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Abstract: Single-atom catalysts (SACs) have been attract-
ing extensive interest in the electrocatalytic production of
hydrogen peroxide by oxygen reduction reaction (ORR).
This is due to the maximal efficiency of atom utilization
and intimate interaction of the metal centers with the
supporting matrix that may be exploited for deliberate
manipulation of the electrocatalytic activity and selectiv-

ity, in comparison with the conventional nanoparticle
counterparts. Herein, we summarize recent progress of
the design and engineering of SACs towards ORR for
H,O, generation, based on both noble and non-noble
metals. We conclude the review with a perspective high-
lighting the promises and challenges involved in future
research.
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1 Introduction

Hydrogen peroxide (H,O,) is listed as one of the 100 most
important chemical substances in the world and has found
a wide range of applications in the chemical industry,
medicine, and environmental protection [1-3]. Currently,
industrial H,O, is prepared by the hydrogenation reaction
of anthraquinone with H,, and subsequent oxidation by
O, in an organic medium [4-6]. This method has the
following disadvantages. First, it is a multi-step process
that requires a large amount of energy input and
generates a lot of wastes. Second, the high concentration
of H,0, poses a safety hazard for transportation, due to
easy decomposition and instability. By contrast, electro-
chemical methods have the advantages of simple reaction
conditions, clean production process, and low time
consumption [7]. For example, in water treatment plants
and pulp mills, H,O, can be insitu electrocatalytically
generated for oxidative bleaching or sterilization, which is
highly efficient and flexible [8].

There are currently two routes for the electrocatalytic
preparation of H,0O,, water oxidation reaction (WOR)
and oxygen reduction reaction (ORR) that use water and
O, as the reaction substrates, respectively [9-11]. In
general, WOR involves rather simple experimental con-
ditions, without the need of a gas diffusion electrode; yet
it requires an ultra-high overpotential, and currently there
is a lack of effective electrocatalysts with high selectivity
and stability [12-15]. Therefore, electrocatalytic H,O,
production primarily relies on two-electron ORR [16,17].

Thus far, many materials, such as noble metals, metal
alloys and carbon-based nanocomposites, have been
examined as electrocatalysts for two-electron ORR [18-
23]. Among these, single-atom catalysts (SACs) have
emerged as a unique family of ORR catalysts due to their
high mass activity and selectivity [24,25]. In SACs, the
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metal centers are generally embedded within a supporting
matrix by coordination bonds with heteroatom dopants,
where the electron transfer leads to the formation of an
electrocatalytic active site [26-28]. In fact, the synergistic
interaction between the metal centers and surrounding
coordination atoms is the main reason for the high activity
of SACs. SACs can also conveniently and flexibly
manipulate the selectivity of ORR from four-electron to
two-electron by a careful variation of the central atom
and coordination configuration [29,30], by taking advant-
age of recent breakthroughs in understanding the catalytic
mechanisms and reaction pathways at the atomic level.
Remarkably, although SACs generally have a large sur-
face energy, in a number of studies SACs have shown
more stable physicochemical properties and longer cycle
life than the conventional nanoparticle counterparts [31].

It is well-known that ORR is a multi-electron transfer
process [32-35], involving two main pathways: the four-
electron pathway where O, is reduced to H,O (eq. 1 and
2) and the two-electron one where H,O, is produced
instead (eq. 3 and 4),
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It should be noted that H,O, can be produced as a
reaction intermediate in the four-electron pathway. Thus,
to selectively produce H,O,, the four-electron pathway
needs to be suppressed, which can be achieved by
deliberate engineering of the catalytic active centers.
Electrochemical four-electron ORR involves three major
intermediates, i.e., OOH* O* and OH*, and more than
three reduction steps, whereas a single adsorbed OOH*
intermediate is considered for the two-electron ORR
(Figure 1a) [36]. Ideally, there should be strong adsorp-
tion of O, molecules on the catalyst surface to induce the
formation of OOH*; yet weak adsorption of OOH* is
desired to facilitate the desorption from the catalyst
surface to generate H,O,. In fact, a prolonged residence
time of OOH* on the catalyst surface is not conducive to
the selective production of peroxides, because dissociation
of OOH* may occur (breaking of the O—O bond), which
leads to the formation of O* and OH* intermediates and
eventually reduction to H,O. Therefore, the optimal
catalyst should minimize the kinetic barriers of O,
adsorption and OOH* desorption to ensure high reduc-
tion activity, while maximizing the kinetic barriers of
OOH* reduction/dissociation to O* and OH#*, such that
high selectivity to the production of H,O, can be achieved
[37,38].

SACs have shown great advantages in meeting these
requirements for the selective production of H,O, by
ORR electrocatalysis, which can be understood within the
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context of the interaction between the overall (or geo-
metric) effect and the ligand (or electron) effect [39]. In
ORR, oxygen can be adsorbed on the surface of the
catalyst in two different ways (Figure 1b) [40]. One is
dissociative side-on adsorption, which leads to an elonga-
tion of the bond length and weakening of the oxygen-
oxygen double bond, generating H,O as the final product.
The other is associative end-on adsorption, where oxygen
is adsorbed in the form of OOH%*, facilitating the
formation of H,O,. Note that on bulk catalyst surfaces
[41], the OOH* and O* intermediates can adsorb onto
the top and hollow positions, respectively. By contrast, for
SACs, only the top sites are available for adsorption due
to the atomic isolation of the active sites. That is, the lack
of hollow sites on the surface of SACs renders it unlikely
to produce O* intermediates, such that OOH%* is
selectively produced. This suggests that SACs are inher-
ently advantageous for two-electron ORR [42].

In fact, a large number of theoretical and experimental
studies have shown that the catalytic activity and
selectivity of H,O, production are mainly determined by
the binding free energy of OOH* (AGggp+) [31,43,44]. In
density functional theory (DFT) calculations [45], a
constant difference of 3.2+0.2 eV is found between the
binding free energies of OOH* and OH*, and the binding
free energy of OH* (AGgy-) is also used as a descriptor of
the two-electron ORR [46]. In a recent study, Guo et al.
[36] carried out DFT calculations to study the feasibility
of using SACs towards two-electron ORR. They con-
structed a total of 210 SAC models, of which metal
elements covered both noble metals such as Pt and Pd
and non-noble metals like Fe and Co (Figure 1c). The
non-metallic anchoring substrates coordinated with the
metal atoms include graphene with various defects and
macrocyclic complex substrates, such as porphyrin and
phthalocyanine [47-49]. Of these, 31 SACs were found to
not only enhance the adsorption of OOH¥*, but also
inhibit the adsorption of O*, and are considered to be
viable for highly selective production of H,O,. The
AGgon- calculated for the SACs shows a volcano variation

Shaowei Chen finished his undergraduate
studies in China in 1991 with a B.S. degree in
Chemistry from the University of Science
and Technology of China, and then went to
Cornell University receiving his M.S. and Ph.
D. degrees in 1993 and 1996 respectively.
Following a postdoctoral appointment in the
University of North Carolina at Chapel Hill,
he started his independent career in South-
ern Illinois University in 1998. In summer
2004, he moved to the University of Califor-
nia at Santa Cruz. He is currently a Professor
of Chemistry and the Faculty Director of the
UCSC COSMOS program. His research is
focused on the electron-transfer chemistry of
functional nanomaterials and their applica-
tions in electrochemical energy technologies
and microbial control.

Electroanalysis 2020, 32, 2591-2602 2592


http://www.ustc.edu.cn/
http://www.ustc.edu.cn/
http://www.chem.unc.edu/people/faculty/murrayrw/rwmindex.html
http://www.chem.unc.edu/people/faculty/murrayrw/rwmindex.html
www.electroanalysis.wiley-vch.de

Review

4-¢ pathway ~ 2-¢" pathway b
Selective 1,  Selective HZO
U°=123V * U°=0.70V

//////////

L

0*+H,0

ot

mmm
? .......... o e

Oxygen

///////'

Hydrogen

e
2

4
a

=
n

e
=

=
W

e
9

Limiting potential (U, V)

M@g-N,
S A S

dhghyd XX
/A ) /A J :

M@N,

=
—

M@-Pr-N,

M@-Py-N,

'C

ELECTROANALYSIS

H,O;

7 &

Presence of
Ensemble Sites

Absence of
. Ensemble Sites

B M@C3
® M@N3
A M@Cy
v M@g-Ny
& M@Pc-Ny
< M@Py-N4
b M@Pr-Nyg4

3.8 4.0 42 4.4 4.6 4.8 5.0
AG(OOH?, eV)

Fig. 1. ORR catalytic process and basic theoretical calculation. (a) Schematic diagram of O, electroreduction reaction and equilibrium
potential. (b) Effect of ensemble and dispersed metal sites on O, adsorption and ORR. (c¢) Schematic illustrations of various
coordination structures of SACs. (d) Volcano relationship between sizable limiting potential (UL) and binding free energy (AGgop-+)
for SACs. Panels (a), (c) and (d) reproduced with permission from ref. 36, copyright 2019, the American Chemical Society. Panel (b)

Reproduced with permission from ref. 40, copyright 2019, Elsevier.

(Figure 1d). The closer to the top of the volcano, the
closer the binding energy to the ideal value for optimal
selectivity and activity. They concluded that two factors
play a crucial role in the catalytic selectivity of SACs for
two-electron ORR. One is the number of d electrons in
the metal center. If the central metal atom of SACs is in
groups 3 to 10 of the periodic table, increasing the number
of d electrons tends to weaken the interaction between
the metal active sites and O*, because with the increase of
the valence electrons in the d orbitals of the metal sites,
the anti-bonding orbitals becomes increasingly occupied
by part of the M—O bond below the Fermi level. This is
responsible for the reduced stability of the O* intermedi-
ates and ultimately enhanced H,O, selectivity. The other
key factor is the coordination configuration of the metal
atoms, which may impact O* adsorption due to electronic
and geometric effects [50,51].
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Currently, most SACs reported for H,O, production
are prepared by wet chemical methods, such as impregna-
tion and ion exchange [24,52]. Experimentally, mononu-
clear organometallic complexes are generally used as the
precursors and anchored onto the substrate support by
select coordination interactions, followed by chemical
reduction and/or thermal activation. The strong metal-
support interaction is the key to preventing the aggrega-
tion of the isolated metal atoms. This can also be aided by
a careful control of the loading of the metal precursors.

Below we will highlight recent progress in the design
and engineering of SACs, based on both noble and non-
noble metals, towards ORR for H,0O, production, within
the context of the catalyst activity, selectivity and stability.
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2 Noble Metal SACs

Noble metal catalysts are the most widely used and
successful electrocatalysts for ORR [53,54]. For instance,
Pt is well-known for its high electrocatalytic activity in the
four-electron reduction of O, to H,O [55]. Many studies
have shown that Pt can also effectively catalyze two-
electron ORR to produce H,0,. Wang etal. [56] pro-
posed that for metal nanoparticles, high H,O, selectivity
is achieved only when two conditions are simultaneously
met: small metal particle size (less than 5 nm in diameter)
and lack of crystalline order. If there is no Pt available at
the adjacent site that can break the O—O bond, multi-step
reduction of O, can not proceed, and H,O, will be the
main product [57]. For instance, Song et al. [58] synthe-
sized a Pt SAC on reduced graphene oxide (Pt—SA/rGO)
with an ultralow Pt loading of only 0.5 wt %, by using N,
N-Dimethylformamide (DMF) as a simple capping agent
to realize homogeneous dispersion of Pt atoms under mild
conditions. The resulting Pt SACs showed a high activity
(3.10 A mg,') and selectivity (~95%) towards H,O,
production in 0.1M KOH. In another study, Kim et al.
[59] developed a general route based on SiO, coating to
synthesize SACs of various noble metals (i.e., Os, Ru,
Rh, Ir and Pt) supported on carbon nanotubes (CNTs)
(Figure 2a—c). They first coated CNT with an ionic liquid
(IL) containing the metal precursors and annealed the
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sample at 450 °C. A SiO, protective layer was then grown
on the surface to immobilize the isolated metal precursors
during the thermal activation step. The atomically dis-
persed noble metal catalysts showed higher selectivity for
H,O, production by ORR than their nanoparticle coun-
terparts. It was found that the SACs with weaker oxygen
binding were more likely to show better activity towards
two-electron ORR, and Rh was situated at the top of the
binding energy volcano plot. In fact, Rh SAC exhibited
the best activity among the series, but Pt SAC possessed
the highest selectivity (Figure 2b) as well as excellent
durability, where the activity and selectivity were well
retained after 5000 scan cycles in the accelerated degrada-
tion test.

Another platinum-group metal, Pd, also has excellent
performance in the ORR production of H,0, DFT
calculations show that when the single atoms of Pt and Pd
were fixed within graphitic carbon nitride (g-C;N,) thin
layers with carbon black (C@C;N,) by taking advantage
of the strong coordination of the pyridinic N in g-C;N,, O,
could adsorb onto the surface. Yet the O—O bond length
was shorter on the Pd atom (1.31 A) than that on Pt
(1.34 A) [60]. This implies that Pt is more conducive to
the breaking of the O—O bond, has a higher O, binding
energy (Figure 2d), and is more likely to produce H,O.
Indeed, electrochemically, the C@C;N,-0.5 %Pd SAC (Pd
content 0.5 %) showed a high ORR activity of 8.5 A mgy,
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Fig. 2. Synthesis and properties of noble metal SACs. (a) Illustrations of the trapping-and-immobilizing strategy for the preparation of
atomically dispersed noble metal catalysts. (b) H,O, yields of five noble metal nanoparticles (NP) and corresponding SACs at
—0.5mAcm™2 (c) HAADF-STEM images of various metal NPs (left panels) and SACs (right panels) loaded on CNT. Reproduced
with permission from ref. 59, copyright 2020, the American Chemical Society. (d) Energy profile of intermediates adsorbed on atomic
Pd and Pt along the ORR pathway at U=0 V. Reproduced with permission from ref. 60, copyright 2019, the John Wiley and Sons. (¢)
In situ X-ray diffraction of PdCl/C SAC at increasing temperatures under a flow of Ar. Reproduced with permission from ref. 61,
copyright 2020, the American Chemical Society.
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at +0.2'V and high selectivity of up to 94 % for H,0,
production in 0.1 M HCIO,, much better than that by
C@C;N,-0.5 %Pt (mass activity less than 1 A mg,!). The
onset potentials of the Pd and Pt SACs also varied at
+0.67V and +037V vs RHE, respectively, with an
overpotential of 30 mV and 330 mV for the two electron
ORR pathway.

Marc et al. [61] also observed high selectivity of Pd
SACs in H,0, production. They prepared an atomically
dispersed PdCL,/C catalyst (6.7 wt% of Cl, 8.1 wt% of O
and 1.3 wt% or 0. 16 at% of Pd) by dropcasting PdCl, in
aqua regia onto the surface of activated carbon and
thermal treatment at 140 °C of the dried sample. The
C—Cl surface groups were suggested as the anchoring
points for the Pd centers, producing bridging Cl species
similar to the bulk structure of PdCl,. The selective
production of H,0O, was found to exceed 90% and the
mass activity was estimated to be 72.8 A g, in 0.1 M
HCIO,, a performance significantly better than that of the
Pd nanoparticle counterparts (selectivity below 5 %).
Electrochemically, the Pd SACs were also found to retain
the electrocatalytic activity even after 1000 CV cycles
between +0.05 and +0.8V. Such resistance against
electrochemical corrosion was consistent with the chem-

a
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ical stability of the dispersed Pd—Cl species in thermal
sintering tests (Figure 2e).

In another study, Cao etal. [54] carried out DFT
calculations and ab initio molecular dynamics (AIMD)
simulations and examined the ORR activity of 25 SACs
based on a wide range of transition metals (i.e., Sc to Zn,
Y to Cd, Os, Ir, Pt, Au, and Hg) supported on g-C;N,.
Based on the adsorption free energy of O,, N-vacancy g-
C;N, doped with Pd—Cu hybrid double atoms (PdCu@V_
C;N,) was found to stand out at the top of the two-
electron ORR volcano plot. The activation energy barrier
was estimated to be only 0.64 eV for the rate-determining
step of the formation of OOH¥* intermediate, leading to a
low overpotential of merely 20 mV. The high activity and
selectivity were ascribed to the end-on adsorption of O,
by the “slope” geometric configuration and electronic
interactions of the adjacent hybrid atoms. In such a
“slope” structure, the two metal atoms were situated at
the top and bottom of the catalyst surface, respectively,
providing two adsorption sites for O, and H* while
avoiding O—O bond cleavage by the two metal atoms
(Figure 3a). Results from this study suggest that alloying
at the single atom scale may be an effective strategy in the
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Fig. 3. (a) Optimized structures of O, adsorbed on PdCu@V_C;N, in the side-on and end-on configurations. Reproduced with
permission from ref. 54, copyright 2020, Royal Society of Chemistry. (b) Selectivity of H,O, production estimated by RRDE
experiments of Pt/ZTC, Pt/LSC, and Pt/HSC. (c) Proposed atomistic structure of Pt/HSC with possible thiophene- and thiolate-like
functional groups at the graphene edge sites, as well as coordinated Pt species (C: grey, H: white, S: yellow and Pt: purple). Reproduced
with permission from ref. 55, copyright 2016, Springer Nature. (d) AC-HAADF-STEM images and TEM images of 0.68 at% and 9.8 at
% Pt—CuS,, respectively; and schematic illustration of the structural evolution of h-Pt,—CusS, (blue, purple, and white balls represent
Cu, Pt, and S atoms, respectively). Insets are the corresponding bright-field images at lower magnification. Reproduced with permission
from ref. 62, copyright 2019, Elsevier. (¢) ORR ring currents (top panel) and polarization curves (bottom panel) of the Pt/TiN samples
at the Pt loadings of 0.35, 2, and 5 wt%. (f) H,O, selectivity calculated from data in (e). Reproduced with permission from ref. 66,
copyright 2015, John Wiley and Sons.
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design and engineering of high-performance ORR cata-
lysts for selective H,O, production.

The strong affinity of sulphur to transition metals can
also be exploited for the preparation of SACs. Choi et al.
[55] employed sulphur-containing zeolite-templated car-
bon (ZTC) to anchor Pt by a conventional wet-impregna-
tion method, followed by H, reduction at 250 °C. Three
samples were prepared and their ORR activity was
evaluated and compared (Figure 3b and 3c). For S-free
ZTC, the resulting Pt/ZTC composite contained Pt nano-
particles of ca. 4 nm in diameter. For ZTC with a low S
content (4 wt%), Pt clusters (dia. 1-2 nm) were produced
in the final example (Pt/LSC); whereas with high S-
content ZTC (17 wt%), Pt was embedded into the carbon
matrix in the form of PtS, (at a high Pt loading of 5 wt%)
in the obtained Pt/HSC composite, where no clusters
were resolved in high-resolution TEM measurements.
Electrochemically, Pt/HSC exhibited an onset potential of
ca. +0.71 V for H,0O, production in 0.1 M HCIO,, close to
the thermodynamic potential (eq. 4), and 96 % selectivity.
By contrast, the selectivity was markedly lower at only
28 % for Pt/ZTC and 60 % for Pt/LSC. The remarkable
performance of Pt/HSC was ascribed to the inactivity of
atomically dispersed Pt towards H,O, decomposition. In
addition, the Pt/HSC catalysts showed no significant
degradation of the electrocatalytic activity, likely because
the strong Pt—S interaction.

In another study [62], hollow nanospheres of Cu,,S
with a diameter of 11.44+1.0nm were used for the
embedment of Pt single atoms by reacting with H,PtCl.
The resulting Pt;,—CuS, composites achieved an ultra-high
Pt concentration of 24.8 at% (Figure 3d), and in 0.5 M
HCIO, effectively reduced O, to H,0O, with a selectivity of
92 %-96 % in a wide potential range of +0.05 to +0.7 V,
much higher than those (10-30%) for commercial Pt/C,
Cu, oS, and PtS,. The high selectivity and activity were
well retained after 10000 CV cycles within the potential
range of +0.1to +0.8 V.

Select metals and metal oxides/nitrides can also be
used as effective supporting matrices for the atomic
dispersion of catalytic active (metal) atoms. For instance,
in an early study [63], when Au nanoparticles were
dispersed into a PdCl, solution, atomic dispersion of Pd
into the Au nanoparticles occurred with a Pd content up
to 8%. The resulting Au—Pd alloy exhibited apparent
catalytic ability towards two-electron ORR and 95 %
selectivity of H,0O, production. However, a further
increase of the Pd content resulted in the formation of Pd
domains and hence a decrease of H,O, selectivity. SACs
have also been prepared on metal oxide supports, such as
TiO, and FeO, [64,65], by taking advantage of the strong
metal-oxygen interactions. Unfortunately, metal oxide
supports are usually insulators or semiconductors with
low electrical conductivity, and relatively unstable under
corrosive electrochemical operating conditions. There-
fore, other supports are generally employed. For instance,
Yang et al. [66] deposited Pt at various weight percen-
tages onto acid-treated TiN nanoparticles using an
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incipient wetness impregnation (IWI) method. Experi-
mentally, a H,PtCl; solution was mildly reduced at 100
°C, and Pt centers were embedded at the N vacancies of
the TiN support. At the overpotential of —0.05V, the
0.35 wt% Pt/TiN sample exhibited a mass activity of 78 A
gy, for H,O, production in 0.1M HCIO,, with a
selectivity up to 90 %. By contrast, at higher Pt loadings
where nanoparticles were produced, four-electron ORR
was observed instead (Figure 3e and 3f).

From these studies one can see that noble metal SACs
are effective ORR catalysts towards the selective produc-
tion of H,0O,. High loadings of the SACs can be achieved
by coordination with N and S heteroatoms wihin a carbon
derivative or embedded within a metal or metal oxide/
nitride matrix. The advantage of noble metal-based SACs
mainly lies in their strong binding with O,, and the
performance can be readily manipulated by the metal d
electrons and coordination configurations of the active
sites.

3 Non-noble Metal SACs

Non-noble metal-based SACs have also exhibited appa-
rent ORR activity towards H,O, production. Carbon
derivatives are generally used as the supporting matrices
[5,16,67-72]. For instance, graphene and carbon nano-
tubes doped with O, N, F, B, etc have been used rather
extensively, into which a range of transition metal atoms
(e.g., Co, Ni, Fe, Mn, Cu, etc.) can be embedded,
producing stable single-atom catalyst sites [73-75].
Among these, SACs with a M—N—C structure are the
most popular [76,77]. Theoretical studies based on DFT
calculations [78,79] have shown that the binding free
energy of oxygen intermediates on Co—N—C places it near
the top of the volcano plot of H,O, production, making it
an excellent H,O, catalyst, whereas Mn—-N-C and
Fe—N—C bind the intermediates too strongly, making
them effective H,O producers instead. However, for
Cu—N—-C and Ni—N—C catalysts, the overall activities are
less well represented by the model, suggesting a minor
contribution of the metal centers to the activity, as
compared to the N-C defect surroundings (Figure 4a)
[37]. Figure 4b shows that the binding energies of OOH*,
O*, and OH* are generally proportional to the number of
valence electrons in the metal centers from Mn to Cu
[80]. That is, the larger the number of metal valence
electrons, the weaker the binding of oxygen intermediates
to the metal atoms. This is because of the down-shift of
the metal d-band center, relative to the Fermi level, that
makes it easier to have anti-bonding coupling between the
metal d orbital and oxygen 2p orbital. Figure 4c summa-
rizes this phenomenon visually. The experimental results
also fully corroborated this trend. At +0.6V, the
Co—N—C catalyst exhibited a kinetic current density of
H,O, generation at 1 mAcm™ (equivalent to the mass-
normalized current density of 40 A g_ ), an onset
potential of about +0.7 V, and H,0, Faradaic efficiency
over 90 %. In acidic media, the performance was even

Electroanalysis 2020, 32, 2591-2602 2596


www.electroanalysis.wiley-vch.de

Review

a 1.25 - Uoo,/n,o — 0;-+H20 (4e7) (O DFT calculated U
25 4.0 Oy oH30; (20°) X Inlljoy-mol)
1.00 I A Inllio,~m0,1)

0
U%,/m,0,

0.75 -

0.50 -

u/v

0.25 -

-0.25 1

-0.50 T T T T T

ELECTROANALYSIS
b Mn Fe Co Ni Cu
6 - ; : - - -0.5
o = L0
e T, d
[~ il
® 2 (<15 @
) e 3 o
=5 0 5]
S o L 20T
£ £ c
@ L25
0 ; : T : -3.0

7 8 9 10 11
Number of valence electrons

02 03 04 05 06 07
Potential vs RHE (V)

Fig. 4. Theoretical calculation and actual activity of non-noble metal SACs. (a) Thermodynamic relations (volcano plots) for the two-
(green solid line) and four-electron ORR (black solid line). Reproduced with permission from ref. 37, copyright 2019, the American
Chemical Society. (b) Binding energy (solid symbols) of OOH*, O*, and OH* on M—SAC (M=Mn, Fe, Co, Ni, and Cu) and d-bond
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lines) and alkaline media (dashed lines). Reproduced with permission from ref. 80, copyright 2020, Elsevier.

slightly better than the best Pd—Hg alloy catalyst reported
previously (Figure 4d).

In the M—N—C SAC systems, the atomic configuration
of the MN, moieties plays a critical role in dictating the
ORR activity and selectivity. Suk et al. [81] treated the
M-N—-C surface with H,O, to incorporate rich oxygen
functionalities into the matrix. The formation of C=0O and
C-O functional groups on the M—N—-C catalysts was
found to facilitate the two-electron pathway of ORR.
Figure 5a shows that the Fe, Mn, and Co SACs all
exhibited an increase of the selectivity after H,O,
oxidation, but the extent of enhancement varied, Among
the series of samples, the oxidized Co—N—-C catalyst
showed the highest selectivity of more than 85 % in 0.1 M
HCIO,. They ascribed the boosting of the two-electron
ORR pathway by carbon oxidation to weakened oxophi-
licity at the active MN,C, moieties (i.e., electronic effect)
and/or pre-occupation of the nearest carbon site by
oxygen functionalities (i. e., steric effect).

In another study, Jung et al. [82] studied the change of
ORR activity and selectivity of MN, sites in more detail.
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They prepared Co—N—C SACs by mixing and freeze-
drying a CoCl,-6H,O and GO solution, and then
pyrolyzed in a tube furnace under an Ar atmosphere. The
samples heated at 500 °C and 900 °C are named Co,—NG
(O) and Co,—NG(R), respectively, and the metal-free one
is the comparative sample NG(O). Interestingly, AGgop-
could be adjusted by attaching a functional group near the
CoN, moiety. For example, when electron-rich species
(such as O*) are adsorbed near the CoN, portion (Co—N,
(0)), AGgoy+ was found to increase from 3.9eV to
4.1 eV, very close to the optimal value in the volcano plot
(Figure 5b). When two O* were adsorbed near the CoN,
(Co—N4(20)) site, AGgoy« was further increased to
4.5 eV. However, when electron-deficient species such as
H* were adsorbed near the CoN, portion, AGgoy-
decreased instead from 3.9 eV to 3.8 eV on Co—N,(2H),
and further to 3.1eV on Co—N,(4H). The optimized
catalyst Co,—NG(O) showed a kinetic current density of
2.8402mAcm 2 at +0.7 V and a mass activity at 155+
6 Ag.l in a 0.1 M KOH, with a negligible activity loss
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over 110 h’s continuous operation in basic media (Fig-
ure 5c¢).

Interestingly, high-performance ORR catalysts for
selective H,0O, production can also be obtained by
changing the coordination structure of the M—N—C based
SACs [83-85]. Jiang et al. [85] found that when the N
atom was replaced by O in the Fe—N—C configuration, the
OOH* binding at the C position was enhanced. Contrary
to the coordination of Fe—C—O, the bonding interaction
of C with OOH* in the Fe—N—C system was very weak.
They synthesized a series of CNT-supported SACs and
examined the effect of the metal centers on the ORR
activity by the impregnation and then reduction method,
in comparison to the metal-free counterparts that con-
tained only oxygen dopants. Experimentally, metal nitrate
was used as the precursor and dispersed on the CNT
powder, and the obtained mixture was pyrolyzed in a tube
furnace at 600 °C. Among the series, Fe—CNT (Fe loading
0.1 at%) exhibited the best performance towards H,O,
generation with a rate of 43 mA cm ™ and selectivity of
95.4% at +0.76 V in 0.1 M KOH. This unique feature
could be exploited for water disinfection. From Figure 5d,
one can see that Fe—CNT showed a high disinfection
efficiency against E. coli, inactivating 43 % of the bacterial
cells within 5 min and more than 99.9999 % of the bacteria
within 120 min.
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Graphene-supported Ni SACs have also shown a good
performance towards H,O, production. For instance,
Song etal. [86] prepared a Ni SAC with Ni—O-C
coordination (Ni-SA/G-0) by mixing NiCl, in DMF with
a GO solution, followed by slow NaBH, reduction in a
water/ice bath (Ni loading 1.5 wt%). Extended X-ray
absorption fine structure (EXAFS) measurements sug-
gested the absence of a metal-derived crystal structure
and Ni was atomically dispersed within the GO matrix by
coordinating with four oxygen atoms (NiO,), in conjunc-
tion with results from theoretical calculations. In contrast
to the Ni nanoparticle catalyst, Ni-SA/G-0 facilitated the
two-electron ORR pathway with a high H,O, selectivity
(>94 %) within the potential range of +0.1 to +0.5V.
Remarkably, the mass activity of 2.89 A mgy at +0.6 V
in 0.1 M KOH was significantly better than that (0.51 A
mg,.) of commercial Pt/C under the same conditions.
Wang et al. [87] prepared a NiN,O, SAC for two-electron
ORR by impregnation of a Jacobsen-Ni complex on
carbon black, followed by pyrolysis at 300 °C under Ar.
The selectivity of H,0, production by NiN,O,/C was
found to reach a maximum of about 96 % in 0.1 M KOH
within the potential range of +0.4 to +0.5 V, in compar-
ison to 68% for carbon alone and 62% for NiN,/C
catalysts (Figure 5e).
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For metals such as Mo and Mn, they were rarely
mentioned for two-electron ORR. Yet in a recent study
[88], Mo SAC with a unique O and S coordination was
fabricated at a high Mo loading over 10 wt%, by taking
advantage of the combined glucose-chelating and defect-
trapping effects. The specific atomic coordination of the
resulting Mo,/OSG-H composite (e.g., M-S,—C and
Mo—0;S—C) was found to significantly influence the
oxygen adsorption behavior and reaction pathway, result-
ing in a high H,0O, selectivity of over 95% in 0.1 M KOH
(Figure 6a—c). In another study, Byeon et al. [89] prepared
a mesoporous N-doped carbon/manganese hybrid electro-
catalyst composed of MnO nanoparticles and MnN,
moieties supported in N-doped carbon (Mn—O/N@NCs)
via the silica-assisted polymerization of aniline and
subsequent metal impregnation process. The formation of
MnO particles (average particle diameter around 200 nm)
in the composites effectively mitigated the further reduc-
tion of H,0,, which is the most frequently encountered
issue in electrochemical H,O, production (Figure 6d). A
high selectivity (>80 %) in 0.1 M HCIO, and outstanding
durability of the Mn—O/N@NC:s catalyst was observed.

From these studies, one can see that non-noble metal
SACs can also serve as effective ORR catalysts towards
the selective production of H,0O,, with some of the
performance even competitive to that of noble metal
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SACs. These SACs are generally supported on carbon
derivatives and used in alkaline media. In the M-N-C
systems, the best-performing metal is Co, and two-
electron ORR activity can be manipulated by the
coordination configuration of the metal centers, similar to
the noble metal counterparts.

4 Summary and Perspectives

In summary, SACs have emerged as new, effective ORR
catalysts towards the selective electroreduction of oxygen
to H,0,. Such catalysts can be prepared with both noble
metals and non-noble metals embedded in a wide range
of supporting matrices, in particular, heteroatom-doped
carbon derivatives. Different from traditional nanopar-
ticle catalysts, SACs exhibit the following unique charac-
teristics. First, the isolated atomic sites in SACs can
promote the end-on adsorption of O, and its intermedi-
ates, thus impeding the breaking of the O—O bonds and
complete reduction to water. Second, the surface elec-
tronic structure can be readily manipulated by the metal-
substrate coordination interaction, such that the adsorp-
tion energy of important reaction intermediates can be
regulated accordingly, a critical step for the optimization
of the electrocatalytic activity and selectivity.

b 1.0
0_0 pH=13,U=0.62V vs. RHE
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Fig. 6. Non-noble metal SACs and their ORR properties. (a) Atomic configurations of OOH* adsorption on Mo—O;S—C and
Mo-S,—C. (b) Free energy diagram of two-electron ORR on three substrates under investigation at the equilibrium potential of the
reaction. (c) TEM images of Mo,;/OSG-H and pseudo-color surface plot of the HAADF-STEM image. Reproduced with permission
from ref. 88, copyright 2020, the American Chemical Society. (d) Schematic illustration of polyaniline-derived N-doped carbon spheres
(NCs) and Mn—O/N@NC catalysts (left panel) and TEM of the NCs, SEM images of the Mn—O/N@NC catalyst (right panel).
Reproduced with permission from ref. 89, copyright 2020, Royal Society of Chemistry.
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Currently, research of SACs has primarily focused on
enhanced metal loading and identification of metal
centers and coordination configurations, so as to under-
stand the mechanism of SACs and further improve the
electrocatalytic performance. Despite substantial progress
thus far, critical challenges remain. The main issue lies in
the complexity and randomness in the sample structure,
as pyrolysis has been the leading method in SAC syn-
thesis. This inevitably produces a discrepancy between the
actual materials structures and models used in theoretical
calculations and simulations, leading to ambiguity in the
identification of the catalytic active sites. In addition, it is
known that H,O, is unstable and can readily decompose
in alkaline media (especially at pH >9). However, a large
number of SACs, in particular, those based on non-noble
metals, are active only in alkaline media. To mitigate
these issues, significant breakthroughs on both theoretical
and experimental fronts are needed. Specifically, theoret-
ical calculations and simulations will be a powerful tool in
the initial screening of potential ORR catalysts, where a
range of structural parameters can be evaluated within
the context of the ORR pathways and kinetics. Such
fundamental insights can then be exploited for the ration-
al design and engineering of high-performance SACs,
where development of effective procedures for catalyst
preparation is equally important, in particular, to achieve
a uniform distribution and coordination of the metal
centers. Furthermore, in situ and operando analysis of the
ORR catalysts may yield unique insights into the actual
atomic sites that are responsible for the ORR activity and
selectivity [24]. In fact, research along these lines is
ongoing.
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