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ABSTRACT

The key challenge for scalable production of hydrogen from water lies in the rational design and preparation of high-performance
and earth-abundant electrocatalysts to replace precious metal Pt and IrO, for hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). Although atomic M-N-C materials have been extensively studied in heterogeneous catalysis field, the
insufficient antioxidant capacity of carbonous substrates hinders their practical application in OER. Developing highly active and
stable OER electrocatalysts is the key for electrochemical water splitting. This review presents feasible design strategies for fabricating
carbon-free single-site catalysts and their applications in HER/OER and overall water splitting. The constitutive relationships
between structure, composition, and catalytic performance for HER and OER are detailly discussed, providing ponderable insights
into rationally constructing high-performance HER and OER electrocatalysts. The perspectives on the challenges and future research
orientations in single-site catalysts for electrochemical water splitting are suggested.
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1 Introduction

As a clean energy, hydrogen gas has extensive application
prospect, which can be directly used as a fuel for burning or
as a cathodic reactant in fuel cells. It can also be used as an
important chemical material for hydrogenation reactions.
Electrochemical water splitting has been considered as a
sustainable and promising method for large-scale production
of Hs, using electrical energy from water power, solar energy
and wind energy [1]. Water splitting is a thermodynamically
uphill reaction, which includes two half-cell reactions: oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER)
[2, 3]. It is universally known that platinum and iridium oxide
are the state-of-the-art catalysts for HER and OER, respectively,
nevertheless the low abundance on earth and fancy price heavily
restrict their large-scale application [4-6]. Thereby, a growing
body of research focuses on exploiting earth-abundant and
cost-effective catalysts for HER and OER, and great achievements
have been made in the past few years [7, 8]. It has been found
that transition-metal sulfides, selenides, phosphides and
single-site M-N-C materials can efficiently catalyze HER [9],
while transition-metal oxides and hydroxides show outstanding
electrochemical activity for OER in alkaline solution [10].
However, the development of noble metal-free electrocatalysts
for OER in acidic media still remains a great challenge [11].
The electrocatalytic activity is mainly dependent on the
geometric and electronic structure of active sites [12-15].
Numerous studies have found that the catalytic activity of metal
nanoparticles significantly increases as the size of the nanoparticles
decrease [16, 17]. For instance, Bard et al. investigated the
correlations of the particle size of Pt and the supporting

substrate with the electrochemical HER performance and
found that a single Pt atom can catalyze HER [18]. Therefore,
downsizing the size of the metal nanoparticles to clusters or
even atomic level could afford a desired means to maximize
the atom utilization and promote the electrocatalytic per-
formance [19, 20]. In addition, for single-site catalysts, as the
microenvironments of the active centers are highly uniform,
the catalytic selectivity would be tremendously increased [21].
Furthermore, the catalytic mechanisms on isolated single
metal sites can be well deduced by advanced characterization
techniques and theoretical simulations. However, due to high
surface free energy of isolated single metal atoms, they should
be individually immobilized onto suitable carriers [22]. Metal
oxides, hydroxides, carbides, nitrides, dichalcogenides, phosphides,
and hetero-doped carbon materials can be used as substrates
to support isolated metal atoms through metal-support
interactions [23, 24].

In recent few years, with the improvement of synthetic strategies
and characterization techniques, single-site catalysts (SSCs)
or single-atom catalysts (SACs) have been extensively studied
in various fields, including thermocatalytic reactions [25].
organic catalytic reactions [26], photocatalytic reactions [27],
electrocatalytic reactions [28], and biocatalytic reactions [29].
With the help of aberration-corrected scanning transmission
electron microscopy (AC-STEM), X-ray absorption spectroscopy
(XAS) and density functional theory (DFT) simulations, the
application of single-site catalysts in electrocatalytic water splitting
has been rapidly developed. In 2015, Tour and co-workers
found that atomic cobalt embedded into nitrogen-doped graphene
exhibited excellent HER activity in acidic and alkaline media
[30]. In 2018, Huang et al. found that atomically dispersed
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Ni embedded into nitrogen-doped graphene with NiN,C4
configuration exhibited excellent OER activity in alkaline
media [31]. Guan et al. found that MnN, moiety embedded
into nitrogen-doped graphene exhibited outstanding chemical
and electrochemical water oxidation [32]. These findings are
significant breakthroughs to construct single metal active sites
for electrocatalytic HER and OER.

Much of the previous research focused on carbon-based single-
site catalysts (especially M-N-C materials) for electrocatalytic
HER and OER due to good electrical conductivity of carbon-
based substrates [33, 34]. However, carbon-based materials are
unstable and would be oxidized under oxidizing conditions
[35]. Besides, the anchored single metal atoms would be leached
by oxidizing and breaking the chemical bonds between metal
ions and ligands in the support, which would lead to the
deactivation. Therefore, it is attractive to develop carbon-free
single-site catalysts for electrochemical water splitting. In this
review, we provide a summary on carbon-free single-site catalysts
for electrochemical HER/OER and overall water splitting. Firstly,
we will systematically introduce how to fabricate isolated single
metal sites onto carbon-free supports. Secondly, we will illustrate
how to identify the atomic structures of isolated single metal
sites. Thirdly, we will emphasize the applications of carbon-free
single-site catalysts for electrochemical HER/ OER and overall
water splitting by analyzing specific cases. Finally, we will put
forward the challenges and personal perspectives of the
future developments of carbon-free single-site catalysts for
electrocatalytic water splitting.

2 Synthesis and characterization of carbon-free
single-site catalysts

2.1 Synthetic methods
2.1.1 Wet chemistry

Due to high surface energy and unsaturated coordination
environment, single-site metal species are in a metastable state,
which squint towards agglomeration into clusters or nanoparticles
[23]. For the preparation of high-quality single-site catalysts, it
is crucial to immobilize the metal species and geographically
isolate metal ions from touching each other during synthetic
procedure. It is preferential to choose substrates with high specific
surface area and abundant O/S/N-containing functional groups
to anchor isolated metal species and prevent their agglomeration
after post-treatment.

Wet chemistry methods are those that operate in solution,
which include impregnation method, chemical reduction,
and so on. Propitious fabrication of single-site catalysts
based on wet chemical methods usually requires: (i) low metal
loading content to prevent the reunion and make sure atomic
dispersion of metal species; (ii) suitable support with abundant
O-containing functional groups that can disperse well in the
solution and coordinate with metal ions to generate strong
metal-support interactions. Two key steps are involved in wet
chemistry methods: (i) the metal species are supported on the
substrate, which are further separated from the solution; (ii) the
metal-support interactions are enhanced and the electronic
structure of isolated metal sites is modulated by calcination or
reduction.

Song et al. incorporated highly dispersed Ir (including
single atoms and clusters) onto Co(OH). nanosheets by simple
chemical reduction of Co** and Ir** with sodium borohydride
in water solution [36]. Gu and co-workers synthesized IrCoO.
by reduction of Co** and Ir** with sodium borohydride in water
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solution containing cetyltrimethylammonium bromide [37].
After annealing at 450 °C in air for 2 h, atomically dispersed
Ir were embedded in the framework of amorphous CoO..
Moreover, they also incorporated isolated Ni atoms into the
framework of MoS; by immersing NiCl. onto the MoS,/CC
(Nisa-MoS,/CC) and subsequent annealing at 300 °C under
the 10% H./Ar atmosphere [38]. From the high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image and corresponding electron energy
loss spectroscopy (EELS) spectra (Figs. 1(a)-1(e)), the single
Ni atom located at the H-basal site and in the S-edge. Cao
et al. anchored atomic Ru onto MoS: nanosheets by a simple
impregnation method as shown in Fig. 1(f) [39]. The mass
loading of Ru can reach ca. 3.1%.

Although wet chemistry methods are easily operated and
can be adopt for mass preparation of catalysts, it is very
challenging to obtain high-quality single-site catalysts with
high metal loading density. Metal clusters and nanoparticles
are inevitably formed during the synthetic process and/or
post-treatment when the metal loading is relatively high. In
addition, without high temperature treatment, the anchored
metal atoms are hardly incorporated into the lattice of
substrates, which is detrimental for their durability during
catalytic reactions.

2.1.2  Hydrothermal synthesis

Hydrothermal synthesis is performed in aqueous solution
at 100-1,000 °C under the pressure of 1 MPa-1 GPa. Under
subcritical and supercritical hydrothermal conditions, the
reactivity of the reaction is greatly enhanced because the reaction
is at the molecular level. Therefore, the hydrothermal reaction
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Figure 1 (a) HAADF-STEM images of Nisa-MoS,/CC and corresponding
higher-magnification views of (b) region 1 and (d) region 2 (Ni atoms:
red cross, Mo atoms: green cross). Corresponding Ni EELS spectra of (c)
inner region 1 and (e) edge sites at region 2. (f) Synthetic illustration of the
SA-Ru-MoS$:. (a)-(e) Reproduced with permission from Ref. [38], © Elsevier
Ltd. 2018. (f) Reproduced with permission from Ref. [39], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim2019.
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can replace some high temperature solid reactions. In the
hydrothermal synthesis system, different synthesis routes have
been developed, such as direct method, seed method, guide
agent method, template method, complexing agent method,
organic solvent method, microwave method, and high-
temperature and high-pressure synthesis technology. In water
solution, it is nominated as hydrothermal synthesis, while in
organic solvent, it is denoted as solvothermal synthesis.

Deng and co-workers doped atomic Rh at the in-plane S
sites of MoS; with 3-6 layers using a solvothermal reaction
[40]. A mixture of (NHs)sM07024-4H,0, (NH4)sRhClg, and CS,
was allowed to react in water solution under Ar protection at
400 °C for 4 h to obtain atomic Rh doped MoS,. From the
HAADF-STEM image and corresponding TEM simulations,
the atomic Rh were successfully incorporated into the lattice
substituting the Mo atoms of 2H-MoS: (Fig. 2). Moreover, the
average inter-Rh distances can be regulated by adjusting the
doping content of Rh. Tsang et al. doped four different transition
metals (Fe, Co, Ni and Ag) onto MoS; by a hydrothermal
method [41]. They used MoS: nanosheets as the precursor and
different metal ions and thiourea as the dopant and S-source,
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respectively. After hydrothermal reaction at 160 °C for 24 h,
the metal dopants can be successfully incorporated on the
surface of MoS..

2.1.3  Chemical vapor deposition

Chemical vapor deposition (CVD) is a process in which
substances in the gaseous or vapor state react on the gas phase
or the gas-solid interface to form solid sediments. Three main
stages are involved in the CVD process: (i) reaction gas diffuses
to the substrate surface, (ii) the reaction gas is adsorbed to the
substrate surface, (iii) chemical reaction takes place to produce
solid sediments, and the gas by-products are separated. The
chemical reaction in atomic layer deposition (ALD) is like that
in CVD, but the requirements of deposition conditions and the
quality of deposition layer in ALD are different from traditional
CVD. Thin-film materials can be synthesized by CVD or ALD
techniques.

Wei and co-workers synthesized Co-MoS; flakes with
homogeneously dispersed Co by CVD method [42]. They
used Co-doped MoO:s and S powder as the precursors. The sulfur
gas will react with Co-MoO; gas on the SiO./Si substrates
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Figure 2 (a) HRTEM image and (b) HAADF-STEM image with EDS mapping of the Rh-MoS.. (c) Atomic-resolution HAADF-STEM image.
(d)-(g) Corresponding TEM simulations, linear intensity profiles, and illustrations of the Rhagj, Rhia, Rh2a, and Rhsa structures, respectively, in (c).
S yellow, Mo cyan, Rh brown spheres. (a)-(g) Reproduced with permission from Ref. [40], ©WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.
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at 850 °C to form Co-MoS; as shown in Fig. 3. Lin et al. anchored
atomic Pt onto a porous NiO by ALD technique [43]. They
used MeCpPtMes as the Pt source and Os as the oxidant,
which were allowed to react on the surface of NiO at 240 °C
for Pt deposition. For CVD or ALD, isolated metal species are
usually supported on the surface and pores of the substrate.
Therefore, the substrate should possess high specific surface
area or porous structure for high dispersion of supported metal
species. Since specialized equipment is needed, it is hard to
prepare single-site catalysts on a large scale.

2.2 Identification of the structure of isolated single
metal sites

The analysis of atomic configurations of active sites is crucial
for acquiring structure-property-performance relationships of
SAC:s in electrocatalytic reactions, which can be employed to
direct further designs of high-performance electrocatalysts. The
doped single metal atoms can be directly observed by advanced
aberration-corrected scanning transmission electron microscopy
(AC-STEM). However, if the atomic number of the doped metal
is close to that of the substrate or two different transition
metal elements are co-doped onto a support, it is very hard to
distinguish them. In this case, the corresponding cross-sectional
intensity of selected area in the HAADF-STEM with aberration
correction can afford the atom contrast [42, 44]. Moreover, the
EELS or energy dispersive spectrometer (EDS) coupled with
the STEM can provide the dispersion of various elements in
single-site catalysts. Additionally, the isolated single metal atoms
on metal oxide supports can be identified by atomic resolution
spectrum of STEM-EELS or STEM-EDX. For instance, Zelenay
and co-workers used EELS spectra to clearly identify that
isolated single Fe atoms were adjacent to N atoms [45].
However, a longer time is required to acquire the data than
STEM imaging. Therefore, for STEM-EELS and STEM-EDX
measurements, the voltage of electron beam should be lowered
to reduce the beam intensity. Although isolated single metal
atoms can be observed by HAADF-STEM, the chemical valence
of metal ions cannot be determined due to weak signal and
instability of metal atoms under the electron beam.

The oxidation state of metal species can be characterized by
X-ray photoelectron spectroscopy (XPS), electron paramagnetic
resonance (EPR), and X-ray absorption near edge structure
(XANES). Thereinto, XPS is a near-surface sensing technology,
which affords quantitative or qualitative information on the
chemical bonding of metal and nonmetal atoms within near-
surface regions [46]. The change in the chemical valence and
local chemical surroundings can be reflected by the chemical
shift of electron binding energy. The surface content of various
elements can be calculated based on the intensity of the peaks.
However, the fine structure of isolated metal atoms cannot be
well disclosed by XPS. To better understand the coordination
environment (including coordination number and bond
length) of isolated metal sites, extended X-ray absorption fine
structure (EXAFS) is generally adopted. Combining the EXAFS
characterization results with theoretical simulations, the local
structure of isolated metal sites can be obtained. For example,
Zheng and co-workers found Co-S covalent bond with bond
length of 0.2384 nm and coordination number of 3.8 in atomic
cobalt doped 1T MoS. by EXAES [47]. To monitor the dynamic
process in electrocatalytic reactions, in situ technologies
(especially Operando X-ray absorption spectroscopy) can be
used to detect the structural change of active sites and uncover
reaction mechanisms.
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3 Catalytic mechanisms for hydrogen and
oxygen evolution reactions

The electrochemical HER has been widely investigated and
the reaction mechanism has been well established [48]. Two
kinds of reaction mechanisms were widely known for HER in
acidic or alkaline media (Fig. 4(a)) [1, 48-50]. One is Volmer-
Tafel mechanism, where the H;O* or H,O are dissociated on
the catalyst surface to generate absorbed hydrogen species
(Haas) (Egs. (1) and (3)). After high coverage of Has on the
surface, two contiguous H.das species combine to form H.
(Egs. (2) and (4)). The other well-known mechanism for HER
is Volmer-Heyrovsky mechanism, where the initial step is the
same with that in Volmer-Tafel mechanism (Egs. (5) and (7)).
Due to low coverage of Hags on the catalyst surface, the distance
between two neighboring Haas is too far away to bond together
and they would couple with an electron and a proton to
produce H: (Egs. (6) and (8)).

(i) Volmer-Tafel reaction mechanism in acidic media (Hads
indicates adsorbed intermediate)

Hi;O" + e > Huas + HO (1)
2H.a > Ha (2)
In alkaline media:
H:O+ e > Hugs + OH- (3)
2Hads > HZ (4)

(ii) Volmer-Heyrovsky reaction mechanism in acidic media:

H;O0" + e > Haas + H20 (5)
H.as +H30* + e > Ho + H20 (6)
In alkaline media:
H.O + e > Hags + OH™ (7)
H.as + H2O + e > H, +OH- (8)

The rate-limiting step of HER is generally determined by
the bonding strength of adsorbed H* on the active sites. If the
bonding strength is too weak, the HER is controlled by the
adsorption process (Volmer step), while the bonding strength
is too strong, the desorption step (either the Heyrovsky step or
the Tafel step) will dominate the reaction [50]. Therefore, a
desired HER electrocatalyst should possess moderate bonding
strength with adsorbed H*, which favors the formation of
H.. The Tafel slopes in Volmer-Tafel and Volmer-Heyrovsky
mechanism are typically determined as 29 and 38 mV-dec™,
respectively. From the diagram by plotting exchange current
density against the H adsorption free energy (AGw-) (Fig. 4(b))
[51], Pt is located at the apex of the volcano with AGw = 0,
indicating the highest HER activity.

The OER involves several electron/proton transfers, which
can operate in either acidic 2H.O > O, + 4H" + 4e") or
alkaline (4OH™ > O, + 2H>O + 4e") media as illustrated in
Fig. 4(c) [52]. In acidic media, two water molecules are oxidized
to generate one O, molecule with four proton-coupled electron
transfer steps (Egs. (9)-(12)). In alkaline media, four hydroxyl
groups are transformed into one O molecule and two water
molecules with four electron transfer steps (Egs. (13)-(16)).

In acidic media (*denotes the active site, and OH*, O*, and
OOH* indicate adsorbed intermediates):

HO+*>OH*+H" +e 9)
OH*> O*+ H"'+ e (10)
O*+H, 0> OO0OH*+H"+e” (11)

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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(a) HER mechanisms on the catalyst surface. (b) The volcano plot for HER. (c) OER mechanism for alkaline (red route) and acidic (green

route) conditions. (d) Activity trends for various oxides for OER. (a) Reproduced with permission from Ref. [1], © WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim 2019. (b) Reproduced with permission from Ref. [51], © American Chemical Society 2010. (c) Reproduced with permission from Ref. [52],
© American Chemical Society 2018. (d) Reproduced with permission from Ref. [53], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2011.

OOH*>*+ O+ H + ¢ (12)
In alkaline media:
OH +*>OH*+ e (13)
OH* +OH > O* +H,O+ e~ (14)
O* +OH™ > OOH* + e~ (15)
OOH* +OH™ > * +0, +H.0+ e~ (16)

The OER mechanism can be roughly estimated by the
measured Tafel slope, which can reflect the electron transfer
coefficient. Generally, the smaller Tafel slope is, the more efficient
OER kinetics is. According to the classical Butler—Volmer
formalism, a slope near 24 mV-dec™ indicates that the third
electron transfer is the potential-determining step, while a
Tafel slope near 40 mV-dec™ indicates that the second electron
transfer is the potential-determining step [54]. A Tafel slope
near 60 mV-dec™ indicates that the potential-determining step
is followed the first electron transfer. However, it should be
noted that the real OER on heterogeneous catalysts might be
very complicated, and the OER process depends consumingly
on the structure of active sites, which might not simply follow
the Butler—Volmer mechanistic kinetics. Rossmeis et al. plotted
OER overpotential (#°™) as function of AGY. —AGyg. for
estimating the activity of various oxides and found that the
activity tendency follows: C0;04 = RuQO: > PtO; = rutile phase =
RhO:; > IrO; = MnO, = NiOb: = RuO; and IrO; anatase phase >
PbOb; >> Ti, Sn, Mo, V, Nb, and Re oxides (Fig. 4(d)) [53].

To deeply understand the reaction mechanism, in situ or
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operando spectroscopic technologies have been developed
to monitor the chemical speciation on surface active sites
during the OER. For example, Nilsson and co-workers used
synchrotron-radiation-based ambient-pressure photoelectron
spectroscopy (APXPS) to in situ observe surface species on
IrO; nanoparticles during the OER (Fig. 5(a)) [55]. They found
that both iridium-based oxide and hydroxide species coexisted
after IrO, nanoparticles touched water and the hydroxide
will be transformed into oxide during electrocatalytic process.
The OER on IrO; was a potential-dependent change through a
deprotonation mechanism, where Ir'"V was oxidized to Ir", a
key species for the reaction. Jones et al. developed in situ X-ray
photoemission and absorption spectroscopy to detect surface
species of iridium-based catalysts during the OER (Fig. 5(b))
[56]. They found that the electrophilic O species in the IrO,
should be responsible for the O-O bond formation:

IrOO" + H,O > IrO,0"-O"-H + H* + ¢* > IrO; +
O, + 2H" + 3e (17)

Minguzzi et al. investigated the change of the oxidation
states of iridium species during OER by in situ XAS and found
that Ir'"' and IrV co-existed at the onset potential [57]. According
to the in situ results, they proposed a fast cycling of the Ir'/Ir™
couple during the electrocatalytic OER. In addition, in situ XAS
technique can not only detect the change of oxidation states of
active species during electrocatalysis, but also monitor the
structural change of active sites. For example, Hu et al. used
Operando XAS technique to monitor the structural change of

@ Springer | www.editorialmanager.com/nare/default.asp
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(a) Schematic drawing of a PEM electrochemical cell setup for APXPS investigations. (b) Three-electrode in situ cell for XPS and NEXAFS

measurements. (a) Reproduced with permission from Ref. [55], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2014. (b) Reproduced with

permission from Ref. [56], © The Royal Society of Chemistry 2017.

active sites in a single-atom Co-N-C precatalyst during OER
and found that the CoNsC, site will be transformed into a more
active Co-Fe-N-C site with the addition of Fe*" ions [58].
Therefore, they proposed a dimeric Co-Fe structural motif as
the active site for the OER.

Due to low concentration of reaction intermediates on the
active sites and their very short life, they can hardly be detected
by experimental detection. Therefore, we need theoretical
calculations (DFT and other theoretical methods) to simulate
reasonable reaction routes and predict possible reaction
intermediates during the electrocatalytic HER/OER [59]. For
HER, the reaction rate is mainly determined by the AGu-.
If the binding between hydrogen and the active site is too
weak, the adsorption (Volmer) step is the rate-determining
step, while if hydrogen binds to the active site is too strongly,
the desorption (Heyrovsky/Tafel) step will be the potential-
determining step [60]. For OER, the binding energies of key
intermediates including *O, *OH and *OOH on active sites
strongly affect the electrocatalytic activity [61]. Therefore, it is
crucial to correlate the binding energies with the electronic
structure of single-site catalysts [59].

4 Applications of single-site catalysts

41 HER performance

4.1.1  Single metal atoms doped transition metal dichalcogenides
for HER

MoS: has a typical sandwich-layered structure, where a hexagonal
plane of molybdenum atoms is wedged between two other
hexagonal planes of sulphur atoms via strong covalent bonding
[41]. Neighboring layers are settled by weak van der Waals
forces. The inert basal plane of MX, (M = Mo, W, or V; X =S
or Se) seriously restricts the electrocatalytic activity owing to
poor electronic transfer property, resulting in sluggish kinetics.
For HER, Mo edges (1010) and S edges (1010) afford the active
centers. By real-time surface-enhanced Raman spectroscopy
(SERS), Zhang and co-workers identified that the S atoms of
single layer MoS; are the active center for electrocatalytic HER
[62]. Two-dimensional MoS; exhibits higher HER activity than
bulk MoS. owing to more exposed active sites. To create more
active sites on the basal plane of MoS,, defect engineering and
single-atom doping strategy are preferentially adopted [63].
Single cobalt atom can be immobilized into single-layered
MoS; by different methods, including hydrothermal method
[41], electrochemical leaching method [47], and CVD method
[42]. By lithium intercalation, Tsang et al. exfoliated bulk MoS;

precursor to obtain monolayer MoS; nanosheets [41]. Then, they
doped atomic Fe, Co, Ni and Ag onto the MoS; nanosheets by
a hydrothermal reaction and found that single-atom Co doped
MoS:; exhibited the best HER performance (Figs. 6(a)-6(c)).
The doped Co atoms would interact with S atoms, lowering
AGy- and increasing HER activity. Moreover, the doped Ni atoms
would interact with Mo atoms, increasing |AGw+| and thus
decreasing HER activity. Cui et al. found that the 2H phase of
MoS: would be transformed to D-1T phase by lattice strain
and Co-S§ interaction, leading to improved HER activity [47].
Wei et al. doped isolated Co atoms into monolayer MoS. to
form a long-range ferromagnetic order and found that the
Co-S interaction can enhance the electronic density of S atoms,
thus improving the H adsorption ability of basal plane S sites
(Figs. 6(d)-6(1)) [42]. Yao et al. found that the electronic state
density of S atoms coordinated with Co atoms would decrease
compared with that of S atoms in basal planes, leading to
enhanced hydrogen adsorption on the Co-S site and small
|AGx:| for HER [64].

In addition to single Co atoms, isolated Ni atoms can also
modulate the basal plane of MoS. nanosheets and coordinate
with S atoms to adjust their electronic states, thus optimizing
the adsorption energy of H atoms and boosting HER activity.
By impregnation method, Lou et al. obtained single-atom Ni
decorated MoS. nanosheets, which exhibited higher HER
activity than pristine MoS; [65]. Moreover, Gu and co-workers
found that the isolated Ni atoms were mainly located at S-edge
sites and H-basal sites of MoS. by impregnation method,
which favored the adsorption of hydrogen on the S atoms and
thus enhanced HER performance in both acidic and alkaline
media [38]. By DFT calculations, Xu et al. predicted that the
doped single Ni atoms influenced the extent of H coverage on
the 1T-MoS: by weakening the strength of S-H bond, favoring
H desorption and boosting HER activity [66].

By a solvothermal method, Xu et al. immobilized isolated Cu
atoms into porous 1T-MoS,, showing a low HER overpotential
(m0) of 131 mV at 10 mA-cm™ in 0.5 M H,SOs [67]. The
isolated Cu ions are coordinated with S atoms, leading to
numerous sulfur vacancies. Furthermore, electrons are preferably
transferred from Cu to 1T-MoS;, forming electron-rich MoS;,
which favored the desorption of H atoms and facilitated HER
process. By high-throughput DFT simulations, Ma et al
predicted that isolated In/Ge doped S-defective MoS. could
efficiently catalyze HER [68]. The electron donating effect of
In/Ge atoms would raise the unoccupied anti-bonding orbital,
modulate the desorption of H* intermediate and improve
increase the conductivity of MoS:, thus boosting HER activity.
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© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.

Besides atomic non-noble metal doped MoS;, precious metal
doped MoS; also exhibited enhanced HER activity. By a
sonication method, Tsang et al. anchored single-atom Pt or Pd
onto 1T-MoS;, displaying improved HER activity [69]. The
recombination of H to H» can be accelerated on the isolated
Pd site, thus promoting HER activity. By a hydrothermal
method, Song et al. immobilized single-atom Pt onto ultrathin
MoS;, exhibiting an overpotential (#10) of 180 mV for HER
in 0.5 M H.SOs [70]. The isolated Pt atoms absorbed on the
surface of 1T-MoS; can capture H* ions, increasing active sites
and boosting HER. The introduction of single-atom Ru onto
MoS; would generate S vacancies, which lowered the reaction
energy barrier and favored the adsorption/desorption of H*
intermediate, thus enhancing HER activity [39]. Deng et al.
anchored atomic rhodium onto MoS. using a solvothermal
reaction, which a low overpotential (#10) of 67 mV for HER in
0.5 M H.SO4 [40]. They found that a distance synergy between
single-site Rh and adjacent in-plane S atoms could adjust the
HER performance. Tan et al. anchored single-site Ru onto
monolayer MoS; by an impregnation method, which exhibited
a low HER overpotential (#10) of 30 mV in 1 M KOH [71]. The

introduction of single-site Ru resulted in bending strain of
MoS;, which enhanced reactant density in strained S vacancies
and sped up HER on the Ru sites.

Due to high formation energy of 1T-WS,, it is difficult to
prepare highly pure 1T-WS, monolayers. Li et al. adopted a
CVD method to synthesize single-atom V doped 1T-WS;
monolayers with 91% phase purity for enhanced HER activity
[72]. Through experimental and simulated STEM images, it
can be observed that partial W sites were replaced by isolated
V atoms with an average concentration of 4.0 at.%. Compared
with pure 1T-WS,, single-atom V doped 1T-WS, demonstrated
lower HER overpotential (10 = 185 mV) in acidic media. DFT
calculations revealed that weaker H adsorption happened on
the isolated V-8 sites, leading to superior HER performance.

Through systematic DFT calculations, Liu et al. predicted
that isolated Cr or V doped FeS; exhibited outstanding HER
activity [73]. Single-atom Cr doped FeS, showed a low |AGw|
value of 0.049 eV and a low kinetic barrier of 0.22 eV for HER,
which even surpassed the state-of-the-art Pt catalysts. Since H
preferred to adsorb on the Cr atoms, they were regarded as the
active sites.
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Vanadium diselenide (VSe,) is a member of the transition-
metal dichalcogenides with a sandwich T-phase structure.
Due to excellent conductivity, monolayer VSe; is a promising
electrocatalyst for HER. Wang and co-workers found Fe-doped
VSe: exhibited enhanced HER activity [74]. By simulating
HER activity on a series of transition-metal atoms (Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Os, Ir and Pt) doped
VSez, Wang et al. predicted that single-atom Pt/Zn/Rh doped
VSe, exhibited low theoretical overpotentials, which were
expected as excellent HER electrocatalysts [75]. Gao et al
found that 1D-patterned VSe: can be reversibly transformed
into monolayer VSe: by changing synthetic conditions [76].
After introducing Pt atoms, they were atomically adsorbed
on the 1D-patterned VSe;, which was calculated to be highly
active for HER.

4.1.2  Single metal atoms doped transition metal phosphides for
HER

In recent years, transition-metal phosphides (TMPs) have
caught a great deal of attention for HER. However, compared
with Pt-based catalysts, TMPs usually showed worse HER
activity due to slower kinetics. To improve the HER activity,
an efficient strategy is doping high-performance active metal
atoms into the framework of TMPs. For instance, Chen
and co-workers obtained atomically dispersed Ru on FeP by
phosphating a Ru-doped FeOOH precursor as shown in
Figs. 7(a)-7(d) [77]. One Ru cation was coordinated with four
P atoms (Ru*-Ps-Fe configuration) and the average bond length
for Ru-P was 0.237 nm, slightly longer than that (0.226) for
Fe-P (Figs. 7(e)-7(h)). Compared with primary FeP nanorods,
single-atom Ru decorated FeP showed a smaller overpotential
(r0) of 62 mV for acidic HER. A cooperation mechanism between
Ru and Fe can enhance the hydrogen adsorption/desorption
on the FeP substrate (Figs. 7(i)-7(m)), thus lowering HER
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energy barrier (only 0.5 eV) and boosting reaction kinetics.
Song and co-workers incorporated single-atom Ru into NisP4
by phosphating a Ru-doped FeOOH precursor [78]. Compared
with primary NisPs, single-atom Ru decorated NisP. exhibited
a lower overpotential (110) of 54 mV for alkaline HER
(Figs. 7(n)-7(s)). The electron density of single-atomic Ru sites
was improved by localized structural polarization, favoring
H,O dissociation and facilitating HER kinetics.

Luo and co-workers anchored isolated single-atom Pt onto
CoP supported by a Ni foam via a potential-cycling method,
which showed high HER activity and durability in neutral
phosphate buffer solutions [79]. Liu et al. immobilized isolated
single-atom Pt into the lattice of CoP nanosheets on carbon
fiber cloth by chemical reaction of H.PtCls with CoP nanosheets
at 30 °C, which exhibited outstanding electrocatalytic activity
and durability for seawater electrolysis [80]. The d-band
center of single-atom Pt in the lattice of CoP was calculated to
be -4.39 eV, much smaller than that (-2.74 eV) of Pt (111),
suggesting strong electronic interaction between isolated Pt
and CoP. The free energy of H* (|AGw|) adsorbed on single-
atom Pt modified CoP was 0.168 eV, larger than that (0.105 eV)
on Pt (111). Wu et al. obtained single-atom W doped CoP
nanoarrays by phosphating W-doped Co-MOF arrays, which
exhibited excellent HER activity and good durability in acidic,
basic, and neutral media [81]. The AGu+ on the P site of
W-CoP (111) surface was determined to be 0.069 eV, close to
that of Pt(111) and smaller than that of the Mo-CoP (0.119 eV)
and CoP (0.216 eV), indicating that the introduction of isolated
W sites into CoP could decrease the HER energy barrier and
facilitate HER kinetics.

4.1.3  Single metal atoms doped (oxy)hydroxides for HER

Although Pt shows excellent H, adsorption-desorption capacity,
it displays poor activity for the dissociation of the H-O bond,
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which causes a large kinetic energy barrier for overall HER [82].
In the meantime, metal oxides or hydroxides showed excellent
OER activity with low energy barrier for the dissociation
of water [83]. Therefore, rational design of electrocatalysts
combining the merits of Pt and oxides/hydroxides is expected
to synergistically catalyze H-O bond cleavage, facilitate H-H
bond formation, and thus improve the overall HER performance.
Ni and co-workers anchored single-atom Pt onto partially
amorphous NiRu-hydroxide by anodic oxidation of Pt electrode
and cathodic reduction of produced Pt*" [84]. The Pt/NiRu-OH
exhibited high HER activity with a low overpotential (#10) of
38 mV in 1 M KOH. Qiu et al. synthesized highly dispersed
Pt (including single sites and clusters) in TiO, and CeO:
nanowires by the dealumination of Al-Ti-Pt and Al-Ce-Pt
precursors, which exhibited comparable HER activity with

Nano Res. 2022, 15(2): 818-837

Pt/C catalysts [85]. However, they did not perform theoretical
simulations to uncover the possible synergistic effect between
single-site Pt and (oxy)hydroxide substrates. Deep understanding
the synergistic mechanism between single-atom Pt and cobalt
hydroxide support was proposed by Wang et al. [86]. They
immobilized single-atom Pt onto cobalt hydroxide nanosheets
supported by Ag nanowires (Ptsa—Co(OH).@Ag NW), which
showed a low overpotential (#10) of 29 mV for HER in 1 M KOH
(Figs. 8(a)-8(f)). By theoretical simulations, they proposed
that the enhanced HER activity was attributed to the local
tip-enhancement electric field at the platinum sites allured by
the cobalt hydroxide and more d electron favoring H* and
H,O adsorption (Figs. 8(g)-8(k)).

By a photoactivation strategy, Wang and co-workers anchored
single-atom Pt onto RuCeO; with outstanding HER activity
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comparable to commercial Pt/C [87]. The Pt atoms were
located in the lattice of RuO. and Pt-O-Ru bond was formed.
Theoretical calculations revealed that multiple active sites
might be responsible for superior HER activity, such as Pt sites
in CI-Pt-O-Ru and Pt-O-Ce, and O sites in Pt-O-Ru and
Ce-O-Pt. Qiu and co-workers fabricated single atoms and Pt
clusters doped TiO. or CeO. nanowires by a dealloying
strategy [85]. Pt-TiO: or Pt-CeO:; catalysts can be obtained by
dealumination of Al-Ti-Pt and Al-Ce-Pt precursors in 2 M
NaOH solution. After activation, the Pto2-CeO: exhibited high
acidic HER activity, which can be comparable with commercial
Pt/C.

In the last few years, single-atom M-N-C catalysts have
attracted much attention due to high electrocatalytic performance
in many electrochemical reactions, especially in HER and
ORR [19]. However, the carbon-based materials are instable
under harsh conditions (e.g., high overpotentials, oxidative
environment), which causes the leaching of active metal species
from the substrate and catalyst deactivation. Oxides can be used
in oxidative environment, which can support M-N moieties
for electrocatalytic applications. Sun et al. supported PtN. clusters
with Pt-N coordination structure onto TiO. by N. plasma
treatment of a Pt/TiO; precursor [88]. The PtN,/TiO, showed
a low HER overpotential (#10) of 67 mV in 0.5 M H.SO4. DFT
calculations revealed that the hydrogen adsorbed on N atoms
would lead to a smaller AGu- than that adsorbed on Pt atoms.

4.14 Single-site alloys for HER

To decrease the usage of precious metals and improve their mass
activity, two methods are commonly adopted: (i) aggrandizing
available active sites and (ii) improving intrinsic activity of the
active sites. Liu and co-workers fabricated a monolayer Pt on
Ag/Au-coated Ni foam for efficient HER with an overpotential
(m10) of 100 mV in 0.5 M H.SOs (Table 1) [89]. The Ag/Au
coating on Ni foam was essential for ensuring complete-
monolayer Pt coverage; otherwise, only partial monolayers were
generated. Soon afterwards, Yau et al. deposited monolayer Pt
on an Au(111) substrate by reduction of PtCls*” with CO, which
exhibited higher hydrogen oxidation and evolution activity
than Pt(111) [90]. Li et al. fabricated Cu-Pt dual sites alloyed
with palladium nanorings by a two-step reduction of Cu** and
Pt** on ultrathin Pd nanorings in solutions [91]. Surface d states
of Pd nanorings were modulated by isolated single-atom Cu/Pt
doping and strain effects, thus boosting the mass activity of
precious metals. DFT calculations revealed that Pt was the
active site for H atoms binding during HER, while adjacent
Cu atoms could balance the adsorption of H* on Pt. Du and
co-workers synthesized a RuAu single-atom alloy by laser
ablation method with outstanding HER activity (710 = 24 mV)
[92]. According to the theoretical simulations, water molecules
were absorbed and activated on the Ru sites, while the protons
were absorbed on the Au sites and then H. was evolved.
By theoretical calculations, Yang et al. predicted that Cu, Cr,
Co, Ni, Mo, Rh, Ru, and Tc atoms doped PtTe sheets with
Te-vacancies exhibited high HER activity due to ~ 0 eV of AGy-
on the transition metal sites and adjacent Pt sites [93].

4.2 OER performance

4.2.1 Single metal atoms doped transition metal (oxy)hydroxides
for OER

Although the electrocatalytic OER activity of iridium oxide is
second only to ruthenium oxide among transition metal oxides,
it is the most stable oxide electrocatalyst in acidic media.
However, the scarcity and high price of iridium hinder the
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Table1 Comparison of HER performance of carbon-free single-site

catalysts
Catalyst Electrolyte W@l(zrfnn\l;)' cm'? (1;2 ts,l.i?_)]e) Ref.
Ag@Mo$; core-shell 0.5 M HzSO4 195.7 41.1 [62]
Co-MoS; 0.5 M H,S04 137 64 [42]
Co-*MoS; 0.5 M HaSO4 220 92 [41]
SACo-DITMoS; 0.5M HiSO4 100 32 [47]
Coi/MoS: 0.5 M HaSO4 212 76 [64]
Cu@Mo$; 0.5 M H.SO4 131 51 [67]
Pd/Cu-Pt NRs 0.5 M HaSO4 22.8 25 [91]
Fe-doped VSe: 0.5 M H2SO4 390 112 [74]
MCM®@MoS:-Ni 0.5 M HaSO4 161 81 [65]
Nisa-MoS: 0.5 M H.SO4 110 74 [38]
Ag@PdAg 0.5 M H,S0; — 70 [94]
Pt/NiS@ALOs 0.5 M HaSO4 34 35 [95]
Pt-1T' MoS, 0.5 M H,804 180 884  [70]
Pt/RuCeO.-PA 0.5 M HaSO4 45 31 [87]
PtN./TiO: 0.5 M HS04 67 34 [88]
Pt/AuNF/Ni foam 0.5 M HxSO4 100 53 [89]
Rh-MoS,-4.8 0.5 M H,804 67 54 [90]
Ru-modified FeP 0.5 M H>SO4 62 45 [77]
V SACs@1T-WS2 0.5 M HaSO4 185 61 [72]
W-CoP 0.5 M H,SO;4 48 56 [81]
Pto2-CeO: 0.5 M H.SO4 — 35 [85]
Mo-Co0sSs@C 0.5 M HaSO4 98 346  [96]
Nisa-MoS: 1 M KOH 98 75 [38]
1T-MoS$; 1 M KOH — 61 [69]
Pt/NiRu-OH 1 M KOH 38 39 [84]
Pt SA-Co(OH).@Ag 1 M KOH 29 3572 [86]
Ptu—CoP MNSs/CFC 1 M KOH 13 30.28 [80]
Ru/np-MoS: 1 M KOH 30 31 [71]
5.0%-Ru-MoS; 1 M KOH 76 21 [39]
RuAu-0.2 1 M KOH 24 37 [92]
NisPs-Ru 1 M KOH 54 52 [78]
STRO 1 M KOH 46 40 [97]
W-CoP 1 M KOH 36 47 [81]
Rhgﬁgéguo 1 M KOH 44 —  [98]
Pt/np-Coo.ssSe 1 M PBS 19 35 [99]
W-CoP 1 M PBS ~21 81 [81]
PtSA-NT-NF 1 M PBS 24 30 [79]

large-scale applications. Improving intrinsic activity of iridium
sites by downsizing the particle size of iridium oxide to the
atomic scale is highly preferred. One of the main issues for the
applications of single-site catalysts is the leaching of isolated
metal atoms from the support to the solution by surface etching
or fracture of atomic bonds, which would lead to activity loss
[35]. Moreover, aggregation of isolated metal atoms might
happen under harsh reaction conditions if the interaction
between the metal ions and support is not strong. Therefore,
it is pivotal to fabricate SSCs with stable ligands and strong
interaction of metal and support for practical applications.
Song and co-workers prepared hierarchical Colr catalysts with
Co-Ir species by a reduction method using sodium borohydride
as the reduction agent [36]. The Colr with 9.7 wt.% Ir content
displayed excellent OER activity with an overpotential (#10)
of 373 mV 1 M phosphate buffer solution. Soon afterwards,
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Gu et al. anchored isolated Ir atoms onto amorphous CoOx
nanosheets by the same reduction method, which exhibited
superior OER activity with a ultra-low overpotential (#10) of
152 mV in 1 M KOH [37]. Although these single-site Ir-based
catalysts showed outstanding OER performance, the authors
did not perform theoretical studies to reveal the reaction
mechanism. More in-depth work was carried out by Wang
and co-workers [100]. They anchored single-site Ir onto cobalt
nanosheets with dual-reactive Ir-Co sites for efficient OER in
alkaline media. Combining DFT calculations with experimental
results, they found that the OOH* intermediate can be better
stabilized on the Co-O-Ir site due to a strong hydrogen bonding
interaction.

In addition, the Pearson absolute electronegativity (y) of
iridium is 5.4 eV, which is larger than that of Co (4.3 eV) and
Ni (4.4 eV) [101]. The electronic structures of Co and Ni can
be modulated by introducing Ir atoms into the (oxy)hydroxide
systems, leading to the formation of highly charged Co and Ni
species with lower overpotentials for OER. Therefore, it is
expected that the OER activity of Ni-based (oxy)hydroxides
can also be improved by introducing isolated Ir sites. Chen

olr 4Ni 4 Co 0
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et al. synthesized atomic Ir doped nickel hydroxide nanosheets
using hexamethylenetetramine as the hydrolysis reagent to
hydrolyze H.IrCls and NiCL in an ethanol solution [102].
Compared with IrO: (710: 332 mV) and Ir-free Ni(OH)2 (#0:
359 mV), Ir-Ni(OH), with 4 wt.% Ir showed lower overpotential
(7110: 235 mV) for alkaline OER. The inductive effect between
Ni and Ir promoted the formation of highly charged Ni species,
which favored the adsorption of nucleophilic intermediates,
thus boosting the OER performance. In addition, the OER
activity of porous NiCo.0O. nanosheets can be enhanced by
introducing isolated Ir sites. For example, Xi et al. anchored
atomic Ir onto ultrathin porous NiCo.O4 nanosheets by an
electrodeposition method (Figs. 9(a)-9(h)), which showed
a low OER overpotential (110: 240 mV) and 70 h of stability
in 0.5 M H.SOs [103]. DFT calculations revealed that the
enhanced OER activity should be ascribed to the improved
surface electronic electron exchange and transfer ability on the
isolated Ir sites couplings with oxygen vacancies on the surface
of NiCo:0s4 (Figs. 9(1)-9(k)).

Besides single-site Ir doping, atomic Pt doping can also
improve the OER activity of NiO. Lin and co-workers
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immobilized atomic Pt onto porous NiO nanocubes by an
atomic layer deposition method, which exhibited enhance
OER activity compared with pristine NiO [43]. Different from
atomic Ir as the active site for OER, the isolated Pt cannot
serve as the active sites directly. By theoretical studies, they
proposed that the role of atomic Pt was to facilitate phase
transformation by lowering the migration barrier of adjacent
Ni sites. However, it should be considered that Pt atoms will
be dissolved into the electrolytes under the OER conditions.
Due to poor electroconductivity of Fe-based oxides, they
usually show high overpotentials for OER. However, Fe-doping
into Co-based and Ni-based (oxy)hydroxides can significantly
promote the OER due to a collaborative mechanism between
Fe and Co/Ni sites [104]. Recently, Zhang and co-workers found
that the OER performance of cobalt carbonate hydroxide hydrate
can be distinctly improved by doping single Fe atoms [105].
DFT calculations revealed that the electron would transfer
from Fe sites to the adjacent Co sites, leading to electron-rich
Co sites and lower energy barrier (1.52 eV) than that (1.71 eV)
on Fe-free Co sites for OER. The formation of OOH*
intermediate was predicted to be the potential-determining
step. Previous studies found that the Fe sites in (Ni,Fe)OOH
should be the active sites for OER [106], but then a growing
body of evidence pointed to the Ni sites as the active sites [107,
108]. Recent theoretical calculations also supported that the
OER active sites should be Ni sites, while the role of Fe might
be increasing and stabilizing the reactive phases [104].
Trimetallic FeCoNi (oxy)hydroxides are superior electro-
catalysts for the OER in alkaline media. Further improving
their OER activity is very challenging. Very recently, Wu and
co-workers synthesized a Ru-doped FeCoNi-based metal
organic framework by an ion exchange method, which can be
transformed into an layered double hydroxide (LDH) [109].
Isolated Ru sites on the amorphous outer layer favored the
formation of Ru-O* intermediate, boosting the OER kinetics.
The Ru SAs/AC-FeCoNi hybrid material exhibited a low
overpotential (#10) of 205 mV in 1 M KOH (Table 2). In addition,
the OER activity of cobalt-iron layered double hydroxides can
be also improved by atomic Ru-doping. Li et al. anchored
single-site Ru (0.45 wt.%) onto CoFe-LDHs by a precipitation
method, which exhibited a ultra-low overpotential (#10) of
198 mV in 1 M KOH [110]. By operando XAS, they found that
the valence state of Ru was kept 4+ during the OER process
due to strong synergetic electron coupling between single-site
Ru and CoFe-LDHs. The avoiding generation of highly charged
Ru ions would prevent them from dissolving in the electrolyte
and thus improve the stability. Moreover, Huang et al. found
that atomically dispersed Ru can be embedded into the lattice
of CoCr LDHs by simple coprecipitation process [111]. The
CoCrRu LDHs showed a low overpotential (#10) of 290 mV for
the OER in 0.1 M KOH. The atomic Ru doping can reduce
d-band center value of Co and improve electron donation of
Cr to oxygenates, thus lowering the OER energy barrier.
Nickel oxide has been regarded as the most active non-noble
metal oxide catalyst for OER in basic media [108]. Tremendous
efforts have been dedicated to enhanced its OER activity,
including downsizing the nanoparticles, increasing specific
surface area, and Fe-doping strategy. Baeumer and co-workers
studied the OER performance on atomically flat LaNiOs thin
films and found that the Ni termination was active, while
the La termination was kinetically inaccessible, indicating that
Ni atom is the active site for OER [112]. To improve OER
performance of Ru-based catalysts, Kim and co-workers
synthesized a core-shell single-atom Ni catalyst Ni-Ru@RuO,-HL
with metal Ru as the core and NiO and RuO:; as the shell by
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an acid-leaching method, which exhibited low overpotentials
of 184 and 229 mV at 10 and 100 mA-cm™ in 0.5 M H.SO4
(Fig. 10) [113]. There was negligible dissolution of Ni and Ru
for the Ni-Ru@RuO.-HL catalyst during OER stability test,
indicating stable active sites. The theoretical overpotentials on
RuO: containing two metal ion vacancies at coordinatively
unsaturated sites and two Ni-atom doping at bridge sites were
calculated to be 0.211 and 0.191 V for adsorbates evolution
mechanism and acid-base lattice oxygen mechanisms, respec-
tively. The shorter Ru-O bonds favored acid-base O-O bond
formation.

Cobalt oxide is an excellent electrocatalyst for alkaline OER.
Compared with bulk Co30s, ultrafine CoO. nanoparticles
exhibited higher OER activity [114]. Further downsizing
the CoOx nanoparticles to single Co sites still exhibited OER
activity. Very recently, Zhang and co-workers immobilized
single-atom Co into TiO. nanorods by an organic colloidal
solution [115]. The Co-TiO, with 12% Co showed an
overpotential (#10) of 332 mV for OER in 1 M KOH and a
turnover frequency of 6.6 + 1.2 s™ at an overpotential of 300 mV.
Compared with Fe-TiO, and Ni-TiO,, the isolated Co sites in
Co-TiO: performed the O-O coupling step with a smaller
energy barrier, thus showing higher OER activity.

4.2.2  Single metal atoms doped transition metal dichalcogenides/
phosphides for OER

Although TMPs have been widely investigated for HER, they
were seldom applied in OER since they would gradually
transform to corresponding oxides under extremely oxidizing
conditions. For instance, Tan and coworkers found that the
surface of nanoporous (Nio74Feo2s)sP would reconstruct to form
an amorphous Ni(Fe) oxyhydroxide under electrochemical
OER conditions [116]. After the deprotonation process during
OER, partial isolated Ir sites were reunited to form multiple
active sites, facilitating the O-O coupling. Improving the
OER activity to lower applied overpotentials can prolong the
working life of TMPs for OER. Gu et al. found that Au atoms
would diffuse from Au yolks into the Ni.P shell under high
temperature (= 350 °C) treatment [117]. After doping single
Au atoms/clusters, the volume of Ni:P shell would expand
and the OER activity can be significantly enhanced with a
low overpotential (710) of 240 mV in 1 M KOH. Moreover,
as mentioned above, the MoS, monolayer can be served as a
two-dimensional substrate to support isolated metal atoms for
enhanced HER performance [63]. However, there are seldom
experimental reports about single metal atoms doped transition
metal dichalcogenides for the OER mainly due to their poor
stability under harsh oxidizing conditions. By theoretical
investigations, Zhao et al. predicted that Pd> nanoclusters
incorporated on the defective MoS, monolayer with S vacancies
exhibited a low overpotential of 0.32 V for OER [118].

4.2.3  Single-site alloys for OER

The main issue for catalyst degradation in the OER is
the dissolution of active metal components in acidic media.
Although RuO: is the most active monometallic oxide catalyst
for the OER in acidic conditions, the over-oxidation of Ru to
Ru™* species by adsorbate evolution mechanism or lattice
OER would lead to the dissolution of Ru into the electrolyte
and catalyst deactivation [119-121]. Therefore, it is necessary
to modulate the geometric and electronic structure of Ru to
prevent its dissolution [122]. Compared with Ru, metallic Pt
possesses a slower dissolution rate in acidic media due to the
worse oxygen bonding ability. Immobilization of isolated Ru
atoms into the crystal lattice of Pt would favor the improvement
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Figure10 (a) XRD patterns, (b) Ru K-edge FT-EXAFS, and (c) Ru K-edge XANES profiles of Ni-Ru@RuOx-EL, Ni-Ru@RuOx-CL, and
Ni-Ru@RuO.-HL. (d)-(g) HAADF-STEM image and STEM-EDS elemental mapping of Ni-Ru@RuO.-HL (scale bars: 6 nm). (h) LSV curves in 0.5 M
H2SO.. (i) Mass activity profiles. Inset shows the histogram of mass activity at 1.45 VRHE. (j) ECSA corrected activity profiles. (k) Chronopotentiometric
plots at 10 (green), 20 (blue), 30 (red), and 40 (sky blue) mA-cm™ for Ni-Ru@RuO,-HL. (1) Stability outlines and (m,n) dissolution profiles [113]. (a)-(n)
Reproduced with permission from Ref. [113], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2021.

of dissolution resistance of Ru. Wu and co-workers embedded
atomically dispersed Ru into PtCu alloys by acid etching and
subsequent electrochemical leaching strategy, which showed
higher OER activity and durability than commercial RuO.
[123]. Theoretical studies revealed that the electronic structure
of isolated Ru was engineered by the compressive strain of
the Pt substrate, which favored binding oxygen species and
improved the resistance to over-oxidation and dissolution.

4.2.4  Single metal atoms doped borophene or boron phosphides
for OER

As a member of the family of two-dimensional materials,
borophene has attracted many interests due to the abundant
polymorphism properties. However, the large-scale synthesis
of borophene is still challenging by far due to harsh synthetic
conditions. For instance, in an ultrahigh vacuum condition,
borophene with different structures can be generated on
the surface of Ag (111), Cu (111), Au (111), and Al (111)

[124-127]. Therefore, the research work about borophene for
electrocatalysis is mainly focused on theoretical simulations.
For example, Ahuja et al. predicted that Ti-functionalized
borophene monolayer showed higher HER and OER activity
on than the pristine borophene since the introduction of
isolated Ti atoms would increase the average buckling height
and change the charge density distribution of the borophene
[128]. Mohajeri and Dashti predicted that Ni-doped Bss and
Ti-doped Bss showed higher OER and HER activity than
pristine Bs, respectively [129]. Additionally, they proposed that
the intermetallic cooperativity effect in dual-metal FeNi-codoped
Bss favored bifunctional OER and HER. The isolated Fe site
was responsible for OER, while the Ni site was in charge of
OER. By DFT simulations, Jung et al. found that the density of
states near the Fermi-level of isolated Rh and Co sites in
Rh-BH and Co-BH can be increased due to the coupling of
d-orbitals of the Rh and Co dopants with the p-orbitals of
adjacent boron atoms (Fig. 11) [130]. The predicted theoretical
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OER overpotentials on Rh-BH and Co-BH were 0.24 and
0.37 V, respectively, which were lower than that on rutile-type
RuO: (0.37 V). In addition, Xu et al. predicted that the
theoretical OER overpotentials on the B1.—Ni and x;—Ni (B2 and
X3 two types of borophene) were 0.38 and 0.35 V, respectively
[131]. However, although theoretical studies predicted that
single metal atoms incorporated into borophene are structurally
and thermodynamically stable, the practical stability of M-B
bonds under harsh OER conditions should be experimentally
verified. In addition to borophene, N-doped boron phosphides
(BP) can be also utilized as two-dimensional substrates to support
isolated metal sites for efficient OER. Lau and co-workers
predicted that the theoretical OER overpotentials on CoNs-BP,
NiN;-BP, and PtNs:-BP were 0.42, 0.44, and 0.25 V, respectively.
However, the stability of M-P bonds in these catalysts should
be challenging under harsh oxidizing conditions [132].

4.3 Bifunctional HER/OER performance

Due to different reaction mechanisms, an active site usually
cannot simultaneously catalyze bifunctional HER and OER.
For example, although Pt catalysts are highly active for HER,
they show very poor OER activity. Iridium oxide can efficiently
catalyze OER, but it exhibits poor HER activity [133]. It is
challenging for an active site with appropriate adsorption-
desorption capacity of both H* and OH* species, which is the
key intermediate for HER and OER, respectively. There are
three main methods for fabricating bifunctional HER and OER
catalysts. The first one is rationally regulating the coordination
environment of isolated metal sites to moderately adsorb and
desorb the H* and OH* intermediates. The second one is
supporting isolated metal sites on a suitable substrate with
synergistic mechanism to catalyze HER and OER. The last one
is fabricating dual-metal sites for synergistically catalyzing
HER and OER.

By first-principles simulations, Wang et al. predicted that
single-site Ni embedded on f:; boron monolayer (Nii/B1.-BM)
possessed excellent HER and OER activity with a low
theoretical overpotential of 0.06 and 0.4 V, respectively [134].

The improved HER performance of Nii/Bi.-BM was assigned
to a cooperation mechanism of the tensile strain by incorporating
Ni atoms onto the boron monolayer and charge transfer
between isolated Ni sites and boron monolayer. However, for
all I know so far, there are no related experimental reports
about carbon-free single-site Ni catalysts with bifunctional
HER and OER activity.

As mentioned above, transition metal dichalcogenides
exhibited excellent HER activity, but poor stability for OER.
Sun and co-workers found that doping single-site Mo onto
CosSs nanoflakes can not only improve the HER and OER
activity, but also prolong the durability [96]. They anchored
atomic Mo onto partially oxidized surface sulfur sites by a
two-step solvothermal process, which exhibited outstanding
overall water splitting activity with overpotentials of 1.68 and
1.56 V in acidic and alkaline media, respectively. No obvious
decay in activity can be observed for continuous operation
of 24 h in 0.5 M H,SO4 and 72 h in 1 M KOH (Fig. 12).
Theoretical studies revealed that the adsorption energy of H.O
molecules on the Co sites was modulated an ideal value by
introducing atomic Mo and the theoretical OER overpotential
on the Mo-CoySs@C was lowered to be 0.41 V, indicating that
a cooperation mechanism between isolated Mo and Co sites
existed during the OER process. In addition, by DFT simulations,
Cheng et al. predicted that single-site Pt anchored on MoS;
edge sites exhibited low theoretical overpotentials for HER
(0.1 V) and OER (0.46 V) [135]. Han et al. predicted that single-
site Pt doped NbSe: and Ta$S, were suitable electrocatalysts for
bifunctional HER and OER [136]. They also calculated the
durability of single atom doped transition metal dichalcogenides
by the difference (AE = Ey — Econ) in binding energy (E») and
cohesive energy (Ecn), and found the AE of these catalysts was
smaller than 0.15 eV, suggesting their structural stability for
overall water splitting.

For practical application in electrocatalytic water splitting, the
catalysts should possess structural stability and outstanding
durability. Comparatively speaking, metal (oxy)hydroxides
are more stable than metal dichalcogenides/phosphides under
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OER condition. Precious metal Ru showed excellent HER
activity, while NiFe layered double hydroxide (LDH) exhibited
outstanding OER activity. It is expected that single-site Ru
immobilized into NiFe LDH would bifunctionally catalyze
HER and OER. Wang et al. found that the Ru-NiFe LDH on
Ni foam showed superior HER and OER activity with a low
overpotential (#10) of 116 and 230 mV, respectively (Table 2)
[137]. DFT calculations uncovered that the introduction of Ru
into NiFe LDH can lower the adsorption energy of H* and
increase the adsorption energy of OH* on the catalyst surface,
thus promoting HER and OER. Huang et al. immobilized
atomic Rh onto CuO nanowire arrays on copper foam by a
cation exchange method [98]. Compared with Rh nanoparticles,
the Rh SAC-CuO NAs/CF catalyst showed higher HER and
OER activity. It can be used as bifunctional electrocatalysts for
overall water splitting with a low overpotential of 1.51 V to
reach 10 mA-cm™ in 1 M KOH. DFT calculations revealed that
the enhanced HER and OER activity resulted from moderate
adsorption energy of reaction intermediates on the atomic Rh
sites.

5 Summary and outlook

In this review, we have systematically summarized the recent
progress in fabricating carbon-free single-site catalysts for
HER, OER and overall water splitting. Although dozens of
synthetic methods have been developed for the fabrication of
single-site catalysts till now, only a few preparation methods
(e.g., wet chemistry method, hydrothermal synthesis, and
chemical vapor deposition) were adopted for the construct

of carbon-free single-site catalysts for HER and OER. The
loading density of single metal sites in the single-site catalysts
is relatively low, which limits their practical application. In
addition, compared with carbon-based materials, carbon-free
supports usually show lower specific surface area, resulting in
more difficulty to immobilize high-density isolated single atoms.
Therefore, the development of a universal method to anchor
high density of metal atoms onto carbon-free porous supports
or two-dimensional materials with atomically dispersed and
methodically regulable active sites is highly desirable for clean
energy applications.

Compared with pristine supports, the enhanced electro-
catalytic activity of carbon-free single-site catalysts comes
from the following three aspects. (I) The doped single metal
sites themselves exhibit high HER or OER activity. For
example, TiO, nanorods show poor OER performance, while
the OER activity can be significantly improved by incorporating
isolated Co sites into the lattices. (II) A synergistic reaction
mechanism between the doped single metal sites and the
support boosts electrocatalytic performance. For instance, the
enhanced HER activity of single-site Pt decorated Co(OH):
was ascribed to the local tip-enhancement electric field regions
around the Pt sites induced by the Co(OH). substrate. (III)
The doped isolated metal sites lead to the lattice strain of
supports, thus promoting electrocatalytic performance. Many
experiments have verified that isolated single transition metal
atoms embedded into the lattice of MoS; would lead to the
lattice strain, which would enhance the reactant density in
strained S vacancies, thus facilitating HER. These findings
provide guidance for rational design of high-performance
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Table2 Comparison of OER performance of carbon-free single-site

catalysts
Catalyst Electrolyte ]7@10(::.\% e’ gz%lgi? ; Ref.
Au@Ni,P-350 °C 1 M KOH 240 58 [117]
Co@MoS,-500 1 M KOH 270 74 [138]
Co-TiO:z (12% Co) 1 M KOH 332 72 [115]
Fe-CCHH/NE-30 1 M KOH 200 50 [105]
Ir1C01330201ANSs 1 M KOH 30 60.5 [37]
Ir@Co 1 M KOH 273 99 [100]
4% Ir-Ni(OH), 1 M KOH 235 584  [102]
Iris we%-NiO 1 M KOH 215 38 [139]
np-Ir/NiFeO 1 M KOH 197 296  [116]
0.5 wt.% Pt/NiO 1 M KOH 358 33 [43]
Ru/CoFe-LDHs 1 M KOH 198 39 [110]
Ru SAs/AC-FeCoNi 1 M KOH 205 40 [109]
Ru/NiFe LDH-F/NF 1M KOH 230 50.2 [137]
Rh SAC-CuO NAs/CF 1M KOH 197 71.7 [98]
Mo-CosSs@C 1 M KOH 200 95.6 [96]
CoCrRu LDHs 0.1 M KOH 290 56.12  [111]
FeO./NF-Li 1 M NaOH 276 102 [140]
Mo-CosSs@C 0.5 M HaSO4 370 90.3 [96]
Ir-NiCo204 NSs 0.5 M HaSO4 240 60 [103]
Ni-Ru@RuO-HL 0.5 M H2SO4 184 — [113]
Rui-Pt;Cu 0.1 M HCIO,4 90 — [123]
Ru-SA/TisC;Tx 0.1 M HCIO;4 290 379 [141]
Colr-0.2 1 M PBS 373 117.5 [36]

single-site catalysts for electrocatalytic applications.

Currently, the main bottleneck of carbon-free single-site
catalysts for overall water splitting is the insufficient stability
of isolated metal sites during long-running process under high
current densities, especially for the anodic OER operated in
oxidizing conditions. To improve the durability of single-site
electrocatalysts for HER and OER, the following possible
strategies can be considered. (I) The active metal sites can be
properly selected from HER/OER volcano plots. (II) The active
metals with high resistance to leaching should be reasonably
chosen for HER/OER in different electrolytes. (IIT) Highly
stable supports favor the long-running electrocatalytic operations.
(IV) The isolated metal atoms should be incorporated into the
lattice of carbon-free supports, not suspended on the surface.
(V) The H* adsorption Gibbs free energies and desorption of
H> molecules on the surface of single-site catalysts can be
optimized for HER. (VI) The binding energies of the reaction
intermediates (e.g., O*, OH*, and HOO*) on the surface
of single-site catalysts for OER should be optimized. (VII)
The desired single-site catalysts should possess good charge-
transfer and mass-diffusion ability during HER/OER. (VIII)
Single-site catalysts with large surface area and abundant
active sites can facilitate HER/OER and prolong the durability.
(IX) Rational design of single-site catalysts with stable active
sites by theoretical simulations. Here we specially emphasize
that the strong binding force between isolated metal atoms
and the coordinating ligands attached to the substrate is vital for
maintaining the stability of active sites away from aggregating
and leaching during electrocatalytic HER/OER. For designing
OER electrocatalysts, we should select supports with good
electrochemical stability as far as possible, while for designing
HER electrocatalysts, more attention could be devoted to
seeking supports with high specific surface area and good
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electrical conductivity. So far, isolated metal atoms immobilized
into the crystal lattice of two-dimensional MoS, might be
suitable for HER, while single metal atoms doped ultrathin
Fe-Co-based or Fe-Ni-based (oxy)hydroxide nanosheets should
be promising for OER.

Finally, since the atomic number of many doped single
metal atoms is close to that in the support, it is very hard to
distinguish them directly from electron microscopes, which
brings difficulties to in-situ monitor the dynamic process of
active sites during electrocatalytic reactions. The XAS is a very
powerful technique to characterize the geometric and electronic
structure of the active sites, especially in-situ XAS can provide
valuable dynamic information of active sites during HER/OER.
However, due to ultrahigh cost of the large-scale XAS equipment,
it is challenging to perform in-situ/operando studies for many
researchers. Therefore, it is urgent to develop more easily
available techniques for in-situ characterization of isolated single
metal sites to better understand the reaction mechanisms.
Despite many challenges ahead, ongoing efforts have been
devoted to the single-site catalysis field over the past years,
which will contribute to developing high-performance single-site
catalysts for electrocatalytic applications and other catalytic
reactions.
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