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Abstract:

Advances in various clean energy conversion and storage technologies (e.g., fuel
cells, water electrolysis, and metal-air batteries) requires catalysts that are highly active,
selective, and stable. Single-atom catalysts, with their unique structure, high atom
utilization and well-defined active sites, have gained considerable attention in
electrocatalysis. However, their practical applications are hindered by low metal

loading and too single active sites. Integrating single atoms with nanoparticles
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(including clusters) into a single catalytic entity (SA/NPCs) has been demonstrated to
be an effective way to overcome these challegenes by synergizing different active
species, thus leading to considerably enhanced catalytic performance. This review aims
to provide a systematic summary of recent advances in this emerging field. First, we
classify the integrated effects that contribute to the enhanced activity, selectivity, and
stability of SA/NPCs into electron transfer effect, tandem effect, and parallel effect.
Then, the realization and synthetic challenges of SA/NPCs are discussed based on two
types of substrates, i.e., carbon- and metal-based carriers. Furthermore, we summarize

and elaborate state-of-the-art applications of these catalysts in various electrochemical
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reactions, including oxygen reduction reaction, oxygen evolution reaction, hydrogen’’ o oaec

evolution reaction, and other emerging electrocatalytic reactions such as carbon dioxide
and nitrogen reduction reactions. Finally, the challenges and opportunities associated
with the development and implementation of this class of catalysts are highlighted to
provide insights for future endeavors.

Keywords: Single atoms; nanoparticles; nanoclusters; electrocatalysts;

electrochemical energy conversion
1. Introduction

The pressing concerns over environmental pollution, climate change, and energy
crisis have triggered considerable efforts worldwide in developing sustainable
electrochemical energy conversion technologies, such as fuel cells, water electrolyzers,
and metal-air batteries '->. These devices rely on various electrochemical reactions, such
as oxygen reduction/evolution reactions (ORR/OER) and hydrogen evolution reactions
(HER), to convert chemical energy into electrical energy, or vice versa. However, the
kinetics of these reactions are sluggish, resulting in low efficiencies and poor
performance of these devices % 7. Therefore, catalysts that can enhance the rates of
electrochemical conversion are essential to the success of these electrochemical
technologies ®!!. At present, the most widely used catalysts are typically made of
precious metals (e.g., platinum '?> and palladium '3) because of their exceptional
catalytic activity. However, the scarcity and cost issues of noble metals pose significant
hindrances for their widespread applications. Moreover, even precious metal catalysts
present limited selectivity and stability for catalytic reactions '4 3. For example, as the
most widely used catalyst for ORR, platinum is susceptible to corrosion and poisoning
during prolonged operation, leading to decreased catalytic activity !°. Additionally,

poor selectivity in the reaction can lead to the formation of harmful byproducts (e.g.,
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hydrogen peroxide) !7, which compromises the efficiency and longeyity,,0f ./ iacesec
electrochemical devices. Hence, the development of advanced electrocatalysts with low
cost and high activity, selectivity, as well as stability is of paramount importance.

To this end, a wide variety of catalysts have been reported, among which metal-
based catalysts dominate due to their diverse electronic structures and chemical
properties 1821, The catalytic performance of metal-based catalysts can be tailored by
adjusting particle size, chemical composition, active site valence, and atomic
coordination of catalysts 2226, Remarkably, downsizing the particle size to nanoscale
has been found to profoundly change the catalytic behavior of metal-based catalysts.
Thanks to the advances in nanotechnology, the past several decades have witnessed a
boom in electrocatalysis using nanostructured metal catalysts for various
electrochemical reactions 27-%%. The dramatic changes in catalytic performance brought
about by nanomaterials can be summarized as follows. (1) Smaller particles display a
larger surface area, thus increasing the number of active sites available for catalytic
reactions and ultimately enhancing performance 2°-33. (2) The modification of electronic
structures resulting from size reduction can promote charge transfer and facilitate the

desired reaction steps, thereby improving catalytic efficiency and accelerating overall
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reaction kinetics 3437, (3) Variation in nanoparticle size affects the production of various
reaction intermediates, thus impacting the selectivity of the final product 3% 3°. The
unique advantages of nanoparticle catalysts in electrocatalytic reactions can also be
exemplified by their surface/interface 4 41, crystal facets 4> 43, morphology #+46, and
other properties 47. By carefully regulating these properties, it is possible to design and
optimize nanoparticle catalysts with superior performance for various electrochemical
reactions.

Despite extensive studies of nanoparticle catalysts, their broader application is
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hindered by their relatively large size and the fact that only surface atoms are agtiye 4105, a0008ec
catalysis 4830, To remove this limitation and maximize metal utilization, researchers
have proposed to create active sites at atomic level, termed “single-atom catalysts
(SACs)”. The term “SACs” was introduced by Zhang et al. in 2011, when they
successfully synthesized Pt-based SACs by loading Pt atoms onto the Fe,O; surface
and demonstrated their excellent activity in CO oxidation 3!. Since then, researchers
have designed various types of SACs to achieve high catalytic efficiency in different
reactions. The advantages of SACs can be summarized in the following three aspects.
First, SACs have highly distributed active sites at atomic level, allowing maximum
metal utilization efficiency (up to 100%) and maximizing atomic economy %33, Second,
the uniformity of active sites and geometric structures of SACs ensure that reactant
molecules interact uniformly across the catalyst surface, mitigating side reactions
caused by variations in active sites and thus effectively improving catalytic selectivity
>4,55_ Third, the homogeneous structure of SACs is more conducive to characterization
and recognition, which is instrumental in investigating the structure-performance
relationship of the catalysts at the atomic level and revealing the mechanism of catalytic
reactions 3¢, However, the ultra-small size and high surface energy of SACs can lead to
stability problem °7. Additionally, the single active site and low metal loading of SACs
20,58-60 make them inferior to catalyze reactions that involve multiple steps ©!.

In recent years, considerable efforts have been directed at addressing the
limitations of SACs by combining them with heterogenous nanoparticles (including
clusters). The integration of these two components in one catalyst offers several unique
advantages, which are highlighted as follows. (1) Synergistic enhancement of catalytic
activity and selectivity. The introduced nanoparticles can regulate the electron

configuration of neighboring single atoms, leading to optimized adsorption energy of
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the reaction intermediates, thus promoting reaction kinetics $270. Moreoygr, , the) /aosesec
optimization of intermediate adsorption energy can also catalyze the specific reaction
pathways, driving the reaction toward the desired direction and thus boosting the
selectivity 773, (2) Enhanced active sites. By introducing both single atoms and
nanoparticles, the number and variety of active sites can be increased, which is of great
significance for catalyzing multi-step electrocatalytic reactions in tandem or promoting
different types of electrocatalytic reactions through parallel effect 7+7°. (3) Improved
stability. The electron interaction between the SACs and nanoparticles helps to stabilize
the electronic structure of the single atoms, thereby avoiding agglomeration or
deactivation during the catalytic reactions 3% 8!, Through this ingenious combination,
numerous catalysts with exceptional catalytic performance have been developed,
showing great promise for developing highly effective catalysts 7% 82-%4, However, there
is a lack of comprehensive review of this rapidly emerging class of catalysts. In this
review, we aim to provide a comprehensive summary of the development of SA/NPCs
as illustrated in Fig. 1. We start with discussing the integrated effects within SA/NPCs,
followed by categorizing the catalysts and summarizing their up-to-date applications in

different electrocatalytic reactions. Finally, future research opportunities and
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perspectives in developing novel heterogeneous catalysts using this combining strategy
are highlighted. We hope that the timely summary of state-of-the-art knowledge of this
exciting field will attract more research interest and promote the development of

catalysts for next-generation electrochemical energy conversion and storage.
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Fig. 1. Schematic diagram of the integrated effects, types, and electrocatalytic
applications of SA/NPCs.

2. Integrated effects of SA/NPCs

The coexistence of single atoms and nanoparticles does not just increase the
number of active sites but will improve the activity, selectivity, and stability of metal-
based catalysts in a collective and/or synergetic way. An in-depth understanding of the
cooperative functions of catalysts is essential to the establishment of a structure-
performance relationship that will guide the design and optimization of highly efficient
catalysts. Although the exact mechanisms underlying the cooperative behavior of active
species in SA/NPCs remain unclear, it can usually be classified into the following three
integrated effects: electron transfer effect, tandem effect, and parallel effect (Fig. 2). It
is important to acknowledge that catalytic reactions often encompass multiple
pathways/steps and involve numerous electron transfers. Furthermore, it is highly
probable that several of the aforementioned effects may coexist in actual catalytic

reactions, leading to a significant enhancement in catalytic performance. However, it
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remains a formidable challenge to elucidate the underlying mechanisms linking

observed distribution of active sites to the resulting catalytic performance.
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Fig. 2. Schematic diagram of the integrated effects of SA/NPCs. Electron transfer effect:

There is an electron transfer between single atoms and nanoparticles, and the optimized
electronic structure improves catalytic performance; Tandem effect: Single atoms and
nanoparticles accelerate one or two specific steps in the reaction, thus collaboratively
accelerating the entire reaction; Parallel effect: Single atoms and nanoparticles catalyze
different reactions respectively and thus endows the catalysts with multifuctional
properties.

2.1 Electron transfer effect

The efficient control of the electronic structure of catalysts has been recognized as
an effective way to enhance electrocatalytic activity. Particularly, the electrochemical
performance of single atom and nanoparticle catalysts is highly dependent on the
electronic environment at atomic level 8. Noting that most SA/NPCs use carbon as
support, the local electronic environment of the catalysts can be optimized by tuning
the metal-carbon interaction. Researchers have found that the integration of single
atoms with nanoparticles can synergistically alter the state of charge of active sites,
which reduces the binding strength of reaction intermediates, lowers the reaction energy
barrier, and optimizes the adsorption/desorption behavior, thereby considerably
improving electrocatalytic performance. For example, Su et al. demonstrated that

doping single metal atoms (e.g., Fe, Co, and Ni) in a carbon substrate could effectively

7
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reshape the electronic structure of the supported Ru nanoparticles, resulting, in ,a1l5 1 roo08ec

optimized electronic structure that enhanced electrocatalytic activity (Fig. 3a) 86. As
shown in Fig. 3b, the strong interaction between Russ and M;@OG (oxygen-doped
graphene) regulates their charge state. Specifically, the introduction of single metal
atoms into oxygen-doped graphene leads to electron deficiencies in neighboring carbon
atoms, resulting in greatly improved electron transfer from the Ru nanoparticles to the
carbon substrate. Consequently, the relatively positive charge density at the Ru
nanoparticle interface weakens the binding strength of the H* intermediates, thereby
enhancing the catalytic activity toward HER (Fig. 3¢). These results suggest that the
remote electronic interaction of single atoms on carbon substrates with Ru nanoparticles
can optimize the free adsorption energy of intermediates, thus achieving efficient HER
electrocatalysis.

The unique carbon structure also plays a key role in regulating the electronic
interaction between single atoms and nanoparticles. For example, Feng et al.
constructed a Ru-based electrocatalyst structure featuring Ru nanoparticles as the core,
wrapped by single-atom RuNjy species dispersed in a fullerene-like carbon cage as the
shell (Runp@RuN4-FC, Fig. 3d) 7. Compared with the planar carbon matrix
configuration (Runp-RuN4/PC), the electronic density of state (DOS) for Runp@RuN,-
FC exhibits a lower d-band center (g4). Based on the d-band center theory, a decrease
in &4 value gives rise to weaker but more favorable bonding strength of hydrogen for
hydrogen production (Fig. 3e). Additionally, Runp@RuNy-FC exhibits a much lower
Gibbs free energy of hydrogen (AGy+, Fig. 3f), indicating the stronger hydrogen
adsorption process. Bader charge analysis further revealed that the electron transfer
from the inner Ru nanoparticles to the single-atomic Ru on RuNP@RuN,-FC

modulates the charge distribution of Ru single atoms, thereby promoting water
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dissociation. Therefore, the electronic structure of Ruxp@RuNy-FC was optimized dyei i iooaec
to the combination of Ru nanoparticles and single-atomic Ru decorated fullerene-like

carbon shell, which consequently boosted the HER activity.
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Fig. 3. (a) Theoretical model of Russ supported on O-doped graphene with dispersed
metal atoms. (b) Bader charge analysis projected to Russ cluster. (c) Binding energies
of Russ/M;@OG and freestanding Russ, and its corresponding A Gy« Reproduced from
Ref. 8¢, Copyright 2021 Wiley-VCH. (d) Structure of Ruxp@RuN4-FC. (e) Density of

state diagram of RuNP@RuN,-FC and RuNP-RuN,/PC. (f) Relationship of AGy«
against the &4 of the Ru atoms in RuUNP@RuN,4-FC and RuNP-RuN,4/PC. Reproduced
from Ref. 37, Copyright 2022 Elsevier.

2.2 Tandem effect

~RUN,/PC
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Electrocatalytic reactions, such as OER and HER, usually involve complex
elementary reaction steps 3% %, The introduction of both single atoms and nanoparticles
into one catalyst has been shown to increase the variety of active sites, where each
active site can accelerate one or two steps in the complex reactions and collectively
accelerate the overall reaction. This catalytic process is commonly referred to as tandem
or relay catalysis. A noteworthy example of tandem catalysis is demonstrated by Cao
and colleagues, who successfully synthesized a highly efficient OER electrocatalyst

containing dual active sites of Fe-NiOOH small particles and NiC, single atoms °°.
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From the free-energy paths of four-electron transfer during the OER progess,, theis raoomsec
limiting step for Ni single atoms is *OH — *O, while *O — *OOH for Fe-NiOOH
(Fig. 4a). Cao et al. proposed that Ni SAs/Fe-NiOOH adopted a tandem catalysis
process to achieve high OER activity, where Fe-NiOOH nanoparticles were responsible
for the first two elementary reactions (*OH and *O formation) with a
thermodynamically favorable pathway. The formed *O then migrated to the surface of
the NiC, single atoms, completing the subsequent conversion and desorption process
(Fig. 4b and c¢). The tandem effect allowed Ni single atoms and Fe-NiOOH
nanoparticles to collaboratively reduce the overall reaction energy barrier and promote
the OER process. Similarly, the tandem effect has been observed to promote the HER
process. For example, Zhang et al. reported the nickel oxide supported Ru single-atoms
and nanoclusters catalyst (Ruganc/NiO-NF) for the typical multi-step alkaline HER °!.
For the HER in an alkaline medium, the overall pathway can be divided into H,O-
adsorption, H,O-dissociation, and H-recombination. As shown in Fig. 4d, H,O presents
thermodynamically more favorable adsorption/dissociation on the Ru single-atoms
sites than on Ru nanoclusters sites and NiO sites. Additionally, the Ru nanoclusters
sites possess a more negative AGy+ value, indicating the released H prefers to be
absorbed on the Ru nanocluster sites (Fig. 4e). Owing to the weak binding energy
between NiO and H, the adsorbed H migrates from the Ru nanocluster sites to NiO sites
through H spillover and desorbs from NiO sites. Therefore, the tandem effect among
multiple active sites (Ru single-atoms, Ru nanoclusters, and NiO) collectively catalyze

the whole HER process (Fig. 4f).

10
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Fig. 4. (a) Free energies of intermediates on Ni-C4 SAs and Fe-NiOOH. (b) The tandem
catalysis mechanism of Ni SAs/Fe-NiOOH for OER. (¢) Schematic diagram of OER
through an oxygen migration mechanism. Reproduced from Ref. %, Copyright 2021
Elsevier. (d) The free energy diagrams of H,O adsorption and H,O-dissociation on
different active sites. (¢) The free energy diagrams of H-adsorption on different active
sites. (f) Schematic illustration of the synergistic effect mechanism among Ru single-
atom site, Ru nanocluster site, and NiO site during the alkaline HER process.
Reproduced from Ref. °!, Copyright 2020 Elsevier.

2.3 Parallel effect

The combination of single atoms and nanoparticles can also catalyze different
reactions at the same time to achieve multifuctional catalytic properties, which is
classified as parallel effect 2. For example, Ding et al. proposed a carbon nanotube-
bridging strategy to synthesize an ORR/OER bifunctional oxygen electrocatalyst
enriched with highly active single-atom Fe sites and nanosized NiCo hydroxides for
all-solid-state zinc-air batteries (ZABs, Fig. 5a) 3. In this hybrid electrocatalyst, single-
atom FeNs active sites promote the ORR, while nanosized NiCo hydroxides is
responsible for catalyzing OER. This parallel effect was confirmed by in-situ Raman

characterizations. As the applied potential shifts negatively from 0.97 to 0.17 V (Fig.

11
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5b), the characteristic peaks at 591, 685, and 751 cm! exhibit a trend of attenuation and’ )5 caee
then enhancement, which suggest that oxygen-containing intermediates (e.g., *OOH,
*Q, and *OH) are generated on the Fe active centers. The further negative shift in the
applied potential that resulted in relatively enhanced signals is possibly due to the
desorption of the *OH product. These results suggest that the ORR process occurred at
the Fe active center, likely via the O,— *OOH — *O — *OH — OH™ pathway. As for
the OER reaction, with a further increase in applied potential, two distinct new peaks
appear at 476 and 554 cm™!, which were ascribed to the metal (Ni, Co)—O vibrations in
(Ni, Co)~OOH %4, suggesting that the real active site for OER should be the
corresponding nanosized hydroxide (Fig. Sc). In addition to their bifunctional activity
for ORR/OER, SA/NPCs can be endowed bifunctional activity in HER and OER for
overall water splitting 3. For example, Sun et al. synthesized a hybrid catalyst, Au-
FeNC/NF, containing Au nanoclusters and Fe single atoms, which exhibited
outstanding alkaline HER and OER activity (Fig. 5d) °0. Density functional theory
(DFT) calculations revealed that the presence of Fe single atoms in Au-Fe;NC/NF
induces the electron delocalization of Au nanoclusters, thereby enhancing the HER
activity. In-situ Raman experiments provided insight into the mechanism of synergy in
OER. As the potential and time increased, the OER intermediate Fe;—O—O—H was
observed, demonstrating the effectiveness of Fe single atoms as active sites for OER
(Fig. S5e and f). These findings highlighted the synergistic interaction between Au
nanoclusters and Fe single atoms, leading to excellent performance in alkaline water
splitting for the Au-Fe;NC/NF catalyst.

SA/NPCs also show potential as trifunctional catalysts due to the parallel effect 7
%8, For example, Li et al. prepared hollow carbon nanotubes integrated with cobalt

atoms with CoySg nanoparticles (CoSA + CoySg/HCNT) ?8. Theoretical calculations

12
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confirmed that the interaction between CoySg and single-atom CoNy sites optimize the b riosoaec.
electronic configuration of the active sites to synergistically lower the reaction barriers
and facilitate the ORR, OER, and HER simultaneously (Fig. 5g-i). Ahn et al. developed
a trifunctional catalyst for HER/ORR/OER by combining NiFe nanoclusters with
atomically dispersed Ni active sites °2. The authors proposed that strategically placing
the metal clusters close to the surrounding single atom-based active sites greatly
optimize the multifunctional catalytic activity. However, due to the diversity and

complexity of active species, the reaction mechanism of such catalysts needs to be

further explored.
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Fig. 5. (a) Schematic diagram of the all-solid-state Zn-air battery with a
FePc||CNTs|[NiCo/CP  cathode. In situ Raman spectra collected on
FePc||CNTs||NiCo/CP for (b) the ORR process and (c) the OER process. Reproduced
from Ref. 3, Copyright 2022 Wiley-VCH. (d) Schematic illustration of overall water
splitting on Au-Fe;NC/NF. Alkaline OER in situ Raman spectra for Au-Fe;NC with
the increase of potential (¢) and time (f). Reproduced from Ref. °°, Copyright 2023
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American Chemical Society. (g) Free energy diagrams for the thermodynamicJimiing;  roooaec
potentials of ORR steps. (h) Free energy diagrams for the thermodynamic limiting
potentials of OER steps. (i) Free energy diagrams of Co¢Sg, CoN4, and CoSA +
CogSg/HCNT for HER and inset is the model of adsorption configuration of HER on

CoSA + CoySg/HCNT. Reproduced from Ref. 8, Copyright 2020 Wiley-VCH.

To sum up, the exceptional catalytic performance of SA/NPCs catalysts can be
attributed to the electron transfer effect, tandem effect, and parallel effect. Electron
transfer effect between single atoms and nanoparticles plays a crucial role in adjusting
the adsorption strength of intermediates, reducing the Gibbs free energy, promoting
reactant dissociation, and ultimately enhancing catalytic ability. The tandem effect
observed in SA/NPCs involves the participation of both single atoms and nanoparticles
in different intermediate steps of each catalytic reaction, leading to a collective
acceleration of the overall reaction. Moreover, the parallel effect in SA/NPCs can
facilitate various catalytic reactions or lower the energy barriers of different catalytic
reactions through their interactions. These integrated effects in SA/NPCs provide
tremendous opporunities for the rational design and development of highly efficient

catalysts.
3. Categories and construction challenges of SA/NPCs

The catalytic activity, selectivity and stability of SA/NPCs are closely related to
the catalyst structure. To gain a deeper understanding of the structure-performance
relationship, the reported SA/NPCs catalysts are categorized into two types based on
the substrates of catalysts. One type involves loading single atoms and nanoparticles
onto the same carbon substrates *°-191, while in the other type, metal nanoparticles serve
directly as the substrate for the single atoms, with their stability ensured through strong
chemical bonding 9% 193, Typical structure models and features of each catogories are
summarized and compared in Table 1. In addition to the structural considerations, we

will also discuss the key challenges in fabricating these SA/NPCs.
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Table 1. Categories of SA/NPCs

Structural

Type Structural model feature Ref.
Reproduced
Co-loading of  from Ref. 194,
. SIS, « "y single atoms and ~ Copyright
Anchoring P t N _ nanoparticles on 2020 Chinese
carbon carriers Chemical
Color code: Pt dark blue; C gray Socie
N blue; H white. R4
8. ;t
P S ek " - Anchorin Reproduced
G S08 § R A oring from Ref. 105,
. €g o2 € % %o nanoparticles onto .
Anchoring e® s s . Copyright
- single atom-doped 2022 Springer
Pt-ACs/CoNC carbon carriers pring
Color code: C brown; Nature.
N gray; O red; Co cyan-blue; Pt blue.
Wrapping Reproduced
nanoparticles  from Ref. %7,
Wrapping with single Copyright
atom-doped 2022 Elsevier.
Runp@RuN,-FC carbon
Color code: Ru gold, N blue; C gray.
oo o0
Metal &%&%A Dobi ol Reproduced
etal eV 0 OPINE SMEIE 5. om Ref, 106
nanopartic W . e atoms 1nto Copvri 'ht ’
les-based Mo, TiC, Ty Ptsa nanoparticles 201 ff I}:Ia%ure

Color code: Pt darkblue; Mo pink;
O red. Ti light blue; C brown.

3.1 Carbon-based SA/NPCs

Single atoms and nanoparticles co-loaded onto the carbon matrix are the most

widely studied SA/NPCs. Carbon materials usually possess abundant anchoring sites

due to the inherent defects '°7 and surface functional groups %% 19 thus facilitating the
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uniform deposition of metal single atoms and nanoparticles. Furthermore, heteroatoni’y 1 o oaec

(e.g., nitrogen) doping of carbon matrix can further increase the deposition possibility
110-112 - Based on the distribution relationship between metals and carbon carriers,

carbon-based SA/NPCs can be further divided into two categories: anchoring type and
wrapping type.
3.1.1 Anchoring type

The anchoring type refers to the direct anchoring of metals onto the carbon
substrate materials, which generally can be divided into two scenarios. One is that the
single atoms and nanoparticles bind to the substrate through metal—N or metal—O bonds
113,114 "where the two active species are spatially adjacent to each other but lack direct
chemical bonds. In such catalysts, single atoms and nanoparticles tend to act as isolated
active centers for different catalytic steps, resulting in enhanced catalytic performance
through a tandem effect °!- 194, For example, Zhu et al. developed a catalyst consisting
of Pt single atoms and nanoclusters on nitrogen-doped carbon substrates (PtSA/NC-DG,
Fig. 6a) to promote electrocatalytic HER %4, They obtained nitrogen-doped defective
graphene (DG) by pyrolyzing a physical mixture of glucose and carbon nitride.
Subsequently, Pt single atoms were anchored to DG through a one-step chemical
deposition, followed by a further thermal treatment to convert some Pt single atoms
with unsaturated coordination structures into Pt nanoclusters. The coexistence of Pt
single atoms and nanoclusters was confirmed by the high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) and the Fourier-
transform extended X-ray absorption fine structure (FT-EXAFS) spectrum of
PtSA/NC-DG, revealing Pt-C/N/O and Pt-Pt coordination (Fig. 6b and c¢). DFT
calculations further revealed that Pt nanoclusters promote water dissociation into *H

and *OH, while Pt single atoms facilitate the H-H coupling into gaseous hydrogen,
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leading to a tandem catalytic hydrogen evolution process. T rpifinpoius
The second type involves the direct deposition of the nanoparticles on a single
atom, which results in a strong chemical interaction between them. The synthesis
strategy for this type of catalyst involves the gradual construction of both active
constituents: single atoms and nanoparticles. To effectively anchor nanoparticles,
single-atom sites often require specific properties. Previous research has demonstrated
that the formation of metal-oxygen-metal chemical bonds or metal-metal quasi-
covalent bonds can significantly enhance the stability of the catalyst structure. For
instance, Zhao et al. utilized isolated Co atoms and nitrogen co-doped porous carbon
(CoNC) as a unique substrate 1%, The isolated Co atoms possess a positive charge and
are stabilized by four surrounding N atoms in the equatorial plane, along with one O
atom in the axial position. These O atoms above the Co single atoms can effectively
capture Pt ions incorporated during the wet-impregnation process, resulting in the
formation of stable Pt atomic clusters (Pt ACs) on the surface of the CoNC substrate
(Fig. 6d). The HAADF-STEM image and the corresponding DFT optimized structure
(Fig. 6e) provide evidence of the strong interaction between Pt and Co species due to

the formation of Pt-O-Co coordination, which stably anchores the Pt ACs. FT-EXAFS

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

spectra and DFT further demonstrated that the Pt ACs were composed of Pt-O-Pt units
with a lower Pt oxidation state, which is beneficial for hydrogen generation (Fig. 6f
and g). Guo and his colleagues initially used pyrolysis to prepare carbon supports
containing single-atom Cr—N, sites (Cr—N—C) !5, Subsequently, they successfully
anchored Pt ACs on the Cr—Njy sites through wet-impregnation and heat treatment
processes (Fig. 6h). The combination of experimental studies and DFT calculations
revealed that a strong Pt—Cr quasi-covalent bonding interaction is formed at the

interface of Pt-ACs and Cr—N, sites via 3d-5d orbital hybridization (Fig. 6i-k). This
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interaction effectively restricts the migration and aggregation of Pt atoms, leading 3075102850

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

the immobilization/stabilization of Pt ACs, thereby significantly improving the
durability of the catalyst. Moreover, the oxophilic unsaturated Cr—Nj sites exhibit a
favorable binding affinity towards OH,4s species, which enhances water dissociation

and makes the catalyst highly active for alkaline HER catalysis.
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‘Fig. 6. (a) Proposed mechanism of the HER on PtSA/NC-DG. (b) HAADF-STEM‘

image of PtSA/NC-DG. (c) FT-EXAFS spectra of PtSA/NC-DG and references.
Reproduced from Ref. %4, Copyright 2020 Chinese Chemical Society. (d) Schematic
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illustration of the preparation of Pt-ACs/CoNC. (e) STEM images of Pt-ACs/CONC 51 xoeaic,
and corresponding simulated image and DFT optimized structure. (f) The normalized
X-ray absorption near-edge structure (XANES) spectra and the FT-EXAFS spectra at
Co K-edge of CoNC, Pt-SAs/CoNC, Pt-ACs/CoNC, Pt-NPs/CoNC and references.
EXAFS curves between the experimental data and the fit of Pt-ACs/CoNC at Co K-
edge. (g) FE-EXAFS spectra derived from EXAFS of Pt foil, PtO,, Pt-SAs/CoNC, Pt-
ACs/CoNC and Pt-NPs/CoNC. EXAFS curves between the experimental data and the
fit of Pt-ACs/CoNC. Inset is the fitted structure. Reproduced from Ref. 15, Copyright
2022 Springer Nature. (h) Synthesis and structural characterizations of Pt-AC/Cr—N—C.
(1) FE-EXAFS spectra at Cr K-edge. (j) FE- EXAFS spectra at Pt L;-edge. (k) Atomic
structure model of the Pt-AC/Cr—N—C catalysts. Reproduced from Ref. '3, Copyright
2023 American Chemical Society.

3.1.2 Wrapping type

The wrapping type pertains to the encapsulation of nanoparticles within a substrate
material that contains single-atom sites. Unlike anchored metal nanoparticles that
typically exhibit poor stability due to dissolution in adverse electrochemical
environments, by wrapping the nanoparticles with a carbon network, a protective
barrier is created so that direct exposure to corrosive electrolyte solutions is prevented
116-119 - Additionally, the interaction between nanoparticles and single-atom doped
carbon induces an electron-donating effect, leading to alteration in the charge density
on the single-atom sites and thus enhancing the kinetics of electrocatalytic reactions 2%

121 Consequently, the wrapping type of SA/NPCs exhibit high catalytic stability and

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

activity simultaneously. For example, Zhao et al. developed a gaseous acid-mediated
method to prepare Fe-N-C catalysts with stable isolated Fe-N-C sites (Fig. 7a) 22
Subsequently, secondary heat-treated and temperature control were employed to obtain
graphene-encapsulated metallic Fe nanoparticles (as confirmed by annular bright-field
(ABF)-STEM image in Fig. 7b). The Fe single atoms and nanoparticles co-exist
catalyst (as confirmed FT-EXAFS spectra in Fig. 7¢) exhibited excellent activity and
stability for ORR. It was demonstrated that the enhanced performance resulted from the
strong interaction between single-atom sites and adjacent Fe nanoparticles, which

optimizes the electron structure of isolated Fe sites and reduces the energy barrier of
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ORR rate-limiting steps. T rpifinpoius
However, further integration of different types of single atoms and nanoparticles
into a single system can be challenging, often necessitating the development of
sophisticated synthesis strategies. In a recent study, Wang et al. successfully
synthesized a hybrid electrocatalyst, denoted as Ni SAs-Pd@NC, wherein Ni single
atoms and sub-10 nm Pd nanocrystals were embedded in N-doped porous carbon
frameworks !23. The combination of Ni single atoms and small-sized noble metal
nanoparticles was seldom observed in reported literature, primarily attributed to the
variation in synthetic approaches and thermal stability between single atoms and
nanoparticles. To achieve this coexistence, the researchers employed a three-step
process of ‘“coordination-n-m stacking-anneal” based on the protection of 1-
naphthylamine during pyrolysis. Initially, the planar Pd"-(C;,H;-NH,) complex was
formed through the coordination of Pd" with 1-naphthylamine. Then, NiPc was added,
and through m-m stacking interactions, NiPc@Pd"-(C;oH;-NH,) complexes were
formed. Finally, Ni'' restricted by macrocyclic molecules was reduced to Ni single
atoms under 600 °C pyrolysis conditions (Fig. 7d). Meanwhile, Pd" sites were reduced
to Pd nanoparticles, and C,(H;-NH, was converted to carbon frameworks, which
encapsulated the Pd nanoparticles and supported the Ni single atoms, as confirmed by
HRTEM and FT-EXAFS spectra in Fig. 7e and f, respectively. In this composite
catalyst, the Ni single atoms provided active sites for OER, while the Pd nanoparticles
promoted ORR activity, and the porous carbon framework enhanced diffusion/transfer
kinetics and overall structural robustness. Consequently, Ni SAs-Pd@NC showed
excellent electrocatalytic activity, with an ORR half-wave potential of 0.84 V, which
was comparable to that of commercial Pd/C. In addition, it displayed an OER

overpotential of 380 mV at 10 mA cm2, which closely approached that of RuO,. It
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should be noted that the interaction between the encapsulated nanoparticles and, the o 2aec
single atoms loaded on the carbon carrier is a critical factor in enhancing the catalytic
activity of wrapping type SA/NPCs. The synthesis conditions, such as synthesis
temperature and ligand selection, can significantly influence the formation of this

structure.
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Fig. 7. (a) lustration of the synthesis process of Fe/Meso-NC-T samples. (b) ABF-
STEM image of Fe/Meso-NC-T. (c) FT-EXAFS spectra of the Fe K-edge. Reproduced
from Ref. 122, Copyright 2021 Wiley-VCH. (d) Schematic illustration showing the
formation pathway of Ni SAs-Pd@NC. (e) HRTEM image of Ni SAs-Pd@NC. (f) FT-
EXAFS spectra of the Ni K-edge. Reproduced from Ref. 123, Copyright 2022 Royal
Society of Chemistry.

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

3.2 Metal nanoparticles-based SA/NPCs

In addition to carbon-based SA/NPCs, single atoms can be directly
dispersed/doped onto/into the nanoparticles, forming metal nanoparticle-based
SA/NPCs. In this category, nanoparticles can be classified into different types,
including metal compounds (e.g., oxides ?!- 124128 carbides '?°, nitrides 3, sulfides 139,
and phosphides 3!- 132 ) and nanoalloys 33135, By employing nanoparticles as a stable
substrate, metal nanoparticle-based SA/NPCs offer excellent structural stability, thus
significantly enhancing the long-term effectiveness of the prepared catalysts. Moreover,

the strategic doping of single atoms onto metal nanoparticles presents numerous
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advantages, not only in terms of synthesis methods but also the profound effegts. these\ o200

doped single atoms exert on the adjustment of the metal nanoparticles' surface structure
and electronic configuration. Consequently, a remarkable reduction in the activation
energy required for catalytic reactions is achieved, thereby achieving highly efficient
catalytic activity 3% 137 Currently, there are two main methods used to construct
catalysts with this type of structure. The first method involves introducing single atoms
during the growth process of nanocrystals by means of co-reaction with low doses of
single-atom sources. For example, Liu et al. synthesized atomically dispersed Ir atoms
incorporated into a spinel Co3;0y4 lattice through a solvothermal method (Fig. 8a) 124,
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping in Fig. 8b
demonstrated the uniform distribution of Ir, Co, and O over a large-scale area without
any aggregation phenomena for Ir;-Co;04-NS-350. HAADF-STEM images revealed
less bright atom arrays with some bright atomic columns, confirming the Ir atoms in
the spinel Co3;04 (Fig. 8¢ and d). First-principles calculations revealed that the
hydrogen-bonding interaction between oxygen-containing intermediates and lattice
oxygen coordinated to the Ir single atoms effectively reduced the energy barrier for
*OOH group formation, thereby accelerating the OER process. Similarly, Qiao and co-
workers successfully allocated Ir single atoms into the cationic sites of cobalt spinel
oxide via an ion exchange pyrolysis procedure mediated by metal-organic frameworks
125 The strong interaction between Ir and cobalt oxide support imparts significant
corrosion resistance to the catalyst under acidic and oxidative conditions. Huang and
his colleagues mixed metal salts with a dispersed Super P carbon substrate, and
subsequently achieved the preparation of atomic Ru-doped NiCo alloy (NiCoRu,/SP)
through low-temperature nucleation (Fig. 8e and f) 138, They found that the excellent

HER performance was attributed to the synergistic effect at the Ru-Ni/Co interface,
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facilitating electron transfer from atomic Ru to its surrounding Ni/Co. T rpifinpoius

Another synthesis approach involves the initial preparation of nanoparticles
followed by the introduction of single atoms into them. For instance, Zhang et al.
conducted the synthesis of double transition metal MXene nanosheets-Mo, TiC, T, with
abundant exposed basal planes and outer Mo vacancies using an electrochemical
exfoliation method (Mo, TiC,T,—Ptga, Fig. 8g) 1. The created Mo vacancies are used
to immobilize single Pt atoms, thereby enhancing the MXene's catalytic activity
towards HER. HAADF-STEM images confirm the precise immobilization of Pt atoms
at the Mo position on Mo, TiC,Ty (Fig. 8h). Additionally, EXAFS results demonstrate
the presence of Pt in the form of single atoms (Fig. 8i). The presence of strong covalent
interactions between the positively charged Pt single atoms and MXene contributes to
the improvement of catalytic performance and stability.

To sum up, in this section, we classify and discuss the current SA/NPCs based on
substrates (i.e., carbon and metal-based carriers) and spatial distribution of
nanoparticles and single atoms. These distinct structural characteristics play a pivotal
role in enhancing the catalyst's activity and stability. Notably, the carbon-based

catalysts with a wrapping configuration exhibit exceptional stability, thus offering

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

significant advantages for potential practical applications. Despite the great promise of
SA/NPCs, it should be emphasized that it remains challenging to synthesize SA/NPCs
with architecutred nanostructures. First of all, it is difficult to precisely control the
amount of metal precursor introduced. This is a critical factor for the formation of single
atoms and nanoparticles, requiring fine-tuned adjustments. For the synthesis of carbon-
based SA/NPCs, pyrolysis is commonly adopted, but constructing a structure where
nanoparticles are directly anchored to single atoms is nontrival. In such cases, the

formation of metal-oxygen-metal or metal-metal bonds is often necessary to improve
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the catalyst's stability. Furthermore, building single-atom and nanoparticle compasites; taooaec
with different elemental compositions is more complex than homogeneous systems.
Strategies such as coordination and stacking need to be considered in these cases. For
the synthesis of metal nanoparticles-based SA/NPCs, there are relatively limited
research, and the available synthesis methods are also subject to certain constraints.
Overall, the development of SA/NPCs is still in the early stage, and more efforts are
required to to develop innovative methods to synthesize SA/NPCs with diverse
compositions and structures. It is suggested that establishing the process-structure

relationship will be helpful in promoting the development of this type of catalysts.
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Fig. 8. (a) Schematic route for the synthesis of Ir;-Co0304-NS. (b) HAADF-STEM image
of Ir;-Co304-NS-NS-350 and the corresponding EDS elemental mapping images. (c)
HAADF-STEM image of Ir;-Co304-NS-NS-350, in which the bright spots highlighted
by yellow circles are ascribed to Ir single atoms. (d) Atomic-scale HAADF-STEM
image of Ir;-Co3;04-NS-NS-350 from the zone axis. Reproduced from Ref. %4,
Copyright 2023 American Chemical Society. (e) Schematic diagram of synthesis of
NiCoRu/SP. (f) FT-EXAFS R-space spectra of NiCoRu,,/SP, NiCoRu3/SP and Ru
Foil. Reproduced from Ref. 133, Copyright 2023 Elsevier. (g) Schematic diagram of
synthesis of Mo,TiC,Ty—Ptss. (h) Magnified HAADF-STEM image of Mo,TiC,T,—
Ptsa and its corresponding simulated image. (i) FT- EXAFS spectra of Pt foil, PtO,
and Mo, TiC,T,—Ptsa. Reproduced from Ref. 1% Copyright 2018 Nature.
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4. Applications of SA/NPCs DOI: 10.1039/D4TA02585G

The above discussion on the integrated effects and structural features of SA/NPCs
clearly evidence that these catalysts have significant potential in the field of
electrochemical energy conversion and storage. In this section, we will primarily delve
into the specific applications of SA/NPCs as catalysts for ORR, OER, and HER.
Additionally, we will explore their utilization as bifunctional catalysts in rechargeable
ZABs and overall water-splitting devices. Furthermore, the latest advancements in the
implementation of SA/NPCs as trifunctional catalysts and in emerging catalytic
reactions (e.g., carbon dioxide and nitrogen reduction reactions) will also be examined
and discussed. Table S1 summarizes and compares the ORR, OER, and HER

performance of some recently reported SA/NPCs.
4.1 Oxygen reduction reaction

ORR is a crucial half-reaction for next-generation renewable energy storage and
conversion devices, such as fuel cells '*° and metal-air batteries 101 140. 141 The
thermodynamics and kinetics of ORR play a decisive role in determining the actual
efficiency and stability of these devices. Depending on the number of transferred
electrons, ORR can be divided into two pathways: a four-electron process toward
H,0/OH"™ and a two-electron process toward H,O,/HO;™ in alkaline and acidic medium,
respectively '40- 142,143 Compared to the two-electron pathway, which produces harmful
peroxides that are not conducive to the stability of the cells, the four-electron pathway
is more desired because it yields higher energy output and avoids the formation of
harmful intermediate species '**. However, the four-electron pathway of ORR involves
complex electron transfer and oxygen-oxygen bond-breaking processes, resulting in
sluggish kinetics, therefore requiring the use of electrocatalysts to overcome the

reaction energy barrier 4% 146, The mechanism for the four-electron reaction process is
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i * ive sites) 147. 148
shown in Table 2 ( denotes active sites) . T rpifinpoius

Table 2. Reaction mechanism of four-electron ORR in alkaline and acidic media.

Mechanism Alkaline medium Acidic medium
0, + 25270 0, + 25270
Dissociative 2 *0 + 2H,0 + 2e™— 2 *OH + 20H™ 20 + 2e— + 2Ht* > 2*0OH
2*0H+ 2e~ - 20H™ + 2* 2*0H + 2e~ + 2H* - 2H,0 + 2*
* + 02—> *02 02 + *— *02
*0, + Hy0 + e7> "O0H + OH™ *0, + HY + e~ - *O0H
Associative *OOH + e > "0 + OH™ *OOH + H* + e™> "0 + H30
*0 +H,0 + e"> "OH + OH™ 0 + Ht + e > "OH
*OH + e> " 4+ OH™ *OH+ HY + e > H,0 + *

There is no doubt that effectively controlling the generation of ORR intermediates
is the key to accelerating four-electron ORR, especially regulating the adsorption
energy of the intermediates '4°. Therefore, it is necessary to effectively tailor the
structure of the catalysts to reduce the energy barrier of the four-electron pathway and
achieve rapid conversion rates. Integrating single atoms with nanoparticles represents
an effective way to achieve highly efficient ORR catalysts with high stability due to the
above-mentioned effects 1% 151, In this regard, Liu et al. successfully achieved co-
doping of Fe single atoms/clusters on N-doped carbon catalysts using a porosity-

inducing templates method (denoted as Fe/NC, Fig. 9a) 1°2. Benefiting from the unique

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

structural features, large surface area, and the synergetic effect of Fe single atom and
nanocluster, Fe/NC exhibited outstanding ORR activity in both acidic and alkaline
media (Fig. 9b and c), along with excellent stability during a 20-hour test. Theoretical
calculations revealed that the presence of metallic Fe clusters in the catalyst plays a
crucial role in electron transfer to the carbon matrix, which imposes a positive effect of
downshifting the d-band center and optimizing the binding energy of the ORR
intermediates, thus enhancing catalytic kinetics. However, Fe-based catalysts often
undergo Fenton reactions (Fe and H,O, reactions), which, unfortunately, result in the

degradation of membranes and catalytic electrodes !'33. To mitigate this issue,
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researchers have sought to explore alternative ORR catalysts, such as CGoshased)’ . r0o0ec
catalysts that are less hazardous. For example, Wang et al. utilized a simple method
involving the pyrolysis of metal-organic frameworks to obtain both atomically
dispersed Co single atoms (Co-SAs) and small Co nanoparticles (Co-SNPs) anchored
on nitrogen-doped porous carbon nanocage (Co-SAs/SNPs@NC, Fig. 9d) >4, The
resulting Co-SAs/SNPs@NC catalyst demonstrated excellent ORR activity in alkaline
media, exhibiting a positive half-wave potential (£, the potential at the half of limiting
current density value for ORR) of 0.898 V (Fig. 9¢). Moreover, the catalyst showed
excellent durability, retaining 96.51% of the initial current after 96-hour test (Fig. 9f).
The enhanced performance can be attributed to the synergistic effect between Co-SAs
and Co-SNPs and the higher degree of carbon graphitization in Co-SAs/SNPs@NC
resulting from the introduction of small Co-SNPs. DFT calculations indicated that the
strong interaction between Co-SNPs and Co-N4 molecules significantly increase the
valence of active Co atoms in Co-SAs/SNPs@NC, thereby moderating the adsorption
free energy of ORR intermediates and promoting the reduction of O,. In addition to the
combination of single atoms of the same metal and nanoparticles mentioned above, the
integration of single atoms with metal alloy nanoparticles has also been explored '3
157 Notably, hybrid electrocatalysts that combine PtFe or Pt;Co alloy nanoparticles
have shown significant promise in enhancing the durability of the catalysts for ORR in

acidic evironments 158 159,
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Fig. 9. (a) The model structure of Fe/NC. (b) ORR polarization curves. Inset is the half-
wave potentials obtained from the polarization curves. (c) ORR polarization curves of
Fe/NC catalysts and Pt/C. Inset shows the half-wave potentials obtained from the
polarization curves. Reproduced from Ref. 152, Copyright 2021 Wiley-VCH. (d) The
model structure of Co-SAs/SNPs@NC. (e) ORR polarization curves for Co-
SAs/SNPs@NC and references. (f) Chronoamperometric curves of Co-SAs/SNPs@NC
and Co-SAs@NC at 0.6 V vs. RHE. Reproduced from Ref. 134, 2021 Wiley-VCH.

4.2 Oxygen evolution reaction

OER is an important half-reaction in water splitting and rechargeable metal-air

batteries 100-162 As shown in Table 3, as the reverse reaction of ORR, OER also

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

involves multi-step single electron transfer reactions in alkaline and acidic electrolytes
and shares the same intermediates with ORR 163, Multiple electron transfer steps make
OER kinetically sluggish and require significant overpotentials to overcome the energy
barrier at each step. Generally, the performance of OER is evaluated based on the
potential value at 10 mA cm, referred to as Ej-j. The difference between Ej-;y and

1.23 V represents the overpotential of the catalysts.
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Table 3. Reaction mechanism of OER in alkaline and acidic media.

Alkaline medium Acidic medium
*4+ OH - "0OH + e~ *4+ H,0 » *OH + HY + e~
*OH + OH > *0 + H,0 + e OH->"0 4+ Ht + e~
0+ OH > 00 H+ e~ 0 + Hy0—» 00 H+ HT + e~
00 H+ OH > "0, + Hy0 + e~ 00 H-> "0, + Ht + e~
*02—> * + 02 *02—> * + 02

Currently, noble metal Ru/Ir-based catalysts are considered the most effective
catalysts for OER, but they face problems such as high cost and poor stability 04,
Therefore, there is an urgent demand for the development of cost-effective and stable
electrocatalysts with high catalytic activity toward OER. One effective approach is to
integrate single atoms and nanoparticles in the catalyst design. For example, Liu et al.
successfully synthesized efficient electrocatalysts (Ni SAs/Fe-NiOOH) that incorporate
dual active sites of NiC, single atoms and Fe-NiOOH nanoparticles using the physically
adsorbed metal ions method °. Ni SAs/Fe-NiOOH exhibited low overpotentials of 269
and 293 mV at current densities of 10 and 50 mA cm, respectively, and demonstrated
excellent long-term durability under alkaline conditions (Fig. 10a and b). Theoretical
calculations confirmed that the excellent OER performance of the catalyst benefits from
the tandem catalytic process occurring on the dual active sites of Ni SAs and Fe-NiOOH
(Fig. 10c).

The integrated form has also been shown to be feasible for the design of OER
catalysts in acidic media. For example, Zhu et al. incorporated Ir single atoms into
spinel Co;04 (Ir-Co30,) via a mechanochemical method, which displayed a remarkable
OER overpotential of 236 mV at the current density of 10 mA cm and low Tafel slope
in an acidic medium (Fig. 10d and e) '%. As shown in Fig. 10f, Ir-Co50, also showed

long-term stability with a current density of 10 mA cm- for almost 30 h. The operando
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X-ray Absorption Spectroscopy (XAS) and DFT results revealed that the existenge of) / az0ec
high-valence Ir single atoms in Ir- Co;0, is beneficial to charge transferring during the
OER process, reducing the energy barrier and thus enhancing the OER activity. Based
on the above discussion, it is evident that the binding of single atoms and
nanoparticles/clusters has been proven to effectively promote the complex

electrocatalytic reaction of OER.
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Fig. 10. (a) OER polarization curves of various catalysts in 1.0 M KOH. (b) The
stability of Ni SAs/Fe-NiOOH in 1.0 M KOH. (c¢) The overpotential of different
catalysts. (d) OER polarization curves of Ir-Cos04, IrO,, Co3;04and C-Co;0;,.
Reproduced from Ref. 0, Copyright 2021 Elsevier. (¢) Tafel plots derived from the
polarization curves in (d). (f) Chronopotentiometric measurements of Ir-Co;0y, IrO,,
Co304and C-Co304at 10 mA cm2, with carbon paper as the catalyst support.
Reproduced from Ref. 195, Copyright 2022 Springer Nature.
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4.3 Hydrogen evolution reaction

Hydrogen, with its high specific energy density and renewable nature, holds great
promise as an alternative to traditional fossil fuels '%. Consequently, there has been
considerable interest in developing efficient methods for the production and conversion
of hydrogen. Among these methods, water electrolysis has emerged as a particularly

effective approach for hydrogen production '¢7-16°, The HER is a half-reaction of water
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decomposition, and its specific reaction pathways in different media are shown jp Ta

4170
Table 4. Reaction mechanism of HER in alkaline and acidic media.
Mechanism Alkaline medium Acidic medium
Volmer step *4+ H,0 + ee>OH + "H *+ HY + e7> *H

Heyrovsky step *H + H,0 + e™> * + OH™ + H, ‘H 4+ Ht + e > *+ H,

Tafel step 2'H->2"+H, 2'H->2*+H,

HER is both kinetically slow and thermodynamically uphill, requiring
electrocatalysts to accelerate the reaction and minimize energy costs. AGy+ represents
a key indicator in evaluating the activity of HER catalysts. Ideally, high-performance
HER electrocatalysts should exhibit a AGy+ value approaching zero, facilitating rapid
proton/electron transfer and efficient hydrogen desorption '7!. Although platinum metal
has traditionally been recognized as the most effective electrocatalyst for HER due to
its favorable adsorption/desorption energy for hydrogen intermediates 7> 173, its high
cost and stability issues greatly hinder their practical applications. Hence, it is of urgent
demand to develop low-cost catalysts with superior electrochemical performances 74
175

Recent studies have demonstrated that incorporating noble metal atoms into non-
precious metal systems can effectively enhance HER activity and reduce catalyst costs.
For example, Sultan et al. synthesized a hybrid catalyst (named as: Cu/Rh(SAs) +
Cu,Rh(NPs)/Gy) consisting Cu and Rh elements as bimetallic single atoms and
nanoparticles on a N-doped graphene (Fig. 11a) 7%, This catalyst exhibited excellent
HER performance in an acidic medium (Fig. 11b) and was expected to be used in acidic
electrolyzers for hydrogen production. Moreover, the catalyst showed no significant

degradation at current densities of 10, 50 and 100 mA cm? after 500 h of continuous
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catalytic electrolysis chronoamperometry testing (Fig. 11¢). DFT calculations geyealed’ 1o 2aec

that the combination of Cu and Rh atoms on the graphene matrix not only maximized
the rates of hydrogen adsorption on the electrode surface but also optimized the AGyx
value close to zero, resulting in a synergistic enhancement of the HER performance.
The advantage of combining single atoms and nanoparticles in catalyst design was also
evident in their effectiveness for HER in alkaline systems. For instance, Hu et al.
designed Ru single atoms and Ru nanoparticles on the Fe/N co-doped carbon (Fe-N-C)
substrate, resulting in exceptional HER activity with an incredibly low overpotential of
9 mV to reach current densities of 10 mA c¢cm (7,0) under alkaline conditions (Fig. 11d
and e) !77, surpassing that of the state-of-the-art commercial Pt/C catalyst. Remarkably,
the catalyst also exhibited a negligible overpotential increase even after 5000 cycles of
cyclic voltammetry tests (Fig. 11f). Based on DFT calculations, it was found that the
single-atom Ru-N, moieties significantly improve water dissociation kinetics, while Ru
nanoparticles exhibit beneficial effects on hydrogen evolution, leading to a synergistic

improvement in alkaline HER performance.
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Fig. 11. (a) The model structure of Cu/Rh(SAs) + Cu,Rh(NPs)/Gy. (b) HER
polarization curves of 1-Cu/Rh(SAs) + Cu,Rh(NPs)/Gy, 5-Rh(SAs) + Rh(NPs)/GN and
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commercial Pt/C catalysts. (c) Chronoamperometric response of Cu/Rh(SAS) &0 xoeaic.

Cu,Rh(NPs)/Gy for 500 hours. (d) The model structure of Ru/Fe-N-C. Reproduced
from Ref. 176, Copyright 2021 Royal Society of Chemistry. (¢) HER polarization curves
of Ru/Fe-N-C and the control samples. (f) Durability test of Ru/Fe-N-C and Pt/C by
recording the polarization curves before and after 5000 cycles. Reproduced from Ref.
177" Copyright 2020 Wiley-VCH.

4.4 Bi-/tri-functional electrocatalytic applications
4.4.1 Bifunctional ORR/OER for rechargeable zinc-air batteries

Rechargeable ZABs typically consist of zinc anodes, air cathodes, and alkaline
aqueous electrolytes (Fig. 12a) 78, This type of device is attracting increasing attention
because of its high theoretical capacity (1086 Wh kg!), high cell voltage (1.65 V),
intrinsic safety and environmental friendliness 7182, However, the practical
application of ZABs is currently severely hindered by high overpotentials at the air
cathodes due to the sluggish kinetics of ORR and OER '8 184 Therefore, the
development of catalysts with bifunctional catalytic activity is crucial. The potential
gap (AE) between Ej; and Ej-o serves as the primary parameter for measuring the
bifunctional catalytic capability. Lower AE values indicate higher energy efficiency and
superior bifunctional activity '3°. The development of bifunctional ORR/OER catalysts
necessitates the presence of distinct active sites to drive the ORR and OER due to their
opposing reaction steps. The integration of single atoms and nanoparticles into a single
catalyst system offers the opportunity to introduce diverse active sites or optimize the
electronic structure of the active sites, thereby achieving excellent bifunctional
ORR/OER activity. To this end, Li et al. employed a dual-phasic carbon
nanoarchitecture strategy to synthesize a cobalt-based hybrid catalyst (CNT@CoSA-
Co/NCP) 186, This innovative design incorporates Co single atoms supported on carbon
nanotubes and nanosized Co encapsulated in zeolitic-imidazole-framework-derived
carbon polyhedron. The presence of the single-atom Co phase greatly enhanced the

electroactivity of ORR, while the nanosized Co accelerated the electroactivity of OER.
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Consequently, CNT@CoSA-Co/NCP exhibited a substantially smaller AE of (.74 V55 1 xoeaec,
compared to single-phasic catalysts (CNT@SAC and Co/NCP, Fig. 12b). Additionally,
when CNT@CoSA-Co/NCP was assembled in a liquid-state ZAB, it achieved a
maximum power density of 172 mW cm2 (Fig. 12¢) and exhibited excellent charge-
discharge cycling durability with a minimal AE decay of 0.09 V after 100 cycles over
33.6 hours of testing. Chandrasekaran et al. provided deeper insights into the intrinsic
bifunctional electrocatalytic mechanism of these catalysts through theoretical
calculations '¥7. They used DFT simulations to uncover the strong electronic correlation
between Co single atoms and Co nanoparticles within the Co-based catalyst. It was
found that the correlation leads to an increased d-electron density near the Fermi level,
which effectively optimizes the adsorption and desorption of intermediates in
ORR/OER, thereby resulting in an enhanced bifunctional electrocatalytic performance.
Rationally combining bimetallic single-atom sites with nanoparticles is also a
promising approach for the development of ORR/OER bifunctional catalysts. Such
catalysts offer improved electronic configurations and effective modulation of the
binding strength of reaction intermediates '8-1°1. For instance, Zhang et al. synthesized

an efficient bifunctional electrocatalyst (SA&NP-FeCo-NTS, Fig. 12d) !'78. This

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

catalyst features tailored bimetallic atomic FeNy, CoN,, along with FeCo alloy
nanoparticles, all incorporated within a unique nanotube-assembled-sphere structure.
Due to the presence of both atomically dispersed Fe/CoN, sites and bimetallic
nanoparticles, SA&NP-FeCo-NTS exhibited enhanced catalytic activity, as evidenced
by its smallest AE value of 0.71 V and 500 discharge and charge cycles for over 250 h
(Fig. 12¢). Xie et al. further combined DFT calculations and demonstrated the
significant synergy between bimetallic Fe/Co atoms, FeCo alloy and N-doped carbon

frameworks '°2. The results demonstrated that the strong synergy has a distinctive
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activation effect on the bimetallic Fe/Co atoms, leading to the synchrono

modification of the electronic structure and the creation of abundant dual-active Fe/Co-
Ny sites to boost reversible oxygen electrocatalysis. Wang et al. successfully
synthesized bimetallic NiN, and FeN, single-atom sites, along with Ni; and Fe,
nanoclusters co-anchored on a highly graphitic carbon support 3. The hybrid atomic
Ni, Fe-DSAs/NCs catalyst exhibited improved activity for ORR/OER, as well as
superior stability when compared to their counterparts without nanoclusters and
commercial Pt/C. DFT calculations revealed that the Fe, clusters induce electron
redistribution in the FeNy sites and decrease the bonding strength of the Fe-O bond on
the central Fe atom. This effect facilitates the desorption of *OH during the ORR
process. On the other hand, the Ni4 clusters increase the total density of states near the
Fermi level and enhanced the coupling between the Ni center and oxygen-containing
intermediates, thus promoting efficient electron transfer and optimizing the adsorption

of *OH on the NiN, site during the OER process.
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Fig. 12. (a) Schematic of a liquid-state ZAB. Reproduced from Ref. 78, Copyright 2022
Wiley-VCH. (b) Oxygen electrocatalytic performance of CNT@SAC-Co/NCP,
CNT@SAC, Co/NCP, Pt/C, and Ir/C. (c) Polarization and power density curves of
ZABs using CNT@SAC-Co/NCP, Pt/C, and Pt/C + Ir/C as the oxygen electrocatalysts
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(catalyst loading: 0.2 mg cm). Reproduced from Ref. '8, Copyright 2021 Wiley; VCH. 5 1 xoeaec,

(d) Schematic diagram of the SA&NP-FeCo-NTS. (e) The discharge and charge voltage
profiles of ZABs based on SA&NP-FeCo-NTS and Pt/C + Ir/C at 5 mA c¢cm™ and a
duration of 30 min per cycle. Inset: the first and last four cycles of galvanostatic
charge/discharge cyclic curves based on SA&NP-FeCo-NTS and Pt/C + Ir/C.
Reproduced from Ref. 178, Copyright 2022 Wiley-VCH.

4.4.2 Bifunctional HER/OER for overall water splitting

As mentioned above, electrochemical water splitting is considered a promising
technology for industrial-scale hydrogen production toward a sustainable future. This
process consists of two crucial processes: the kinetically sluggish HER and OER. Hence,
the development of highly efficient catalysts that can simultaneously facilitate both the
HER and OER is of utmost importance 4 15, Recent studies have shown that the
synergistic interactions between single atoms and nanoparticles can be instrumental in
creating high-performance HER/OER bifunctional electrocatalysts 196 197, For instance,
Luo et al. designed a bifunctional catalyst by incorporating Ni single atoms, Fe single
atoms, and NiFe nanoalloys supported on carbon nanotubes (NigaFesa-NisoFe/CNT,
Fig. 13a) '°%. The incorporation of Ni/Fe single atoms in the catalyst enhanced the
adsorption/desorption capacity of the intermediate products, while the NiFe nanoalloys
generated NiFe (oxy)hydroxides that promoted the OER process. Additionally, the
carbon nanotube support served as an effective electrical conductor, facilitating the
electron transfer abilities of the catalyst. The synergistic catalysis between single atoms
and NiFe nanoparticles, coupled with the robust electron transfer properties, led to the
remarkable performance of NigyFesa-NisogFe/CNT. It achieved an ultrahigh current
density of 382 mA cm? at a cell voltage of 1.80 V and exhibited the lowest
overpotential when compared with other electrocatalytic catalysts for water splitting
reported in recent years (Fig. 13b and c). Kang and colleagues developed a non-carbon-
based HER/OER bifunctional catalyst based on MoS, nanosheets '*°. MoS, nanosheets

are a kind of two-dimensional transition metal dichalcogenide with excellent HER
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performance 2°-202. They doped Co atoms into MoS, nanosheets and decorated theni’! /x5 2sec
with Ru nanoparticles (obtaining CoRu-MoS, hybrid catalyst, Fig. 13d), thus
enhancing the bifunctional catalytic activity through this co-doping approach. CoRu-
MoS, exhibited excellent catalytic activity toward both HER and OER, as characterized
by overpotentials of 52 and 308 mV at 10 mA cm2 in 1.0 M KOH, respectively (Fig.
13e and f). Gibbs free energy (AG) calculations confirmed that H,O dissociation and
H; production were most favorable on the (002) facet of Ru nanoparticles. The presence
of doped Co atoms further catalyzed HER by enhancing the favorability of
intermediates. Additionally, the oxidation of Ru nanoparticles resulted in the formation
of RuO, nanoparticles, which served as active catalytic sites for OER. As a result, the
atomic Co-doped MoS; and the catalytically active Ru nanoparticles contributed to an

optimized electronic structure for efficient water splitting.
4.4.3 Trifunctional HER/OER/ORR

In addition to being used as single or bifunctional catalysts, SA/NPCs even show
potential application as trifunctional catalysts. For example, Hong et al. designed a self-
supporting trifunctional electrode integrated with Co atoms and clusters, which can be
applied to all-solid-state ZABs and self-powered water splitting 2°3. Li et al. integrated
Co single atoms and CoySg nanoparticles into hollow carbon nanotubes (CoSA +
CoySg/HCNT, Fig. 13g), which demonstrated excellent trifunctional catalytic activity
for HER, OER, and ORR simultaneously . Consequently, CoSA + CoySg/HCNT
exhibited remarkable performance in driving liquid-state and all-solid-state ZABs as
well as overall water splitting devices (Fig. 13h and i). However, due to the complexity

of reaction processes and active species, and the fact that theoretical calculations are

based on simplified catalyst models, further in-depth analysis of the reaction
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mechanism of SA/NPC as trifunctional catalysts remains a future research dirg¢fion. ;5 aooo8ec

B
=3
S

(a) (b) —— Nig,Feg,-NigFe/CNT("?

—— PHCY|RuO,™

INi,Fo,-0"
eCoNi*

s OER + HER

.,.,
=3
o
TFeNi@N-CNT"

‘m
Cell voltage (V)
g 2
igoFe/CNT!"
Cu@NiFe LDH!
Co-NC@CC!*

-
tn

1.64
1 100mAem?- - / —

Current density (mA cm?)
g £

]
-
'S

14 16 18 20
Voltaae (V}

Water electrolyzers

3

)
<

&
o
2

=}

05 -04 -03 -02 -01 12 13 14 15 16 17
Potential (V vs. RHE) Potential (V vs. RHE)

CoRu-MoS,

S
o

§ < 1004

e 04 g 100

=2 -20 o 804

‘é <E( — CoRu-MoS,
— -40 T 604 —Co-

z e Co-MoS,
U‘:i -604 % 40 b RU—M082
8 -s0] a —Ru0,

e <

g g

3 3

(G] [&]

—
—
S

(g) @ Coss; @co Qc @N (h)

Zn-air batterjes

A
Anode

CoSA + CogS/HCNT

Fig. 13. (a) Schematic diagram of NigsFega-NisogFe/CNT. (b) Comparison of NigaFega-
NisoFe/CN and Pt/C||RuO, for overall water splitting activities at 1 M KOH. Inset is a
photograph of electrochemical cell for overall water splitting. (¢) Comparison of the
cell voltages reaching 10 mA cm? for different water alkaline electrolyzers.
Reproduced from Ref. 18, Copyright 2022 American Chemical Society. (d) Schematic
diagram of CoRu-MoS,. (¢) HER polarization curves (scan rate: 5 mV s*') of Co-MoS,,
Ru-MoS,, MoS,, and Pt/C in H,-saturated 1.0 M KOH. (f) OER polarization curves of
Co—MoS,, Ru-MoS,, MoS,, and RuO, in O,-saturated 1.0 M KOH. Reproduced from
Ref. %%, Copyright 2020 Wiley-VCH. (g) Working mechanism of trifunctional
HER/OER/ORR over CoSA + CogSg/HCNT. (h) Schematic diagram of the all-solid-
state flexible ZAB. (i) Schematic diagram of self-power water splitting electrolyzer.
Reproduced from Ref. *%, Copyright 2020 Wiley-VCH.

4.5 Other emerging applications

In addition to the catalytic reactions mentioned above, SA/NPCs also show great
potential in the frontier research field of heterogeneous electrocatalysis 3. For example,
researchers have found that constructing Ni single atoms and Ni nanoparticles

(nanoclusters) on carbon substrates can serve as an efficient synergistic catalyst for
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electrochemically reducing CO, to CO. The existence of Ni nanoparticles (nangglusters)
can effectively accelerate the the proton capture process at N-coordinated single-atom
active sites (Ni—Ny), thus promoting the overall CO, reduction process 24 205, In
addition, Ma et al. found that Mo single atoms and Mo,C nanoparticles exhibit
synergistic catalytic activity for nitrogen reduction reaction (NRR) 2%, Theoretical
calculations revealed that Mo,C nanoparticles are responsible for the high NRR activity,
which is attributed to the Mo single atoms building a large *H coverage environment
around Mo,C to activate the N, adsorption and improve both the selectivity and activity
of the NRR process. Nie et al. designed Ru-nanoclusters-coupled Mn;0, catalysts
decorated with Ru single atoms for an electrochemical N, oxidation reaction, which
produces nitric products from water and atmospheric N, 2%, Experiments and DFT
calculations suggest that the synergistic effect between Ru and Mn;0,4 could effectively
activate chemically inert N, molecules, reduce the energy barrier of the potential
determining step, and further regulate the catalytic kinetics for optimized performance.
It is worth noting that, in addition to their wide applications in electrocatalysis,
SA/NPCs also hold promise in the fields of thermocatalysis 2%%- 209, photocatalysis >!%-
211 and piezoelectric catalysis 2!2.

To sum up, various SA/NPCs have been developed and applied in a wide variety
of electrocatalytic reactions, including ORR, OER, and HER. Moreover, integrating
single atoms and nanoparticles with different active sites allows the catalysts to achieve
bifunctional and even trifunctional catalytic activities, which are essential for
electrochemical energy storage devices. However, it should be noted that although
endowing different catalytic sites (e.g., ORR and OER) in one catalyst may simplify
the electrode design for rechargeable batteries, it may result in compromised catalytic

performance of the individual reaction. More specifically, because the active sites for
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ORR and OER are different, the co-existence of ORR and OER active sites in 0me;:  xoaec,
catalyst will reduce the number of active sites for ORR or OER compared to that with
only active sites for ORR and OER. Therefore, further research may take the rationale

of bi-/tri-functional catalysts into consideration.
5. Concluding remarks and perspectives

In summary, recent advances in the integration of single atoms and nanoparticles
(clusters) as highly efficient catalysts for electrochemical energy conversion are
reviewed. It has been shown that the individual active species do not just combine to
offer more reactive sites but work collectively/synergistically via the electron transfer
effect, tandem effect, and parallel effect to greatly enhance the electrocatalytic activity,
selectivity, and stability of the catalysts. These integrated catalytic entities, composed
of two or more types of active species, provide distinct advantages for numerous
reactions involving multiple pathways or steps. As a result, they have been widely
reported to be used in various electrocatalytic reactions, such as ORR, OER, HER,
which are crucial for fuel cells, metal-air batteries, and overall water splitting devices.

Despite substantial progress in this category of catalysts, significant challenges remain,

Published on 06 June 2024. Downloaded by Hong Kong Polytechnic University on 6/9/2024 9:23:34 AM.

and some perspectives are highlighted as follows:

(1) A vast variety of studies have shown that the catalytic properties strongly
depend on the electronic and geometrical structure of the catalysts. The investigation
of the interactions between single atoms and nanoparticles and their role in catalytic
properties is still nascent. While electron transfer between them has been observed, the
existence of direct bonding and additional interactions remains elusive. Therefore,
exploring the constituent structures in hybrid catalysts is crucial to guide the analysis
of the catalytic mechanism. Some advanced characterization techniques, such as direct

detection electron energy loss spectroscopy and temporal analysis of products (TAP),
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would be helpful to achieve this goal. DOk 101030 AT AD 2288,

(2) The creation of highly active and stable single-atom and nanoparticle hybrid
catalysts necessitates detailed characterization of the composition and structure of the
active species. Static condition characterizations can be efficiently performed using
HAADF-STEM and EXAFS, but probing the structural changes in dynamic processes
poses great challenges. This difficulty arises from the evolution of the active site at high
current densities and overpotentials. More efforts are needed to advance atomic-
resolution and surface-sensitive characterization techniques for gaining insights into the
active center structure and reaction mechanisms. For example, in-situ/operando
spectroelectrochemical techniques could be employed to detect the dynamic evolution
of active sites.

(3) More accurate theoretical models are highly required to uncover the
mechanisms of catalytic reactions. Currently, many studies rely on simplified
theoretical models, overlooking crucial factors such as solvation effects, working pH,
and applied potential 2!3. To gain a more comprehensive understanding of the evolution
of electronic structures and adsorption behaviors in real catalytic processes, more
rigorous theoretical models should be developed for in-depth investigation. Combining
machine learning techniques with first-principles calculations is a promising approach
that can efficiently screen and optimize the positions and coordination environments of
atoms within catalysts, resulting in more accurate theoretical models. Based on a large
amount of electrocatalytic experimental data and calculation results, machine learning
algorithms have the potential to discover the correlation between catalyst structure and
performance, and provide valuable guidance for catalyst design. Furthermore,
molecular dynamics simulations offer a powerful tool to simulate the impact of solvent

environments on catalytic processes, which can provide insights into the dynamic
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behavior and stability of catalytic systems in realistic conditions. T rpifinpoius

It is believed that addressing the above challenges will unleash the full potential

of this promising type of catalyst for various applications. Moreover, compared to their

individual components, the development of integrated catalysts remains in its infancy,

leaving ample room for exploration, e.g., diverse combinations of single atoms with

various nanoparticle types (carbides, nitrides, phosphides, alloys, etc.), utilizing

bimetallic single atoms, introducing heteroatoms, and other forms to design

multifunctional catalysts. Given their unique synergistic properties, it is anticipated that

the integration of single atoms with nanoparticle catalysts could play a significant role

in meeting the rigorous demands of next-generation energy conversion.
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