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1. Introduction

The rapid growth of the world’s population and the high-speed 
development of human society result in high energy demand, in 
which about 85% is currently supplied by nonrenewable fossil 
fuels including coal, oil, natural gas, and so on.[1] However, the 

With the ultimate atomic utilization, well-defined configuration of active sites 
and unique electronic properties, catalysts with single-atom sites (SASs) 
exhibit appealing performance for electrocatalytic green hydrogen generation 
from water splitting and further utilization via hydrogen–oxygen fuel cells, 
such that a vast majority of synthetic strategies toward SAS-based catalysts 
(SASCs) are exploited. In particular, room-temperature electrosynthesis under 
atmospheric pressure offers a novel, safe, and effective route to access SASs. 
Herein, the recent progress in ambient electrosynthesis toward SASs for 
electrocatalytic sustainable hydrogen generation and utilization, and future 
opportunities are discussed. A systematic summary is started on three kinds 
of ambient electrochemically synthetic routes for SASs, including electro-
chemical etching (ECE), direct electrodeposition (DED), and electrochemical 
leaching–redeposition (ELR), associated with advanced characterization tech-
niques. Next, their electrocatalytic applications for hydrogen energy conver-
sion including hydrogen evolution reaction, oxygen evolution reaction, overall 
water splitting, and oxygen reduction reaction are reviewed. Finally, a brief 
conclusion and remarks on future challenges regarding further development 
of ambient electrosynthesis of high-performance and cost-effective SASCs for 
many other electrocatalytic applications are presented.
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usage of fossil fuels with limited reserves 
not only poses potential energy shortage 
in the future, but also gives rise to envi-
ronmental issues like greenhouse effect, 
acid rain, ozone depletion, and desertifi-
cation.[2–4] It is therefore extremely urgent 
to explore sustainable energy resources 
with high energy density and environ-
mental benignity to gradually replace 
fossil fuels in the coming decades.[5–7] In 
this regard, hydrogen has been regarded 
as a promising alternative due to its high 
heat value and clean combustion.[8] In fact, 
since its first proposal by several pioneers, 
including John Bockris and John Burdon 
Sanderson Haldane, a novel and clean 
energy paradigm based on hydrogen, 
termed as the  hydrogen economy, has 
received much attention.[9–11] Energy from 
renewable sources like solar and wind is 
first stored in the chemical bond of H2 
via (photo)electrochemical water split-
ting, and can then be released on demand 
through the reverse reaction in H2–O2 fuel 
cells to close the hydrogen cycle without 

any pollutant(s) emission (Figure 1).[12,13] Compared with brown 
and blue hydrogen generation from steam methane reforming 
and coal gasification,  which consume  fossil fuels and cause 
environmental pollution/CO2 emission,[14,15] water splitting 
to hydrogen possesses obvious advantages, and the resulting 
hydrogen is thereby considered as green hydrogen.[12,16–18] 
To achieve large-scale commercialization of the hydrogen 
economy, one of the main obstacles that needs to be overcome 
is the high overpotentials (i.e., low activity) associated with the 
hydrogen evolution reaction/oxygen evolution reaction (HER/
OER) during water splitting and oxygen reduction reaction/
hydrogen oxidation reaction (ORR/HOR) in H2–O2 fuel cells, 
which result in low energy conversion efficiencies.[19–22] Thus, 
leveraging these advances requires efficient synthetic methods 
toward high-performance and cost-effective electrocatalysts to 
accelerate the sluggish kinetics of the involved reactions.

Considering the surface/interface reactive properties during 
green hydrogen cycling,[23,24] reducing the size of electrocata-
lysts to increase their accessible surface area is a simple and 
straightforward method to promote the specific activities of 
the underlying electrocatalysts.[25,26] The extreme along this 
direction is downsizing to atomic level to obtain single-atom 
sites-based catalysts (SASCs), such that the maximum atom-
utilization efficiency can be achieved.[27–30] Besides, heteroge-
neous SASCs with well-defined and uniform configuration of 
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active sites inherit the advantages of homogeneous catalysts, 
providing an ideal platform to explore the structure–activity 
correlations.[31–35] Nowadays, single-atom electrocatalysis has 
become one of the most appealing research frontiers in the 
field of heterogeneous electrochemistry for energy conver-
sion beyond green hydrogen cycling, including CO2 reduc-
tion,[36–40] NO3

− reduction,[41–43] N2 fixation,[44–46] and biomass 
upgrading.[47–50] With the rapid development of nanoscience 
and the advanced physiochemical characterization techniques 
such as aberration-corrected high-angle annular dark-field 
scanning transmission electron microscopy (AC-HAADF-
STEM) and synchrotron radiation X-ray absorption spectros-
copy (XAS), various synthetic methods have been reported to 
be effective to obtain SASCs, such as high-temperature atom 
trapping,[51–53] high-temperature thermal emssion,[54,55] atomic-
layer deposition,[56–59] photochemical deposition,[60–62] ultra-
sonication pulling,[63] microwave irradiation,[64,65] mechanical 
ball milling,[66] and so on. However, these methods often need 
either high energy inputs, complex procedures, or expensive 
equipments with harsh physiochemical conditions. In con-
trast, ambient electrochemical synthesis can be conducted at 
room  temperature and atmospheric pressure using an elec-
trochemical workstation and the whole preparation processes 
can usually be finished within a short time.[67] Moreover, the 
resulting materials can be directly employed as catalytic elec-
trodes without the requirement of polymeric binders, hence 
simplifying the electrode preparation process.

Herein, we focus on recent progress in ambient electrosyn-
thesis toward SASs ranging from nonprecious metals such as 
Fe, Co, Ni, Cu, Zn, V, Cr, Mn, Sn, Pb, and Bi to noble metals 
including Ru, Rh, Pd, Ag, Ir, Pt, and Au. Three synthetic strat-
egies including electrochemical etching (ECE), direct electro-
deposition (DED), and electrochemical leaching–redeposition 
(ELR) are presented. Subsequently, the electrocatalytic applica-
tions for green hydrogen cycling including HER, OER, overall 
water splitting (OWS) and ORR electrocatalysis will be dis-
cussed as well. The critical challenges and opportunities for 
future development in this ambient electrosynthesis toward 
SASs for diverse electrocatalysis are included finally.

2. Comparison of Synthetic Methods toward SASs

The successful synthesis of stable catalysts with SASs is a pre-
requisite for scientific research and practical applications. It’s 
known that downsizing of metals leads to increased surface 
energy, which accounts for the aggregation from individual 

single atoms to clusters and nanoparticles during synthesis 
and catalysis processes. It is thus imperative to construct strong 
interactions between metal single atoms and the surrounding 
coordination atoms in supports to overcome the aggregation 
trends for stabilizing SASs. In general, if the interaction of 
metal–support is stronger than that of metal–metal, stable SASs 
can be obtained. With this in mind, various synthesis strategies 
toward SASs have been reported. Due to space limitations, only 
three typical high-temperature synthetic strategies including 
atom trapping, thermal emission, and atomic-layer deposition, 
and two ambient synthesis methods of photochemical reduc-
tion and ultrasonication pulling are discussed and compared 
with ambient electrosynthesis on the basis of recent advances 
(Figure 2).

Atom trapping is a high-temperature top-down strategy 
that converts nanoparticulate metals to mobile metal species, 
which are then trapped by appropriate supports through strong 
metal–support interaction to form stable SASs. Figure 2a sche-
matically shows a typical atom-trapping route to prepare ther-
mally stable single-atom Pt trapped by defect CeO2, as reported 
by Datye and co-workers.[51] Different from the obvious Pt 
sintering for Pt nanoparticles (NPs) on  a La–Al2O3 support 
via direct annealing at 800 °C in flowing air, premixing defect 
CeO2 results in the migration of Pt NPs from Al2O3 to CeO2 
with atomic dispersion due to their strong binding. It can be 
seen that high temperature to generate mobile metal species 
and suitable supports that can trap and stabilize these mobile 
species are two key prerequisites. Although this method avoids 
the use of expensive equipment, the high-temperature treat-
ments inevitably lead to high energy consumption, which is 
not environmentally friendly. Moreover, only selected metals 
at nanoscale and supports featuring strong interaction can 
be used, limiting its universality and scalability for other 
metallic SASs across the periodic table. Another high-tem-
perature top-down strategy toward SASs is thermal emission 
(Figure  2b),  which uses hot NH3 gas to haul out bulk metals 
to emit volatile metal–NH3 species due to their strong Lewis 
acid–base interaction, which subsequently migrate to and 
then anchor on substrates to form SASs. A typical example is 
depicted in Figure  2b, Wu’s group put commercially available 
Cu foam and ZIF-8 powder separately in two porcelain boats, 
which were then subjected to annealing at 900 °C under Ar for 
converting ZIF-8 to porous N-doped carbon (NC) with abundant 
defect sites followed by further annealing under NH3.[54] Ben-
efitting from the strong Lewis acid–base interaction between 
Cu and NH3, Cu atoms were hauled out from the  Cu foam 
to form volatile Cu(NH3)x species which finally migrated and 

Adv. Mater. 2023, 2210703

Figure 1. Schematics of hydrogen economy that contains green hydrogen generation from sustainable energy-driven water splitting and conversion 
to electricity through fuel cells.
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became trapped by the NC substrate to yield Cu single atoms 
supported on N–C (Cu-SAs/NC). The thermal emission avoids 
the use of expensive equipment as well, and the easy availability 
of bulk metal materials renders this strategy potential scala-
bility. While the employment of high temperature and corrosive 
atmosphere is neither environmentally  friendly nor operation-
ally safe. Atomic-layer deposition (ALD) is a chemical gas-phase 

deposition method where gaseous precursors are introduced 
into the surface of the substrate to form the desired SASs via 
self-limiting surface chemical reactions under elevated temper-
ature. Lu and co-workers reported the atomic dispersion of iron 
hydroxide (Fe1(OH)x) over SiO2-supported Pt NPs (Pt/SnO2) 
by ALD (Figure  2c).[56] By alternatively exposing the Pt/SnO2 
sample to ferrocene (FeCp2) and O2 atmosphere at a relatively 

Adv. Mater. 2023, 2210703

Figure 2. Scheme of various synthesis methods toward SACs and their pros and cons including atom trapping strategy (a), thermal emission (b), atomic-
layer deposition (c), photochemical reduction (d), ultrasonication pulling (e), and ambient electrosynthesis (f). a) Reproduced with permission.[51] 
Copyright 2016, American Association for the Advancement of Science. b) Reproduced with permission.[54] Copyright 2018, The Authors, published 
by Springer Nature. c) Reproduced with permission.[56] Copyright 2019, Springer Nature. d) Reproduced with permission.[60] Copyright 2016, American 
Association for the Advancement of Science. e) Reproduced with permission.[63] Copyright 2019, Wiley-VCH.
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low temperature (100 °C), the deposition ratio of iron hydroxide 
on Pt NPs can be decreased which ensures the atomic disper-
sion. Moreover, the coverage of Fe1(OH)x on Pt NPs can be pre-
cisely controlled by multiple ALD cycles. The ALD provides a 
controllable route to yield SASs, while costly equipment and 
sophisticated operation are usually needed for accurate tuning 
of reaction parameters like gas channels, vacuum system, and 
so on. Also, elevated temperature is commonly necessary.

Relative to the abovementioned high-temperature syn-
thesis, strategies capable of yielding SASs under room tem-
perature would be desirable. Typically, photochemical reduc-
tion (Figure 2d) and ultrasonication pulling (Figure 2e) are two 
ambient synthetic routes toward SASs. For example, Zheng’s 
group used the photochemical reduction method to fabricate 
atomically dispersed Pd on ethylene glycolate (EG)-stabilized 
ultrathin TiO2 nanosheets (Pd1/TiO2) under ultraviolet (UV) 
light irradiation (Figure 2d).[60] The H2PdCl4 was premixed with 
as-prepared TiO2 (B) nanosheets to allow sufficient adsorption 
of Pd species. The resulting mixture was then irradiated by a Xe 
lamp with low-density UV light for 10 min to obtain Pd1/TiO2 
after washing with water. The authors confirmed that the EG 
radicals on TiO2 nanosheets induced by UV light play a critical 
role, which facilitates the removal of Cl− on Pd and stabilizes 
individual Pd atoms via forming more Pd—O bonds. Although 
this photochemical reduction is simple and time-saving, it is 
difficult for it to be extended to fabricate other SASs on diverse 
substrates especially conductive supports. Recently, Wu’s group 
found that ultrasonicating the graphene oxide (GO)-adsorbed 
metal foam (Fe, Co, Ni, and Cu) can pull out the metal atoms 
to obtain metal single atoms/GO hybrids due to their strong 
bonding with the dangling oxygen atoms in GO (Figure 2e).[63] 
This strategy is benign and universal to access a series of SASs 
on GO, while trivial steps like time-consuming drying process 
and Ar flowing are required.

In contrast, ambient electrosynthesis can be conducted at 
room temperature/atmospheric pressure, with only a simple 
electrochemical workstation needed, and the whole prepara-
tion processes can usually be finished within a short time 
(Figure  2f). By simply adjusting the electrochemical parame-
ters/methods and choosing the appropriate precursors and sub-
strates, a variety of metal-based SASs across the periodic table 
can be acquired with great precision. Moreover, the resulting 
materials can be directly used as catalytic electrodes without 

any post-treatments like binding with conductive polymeric 
glues, for example Nafion. These superiorities render such an 
approach extremely suitable for the preparation of SASCs for 
many electrocatalytic applications.

3. Ambient Electrosynthesis toward SASs

In fact, electrochemical synthesis of inorganic components can 
date back to 1807, when Humphry Davy first discovered that 
alkali metals such as potassium and sodium can be obtained 
from molten salts by passing an electric current.[68] Benefiting 
from the exceptional features, including mild reaction condi-
tions, short synthetic time, cheap instrument requirements, 
potential universality, and so on (Figure  2f), ambient elec-
trosynthesis is rapidly developing as a promising synthesis 
technology for a variety of materials including SASCs.[69–71] 
Based on the detailed procedures to access SASs, ambient elec-
trosynthesis can be classified into three categories (Figure 3): 
i) electrochemical etching (ECE), a top-down method to anodi-
cally etch the bulk metals away to leave SASs; ii) direct electro-
deposition (DED), a bottom-up route to acquire SASs from the 
corresponding metal-ion precursors in electrolytes, and iii) elec-
trochemical leaching–redeposition (ELR), a combined top-down 
and bottom-up approach that anodically leaches bulk metals 
into electrolytes followed by cathodic deposition to obtain SASs. 
With these methods, various catalysts with SASs of Fe, Co, Ni, 
Cu, Zn, V, Cr, Mn, Sn, Pb, Bi, Ru, Rh, Pd, Ag, Ir, Pt, and Au 
can be prepared. Table 1 shows an overview about their elec-
trosynthesis and the corresponding electrocatalytic activities 
for various reactions involved in green hydrogen cycling. The 
detailed electrochemically synthetic parameters can be found in 
Table S1 in the Supporting Information.

3.1. Electrochemical Etching (ECE)

As discussed above, the electrochemical etching (ECE) is a top-
down route that gradually etches bulk metal counterparts away 
and finally leaves the SASs. For example, Yao and co-workers 
experimentally showed the successful preparation of Ni single 
atoms anchored on graphitized carbon (A-Ni–C) via electro-
chemical etching of the graphene-encapsulated Ni nanoparticles 

Adv. Mater. 2023, 2210703

Figure 3. a–c) Schematics of three ambient electrosynthesis strategies toward SASs including electrochemical etching (ECE) (a), direct electrodeposi-
tion (DED) (b), and electrochemical leaching–redeposition (ELR) (c).
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(Ni@C) derived from a  Ni-based metal-organic framework 
(Ni-MOF, Figure 4a–c).[72] To be more specific, the Ni@C was 
subjected to hydrochloric acid (HCl) leaching to remove redun-
dant metallic Ni (Figure  4a). Then, the resulting HCl-leached 
Ni@C (HCl–Ni@C) was loaded on a glassy carbon electrode 
(GCE) and cyclic voltammetry (CV) at a scan rate of 100 mV s−1 
between −95 and 905 mV versus reversible hydrogen electrode 
(RHE) was applied for electrochemical etching in 0.5 m H2SO4 
electrolyte (Figure  4b,c). With consecutive CV scanning, both 
the reduction current (Figure 4b) and the anodic peak at around 
0  V vs RHE increased progressively (Figure  4c), implying 
gradual Ni etching and activation of the HCl–Ni@C. The nega-
tive shift of the anodic peak suggested a more easily oxidative 
etching. After 4000 cycles, the oxidation peak levelled out and 
the cathodic current remained stable, indicative of complete 
etching. To track the entire procedure, the authors conducted 
a series of physiochemical characterizations including X-ray 
diffraction (XRD), HAADF-STEM, and elemental analysis. 
As shown in Figure  4d, the XRD patterns demonstrated that 
the peak intensities of metallic Ni in HCl–Ni@C relative to 
Ni@C decrease significantly, suggesting the effective removal 
of metallic Ni by HCl. After further electrochemical etching, 

the disappeared diffraction peaks of metallic Ni in A-Ni@C evi-
denced the absence of Ni metals. Inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) disclosed that the 
weight ratios of Ni are 85.0%, 5.3%, and 1.5% for Ni@C, HCl–
Ni@C and A-Ni–C, respectively, verifying the effective removal 
of Ni by chemical (HCl) and electrochemical (CV) etching. 
With the assistance of high-resolution TEM and HAADF-
STEM, the authors further studied the structural changes of 
the electrocatalysts before and after electrochemical etching. 
Clearly observable lattice spacings of 0.204 and 0.176  nm cor-
responding to the Ni(111) and Ni(200) planes, respectively, con-
firmed the existence of crystalline Ni metals in HCl–Ni@C. In 
contrast, HAADF-STEM identified that about 78% of the Ni 
species are isolated single atoms for A-Ni–C after electrochem-
ical etching, plus a few sub-nanometer clusters.

Recently, Li and co-workers theoretically confirmed the ECE 
as a general route to produce multiple metallic SASs or clus-
ters like Pt, Pd, and Ni anchored on diverse substrates (e.g., 
N-doped graphene, Fe2O3, and graphdiyne) due to the existence 
of an electrochemical potential window (EcPW) for a specific 
material, within which only the single atoms (SAs) bound on 
the substrate would remain in place while all other aggregated 

Adv. Mater. 2023, 2210703

Table 1. Summary of ambient electrosynthesis of various single-atom sites catalysts (SASCs) and the electrocatalytic activities for green hydrogen 
cycling.

Catalyst Methoda) Metal precursor Medium Substrate Metal loading Application Electrolyte η10 Reference

A-Ni–C ECEb) Ni@C 0.5 m H2SO4 Ni@C 1.5 wt% HER 0.5 m H2SO4 34 mV [72]

Pt SAs/Bi DEDc) 150 × 10−15 m H2PtCl6 Ultrapure H2O Bi UME HER 0.5 m NaClO4

40 × 10−3 m HClO4

[74]

PtSA–NiO/Ni 50 × 10−6 m H2PtCl6 1.0 m KOH NiO/Ni 1.14 wt% HER 1.0 m KOH 26 mV [76]

sAu/NiFe LDH 0.3 × 10−3 m HAuCl4 50 × 10−3m NaCl NiFe LDH 0.4 wt% OER 1.0 m KOH 237 mV [77]

C/A-Ir1/Co0.8Fe0.2Se2 100 × 10−6 m IrCl4 1.0 m KOH Co0.8Fe0.2Se2 2.3/1.8 wt% OWS 1.0 m KOH 1.48 V [78]

Ir1/NFS 50 × 10−6 m IrCl3 1.0 m KOH Ni(3-x)FexS2 0.6 wt% OER 1.0 m KOH 170 mV [79]

Ir–NiCoLDH 45 × 10−6 m H2IrCl6 0.1 m Ni(NO3)2,
0.1 m Co(NO3)2

NiCo LDH 0.41 wt% OER 0.5 m H2SO4 240 mV [80]

Ru1/D-NiFe LDH 0.01–0.06 m RuCl3 120 × 10−3 m Ni(NO3)2,
120 × 10−3 m Fe(NO3)3,

1 × 10−3 m Al(NO3)3

NiFeAl LDH 1.2 wt% OWS 1.0 m KOH 1.44 V [81]

Ni/GD 5 × 10−3 m NiSO4, 0.5 m H2SO4 GD foam 0.278 wt% HER 0.5 m H2SO4 88 mV [82]

Fe/GD 10 × 10−3 m FeCl3 0.5 m H2SO4 GD foam 0.68 wt% HER 0.5 m H2SO4 66 mV [82]

Pt-SAs/MoS2 5 × 10−3 m K2PtCl4 0.05 m H2SO4 Ce-MoS2 5.1 wt% HER 0.5 m H2SO4 59 mV [83]

Co1Ox 900 × 10−15 m 
Co(NO3)2

0.1 m PBS C UME OER 0.2 m NaClO4

10 × 10−3 m NaOH
>320 mV [84]

Fe1(OH)x/P-C 100 × 10−6 m FeCl3 1.0 m KOH P-C 0.72 wt% OER 1.0 m KOH 320 mV [85]

SWNT/at-Pt ELRd) Pt foil 0.5 m H2SO4 SWNT 0.06 wt% HER 0.5 m H2SO4 40 mV [86]

PtSA-NT-NF Pt foil 1 m PBS NT-NF 1.6 wt% HER 1.0 m PBS 24 mV [87]

Mo2TiC2Tx-PtSA Pt foil 0.5 m H2SO4 Mo2TiC2Tx 1.2 wt% OER 1.0 m KOH 320 mV [88]

Pt SA-MoS2 Pt foil 0.5 m H2SO4 2H-MoS2 1.1 at% HER 0.5 m H2SO4 310 mV [90]

Pt/np-Co0.85Se Pt foil 0.5 m H2SO4 np-Co0.85Se 1.03 wt% HER 1.0 m PBS 55 mV [91]

Pt-SAs/C Pt foil 0.5 m H2SO4 Graphite CP 1.26 wt% HER 0.5 m H2SO4 38 mV [92]

A-CoPt-NC Co-NC
Pt wire

0.5 m H2SO4 Co-NC 1.72Co/0.16Pt wt% ORR 0.1 m KOH 270 mVe) [93]

a)Detailed synthesis parameters are included in Table S1 in the Supporting Information; b)ECE: electrochemical etching; c)DED: direct electrodeposition; d)ELR: electro-
chemical leaching–redeposition; e)The difference between half-wave and thermodynamic potentials.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202210703 by C
alis-H

ebei U
niversity O

f T
ech, W

iley O
nline L

ibrary on [18/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2023 Wiley-VCH GmbH2210703 (6 of 25)

www.advmat.dewww.advancedsciencenews.com

forms of the target material would be oxidized and leached out 
(Figure 5a).[73] By virtue of a simple model similar to that for 
computational hydrogen electrode and experimental standard 
reduction potentials, the authors predicted the threshold poten-
tial, Un, for leaching one metallic atom from the relevant par-
ticular Mn/substrate, in accordance with the experiments. Pt 
loaded on N-doped porous graphene (NC) as an example was 
first investigated (Figure  5a). Considering that N-doping usu-
ally induces single and double vacancies (SV and DVs) in gra-
phene, a 6 × 6 supercell of graphene with two DVs and one 
SV was modelled for NC to load Pt20 nanoparticles, wherein 
two Pt atoms at DVs and Pt18 NP at SV (Figure  5b). Subse-
quently, the corresponding Un values to leach every Pt atom 
from n  = 20 to 1 were calculated. As shown in Figure  5b, all 
18 Pt atoms at SV were leached out to form Pt2+ in aqueous 
electrolyte at the potential of 0.67 V, leaving two Pt SAs at the 
DV defects which were coordinated by four N atoms. Higher 
potential of U > 1.80 V would further leach the two Pt SAs out. 
This means a wide potential window of 1.13  V, within which 
all the Pt nanoparticles except for the strongly bound SA are 
electrochemically leached away from the NC surface into the 
electrolyte, such that high-purity Pt1/NC with high-loading can 
be obtained without precise controlling. Similarly, this strategy 
can be extendable to electrochemically etch Pd20/NC and Ni20/
NC (Figure 5b) with the potential windows of 0.55–1.53 V and 
−0.33 to 0.91  V, respectively. Besides NC, another typical sub-
strate of Fe2O3 was also examined by the authors to support 
the SAs of Pt (Figure 5c,d), Pd, and Ni. Following the modeling 
for the NC case, a Pt20 nanoparticle was initially deposited on 

the O-terminated α-Fe2O3(0001) surface with the spontaneous 
bonding of interlayer Pt20 and surface oxygen (Figure  5d). As 
shown in Figure 5c, the 17 Pt atoms in the nanoparticle can be 
leached out at U  = 0.82  V, leaving three Pt atoms atomically 
dispersed on Fe2O3 which are coordinated with three or four 
surface O atoms. Further leaching these well-anchored SAs 
required the potential higher than 1.05 V. Thus, a large window 
of U spanning 0.23  V can be used to fabricate Pt1/Fe2O3. 
Akin to Pt SAs, Pd and Ni SAs anchored on Fe2O3 can also be 
obtained at the windows of U ranging from 0.61 to 0.82 V and 
0.01 to 0.37 V, respectively. Note that this EcPW strategy is also 
powerful to achieve single-cluster catalysts like M3/graphdiyne 
(M = Pt, Pd, Ni). Compared with traditional chemical etching 
that uses cyanide to leach Au, O2 to remove Pt, and CO to etch 
Rh, the present method is simpler and more applicable, which 
avoids the accurate tailoring of specific chemical interactions for 
any target metals. The authors found that the EcPW arises from 
the strong locally bonding of SAs with substrates. For instance, 
on the NC and Fe2O3, a 10 SA group was coordinated to four 
N or O atoms with a square planar configuration (Figure 5b,d), 
and its d –2 2x y  orbital was largely split to stabilize the binding via 
the bonding contribution below Fermi level and antibonding 
interaction above Fermi level, as revealed by the integrated pro-
jected crystal orbital Hamilton population (IpCOHP) analysis 
(Figure  5e). The IpCOHP summed overall ligands of each Pt 
atom were calculated to be −12.6 and −14.2 eV on NC and Fe2O3, 
respectively. These values are both more negative than that for 
Pt–Pt bonds in bulk Pt metal (−6.0 eV), indicating the stronger 
binding of Pt SA with substrates. Electron density difference 

Adv. Mater. 2023, 2210703

Figure 4. a) Schematics of synthesis of A-Ni–C. b) Cyclic voltammograms of HCl–Ni@C at different cycles. c) Oxidation peaks of HCl–Ni@C in dif-
ferent cycles. d) XRD patterns of the Ni@C, HCl–Ni@C, and A-Ni–C. e,f) HR-TEM images of HCl–Ni@C (e) and A-Ni–C (f). The inset in (f) is the 
corresponding size distribution of Ni species. a–f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[72] Copyright 2016, The Authors, published by Springer Nature.
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analysis (Figure 5f,g) showed that this strong binding leads to 
apparent electron transfer from Pt SA to adjacent N or O with 
the Bader charges of Pt atoms to be +1.00 and +1.41|e| on NC 
and Fe2O3, respectively, different from the neutral charge of Pt 
atoms in an aggregated form.

3.2. Direct Electrodeposition (DED)

Contrary to the top-down electrochemical etching (ECE), direct 
electrodeposition (DED) is a bottom-up route which utilizes 
metal-ion solutions as precursors to access SASs with the 
assistance of applied currents or potentials. A library of SASCs 
involving both precious and nonprecious metals have been 
prepared recently by several research groups.

Bard’s group firstly reported the direct atom-by-atom elec-
trodeposition of Pt SAs or small clusters up to 9 atoms on Bi 
ultramicroelectrodes (UMEs) with radius of 253  nm, followed 
by electrochemical size estimation via HER (Figure 6a).[74] Such 
a precise control was achieved by using ultralow concentrations 
of the H2PtCl6 precursor (150 × 10−15 m) and pulse potentials 
(switching between 0 and −0.55 V vs Ag/AgCl). Moreover, the 
UMEs enabled a single nucleus formation rather than multiple 
deposits. With the sophisticated design, the deposition rate of 
Pt atom can be slowed down to 0.1 s−1. Size characterization of 
the deposited Ptn was realized by investigating their electrocata-
lytic HER. With the suppression of proton ions bulk migration 
and diffuse-layer effect, the limiting diffusion current (il) for a 
steady-state HER can be used to determine the radius of elec-
trodeposited Pt species following the formula of il = nF[2π]Dcr, 

Adv. Mater. 2023, 2210703

Figure 5. a) Schematics of electrochemical etching to obtain Pt single atoms (SAs) on the substrate (middle) from the aggregate and SA forms (left) 
within the EcPW, along with the general trends of chemical potentials (∂G/∂ni) for three typical cases with respect to particle sizes (right). b) Threshold 
leaching potentials (Un vs SHE) for Mn/NC (left), and the optimized configurations of M20/NC and (SA-M)2/NC (right). c) Un (vs SHE) and d) the 
relevant optimized configurations for Ptn/Fe2O3. e) Projected crystal orbital Hamilton populations (pCOHP) for N–Pt (left) and O–Pt. f,g) Calculated 
electron density differences of Pt SAs on NC (f) and Fe2O3 (g). a–g) Reproduced with permission.[73] Copyright 2020, American Chemical Society.
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Adv. Mater. 2023, 2210703

Figure 6. a) Schematics of direct electrodeposition of Ptn and subsequent detection by voltammetry of the HER. b) Limiting current-estimated atom 
number correlation. c) Histogram of the atom number with 10 s deposition calculated by the limiting current overlaid with the Poisson distribution. 
a–c) Reproduced with permission.[74] Copyright 2017, American Chemical Society. d) Schematics of the synthesis of PtSA–NiO/Ni on Ag nanowires 
network. e) EXAFS wavelet-transform plots of PtSA–NiO/Ni, PtSA–NiO, PtSA–Ni, and Pt foil. d,e) Reproduced under the terms of the CC-BY Creative 
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[76] Copyright 2021, The Authors, published by Springer 
Nature. f) HAADF-STEM images of various single atoms on different substrates by cathodic and anodic electrodeposition. Reproduced under the terms 
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[78] Copyright 2020, The Authors, 
published by Springer Nature. g) Structure and h) HAADF-STEM image of Ir–NiCo2O4. g,h) Reproduced with permission.[80] Copyright 2020, American 
Chemical Society. i) Schematics of one-step electrodeposition of Ru1-NiFeAl LDH. Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[81] Copyright 2021, The Authors, published by Springer Nature.
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in which r is the radius of Ptn, D = 1.2 × 10−5 cm2 s−1 is the diffu-
sion coefficient of H2PtCl6, and c = 150 × 10−15 m is the concen-
tration of H2PtCl6. For example, the measured smallest il gave 
a r value of 0.25 ± 0.05 nm which is very close to the reported 
result of Pt atom. Assuming the close-packed arrangement of 
Pt atoms on Bi UMEs, the number of atoms in a cluster can 
be calculated through dividing the area of the cluster by that 
of a single atom. Accordingly, the empirical values for number 
of Pt atoms in Ptn can be obtained from the limiting current 
(Figure  6b). Repeated experimental trials of 16 times with a 
deposition time of 10 s were conducted and the distribution of 
numbers of Pt atoms was in line with the computed Poisson 
distribution (Figure 6c), indicative of a stochastic nature of Pt 
atom deposition process. Later, the same group found that Pb 
UMEs are also suitable for controlled electrodeposition of Pt 
SAs, plus clusters.[75]

Besides the metallic substrates, Wang and co-workers 
reported that the 3D Ag nanowires (NWs)-supported 2D NiO/
Ni heterostructure can be employed to load Pt SAs.[76] As shown 
in Figure 6d, the Ag NWs were first grown on flexible carbon 
cloth hydrothermally followed by a facile constant-potential 
electrodeposition of Ni/NiO composite. The crystal-lattice dislo-
cation and phase transition in NiO/Ni heterostructure induced 
abundant voids and O vacancies, providing efficient sites to trap 
Pt SAs. As a result, the Pt SAs-immobilized NiO/Ni (PtSA–NiO/
Ni) can be obtained by sequential electrodeposition (reduc-
tion) with cyclic voltammetry (CV) at a scan rate of 50 mV s−1 
between 0 and −0.50  V versus RHE for 200 cycles, in 1.0  m 
KOH solution containing 50  × 10−6 m H2PtCl6. To precisely 
clarify the atomic coordination of Pt in PtSA-NiO/Ni, the wavelet 
transform analysis was carried out due to its high-resolution 
ability in K spaces and radial distance, such that the atoms with 
similar configurations can be discriminated. As demonstrated 
in Figure 6e, the intensity maximum at 11.5 Å−1 corresponding 
to Pt–Pt coordination was invisible for

PtSA–Ni, PtSA–NiO, and PtSA–NiO/Ni, implying the successful 
loading of Pt SAs in the three supports. In particular, PtSA–NiO/
Ni showed a different intensity maximum with PtSA–NiO and 
PtSA–Ni, the value of which (7.6 Å−1) is smaller than that of PtSA–
NiO (8.5 Å−1) and larger than that of PtSA–Ni (7.4 Å−1), suggestive 
of the interfacial coordination of Pt atoms in NiO/Ni.

Apart from Pt, the DED has been proved to be powerful 
to obtain other precious metals-based SASs anchored on 
various supports. Zhang and co-workers used 0.3  × 10−3 m 
HAuCl4 as the precursor to prepare single-atom Au on NiFe 
layered  double  hydroxide  (LDH) (sAu/NiFe LDH) by stepping 
the potential from an initial value of −0.2  V versus saturated 
calomel electrode (SCE) to −0.6 V versus SCE for 5 s and then 
stepping back to initial potential for 5 s for 5 cycles.[77] HAADF-
STEM image suggested the uniformly distributed Au SAs over 
the NiFe LDH nanosheet. The emergence of the sharp white 
line peak in the Au L3-edge X-ray absorption near edge struc-
ture (XANES) spectra of sAu/NiFe LDH compared to that of 
Au foil with almost no white line suggested partially occupied 
5d states of Au in sAu/NiFe LDH. Simulating the Au L3-edge 
XANES spectra revealed an optimal Au–O bond distance of 
1.88 Å, in consistent with experimental results.

Recently, Zeng and Zhou’s group demonstrated a uni-
versal electrodeposition approach to fabricate a wide range of 

noble-metal single atoms (e.g., Ir, Ru, Rh, Pd, Ag, Pt, and Au) 
on supports including metal (hydr)oxides like Co(OH)2 and 
MnO2, sulfide (MoS2), selenide (Co0.8Fe0.2Se2), and N-doped 
carbon (Figure 6f).[78] By simply tuning the parameters of linear 
sweep voltammetry (LSV) like potential windows and sweep 
times, various SASCs can be obtained by either cathodic (from 
0.10 to −0.40  V vs Ag/AgCl) or anodic (from 1.10 to 1.80  V vs 
Ag/AgCl) deposition in 1.0  m KOH containing 100  × 10−6 m 
metal precursors. To demonstrate the synthetic procedure, the 
authors used the direct electrodeposition (DED) of Ir SAs from 
IrCl4·xH2O precursor on Co(OH)2 nanosheets (Ir1/Co(OH)2) 
as an example. The extended X-ray absorption fine structure 
(EXAFS) analysis of both cathodically and anodically depos-
ited SASCs (C–Ir1/Co(OH)2 and A-Ir1/Co(OH)2) illustrated the 
absence of peaks for Ir–Ir coordination, confirming the atomi-
cally dispersion of Ir in both samples. Mechanism analysis 
implied that IrCl3+ and Ir(OH)6

2− are the depositing species for 
cathodic and anodic deposition, respectively. Notably, HAADF-
STEM images revealed that other metal species can be success-
fully deposited and atomically dispersed on diverse supports 
under similar synthetic conditions (Figure 6f).

For effectively trapping SAs to alleviate their possible aggre-
gation, the interactions between single metal atoms and sup-
ports which play critical roles in regulating the microenviron-
ment of active sites and thus catalytic activity/stability, cannot 
be negligible. Cao and collaborators established a fundamental 
understanding of the interactions between supported Ir SAs 
and two substrates of nickel–iron sulfide (NFS) and hydroxide 
(NFH).[79] Typically, the NFS and NFH were prepared on Ni 
foam by electrodeposition in the electrolyte containing 3  × 
10−3 m Ni(NO3) and 3 × 10−3 m Fe(NO3) with and without thio-
urea as the S source, respectively. After that, noble metal pre-
cursors (50 × 10−6 m IrCl3) were added to the electrolyte and CV 
scanning was conducted between 0.3 to −0.3 V versus Hg/HgO 
for 15 cycles to get Ir1/NFS and Ir1/NFH. Both the Ir1/NFS and 
Ir1/NFH exhibited similar morphology and Ir loading. How-
ever, HAADF-STEM images unveiled a higher surface density 
of Ir SAs on NFS compared with NFH substrate, presaging the 
different interactions between Ir SAs and the two substrates. 
Further investigation of the valence states of Ir confirmed that 
the chemical interaction in Ir1/NFS is weaker than in Ir1/NFH 
as the binding energy of Ir1/NFS (62.9 eV for Ir 4f7/2) is lower 
than that of Ir1/NFH (63.2 eV for Ir 4f7/2). This weaker interac-
tion between the Ir atom and NFS substrate is beneficial for 
catalytic OER which will be discussed in more detail in the next 
section. It is worthy to note that such electrodeposition method 
can be extended to synthesize other M1/NFS and M1/NFH 
(M = Pt, Au, Ru).

It can be seen that the preloading of various supports is nec-
essary to anchor SAs in these strategies mentioned above. To 
simplify the synthetic procedures, one-step co-electrodeposition 
has been explored. For example, Xi and co-workers successfully 
obtained the Ir SAs on NiCo LDH by constant potential elec-
trolysis (−1.0 V vs Ag/AgCl for 15 min) in the electrolyte con-
taining Ni(NO3)2, Co(NO3)2, and ≈45 × 10−6 m H2IrCl6.[80] Even 
annealing in air at 300 °C, the atomic dispersion of Ir can be 
still maintained (Figure  6g,h), while the NiCo LDH was con-
verted to NiCo2O4. Structural analysis by XAS and electron 
spin resonance (ESR) indicated that the atomic Ir anchors 

Adv. Mater. 2023, 2210703
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on the lower coordinated Co sites nearby the oxygen vacan-
cies (Figure  6g), promoting the surface electronic exchange-
and-transfer capabilities. Hou’s group described an analogous 
constant potential coelectrodeposition of Ru1/NiFeAl LDH in 
the corresponding precursor solution containing Ni(NO3)2, 
Fe(NO3)3, Al(NO3)3, and RuCl3 (Figure  6i).[81] To introduce 
defects, additional chemical etching by NaOH was conducted to 
remove Al species, and the defect-enriched NiFe LDH anchored 
Ru SAs (Ru1/D-NiFe LDH) can be yielded. The obtained SASCs 
exhibited strong electronic coupling between Ru SAs and the 
defective NiFe LDH nanosheets evidenced by the positive shift 
of 0.5 and 0.3  eV in the Ni and Fe XPS spectra compared to 
bare NiFe LDH, respectively. This metal–support interaction 
was achieved by the Ru–O coordination with a coordination 
number of 3.7 obtained by fitting the Fourier transform (FT)-
EXAFS spectra.

Additionally, SASCs based on nonprecious metals can be 
acquired by the direct electrodeposition (DED) as well. Li’s 
group used the constant current electrolysis (chronopotenti-
ometry) at 10 mA cm−2 to prepare Ni- and Fe-SAs anchored on 
graphdiyne (Ni/GD and Fe/GD), as schematically depicted in 
Figure 7a.[82] The sp hybridization of –C≡C– in GD allowed arbi-
trary angle rotation of π/π* perpendicular to the axis, rendering 
it the ability of chelating a single metal atom without any pre-
treatment. Both individual Ni and Fe atoms (white dots) can be 
clearly evidenced in the corresponding HAADF-STEM images 
of Ni/GD and Fe/GD (Figure 7b,c), excluding the formation of 
any aggregates. Also, ex situ EXAFS spectra of both Ni/GD and 
Fe/GD presented only notable peaks at ≈1.6 and ≈1.5 Å, attrib-
utable to Ni–C and Fe–C coordination, respectively, without the 
peaks in the region of 2–3 Å for Ni–Ni and Fe–Fe (Figure 7d,e), 
strongly confirming the only existence of Ni- and Fe-SAs. To 
further identify the Ni–C and Fe–C binding, combined bond 
length and adsorption energy analysis unveiled the strong 
chemisorption character and strong charge transfer from Ni/Fe 
to GD due to the (sp)–d orbital overlapping (Figure 7f).

Xia’s group developed a surface-limited underpotential 
deposition (UPD) technique to obtain Cu SAs site-specifically 
deposited onto the chalcogen atoms of transition metal dichal-
cogenides (TMDs) (Figure 7g).[83] Different from the traditional 
electrodeposition of metal nanoparticles that use random con-
ductive supports and classical UPD of 2D metal single layer on 
a uniform metal support, the proposed site-specific UPD ena-
bled self-termination from further growth beyond the  single 
atom. Specially, the plentiful chalcogen sites with lone-pair elec-
trons on TMD substrates can potentially induce strong coordi-
nation and electronic interaction with the deposited metal SAs. 
In this case, the metal–support interaction is strong enough 
so that it is energetically more favorable than the metal–metal 
interaction, thus prohibits subsequent formation of metal–
metal bond under UPD potential. To demonstrate the viability of 
the site-specific UPD of Cu SAs, chemically exfoliated ultrathin 
MoS2 nanosheets (ce-MoS2) were used as prototypical substrate. 
Figure 7h illustrates the CV curve of 2 × 10−3 m CuSO4 in Ar-sat-
urated 0.1  m H2SO4 solution with ce-MoS2-loaded GCE as the 
WE. The CV displayed two notable cathodic peaks (a and b) at 
≈0.15 and −0.10 V vs Ag/AgCl attributable to Cu UPD and bulk 
deposition of Cu, respectively. The two anodic peaks (b’ and 
a’) corresponded to the oxidative dissolution of bulk Cu and 

UPD-formed Cu, respectively. Accordingly, a constant potential 
of 0.1 V vs Ag/AgCl that is more positive than the equilibrium 
potential of Cu2+/Cu, was applied for 120 s to fabricate Cu-SAs/
MoS2. High-resolution Cu 2p XPS spectra (Figure  7i) of Cu 
SAs/MoS2 revealed that the main Cu 2p3/2 peak at 932.9 eV is 
located between Cu0 (932.4 eV) and Cu2+ (934.7 eV), indicative 
of the partial-positively charged state due to the electronic inter-
action between single Cu atom and ce-MoS2. Along with the 
decreased binding energy of S 2p, the authors concluded that 
the Cu adatoms specifically attach to the S atoms. The absence 
of Cu 2p satellite peaks further confirmed the isolated nature 
of Cu species in Cu-SAs/MoS2, which was further substanti-
ated by the formation of diverse metal SAs/MoS2 via Galvanic 
replacement of Cu in Cu-SAs/MoS2, including Sn-SAs/MoS2 
(Figure 7j), Pb-SAs/MoS2 (Figure 7k), Bi-SAs/ MoS2 (Figure 7l), 
and so on.

Likewise, single nonprecious metal (hydr)oxides can be also 
synthesized by direct electrodeposition (DED). Bard’s group 
successfully prepared isolated cobalt oxide molecule (Co1Ox) 
and clusters (ConOy) on carbon fiber UME (radius = 80 nm) in 
0.1 m phosphate buffer with 900 × 10−15 m Co(NO3)2 by constant 
potential electrolysis (chronoamperometry) at 1.65  V versus 
RHE for 10–120 s during which Co2+ was oxidized to Co3+ fol-
lowed by the formation of ConOy clusters on the initially formed 
nucleus (Figure 7m).[84] Then, the voltammograms (Figure 7n) of 
the deposited materials in 10 × 10−3 m NaOH and 0.2 m NaClO4 
were used to estimate their size on the basis of the linear rela-
tionship between limiting current and the equivalent radius (rd) 
of the deposit (Figure 7o), assuming a model of a hemisphere on 
an inert planar substrate. The smallest size was calculated to be 
≈0.2 nm, close to the structural parameter of the reported Co–O 
distance in the CoO6 octahedra unit (1.89 Å) as measured by 
XAS. Zeng’s group employed similar substrate, porous carbon 
(P-C), to anchor Fe1(OH)x, which was obtained by anodic elec-
trodeposition (LSV method under a potential window ranging 
from 1.10 to 1.80  V vs RHE for 5 times) in 1.0  m KOH with 
100 × 10−6 m FeCl3.[85] As shown in Figure 7p, bright spots were 
obviously visible in the HAADF-STEM image of Fe1(OH)x/P-C, 
revealing the isolated dispersion of Fe atoms. To elucidate the 
local environment of Fe atoms in the electrocatalyst, the authors 
performed EXAFS (Figure  7q) and XANES (Figure  7r) meas-
urements. The EXAFS spectra of Fe1(OH)x/P-C showed only a 
characteristic Fe–O peak at 1.98 Å, without the peaks at 2.47 and 
3.33 Å ascribed to Fe–Fe and Fe–O–Fe, respectively, validating 
the atomic dispersion of Fe species. Further fitting the EXAFS 
spectra revealed the coordination of a single Fe center with six 
oxygen atoms in the nearest neighbor, most probably forming 
a FeO6 octahedral structure for Fe1(OH)x/P-C. Additionally, the 
C K-edge XANES spectra of Fe1(OH)x/P-C showed a weaker 
peak ascribed to C–C π* at 285.7 eV and a stronger C–O peak at 
288.6 eV relative to that of P-C, suggesting the strong interaction 
of FeO6 with P-C via C–O–Fe bonding which was confirmed by 
their DFT calculations later.

3.3. Electrochemical Leaching–Redeposition (ELR)

The phenomenon of metal dissociation from metals anodes has 
been previously reported under high potentials in an acidic or 

Adv. Mater. 2023, 2210703
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alkaline electrolyte, which motivated a new route for the gen-
eration of SASCs called electrochemical leaching–redeposition 

(ELR). This method contains initial electrochemical leaching 
of metals from metallic anodes (e.g., Pt anode) and sequential 

Adv. Mater. 2023, 2210703

Figure 7. a) Schematics of direct electrodeposition of Ni/GD and Fe/GD. b,c) HAADF-STEM images of Ni/GD (b) and Fe/GD (c). d,e) Ex situ EXAFS 
spectra of Ni/GD and Ni foil at the Ni K-edge (d) and Fe/GD and Fe foil at the Fe K-edge (e). f) Electrostatic potential maps of GD, Ni/GD, and Fe/
GD. a–f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0).[82] Copyright 2018, The Authors, published by Springer Nature. g) Comparison of traditional electrodeposition, UPD, and the site-specific elec-
trodeposition on transition metal dichalcogenides. h) CV curve of ce-MoS2-loaded GCE in Ar-saturated 0.1 m H2SO4 + 2 × 10−3 m CuSO4 at 20 mV s−1. 
i) Cu 2p XPS spectra of the Cu-SAs/MoS2. j–l) HAADF-STEM images of Sn-SAs/MoS2 (j), Pb-SAs/MoS2 (k), and Bi-SAs/MoS2 (l) by galvanic displace-
ment of Cu-SAs/MoS2. g–l) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecom-
mons.org/licenses/by/4.0).[83] Copyright 2020, The Authors, published by Springer Nature. m) Schematic of Co1Ox and ConOy. n) Voltammograms of 
Co1Ox and ConOy in 10 × 10−3 m NaOH + 0.2 m NaClO4 at 10 mV s−1. o) Limiting currents of SAs or clusters as a function of the estimated equivalent 
radii. m–o) Reproduced with permission.[84] Copyright 2020, The Authors, published by National Academy of Sciences, USA. p) HAADF-STEM image 
of Fe1(OH)x/P-C. q) EXAFS spectra at Fe K-edge and the fitting for Fe1(OH)x/P-C. r) C K-edge XANES spectra of Fe1(OH)x/P-C and P-C. The blue, red, 
brown, and white spheres represent Fe, O, C, and H atoms, respectively. p–r) Reproduced with permission.[85] Copyright 2021, American Chemical Society.
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deposition onto the opposite cathodes to obtain single-atom 
metals. For example, the onset potential of Pt dissolution is 
1.1 V vs RHE in sulfuric acid and with potentials exceeding this 
value, the soluble platinum species can be obtained from anodic 
dissolution of Pt electrode, which can then be electrodepos-
ited on the cathodic working electrode (WE). Laasonen and 
co-workers successfully deposited pseudo-atomic-scale Pt on 
SWNT-coated GCE (SWNT/at-Pt) with mass loading of 0.06 and 
0.3 wt% via potential cycling between −0.55 and 0.25 V vs RHE 
in 0.5 m H2SO4 for 200 or 400 cycles, respectively.[86] Although 
the mass loading of Pt for the sample obtained at 400 cycles is 
ultralow, there still exists several Pt rafts and Pt clusters. Fol-
lowing this, Luo and co-workers for the first time reported the 
synthesis of Pt SAs anchored on CoP-based nanotube arrays 

(NT) with Ni foam (NF) as support (PtSA-NT-NF) in a neutral 
media (Figure 8a).[87] With the NF supported CoP-based NT 
(NT-NF, Figure  8b), a saturated calomel electrode (SCE), and 
a Pt foil as the WE, reference electrode (RE), and CE, respec-
tively, the potential cycling was conducted between −0.83 and 
0  V versus RHE under a scan rate of 150  mV s−1 in neutral 
PBS solution. Different numbers of potential cycling ranging 
from 2500 to 10 000 were performed and the corresponding 
LSVs were measured as well. The changing catalytic perfor-
mance toward HER for the samples obtained with 0, 2500, and 
5000 cycles indicated a structural change of the NT-NF, and the 
overlapping LSV curves for samples with cycle number larger 
than 5000 suggested a stable structure of the formed electro-
catalyst. The PtSA-NT-NF obtained with 5000 cycles was then 

Adv. Mater. 2023, 2210703

Figure 8. a) Schematics of electrochemical leaching–redeposition of PtSA-NT-NF. b) SEM, c) elemental mapping, and d) HAADF-STEM images of 
PtSA-NT-NF. a–d)  Reproduced with permission.[87] Copyright 2017, The Authors, published by  Wiley-VCH. e) HAADF-STEM image along with the 
relevant simulated image and the structure illustration of Mo2TiC2Tx–PtSA. f) EXAFS spectra of Pt foil, PtO2 and Mo2TiC2Tx–PtSA. g) Illustration of 
the synthesis mechanism for Mo2TiC2Tx–PtSA during the HER process. e–g) Reproduced with permission.[88] Copyright 2018, The Authors, published 
by Springer Nature. h) Schematic of the fabrication of Pt/np-Co0.85Se. i) SEM and j) HAADF-STEM images of Pt/np-Co0.85Se. Inset in (i) is the cross-
sectional image. h–j) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.
org/licenses/by/4.0).[91] Copyright 2019, The Authors, published by Springer Nature.
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used as model electrocatalyst. Elemental mapping imaging con-
firmed the redeposition of Pt on NT-NF (Figure  8c). Further-
more, HAADF-STEM imaging indicated well-dispersed single 
Pt atoms without granular Pt crystals (Figure  8d). This was 
further confirmed by the absence of diffraction spots of crystal-
line Pt in the electron diffraction pattern as well as the missing 
signal of crystal Pt in the XRD pattern.

Wang and co-workers further refined the ELR of Pt by sub-
stituting the NT-NF supports with a double transition metal 
MXene nanosheets (Mo2TiC2Tx) on carbon cloth (CC) as the 
WE.[88] The electrochemical leaching–redeposition (ELR) 
was also conducted using a three-electrode system but with 
repeated LSV scans from 0 to −0.6  V versus RHE in 0.5  m 
H2SO4. HAADF-STEM imaging of the resulting Mo2TiC2Tx-
PtSA illustrated clear bright spots, suggesting heavy and indi-
vidual Pt SAs on the MXene nanosheets (Figure  8e, upper). 
Notably, the Pt atoms were immobilized exactly at the Mo posi-
tions on Mo2TiC2Tx, which was further confirmed by STEM 
simulation and DFT-based structural optimization (Figure  8e, 
lower). XPS spectroscopy revealed the blueshifted binding ener-
gies for Pt 4f (75.6 and 72.0 eV) compared to that of commercial 
Pt/C catalyst (74.8 and 71.5 eV), indicating that the Pt atoms are 
mainly in its oxidized states. This was further demonstrated by 
the XANES spectra at the Pt L3-edge in which the white line 
area is proportional to the 5d-electron vacancies.[89] The results 
showed that the white line peak intensity of the Mo2TiC2Tx-PtSA 
lies in between those of PtO2 and Pt foil, indicative of oxida-
tion state of Pt SAs. Fitting the EXAFS spectra gave a coordina-
tion number of 3 for Pt assignable to Pt–C bonds. Additionally, 
the Mo2TiC2Tx-PtSA showed a peak distinct from that of Pt foil 
with the absence of Pt–Pt contribution located at ≈2.7 Å, indica-
tive of the atomic dispersion of Pt in the Mo2TiC2Tx-PtSA. The 
XPS and XAS results together provided cogent evidence for the 
formation of Pt SAs and its strong interaction with the MXene 
support, which would efficiently prevent the aggregation of Pt 
SAs. Based on these analyses, the authors proposed a mecha-
nism for the electrochemical process (Figure 8g) during which 
the Mo2TiC2Tx was exfoliated into nanosheets by the formation 
of H2 bubbles on the interlayer space following the Heyrovsky 
process. More importantly, Mo vacancies were generated at 
the same time by the breaking of C–Mo bonds induced by the 
strong Mo–O bond in Mo–OH2, providing sufficient surface 
vacancies that can effectively serve as the anchoring sites for 
Pt SAs. The dissolved Pt from the Pt foil counter electrode (CE) 
were then trapped by the Mo vacancies, forming covalent bonds 
between the Pt atom and the surrounding C atoms from the 
MXene framework.

Chronoamperometry has also been applied for the prepa-
ration of Pt SAs anchored on other 2D supports like 1T- or 
2H-MoS2.[90] In this study, Sun and co-workers systematically 
investigated the effect of anode (Pt foil as WE) potential and 
deposition time on the dispersion of Pt. It is widely accepted 
that the higher anode potential, the higher concentration of 
dissolved Pt and thereby, higher deposition rate. However, 
with anode voltage higher than 2.3  V vs RHE, the authors 
found that Pt NPs rather than Pt SAs formed on the 2H-MoS2. 
With an  anode potential of 2  V, deposition of single-atom Pt 
was achieved in the first 4–6  h with a nearly constant deposi-
tion rate. Beyond 12  h, the formation of Pt NPs was spotted. 

HAADF-STEM and elemental mapping revealed the homoge-
neous distribution of Pt SAs on the Mo vacancies and S vacan-
cies of 2H-MoS2 support with a Pt content of about 1.1 at%. 
Based on the intensity analysis of HAADF-STEM images, Pt 
SAs were primarily immobilized on the Mo vacancy sites rather 
than the S vacancies. The electrodeposition of other metal SAs 
(Au and Pd) has also been demonstrated using different anode 
potentials (1.8 and 1.6 V vs RHE).

Inspired by electrochemical leaching–redeposition (ELR) of 
Pt SAs based on the potential cycling and Mo vacancy manu-
facture, Tan’s group constructed a single-atom Pt decorated 
nanoporous cobalt selenides (Pt/np-Co0.85Se, Figure  8h–j).[91] 
Nanoporous cobalt selenide (np-Co0.85Se) was used as the 
WE in this case to generate Co vacancies during the potential 
cycling (Figure 8i), which can then act as immobilization sites 
for Pt SAs dissolved from Pt foil CE. A  similar phenomenon 
of Pt aggregation was observed when the  CV cycles reached 
6000. XPS spectra showed that two peaks associated with Pt 
4f orbitals are at 71.8 eV and 75.1 eV for Pt/np-Co0.85Se, higher 
than that of Pt/C control (71.2 and 74.5  eV), confirming the 
higher oxidation states of Pt in Pt/np-Co0.85Se. The Co 2p XPS 
spectra demonstrated positive energy shift with a higher Co3+ 
to Co2+ ratio for Pt/np-Co0.85Se (2.27) than that for np-Co0.85Se 
(1.02), suggestive of the generation of more Co2+ vacancies. 
Deeper investigation of the electronic states was achieved by 
XAS with Pt foil, commercial Pt/C and PtO2 as comparison. 
The Pt L3-edge XANES spectra showed a white line intensity 
of Pt/np-Co0.85Se significantly higher than that of Pt foil and 
commercial Pt/C, validating the positive valence state of Pt 
SAs in Pt/np-Co0.85Se. The valence state was determined to 
be 0.8 by linearly fitting the white line intensity, attributable 
to the electron transfer from Pt to Se in Pt–Se bonds. In the 
EXAFS spectra of Pt/np-Co0.85Se, the main peak at 2.03 Å 
was ascribed to the Pt–Se. The Pt–Pt contribution at 2.68 Å 
cannot be observed, suggesting the single-atom nature of Pt 
in the np-Co0.85Se. Also, HAADF-STEM imaging of Pt/np-
Co0.85Se illustrated the homogeneous dispersion of individual 
bright spots assignable to Pt atoms in the lattice of Co0.85Se 
(Figure  8j), confirming the formation of Pt SAs. In order to 
slow down the diffusion rate and concentration of metal ions 
(from CE) around the WE to prevent the nuclei growth and 
aggregation of Pt atoms, Wu’s group added a graphene oxide 
membrane between the  WE and CE to filter the soluble Pt 
species due to its narrow interlayer space and plenty of inter-
layers, which enabled only a small number of Pt species goin 
through the membrane.[92] So, the diffusion rate of Pt species 
was efficiently decreased and most Pt ions were blocked, both 
of which are beneficial to generate Pt SAs.

With extensive research efforts into the field of SASCs, the 
major focus is still on maximizing the atom efficiency, several 
other key issues remained to be addressed including the syn-
ergetic effect between two SAs at the atomic level. Aiming on 
this, Yao’s and Jia’s groups synthesized a new class of atomic 
Co–Pt pair carbon/N-based catalyst (A-CoPt-NC) utilizing core–
shell Co-NC as the support and precursor.[93] CV was conducted 
between 0.1 V  and 1.1  V vs RHE for 8000 cycles with Pt wire 
as the CE. Under the applied cyclic potential, the Co nanopar-
ticle cores were successfully removed to leave a carbon-based 
hollow shell structure of A-CoPt-NC with trace Co (1.72 wt %) 

Adv. Mater. 2023, 2210703
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and Pt (0.16 wt%), as confirmed by both ICP-AES and EDS 
mapping results. Dark-field STEM imaging illustrated direct 
evidence of Co dissolution with only Co nanocluster of ≈1 nm 
being observed. Moreover, interstice of the graphitic layers was 
formed during CV scanning due to partial corrosion of amor-
phous carbon with less stability, serving as trapping sites to Pt 
and Co SAs. The fine structures of Pt and Co were then inves-
tigated by XANES and EXAFS testing. The atomic dispersion 
of Pt was validated by the missing scattering peak for Pt–Pt 
coordination at 2.6 Å and the main peak located at 1.8 Å were 
ascribed to Pt–C and Pt–N coordination. Interestingly, the con-
trol sample of A-CoPt-C without N doping showed an obvious 
Pt–Pt coordination peak similar to that of Pt foil, highlighting 
the critical role of N doping in trapping Pt SAs. The statistical 
distribution of two adjacent metal atoms (40 pairs) showed that 
the metal–metal distance ranges from 0.2 nm  to 0.5  nm and 
lies mostly in the interval of 0.25–0.29  nm, as verified by the 
noise-filtered HAADF-STEM image.

Besides the synthesis of precious metal SASCs, non-noble-
metal-based SASCs have also been prepared via electro-
chemical leaching–redeposition (ELR). For example, Wu and 
co-workers replaced Pt-based CE by Fe foil to access Fe SAs 
anchored on nitrogen-doped carbon (Fe-SAs/N–C) in an H-cell 
with 0.5  m H2SO4.[94] A graphene oxide membrane with the 
interlay spacing of 10.2 Å was used to filter soluble Fe species 
to reduce their diffusion and growth. The isolated Fe SAs on 
N-doped carbon support with a mass loading of 0.54 wt% can 
be clearly identified on the AC-HAADF-STEM image. Selected-
area electron diffraction and XRD consistently demonstrated 
that there is no crystalline Fe in Fe-SAs/N–C sample. The oxi-
dation state of the Fe SAs was determined to be in the range of 
Fe0–Fe2+ through the Fe K-edge spectra with Fe foil, FeO, and 
Fe2O3 as controls. This agreed well with the XPS spectra that 
showed a peak of Fe 2p3/2 at 711.4 eV which is smaller than that 
of Fe2+(712.7  eV) and larger than that of Fe0 (710.7  eV). In the 
k3-weighted EXAFS spectra, a dominant peak at 1.42 Å from the 
contribution of Fe–N coordination was observed and the fitted 
result gave a coordination number of 4 (Fe–N4). The N 1s XPS 
spectra revealed four N species of pyridinic-N, graphitic-N, pyr-
rolic-N, and oxidized pyridinic-N in which the first two kinds 
accounted for majority of N species in Fe-SA/N–C and acted as 
anchor sites for Fe SAs.

4. Electrocatalytic Green Hydrogen Cycling

With the maximum atom utilization efficiency and unique elec-
tronic structures, SASCs have exhibited remarkable improve-
ments on electrocatalytic activity in a variety of electrochemical 
reactions, such as water splitting,[95,96] oxygen reduction,[97,98] 
CO2 reduction,[36–39] nitrogen/nitrate reduction,[41–46] biomass 
upgrading,[47–50] and so on. In this section, we mainly focus 
on the electrocatalytic applications for green hydrogen cycling 
including HER, OER, OWS, and ORR. The hydrogen oxida-
tion reaction (HOR) is not included due to the lack of relevant 
literature. Table  1 summarizes the electrocatalytic activities 
(overpotential at a specific current density) of SASCs based on 
ambient electrosynthesis for different reactions under diverse 
electrolytes.

4.1. Hydrogen Evolution Reaction (HER)

Pt nanoparticles supported on carbon (Pt/C) is the commercial 
benchmark catalyst for the hydrogen evolution reaction (HER) 
in acidic solution, as the metallic Pt possesses the optimal 
adsorption free energy of H* (ΔGH*) which is ≈0 eV as well as 
the highest exchange current density.[99,100] Due to its scarcity 
in reserve, it is of crucial importance to boost the mass activity 
and thus reduce its required amount.[16] To tackle this issue, a 
variety of Pt SAs on different substrates have been prepared 
based on ambient electrosynthesis for efficient HER in all pHs.

For example, Wang and co-workers reported the two-step 
electrodeposition of PtSA–NiO/Ni on Ag-NWs-loaded flex-
ible carbon cloth for improved HER in alkaline (1.0  m KOH) 
solution (Figure 9a–c).[76] Low overpotentials of only 26 and 
85  mV were needed for the PtSA–NiO/Ni to achieve 10 and 
100  mA cm−2, respectively, significantly superior to those of 
PtSA–NiO, PtSA–Ni, NiO/Ni, and commercial Pt/C. To shed 
light on their improved HER activity, the authors conducted 
DFT calculations. Differential charge density analysis displayed 
the charge delocalizing from Pt to the bonded O atom and 
charge localizing from adjacent Ni atoms to Pt for the PtSA–
NiO/Ni, resulting in a locally enhanced electric field around 
the Pt site which is more intensive than those of PtSA–NiO and 
PtS–Ni. Moreover, the projected density of states (PDOS) results 
revealed a wider Pt-5d band and higher density near the Fermi 
level for PtSA–NiO/Ni than those for PtSA–NiO, and PtSA–Ni, 
suggesting Pt SAs coupled with NiO/Ni heterostructure pos-
sess more free electrons to favor the H adsorption and transfer. 
Figure 9a demonstrated that the energy barrier of water dissoci-
ation over PtSA–NiO/Ni is only 0.31 eV, much lower than those 
of PtSA–NiO (0.47  eV) and PtSA-/Ni (1.42  eV). Also, the most 
optimal H binding energy of −0.07 eV (near-zero) was needed 
for PtSA–NiO/Ni compared to PtSA–NiO (0.74 eV) and PtSA-/Ni 
(−0.38 eV), suggesting the rapid recombination of the dissoci-
ated proton for H2 generation. Benefitting from the optimal 
charge distribution and Pt-5d band, a Pt mass activity of PtSA–
NiO/Ni at an overpotential of 100 mV was calculated to be high 
to 20.6 A mg−1, 2.4, 2.3, and 41.2 times greater than those of 
PtSA–NiO (8.5 A mg−1), PtSA–Ni (9.0 A mg−1), and commercial 
Pt/C (0.5 A mg−1), respectively.

CoP-based nanotube arrays supported Pt SAs (PtSA-NT-NF) 
were also obtained by Luo and co-workers via electrochemical 
leaching–redeposition (ELR) for neutral HER (1  m PBS).[87] 
Along with the increasing CV cycles, the overpotential at 
10 mA cm−2 (η10) gradually decreased and then reached a stable 
state (Figure 9d). Finally, a low η10 of only 24 mV was obtained 
for PtSA-NT-NF. Such a high activity can be ascribed to the 
high Pt mass utilization and the positively modulated electronic 
structures by substrates (CoP-based nanotube), along with the 
decent activity of CoP.[101,102] Note that at larger current densi-
ties (>43  mA cm−2), the PtSA-NT-NF exhibited better perfor-
mance than Pt/C. A Tafel slope of 30 mV dec−1, similar to that 
of Pt/C (31 mV dec−1), indicated a Pt-like HER kinetics of PtSA-
NT-NF through the Volmer–Tafel mechanism.

Similarly, double transition metal MXene nanosheets 
(Mo2TiC2Tx)-stabilized Pt SAs through ELR have also been 
explored for HER.[88] As shown in Figure  9e, the HER polari-
zation curves for Mo2TiC2Tx-PtSA together with Pt/C, bare 
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Mo2TiC2Tx, and exfoliated Mo2TiC2Tx (Mo2TiC2Tx-VMo) in 
0.5  m H2SO4 were collected for comparison. It can be clearly 
seen that the Mo2TiC2Tx-PtSA exhibited the best HER perfor-
mance with a η10 of 30 mV, much lower than those of control 
samples and almost identical with that of commercial 40 wt% 
Pt/C. Specifically, to reach the current densities of 100 and 
200  mA cm−2, the corresponding overpotentials for Mo2T-
iC2Tx–PtSA were only 77 and 104  mV, respectively. Such supe-
rior HER activity of Mo2TiC2Tx–PtSA was further corroborated 
by its low Tafel slope of 30 mV dec−1, implying the rapid HER 
kinetics due to the introduction of Pt SAs. The calculated mass 
activity of Mo2TiC2Tx–PtSA was 8.3 A mg−1 at an overpotential of 
77 mV, 40 times higher than that of commercial 40 wt% Pt/C 
(0.21 A mg−1). These comparisons demonstrated the maximized 
atomic utilization efficiency in Pt SAs. In addition to excellent 
electrocatalytic activity, the long-term stability was also gained 
by atomic dispersion of Pt, with no decay after 100  h stability 

test due to the strong electronic interaction between Pt SAs 
and the exfoliated Mo2TiC2Tx-VMo support. Subsequently, the 
authors carried out DFT calculations to elucidate the underlying 
origins of enhanced HER over Mo2TiC2Tx–PtSA. On the basis of 
the systemic physiochemical characterizations (Figure  8e–g), 
the models of Mo2TiC2O2 and Mo2TiC2O2–PtSA were chosen to 
represent the structures of Mo2TiC2Tx and Mo2TiC2Tx–PtSA, 
respectively, for DFT computations (Figure 9f). It was revealed 
that the deposition of Pt SAs onto the Mo vacancies effectively 
delocalizes the charges from Pt to its surroundings and thus 
leads to a redistribution of the electrons, providing an improved 
electron environment. Moreover, as depicted by the projected 
density of states (PDOS) in Figure 9g, the DOS near the Fermi 
level was elevated after incorporation of Pt atoms due to the 
contribution from d orbitals of Pt, leading to enhanced con-
ductivity and electrocatalytic activity. In addition, the lower 
work function of Mo2TiC2O2–PtSA compared to Mo2TiC2O2 

Adv. Mater. 2023, 2210703

Figure 9. a) Calculated energy barriers of water dissociation kinetic, b) adsorption free energies of H*, and c) mass activity of PtSA–NiO/Ni, PtSA–NiO, 
PtSA–Ni, and Pt/C at the overpotential of 100 mV. a–c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
license (https://creativecommons.org/licenses/by/4.0).[76] Copyright 2021, The Authors, published by Springer Nature. d) Dependence of the over-
potential at 10 mA cm−2 on the CV cycle number. Reproduced with permission.[87] Copyright 2017, Wiley-VCH. e) HER polarization curves of carbon 
paper (CP), Mo2TiC2Tx, Mo2TiC2Tx-VMo, Mo2TiC2Tx–PtSA, and Pt/C (40%). f) Slab models of Mo2TiC2O2 and Mo2TiC2O2–PtSA. g) Calculated PDOS of 
Mo2TiC2O2 and Mo2TiC2O2–PtSA. e–g) Reproduced with permission.[88] Copyright 2018, The Authors, published by Springer Nature. h) Onset potential 
at −1 mA cm−2 and mass activity of Pt/np-Co0.85Se and Pt/C. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
license (https://creativecommons.org/licenses/by/4.0).[91] Copyright 2019, The Authors, published by Springer Nature. i) Tafel plots of HCl–Ni@C, 
A-Ni–C and Pt/C. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[72] Copyright 2016, The Authors, published by Springer Nature. j) Real-space HOMO and LUMO contour plots on Ni-on-GD. k,l) Sta-
bility tests of Ni/GD (k) and Fe/GD (l). j–l) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).[82] Copyright 2018, The Authors, published by Springer Nature.
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indicated the higher electronic energy levels and improved 
capability of electron-donating. Considering the rate-limiting 
role of the hydrogen adsorption for acidic HER, the Gibbs free 
energies of hydrogen adsorption (ΔGH*) over Mo2TiC2O2–PtSA 
and Mo2TiC2O2 as well as Pt were then calculated. The ΔGH* 
on Pt SAs in Mo2TiC2O2–PtSA was low to −0.08  eV, which is 
close to the optimal value for an ideal HER catalyst (ΔGH*  = 
0 eV) and lower than the ΔGH* of −0.19 eV on Mo–O terminal 
in the model MXene (MoTiC2O2) and −0.10 eV on Pt(111). This 
weak strength of H+ adsorption on Pt SAs would facilitate the 
faster releasing of H2. The as-prepared Mo2TiC2Tx–PtSA showed 
excellent HER performance in neutral medium (0.5 m PBS) as 
well, with an overpotential of only 61 mV at 10 mA cm−2, dem-
onstrating the potential applications in both neutral and acidic 
electrolytes.

Recently, Tan’s group used the HER-active nanoporous 
Co0.85Se to anchor Pt SAs (Pt/np-Co0.85Se, Figure  9h–j) for 
neutral HER via the similar ELR method.[91] As shown in 
Figure 9h, the onset potential (denoted as the potential to afford 
−1.0 mA cm−2) of Pt/np-Co0.85Se can be reduced to 12 mV from 
≈75 mV for np-Co0.85Se, even smaller than that of Pt/C bench-
mark. Notably, the η10 of Pt/np-Co0.85Se is only 55 mV, in sharp 
contrast to that for np-Co0.85Se (264 mV). The outstanding HER 
activity of Pt/np-Co0.85Se can also be reflected by the low Tafel 
slope of 35  mV dec−1 relative to Pt/C (37  mV dec−1) and np-
Co0.85Se (90 mV dec−1), suggesting fast HER kinetics after intro-
ducing Pt SAs. The mass activity for HER over Pt/np-Co0.85Se 
at an overpotential of −100  mV was calculated to be 1.32 A 
mg−1, 11 times greater than that of the commercial 10 wt% Pt/C 
(0.12 A mg−1, Figure  9h). These results suggested that Pt SAs 
anchored on np-Co0.85Se can maximize the electrocatalytic HER 
activity and thus decrease the cost of electrocatalysts. Electro-
chemical impedance spectroscopy (EIS) and electrochemically 
active surface area (ECSA) analysis uncovered the lower internal 
resistance and more accessible active sites after Pt SAs incorpo-
ration in np-Co0.85Se, respectively. Besides superior activity, the 
Pt/np-Co0.85Se also showed robust stability, as revealed by the 
negligible current decay over 40  h in the chronoamperometry 
curve and undetectable morphology changes. Moreover, the Pt/
np-Co0.85Se can function well in acidic and basic electrolytes. To 
gain insights on the improved HER activity of Pt/np-Co0.85Se, 
operando XAS measurements and DFT calculations were con-
ducted by the authors. The operando Co K-edge XANES and 
FT-EXAFS spectra of Pt/np-Co0.85Se showed slight shift toward 
the higher energy, and shrinking of the radial distance of the 
Co–Se shell with increasing of the operated potential from 
open circuit voltage (OCV) to −0.2 V vs RHE, respectively, dif-
ferent from np-Co0.85Se which showed no distinct changes. 
These contrasts suggested that the interactions between Pt 
SAs and Co0.85Se facilitate electron transfer from Co to Se 
atoms during HER, so that the positively charged Co atoms 
in Pt/np-Co0.85Se can easily capture the negative oxygen atom 
in water molecule to activate it, as confirmed by the enhanced 
Co–OH shell during HER. The strong interactions between Pt 
SAs and Co0.85Se were substantiated by charge density differ-
ence. A strong charge redistribution at Pt-bonding region can 
be observed in Pt/np-Co0.85Se, which promoted a significant 
increase in the internal electron concentration for enhanced 
HER. The Gibbs free energy of water dissociation (ΔGH2O) over 

Pt/np-Co0.85Se significantly decreased from 0.891  eV for np-
Co0.85Se to 0.491 eV which is even lower than that (0.563 eV) of 
Pt (111), implying an accelerated Volmer process after atomic-
level Pt doping. Additionally, the ΔGH* for Pt/np-Co0.85Se at Co 
sites (−0.083  eV) and at Pt sites (−0.079  eV) were close to the 
idea value of 0 eV and comparable to that of Pt (111), suggesting 
the favorable adsorption of H and subsequent combination for 
H2 generation.

Zeng’s and Hou’s groups reported the direct cathodically 
electrodeposition of diverse metal SAs besides Pt, on various 
supports like N–C, Co(OH)2, and Co0.8Fe0.2Se2 for alkaline 
HER.[78] For example, the resulting C–Ir1/N–C and C–Ir1/
Co0.8Fe0.2Se2 demonstrated higher HER activities compared to 
commercial Pt/C. In particular, the C–Ir1/Co0.8Fe0.2Se2 needed 
a η10 of only 8 mV in 1.0 m KOH.

Apart from electrosynthesis of noble metal-based SAs, HER 
electrocatalysts based on earth-abundant elements were also 
obtained as promising alternatives for cost-effective HER. Yao 
and co-workers reported a nonprecious Ni-based electrocata-
lyst by etching Ni nanoparticles to leave Ni SAs on graphitized 
carbon (A-Ni–C).[72] The as-prepared A-Ni–C electrocatalyst 
required a η10 of only 34  mV in 0.5  m H2SO4, much smaller 
than that of control HCl–Ni@C sample (440  mV) with higher 
Ni content. Also, the lower Tafel slope of 41 mV dec−1 for A-Ni–C 
relative to HCl–Ni@C sample (194  mV dec−1) further mani-
fested its exceptional HER kinetics of A-Ni–C (Figure 9i), close 
to Pt/C (34  mV dec−1). EIS measurements revealed that the 
charge transfer resistance of A-Ni–C is similar to that of Pt/C, 
and much lower than that of HCl–Ni@C, indicative of the much 
faster electron transfer. Chronoamperometry at an overpotential 
of 45 mV was then applied to assess the stability of A-Ni–C. The 
current density maintained at 10 mA cm−2 during the first 11 h 
and then gradually increased to 14 mA cm−2 due to the activa-
tion of the catalyst and finally reached a plateau of 12 mA cm−2 
with no obvious deactivation during the additional 25 h testings.

Another example of nonprecious SAs-based HER electro-
catalysts is the direct electrodeposition of Ni/Fe SAs anchored 
on GD (Figure 9j–l).[82] Bond length analysis implied a strong 
chemisorption and strong charge transfer from Ni/Fe to GD. 
Using Ni-3d as an example, the authors utilized reported 
method to ab initio reveal the energy of targeted on-site orbital 
especially with electronic occupations under different cases 
of chemical bonding. As shown in Figure  9j, the HOMO and 
LUMO charge density distributions induced by the stabilized 
Ni° can be seen and the fast (H+  + e) charge exchanges were 
believed to be responsible for the efficient HER. As a result, 
both the resulting Fe/GD and Ni/GD exhibited satisfactory 
HER activity in 0.5 m H2SO4 with η10 of 66 and 88 mV respec-
tively, along with superb stability for 100  h and 5000 cycles 
(Figure  9k,l). Although these apparent activities were infe-
rior to that of 20 wt% Pt/C benchmark, the Ni/GD and Fe/
GD SAECs demonstrated superior mass activity of 16.6 and 
80.0 A mgmetal

−1, respectively, at the overpotential of 200 mV.

4.2. Oxygen Evolution Reaction (OER)

Compared to the HER with two-electron–proton-transfer 
process at cathode, the anodic OER comprises complex 
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four-electron–proton-transfer process with multiple reaction 
intermediates and suffers from a more sluggish kinetics.[103–106] 
It is thus believed that the OER predominantly governs the 
overall energy conversion efficiency of water splitting.[107–109] 
The benchmark OER electrocatalysts in acidic and alkaline solu-
tions are Ir/Ru-based[110–112] and Ni/Fe/Co-based[113–115] nano-
materials, respectively.[116,117] While the high cost and limited 
reserve for noble metals, and mediocre activity of nonprecious 
metals-based electrocatalysts hinder the large-scale implemen-
tation.[118,119] Therefore, developing SASCs-based OER electro-
catalysts with ultimate atom utilization efficiency is imperative 
to cut down cost and improve energy conversion efficiency.[120]

Zeng and co-workers reported anodic direct electrodeposi-
tion (DED) of a series of noble metal SAs including Ru, Rh, 
Ag, and Ir, on numerous supports like N–C, Co(OH)2, MnO2, 
Co0.8Fe0.2Se2, and so on for alkaline OER (1.0 m KOH).[78] Com-
pared to commercial IrO2 with a η10 of >350 mV, the resulting 
A-Rh1/Co(OH)2, A-Ag1/Co(OH)2, A-Ir1/Co(OH)2, and A-Ir1/
Co0.8Fe0.2Se2 all showed decreased overpotentials at the same 
current density (Figure 10a). Specially, the A-Ir1/Co0.8Fe0.2Se2 
delivered a η10 of only 230 mV, which is 135 mV lower than that 

of IrO2, due to the enhanced charge transfer by strong metal–
support interaction and high atomic efficiency. In view of the 
high HER activity of C-Ir1/Co0.8Fe0.2Se2 in the same electrolyte, 
the authors also assembled the C-Ir1/Co0.8Fe0.2Se2 and A-Ir1/
Co0.8Fe0.2Se2 into a two-electrode cell for overall water splitting.

Likewise, Cao and co-workers directly electrodeposited Ir 
SAs on nickel–iron-sulfide-loaded Ni foam (Ir1/NFS) for elec-
trocatalytic OER in 1.0  m KOH.[79] The η10 for Ir1/NFS was 
calculated to be only ≈170  mV, much lower than Ir SAs on 
nickel–iron hydroxide (Ir1/NFH, ≈190 mV), commercial 5 wt% 
Ir/C and IrO2 benchmark (Figure 10b). Remarkably, to deliver 
100 and 500  mA cm−2, the required overpotentials of Ir1/NFS 
were 206 and 220 mV, respectively, while the Ir1/NFH required 
much higher overpotentials of 234 and 257  mV, respectively. 
The prominent OER activity of Ir1/NFS was also corroborated 
by the small Tafel slope (33 mV dec−1), lower than those of Ir1/
NFH (35 mV dec−1), Ir/C (87 mV dec−1), and IrO2 (95 mV dec−1). 
Additionally, the calculated mass activity for Ir1/NFS based on 
Ir loading was 20.3 A g−1 at 1.45  V versus RHE, ≈1.55 times 
higher than that of Ir1/NFH (13.1 A g−1). The Ir1/NFS also 
displayed exceptional long-term electrochemical stability at a 

Adv. Mater. 2023, 2210703

Figure 10. a) Overpotentials at 10 mA cm−2 for OER in 1.0 m KOH over various SAs-based electrocatalysts. Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[78] Copyright 2020, The Authors, published 
by Springer Nature. b) OER polarization curves of Ir1/NFS, Ir1/NFH and control samples in 1.0 m KOH. c,d) Free energy diagram of OER pathway over 
Ir1/NFS (c) and Ir1/NFH (d). b–d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://crea-
tivecommons.org/licenses/by/4.0).[79] Copyright 2020, The Authors, published by Springer Nature. e) Chronoamperometric response of NiCo2O4 and 
Ir–NiCo2O4 NSs for OER at 10 mA cm−2 in 0.5 m H2SO4. f) The p–d orbital alignment of surface Ni, Co, and Ir sites for Ir–NiCo2O4-VO. e,f) Reproduced 
with permission.[80] Copyright 2020, American Chemical Society. g) Overpotentials at 10 mA cm−2 (left) and Tafel slope (right) for sAu/NiFe LDH and 
pure NiFe LDH. h) Raman spectra of sAu/NiFe LDH at different potentials during CV scanning. g,h) Reproduced with permission.[77] Copyright 2018, 
American Chemical Society. i) OER polarization curves of Co1Ox and ConOy. Reproduced with permission.[84] Copyright 2020, The Authors, published 
by National Academy of Sciences USA. j) OER polarization curves of Fe1(OH)x/P-C and control samples. k) OER reaction pathway on Fe1(OH)x/P-C. 
l) Free energy diagram of OER on Fe1(OH)x/P-C and FeOOH. j–l) Reproduced with permission.[85] Copyright 2021, American Chemical Society.
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relatively high current density of 100 mA cm−2 with only ≈3.7% 
of activity decay after 350 h, much better than those of Ir1/NFH 
(≈3.6% decay after 198 h), Ir/C (≈4% decay after 25 h), and IrO2 
(≈4% decay after 25 h). These comparisons suggested that the 
NFS substrate could significantly improve the electrochemical 
kinetics and stability of Ir SAs relative to NFH. Simulation of 
the OER process by DFT illustrated that the maximum Gibbs 
free energy changes (ΔGmax) for both Ir1/NFS and Ir1/NFH 
correspond to the *O to *OOH conversion (Figure  10c,d) and 
importantly the ΔGmax for Ir1/NFS (1.50  eV) was calculated to 
be smaller than that of Ir1/NFH (1.59 eV) even under relatively 
low overpotential (0.27  vs 0.36  V), indicating the higher OER 
activity of Ir1/NFS. PDOS and differential charge analysis indi-
cated that the Ir SAs on sulfide substrates favored the loss of 
fewer electrons and exhibited a lower valence, leading to the 
relatively weaker coupling between Ir atoms and oxygen-con-
taining intermediates, and thus lower energy barrier of the rate-
limiting step.

Recently, Xi and co-workers prepared the Ir SAs on NiCo 
LDH (Ir–NiCo2O4 NSs) with oxygen vacancies as a stable 
electrocatalyst for acidic OER (0.5  m H2SO4).[80] As shown in 
Figure 10e inset, the polarization curves displayed a low η10 of 
240 mV for Ir–NiCo2O4 NSs, which is much smaller than those 
of commercial IrO2 (370  mV) and NiCo2O4 NSs (>600  mV), 
suggesting the promoted OER performance. The smallest 
Tafel slope of Ir–NiCo2O4 NSs (60 mV dec−1) compared to IrO2 
(80  mV dec−1) and NiCo2O4 NSs (144  mV dec−1) further illus-
trated the fastest OER kinetics. Strikingly, the Ir–NiCo2O4 NSs 
showed exceptional stability of acidic OER for about 70  h at 
10  mA cm−2 with slight potential increase from 1.44 to 1.47  V 
vs RHE (Figure 10e), while the bare NiCo2O4 NSs can only sus-
tain for several hours (<10 h). A series of physiochemical char-
acterizations for the post-OER sample revealed the slight acid 
corrosion of Ni/Co species and well-maintained composition, 
morphology, and electronic structure. Combined XPS, EPR, 
and XAS measurements demonstrated the higher surface cou-
pling of Ir–Ox species, bigger coordination number of Co–O, 
and higher oxygen vacancies (VO) concentrations in Ir–NiCo2O4 
NSs. PDOS analysis suggested that Ir sites noticeably enhance 
the electronic activity of surface lower coordinated Co sites for 
efficient electron exchange and transfer via shifting the d-band 
center toward Fermi level (EF), and the almost unchanged Ni 
sites stabilize the valence states of Co sites. Consequently, both 
the Ir 5d-band and Co 3d-band exhibited excellent overlapping 
with H2O 2pπ and H 1s orbitals (Figure 10f) and thus optimal 
intermediates adsorption and electron transfer, yielding effi-
cient OER. DFT computations showed that the maximum 
Gibbs free energy change for *O to *OOH conversion (ΔGmax) 
under U = 1.23 V can be reduced from 0.65 to 0.17 eV after Ir 
SAs incorporation, which can lower the energy barrier of initial 
water splitting to form *OH from 0.27 to 0.12 eV, and promote 
OER kinetics of Ir–NiCo2O4 NSs.

Besides accessing Ir SAs on transition-metal (hydr)oxides 
for OER, other noble-metal-based SAs like Ru and Au were 
also explored. For example, Zhang and co-workers directly 
electrodeposited Au SAs on NiFe LDH (sAu/NiFe LDH) for 
improved OER and gained a fundamental understanding 
of the enhanced origin at the atomic level.[77] Electrochem-
ical testing illustrated that the η10 for sAu/NiFe LDH can be 

reduced from 263  mV for NiFe LDH to 237  mV, along with 
the decreased Tafel slope (Figure  10g). Furthermore, the cur-
rent density on sAu/NiFe LDH at an overpotential of 280 mV 
can reach 129.8  mA cm−2, about 6 times higher than that on 
NiFe LDH (21.5 mA cm−2). DFT simulations disclosed an over-
potential of 0.18  V for the rate-limiting step of *O to *OOH 
conversion on sAu/NiFe LDH, in sharp contrast to that of 
0.26 eV for the rate-limiting step of *OH to *O on NiFe LDH, 
highlighting the vital role of dispersing Au SAs on NiFe LDH 
in improving OER activity. Encouraged by the electrochemistry 
and DFT results, the authors performed in situ Raman spec-
troscopy measurements and a set of Raman spectra for sAu/
NiFe LDH were collected under the applied potentials during 
CV scanning from 1.12 to 1.44 to 1.12  V (Figure  10h). During 
the anodic scanning from 1.12 to 1.32 V, the peaks at 462 and 
535 cm−1 assignable to Ni–O vibrations of NiFe LDH can be 
observed. Further increasing the potential to 1.44  V, wherein 
the OER occurred, the primary two peaks disappeared and new 
peaks at 475 and 559 cm−1 attributed to characteristic bands in 
NiOOH emerged even when the potential was swept back to 
1.12 V, indicative of the irreversible transformation from LDH 
into oxyhydroxides under the oxygen evolution potential which 
was also reinforced by ex situ XANES spectra of post-OER sAu/
NiFe LDH. Differential charge analysis suggested that Au dz2 
orbital and O pz orbital hybridization induces a net Au-to-LDH 
charge redistribution of 0.32 e, which transfers to surrounding 
O, Ni and Fe atoms, thus facilitating the adsorption of OH−, 
O*, and OOH* intermediates to lower the overpotential of 
rate-limiting step for improved OER.

Nonprecious-metal-based SASCs have also been discov-
ered for OER. Recently, Bard’s group reported the direct elec-
trodeposition (DED) of isolated cobalt oxide single molecules 
(Co1Ox) as well as clusters (ConOy) with diverse diameters on 
carbon fiber UME and investigated their size-dependent OER 
kinetics.[84] As shown in Figure  10i, the polarization curves 
displayed the lowest overpotential for Co1Ox, indicating the 
fastest rate. Increasing the size resulted in inferior OER per-
formance (larger overpotential) and the difference in overpo-
tential between the smallest and largest clusters was calculated 
to be about 120  mV. The authors proposed that Co(IV) is the 
active site, the per unit area of which become less available as 
the cluster size increases due to the limited exposure under the 
surface layer. They also noted that the intrinsic structure of dif-
ferent sized-clusters may also leads to distinct OER activities. 
Similarly, Zeng and co-workers directly electrodeposited Fe SAs 
based catalysts on porous carbon (Fe1(OH)x/P-C) for superb 
OER (Figure 10j–l).[85] The polarization curve of the Fe1(OH)x/P-
C demonstrated the smallest η10 (320 mV), and larger catalytic 
current than those of FeOOH, Fe2O3, and even commercial 
IrO2 benchmark (370 mV). At an overpotential of 350 mV, the 
TOF of Fe1(OH)x/P-C was calculated to be 0.62 s−1, 155-fold 
higher than that of FeOOH. Additionally, the mass activity of 
Fe1(OH)x/P-C (4.30 A mgFe

−1) was estimated to be 143- and 358-
fold higher than those of FeOOH (0.030 A mgFe

−1) and com-
mercial Fe2O3 (0.012 A mgFe

−1), respectively. Differential pulse 
voltammogram (DPV) measurements revealed the presence of 
Fe3+/Fe2+ and Fe4+/Fe3+ redox couples for Fe1(OH)x/P-C, while 
the control FeOOH showed the existence of only Fe3+/Fe2+ 
couple at more positive potential. This comparison implied the 
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stronger tendency of Fe1(OH)x/P-C to transfer electrons. Since 
the oxidation of Fe3+ to Fe4+ in Fe1(OH)x/P-C occurred at a 
potential lower than the equilibrium potential of OER (1.23 V), 
the authors believed that the Fe4+ species in deed act as active 
sites for OER (Figure 10k), contrast to that of Fe3+ for FeOOH. 
DFT calculations further revealed that this facile Fe3+ to Fe4+ 
transformation for Fe1(OH)x/P-C is ascribed to the strong inter-
action between the Fe center and the P-C substrate via C–O–Fe 
bonding which shifts the Fe 3d and O 2p orbitals, and hence 
provides suitable adsorption sites for OER intermediates. 
The Gibbs free energy diagram illustrated that the rate-limiting 
step for both Fe1(OH)x/P-C and FeOOH is the *O to *OOH 
conversion. Compared with the Fe3+ active sites of FeOOH, the 
high-valent Fe4+ of Fe1(OH)x/PC elevated the electrophilicity of 
the *O intermediate, which favors the nucleophilic attack of 
OH− to form *OOH. Consequently, the energy barrier of rate-
limiting step for Fe1(OH)x/P-C (1.57 eV) was significantly lower 
than that of FeOOH (2.97 eV, Figure 10l).

4.3. Overall Water Splitting (OWS)

A traditional water electrolyzer necessitates both HER and OER 
electrocatalysts under an identical electrolyte, which are com-
monly based on different materials, such that individual syn-
thetic processes/equipment are needed.[121] Using bifunctional 
electrocatalysts with both HER and OER activity to achieve 
overall water splitting (OWS) has advantages of simplifying the 
preparation procedures and lowering the overall manufacture 
cost.[7,99,122–126]

Hou and co-workers realized a single SASC for OWS based 
on Ru SAs stabilized by defective nickel–iron LDH nanosheets 
(Ru1/D-NiFe LDH).[81] By intentional introduction and etching 
of Al species, the local coordination environments of catalyti-
cally active sites and the defects for Ru1/D-NiFe LDH can be 
precisely regulated for efficient HER and OER in same elec-
trolyte (1.0 m KOH). As shown in Figure 11a, the Ru1/D-NiFe 
LDH exhibited a near-zero onset potential and greater catalytic 

Figure 11. a) HER polarization curves, b) Tafel plots, c) scan-rate dependence of the current densities, d) OER polarization curves, e) overpotentials 
at typical current densities, and f) Nyquist plots of NiFe LDH, Ru1/NiFe LDH, and Ru1/D-NiFe LDH. Commercial Pt/C or IrO2 are also included for 
comparison. g) Schematic diagram and h) polarization curves of overall water splitting catalyzed by Ru1/D-NiFe LDH couple, and commercial Pt/
C||IrO2 couple are also included for comparison. a–h) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[81] Copyright 2021, The Authors, published by Springer Nature.
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current for HER in comparison to those of NiFe LDH, Ru1/
NiFe LDH, and Pt/C benchmark, manifesting the posi-
tive effects of Ru SAs and defects. For example, Ru1/D-NiFe 
LDH required the overpotentials of only 18 and 61  mV to 
deliver 10 and 100 mA cm−2, respectively, lower than those of 
Pt/C (33 and 90  mV), Ru1/NiFe LDH (62 and 118  mV), and 
NiFe LDH (272 and 371  mV). The low Tafel slope of Ru1/D-
NiFe LDH (29 mV dec−1) compared to those of Ru1/NiFe LDH 
(26 mV dec−1) and NiFe LDH (101 mV dec−1) further substanti-
ated its outstanding HER kinetics (Figure  11b) and suggested 
the Volmer–Tafel mechanism. Interestingly, a notable mass 
activity of 14 650 A gmetal

−1 for Ru1/D-NiFe LDH was achieved 
at the overpotential of 100 mV, which is ≈7 times higher than 
that of Ru1/NiFe LDH (2420 A gmetal

−1), and ≈45 times higher 
than that of Pt/C (320 A gmetal

−1). To further understand the 
improved HER performance of Ru1/D-NiFe LDH in com-
parison to those controls, the electrochemically active sur-
face areas (ECSAs) were estimated from the electrochemical 
double-layer capacitance (Cdl) by collecting cyclic voltammo-
grams in a non-Faradaic region.[127,128] Figure 11c clearly dem-
onstrated the highest Cdl of Ru1/D-NiFe LDH (32.6 mF cm−2), 
1.9- and 1.7-fold higher than those of Ru/NiFe LDH and NiFe 
LDH, respectively. The high ECSA of Ru1/D-NiFe LDH ena-
bled the effective accessibility of active sites and thus promoted 
HER, as further verified by the small charge-transfer resist-
ance via EIS measurements. DFT modeling illustrated that the 
Gibbs free energy changes for hydrogen adsorption (ΔGH*) at 
the Ru site of Ru1/D-NiFe LDH (0.25 eV) is lower than those 
at Ni (1.53  eV) and Fe (1.16  eV) sites, indicating Ru sites as 
the active center. Apart from higher HER activity, polarization 
curves before and after 2000 cycles, and chronopotentiometry 
tests for Ru1/D-NiFe LDH showed little changes, indicative of 
the excellent long-term durability.

The OER performance of the Ru1/D-NiFe LDH along 
with control samples were also evaluated in 1.0  m KOH 
(Figure 11d–f). As shown in Figure 11d,e, the Ru1/D-NiFe LDH 
afforded 10 and 100 mA cm−2 at low overpotentials of 189 and 
220  mV, respectively, substantially lower than those of NiFe 
LDH (250 and 290 mV) and commercial IrO2 (350 mV), dem-
onstrating its remarkable OER activity. The steep polarization 
curve of Ru1/D-NiFe LDH near the onset potential suggested 
the low Tafel slope (31  mV dec−1) and thus fast OER kinetics. 
Also, the Nyquist plot of Ru1/D-NiFe LDH exhibited a smaller 
semicircle diameter than those of Ru1/NiFe LDH and NiFe 
LDH (Figure 11f), implying the faster charge transfer between 
the electrodes and the electrolyte. Particularly, the mass activity 
of Ru1/D-NiFe LDH was calculated to be high as 11980 A gmetal

−1 
at an overpotential of 240 mV. DFT calculations illustrated the 
rate-limiting step for Ru1/D-NiFe LDH (Ru–O as the active site) 
is the formation of *OH with an energy uphill of 0.38 eV, which 
is significantly lower than those for Ni–O and Fe–O sites in 
NiFe LDH. Thus, both experiment and theoretical simulation 
confirmed that the Ru SAs and defects of NiFe LDH synergisti-
cally accelerate the reactive kinetics for both the HER and OER 
in the same electrolyte.

Inspired by the superior bifunctionality of Ru1/D-NiFe 
LDH, the authors assembled a two-electrode electrolyzer using 
Ru1/D-NiFe LDH as both anode and cathode for overall water 
splitting (Figure  11g).[81] the polarization curve of Ru1/D-NiFe 

LDH couple required low cell voltages of 1.44 and 1.54  V to 
reach 10 and 100  mA cm−2, respectively, even better than that 
of Pt/C-IrO2 couple (Figure  11h). Strikingly, the Ru1/D-NiFe 
LDH couple can afford the industrial current density as high 
as 500 mA cm−2 at a low cell voltage of only 1.72 V, along with 
robust durability at 10 and 100 mA cm−2 for 100 h.

4.4. Oxygen Reduction Reaction (ORR)

Closing the green hydrogen cycling needs advanced devices to 
utilize the hydrogen generated from water splitting. Among 
them, the hydrogen–oxygen fuel cell is one of the most prom-
ising examples  of  hydrogen utilization equipment.[20,129] How-
ever, its overall efficiency is severely hindered by the sluggish 
electrode reactions, especially the cathodic oxygen reduction 
reaction (ORR).[130–132] As the reverse reaction of OER, ORR 
also contains four-electron-proton-transfer process with high 
reactive energy barriers, such that a large amount of Pt-based 
catalyst is usually needed, posing prohibitive cost for the 
large-scale commercialization.[19,20,129,133] It is thus desirable to 
develop high-performance and cost-effective low Pt or non-Pt 
catalysts for ORR.[134] SASCs with high activity and atomic effi-
ciency have the possibility to achieve this goal.

Yao and co-workers reported that atomically dispersed  
Pt–Co on a nitrogen–carbon support (A-CoPt-NC) can serve as 
an advanced ORR electrocatalyst with high activity and four-
electron selectivity (Figure 12).[93] Noise-filtered HAADF STEM 
imaging identified the local coordination of the metal atoms 
(Figure  12a,b), wherein the metal atoms linked by the adja-
cent carbon/nitrogen atoms were featured with purple circles 
(Figure 12c).

The electrocatalytic ORR performance of A-CoPt-NC was 
studied by steady-state LSV on a rotating disk electrode (RDE) 
at different rotating speeds in O2-saturated 0.1  m KOH elec-
trolyte. As shown in Figure  12d, all the steady-state ORR 
polarization curves of A-CoPt-NC exhibited well-defined diffu-
sion-limiting currents (0.4–0.8  V vs RHE) following a mixed 
kinetic-diffusion region. Moreover, linearity of Koutecký–Levich 
(K–L)  plots and the near parallelism of the fitting lines sug-
gested the first-order reaction kinetics with respect to dissolved 
O2 and potential-independent electron-transfer number.[135] The 
slopes of the K–L plots revealed a four electron (n  = 4) ORR 
pathway. To emphasize the eminent activity of A-CoPt-NC, two 
controls of Co-NC and commercial Pt/C benchmark were also 
tested for comparison. Figure 12e exhibited that the Co-NC pos-
sesses a higher half-wave potential (0.92 V vs RHE) but lower 
limiting current density (4.8  mA cm−2) than those of Pt/C. 
Remarkably, the A-CoPt-NC demonstrated the best perfor-
mance among them, as reflected by the most positive half-wave 
potential (0.96 V vs RHE) and largest limiting current density 
(≈5.8  mA cm−2), demonstrating the synergistic effect induced 
by the SAs of Pt and Co. Moreover, the mass activity of A-CoPt-
NC (45.47 A mg−1) was calculated to be 267 times higher than 
that of Pt/C (0.17 A mg−1). Also, its specific activity and TOF 
were 3-fold and 81-fold greater than those of Pt/C, respectively 
(Figure  12f).[93] In addition, the A-CoPt-NC exhibited excel-
lent durability with 96.4% activity retain, better than that for 
Pt/C (79.7%). The rotating ring disk electrode (RRDE) tests 
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(Figure  12g,h) also showed a high electron-transfer number 
above 3.6 and a low H2O2 yield below 17% for A-CoPt-NC over 
the potential window from 0.4 to 1.0 V versus RHE, confirming 
the predominant four-electron ORR pathway.

The authors speculated that the synergetic effect of atomic 
Pt–Me (Me = Co/Pt) coupling species at the carbon defects 
(denoted as a(Pt–Me)@Defects) in A-CoPt-NC accounts for 
the superb ORR performance. Based on the structural obser-
vations (Figure  12a–c) and XANES fittings, two representative 
models of a(Co–Pt)@N8V4 and a(Co–Pt)@N6V4 were con-
structed (Figure  12i,j), and thus the corresponding Gibbs free 
energy diagram for ORR over the two models can be obtained. 
The results revealed that the most energetically favorable con-
figuration is a(Co–Pt)@N8V4 with a low overpotential of 0.30 V 
for the rate-limiting step (the first protonation, O2→OOH*). 
In contrast, the corresponding overpotential over a(Pt–Pt)@
N8V4 was high to 1.07 V. DOS analysis implied that the Co 3d 
orbital in a(Co–Pt)@N8V4 is much closer to the Fermi level 
than that of the Pt 5d orbital in a(Pt–Pt)@N8V4, indicating the 
strong binding with oxygen for the former. Additionally, the 
stronger electron accumulation (pink area) around the Co atom 
in a(Co–Pt)@N8V4 relative to that around Pt in a(Pt–Pt)@

N8V4 (Figure  12i,j) can further accelerate the reduction of O2 
(Figure 12k), leading to enhanced ORR performance.

5. Conclusion and Perspective

With benign synthetic conditions, simple processing steps, and 
short preparation time, ambient electrosynthesis has estab-
lished a novel and effective avenue for the rapid synthesis of 
catalysts with single-atom sites (SASs) for electrocatalytic green 
hydrogen cycling. Herein, we have summarized recent achieve-
ments in ambient electrosynthesis toward SASs ranging from 
nonprecious metals such as Fe, Co, Ni, Cu, Zn, V, Cr, Mn, Sn, 
Pb, Bi to noble-metals including Ru, Rh, Pd, Ag, Ir, Pt, and Au, 
some of which have exhibited excellent electrocatalytic perfor-
mance for hydrogen generation from water splitting and oxida-
tive conversion through a hydrogen–oxygen fuel cell to achieve 
hydrogen economy. Specifically, these ambient electrosynthesis 
methodologies include top-down electrochemical etching (ECE) 
that gradually etches bulk metal counterparts away to leave 
single atoms, bottom-up direct electrodeposition (DED), which 
generates single atoms directly from metal ion solutions with 

Figure 12. a) HAADF and b) the corresponding zoomed-in image of A-CoPt-NC. The bright yellow and cyan spots are metal atoms and carbon atoms, 
respectively. c) Model of the two metal atoms trapped in the defect. d) RDE polarization curves of A-CoPt-NC at different rotating speeds in O2-satu-
rated 0.1 m KOH solution. The inset shows the corresponding K–L plots at different potentials. e) RDE polarization curves of Co-NC, A-CoPt-NC, and 
Pt/C for ORR. f) Comparison of mass activity, TOF, specific activity, and stability of the A-CoPt-NC and Pt/C for ORR. g) Rotating ring-disk electrode 
voltammogram of A-CoPt-NC at a rotation rate of 1600 rpm. h) The corresponding percentage of peroxide and the electron transfer number of A-CoPt-
NC for ORR. i,j) Top views of the charge densities of a(Co–Pt)@N8V4 (i) and a(Pt–Pt)@N8V4 (j). k) The ORR reaction pathway on a(Co–Pt)@N8V4. 
a–k) Reproduced with permission.[93] Copyright 2018, American Chemical Society.
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applied currents or potentials, and combined top-down and 
bottom-up electrochemical leaching–redeposition (ELR), which 
contains first electrochemical leaching of bulk metals followed 
by deposition onto counter substrates to access SASs. Although 
great progress has been made, we are still facing some chal-
lenges and there is a long way ahead for the facile and afford-
able synthesis of high-performance SAS-based catalysts 
(SASCs) to electrochemically produce and convert hydrogen in 
a sustainable manner.

First, although ambient electrosynthesis is simple and envi-
ronmentally benign, it usually obtains SASs on a specific sub-
strate with a small geometric area (<1 cm2) in an H-type or 
single compartment cell, such synthetic configuration and the 
resulting SASs-loaded electrodes are perfect for electrocatalytic 
measurements in laboratory,  while for practical membrane 
electrode assemblies (MEAs) or even device fabrications, it is 
required to expand the electrosynthesis scale and little atten-
tion has been paid currently. Simple and proportional scale-up 
would fail due to the suffered mass and heat transfer limitation 
at high currents/potentials in an H-cell. Developing novel elec-
trolyzers and supporting electrodes with hierarchical porosity 
for rapid ion transport is desirable. The multichannel flow 
reactor system can overcome the mass/heat transport limita-
tions by continuously circulating the precursors’ solutions 
and products to and away from the electrodes,[136] rendering it 
potentially effective for large-scale synthesis of SASCs. Due to 
the high propensity of single atoms to aggregate, the resulting 
SASCs prepared by a vast majority of strategies including 
ambient electrosynthesis normally possess low metal loading 
(<5 wt%, Table  1), leading to low volumetric density of active 
sites in SASCs relative to that of traditional nanocrystal cata-
lysts. It is thus essential to increase the mass loading and/
or availability of SASs. Tailoring the morphology of the sup-
ports with 3D open porous architectures, plentiful defects and 
strong coordination atoms would not only improve the acces-
sibility of active sites but also provide adequate anchoring sites 
to stabilize single atoms, such that diverse nanostructure and 
electronic state engineering like 3D-printing, shape-controlled 
synthesis, interfacing, and plasma activation are welcome.[137] 
Additionally, because only the surface species of the supports 
accounts for anchoring SASs, repeated sequential deposition of 
supports and SASs is good for the construction of MEAs with 
laminate structure to maximize the loading of SASs.

Second, SASCs ideally feature with well-defined coordina-
tion structures, which would facilitate exploring the struc-
ture–electrocatalytic mechanism correlations, while current 
physiochemical characterizations like XAS can only show us 
the statistical or proximate structure. For instance, most XAS 
analyses mainly focus on the first coordination shell of SASCs. 
Very few studies investigate their second or higher coordination 
shells due to the complex interaction between the  X-rays and 
the  underlying materials. High-resolution electron microscopy 
can directly evidence the atomic dispersion of SASCs with 2D 
imaging, while thorough description of their 3D spatial configu-
rations has remained limited. Novel, rapid, and nondestructive 
3D tomography combined with intelligent massive data analysis 
system such as machine learning is desirable. Notably, some 
in situ/operando techniques have revealed the dynamic evolu-
tion or even reconstruction of SASCs during the electrocatalytic 

processes,[138–140] meaning that the original SASCs confirmed 
by ex situ physiochemical characterizations may not be the real 
active centers. Moreover, each characterization technique has 
its own limitations in terms of the detection range, it seems 
impossible that one or few analytical techniques can give us a 
full picture of what happens for the whole electrocatalysis pro-
cess which may be governed by multiple factors including the 
oxidation state and local coordination structure of SASCs, and 
electrolyte–electrode interface. Consequently, innovative charac-
terization techniques and their combination are demanded for 
real-time and comprehensive monitoring of the SASCs-catalyzed 
reactive interfaces. Theory modulations like DFT are beneficial 
to help us to in-depth understand the origin of dynamic changes 
of SASCs and the underlying electrocatalytic mechanism, 
while the prevailing modeling based on the local coordination 
of central metal atoms (first coordination shell) is too simple 
in some cases, because recent work has showed that the adja-
cent SASs exhibit new electronic properties and electrocatalytic 
behaviors.[93,141] Introducing machine learning to accurately con-
struct the models close to real reaction interfaces would greatly 
promote the discovery of next-generation descriptor-based 
approaches to screen and guide the design of advanced SASCs.

Third, in spite of the fact that SASCs have showed excep-
tional activity and stability for HER, OER, and ORR, closing the 
green hydrogen cycling needs high-performance electrocata-
lysts for the hydrogen oxidation reaction (HOR), an anode half-
reaction in the hydrogen-oxidation fuel cell.[142–144] Although 
HOR with two-electron–proton transfer is thermodynamically 
more favorable than ORR, the kinetics, even for the state-of-
the-art Pt catalysts in alkaline electrolyte, is still sluggish.[145] 
Considering the marvelous properties of SASCs, it is worthy to 
extend their application in HOR. However, to our knowledge, 
relevant researches have been rarely reported. It is therefore 
urgent and important to precisely design advanced SASCs on 
the basis of ambient electrosynthesis for HOR electrocatalysis.

Finally, given the flowing characters of commercial-scale water 
electrolyzers and fuel cells, it is encouraged to further evaluate 
the performance of SASCs in real working conditions, not only 
in H-cells due to the fact that direct incorporation of SASCs 
into MEAs or devices following the established paradigms may 
face new challenges in water management, reactants/products 
transfer and components assembly. Separately investigating 
individual components within a device or system is obviously 
insufficient,[146] and system materials and advanced manufac-
turing engineering is therefore needed to comprehensively study 
the interactions between individual components and how these 
interactions result in the whole performance of the final system.
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