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Single-atom alloys (SAAs) are a different type of alloy where a guest metal, usually a noble metal (e.g., Pt, Pd,
and Ru), is atomically dispersed on a relatively more inert (e.g., Ag and Cu) host metal. As a type of atomic-
scale catalyst, single-atom alloy catalysts have broad application prospects in the field of heterogeneous
catalysis for hydrogenation, dehydrogenation, oxidation, and other reactions. Numerous experimental
and characterization results and theoretical calculations have confirmed that the resultant electronic
structure caused by charge transfer between the host metal and guest metal and the special geometric
structure of the guest metal are responsible for the high selectivity and catalytic activity of SAA catalysts.
In this review, the common methods for the preparation of single-atom alloys in recent years are
introduced, including initial wet impregnation, physical vapor deposition, and laser ablation in liquid
technique. Afterwards, the applications of single-atom alloy catalysts in selective hydrogenation,
dehydrogenation, oxidation reactions, and hydrogenolysis reactions are emphatically reviewed. Finally,
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1 Introduction

In traditional bimetallic catalytic systems, heterogeneous
metals mainly exist in the forms of alloys, core-shell structures,
and heterostructures. Generally, the corresponding synergistic
interactions between two metals significantly affect the catalytic
selectivity and activity.'* Alloying provides an efficient way to
tailor the electronic and geometry structure, and thus tune the
catalytic performance.* Zhang and many other researchers
proposed and developed metal oxide-supported single-atom
catalysts, which not only maximize the exposed catalytic active
sites (significantly improving the catalytic activity) but also had
unique geometrical and electronic structure characteristics
(enhancing the selectivity of catalytic reactions).>** Further, in
2012, Sykes doped single-atom Pd on the Cu (111) surface, and
denoted this type of alloy material as a single-atom alloy (SAA).*
They reported that the SAA has two key typical characteristics:
(1) active metal atoms (especially noble metal, called guest
metal) dispersed on the surface of a second metal (host metal)
at the single-atom limit with a low concentration and (2) guest
single atoms are thermodynamically more stable when sur-
rounded by the host metal atom due to the formation of
a metal-metal bond, which exists in the monodisperse state
rather than larger ensembles, such as dimers and trimers.****
This new type of material has been developed based on the
combination of surface science, scanning probe microscopy on
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several challenges for the future development of SAA catalysts are proposed.

the surface of single crystals and the composition and evalua-
tion of nano-alloy particles.**>*

SAAs are bimetallic alloy materials with a specific structure,
where more active metal atoms are dispersed across the surface
of a transition metal with a low concentration and anchored in
the isolated state. Many studies have shown that compared with
traditional bimetal alloy catalysts, the guest metal has the
features of unique unsaturated coordination, special interac-
tion between the host metal, the quantum size effect, etc., which
are different from traditional alloys.**** Density functional
theory (DFT) calculations confirmed that SAAs exhibit mean-
field behavior with the absence of obvious energetic and
spatial overlap between the host and guest atoms in SAAs, such
as AgNi, AgPd, AgMn, AgCr, and AgCu. The valence electron
structure of the guest metal in SAAs maintains good symmetry
and is hardly disturbed by the host element.”® Furthermore, no
host-host metal bonding exists due to the isolated state of the
host metals. The absence of host-host metal bonds results in
the formation of a free-atom-like electronic structure on the gest
element. Thus, the adsorption abilities of the host metal are
altered when bonding with adsorbents compared with tradi-
tional nanoparticles.?”*® Specifically, compared with the host
metal element, SAAs have readily accessible active sites and
free-atom-like electronic state, which are similar to homoge-
neous catalysts, providing a bridge between these two different
fields.>**

SAAs, as a new type of catalyst, exhibit special physico-
chemical and structural properties, as follows: (i) uniform active
sites without influence from various interference site factors,
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such as different vertices, steps and interfaces in nanoparticles,
contributing to high selectivity; (ii) highly dispersed active site
distribution, endowing them with higher intrinsic activity; (iii)
more stable unique electronic and geometric coordination
environment than the corresponding nanocatalysts; (iv) large
bimetallic interface site, making SAAs model catalysts to study
bimetallic co-catalysis sites, which is beneficial to reveal the
mechanism of the catalytic reaction deeply; and (v) maximum
utilization of predominant metal atom, greatly reducing the
preparation cost, especially for noble metals.>** The well-
defined nature of the active sites of SAAs, which is different
from their constituent metals, endows SAAs with unique cata-
lytic activity and selectivity in many catalytic reaction fields,
such as selective hydrogenation, dehydrogenation, oxidation
and hydrogenolysis. Therefore, SAA catalysts have become one
of the main classes of heterogeneous catalysts.**-**

2 Methods for the preparation of SAA
catalysts

The method for the preparation of catalysts has a significant
influence on their nanostructure. The design and synthesis of
SAA catalysts based on the interaction between the guest and
host metal are the premise of studying the structure-property
relationship of SAAs. Gong et al. found that the exposed isolated
Pt atoms in the Cu (111) surface are thermodynamically more
stable compared with that in the Cu (100) surface and on the
low-coordinated step edge and corner sites.>® However, due to
the differences in the physical and chemical properties of the
two metal components, they tend to form their own single metal
phase. Hence, for SAAs with the size limitation of alloy nano-
materials, it is necessary to avoid the agglomeration of the guest
metal atoms, presenting great challenges in the synthesis
conditions and methods for the preparation of SAAs. In recent
years, with the continuous optimization of traditional catalyst
synthesis methods, remarkable achievements related to the
preparation of SAAs have also been made.* At present, the
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developed controllable synthesis strategies of SAA catalysts
include initial wet impregnation, physical vapor deposition,
step-wise reduction and pulsed laser liquid phase ablation.

2.1 Initial wet co-impregnation

Initial wet co-impregnation is one of the most common
methods for preparing supported catalysts with the advantages
of simple operation and low production cost. Similar to the
general method for the preparation of bimetallic catalysts, the
specific steps are as follows: (i) impregnation of precursor
solution with two types of active metals on the support; (ii)
adsorption process until adsorption equilibrium is reached;
and (iii) separating, washing, drying and activation processing
(e.g, calcination and reduction).

Gong's group dispersed v-Al,O; in a H,PtCls-6H,0 and
Cu(NO3),-3H,0 mixed precursor solution, followed by leaving it
in the atmosphere statically overnight.*® After drying in flowing
air (80 °C, 12 h), the resulting precipitate was finally calcined
(600 °C, 2 h). The lattice spacing of 0.21 nm was detected for the
obtained sample, corresponding with that of Cu(111). No cor-
responding lattice spacing of the Pt crystal was observed, but
isolated Pt atoms appeared and were continuously diluted with
Cu(111), as confirmed by AS-HAADF-STEM. Also, in situ DRIFTS
showed that the CO molecules were linearly adsorbed on indi-
vidually dispersed Pt atoms. Thus, the combination of the
characterization results of AC-HAADF-STEM and DRIFTS
confirmed the successful preparation of the 0.1Pt10Cu SAA
(Fig. 1). Keeping the Cu content constant at 10 wt% content, the
Pt content could be varied from 0.025% to 0.1% without
a change in the structure of the PtCu SAA.

Zhang et al. fabricated Ag-alloyed Pd SAA samples via the
incipient wetness co-impregnation method using only ppm
levels of Pd.** Notable, the Pd K-edge XANES white line of the
above-mentioned AgPd SAA had a lower intensity and shifted to
a lower energy compared with that of Pt foil, suggesting that
charge transfer occurred from Ag to Pd. Also, they synthesized
Cu-alloyed Pd single-atom catalysts using the incipient wetness
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(a) and (b) HAADF-STEM images of 0.1 Pt10Cu/Al,O3 catalyst. (c) Relative stability of Pt single atoms on Cu (~2.1 nm) nanoparticle. (d) In

situ CO-DRIFTS and (e) normalized Pd K-edge XANES spectra of AgPdg 01/SiO5.3°
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co-impregnation method.*”” They found that Pd atoms can be
fully isolated by Cu when the latter was more than 40 in the Cu/
Pd atomic ratio. In the case of the PdCu SAA samples, the
distances between atoms in the first shell of Pd were obviously
shorter than that of Pd foil due to the formation of Pd-Cu
coordination, and further increasing the Cu/Pd atomic ratio
induced shorter distances in Pd-Cu (2.55 for Cu,oPd vs. 2.58 for
Cu;60Pd). In addition, only Pd—Cu coordination was observed in
the PdCu SAA catalysts and the coordination number of Pd-Cu
increased with an increase in the Cu/Pd atomic ratio, while both
Pd-Cu and Pd-Pd coordination existed in the Cuy,Pd catalyst.

Therefore, both geometric and electronic synergistic effects
between the Pd and Ag atoms were proven and high-
temperature prereduction was shown to contribute to the
optimal Pd/Ag surface composition with isolated electron-rich
Pd atoms.

2.2 Step-wise reduction

When SAAs are prepared via the stepwise reduction method, the
host metal NPs need to be synthesized via the reduction method
first, followed by the generation of guest metal atoms on the
host metal surface at the single-atom limit via further reduc-
tion. According to the different reduction methods of the loaded
guest metal, it is mainly divided into galvanic replacement
method, successive reduction method and electrochemical
deposition method.****

2.2.1 Galvanic replacement method. The galvanic replace-
ment (GR) method offers a simple route for the preparation of
SAA catalysts.*> Based on the different reduction potentials of
the guest and host metal precursors, the GR reaction may or
may not be thermodynamically favorable. Given that the host
metal possesses lower reduction potentials than that of the
guest metal, the replacement of the host metal by guest metal
can occur spontaneously.***” Especially, a small amount of
guest metal favors the formation of a host-guest metal bond
only, while avoiding the generation of guest-guest metal bonds.
Generally, high-intensity ultrasound using a sonicator can
facilitate the GR reaction rate, improve the metal dispersion
and avoid the formation of dimers or trimers of guest metal.*®
For example, the reduction potential of Pt (PtCle,Z’/Pt, E, =
+1.44 V) is higher than that of Cu (Cu®"/Cu, E, = +0.34 V), and
thus the Cu host metal can be reduced by Pt** via the thermo-
dynamically favorable redox reaction, as follows:

2Cu (s) + PtClg>~ (aq) = 2Cu>* (aq) + Pt (s) + 6Cls~ (AE® =
+0.575 V) 1)

In addition, the corresponding large potential difference (up
to 0.76 V) makes the reaction feasible and guarantees that the
replacement reaction occurs rapidly even at T = 0 °C. The
nanoscale Kirkendall-effect-induced hollowing process between
PtClg>~ ions and Cu particles/clusters during the GR reaction
can account for the possible formation mechanism, enabling
the deposition of Pt on the Cu surface to form the Pt-Cu
alloy.*®* According to the above-mentioned equation, the
consumption of two Cu atoms can deposit one Pt atom,
meanwhile leaving redundant lattice vacancies on the surface of
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the Cu particles. Due to the non-compensation of less Pt atoms
for the vacancies left by the reduction of Cu atoms, a higher
surface free energy is generated.

The formation of SAAs via the GR reaction was reported by
Mohl and co-workers.”® They successfully applied the GR
method to construct CuPd and CuPt SAAs with different
compositions by controlling the amount of Pd and Pt salts
added. Cu nanostructures are the suitable sacrificial templates
due to their advantages of low cost and easy production puri-
fication. Generally, in the case of reduced Cu nanowires or
nanoparticles, their color turns to dark gray after the intro-
duction of precious metal salts, suggesting the replacement of
Cu by Pt or Pd during the GR reaction and formation of CuPt
and/or CuPd SAAs.*" In terms of reaction media, besides dilute
water, dimethyl sulfoxide has been used as a polar aprotic
solvent to prevent some host particles from agglomerating in
distilled water.*® However, Mohl et al. found that Pt and Pd ions
tended to aggregated to form the corresponding nanoparticles
in ethanol solvent.

Flytzani-Stephanopoulos et al. prepared a PdCu SAA with
a Pd/Cu atomic ratio of 0.18% supported on Al,O; by the GR
reaction.*® Firstly, Cu nanoparticles were synthesized by NaBH,
reduction in the presence of PVA, followed by adsorption on
Al,O; to obtain the supported Cu catalyst. After reduction in
a hydrogen atmosphere at 250 °C at a rate of 5 °C min~', Cu/
Al,O; was transferred to an aqueous solution with a immersed
sonicating tip under nitrogen protection. Finally, the desired
quantity of Pd(NO;), solution was added. UV-visible spectros-
copy measurements suggested that Pd was reduced and
deposited exclusively by the GR reaction (Fig. 2a) and X-ray
photoelectron spectroscopy confirmed the electronic trans-
formation between the Pd and Cu atoms and formation of the
alloy (Fig. 2b and c).

Also, Lucci et al. designed a PtCu SAA catalyst with a low
concentration of individual Pt atoms by adding H,PtClg
aqueous solution to a pre-reduced Cu/Al,0; sample.”” The
reduction procedure was carried out under nitrogen protection
with constant stirring. The EXAFS results showed the first shell
interaction distance of 2.63 A, which is between that of Pt-Pt
(2.77 A) and Cu-Cu (2.56 A). In addition, no Pt-Pt bond existed.
Thus, these results provide direct evidence for the presence of
only Pt single atoms instead of clusters. In addition, the
ACHAADF image also distinguished isolated Pt atoms on the Cu
surface, also demonstrating the formation of the PtCu SAA
structure (Fig. 2d-f).

Briefly, the displacement reaction between different types of
metals provides an effective strategy for the synthesis of SAA
catalysts. The GR process is a considerably facile and mild route
without protective agents to fabricate SAA catalysts. Neverthe-
less, this route can only dissolve the less noble element and
deposit the more noble one. Besides, the final structure of SAAs
synthesized via the GR method is dependent on the shape and
size of the host clusters/particles, which limits the application
of the GR method.

In addition to the GR method, an NiCu SAA supported on
SiO, was prepared via a modified electroless GR method,*
according to the following redox reaction:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis spectroscopy, (b) Pd 3d XPS and (c) Cu 2p XPS of Pdg 1gCu15/Al,O3 prepared by GR method.*¢ (d) and (e) HAADF-STEM images

and (f) EXAFS k*-weighted Fourier transforms of PtCu-SAA supported on y-Al,O3.5

2Cu + 20H™ + Ni?* = Cu,0 + Ni + H,0, AE® = +0.103 V (2)

Similar to the above-mentioned GR method, the corre-
sponding large potential difference guaranteed the deposition
of Ni on the Cu,O surface, which was spontaneously derived
from the oxidation of the Cu metal in alkaline solution (OH").
In detail, NaOH was mixed with the Ni precursor (Ni(NOs),-
-6H,0) under an N, atmosphere followed by the addition of
a certain amount of pre-reduced Cu/SiO, and continuous stir-
ring. PtCu-SAA and PdCu-SAA were also obtained using this
method.”

2.2.2  Successive reduction method. The successive reduc-
tion method is another step-wise reduction method, where first
the metal ions are reduced into NPs, and then a reduction
treatment is carried out. Similar with SAAs prepared via other
methods, the guest metal is usually deposited on the surface of
the host metal, presenting a core-shell structure. The successive
reduction method does not involve the annealing process of GR
reaction, avoiding the aggregation and growth of the guest
metal atoms.

Toshima et al. fabricated a colloidal Au/Pd alloy with single
Au atoms on the surface of Pd clusters via this effective and
versatile tool with an average diameter of 1.5 nm (Fig. 3a and
b).>® Firstly, PVP-protected Pd clusters with ideal structure of
Pd;;s were prepared via the alcohol reduction method. Then, the
desired amount of Au®*" with PVP aqueous solution was rapidly
added to a mixture of Pd55 clusters and r-ascorbic acid. It should
be noted that the reducibility of Pd is much weaker than that of
r-ascorbic acid, and consequently Au*" would react with r-
ascorbic acid first. Thus, r-ascorbic acid enabled the in situ
reduction of the Au®" ions on the Pds; surface, and finally the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation of the AuPd alloy instead of Au nanoparticles. It is
worth noting that heating the reaction temperature was per-
formed quickly after r-ascorbic acid was added to prevent the
galvanic replacement of Pd by Au®". For the obtained AussPdss,
the deposition of Au atoms was indeed heterogeneous, where
the center and edge Au accounted for 30% and 44% of all the
metal atoms, respectively. Density function theory (DFT)
calculation demonstrated that the Au atoms are preferentially
located at the Pd(111) plane than that at the Pd(100) plane and
coordinated by three Pd atoms (Fig. 3c). In addition, electronic
charge transfer from the Pd to Au atoms also occurred, resulting
in negatively charged Au atoms, while positive Pd atoms
(Fig. 3d).

More importantly, the successive reduction method breaks
the limits of the GR method of the dissolution of the less noble
component and deposition of the more noble element.
Different from that of the AuzPdss SAA prepared by Toshima,
a PdAu SAA structure was also constructed by alloying isolated
Pd with Au clusters. Classically, Zhang et al. prepared PdAu-SAA
with single Pd atoms via the facile successive reduction method,
as follows: (i) H,N(CH,);Si (OC,H;);-functionalized silica gel
(SiO,-APTES) was firstly dispersed in HAuCl, solution, and then
reduced by NaBH, to obtain supported Au particles and (ii)
addition of Pd(NOs3), solution with a certain concentration to
the above-mentioned precipitate. The experimental and

(a)
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characterization results demonstrated that the absolute isola-
tion of Pd by Au occurred under the preparation condition
where the atom ratio of Pd/Au was less than 0.025 and the
addition of Pd efficiently prevented the sintering of Au
nanoparticles.>

Sykes et al. also synthesized Pd g,Au o9 NPs with an average
diameter of 7.6 £+ 1.9 nm via the successive reduction method.*
During the preparation of the Pd, pAug og NPs (Fig. 4a), Au NPs
were firstly synthesized using poly(vinylpyrrolidone) as protec-
tion and ethylene glycol as the reducing agent at 90 °C. After
cooling to ambient temperature, Pd(NO;), -xH,O was added,
which was also reduced by ethylene glycol. They found that
active site geometries in bimetallic alloys can be affected by CO
and temperature treatment. In the case of the prepared
Pdy 02Aup0s NPs, the Pd single-atom phase could be trans-
formed into clusters by changing the exposed CO partial pres-
sure, as confirmed by the CO-DRIFTS results (Fig. 4b-g). During
the ethanol dehydrogenation reaction, Pd,Augqs with Pd
clusters leads to a range of products (including CO, ethyl
acetate, and CH,), while the Pd, ¢,Au o5 SAA phase exhibited
high selectivity for acetaldehyde and hydrogen.

2.3 Physical vapor deposition

Physical vapor deposition is the earliest method used to prepare
SAA catalysts. In this method, the guest metal atoms are gasified
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H on Pd/Cu

Fig.5
H, state on PdCu(111) surface.

by physical methods under ultra-high vacuum (UHV) condi-
tions, and then deposited on the surface of the host metal in the
form of single atoms through the plasma process, thus forming
solid deposits.*® The research group led by Sykes successfully
prepared PtCu, PdCu, PdAu and other SAA materials using this
method.>*”"*° Taking the preparation of the PtCu-SAA catalyst
as an example, Cu(111) single crystals were firstly cleaned under
ultrahigh vacuum using cycles of Ar" sputtering and annealing.
Then, Pt was deposited onto the clean Cu(111) sample using an
electron beam evaporator, allowing accurate and reproducible
Pt surface coverage by varying the deposition time.”* Conse-
quently, the Pt atoms can be deposited on the surface step edge
via place exchange and incorporated into the terraces directly.
The STM image of PtCu demonstrated the existence of Pt on the
Cu(111) surface as individual and isolated species, even at
a higher local concentration near the step edge regions (Fig. 5a).
In the case of the PtCu SAA, the Pt atoms act as the entrance and
sites for H, dissociation and recombination (Fig. 5). The energy

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) TPD traces of H, uptake, (b) STM image and (c) H, state on Pt/Cu(111) surface. (d and e) STM image of pristine PdCu(111) surface and (f)

barrier of H, dissociative adsorption is negligible and the
dissociated H atoms spill over from the Pt sites to the neigh-
boring Cu atoms, allowing for an increase in weakly bound H on
Cu.

Hannagan et al. studied the atomic-scale structure of Rh on
Cu surface by developing an RhCu SAA UHV catalyst.>® Studies
on Rh/Cu(111) showed that the Rh atoms can alloy preferen-
tially at the step edge in the isolated state and CO (common
probe molecule) on the isolated Rh sites interacts via dipole-
dipole coupling rather than chemical interactions. In the case of
the isolated Pt alloyed SAA, the Pt atoms alloy directly in the
terraces and regions near the step edges of Cu(111) and are
randomly distributed throughout the surface.®®®* The detailed
investigation of the alloying process demonstrated that
temperature control during the deposition plays a predominate
role in maintaining the Pd atoms in the monodispersed state in
the surface layer. The evaporated Pd atoms are adsorbed on the
Cu surface and diffuse over the terraces randomly until they are

RSC Adv, 2024, 14, 3936-3951 | 3941
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Fig. 6 (a) Schematic illustration, (b) TEM image and particle size
distribution, (c—f) HAADF image and elemental mapping, and (g) and
(h) atomic-resolution HAADF-STEM imaged of RuAu SAA prepared via
the LAL method.®*

trapped at the nearest ascending step edge, and then alloy into
the Cu surface layer.”

Physical vapor deposition provides a synthetic strategy for
better understanding the interaction between bimetals with
precise coverage control by adjusting the flux of the guest metal
or the deposition time. However, the cost of the equipment used
in this method is very high and the yield is low, which limit its
wide practical application in industry.

View Article Online

Review

2.4 Laser ablation in liquid

Laser ablation in liquid (LAL) is a reliable method to synthesize
SAA catalysts whose parent metals are immiscible in the solid
state due to its strong quenching effect.®” Du's group synthe-
sized an RuAu SAA through the LAL technique in two steps,
where the Ru target was firstly immersed in an HCl and HAuCl,
mixed aqueous solution, and then irradiated by a nanosecond
laser. The irritation process facilitated the vaporization of the
Ru target and thermal decomposition of HAuCl,, resulting in
the formation of the RuAu SAA during the subsequent fast
quenching. Further, the HAADF-STEM image revealed that the
Au guest was individually dispersed in the Ru substrate and
occupied the position of Ru atoms (Fig. 6).%

In conclusion, diverse methods for the synthesis of SAAs
have been developed and reported, making the study of alloy
catalysts at atomic precision become a hot topic in catalytic
chemistry. The initial wet co-impregnation method, galvanic
replacement method, successive reduction method and laser
ablation in liquid for the synthesis of SAA catalysts have their
own characteristics. However, based on the current controllable
methods for the synthesis of SAA catalysts, the utilization effi-
ciency of precious metal precursors is not high during the
preparation process. Therefore, it is urgent to develop methods
for the synthesis of SAA catalysts with the advantages of simple
operation, large-scale synthesis, wide applicability, high atomic
utilization rate and large loading capacity (Table 1).

3 Applications of SAA catalysts

Based on the strong theoretical foundation of science and
advanced materials synthesis technology, it is possible to
coordinate and isolate the guest metal atom with the host
metal. Due to the different atomic radius, work function and
negativity of the guest and host metal, the coordination envi-
ronment of the guest atom changes and charge transfer occurs
between the two metals after the formation of the SAA structure.
Accordingly, the surface state density of the guest atom is
affected by the host metal element, which tends to change the
adsorption properties and dissociation ability of the substrate
molecule and the intermediate species of the reaction.

Table 1 Summary of methods for the preparation of SAAs with their merits and demerits

Synthetic method Samples Merits Demerits Ref.
Initial wet co-impregnation PtCu SAA Easy operation; low cost; Low yield and long synthesis 39, 41 and 64
PdAg SAA facile process and no need cycle
FePd SAA for specific apparatus
Galvanic replacement AgCu SAA Special compositions and Requires a difference in 65-67
method PdCu SAA structures; long shelf life reduction potentials
AuPd SAA
Successive reduction AuPd SAA Available complex Complicated steps 55
method structures; high catalytic
activity
Physical vapor deposition PtCu(111) Simple steps High equipment cost and 39, 52 and 60
PdAu(111) low yield
PdAg(111)
Laser ablation in liquid RuAu SAA Simple operation Low yield 63 and 68
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Consequently, the catalytic performance of SAA catalysts can be
adjusted and strengthened. Simultaneously, when the metal
catalyst is decreased to the atomic level, its active sites and
reaction paths of may change. In addition, the metal-metal
interface between the isolated guest atoms and the host metals
in SAAs may also lead to an enhanced catalytic performance.
Therefore, SAA catalysts show superior catalytic activity to
traditional mono-metallic catalysts due to their special
geometrical structure and electronic properties. Studies on SAA
catalyst are important in the development of heterogeneous
catalysts at the atomic scale, which have become one of the
future development directions of heterogeneous catalysts.*®® In
this section, we summarize the applications of SAA materials in
heterogeneous catalytic reactions, including selective hydroge-
nation, dehydrogenation, oxidation and hydrogenolysis
reactions.

3.1 Selective hydrogenation reaction

The selective hydrogenation of unsaturated hydrocarbons is
a basic process for the production of fine chemicals in the
chemical industry, and in this case Pd-based catalysts have
already demonstrated great catalytic activities.”””® However,
traditional Pd nanoparticles can homogenize H, molecules into
two H atoms, but the strong adsorption ability of Pd for H atoms
is not conducive to the desorption of the H atoms, which limits
the improvement in the catalytic efficiency of Pd catalysts for
the hydrogenation reaction.””® This issue is usually alleviated
by Pd-based bimetallic catalysts with a precisely designed
composition to retain high activity, while increasing selectivity.

Effective solutions for PdCu SAAs were first reported by
Skykes and co-workers, where that individual, single Pd
replaces the Cu element in the topmost surface layer (Fig. 7).*>
Due to its unique structure, the PACu SAA possesses a bifunc-
tional surface, which shows particular functions in the selective
hydrogenation of styrene and acetylene. It was found that the
dissociation barrier of H, on isolated Pd atoms is low and the
dissociated H atom is weakly bounded. The dissociated H

E,~0.4eV
E,~0.02 eV E,~0eV H,(g)
/ E~0.2eV E~0.35eV
E~0.6eV
Cu(111) Pd atom
Pd(111)
e Hy(g)
Ha

Fig. 7 H, potential dissociation energy and spillover process on Pd
SAA, pure Cu(111) and Pd(111).*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms spill over onto the neighboring Cu surface, and subse-
quently desorbed with low energy. Thus, facial hydrogen
dissociation at the individual Pd site and weak binding to Cu
sites guarantee the high activity and selectivity of the selective
hydrogenation reaction. At present, it has been reported that
PdAu, PdAg, PdCu, PtCu, Nilr and other SAA catalysts have been
applied in the selective hydrogenation of olefins, acetylene,
styrene, levulinic acid, and furfural and other
reactions‘24,44,53,76778

Compared with the traditional Pd-based hydrogenation
catalytic materials, PdCu SAA catalysts change the catalytic
hydrogenation path due to the presence of bimetallic interfaces
sites and improve the utilization of the precious metal Pd.
Zhang et al. prepared an Ag-alloyed Pd SAA catalyst via the
incipient wetness co-impregnation method to selectively
hydrogenate acetylene to ethylene in an ethylene-rich stream.*'
It was found that single Pd-alloyed PdAg-SAA presented higher
selectivity than that of the AuPd SAA. Even at a Pd loading as low
as 168 ppm in AgPd-SAA, the catalyst still showed 92.6%
conversion of acetylene and 92.3% ethylene selectivity, repre-
senting the best performance (85.5% yield) reported to date.
This can be attributed to the geometric and electronic interac-
tions between Pd and Ag, which altered the activation of acet-
ylene and adsorption of the ethylene product.*

3.2 Dehydrogenation reaction

Recently, the development of shale gas has aroused the interest
from researchers in C-H activation. Catalytic dehydrogenation
through C-H activation is the most important step in the
production of fine chemicals such as olefin from light
alkenes.”®" Pt-based catalysts are the most frequently used
catalysts for C-H activation, but it is easy to break the C-C bond,
leading to carbon deposition and deactivation of the catalyst,
and the high price of Pt metal prohibits its widespread use.*>*
Thus, to solve this problem, Sykes proposed the strategy of
using the PtCu SAA catalyst to facilitate C-H bond activation
and avoid the formation of coke observed on clusters or parti-
cles. The present studies on alkanes related to C-H activation
include methyl, methane and butane. These studies provide
direct evidence from the determination of the catalytic active
sites on the atomic scale, proof of the spillover intermediate
products and the thermodynamics and kinetics of the reaction
pathway.*>®** It was found that the addition of Pt single atoms in
PtCu-SAA can effectively facilitate C-H bond cleavage, and the
activation temperature is 200 °C lower than that of the mono-
metallic Cu catalyst under practical operation conditions
(Fig. 8). The results are attributed to the intermediate barrier for
C-H activation compared with pure metals and the endo-
thermic process of dehydrogenated fragment formation. At
present, alkenes dehydrogenated by SAA catalysts mainly
include propane, ethanol, methanol, and formic acid and the
commonly used SAA catalysts are mainly PtCu, PdCu and NiCu
SAA'54,84—88

SAA catalysts not only promote C-H activation but also avoid
the formation of coke on large ensembles.*” In the terms of
propane dehydrogenation (PDH), this reaction is normally
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Fig. 8

catalyzed by PtM alloys, where M represents 3d and/or 4d
transition metals, including Sn, Zn, Ga, In, Ge and Cu. However,
previous studies found that these PtM alloys are restricted by
the scaling relationship. When the energy barrier of propane
dehydrogenation is lower (i.e., higher activity) for PtM alloy
catalysts, the interaction between C and Pt is stronger, resulting
in the stronger adsorption of the product (propylene) and
deeper dehydrogenation (i.e., lower activity). Different from the
conventional PtM alloy catalysts, SAA catalysts with nano-
particles, metals or model surfaces hosting isolated atoms on
their surface can avoid the linear scaling relationships and
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allow for the rational fine-turning of activity and selectivity
during PDH.

Gong et al. firstly certified by DFT calculations that there is
a considerable negative difference between the desorption energy
of propane and further dehydrogenation barrier of the target
product propylene for PtCu SAA, whilst the dehydrogenation
energy barrier of propane is also maintained properly. Then, they
further prepared PtCu SAA supported on y-Al,O; via an atomic
dilution method to confirm the above-mentioned conclusion that
PtCu SAA are indeed capable of breaking the restriction of the
PtM alloy scaling relationship (Fig. 9). The PtCu SAA with a low
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loading of Pt (0.1 wt%) showed a high formation rate of 10.6 mol
gpe © h™" with high propylene selectivity (~90%) under atmo-
spheric pressure and high temperature (520 °C). They further
performed DFT calculations by constructing 54 reversible reac-
tion steps and kinetic Monte Carlo simulations to compare the
PDH performance and coke formation on the PtCu SAA catalyst
and that on pristine Pt catalysts.®® Three reasons were proposed
to explain the better performance on the PtCu SAA catalysts than
pure Pt, ie., the energy barrier of C-C bond cracking is much
larger on Pt catalysts, whist the energy barrier of C-H cleavage on
the two catalysts is the same; the deep dehydrogenation of pro-
pene is attributed to the smaller frequency of the forward step;
and the main coke species for the PtCu SAA catalyst changes
compared with Pt.

Furthermore, to solve the agglomeration of Cu particles
under high temperature, CuSiO; was selected as a support for
PtCu SAAs.”* The evaluation results confirmed that the opti-
mized PtCu SAA catalyst supported on CuSiO; still achieved
above 42% propane conversion and 93% propylene selectivity at
580 °C after 30 h PDH reaction. In addition, Hannagan et al.
performed first-principle calculations and suggested that indi-
vidual Ru atoms embedded in a Cu(111) surface should be
stable and efficient to converse propane to propene with high
selectivity and resistance to coke formation.>?

3.3 Oxidation reaction

Selective oxidation is an effective way to prepare high-value-
added chemicals. Au catalysts are among the most commonly
used catalysts in oxidation reactions.®” It has been reported that
compared with single-type Au active sites, catalysts containing
multiple active sites such as bimetallic alloys are preferred due to
their better activity and selectivity.”*** Cargnello et al. synthesized
a PdAu-SAA catalyst and studied its structure-activity relation-
ship in the selective oxidation of 2-peopanal to acetone.”® They
found that the introduction of Pd single atoms with a low
concentration (1.4 at%) in Au catalysts could greatly improve the
catalytic performance compared with Pd or Au individually. Pd
single atoms are mainly used to dissociate H, molecules, while
the Au-oxide interface is necessary to adsorb O, molecules
without dissociation, and the two species enable the generation
of selective oxidized species. The synergistic effects between
single Pd and Au are responsible for the formation of reactive
oxidizing species and limiting oxygen dissociation, enabling the
selective oxidation and complete combustion. Toshima et al.
developed crown jewel-structured Au/Pd catalysts via the GR
reaction method, where Au atoms were atomically dispersed on
the top sites of Pd nanoclusters.®®**® The obtained surface Au
atom-decorated Pd SAA catalysts presented 20-30 times higher
activity than that of Au particles with a size of 1.4 nm diameter
during glucose oxidation, which can be associated with the high
negative charge of the Au atoms and their unique structure
caused by tuning the number of Pd atoms.

In addition to Au and Pd-based SAA catalysts, it has been
reported that PtRh, AgCu and AgCu SAA catalysts are used for
ethanol oxidation, NiPt, PACu and PtRu SAA are used for
methane oxidation, PdCu and PdBi SAA catalysts are used for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methanol oxidation, and AuPd- and Ni-based SAA catalysts are
used for carbon monoxide oxidation.®”*°® For example, a single
Ni atom-alloyed Pt SAA supported on porous graphdiyne pre-
sented excellent catalytic activity and durability towards meth-
anol oxidation.'” The low valence state of Pt in NiPt SAA is the
origin of its activity and the high resistance to CO poisoning. In
addition, PdCu SAA catalysts prepared by galvanic replacement
method are being studied as selective catalysts for the oxidation
of methanol to methyl formate at low temperatures by Stepha-
nopoulos. The single Pd atoms in the Cu matrix are confirmed
to be oxidized locally and the presence of Pd oxide species
increases the activity, selectivity and stability.

Li et al. constructed two examples of Pd/Cu(111) SAAs with
Pd atoms adsorbed and doped on Cu(111) surface, respectively
(Fig. 7).*® They calculated the energies for the different reaction
paths for CH, partial oxidation using these two SAA catalysts
examples. The calculation results indicated that oxygen as the
oxidant is more preferable than hydroxy to reduce the activation
energy barrier of CH, oxidation. However, the process of partial
methane oxidation on the two Pd/Cu(111) samples are different,
as follows: (CH; — CH3; — CH3;0 — CH,0 — CHO — CO) on
doped Pd/Cu(111) with the activation energy of 1.46 eV, while
CH, —» CH; —» CH, —» CH — CHO — CO on adsorbed Pd/
Cu(111) surface with the activation energy of 1.49 eV. Thus, it
can be concluded that doped Pd/Cu(111) is more favorable to
generate CO and shows better performance in terms of ther-
modynamics and higher capacity for sintering resistance.

Preferential oxidation of CO was investigated on the
Pty 1Cuy.10/Ce0, catalyst by Wang et al. They found that the alloy
with single dispersed Pt atoms showed higher catalytic activity
than that of monometallic counterparts and the alloy with
single dispersed Pt atoms was more stable than that with Pt-Pt
bonds."” PtCu, SAA and copper-ceria interface are the main two
types of active sites, which show a synergistic effect during
catalysis. The DFT calculations and XPS results confirmed that
Cu can partially transfer electrons to Pt via Pt-Cu bonds and the
electronic interaction tuned the electronic structure of the PtCu
SAA catalyst, which is responsible for the promotion of CO
desorption, and finally improved the catalytic activity.

3.4 Hydrogenolysis reaction

Thus far, only PtCu SAA catalysts have been used for hydro-
genolysis reactions, including hydrogenolysis of methyl glyco-
late to ethanol and hydrogenolysis of glycerol to 1,2-
propanediol. Zhang et al. prepared the 0.1Pt-Cu/SiO, SAA,
where Pt was isolated as single atoms and formed the Pt-Cu
alloy phase.*® They found that only 0.1 wt% isolated Pt with the
surrounding Cu atoms improved the dispersion of Cu,
increased the Cu"/Cu® ratio and enhanced hydrogen activation
without causing the C-C cleavage side reaction. Consequently,
PtCu-SAA catalysts afford a reduced reaction temperature,
unique ethanol selectivity as high as 76.7% and promising
stability of over a 700 h time on stream in the methyl glycolate
reaction.

The PdNi SAA with isolated Pd atoms dispersed on Ni
nanoclusters breaks the strong metal-selectivity relations and
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Table 2 Summary of the application of SAAs in heterogeneous catalytic reactions
Catalysts Synthetic method Reaction type Catalytic activity Ref.
PdCu SAA Physical vapor deposition Hydrogenation of styrene Conversion: 80% 12
Selectivity: 38%
PdCu SAA Physical vapor deposition Hydrogenation of acetylene Conversion: 90% 12
Selectivity: 33%
PdCu SAA Galvanic replacement method Hydrogenation of furfural Conversion: 40.1% 44
Selectivity: 99.1%
PtCu SAA Galvanic replacement method Hydrogenation of 1,3-butadiene Conversion: 100% 53
Selectivity: 100%
Nilr SAA Sequential impregnation and Hydrogenation of styrene Conversion: >99.9% 112
reduction Selectivity: >99.9%
AgPd SAA Incipient wetness co-impregnation Hydrogenate acetylene Conversion: 92.6 43
method Selectivity: 92.3
Yield: 85.5%
PdNi SAA Combining wet chemistry and ALD Hydrogenation of nitriles Yield:97% 110
PtCu SAA Physical vapor deposition Formic acid dehydrogenation Conversion: 100% 84
Selectivity: 100%
PtCu SAA Incipient wetness co-impregnation Propane dehydrogenation TOF: 10.6 mol gp, ' h™* 39
method Selectivity: 90%
PtSn SAA Impregnation and calcination Propane dehydrogenation Productivity: 11.1 molc u, gpe ' 113
h—l
PtCu SAA Impregnation method Propane dehydrogenation Conversion: 42% 91
Selectivity: 93%
PdCu SAA Galvanic replacement method Ethanol dehydrogenation Selectivity: 100% 54
PtCu SAA Galvanic replacement method Ethanol dehydrogenation Selectivity: 100% 54
PdCu SAA Galvanic replacement method Oxidation of methanol Conversion: 32% 101
Selectivity: 97%
PdBi SAA Co-incipient wetness impregnation Low temperature CO oxidation Conversion: 100% 114
PtCu SAA Galvanic replacement method Hydrogenolysis of glycerol Conversion: 99.6%% 38
Selectivity: 99.2%
TOF: 2.6 x 10° molgyycerol MOlprcu-
SAA71 hfl
PtCo SAA Ball milling approach Hydrodeoxygenation of 5- Conversion: 100%% 111

hydroxymethylfurfural

exhibits super catalytic performances with excellent recycla-
bility in the hydrogenation of benzonitrile toward dibenzyl-
amine.""® Remarkably, PANi SAA showed reaction activity of 8
and 4-times higher than that of the monometallic Pd and Pt
standard catalysts, respectively, and the yield of dibenzylamine
reached up to 97% under mild conditions. The DFT results
confirmed that the synergistic effect in the PANi SAA changed
the reaction pathway from primary amines on Pd to the exclu-
sive formation of secondary amines, which is responsible for
the outstanding performance.

The  hydrogenation  of  biomass-derived  5-hydrox-
ymethylfurfural (HMF) into high-quality biofuel, ie., 2,5-dime-
thylfuran (DMF), is significant for the utilization of biomass. In
this case, the PtCo SAA catalyst with Pt atoms fabricated by Ji et al.
showed an excellent catalytic performance and stability for the
hydrogenolysis of DMF to DHMF.'"* Single Pt atom electronic
transfer to the Co atoms formed the P> —Co’" active site, which
enhanced the C-O bond adsorption and decreased the adsorption
of furan, resulting in improved catalytic selectivity and activity.

Our group also reported the preparation of a PtCu SAA with
single Pt atoms dispersed on Cu nanoclusters.*® Both the in situ
experimental studies and DFT results confirmed that the Pt-Cu
interfacial sites are the intrinsic active sites, where the single Pt
atom promotes the dissociation of the central C-H, while the

3946 | RSC Adv, 2024, 14, 3936-395]

Selectivity: 92.9%

adjacent Cu atom is responsible for the terminal C-O bond
breakage and adsorption. Compared with Pt nanoparticles, the
synergistic SAA interfacial sites change the reaction pathway with
a lower activity energy and boosted the performance of hydro-
genolysis of glycerol to 1,2-propanediol with 98.8% yield (Table 2).

4 Conclusions and perspectives

In summary, single-atom alloy (SAA) catalysts contain an
atomically dispersed metal and form an alloy phase. SAA cata-
lysts significantly improves the utilization of noble metal and
shows certain advantages in the field of heterogeneous catal-
ysis. SAA catalysts have been prepared via initial wet impreg-
nation, physical vapor deposition and laser ablation in liquid
technique method. SAA catalysts make full use of noble metal
atoms and maximize the alloy metal sites to enhance the cata-
Iytic activity and selectivity. Normally, the synergistic effects and
the interaction between the host and guest metals in SAAs
afford remarkable catalytic performances and the stability of
atomic-level dispersed noble metals under harsh reaction
conditions. Furthermore, the electronic and geometric effects of
SAA change the reaction pathway and lower the activation
energy, thus affecting the overall activity and selectivity. Also,
the unique features of SAA can break the liner scaling

© 2024 The Author(s). Published by the Royal Society of Chemistry
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relationships caused by the activation of the reactants and weak
binding of the intermediates. Further, designing efficient SAA
catalysts with clear and uniform structure provide a strategy to
identify active sites, establish the reaction mechanisms and
investigate structural changes in the active sites during the full
reaction process from the investigation of surface science,
theoretical calculations and catalytic studies. SAAs exhibit
excellent performances in many heterogeneous catalytic reac-
tions, such as selective hydrogenation, dehydrogenation,
oxidation reactions and hydrogenolysis reactions.

Although remarkable progress has been achieved in both the
preparation methods and application of SAAs, there still are
many issues that need to be addressed in the field of hetero-
geneous catalysis using SAA catalyst, as follows: (1) to ensure the
isolated state of the guest metal without agglomeration during
the preparation and catalytic reaction, the loading of SAA guest
molecules is generally relatively low (normally less than 0.5%),
which is not conducive to their characterization, and also brings
great difficulties and challenges in actual industrial production.
Therefore, there is an urgent need to develop methods for the
preparation of SAA catalysts with large guest metal loadings. (2)
There are many types of SAA catalyst systems, but each SAA
catalyst is not the same in terms of chemical nature. Thus, more
in-depth studies on the electronic properties and catalytic
mechanism using different experimental and theoretical
methods need to be carried out to understand the catalytic
performance. (3) SAA catalysts contain not only a special
structure of monatomic guests, but also a bimetallic alloy
structure, and consequently their catalytic mechanism is
different from the traditional mechanism. However, the devel-
opment of new methods and theories to reveal the catalytic
mechanism of SAAs is a challenge at present.

Overall, due to their special geometric and electronic struc-
tures, SAA catalysts will attract increasing attention. There are
opportunities and challenges in the exploration of potential
SAAs in the field of heterogeneous catalysis in the future. With
the development of surface science, theoretical simulation and
other technologies, the current problems will be solved and
SAAs will be applied in more fields. We hope that this review
offers a good overview for better understanding the synthetic
strategies, catalytic properties, catalytic design and further
heterogeneous catalytic applications of SAAs.
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