2.61O0.77. In addition to the good ORR
activity of H2O2 production, the sample also showed high
activity toward FAOR with a current density of 3350 A/g at
+0.6 V via a direct pathway (direct oxidation of HCOOH to
CO2), while commercial Pt/C followed an indirect pathway
(HCOOH first dehydrated to COads and then oxidized to
CO2), with a current density of only 180 A/g at +0.6 V. As a
comparison, Pt nanoparticles (diameter 3 nm) on the same Sb-
doped SnO2 showed no FAOR activity. By contrast, the Pt
SACs showed no activity toward MOR. Consistently, Yang et
al.64 deposited Pt SAs epitaxially on the surface of gold
octahedral nanocrystals by an electrochemical method and
observed an ultrahigh mass activity for FAOR at 62600 A/g,
almost 170 times that of commercial Pt/C (370 A/g). It has
been argued that only 1 to 2 Pt atoms are needed for the
activation of O−H bond, such that FAOR proceeds via the
direct pathway on Pt SACs, whereas Pt ensemble is conducive
for the indirect pathway, which facilitates the adsorption of CO
intermediate and C−O bond activation. For MOR, as the
adsorption of CO intermediate species is inevitable, Pt
ensemble is required for MOR. On the contrary, Gao et al.51

observed a high MOR mass activity with Pt SACs supported
on TiO2 (1184 A/g), almost 5 times that of commercial Pt/C
(210 A/g). The discrepancy of the MOR activities by Pt SACs
is most likely due to the different coordination configurations.

Figure 5. (a) Schematic illustration of the synthesis of Ru/CoFe-LDH catalysts. (b) Cs-corrected STEM image showing atomic dispersion of Ru
on the surface of LDHs. (c) LSV curves of Ru/CoFe-LDHs and other control samples in 1 M KOH. (d) Schematic illustration of Ru/CoFe-LDHs
during OER based on the results of in situ XAS studies. Adopted with permission from ref 73. Copyright 2019 Springer Nature.
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2.2. Ru SACs. Ru SACs have been found to show
significant activity toward HER and OER in water splitting,
and some even show electrocatalytic activity for NRR and
ORR.
2.2.1. HER. Recent years have witnessed rapid development

of Ru-based HER catalysts, with excellent activity in a wide
range of pH, in particular, in alkaline media. In early studies,
Ru embedded in N-doped carbon is shown to have high HER
activity.65,66 However, the activity is mostly attributed to Ru
nanoparticles, while the contribution of isolated atoms is
unnoticed. In a recent study with Ru(II) ions embedded within
a graphitic carbon nitride (g-C3N4) matrix forming Ru−N2

coordination moieties, the resulting Ru SACs exhibited
apparent HER activity, with η10,HER = −140 mV (Figure 4a−
c),67 which was attributed to the combined contributions of
the Ru center and adjacent N and C atoms. Zhang et al.68 also
argued that Ru SAs were responsible for the HER activity
observed with pyrolyzed ruthenium−carbon catalysts. In a

more recent study, we synthesized N-doped carbon nanowires
embedded with both Ru nanoparticles and Ru SAs (Ru-NC-
700), and we observed a record-high HER activity in 1 M
KOH, with a low η10,HER of only −12 mV, markedly better than
that of Pt/C (Figure 4d−f).69 Careful experimental measure-
ments and DFT calculations showed that Ru SAs were the
dominant active sites, with minor contributions from Ru
nanoparticles. Importantly, results from DFT calculations
suggested that the Ru SACs were mostly involved in Ru−
CxNy coordination, with Ru−C2N2 being the most active one,
within the context of both H adsorption energies and
formation energies.
Ru SAs supported on other support materials also show high

HER activity. For instance, Yang et al.70 deposited Ru SAs
onto phosphorus nitride imide nanotubes (PN) by a pyrolysis
method. The Ru atoms were coordinated with 4 nitrogen
atoms in the PN matrix forming a tetrahedral structure. In such
a coordination structure, charge transfer occurred from Ru to

Figure 6. (a) Atomically resolved elemental maps of Ru1−Pt3Cu. (b) Schematic atom model. Blue, gray, and purple balls represent Pt, Cu, and Ru,
respectively. (c) FT−EXAFS spectra of the Ru K edge of the various samples. (d) LSV curves of Ru1−Pt3Cu, Ru1−PtCu, Cu@Ru1−Pt3Cu, and
other control samples in 0.1 M HClO4. (e) Comparison of the overpotentials to reach 0.1 and 10 mA/cm2 and lattice parameters for various
catalysts. Adopted with permission from ref 75. Copyright 2019 by Springer Nature.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c01950
ACS Catal. 2020, 10, 7584−7618

7591

https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01950?ref=pdf


N, leading to positively charged Ru SAs. The resulting sample
showed a high activity in 0.5 M H2SO4, with a low η10,HER of
−24 mV and excellent stability. Ramalingam et al.71 annealed
RuCl3, thiourea and Ti3C2Tx MXene to prepare a Ru SAC
embedded in N,S-codoped Ti3C2Tx. XAS analysis showed that
the Ru SAs were bonded to the N, S, and S atoms, forming a
structure of Ru−N(O)3S1. HER tests showed an η10,HER of
−76, −99 and −275 mV in 0.5 M H2SO4, 0.5 M NaOH, and
0.5 M Na2SO4, respectively. In another study, Zhang et al.72

deposited Ru SAs onto MoS2 nanosheets forming Ru−S
linkages and observed a high activity in 1 M KOH, with η10,HER
= −76 mV.
From these studies, one can see that Ru SACs are effective

HER catalysts (Table S3). The activity can also be ascribed to
the binding of Ru to atoms of high electronegativity (especially
nitrogen), which leads to charge redistribution and manipu-
lation of the adsorption of important reaction intermediates.
2.2.2. OER. Ru SACs can also be good OER catalysts. Such

Ru SAs are usually coordinated with oxygen atoms and loaded
on a substrate of metal (hydro)oxide, metal, or carbon. The
most straightforward synthetic strategy is to load Ru SAs on a
substrate with a fundamentally high OER activity. Within this
context, Fe-, Co-, and Ni-based layered double hydroxides
(LDHs) are attractive supports because of their intrinsic OER
activity and abundant anchoring sites. For instance, Li et al.73

adopted a coprecipitation procedure to deposit Ru SAs (0.45
wt %) onto CoFe LDHs, forming Ru−O−M (M = Fe or Co)
coordination moieties in the resulting sample Ru/CoFe-LDHs
(Figure 5). Specifically, the Ru atoms were located on the
sample surface, each bonded to four oxygen atoms with three
of the oxygen atoms linked to Fe or Co atoms. The strong
electron coupling between Ru and Fe/Co through the O
bridge, as manifested by the obvious charge transfer from Co/
Fe to Ru, endowed the Ru−O−M structure with a high OER
activity, which showed an ultralow overpotential (η10,OER) of
only +198 mV to reach the current density of 10 mA/cm2 in 1
M KOH. Moreover, this structure also showed marked
stability, with no change of the activity after 1000 CV cycles
and the dissolved Ru atoms below 0.005 ppb in the solution
(in comparison to 53 ppb for commercial RuO2). In situ
XANES measurements showed that the Ru atoms of Ru−O−
M maintained an oxidation state lower than 4 without
transformation into unstable higher oxidation states. In situ
EXAFS measurements showed an obvious shrinkage of the
Ru−O−M bond during OER, which further stabilized the Ru
atomic structure. Consistent results were obtained in DFT
calculations, which showed a much lower *OOH formation
energy (the rate determine step) on the Ru sites of Ru−O−M
than on the Fe sites of Fe−O−M.
Ru,N-codoped carbon composites also show apparent OER

activity. Cao et al.74 prepared Ru SAs confined in carbon
nitride derived N-doped carbon by impregnation of RuCl3 into
phosphide carbon nitride followed by controlled pyrolysis. The
Ru SAs were in the form of Ru−N4, while the P atoms are not
bonded to Ru, only for the enhancement of the electrical
conductivity. The resulting nanocomposite showed a high
OER activity in 0.5 M H2SO4 (η10,OER = +267 mV). In situ
XAS and SR-FTIR measurements showed that the actual active
site was O−Ru−N4, which was further confirmed by DFT
calculations.
Ru SACs embedded within a metal matrix represent another

unique group of electrocatalysts toward OER. Yao et al.75

synthesized a series of core−shell PtCux/Pt structures with Ru

SAs incorporated into the surface (Figure 6). The OER activity
of the Ru SACs was readily tuned by the lattice strain of the Pt
skins induced by the PtCux alloy core, as manifested in DFT
calculations. The best sample, Ru1−Pt3Cu, showed an η10,OER
of +220 mV in acid, as well as a 10-fold increase of lifetime, as
compared with commercial RuO2. Interestingly, the higher the
strain, the better the OER activity. Notably, the oxidation state
of Ru SAs remained virtually invariant, as confirmed by in situ
XAS studies. This work opens up a new avenue to the design
and engineering of the coordination structure of SACs for
enhanced catalytic activity.

2.2.3. NRR. Ru SAC also show an excellent activity toward
nitrogen reduction for ammonia electrosynthesis. Geng et al.76

synthesized Ru SACs supported on N-doped carbon by
pyrolysis of Ru-containing ZIF-8 derivatives. The Ru SAs are
formed in a coordination structure of Ru−N4, and exhibited a
record-high NRR activity with an NH3 yield of 120.9 ug/
(mgcath). At −0.2 V, the Faradaic efficiency was found to reach
the astonishing level of 29.6% with a partial current density of
0.13 mA/cm2. In a later study, Tao et al.77 pyrolyzed UiO-66
and RuCl3 to prepare Ru SACs supported on ZrO2 and N-
doped carbon. The resulting catalyst showed an even higher
NH3 yield at 3.665 mg/(mgRuh) at −0.21 V, with the Faradaic
efficiency as high as 21%. In this study, ZrO2 was used to
suppress the competitive HER. DFT calculations showed that
Ru SAs anchored to the oxygen vacancies in ZrO2 or in a Ru−
C2N structure embedded in carbon were favorable for NRR.
However, the former has a higher Faradaic efficiency, whereas
the latter has a higher NH3 yield.
In comparison with those for HER, some fundamental

insights can be obtained about these two competitive reactions
catalyzed by Ru SACs. First, in N-doped carbon, thermody-
namically the Ru−CxNy structures may have activity toward
both HER and NRR. In practice, however, the activity varies
with the specific structure. For instance, 4-coordinate Ru−
C2N2 and defected Ru−Cx may be active toward HER,
whereas others work for NRR or even for both (e.g., 3-
coordinated Ru−C2N). It is typically easier to achieve a high
activity for HER than for NRR, and N-rich coordination can
increase the NRR performance. For example, Ru−N4 is known
to be effective catalysts for NRR and not so much for HER,
whereas Ru nanoparticles and (defected) Ru−Cx in general
show a high activity for HER but a low activity for NRR.
Second, for NRR applications, Ru SAs needs a supporting
scaffold to suppress the HER activity (e.g., ZrO2). Since
research has shown that Ru SAs are good HER catalysts when
coordinated to N, O, and S, the success of finding an effective
HER-suppressing agent represents a key direction for the
development of Ru SACs for NRR.

2.2.4. Other Reactions. Ru SAs also show activity for other
electrochemical reactions. Wang et al.78 synthesized Ru SAs on
a monolayer NiFe LDHs, with a Ru coordinated to four
oxygen atoms and three of them linked to Ni or Fe atoms, at
the Ru loading of ca. 7.0 wt %. The sample exhibited a low
potential for hydrazine electrooxidation.
The report of Ru SACs toward ORR has been scarce. Zhang

et al.79 reported that Ru−N4 moieties might be good for ORR
in acid. The catalyst was prepared by annealing a Ru salt and
graphene oxide under an NH3 atmosphere, with the Ru SAs in
the form of Ru−N4. During ORR, the Ru SAs were converted
to Ru−N4O. The nanocomposites showed a high activity for
ORR in acid, with an onset potential (Eonset) of +0.89 V, E1/2 of
+0.76 V, and a 4e− pathway.
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In summary, one can see that the rich coordination
chemistry of Ru endows Ru SAs with unique electrocatalytic
activity toward a range of important reactions, which can be
regulated by the nitrogen coordination linkages. Specifically,
the nitrogen-rich Ru−N4 moieties are good catalytic sites for
NRR, ORR, and OER. At decreasing nitrogen loading, Ru−
CxNy may be active toward HER (e.g., Ru−C2N2) and NRR
(e.g., Ru−C2N) with an appropriate HER-suppressing agent
(e.g., ZrO2). For Ru−N2, Ru−N4P, and Ru−N(O)S, in general
only apparent HER, not NRR, activity is observed.
2.3. Ir SACs. Ir SACs are primarily used as high-efficiency

OER catalysts, although studies have remained limited thus far.
In one study, Zhang et al.80 placed Ir SAs into defect-rich
cobalt hydroxide nanosheets by a NaBH4 reduction process
and observed an apparent OER activity in neutral electrolyte,
with η10,OER = +373 mV, significantly outperforming
commercial IrO2. This catalyst also showed a low η10,OER of
+235 mV in 1 M KOH. EXAFS measurements suggested the
formation of Co−Ir and Ir−O bonds, and the high OER
activity was ascribed to the high-valence Ir species and
CoOOH with unsaturated coordination. In a similar structure,
Wang et al.26 deposited Ir SAs onto NiO/carbon cloth by
calcination in air (Figure 7). XANES measurements showed a
+4 oxidation state of Ir in Ir−O−Ni bonding linkage in an
octahedral Ir−O6 structure. The oxygen atoms were connected
to other Ni atoms in the NiO host. Such a structure exhibited a
high OER activity in 1 M KOH, with η10,OER = +215 mV. In
addition, DFT calculations showed that Ir atoms served as the
active sites and concurrently activated the adjacent Ni atoms
because of charge transfer from Ir to Ni.
Results from these studies highlight the promising outlook

of Ir SACs supported on metal oxides (especially those with
intrinsic OER activity) for efficient OER. In comparison to Ru
SACs, it is believed that the A−O−M (A = Ru, Ir; M = Fe, Co,
Ni) coordination plays a key role in determining the OER
activity, where Ru/Ir serves as active sites as well as activators
of the support materials.
Note that Ir SAs (e.g., in the configuration of Ir−N4) can

also be active toward ORR,81 with a performance comparable
to that of Pt/C. Further and more systematic studies are
needed to advance our understanding of the mechanistic origin
for further improvement of the electrocatalytic performance.

2.4. Au SACs. While rarely used directly as electrocatalysts,
Au SAs have been shown to significantly influence the local
electronic structure and enhance the catalytic activity of the
support materials, in particular, toward OER. Similar to earlier
studies with Ru SAs on LDHs, Zhang et al.82 deposited Au SAs
onto Ni−Fe LDHs forming Au−O−Ni(Fe) bonds and
observed marked enhancement of the OER activity in alkaline
electrolyte. The Au−O−Ni(Fe) coordination moiety was
found to lead to charge redistribution, with 0.32 e transferred
from Au to the nearby Fe, O, and Ni atoms, which served as
the OER active sites. Au SAs supported on Co3O4,

83 Ni2P,
84 or

CoSe2
85 have also shown obvious enhancement of the OER

activity, as compared to the pristine substrate. Similar
enhancement of the HER activity by Ru nanoparticles has
also been observed with Au SAs because of charge transfer
from Ru to Au.86

In addition to the assistive effect, Au SAs can serve as active
sites for NRR. Wang et al.87 prepared an NRR catalyst with
Au−C3N4 moieties. The Au atoms were trapped in the g-C3N4
rings and coordinated with three nitrogen atoms. The resulting
nanocomposites showed a high NH4

+ yield rate of 1305 μg/
(mgAuh), 22.5 times better than that with Au nanoparticles
deposited on g-C3N4.

2.5. Pd SACs. Studies of Pd SACs are relatively scarce,
although Pd SAs supported on a metal oxide forming Pd−O
bonds have been known to exhibit electrocatalytic activity
toward ORR and HER. Xiang et al.88 prepared Pd SACs
supported on MnO2 nanowires (NWs)-carbon nanotubes
(CNTs) networks by a one-pot hydrothermal method. XAS
measurements showed that Pd SAs were positively charged
with a valence state of +2 and coordinated with 4 oxygen
atoms, involving two main structures, one with Pd−O4 on
carbon and the other with Pd−O4 on the surface of the MnO2
host. The resulting sample showed a high mass activity toward
ORR (484 A/gpd), 20 times better than that of commercial
Pd/C in alkaline electrolyte, and a high n of 3.84. In another
study, Li et al.89 synthesized Pd SAs on MoO3 nanoparticles
and claimed that the atomically dispersed Pd atoms
significantly increased the number of active sites and facilitated
electron transfer in HER.
In another study, Kim et al.90 prepared Pd SAs supported on

N-doped carbon, where the Pd SAs were bonded to C or N

Figure 7. (a) HAADF-STEM image of the Ir-NiO catalyst, in which the bright spots are Ir single atoms. (b,c) Atomic models in different
orientations. (d) Polarization curves for OER in 1 M KOH. (e) Free energy diagram of OER at +1.23 V for Ir SAs-doped NiO(001). Adopted with
permission from ref 26. Copyright 2020 American Chemical Society.
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atoms, with a total coordination number around 4, as
manifested in XAS studies. Interestingly, the resulting Pd
SACs were active toward ORR, catalyzing the 2e− reduction of
O2 to H2O2 in high yields, with Eonset = +0.67 V and E1/2 =
+0.50 V. Such a behavior is similar to that of Pt SACs (section
2.1). Notably, the activity toward other reactions (e.g., HER,
HOR, FAOR, and MOR) was relatively poor, in contrast to Pt
SACs. This was largely accounted for by the weak H
adsorption, and lack of interaction with CO by Pd SACs
(manifested in CO stripping) that rendered it difficult to
generate the COads intermediate, hence blocking the indirect
pathways of MOR and FAOR.
2.6. Other Noble Metals. Reports of other noble metal

SACs are very rare. In a recent study, Xiong et al.91 prepared a
Rh SAC by pyrolysis of ZIF-8 with Rh(acac)3, where Rh−N4
moieties were embedded in N-doped carbon, and the Rh SAs
displayed a valence state of +3. The resulting sample showed
an ultrahigh activity for FAOR, with a mass activity of 16100
A/g, 67 and 805 times higher than those of Pt/C and Rh/C,
respectively (Figure 8). Moreover, the stability was out-
standing, with only a 11% activity loss after 30 000 cycles. The
Rh−N4 active sites also showed unique CO resistance. CO
stripping experiments and DFT calculations showed that the
Rh−N4 site facilitated the direct oxidation of HCOO* to CO2.
This reaction pathway is similar to that of Pt SAs in section
2.1.3.

3. NON-NOBLE METALS

Most conventional electrocatalysts are based on noble metals;
yet their high costs and limited natural abundance have
become a major bottleneck that impedes the widespread
practical applications of the technologies. Therefore, extensive
research has been devoted to the development of highly active

and economical substitutes by non-noble metal elements.
SACs based on such elements represent a unique family of
effective electrocatalysts, owning to the dramatic change of the
electronic states when the size of the metals is minimized to
isolated atoms and coordination with nonmetal atoms (e.g., C,
N, O, and S). This leads to an electrocatalytic performance
that can even rival that of state-of-the-art noble metal
catalysts.22,23,92−97 Similar to the noble metal counterparts,
the electrocatalytic activity can be readily manipulated by the
specific coordination configurations of the SACs. This has
been demonstrated in a number of studies involving various
transition metals for different reactions, e.g., Fe (ORR,
CO2RR), Co (ORR, HER, OER, CO2RR), Ni (HER, OER,
CO2RR), Cu (ORR), Zn and Cr (ORR), Mo (H2O2
production), Mn (ORR, OER, CO2RR), and even main
group metals like Al and Mg (ORR). Below we will summarize
recent progress in these areas of research.

3.1. Fe SACs. 3.1.1. ORR. Unlike noble metals (e.g., Pt and
Pd), bulk Fe does not have an apparent catalytic activity
toward ORR. Yet, its macrocycle complexes with Fe−N4
coordination, such as iron(III) phthalocyanine (FePc) and
iron(III) porphyrin, have been known to be efficient molecular
ORR catalysts (via the 4e− pathway) for decades.98−101

However, such molecular catalysts are not sufficiently robust
for practical applications.101 Although efforts like thermal
pyrolysis of these macrocycles have been carried out to
enhance the structural integrity, the pristine Fe−N4 structure
typically becomes decomposed and aggregated, leading to a
reduced ORR performance.100,102−104 To mitigate this issue,
other strategies have been explored. For instance, Lee et al.105

utilized plasma-enhanced chemical vapor deposition (CVD) to
grow CNTs modified with Fe−Nx moieties, which displayed
apparent ORR activity, as compared with pristine CNTs. Fe−

Figure 8. (a) HAADF-STEM image and (b) corresponding EDS maps of the SA-Rh/CN catalyst. (c) AC-HAADF-STEM image and
corresponding Z-contrast analysis (inset). The Rh and Zn atoms are marked by blue and green circles, respectively. (d) Comparison between the
experimental Rh K-edge XANES spectrum of SA-Rh/CN and the theoretical spectrum calculated for the depicted structure. (e) CV curves for SA-
Rh/CN and commercial Pd/C in 0.5 M H2SO4 with 0.5 M HCOOH at the scan rate of 10 mV/s. (f) Comparison of the mass activity of various
samples. Adopted with permission from ref 91. Copyright 2020 Springer Nature.
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N4 was argued to be the main structural moiety on the basis of
the atomic ratio of Fe to N from XPS measurements. DFT
calculations of the band structure indicated that the Fe−N4

moieties helped CNTs form a new state above the Fermi level
(≈0.3 eV), which enhanced the electrical conductivity of
CNTs and facilitated the adsorption of oxygen intermediates.
However, XPS studies alone cannot determine that all Fe
species were in the Fe−N4 (pyridine-type) configuration, as
other nitrogen vacancies like N3 or N2 can also serve as
coordination sites to chelate Fe atoms during CVD, and other
nitrogen dopants, like pyrrolic N, can also form Fe−N4 and
contribute to the ORR activity as well. In addition, unlike
conventional metal macrocycle complexes, the Fe−Nx moieties
may activate the surrounding C and N atoms as active

sites.22,106 These issues have been the foci of a range of recent
studies.23,107−111

In an earlier study, Wang et al.108 carried out poisoning
experiments in acidic media with various ions and gas (e.g.,
Cl−, F−, SCN−, and SO2) and argued that the ORR active site
of the Fe−Nx−C catalysts derived from poly m-phenylenedi-
amine was most likely the FeIII center of the Fe−Nx moiety.
However, in some other studies in alkaline media, no
significant variation of the activity is observed with the
poisoning ions,109,112 suggesting that the neighboring non-
metal atoms (i.e., C and N atoms) might serve as the actual
active sites in the Fe−N−C catalysts. This is also aided by
results from DFT calculations. For example, in a combined
experimental and theoretical study, Lu et al.22 suggested that
the Fe centers of both normal pyridine-type and Stone−Wales

Figure 9. Representative examples of Fe−Nx−C catalysts with various coordination structures. (a) EXAFS data and active site models of FeNC-
300/500/1000. (b) ORR polarization curves of FeNC-300/500/1000 catalysts and Pt/C in O2-saturated 0.5 M H2SO4 at the rotating rate of 1600
rpm. (c) Theoretical models of Fe−N2/5/6−C. (d) Formation energies and ORR overpotentials of Fe−Nx-C (x = 1−6) moieties determined by
DFT calculations. Adopted with permission from ref 113. Copyright 2019 Royal Society of Chemistry. (e) Synthetic scheme of Fe−N−C catalyst
with Fe−N5 (Fe−N4‑pyridine−Npyridine) moieties. (f) Models of Fe−N5 and Fe−N2 moieties. (g) Adsorption energy of OH intermediate on different
Fe−Nx sites. Adopted with permission from ref 114, copyright 2017 American Chemical Society. (h) Preparation scheme of high-purity (HP)
pyrrole-type FeN4 structure. (i) ORR polarization curves of HP-FeN4, FeN4, and NC catalysts in O2-saturated 0.5 M H2SO4 and 20% Pt/C in 0.1
M HClO4 at the rotating rate of 1600 rpm. (j) Free energy diagram of ORR on pyrrole-type FeN4 and pyridine-type FeN4. Adopted with
permission from ref 121. Copyright 2020 Royal Society of Chemistry.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://dx.doi.org/10.1021/acscatal.0c01950
ACS Catal. 2020, 10, 7584−7618

7595

https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01950?fig=fig9&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01950?ref=pdf


pyrrole-type FeN4 moieties were the predominant active sites
of ORR, rather than the coordinated N atoms. Interestingly, in
the Stone−Wales Fe−N4, the neighboring C atoms of Fe−N4

could also serve as ORR active sites, suggesting that Fe centers
might activate the neighboring nonmetal atoms as well. Yang et
al.106 reached a similar conclusion. That is, regarding the active
sites of the Fe−N−C catalysts, the Fe, C, and N atoms
involved should all be taken into account.
One may note that Fe−N−C catalysts derived by pyrolysis

of polymer or graphene precursors inevitably contain various
Fe−CxNy configurations, which have different contributions to
the ORR activity. For example, Li et al.113 prepared a series of
Fe−CxN4−x samples (x = 1, 3, 4, as evidenced in EXAFS

measurements, Figure 9a) and observed that the ORR
performance decreased in the order of Fe−N4 > Fe−C1N3 >
Fe−C3N1 both in acidic and alkaline media (Figure 9b). This
was in line with results from DFT calculations, where the ORR
activity diminished in the order of Fe−N4 > Fe−C1N3 > Fe−
C2N2 > Fe−C3N1 > Fe−N5 (Figure 9a,c,d).
Although calculations suggested that Fe−N5, with the Fe

center coordinated to four coplanar pyridine-type N atoms and
one vertical dangling N atom, was the least active moiety for
ORR, some experimental results suggest that Fe−N5 may
actually exhibit good activity.114−117 For example, Zheng et
al.117 showed that the Fe−N5 (Fe−N4‑pyridine−Npyrrole) type
coordination was a promising ORR active site with a low

Figure 10. Representative examples of Fe−Nx−C catalysts with the Fe−N−C coordination moieties at the edge or with second dopants. (a)
Schematic models and corresponding TEM images of Fe SAs-N/C-x catalysts. (b) ORR polarization curves of the Fe SAs-N/C-x catalysts in 0.1 M
KOH, in comparison to the metal-free N/C and commercial Pt/C. (c) Solid-state 13C NMR spectra of Fe SAs-N/C-x catalysts. C1 and C2 refer to
two different types of N-alkyl carbons, and C3 to sp3-hybridized carbons. (d) Five possible Fe−Nx atomic configurations with different cracking
degrees. (e) Free energy diagrams at U = −0.77 V (upper) and 0.13 V (lower). Adopted with permission from ref 125. Copyright 2018 American
Chemical Society. (f) Schematic of the synthesis process of the Fe−N/P−C catalyst. (g) ORR polarization curves of Fe−N/P−C-700, Fe−N−C-
700, N/P−C-700, and Fe−N4@N/P−C-700 catalysts at the rotation speed of 1600 rpm in 0.1 M KOH solution. (h) HAADF-STEM image and
the corresponding EELS atomic spectra of Fe, N, and P elements. (i) EXAFS data of Fe−N−P−C catalyst and the proposed model (inset). (j) Free
energy diagram of ORR on Fe−N3P moiety. Adopted with permission from ref 132. Copyright 2020 American Chemical Society.
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overpotential. Meanwhile, their calculations showed that planar
Fe−N4 tended to transform into more stable square-pyramid
Fe−N5. However, other square-pyramid centers with five
coordinates, such as Fe−C2N3, Fe−C3N2, and Fe−CN4, would
all be favorable for H2O2 production instead. Experimentally,
Huang et al.116 embedded FePc onto 4-aminopyridine
functionalized graphene oxide (GO) to form abundant Fe−
N5 (Fe−N4‑pyrrole−Npyriddine) moieties and observed markedly
enhanced ORR performance in alkaline media, as compared
with that of Pt/C. They proposed that the axial pyridine N
could stabilize the Fe center. Lai et al.114 pyrolyzed and etched
Fe2+-impregnated ZIF-8 to yield Fe−N−C materials (Figure
9e), which contained abundant Fe−Nx moieties with x ranging
from 2 to 6. To examine the contributions of these different
coordination configurations, they theoretically compared the
square-pyramid Fe−N5 (Fe−N4‑pyridine−Npyridine, Figure 9f),
edged-site pyridine-type Fe−N2 (Figure 9f) and conventional
planar pyridine-type Fe−N4. The results suggested that at 1.23
V, the Fe−N5 coordination showed a lower energy barrier
(0.67 eV) than Fe−N4 (0.75 eV) or Fe−N2 (1.99 eV),
meaning that Fe−N5 should have the best activity. In addition,
as depicted in Figure 9g, they also compared the adsorption
energy of OH (EOH) of these three structures, which varied in
the order of Fe−N2 (4.38 eV) > Fe−N4 (3.07 eV) > Fe−N5
(2.88 eV), and argued that the low EOH of Fe−N5 could
protect the active sites from deactivation and damaging
radicals, in good correlation with the good stability observed
experimentally in acidic electrolyte. A later study from Lin et
al.118 also supported the argument that the Fe−N5 (Fe−
N4‑pyridine−Npyridine) coordination moiety was better than
solvated Fe−N4−OH and pristine Fe−N4, with the most
optimal calculated EO and lowest energy barrier of the rate-
determining step (RDS). Yet in some other studies, it has been
argued that the Fe−N2-type coordination performed better
than Fe−N4.

119,120 Taking the solvation effect into account,
Shen et al.119 reconfigured their DFT model of Fe−C2N2 with
an additional dangling hydroxy ligand that was connected
vertically to the Fe center and found that Fe−C2N2 was more
beneficial for ORR in alkaline media than Fe−N4 both
theoretically and experimentally because of its reduced
overpotential and enhanced electron transport. Zhu et al.120

also observed a superior ORR activity of Fe−N2-type catalysts
with an E1/2 of +0.927 V in alkaline media, and the catalysts
even resisted the poisoning of SCN− because of the high
affinity to O2, in contrast to leading results in the literature.
In the various Fe−N−C structures discussed above, it

should be noted that pyridine-type Fe−N4 coordination on
graphene is the most prevalent model in theoretical
calculations, while pyrrole-type Fe−N4 may actually be more
catalytically active. In a recent experimental study, Zhang et
al.121 compared the ORR activity of these two configurations.
They used ammonia gas to convert the carbon materials
embedded with pyridine-type Fe−N4 moieties into the one
with pyrrole-type Fe−N4 moieties (Figure 9h), as evidenced by
soft X-ray absorption spectroscopy measurement of the N 1s
electrons. Further electrochemical measurements (Figure 9i)
showed that the pyrrole-type Fe−N4-C had a better perform-
ance with an E1/2 of +0.8 V in acid than the pyridine-type one.
This was consistent with results from theoretical study (Figure
9j), where the pyrrole-type Fe−N4 had preferred oxygen
adsorption with a lower overpotential from O2 to OOH* than
the pyridine-type. Consistent behaviors were observed by Peng
et al.,122,123 where covalent organic frameworks (COFs)

embedded with uniform pyrrole-type Fe−N4 exhibited an
excellent ORR activity in alkaline media, with E1/2 = +0.91 V.
In a theoretical study, Liu et al.124 investigated and compared
three carbon structures for ORR electrocatalysis, Fe−N4−C12
(pyrrolic), Fe−N4−C10 (pyridinic), and Fe−N4−C8 (pyridinic
Fe−N2+2) and found that Fe−N4−C8 was the optimal site with
the lowest activation energy for the breakage of the O−O
bonds. Taken together, these results suggest that to unravel the
mechanistic origin of ORR activity, the local carbon structures
must also be taken into account, along with the Fe−N
coordination configuration.
In most calculations, the structural model includes a N-

doped graphene layer as a defect-free plane embedded with the
Fe−N−C moiety. Yet, actual samples may contain substantial
structural defects, such as edges, cavities, and carbon or
nitrogen vacancies, which can significantly impact the ORR
activity of the Fe−N−C moieties.111,125,126 For instance, Jiang
et al.125 prepared porous Fe−N−C carbon by pyrolysis of ZIF-
8/FePc (Figure 10a) and observed that the best sample
reached an E1/2 of +0.909 V (vs RHE) in alkaline media
(Figure 10b). 13C solid-state nuclear magnetic resonance
(ssNMR, Figure 10c) measurements showed that the ratio of
sp3 to sp2 carbon increased gradually with increasing pore size,
suggesting enhanced cleavage of the C−N bonds. DFT
calculations were then employed to compare several kinds of
cleavages of the C−N bonds adjacent to the Fe−N4 moiety,
including the perfect Fe−N4, Fe−N4-6r-c1, Fe−N4-5r-c1, Fe−
N4-6r-c2, and Fe−N4-5r-c2 (5r or 6r denotes 5 or 6 members
of the Fe−N-heterocyclic ring, and c1 or c2 refers to 1 or 2
cleavages in the models in Figure 10d). From the free energy
diagrams in Figure 10e, one can see that defective Fe−N4-6r-c2
was the best one with the lowest overall reaction free energy
change (0.32 eV at U = 0.13 V), in comparison to 0.64 eV for
the pristine Fe−N4, suggesting that the pore defects indeed
altered the electronic properties of the Fe−N4 moiety and
enhanced the ORR activity.
In addition to the pore effect, Fu et al.111 also took the

location of the Fe−N4 moiety into consideration by making a
comparison among four types of Fe−N4 moieties (i.e., Fe−N4
in bulk, Fe−N4 in defective bulk, Fe−N4 at the zigzag edge,
and Fe−N4 at the defective zigzag edge) using DFT
calculations. The results showed that the thermodynamic
limiting potential calculated at the Fe center of Fe−N4
increased when the location changed from the bulk to the
edge, and then increased further when a pore was introduced
near the Fe−N4 moiety, suggesting that high-porosity Fe−N−
C was favorable for the ORR process. The theoretical
argument was indeed supported by the experimental perform-
ance of porous Fe−N−C catalysts in 0.5 M H2SO4 with an E1/2
of +0.8 V, which was better than that of the nonporous one
(+0.78 V). A similar conclusion was reached by Wang et al.126

that the edge sites might facilitate electron transfer in the
catalytic reaction and lower the energy barrier. Indeed,
experimental results showed that concentrated single Fe
atoms performed comparably with commercial Pt/C in 0.1
M HClO4. Therefore, one can see that neighboring defects can
effectively alter and enhance the ORR activity of the Fe−N−C
moieties.
The significance of Fe−N4 catalysts toward ORR was also

demonstrated in our recent studies with the coordination
moieties supported on nanowrinkled carbon aerogels. The
samples were prepared by controlled pyrolysis using a biomass
hydrogel as the template and precursor.23,127 The Fe−N4 sites
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were mostly the Stone−Wales type out of the carbon plane,
and more favorable for ORR than the normal FeN4 sites
(Figure 11). Electrochemically, the resulting composites
exhibited a remarkable ORR activity in alkaline media that
was comparable to that of commercial Pt/C, and could be used
as the oxygen catalysts for metal-air batteries.
Other doping elements (e.g., S and P) have also been used

to prepare carbon composites for ORR electrocataly-
sis.94,128−131 For example, Yuan et al.132 prepared Fe−N/P-C
composites by pyrolysis of polypyrrole with FeCl3 and phytic
acid, which outperformed the P-free counterparts and
commercial Pt/C toward ORR in 0.1 M KOH (Figure
10f,g). Results from TEM (with electron energy loss
spectroscopy, EELS) (Figure 10h) and EXAFS measurements
(Figure 10i) showed that Fe centers were coordinated to three
pyridinic N atoms and one P atom of a six-membered ring,
forming a Fe−N3P coordination moiety. DFT calculations
showed that O2 molecules could be easily absorbed and form a
bond with the Fe center of the Fe−N3P moiety, in comparison
to the P-free Fe−N4. As for the RDS shown in Figure 10j, the
detachment of OH* into OH− was more endothermic on Fe−
N4 (1.02 eV) than on Fe−N3P (0.85 eV), indicating a better
catalytic performance of the latter. In addition, even the
uncoordinated P dopants could accelerate the kinetic process
of O2 adsorption onto the Fe center because of the optimized
charge distribution.
Similar behaviors have also been observed with S-doped Fe−

N−C. Mun et al.94 varied the amount of S dopants in the Fe−
N−C catalysts and found that too much S doping that formed
a thiophene structure (C−S−C) near the Fe−N4 moieties
(Fe−N−C−S-C) would decrease the ORR activity, while an

optimal amount of S dopants formed oxidized S (−SO2)
moieties as a member of the Fe−N-heterocyclic ring (Fe−N−
C-SO2−C) could boost the activity in 0.1 M HClO4. DFT
calculations indeed showed opposite electronic effects by
−SO2 (withdrawing e−) and C−S−C (donating e−) on the
charge distribution of the Fe−N4 moiety, and hence the
adsorption of oxygen species on the Fe centers.
However, if the location of S relative to Fe−N4 changes, the

catalytic activity may vary accordingly. Li et al.129 prepared a S-
doped Fe−N−C catalyst, which featured a coordination
structure of Fe−N4S2 with two S atoms directly coordinated
with two diagonal N atoms of Fe−N4. The resulting sample
exhibited a high ORR activity with an E1/2 of +0.896 V in
alkaline media. DFT calculations showed that the S dopants
induced a negative charge on N which repelled the adsorption
of OH* and eased the reductive release of OH−. Shen et al.128

found that the thiophene structure could lower the ORR
overpotential of the zigzag edge-site Fe−N2 moiety by 40%
when the two structures were separated by a distance of 7.3 Å,
because sulfur could reduce the electron localization around
the Fe center and enlarge the availability of electronic states
around its Fermi level, leading to enhanced interaction
between the Fe center and oxygen species. However, if the
moiety was too close to the thiophene structure (e.g., 2.4 or 4.9
Å), no improvement of the catalytic activity was anticipated.
Thus, in comparison with the work by Mun et al.,94 one can
see that the distance of the dopants and structure of the
functional moiety both play a critical role in determining
whether the dopants are beneficial to the ORR activity or not.
In summary, a range of structural parameters have been

identified that can impact the ORR activity of Fe−CxNy

Figure 11. Synthesis and morphological characterization of Fe,N-codoped carbon aerogel. (a) Schematic of the synthesis of the NCAC−Zn/Fe
carbon aerogel. (b) SEM image of freeze-dried CSSi−Zn/FePM hydrogel. (c) Bright-field STEM image of the NCAC−Zn/Fe aerogel. Insets to panels
b and c are the digital photographs of the corresponding samples. (d and inset) Dark-field STEM images, (e) elemental maps, (f) AFM topograph,
and (g) adhesion force image of the NCAC−Zn/Fe aerogel. Adopted with permission from ref 127. Copyright 2019 by the authors.
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nanocomposites, such as the number of coordination, the
coordination bonds, the geometric shape of the moiety, the
defects adjacent to the moiety (porosity), as well as doping by
second nonmetals. Results from leading Fe SACs for ORR are
summarized in Table S4.
3.1.2. CO2RR. Fe−N−C nanocomposites also exhibit

apparent electrocatalytic activity toward CO2 reduction to
CO, with the activity varying with the coordination
configuration of the Fe single atoms. Earlier studies have
been mostly focused on FePc or Fe−N4 on N-doped
carbon.7,133−140 Despite their appealing activities, one draw-
back of the Fe−N4 moieties is that CO can strongly bind to the
Fe center of Fe−N4, leading to a sluggish last step of CO*
desorption. In one study, Zhang et al.133 observed that the
additional graphitic N atoms around the Fe−N4 moieties could
facilitate COOH* adsorption and CO* desorption, as
compared with naked Fe−N4, because of the raised Fermi
level and d-band center induced by the graphitic N atoms. Qin
et al.140 showed that the Fe−N4 moiety near a pore defect
(Fe−N2+2) was much better than that in the bulk or at the
edge, displaying higher tolerance to CO poisoning, as the pore
defect induced a negative shift of the d-band center of Fe
relative to the Fermi level, which further weakened the Fe−CO
bond. In a recent study, Zhang et al.141 showed that Fe−N5
(pyridine-type Fe−N4 with an axially connected pyrrolic N)
was better than Fe−N4 toward CO2RR. Experimentally, Fe−
N5 moieties were embedded into graphene by pyrolysis of
hemin-linked melamine complex with graphene, which
manifested a high Faradaic efficiency for CO production
(FECO) of 97% at a low onset potential of +0.35 V. DFT
studies showed that the extra axial pyrrolic N ligand
delocalized the electron density of the Fe center and hence
reduced the Fe-CO π back-donation, prompting the
desorption of CO. This suggests that the design of Fe−N−C
catalysts for CO2 reduction to CO should focus on a
coordination that is beneficial for weak Fe-CO binding and
hence CO* desorption.
3.2. Co SACs. 3.2.1. ORR. Similar to FePc, cobalt

phthalocyanine (CoPc) also exhibits good ORR activity.98 In
an earlier study, Yuasa et al.142 directly impregnated cobalt ions
into polypyrrole in methanol at a mild temperature of 60 °C to
yield Co−N−C catalysts, which showed a clear pyrrole-type
Co−N4 coordination, as evidenced in EXAFS measurements.
The catalyst showed an apparent ORR activity in alkaline
media, and the activity was further improved after pyrolysis
treatment at 700 °C, which was ascribed to the preservation of
closely packed Co−N4 moieties, rather than the partial
formation of metallic Co in the samples. At the higher
temperature of 1000 °C, the severe loss of Co−N moieties led
to aggregation of metallic Co and substantially diminished the
activity, suggesting that Co−N4 moieties indeed dominated the
activity. Nevertheless, as EXAFS measurements only provided
averaged structural information, it was unclear if all Co−N4
coordination moieties remained the same under pyrolysis at
elevated temperatures.
Thus, extensive studies have been carried out to unravel the

Co−Nx coordination configurations from both experimental
and theoretical perspectives.100 For instance, Ziegelbauer et
al.143 pyrolyzed Co porphyrins at different temperatures,
which, based on XANES measurements, entailed an axial O
adsorbed on Co−N4, axial or planar O on Co−N3, and planar
O on Co−N2(without Co−C bonds). Electrochemical
measurements showed that higher pyrolysis temperatures

resulted in the loss of N atoms and the formation of Co−
N2/3 moieties, whose planar adsorption of O atom would skew
the ORR from the 4e− process to the 2e− one of H2O2
production. More recently, Zitolo et al.144 prepared several
types of defective Co−Nx moieties, and operando XAS analysis
showed that the structure of the Co−N−C moieties remained
unchanged at the applied electrochemical potentials, suggest-
ing high structural robustness of the Co−N−C coordination
during catalysis. In a theoretical study conducted by Kattel et
al.,145 the bonding interaction between Co and C was also
taken into account in the coordination, and it was reported
that formation of Co−N4 was energetically more favorable
than Co−N2, suggesting that Co−N4 was the dominant active
site of ORR. Note that Co−N4 and Co−N2C2 would have
different binding geometries of O2, where O2 tends to bind in
an end-on configuration to the Co center of Co−N4 (O−O−
Co) but prefers a side-on adsorption on Co−N2C2 (Co = O2,
with O2 parallel to the graphene plane). Hence a different
reduction pathway would follow on these two coordination
types. However, further calculations show that peroxide
intermediate (OOH*) can efficiently adsorb onto Co−N2
but not on Co−N4, implying that a second site was needed
for the main active sites (Co−N4 moieties) to reduce H2O2
into H2O. This was consistent with results from another study
by Sun et al.146 All these calculations lead to a similar
conclusion that Co−C2N2 moieties would serve as the second
active sites to reduce H2O2 previously formed on Co−N4.
Meanwhile, while not very stable, the Co−C2N2 moiety itself
could directly reduce O2 into H2O, suggesting that the
formation of Co−N2 moieties inside Co−N−C should
enhance the ORR activity.
Experimental studies by Yin et al.147 seemed to corroborate

the above calculations. They prepared Co−N−C by pyrolysis
of Co-containing ZIF at elevated temperatures and found that
the Co SACs prepared at 900 °C featured a structure of Co−
C2N2, which exhibited a remarkable ORR activity (E1/2 =
+0.881 V in 0.1 M KOH), outperforming the Co−N4
counterpart (E1/2 = +0.863 V). Zhu et al.120 also observed a
high E1/2 of +0.878 V with Co−N2-type SACs in alkaline
media, which even resisted SCN− poisoning without any decay
of the activity. This was rarely reported with Co−N4 SACs in
the literature,148,149 suggesting that O2 adsorption to Co−Nx
might change with the coordination configuration. From a
theoretical perspective, Sun et al.150 embedded Co-CN3
moieties into graphene as a promising ORR catalyst to replace
Pt, where the energy barrier of RDS was much lower on Co-
CN3 (0.38 eV) than that on a Pt (111) slab (0.80 eV) or Co−
C2N2 (0.58 eV). Although Co−N4 has been argued to be
unfavorable for OOH* adsorption based on theoretical
calculations,145,146 Sun et al.151 prepared a series of Co
SACs, examined the overall ORR pathway of the Co−C4−xNx
(x = 1−4) moieties in alkaline media and observed that the
overpotential increased in the order of Co−N4 < Co−C1N3 <
Co−C2N2 < Co−C3N1. This indicates that Co−N4 coordina-
tion was likely the dominant active sites.
Although it remains debatable which Co−CxNy coordination

is the best for ORR catalysis, Co−N4 coordination has been
the most frequently used model in the literature, similar to Fe−
N4.

149,152−154 Overall, Co−N4 coordination is energetically
more favorable and stable than Fe−N4 under various
potentials, as evidenced by operando XAS study.144 Electro-
chemical measurements also showed better structural stability
of Co−N4 than that of Fe−N4,

149 and the former exhibited
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better resistance against SCN− poisoning than the latter,

consistent with the results from DFT calculations that O2

increased the stability of Co−N4 but not for Fe−N4. Wan et

al.155 prepared a Co−N−C catalyst by pyrolysis of Co-

histidine complex and attributed the high ORR activity (E1/2 =

+0.85 V) and antipoisoning ability in alkaline media, but not

acidic, to the formation of Co−N4 moieties. They further

argued that the N sites coordinated to the Co center served as

Figure 12. (a) (top) HRTEM image and (bottom) HADDF-STEM image of Co9S8 particles and Co single atoms. (b) ORR polarization curves of
CoSA+Co9S8 catalyst and comparative samples in 0.1 M KOH at 1600 rpm. (c) Theoretical model of Co−N4 on Co9S8. (d) Free energy diagram
for the thermodynamic limiting potentials of the ORR steps. Adopted with permission from ref 158. Copyright 2020 Wiley-VCH. (e) Models of
Co−N4(O) and Co−N4(2O) moieties and their respective charge densities. (f) Volcano plots of calculated ORR catalytic activity to produce H2O
(blue) and H2O2 (red). (g) (left) Comparison of ORR performance at 1600 rpm (solid lines) and the simultaneous H2O2 detection current
densities at the ring electrode (dashed lines) for NG(O), Co1−NG(O), and Co1−NG(R) catalysts in 0.1 M KOH and (right) calculated H2O2
yield (%). Adopted with permission from ref 159. Copyright 2020 Springer Nature.
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the main active sites when SCN− ions blocked the Co centers,
while Co SAs played a more critical role in acidic media,
owning to the discrepancy of reaction pathways and
intermediates between the reactions in alkaline and acidic
media. Amiinu et al.148 prepared Co−N−C nanorod arrays
based on ZIF-67 and found that SCN− could block the Co−N4

centers and markedly decrease the ORR activity. Acid leaching
was then carried out to remove Co species on nanorod arrays,
which caused a negative shift of the E1/2 by almost 50 mV, as
compared with the as-prepared ones. Meanwhile, the resistivity
against SCN− ions was improved markedly with only a trivial
loss of activity in alkaline media, suggesting that after acid
leaching, the limited number of Co coordination moieties
remained catalytically active and accessible for SCN− poison-
ing. Their poisoning tests and acid treatment together
validated that Co centers were crucial for the ORR activity.
Notably, they then carried out theoretical studies to compare
the pyrrole-type and pyridine-type Co−N4 and found that
Co−Npyridine produced a higher HOMO energy (−4.647 eV)
than Co−Npyrrole (−4.765 eV), suggesting that the former
could easily donate electrons and thus be more favorable

toward ORR. Moreover, Co−Npyridine led to a higher DOS
neighboring the Fermi level than Co−Npyrrole, leading to a
higher reactivity and electron mobility. This confirmed that the
pyridine-type Co−N4 coordination was more likely the active
site. Taken together, these results suggest that the primary
active site in alkaline media is the Co center in Co−N4, with
the coordinated N atoms being the coactive sites. Note that in
Fe−N−C, the coordinated C sites may be coactive sites as
well.
In another study, He et al.156 fabricated microporous Co−

N−C with abundant Co−N2+2 sites. The catalyst exhibited an
E1/2 of +0.84 V and excellent stability in corrosive acidic
electrolyte. Further DFT study revealed that 4e− ORR was
thermodynamically more favorable on Co−N2+2 than on Co−
N4, as the RDS of OOH* dissociation entailed a much lower
activation energy on the Co−N2+2 site (0.69 eV) than on Co−
N4 (1.11 eV).
The ORR activity of the Co−N−C ternary system can be

further improved by doping with secondary nonmetal atoms
due to a change of the coordination configuration.157,158 For
instance, Zhang et al.157 pyrolyzed Co-thiourea complex and

Figure 13. Operando XAS study of the coordination structure of Co−N−C HER catalyst. (a) HAADF−STEM image of Co1/PCN with Co single
atoms in red circles. (b) HER polarization curves of Co1/PCN and compared samples in 1.0 M KOH. (c) Schematic of the operando
electrochemical cell setup for the identification of the active site of Co1/PCN. (d) EXAFS spectra of different fitting paths for the sample under ex
situ and open-circuit conditions and at −0.04 V. The corresponding geometric configurations are shown in the panels: H, purple; C, gray; N, blue;
O, green; P, pink; Co, red. (e) Calculated energy diagrams for H2O dissociation for the Volmer step. Adopted with permission from ref 164.
Copyright 2018 Springer Nature.
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produced a Co−N−C-S catalyst, which showed a high E1/2 of
+0.86 V in 0.1 M KOH. Unlike the coordination structure of
Fe−N4S2,

129 Co atoms were argued to bond with S atom
forming Co−N3S1 moieties as the active sites. This was
thermodynamically more favorable than Co−N4S2, based on
DFT calculations. Furthermore, Co−N4 can be affected by the
surrounding substrates like cobalt sulfide. Li et al.158

constructed a hollow carbon nanotubes (HCNT) composite
with Co9S8 nanoparticles encapsulated within the Co−N−C
layers (CoSA+Co9S8/HCNT) (Figure 12a) that showed an
ORR activity (E1/2 = +0.855 V in 0.1 M KOH, Figure 12b)
higher than that without S dopants and commercial Pt/C. In
DFT calculations (Figure 12c,d), Co9S8 was found to reduce
the adsorption free energy of oxygen intermediates on the Co
center of Co−N4 (0.35 eV), as compared to the pristine Co−
N4 (0.57 eV) at U = 1.23 V. This facilitated the desorption of
OH*, the RDS of the overall ORR pathway.
In addition to the Co−N−C catalysts that favor the 4e−

ORR discussed above, cobalt SACs have also been found to
exhibit selectivity toward the 2e− ORR of H2O2 production,
when oxygen functional moieties are around the Co
SAs.92,159,160 Jung et al.159 employed DFT calculations to
screen the reaction energetics of H2O2 production on a variety
of metal−N4C coordination structures. None of them was near
the peak of the volcano plot of H2O2 production (Figure
12e,f), based on the adsorption energy (ΔG*OOH) of *OOH
(the most important intermediate of 2e− ORR). However, if
functional groups like O* (electron-rich species) were added
adjacent to the Co−N4 moiety (Co1−NG(O), Figure 12e),
ΔG*OOH could be increased from 3.9 to 4.1 eV and become
closer to the optimal value for H2O2 production (Figure 12f).
Addition of other electron-rich species like OH* leads to a
similar result. Within this theoretical context, they treated Co-
containing graphene oxide (GO) under mild reduction (NH3
gas at 500 °C) to prepare Co−N4(O) catalysts, which
exhibited high H2O2 selectivity (∼80%) and mass activity
(155 A/g at +0.65 V), as shown in Figure 12g. By contrast,
Co−N4 on GO formed at 900 °C with fewer O species (Co1−
NG(R)) had a strong tendency to react with O2 via the 4e−

pathway to produce H2O. Li et al.
160 also found that when the

Co−Nx moieties were modified with O functional groups, the
selectivity of ORR could be varied from the 4e− to 2e−

pathway.
In general, the engineering methods of the Co−N−C

catalysts are similar to those for Fe−N−C, where coordination
structures of the Co−N−C moieties can be modified and
controlled, so as to improve the activity and control the
selectivity of ORR. Table S5 summarizes the ORR perform-
ances of select Co SACs.
3.2.2. Water Splitting. Co SAs embedded in g-C3N4 or N-

doped carbon have been reported as good HER catalysts for
electrochemical water splitting.96,144,152,161−163 For example,
Fei et al.162 pyrolyzed GO with Co salts at a high weight ratio
of 125:1 under NH3 gas to form Co−N−C catalysts, which
exhibited an η10,HER of −147 mV in acid, much better than that
without N dopants. This suggested the critical role of Co−N
linkage in HER. In a later study, Cao et al.164 embedded Co
SAs in P-doped g-C3N4 (Co1PCN), as evidenced by HAADF-
STEM studies (Figure 13a), which displayed an η10,HER of −89
mV in 1 M KOH (Figure 13b). Operando XAS studies (Figure
13c) showed that the as-produced sample contained Co−N4 as
the initial coordination; yet when an electrochemical potential
was applied for HER, Co−N4 would spontaneously bind to

OH− from the electrolyte forming a high-valence HO−Co−N2
moiety. This suggested that the HO−Co−N2 moiety was the
actual active coordination (Figure 13d). In DFT calculations
(Figure 13e), HO−Co−N2 indeed was favorable for the
dissociation of water molecules because of charge transfer from
Co to the coordinated N and OH− groups, leading to a higher
oxidation state of the Co center and a lower energy barrier
(0.52 eV) for the Volmer step than that on Pt(111) (0.96 eV).
In another study, Sa et al.96 prepared Co−N−C with Co−Nx
moieties embedded in CNT for HER and calculated several
plausible Co−N4 structures (i.e., CoPc, pyridine-type and
pyrrole-type Co−N4, Co−N2+2, and various Co−N5 config-
urations). Compared with Co nanoparticles encapsulated in
graphene, all atomic Co moieties showed a lower |ΔGH|, with
pyridine-type Co−N4 being the optimal structure.
Recent studies of Co SAs on MoS2 or MXene have also

demonstrated striking HER performance.95,165 For instance, Qi
et al.95 used a simple sonication and leaching method to
prepare Co SACs on distorted 1T MoS2 and observed a Pt-like
HER activity with a low η10,HER of −42 mV in acid. In DFT
calculations, Co SA was built into MoS2 with a Co−S3
coordination in a tetrahedral configuration. The results showed
that the d-peak level at the Fermi level was stronger when the
surface coverage of Co SAs on MoS2 increased by varying the
supercell from 4 × 4 to 3 × 3. Meanwhile, H* adsorption on
the tilted top site of Co toward the adjacent S atom on the
surface was better than that at the upright position of Co,
suggesting that neighboring S could facilitate the adsorption of
H* leading to enhanced HER activity.
Co SAs supported on carbon are also active toward

OER.166−168 Zhang et al.166 prepared a Co−N−C catalyst
with a good OER performance in alkaline media (onset
overpotential ≈ + 210 mV) and theoretically analyzed the
OER free energy diagrams for the Co−C2N2, Co−N4, and
Co−N3 coordination moieties. It was found that both Co−
C2N2 and Co−N4 had a lower theoretical overpotential of
+0.53 and +0.41 V, respectively, than Co−N3 (0.90 V). In
another study, Dou et al.168 prepared porous carbon embedded
with atomic Co−Ox species by O2 plasma of ZIF-67, where the
formation of the Co−O bonds was confirmed by EXAFS
measurements. The formation of Co−Ox species led to a
remarkable OER activity, with a potential (E10,OER) of +1.548
V needed to deliver 10 mA cm−2 in alkaline media. This
performance was comparable to that of commercial RuO2 but
markedly better than that of ZIF-67 (E10,OER = +1.63 V).

3.2.3. CO2RR. As a versatile catalyst, Co SACs will not be
absent from the catalysis of CO2RR, where the electrocatalytic
activity also varies with the exact coordination structure of the
Co−N−C moiety.169−172 Wang et al.169 showed that at high
temperatures, the Co−N4 coordination in N-doped carbon
might be gradually transformed into Co-CN3 and then Co−
C2N2, as observed previously for ORR.147 The CO2RR activity
and CO selectivity decreased in the order of Co−C2N2 > Co−
CN3 > Co−N4, indicating that Co−C2N2 was the optimal
structure for CO2RR. DFT calculations further revealed that
adsorption of COO* onto Co−C2N2 was easier than onto
Co−N4, and the release of CO* was prompted on Co−C2N2
bound with two CO molecules because of a decrease of the
desorption energy. In another study, Pan et al.172 demon-
strated that Co−N5 coordination (CoPc with a pyrrolic N
connected to the Co center) to be the best catalyst among
CoPc, Co−N4, and Co−N3 with a FECO exceeding 90% in a
wide potential range from −0.57 to −0.88 V, suggesting
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effective suppression of the competitive HER. This was
consistent with results from the aforementioned study by Sa
et al.96 that pyrrole-type Co−N5 was the least favorable for to
H* adsorption.
3.3. Ni SACs. 3.3.1. HER. Ni SACs have been widely used

for HER, in various coordination configurations in a range of
substrate supports, such as graphene, graphdiyne, MoS2,
Mo2C, etc.

97,173−184 In an early study, Qiu et al.175 prepared
Ni SAs on nanoporous graphene by the CVD and leaching
method. The resulting nanocomposite exhibited an η10,HER of

−50 mV in 0.5 M H2SO4, which was much lower than that of
bulk Ni. In DFT calculations, ΔGH in three possible
coordination configurations (i.e., Ni−C3 in the graphene
lattice, Ni at the hollow site of a benzene ring, and Ni−C2 at
the defective site) were estimated and compared. The results
showed that the three surrounding C atoms of Ni−C3 had a
ΔGH similar to that of a Pt slab. Further electronic structure
studies showed that Ni had a strong binding with C atoms,
resulting in an empty Ni−C hybrid orbital close to the Fermi
level and strong adsorption of H*, as compared to the naked

Figure 14. (a) HADDF-STEM image of A-Ni@DG. (b) Three possible models of Ni SAs of A-Ni@DG. (c) HER polarization curves of A-Ni@DG
and compared samples in 0.5 M H2SO4. (d) OER polarization curves of A-Ni@DG and compared samples in 1 M KOH. Energy profiles of the
three configurations for (e) HER and (f) OER. Adopted with permission from ref 173. Copyright 2018 Elsevier Ltd. (g) Model of a Ni SA on
MoS2. (h) HER polarization curves for different catalysts in 0.5 M H2SO4. (i) Band structure of Ni SA decorated MoS2. (j) Theoretical calculations
for the effects of Ni decoration on the HER activity of MoS2. Adopted with permission from ref 97. Copyright 2018 Wiley-VCH. (k) EXAFS data
of the proposed Ni−O4(OH)2 structure (inset). (l) OER polarization curves of Ni−O-G SACs and compared samples in 1 M KOH. (m) Free-
energy diagrams of OER pathways and theoretical overpotential of Ni−O-G SACs, Ni−N-G SACs, and NiO nanoparticles. Adopted with
permission from ref 187. Copyright 2020 by the authors.
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graphene layer. Fan et al.180 prepared an atomic Ni−C catalyst
by pyrolysis of a Ni-MOF and reached a similar conclusion
that Ni SACs might be a cost-effective substitute for Pt/C
toward HER. In a later study, Zhang et al.173 utilized vacancies
of defective graphene to trap Ni2+ ions and construct a
bifunctional Ni SAC by high-temperature annealing. Notably, a
divacancy-graphene defect was observed to chelate a Ni atom,
as evidenced in HAADF-STEM studies (Figure 14a). Three
coordination moieties were then proposed (Figure 14b) to
account for the excellent HER and OER activity (η10,HER =
−70 mV in 0.5 M H2SO4, and η10,OER = +270 mV in 1 M
KOH, Figure 14c,d): Ni at the center of a benzene ring of the
graphene, Ni at the center of a seven-membered C ring (aNi@
D5775), Ni at the divacancy defect with a coordination of
NiC4 (aNi@Divacancy). From the free energy diagrams in
Figure 14e,f, the best HER catalyst appeared to be aNi@
D5775, which featured the optimal adsorption of H and
highest DOS near the Fermi level, while the best OER was
aNi@Divacancy, with the most optimal interaction with
intermediates and the narrowest Gibbs free energy. That is,
Ni−C coordination can be appealing for HER (and OER), if
the location is appropriate.
Unlike conventional graphene scaffolds discussed above, Xue

et al.182 loaded zero-valence Ni SAs on graphdiyne, which
showed an η10,HER of −88 mV in 0.5 M H2SO4, much better
than that of graphdiyne alone (η10,HER = −578 mV). Two
possible sites of Ni SAs were examined: the corner of the
triangular lattice and the hexagonal lattice, where the former
might be the anchoring site for Ni to form Ni−C4 coordination
based on EXAFS results. The calculation results showed that
the sp-hybridized orbitals of graphdiyne had an abnormal
strong overlap with the d orbitals of Ni and hence reduced the
initially positively charged Ni2+ to Ni0, meaning that Ni−C was
due to a mutual charge overlap but not a realistic bond. With
such a unique interaction, further calculations of H adsorption
suggested that the nearby C atoms were the active sites for
efficient HER.
In addition to these carbon-based Ni SAs, Zhang et al.97

substituted Mo atoms on the MoS2 nanosheet surface with Ni
SAs to form isolated Ni−S6 sites (Figure 14g), which exhibited
an η10,HER of −161 mV in 0.5 M H2SO4, much lower than that
of MoS2 (−297 mV) (Figure 14h). It was found that after Ni
decoration, some new hybridized electronic states were
generated near the Fermi level of MoS2 (Figure 14i), which
were localized around Ni-activated S sites, leading to
strengthened H binding and an enhanced HER performance,
as compared with the pristine MoS2 (Figure 14j). In another
study, Wang et al.179 deposited Ni SAs onto the basal planes or
edges of MoS2 and observed an η10,HER of −110 mV. The ΔGH
was then calculated and compared at different atomic sites,
such as Ni at the top Mo site (T) or the center of the
hexagonal site (H) of the MoS2 basal plane, Ni atom at the S-
edge or Mo-edge of MoS2, and Ni substituting Mo atom of the
basal plane or the edge site. The results showed that without
Ni decoration, effective desorption of H2 was difficult from the
S-edge of MoS2, but with the introduction of Ni SAs at the S-
edge, the catalytic activity of the S-edge sites was significantly
increased. That is, for single atoms on even the same substrate,
the position of the active sites may vary, and careful
characterizations are needed both experimentally and theoret-
ically.
Note that the Ni−Nx moiety can also have good catalytic

activity toward OER.163,185,186 For example, Fei et al.163 used

GO to chelate various metal ions, and thermal annealing under
NH3 gas produced various metal-N4 moieties. Interestingly,
Ni−N4 had the highest activity toward OER with an η10,OER of
+331 mV in 1 M KOH. DFT calculations showed that both
the N and neighboring C acted as dual catalytic sites to
facilitate reactions on the Ni centers, especially the OH* to O*
step, where OH* was transformed into O* on the C site and
then transferred to the Ni center for OOH* adsorption and
release of O2. Notably, the dual site mechanism showed a
lower limiting barrier of 0.42 eV than the single-site
mechanism, where OER happened solely on the Ni center of
Ni−N4 (1.24 eV). Similar results were obtained both
experimentally and theoretically by Zhang et al.,185 where
Ni−N4 moieties were anchored on N-doped carbon spheres.
The HER activity of the Ni−N−C catalysts can be further

enhanced by the addition of secondary dopants. For instance,
Hou et al.186 doped S into Ni−N−C for HER in the
coordination of Ni−N3S1, based on results from XAS
measurements. With such a unique coordination of the Ni
SAs, the catalyst delivered an η10,HER of −280 mV in alkaline
media. They then estimated and compared the formation
energies of all possible moieties, such as Ni−N4, Ni−N3S1,
Ni−N2S2, Ni−S1C1, and Ni−N1S3, and argued that Ni−N3S1
and Ni−N4 represented the most thermodynamically stable
structures. Additionally, the calculations showed that S and C
sites neighboring the N atoms of Ni−N4 and Ni−N3S1 could
be ruled out because of their high free energy of OOH*
generation, indicating that the Ni center alone should be the
active site. Finally, Ni−N3S1 had a more favorable DOS
distribution than Ni−N4, because the S atom enhanced
electron-transfer from Ni, leading to a lower overpotential.
Normally, O rarely appears in the coordination of SACs; yet

in a recent study, Li et al.187 prepared graphene-supported Ni
SACs that were derived from NaCl-templated sucrose, and
observed a relatively low η10,HER of −224 mV in alkaline media
with the Ni−O4(OH)2 coordination (Figure 14k,l), in contrast
to that of oxygen-deficient Ni−N−C. From the free energy
diagram (Figure 14m), Ni−O4-(OH)2 can be seen to exhibit a
lower energy barrier (0.48 eV) in the reaction pathways than
both Ni−N4 (1.09 eV) and bulk NiO (0.53 eV), suggesting the
unique contributions of Ni−O bonds. In another study, Xu et
al.188 also found that Ni SAs coordinated to O atoms (Ni−O−
C at edge sites of graphene) had a better performance than
Ni−N4 both in experimental measurements and DFT
calculations.

3.3.2. CO2RR. Extensive studies have been carried out with
Ni SACs for CO2RR, among which Ni−N−C typically displays
a high efficiency.189−200 Like Fe−N4 and Co−N4 discussed
above, Ni−N4 is also highly active and selective for CO2
reduction to CO because of the low HER activity.184 Note that
the potential determining step of the overall reaction on Ni−
N4 is the first proton-coupling electron-transfer reaction that
transforms CO2 into COOH*. This can be mitigated by a
manipulation of the coordination of the Ni−Nx moieties. For
example, Yan et al.196 prepared Ni−N−C catalysts by pyrolysis
of ZIF-8 containing varying ratios of Zn to Ni. The resulting
samples exhibited a high Ni loading of 5.44 wt %, a high FECO
of 92−98%, and a current density of 71.5 ± 2.9 mA/cm2 at
−1.03 V. They then did a detailed study of the effect of the
coordination configurations on the activity and selectivity by
building several models, such as Ni−N4, Ni−N3, Ni−CN3,
Ni−N3−V, and Ni−N2−V2 (V denotes vacancy). The results
showed that Ni−N4 had the highest limiting potential but
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lowest HER activity, while for the rest of the coordination
moieties, their limiting potentials were all apparently lower,
suggesting a higher CO2RR activity. However, as Ni−N3, Ni−
N3−V, and Ni−CN3 also exhibited apparent activity toward
HER, as compared with Ni−N4, the corresponding FECO

would be lower. Thus, the only promising coordination was
Ni−N2−V2. The theoretical activity and selectivity of Ni−N3−
C coordination was consistent with results from another
experimental study by Zhao et al.198 It was observed that
although the activity of Ni−CN3 was very high with a current
density of 10.48 mA/cm2 V, the FECO was only 71.9% because
of HER. In short, for CO2RR catalyzed by Ni−N−C, an
optimal coordination should meet the following requirements:

(i) low potential barrier and (ii) low activity toward HER, as
observed above with SACs based on other metal centers.

3.4. Cu SACs. Copper metalloenzymes have been widely
investigated as ORR catalysts.201,202 Typically, the unsaturated
coordination of the copper centers and amino acid residues
within these molecules of copper oxidases, such as laccase,
ceruloplasmin, and cytochrome c, are considered as the ORR
active sites.203−206 Therefore, materials containing atomic Cu−
N moieties may serve as promising alternatives to rival
commercial Pt/C toward ORR. To this end, one simple
method is to attach these molecules onto a support like carbon
black and graphite physically for ORR electrocatalysis. For
instance, Thorum et al.207 used 3,5-diamino-1,2,4-triazole
(Hdatrz) ligands to chelate two Cu(II) atoms (Cu-Hdatrz)

Figure 15. (a) STM image of Cu−N@C-60. (b) Cu−K edge EXAFS spectra of Cu−N©C-60 and compared samples. (c) ORR polarization curves
of Cu−N©C-60, in comparison with CuPc and Cu−N©C-60 after HNO3 treatment from the RDE test at the rotating speed of 2500 rpm and
potential scan rate of 10 mV/s. (d) Bader charge (left y-axis) and the corresponding chemical valence (right y-axis) of Cu atoms in bulk Cu3N,
Cu−N©C structures (with Cu−N2, Cu−N3, and Cu−N4 configurations), and CuPc molecule. (e) Volcano plot of the relationship between ORR
activity and ΔEO. Adopted with permission from ref 217. Copyright 2016 Elsevier Ltd. (f) Scheme of the formation of isolated copper sites (Cu
ISAS/N−C). (g) HAADF-STEM image of Cu ISAS/NC. (h) ORR LSV curves of NC, Cu ISAS/NC, and Pt/C catalysts in 0.1 M KOH solution at
the potential sweep rate of 10 mV/s and rotation rate of 1600 rpm. (i) Free energy diagram for ORR process on these three models at the
equilibrium potential (U = +0.40 V or +1.23 V) at pH = 14. Adopted with permission from ref 221. Copyright 2019 Springer Nature.
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in a bridge-like fashion, where each copper center formed two
Cu−N bonds with each azole molecule. After mixing with
Vulcan XC-72 carbon, the resulting composite was observed to
catalyze 4e− ORR with an Eonset of +0.86 V in alkaline media.
In addition to this Cu−N2 catalyst, other complexes with Cu−
N3, Cu−N4, and Cu−N5 coordination have also been
studied.208−211 However, as these catalysts are prepared by
simple mixing of the copper complexes with carbon supports,
the samples lack stability during electrochemical reactions, and
are not sustainable for practical applications. To mitigate this
issue, one plausible strategy is to incorporate the Cu−N
moieties into the carbon matrix. For example, Iwase et al.212

synthesized conductive covalent triazine frameworks (CTF) by
polymerization of 2,6-dicyanopyridine. The CTF contained
abundant pyridinic nitrogen to chelate metal ions by, for
instance, wet impregnation. The resulting Cu-CTF nano-
composites possessed atomically dispersed Cu−N2 and Cu−
N3 moieties, which were resolved by XAS analysis and
exhibited a good ORR activity, with Eonset = +0.91 V in
alkaline media. Cu-CTF also exhibited robust stability, where
the current decreased only by 32% after 1000 CV cycles, in
comparison to 94% with the Cu-Hdatrz complexes alone. DFT
calculations showed that the adsorption energy of oxygen atom
(ΔEO) on the copper atom of Cu−N2 (−4.20 eV) was slightly
lower than that of a Pt slab (−4.40 eV), suggesting that these
Cu−N2 moieties were the active sites, based on the Sabatier
principle. Interestingly, calculations of ΔEO for the copper
atom of Cu−N4 macrocycle suggested that this saturated
coordination corresponded to a weaker binding with oxygen
atom (−2.75 eV). This was consistent with the experimental
results that showed a poor activity with Cu-porphyrin or Cu-
phthalocyanine (CuPc), both of which featured a coordination
configuration of Cu−N4 (pyrrole-type N).98,99,211,213

Both examples discussed above are based on atomic
chelation of Cu(II) ions by nitrogen moieties. Yet during
ORR, the Cu (II) ions may be converted to Cu(I), and studies
have shown that Cu(I) is more favorable than Cu(II) for the
binding and activation of O2.

209,214−216 Within this context,
Wu et al.217 prepared N-doped carbon embedded with
abundant Cu(I)-N moieties (Figure 15a) by pyrolysis of
dicyandiamide (DCDA) with CuPc. XPS measurements
showed that most Cu species existed as Cu(I) and had a
coordination number of 2.2, as determined by XAS measure-
ments (Figure 15b). The resulting Cu-NC catalysts exhibited
an E1/2 of ca. + 0.8 V, close to that of commercial Pt/C. Yet
after oxidation of the Cu(I) species by HNO3 to Cu(II), the
E1/2 negatively shifted by over 100 mV, meaning that Cu(I)-N
was more active than Cu(II)-N toward ORR (Figure 15c).
DFT study of the Bader charge (Figure 15d) suggested that
the valence state of Cu atom in Cu−N2 was close to that of
bulk Cu(I)3N, while Cu−N4 had a valence state of Cu(II), no
matter whether the coordinated N was pyrrole or pyridine-
type. As for Cu−N3 coordination, its valence state fell between
those of Cu−N2 and Cu−N4, but the coordination was less
stable than other configurations. Notably, Cu−N2 was located
at the summit of the Sabatier volcano plot of ΔEO, indicating
that Cu−N2 moieties were most likely the active sites (Figure
15e). A similar conclusion was reached by Li et al.218 They
observed that the Cu−N−C catalyst even outperformed
commercial Pt/C in alkaline media with an E1/2 of +0.869 V.
In DFT calculations, it was found that the adsorption of O2 on
the Cu atom of Cu−N2 was more favorable than that of Cu−
N4. Another recent work from Wang et al.219 also supported

that Cu−N2 at edge sites was better than Cu−N4 moieties
toward ORR. They first synthesized Cu−N−C with abundant
Cu−N4 moieties and then sulfurized the sample to produce
Cu−N2 moieties, as evidenced by XAS measurements. XPS
studies demonstrated that the content of Cu(I) species
increased after sulfurization. The ORR activity of the sulfurized
Cu−N−C increased accordingly, as compared to the original
Cu−N−C.
Interestingly, in an experimental study, Qu et al.220 showed

that Cu−N4 moieties in pyrolyzed ZIF-8 also had an excellent
ORR activity in alkaline media, with an E1/2 of +0.895 V. XPS
analysis revealed that the valence state of Cu was between 0
and 2. It should be noted that ZIF-8-derived carbons contained
prevalent micropores and defects, leading to different carbon
domains, as compared to graphene oxide or carbon nitride.
Thus, other factors may also change the nature of the Cu−N4
moieties toward ORR. In a recent study, Yang et al.221

examined how the vacancy near the Cu−N active sites
impacted the catalytic activity. By gas transformation (Figure
15f), Cu(I) atoms of Cu2O were evaporated onto the defect-
rich carbon skeleton of pyrolytically derived ZIF-8 to form
Cu−N coordination moieties (Figure 15g), with a coordina-
tion number close to 3, as determined by EXAFS analysis. The
resulting Cu−N−C nanocomposites exhibited an E1/2 of +0.92
V in alkaline media (Figure 15h), competitive to that of state-
of-the-art Fe−N−C catalysts. However, when N-doped
reduced graphene oxide (N-rGO) was used as the support
for Cu SAs, with a coordination number of 4 (Cu−N4), the
sample showed only a moderate activity, possibly because N-
rGO did not have abundant defects like that derived from ZIF-
8. In theoretical calculations (Figure 15i), the ORR activity of
the Cu−N−V (vacancy, without C coordination), Cu−CN3,
and Cu−N3 coordination was analyzed and compared, and the
results showed that the formation of OOH* was the RDS of
the Cu−N3−V and Cu−CN3 structures, whereas the removal
of OH* was the RDS of Cu−N3. In addition, the vacancy
defect of Cu−N3−V was argued to decrease the theoretical
ORR overpotential (0.42 eV), which was much lower than that
of Cu−CN3 (0.83 eV) and Cu−N3 (1.37 eV). Therefore, one
can see that for a simple Cu−N−C system, the atomic
coordination is capable of varying the electronic structure,
leading to a change of the adsorption of oxygen species on the
Cu centers. Furthermore, defects like vacancy can even alter
the RDS on select Cu−N coordination, which may be
exploited as a promising way to enhance the ORR activity.
The ORR performances of these Cu SACs are summarized

in Table S6.
3.5. Other Metals. SACs based on other nonprecious

transition metals, such as Zn,222,223 Cr,224 and Mo,225 have also
been used for ORR electrocatalysis. For instance, Li et al.223

prepared Zn−N−C catalysts by pyrolysis of mixed precursors
of poly(o-phenylenediamine) with ZnCl2 at a slow ramping
rate of 1 °C/min to retain as many Zn active sites as possible.
The Zn−N−C catalyst contained mostly Zn−N4 moieties with
an ultrahigh Zn loading of 9.33 wt %, as evidenced in XAS and
XPS measurements. Electrochemically, the sample exhibited a
high E1/2 of +0.873 V toward ORR in 0.1 M KOH. However,
the activity remained slightly subpar as compared with that of
Fe−N−C prepared in the same manner. DFT calculations
showed that the Zn−N4 moiety was less active to bind *OH,
which would corrode the active sites than Fe−N4, and hence
was more anticorrosive and stable. In another study, Luo et
al.224 annealed Cr-soaked ZIF-8 to yield Cr SACs with Cr−N4
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coordination, and observed an E1/2 of +0.773 V in acid and
superb stability with only a 15 mV shift of E1/2 after 20 000 CV
cycles.
Mo SACs have also been used toward oxygen reduction for

H2O2 production. Tang et al.225 embedded a high loading of
Mo SAs (13.47 wt %) into porous O,S-codoped graphene by
MgO-templated pyrolysis and leaching treatment and observed
a high H2O2 selectivity over 95% in 0.1 M KOH. XAS studies
resolved that the Mo SAs were in a mixture of Mo−O and
Mo−S coordination. In DFT calculations, three coordination
types (i.e., Mo−O4, Mo−S4, and Mo−O3S on a graphene
layer) were examined and compared in terms of their
adsorption energy of *OOH. Surprisingly, the active site was
found to be the neighboring C atom of the six-membered ring
(coordinated with S), which was activated by the electrons
donated from the Mo atom upon the adsorption of OOH*.
While Mo−O4 has the highest free energy of OOH*
adsorption, the adsorption energy on the C site decreased to
0.35 eV when one O atom was substituted by S to form Mo−
O3-S, suggesting more favorable adsorption for OOH*. As for
the fully S coordinated Mo−S4, the adsorption energy was
decreased further to 0.14 eV. These results indicate that
sometimes transition metal atoms do not need to be the active
sites, but they can activate surrounding nonmetal sites to be
the active sites.
Mn SACs have also been prepared and used as high-

performance catalysts for ORR, OER, and CO2RR.
226−228

Similar to Fe and Co, carbon composites loaded with abundant
Mn−N moieties were found to exhibit an apparent ORR
activity (E1/2 = +0.80 V) in acidic media that was comparable
to that of commercial Pt/C, as manifested in a recent study by
Wu and co-workers.228 DFT studies were then carried out to
screen nine possible Mn−NxC structures, and Mn−N4
(pyrrolic N) was identified as the optimal active sites,
consistent with results from XAS analysis. In another study
by Guan et al.,226 Mn SAs were loaded onto the N-doped
graphene forming Mn−N4 moieties, which was evidenced by
HAADF-STEM and EXAFS measurements (Figure 16a−c).
The resulting samples were then used as OER catalysts for
water oxidation, displaying an η10,OER of +337 mV in 1.0 M
KOH (Figure 16d). In DFT calculations, various coordination
structures, including Mn−N4, Mn−N3, Mn−O3, Mn3N7, and
Mn phthalocyanine, were examined and compared in terms of
the theoretical overpotential of the OER pathways. The results
showed that the Mn center of Mn−N4 had the lowest
equilibrium potential (0.45 V) among these structures for the
potential-determining step.
In another study of Mn SACs, Zhang et al.227 showed that

whereas bare Mn−N4 moieties might not be suitable for the
CO2RR catalysis, an additional Cl− that was axially attached to
the Mn center could lead to an appreciable CO2RR activity.
The catalysts derived from pyrolysis of crystalline Mn-
ethylenediamine-Cl polymer indeed were successfully embed-
ded with Mn−N4−Cl moieties (Figure 16e), as manifested in
EXAFS measurements and exhibited a high activity toward
CO2RR with a FECO of 97% and a low potential of −0.49 V to
reach 10 mA/cm2 (Figure 16f), which was much better than
Mn−N−C without the Cl dopants. In DFT calculations, Mn−
N4 and Mn−N4Cl coordination structures were examined
within the context of the adsorption energies of CO2 and
COOH* intermediate (Figure 16g). Mn−N4−Cl was more
favorable for COOH* adsorption, exhibited a decrease of CO
desorption free energy and hence was more effective than

Mn−N4 toward CO2RR. Further calculations (Figure 16h)
revealed that Mn−N4Cl was less favorable for H* adsorption
than Mn−N4, suggesting that the HER interference was less
significant on the former than on the latter. From the results of
the electronic structure, it was found that the coordination of
Cl shifted the d-band center of the Mn−N4 moiety and hence
varied the electron-transfer property.
One may note that nearly all cases discussed above are SACs

based on transition metals because of their unique d-orbitals.
Interestingly, SACs based on select main-group metals can also
exhibit apparent ORR cactivity.229,230 For example, Qin et
al.229 annealed an Al-hydroxyquinoline complex with N-doped
graphene to fabricate an Al−N−C catalyst, whose ORR

Figure 16. (a) HAADF-STEM image of Mn-NG. (b) EXAFS spectra
and fitting data of Mn-NG samples. (c) Atomic model of Mn−N4
moiety. (d) OER LSV curves of Mn-NG and compared samples in 1.0
M KOH at the scan rate of 5 mV/s, with Tafel plots shown in the
inset. Adopted with permission from ref 226. Copyright 2018 Elsevier
Ltd. (e) Schematic model of (Cl, N)-Mn/G: Mn (purple), Cl
(green), N (blue), and C (gray). (f) CO2RR LSV curves of (Cl, N)-
Mn/G catalyst and compared samples in a CO2-saturated 0.5 M
KHCO3 solution at the potential scan rate of 10 mV/s. (g) Calculated
free energy of CO2RR and (h) calculated free energy of hydrogen
adsorption for Mn−N with/without axial Cl atom. Adopted with
permission from ref 227. Copyright 2019 Springer Nature.
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activity even rivaled that of Pt/C with an E1/2 of +0.85 V in 0.1
M KOH. Although structural characterization of the atomic
structures remained incomplete, DFT calculations probed 10
structures, including Al−N4, Al−C4, Al−C3N1, and Al−C3N1

with a pore defect. The results suggested that the Al center of
Al−C3N1 coordination with the defect was the most promising
one to account for the ORR activity. In another study, Liu et
al.230 first carried out DFT simulations to inspect Mg, Ca, and
Al coordinated with various numbers of pyridinic N atoms (M-
NxC, where x varied from 1 to 4) for ORR. It was found that
transformation from O2 to OOH* on Mg and Al sites was
exothermic, and adsorption of OH* on Al and Ca was much
stronger than that of Mg, meaning that Mg might be the most
suitable one for ORR. Further trials to optimize Mg−NxC
coordination revealed that Mg−N2 (two diagonal pyridinic N)
had an onset potential of +0.77 V, close to that of Pt(111)
(+0.83 V). Unlike other Mg−NxC coordination structures,
when OH* was adsorbed onto Mg−N2, the p-band center
became closer to the Fermi level, resulting in weaker
adsorption of *OH. Based on these theoretical results, they
synthesized Mg−N−C catalysts by direct pyrolysis of a Mg-
based MOF and measured the ORR activity in 0.1 M KOH,
which showed an excellent E1/2 of +0.91 V, and only a
negligible decline after 5000 CV cycles.

The electrocatalytic performances of these non-noble SACs
toward water splitting and CO2RR are summarized in Table S7
and Table S8, respectively.

4. DUAL METAL CENTERS

The activity of atomically dispersed metal catalysts can be
further enhanced by the incorporation of a second metal atom
to form a dual-metal site, where the electronic interactions
between the two metal centers can be exploited to manipulate
the interactions with important reaction intermediates and
hence the electrocatalytic activity.
As mentioned above, a range of SACs have been

demonstrated for alkaline ORR, such as Fe, Co, and Cu.
However, the catalytic activity in acid remains subpar, as
compared with commercial Pt/C. To tackle this issue, dual
metal catalysts, such as Fe−Co,231,232 Co−Co,233 Fe−Fe,234
Fe−Mn,235,236 Co−Pt,237 and Zn−Co,238,239 have been
developed. For example, Wang et al.231 prepared N3−Fe−
Co−N3 dual-metal moieties based on bimetal ZIF using a
host−guest strategy (Figure 17a). The resulting dual-atom
catalysts showed an ORR activity in alkaline media that was
comparable to that of commercial Pt/C but markedly higher
(E1/2 = +0.863, Figure 17b) than that of Fe−Nx-C and Co−
Nx-C. DFT calculations (Figure 17c) showed that the bridge-
like adsorption of O2 molecules was the preferable mode on
the Fe−Co atom pair, leading to an enhanced dissociation of

Figure 17. (a) Schematic of the preparation of (Fe,Co)/N−C. (b) ORR polarization curves of (Fe,Co)/N−C and compared samples in O2-
saturated 0.1 M HClO4 at the potential sweep rate of 10 mV/s and rotation speed of 1600 rpm. Inset lists the onset potentials of the varied
catalysts. (c) Calculated energies of intermediates and transition states in ORR at (Fe,Co)/N−C. Adopted with permission from ref 231. Copyright
2017 American Chemical Society. (d) Schematic illustration of ALD synthesis of Pt−Ru dimers on N-doped CNTs. (e) Normalized mass activity
at 0.05 V of Pt−Ru dimers, Pt SAs and commercial Pt/C in 0.5 M H2SO4. (f) HAADF-STEM images of Pt−Ru dimers/NCNTs (scale bar 1 nm)
and the EDS intensity profile obtained on one Pt−Ru dimer. (g) FT-EXAFS spectra of the Pt−Ru dimers, Pt SAs and Pt foil. Adopted with
permission from ref 240. Copyright 2019 Springer Nature.
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the O atoms and the 4e− reduction pathway. Similarly, by
using bi/trinuclear Fe complexes, Ye et al.234 synthesized
precisely paired N3−Fe−Fe−N3 moieties on N-doped carbon,
which also exhibited a better ORR performance than the
corresponding Fe SACs. Low-temperature infrared spectro-
scopic measurement showed that the number of Fe sites
influenced O2 adsorption, where the Fe2−N moieties showed a
bridge-like oxo configuration and Fe1−N had a superoxide-like
mode. The calculations also showed easier cleavage of O2 on
dual sites than on the single ones because of the elongation of
the O−O bonds. Similar behaviors were observed with Co2−
N5 dual-atom moieties by Xiao et al.233 and N3−Zn−Co−N3
coordination by Lu et al.238

For water-splitting electrocatalysis, dual-atom catalysts also
exhibit apparent enhancement. In a recent study, Zhang et
al.240 assembled Pt−Ru dual-metal dimers onto N-doped
CNTs by two steps of ALD (Figure 17d), and observed a
much higher HER mass activity (23 100 A/g at the
overpotential of −0.05 V, Figure 17e) than that of Pt SAC
(ca. 10 000 A/g) or commercial Pt/C (430 A/g). The dimer
was argued to have a coordination of N−Pt−Ru−C2, based on
HAADF-STEM and EXAFS measurements (Figure 17f,g).
Calculations of this coordination revealed that the Pt−Ru
dimer facilitated the adsorption of H atoms, as compared with
conventional nanoparticles, which remain stable even after the
adsorption of six H atoms to form a Pt(3H)-Ru(3H) structure.
It was found that such a high H coverage was favorable for the
further desorption of H2 with a low ΔGH of 0.01 eV because of
the interaction between the dxz orbital of the Ru atom and the
adsorbed H atom, while the Pt−Pt dimer (close to bulk Pt)
was inferior with a ΔGH of −0.14 eV. Moreover, the Pt−Ru
dimer was found to have more unoccupied states that would
reduce ΔGH, another factor for enhanced HER activity.
Dual atom catalysts have also been used for the OER. In a

combined experiment−theory study, Han et al.241 observed
that the N3−Co−Ni−N3 coordination was better than Ni−N4
or Co−N4 toward OER because of a reduced energy barrier of
OH* adsorption. In another study with Co−Fe double-atom
catalysts, Bai et al.242 found that the overpotential of Co−N−C
catalysts was lowered after activation because of the trace

amount of Fe ions in commercial KOH, which formed oxo-like
Co−O2−Fe coordination (two separate O atoms bridging Co
and Fe), as confirmed by operando XAS measurements.
Despite no direct bond between Fe and Co, the catalyst still
demonstrated a superior OER activity with an η10,OER of +309
mV in Fe-containing KOH, which was much better than that
of Co−N−C in Fe-free KOH (+443 mV).
The design of dual-atom catalysts is also indispensable for

the development CO2RR catalysts.243−245 Note that Ni−Nx
exhibits a high current density for CO production from CO2
reduction, but it has sluggish kinetics for the first proton-
coupled step of reduction. In contrast, Fe−Nx has a low onset
potential, but a poor desorption ability of CO*. Ren et al.243

thus complementarily combined Fe and Ni into diatomic Ni−
Fe moieties with a possible coordination of N3−Ni−Fe−N3,
which indeed showed a higher FECO across the entire potential
window (maximum 98%) and higher current density of CO
generation (7.4 mA/cm at −0.7 V) than Ni−N−C (1.5 times
lower) and Fe−N−C (4.6 times lower). Further mechanistic
study showed that although Ni−Fe dual sites might be
passivated by one CO* at first like Fe−N−C, the metal center
that remained free could still provide an adsorption site for the
second CO2 activation by the geometric effect of the dual sites
to the adsorbed species, leading to a lower theoretical
overpotential than the Fe or Ni single sites. In a latest study,
Zhu et al.244 constructed neighboring Zn/Co monomers in a
coordination of N2−Zn-N2−Co−N2 (without direct Zn−Co
bonding), and showed that the Zn site of the N2−Zn-N2−Co-
N2 moiety was the key active site for the reduction of CO2,
which could overcome the difficulty of COOH* adsorption on
Zn single sites, and CO* desorption and HER competition on
Co single sites, thus leading to a better performance than that
by Zn−N−C or Co−N−C single-site catalysts.
The ORR activities of select dual-metal SACs are

summarized in Table S9.

5. SUMMARY AND PERSPECTIVES
Thus far, significant progress has been made where SACs
based on noble and non-noble metals on a variety of
supporting substrates can be readily prepared as viable

Scheme 1. Jacob’s Ladder of the Development of SACs toward Electrochemical Reactions
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candidates to rival conventional nanoparticle-based catalysts in
diverse electrochemical energy technologies. One key result is
that the SAC active sites, and hence electrocatalytic activity
and selectivity, are dictated by the atomic configuration of the
metal site coordination structure. Such fundamental insights
are critical in the further enhancement of the electrocatalytic
performance of SACs.246−249 The roadmap can be schemati-
cally illustrated with a Jacob’s ladder (Scheme 1).
The current progress on SAC research is mostly on stage I

and II. On stage I, the concept of SACs has been demonstrated
with a select group of metal species that can be prepared by
facile procedures, such as pyrolysis, coprecipitation, wet
impregnation, etc. To understand the mechanistic origin of
the electrocatalytic activity, identification of the atomic
configuration of the coordination moieties represents a critical
first step. This is the focus of stage II. However, most SAC
samples involve very complex coordination structures, making
it challenging to unambiguously correlate the electrocatalytic
activity with specific coordination structures. Indeed this has
created uncertainties, and sometimes conflicting results, in
unraveling the catalytic active sites.
Therefore, to progress into stage III, new chemistries need

to be developed so that SACs with a relatively defined or
controllable coordination structure can be obtained. Toward
this end, the choice of metal precursors is an important factor.
In a number of prior studies, a metal−porphyrin complex is
used as a precursor to prepare M−N4 sites in the carbon
matrix.96,122−125,142 With a deliberate selection of the metal
precursors, it becomes possible to retain the coordination
structure in the final products after pyrolysis treatment.234

Construction of a structural vacancy of the supporting
substrates represents another key variable, as vacancies and
defects are the preferred sites for the capturing and
stabilization of the metal centers.59,250,251 Furthermore,
engineering of the specific morphologies near the single-atom
sites may be an effective strategy in manipulating the structure
and activity of SACs.23,127,252 With a clearly defined
coordination configuration, the electronic structure of the
SACs can be accurately examined by first-principles quantum
calculations, where the interactions of various atomic sites with
important reaction intermediates can be evaluated, leading to
an unambiguous identification of the reaction pathway and
mechanism. It is noticeable that a metal SA is usually chelated
to atoms of high electronegativity in the supporting substrate,
where the ensuing charge transfer is analogous to the
conventional metal−ligand charge transfer (MLCT). This is
the driving force in activating the metal centers and adjacent
(nonmetal) atoms for electrocatalytic reactions.19,22,95,97,155

Success of stage III will render it possible to prepare SACs
with a specific coordination structure for select reactions. Such
designer chemistry will drastically enhance the utilization
efficiency of catalyst materials,75,121,253 and lay a solid
foundation for large-scale synthesis of SACs for specific
applications (stage IV).
Certainly, climbing up the Jacob’s ladder will necessitate

significant advances and breakthroughs from both the
experimental and theoretical perspectives, where their
deliberate integration is key to the rational design and
engineering of next-generation SACs. In particular, operando
characterization of SACs will be of critical importance to
unravel the dynamic nature of the atomic configurations of the
coordination moieties during electrochemical reactions, such
that the reaction mechanism and catalyst stability can be

evaluated in real time.164 In addition, new computational
methods and enhanced capacity are needed to accommodate a
structural model that mimics the actual catalyst sample, such
that the energetic characteristics of important reaction
intermediates and transition states can be accurately analyzed,
and the impacts of electrolyte solvation and electrochemical
potential on the electrocatalytic activity can be fully
addressed.254
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