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ABSTRACT

The strong metal-support interaction (SMSI) in supported catalysts plays a dominant role in catalytic
degradation, upgrading, and remanufacturing of environmental pollutants. Previous studies have shown
that SMSI is crucial in supported catalysts' activity and stability. However, for redox reactions catalyzed in
environmental catalysis, the enhancement mechanism of SMSI-induced oxygen vacancy and electron
transfer needs to be clarified. Additionally, the precise control of SMSI interface sites remains to be fully
understood. Here we provide a systematic review of SMSI's catalytic mechanisms and control strategies
in purifying gaseous pollutants, treating organic wastewater, and valorizing biomass solid waste. We
explore the adsorption and activation mechanisms of SMSI in redox reactions by examining interfacial
electron transfer, interfacial oxygen vacancy, and interfacial acidic sites. Furthermore, we develop a
precise regulation strategy of SMSI from systematical perspectives of interface effect, crystal facet effect,
size effect, guest ion doping, and modification effect. Importantly, we point out the drawbacks and
breakthrough directions for SMSI regulation in environmental catalysis, including partial encapsulation
strategy, size optimization strategy, interface oxygen vacancy strategy, and multi-component strategy.
This review article provides the potential applications of SMSI and offers guidance for its controlled
regulation in environmental catalysis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to fossil resource depletion and exacerbating environ-
mental degradation, developing clean, renewable energy and
reducing greenhouse gas emissions have become a human
consensus [1—3]. As a superior means, environmental catalysis can
be utilized for pollutant transformation and degradation and for
developing clean energy [4—7]. Specifically, catalysts can be
employed for purifying environmental pollutants, including
gaseous pollutants such as CO, NOy, SO,, HCHO, toluene, and other
volatile organic compounds (VOCs) [8—12], catalytic degradation of
organic pollutants such as dyes and drugs in sewage [13,14], and
energy catalytic conversion such as photocatalytic hydrogen pro-
duction [15], water gas conversion [16], as well as the conversion of
biomass platform compounds [17].

Supported catalysts have been extensively studied for their high
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catalytic activity. In environmental catalysis, supported catalysts
generally consist of supported metals, including precious and
transition metals [18—21], and carriers like metal oxides, carbon
carriers, molecular sieves, and hydrotalcite [22—25]. The metal and
the support exhibit controllable morphology and size, leading to
different interactions. The catalyst's SMSI mainly results from the
coating effect of the support to the supported metal and electron
transfer between them [26—28]. The SMSI of catalysts is closely
related to their catalytic activity and stability [29,30]. Hence, cata-
lysts with the best SMSI generally have the highest catalytic ac-
tivity, and the regulation of catalysts' interfacial structure has
become a research focus in recent years. The catalyst's oxygen
vacancy (Oy) concentration, electron transfer ability, and oxygen
activation ability can be improved by adjusting the interface
structure of the catalyst to improve the catalytic activity [31-35].
Therefore, exploring appropriate regulatory strategies for SMSI in
environmental catalysis is crucial.

Despite its significant research value in environmental catalysis,
SMSI remains under-reviewed. Consequently, this paper discusses
the mechanisms through which SMSI enhances environmental
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catalysis, its applications, strategies for interface structure regula-
tion and synthesis, and the primary challenges and prospects of
SMSI regulation. The findings herein offer crucial references for the
strategic design of SMSI-regulated catalytic systems in supported
catalysts.

2. Mechanism of action of SMSI in environmental catalysis

The active site of a supported catalyst is typically located at the
metal-support interface. The effect of SMSI is usually manifested in
three aspects: (i) Improve the stability of the supported metal. The
supporting metal with strong binding energy attracts the extra-
nuclear electron of the supported metal, enabling it to maintain
dispersion under high temperatures and complex reaction condi-
tions without agglomeration [36—38]. (ii) Expand the metal-
support interface. The interface site is usually the active site of
the reaction, so the expansion of the interface site will accelerate
the catalytic reaction [27,29,39]. (iii) Enhance the interface electron
transfer rate. The SMSI effect also arises from differences in how the
supporting and supported metals attract extranuclear electrons,
resulting in electron transfer. Metal-support electron transfer can
not only change the valence state of the support metal, reduce the
oxygen coordination number, and increase the O, defect but also
regulate the chemical state of the supported metal and enhance its
stability. More importantly, interfacial electron transfer can also
modulate reactive oxygen species such as Oz (superoxo-oxygen),
03~ (peroxo-oxygen), and OH~, which are directly involved in
oxidation reactions [40—43].

2.1. Improve the stability of the loaded metal

Under complex reaction conditions, supported catalysts may
suffer from aggregation and size enlargement of their supported
metal nanoparticles (NPs), resulting in decreased exposure area for
metal active sites and a significant decline in catalytic activity.
However, the enhanced interaction between metal and support
could form a strong bond at the metal-support interface, restrain-
ing the agglomeration of metal NPs by holding them firmly at their
sites (Fig. 1a) [36,44,45]. The Au/CeO; catalyst exhibited high ac-
tivity for the low-temperature CO oxidation and water-gas shift
reaction (WGSR) but suffered from rapid deactivation due to the
sintering of metal NPs, which was related to the collapse or reor-
ganization of the Au/CeO, interfacial structure. However, Ta et al.
found that Au/Ce0,-673, synthesized by high-temperature calci-
nation at 673 K with 2—4 nm Au particles loaded on CeO,, exhibited
superior stability in CO oxidation and WGSR reaction (100% CO and
70% WGSR conversion after 100 h) compared to 1-3 nm Au NPs
(Au/Ce0,-573) synthesized at a lower temperature of 573 K. This
was mainly attributed to the strong Au—Ce bonding strength
formed between 2 and 4 nm Au NPs and CeO; at 673 K, restraining
the deactivation of the catalyst [36].

On the other hand, the O, defects of surface metal oxides may
capture supported metal atoms, causing them to anchor onto the
oxygen vacancies with extremely strong attractive forces on inter-
facial sites [44,45]. Xie et al. discovered that the outstanding ther-
mal stability of CeO2/Al,03 supported Pd catalyst towards CO and
hydrocarbon oxidation is mainly attributed to the strong adsorp-
tion of Pd onto oxygen vacancies in CeO; [44]. Holles et al. found
that the Pd catalyst supported on the mixed metal oxide of CeO,/
Al;03 exhibited a one-order-of-magnitude enhancement in reac-
tion rate for CO reduction of NO compared to Pd/Al,03 and showed
good stability. This was attributed to the anchoring effect of CeO,,
where the oxygen vacancies of CeO, capture Pd atoms to form
strong Pd—CeO, binding, promoting NO's dissociation and reduc-
tion activity [45].
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2.2. Expand the interface active site

For most reactions catalyzed by supported catalysts, such as CO
oxidation, water-gas shift, and 5-hydroxymethylfurfural (HMF)
oxidation, the catalytic active site is not solely the metal site or the
support, but rather the interface structure between the two [29,46].
The classical SMSI exhibits an encapsulation effect, whereby the
support encapsulates the supported metal, leading to an increased
contact area between the metal and the support. Therefore, by
rationally regulating the SMSI, the metal-support interface can be
expanded, producing more active interface sites. However, it is
crucial to find the optimal strategy for moderately controlling the
size of the metal-support interface, as too weak an interaction will
not expand the interface sites, and too strong an interaction will
cause the supported metal to be completely covered by the support,
leading to loss of the metal sites (the adsorption sites for reactants).
Liu et al. reported SMSI between gold NPs and ZnO nanorods.
During O, treatment at 200 °C, the Au/Zn0O-200 interface structure
was induced (Fig. 1b) while increasing the temperature to 300 °C
the Au/Zn0-300 interface structure rapidly enlarged, even forming
a covering layer around the Au NPs (Fig. 1c). The CO oxidation ac-
tivity of Au/Zn0O-200 was significantly more superior than Au/ZnO-
300, indicating that SMSI could promote the catalytic activity by
adequately expanding the interface structure [29]. Additionally,
after reduction and pretreatment in the H, atmosphere at 300 °C,
the optimal catalyst Au@TiO,_»/ZnO (H300) for the WGSR was
obtained. HAADF-STEM and EELS showed clearly the TiO,_y layer
on the Au NPs of Au@TiO,_,/ZnO (H300) (Fig. 1d), where interface
active site atoms (Auﬁ‘—Ov—Ti“) were formed. The creation and
expansion of interface active sites explained why Au@TiO,_x/ZnO
(H300) exhibited better catalytic activity and stability than tradi-
tional Au/TiO; [46].

2.3. Accelerate interfacial electron transfer

SMSI regulation of supported catalysts is crucial in controlling
electron transfer between metal and support, promoting active
species' generation, and enhancing the catalytic reaction rate. The
regulation of electron transfer induced by SMSI can be classified
into the following categories:

(i) The transfer of electrons from the metal to the support re-
sults in a transition of the supported metal from the metallic
state to the oxidized state, forming a metal-O bond. Among
the 5 wt% Ru/CeO,-r catalysts with three forms of CeO, after
reduction, the best CO oxidation activity was observed for
the Ru supported on CeO, NR. X-ray photoelectron spec-
troscopy (XPS) showed that the Ru NPs in 5Ru/CeO,-NR-r
mainly existed in the Ru" * state, while in 5Ru/Ce0,-NC-r and
5Ru/Ce0,—NO-1, the Ru mostly existed in the Ru® state. This
indicated that SMSI had been established between Ru and
CeO,-NR. Ru could transfer electrons to CeO,, forming
Ru—0O—Ce bonds at the interface (Fig. 1e). This was the main
reason for the excellent CO oxidation activity of 5Ru/CeO,-
NR-r at room temperature [47]. In addition, introducing
other guest ions into the CeO; support for the synthesis of
mixed oxide carriers (CeO,—ZrO,) or doping CeO, with rare
earth elements, such as Zr, Bi, La, and Y, could induce electron
transfer of supported metals (Pd, Pt, Ru, Au, etc.) to the
support [43,48,49], resulting in the formation of oxidized
state metals and enhancing the catalytic activity. In addition,
the electrons transfer from the support to the metal resulted
in the formation of electron-rich metal clusters. In situ, XPS
and diffuse reflectance Fourier transform infrared spectros-
copy (DRIFTS) confirmed the formation of interfacial dual-
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Fig. 1. a, Schematic diagram of metal stability enhancement in a supported catalyst via strong metal-support interactions (SMSI). b, Schematic diagram of interfacial layer expansion
in Au/ZnO upon O, treatment. Adapted from Ref. [29]. Copyright 2012. ACS publications. ¢, HRTEM image of Au/ZnO after O, treatment at 300 °C. Adapted from Ref. [29]. Copyright
2012. ACS publications. d, HAADF-STEM image of the Au@TiO,_,/ZnO(H300) and Element EDS mapping images of Au, Zn, Ti, and O, respectively. Adapted from Ref. [46]. Copyright
2019. ACS publications. e, Ru 3d XPS spectra for different-shaped 5.0 wt% Ru/CeO, catalysts after reduction treatment. Adapted from Ref. [47]. Copyright 2019. ACS publications. f,
Schematic diagram of the mechanism of SMSI in CuO/Vo-MnO, promoting the oxidation of CH3SH through the oxidation of interfacial oxygen vacancies. Adapted from Ref. [50].
Copyright 2019. Elsevier. g—h, Schematic diagram of the mechanism of strong metal-support interaction (SMSI) in Pt/3D-Ce gBip20,_5 (g) and Pt/Ceg 75Bip2502_5 (h) promoting
interfacial electron transfer and active oxygen species for catalytic activity. Adapted from Refs. [43,49]. Copyright 2018,2022. Elsevier.

active sites (AuE*—OV—TP*) through the electron transfer from
the TiO,_y overlayer to Au in the Au@TiO,_,/ZnO(H300)
catalyst. The electron-rich Au’~ species enhanced the CO
chemisorption, whereas 0,-Ti>" accelerated the dissociation
of H,0 molecules [46].

(ii) The electron transfer between metal and support promotes

the oxidation-reduction of oxide support, such as the elec-
tron transfer from Pd to CeO,, which promotes the trans-
formation of Ce** to Ce®, reduces the coordination of lattice
oxygen and further promotes the formation of oxygen va-
cancies [43,48,49]. The excellent catalytic activity of CuO/Vo-
MnO, catalysts with highly dispersed CuO shells for the
oxidation of sulfur-containing volatile organic compounds
(5—VOCs) is attributed to the abundant O, in the MnO,
nuclei. (Fig. 1f). The Oy is achieved by electron transfer at the
CuO/Vo-MnO; interface, i.e. the Mn(II)/Mn(III)/Mn(IV)
REDOX cycle. (=Mn(IV) + =Cu(Il) + 20j3¢r — =Mn(Il)/Mn(III)-
Vo + =Cu(I) + 0,) [50].

(iii) The electron transfer between metal and support can pro-

mote the formation of active oxygen species (O3, 03~ and
OH™) and active radical, such as superoxide radical(eO3),
hydroxyl radical (eOH) and sulfate radicals(eSOgz). In gas-

phase reactions such as CO and VOCs oxidation, the elec-
tron transfer from the supported metal to the support is
utilized by the adsorbed O, on oxygen vacancies, which
promotes the generation of 03 /03~ and 03 /eOH [51-53].In
liquid-phase reactions such as Fenton catalytic degradation
of organic compounds and catalytic oxidation of biomass
platform compounds, the electrons at the metal-support
interface can be utilized by the generation of e¢OH and
#S07z (Fenton catalysis) [54—56], adsorption of O, and H,0 to
generate OH™ (Oxidation of biomass-derived alcohols and
aldehydes), etc. Yu et al. found that doping CeO,-supported
Pt with rare earth elements (Bi, La, and Y) could promote the
electron transfer from Pt to the support, thereby facilitating
the activation of O, to generate OH™ which attacked the
hydroxyl and aldehyde groups of HMF and oxidizes the
proton H (Fig. 1g and h) [43,48,49].

The electronic transfer at the metal-support interface in SMSI is
often diverse, and the direction of electron transfer is not strictly
unidirectional from the metal to the support or from the support to
the metal. Bidirectional electron transfer was also observed, which
might lead to the metal and the support tending towards a lower
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valence or a higher oxidation state. For instance, in the case of Ru-
MnOy/Al>03, the interfacial electron transfer or hydrogen spillover
induced the reduction of Ru and Mn (with high valence state),
leading to the concomitant co-reduction to form Ru® and Mn?*. The
generated Ru acted as hydrogenation sites, while the formation of
Mn?* was associated with the generation of Lewis acid sites, which
activated the carbonyl groups, both of which synergistically pro-
moted the dehydrogenation and oxidation of acetic acid (LA) [57].
Furthermore, the electron transfer from the metal to the support
not only resulted in the generation of oxygen vacancies but also
facilitated the redox cycle of the support metal (Fe(II)/Fe(III), Cu(I)/
Cu(II), etc.), thereby promoting the generation of free radicals from
oxidants such as H,0, and PMS. For example, in Ag/CuFe;04, Ag
could provide an effective electron transfer pathway for the Fe(II)/
Fe(III) cycle within CuFe;04 [58]. Additionally, TizC, Ty promoted the
efficient activation of PMS to produce eOH, ¢SOz, and (singlet
oxygen)'0, by accelerating the electron transfer rate of Cu(II)/Cu(l)
in the system [59]. These specific electron transfer effects will be
elaborated in detail in the following sections.

3. Application of SMSI in environmental catalysis
3.1. Catalytic conversion of atmospheric pollutants

3.1.1. CO and VOCs oxidation

CO and VOCs oxidation is often used to assess catalysts' oxida-
tive activity, following the MvK mechanism. The role of SMSI in CO
and reactions mainly includes: (i) The electron transfer from the
supported metal to the oxide support makes the metal tend to-
wards the oxidized state, and the oxide support tends towards the
oxygen-deficient state, thereby forming the interfacial Oy site and
stabilizing the oxidized state of the supported metal during the
reaction and providing more active adsorption sites for O, activa-
tion [47,51-53]. (ii) Interfacial defect sites adsorb and activate O,
improving the efficiency of O, activation and optimizing the CO and
VOCs oxidation pathway (Fig. 2a—d, g) [41,60—62]. Researchers
used mesoporous Fe;03-supported Pd to construct Pd/Fe;03 in-
terfaces, and the catalysts in the SMSI state exhibited significantly
enhanced catalytic activity and sintering resistance towards CO
oxidation. The Fe sites constructed at the interface between FeOy
and Pd NPs provided extra unsaturated coordination Fe sites for O,
adsorption and activation (Fig. 2a) [63]. Defective Cu™ sites at the
Cu/TiO, interface were formed in TiO,-supported V—Cu mixed
oxide. The electron transfer from Cu * to TiO, accelerated the
activation of O, during the toluene oxidation process, resulting in
the oxidation of Cu * to Cu®* (Fig. 2b) [51]. The heterojunction
interface sites formed by TiO, and UiO-66-NH, facilitated the
electron transfer from the conducting band (CB) of UiO-66-NH; to
the CB of TiO,, promoting O, dissociation to produce radical ¢O3
radicals for toluene oxidation (Fig. 2c) [52]. Pt single atoms
encapsulated by MnO, facilitated electron transfer to MnO-,
thereby enhancing the reactivity of surface lattice oxygen and
promoting the generation of benzoic acid and the mineralization of
toluene (Fig. 2d) [53].

3.1.2. Water-gas conversion reaction

WGSR is an important catalytic energy conversion reaction
widely used in practical applications. SMSI plays a pivotal role in
the WGSR reaction. On the one hand, the formation of interface
sites accelerates the dissociation of H,0. On the other hand, the
interfacial electron transfer regulates the chemical state of the
supported metal, playing an important role in the adsorption and
activation of CO. Cu/CeO; catalysts used in the WGSR reaction have
synergistic effects between Cu and Ce (Fig. 2e, f, h). The transfer of
electrons from Cu to CeO, could promote the generation of Cu* and
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reduce Ce, promoting the formation of Ce3* (oxygen vacancies).
The Cu—Ce interface was the active site, and H,O dissociation
occurred at the CeO, oxygen vacancy or interface position, Cut-Oy
or 0,-Ce3* (Fig. 2e) [64,65]. Ni@TiO,_, catalysts with core-shell
structures had NiB’—O\,—Ti3+ interface sites, where H,O molecules
were dissociated to produce hydrogen and active oxygen species at
the O,, and active oxygen species reacted with CO molecules
adsorbed on the surface of the Ni NPs to generate CO, (Fig. 2f) [66].
Au@TiO, 4/ZnO-(H300) based on the electron transfer from the
TiO,_ covering layer to Au formed dual-active-site (Au5’—0\,—Ti3+)
at the interface. The electron-rich Au®~ species enhanced the
chemical adsorption of CO, while O,-Ti>* accelerates the dissocia-
tion of H>O molecules [46].

3.1.3. NH3-SCR (selective catalytic reduction of NOy)

SCR, selective catalytic reduction of NO, to N, is one of the most
effective methods for reducing NOx emissions [67,68]. The regula-
tion of SMSI on NH3-SCR mainly involves promoting interfacial
electron transfer to facilitate the production of oxygen vacancies.
Oxygen vacancies can promote the adsorption and activation of NOy
and enrich the surface acidic sites (Fig. 3), thereby increasing the
adsorption and activation of NH3z [69—72]. MnOy loaded on CeO;
increased the concentration of Ce3*; that is, electron transfer from
Mn to Ce increased Ce3* (oxygen vacancies). MnOy was the main
active component that catalyzed NO reduction to Nj. CeO; is a co-
catalyst that improves the catalytic activity by oxidizing MnOy and
supplementing the chemical absorption of oxygen [71]. The catalyst
of V,05—Mo03/TiO3: introducing Mo could promote the interaction
between V and TiO,;, which was beneficial for forming the
dispersed active species V-0—V on the TiO, support. Moreover,
electron transfer from Ti to V made Ti 2pq; and Ti 2p3;; move to a
high binding energy direction, and V 2py; and V 2p3; move to a
low binding energy direction, generating more active oxygen spe-
cies on the Ti—O—V active sites, which could promote the reduction
of NOy. Furthermore, The CeZrTiAl catalyst with the y-Al,O3
structure exhibited NOy conversion rates over 90% at 260—440 °C,
which was attributed to the supporting role of the y-Al,03 nano-
sheets in the catalyst, greatly increasing the active surface area.
Increasing the content of Ce>* and oxygen vacancies enhanced the
interaction between y-Al,03 nanosheets and other components,
leading to enriched surface acidic sites and improved reduction
properties [72].

3.14. Three-way catalyst

A ternary catalyst refers to a type of catalyst that converts the
typical exhaust gases from motor vehicles, mainly composed of
harmful components such as CO, unburned hydrocarbons (HC), and
NOy, into corresponding harmless products, namely CO,, N,, and
H,0 [73]. The active metal of the catalyst and the oxygen storage
capability of the oxide constitute a supported catalyst, in which the
SMSI of the two plays a crucial role in the ternary catalytic reaction,
mainly manifested by the following points:

(i) The SMSI regulates the loaded metal's existence in a stable
oxidized state, serving as the active site for catalytic re-
actions. For CeO,—Zr0O,, surface oxygen vacancies could
enhance the interaction between Pd metal and CeO,—ZrO,
support, forming a stable Pd—O-M (Ce or Zr) site, thereby
stabilizing the Pd metal clusters into the oxidized Pd?* state
and effectively reducing the ignition temperature of HC and
NO [74]. In addition, the "mixed-calcination-aging" strategy
could provide higher Pd dispersibility and oxygen storage
capacity, promoted the catalytic oxidation activity of CO and
C3Hg due to the high-temperature aging, which led to the
close interaction between Pd and mixed carriers (Ceg 5Zro50>
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and La—Al,03), producing more PdO active species, thereby
enhancing the catalytic activity [75]. Moreover, Pd was sta-
bilized in the Pd** oxidized state on ceria-zirconia mixed
oxide (CZ), most likely through a specific interaction be-
tween CeOy and Pd?* [76]. Fernandez-Garcia et al. found that
certain Pd(I) species on Pd/CeO,—ZrO, exhibited excellent
catalytic activity in converting CO and C3Hg [77].

(ii) Enhancing the dispersibility and tolerance of the catalyst,
minimizing aggregation of active metal clusters, preventing
pore clogging, and improving resistance to water vapor and

high temperatures are necessary objectives for catalyst per-
formance improvement. Rh NPs are a diffusion barrier in the
Rh@CeO,, system due to the Rh/CeO; interaction, which in-
hibits the sintering of ceria and exhibits high thermal sta-
bility [78]. PdO was stabilized on the Two-layered
Ce0,—Zr0,Al,03 (CZA3) composite materials by the inter-
action of CeO, surface oxygen in the form of Pd—O bond to
promote Pd dispersion [79]. Shen et al. found the Pd/P—Al,03
catalysts exhibited higher BET surface area and ternary per-
formance than Pd/Al,O3 catalysts after reacting at 1050 °C
with 10% air under steam conditions for 10 h. The interaction
between Pd clusters and P—O—Al units prevented Pd sin-
tering and the phase segregation of AlIPO4 in y-Al,03 [80].

3.2. Catalytic degradation of organic pollutants in sewage

SMSI plays a crucial role in the catalytic degradation of organic
pollutants in wastewater, primarily manifested through interface
effects and electron transfer effects. (i) Interface effects refer to the
phenomenon where the support tends to encapsulate the sup-
ported metal, leading to an enlarged interface between the two. In
the case of photocatalysts, the enlarged interface layer, such as the
Schottky junction formed at the Au—TiO; interface in Au/TiO3, can
promote efficient charge transfer and separation. (ii) Electron
transfer effects involve the support serving as an electron donor or
acceptor to facilitate the redox cycling of active transition metals,
thereby promoting the generation of highly oxidative free radicals,
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such as eOH, ¢03, and ¢SO3.

3.2.1. Enhanced degradation activity through interface effect

The support encapsulation layer generated by the Strong SMSI
effect expands the catalytic active sites for degradation and accel-
erates interface electron transfer. Luna et al. induced the SMSI effect
in Au/TiO, through wet chemistry, and the highly interactive Au/
TiO2-SMSI exhibited increased activity in the photocatalytic
degradation of methylene blue (MB). The SMSI effect induced the
TiO, oxide layer to encapsulate Au metal, forming an Au—TiO;_x
overlayer (Fig. 4a and b). The enlarged interface layer of Au—TiO;
formed more Schottky junctions, promoting plasmon effects and
reducing electron-hole recombination rates. The oxygen vacancies
at the TiO,_y interface also increased the localized surface plasmon
resonance (LSPR) effect, as the Ti>* states acted as electron traps,
preventing recombination [81]. Zhou et al. synthesized a Ti/RuO;_
—IrO,@Pt anode via microemulsion, and the presence of pt°
demonstrated the formation of a covering layer of IrO,—RuO,
composite oxide on the Pt NPs. Due to the SMSI effect, the covering
layer enlarged the interface sites (Fig. 4c), facilitating electron
transfer and the generation of eOH, ultimately promoting the
electrochemical degradation and mineralization of per-
fluorooctanoic acid (PFOA) [82]. Furthermore, Fujiwara et al.
employed flame aerosol synthesis to partially reduce TiO; during
the flame synthesis process, resulting in the formation of a titanium
suboxide layer (e.g., Ti4O7, Ti3Os5) at the Ti—Ag interface due to the
SMSI (Fig. 4d—f). The energy loss spectrum confirmed the forma-
tion of this titanium suboxide at the Ag/TiO; interface. Additionally,
the formation of titanium suboxide enhanced light-induced charge
separation, exhibiting strong photooxidation activity towards MB
[83].

3.2.2. Enhancement of metal redox cycling by electron transfer
effect

The main mechanism for the catalytic degradation of organic
pollutants in wastewater is promoting electron transfer through
interface interactions, accelerating the transfer and separation of
photogenerated charge carriers in photocatalysis. This enabled the
full utilization of the reducing and oxidizing abilities of conduction
band electrons and valence band holes, leading to the efficient
degradation of pollutants. Furthermore, interface electron transfer
also facilitated the redox cycling of active metals in Fenton catalysis,
enhancing their ability to generate reactive oxygen species. In
addition, oxygen vacancies generated by interface electron transfer
and positively charged metal species played significant roles in the
adsorption of activated oxidants and reactants.

(i) Interface structure promotes electron transfer, accelerating
the redox cycling of active metals. In photocatalysis, con-
structing effective heterogeneous structures can promote the
separation and transfer of charge carriers and suppress
electron-hole recombination (Fig. 5a, b, e). CuS/g-C3Nyg
composite materials exhibited efficient visible light absorp-
tion at the interface between CuS and g-C3Ny4 [84], facilitating
the efficient transfer of photogenerated electron-hole pairs
and enhancing their photocatalytic activity towards organic
pollutants. Strong electrostatic interactions facilitated effec-
tive electron transfer from o-Fe;03 to g-C3Ny4 [85], leading to
electron accumulation in g-C3Ng4. These electrons were then
utilized to reduce H,O to generate ¢«OH, while the holes in a-
Fe,03 oxidized O, to generate active species eO3. The syn-
ergistic photocatalytic effect of eOH and O3 effectively
degraded polyacrylamide (HPAM). This strong electron
transfer also enhances the generation of active free radicals
in Fenton catalysis. In Fe/TiO; catalysts, Fe in the form of a-
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Fig. 4. a, Illustration of formation of TiOx overlayer induced by wet chemistry SMSI in
Au/TiO; and enhanced degradation activity of MB. Adapted from Ref. [81]. Copyright
2023. Elsevier. b, Illustration of SEM images of Au/TiO, before and after formation of
TiOy overlayer. Adapted from Ref. [81]. Copyright 2023. Elsevier. c, Illustration of
structural diagram of IrO,—RuO; coating on Pt in Ti/RuO,—IrO,@Pt catalyst. Adapted
from Ref. [82]. Copyright 2023. RSC Publishing. d, Illustration of the formation of ti-
tanium suboxide layer at Ti—Ag interface via flame aerosol synthesis and SMSI in Ag/
TiO,. e—f, Energy loss spectrum (e) and SEM images (f) of TiOx overlayer on Ag/TiO,.
Adapted from Ref. [83]. Copyright 2014. Elsevier.

Fe,03 was highly dispersed on the surface of TiO,, resulting
in a narrower band gap and a red shift in the absorption
spectrum upon loading Fe. This led to generating more
electron-hole pairs, enhancing the effect of generating «OH
through H,0; activation [86]. Ag—Fe304/graphene composite
materials were effective Fenton photocatalysts and could
significantly degrade various organic dyes. The interface
formed between Ag and Fe304 could transfer electrons from
Fe304/graphene to Ag [87], prolonging the charge carriers’
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Ag—CuFe,04 induces oxygen vacancies and activates the O—O bond of H,0, for ¢OH production.
charge separation in Fe(Ill)—BiOIO3 with O,. Adapted from Ref. [94]. Copyright 2021. Elsevier. e, [
incorporated O,-rich BiOIOs. f, Promotional mechanism of SMSI for photocatalytic and Fenton-

lifetime and improving the Fenton photocatalytic perfor-
mance. This enhancement of free radicals might stem from
the accelerated interface electron transfer, which accelerated
the redox cycling of active metals. For example, in
Cup0—CuFe;04, rapid electron transfer reactions between
[Cu(D]/[Cu (II)] and Fe(II)/Fe(Ill) promoted the production of
*OH [88]. In Fe304 (core)-C (shell) catalysts, carboxyl groups
on the carbon shell could chelate with Fe (III) [89], facilitating
the reduction of Fe(lll), while the electron conductivity of the
carbon shell promotes the Fe(Ill)/Fe(Il) cycling (Fig. 5a).
Additionally, the electron-rich carbon nanotubes in MnFeO-
CNTs provided electrons for the redox cycling of Mn, effec-
tively activating PMS (Fig. 5b). The addition of MXene
(Ti3C,Ty) significantly promoted the degradation of Atrazine
(ATZ) under acidic conditions by accelerating the electron
transfer rate and promoting the Cu(Il)/Cu(l) cycling [59],
effectively activating PMS to produce ¢OH, ¢SO0z, and '0,.

Adapted from Ref. [58]. Copyright 2024. Elsevier. d, Enhanced light absorption and
Ilustration of the enhanced light absorption and charge carrier separation in Fe(III)-
like catalytic degradation mechanism.

Under alkaline conditions, the SMSI altered the two-electron
transfer pathway of Cu(I) to Cu (Ill) to a single electron
transfer pathway, generating free radicals. Furthermore, Liu
et al. discovered that in Fe3_,Cu,04/GO, the SMSI effect pri-
marily manifested in the accelerated electron transfer facil-
itated by oxygenated graphene, promoting the redox cycling
of Fe?*/Fe3* and Cu*/Cu®* in Fes_,Cu,O4. Additionally, the
doped Cu ions primarily enhanced the conversion of Fe3* to
Fe?*, thereby accelerating the activation of H,0; [91].

(ii) Oxygen vacancies induced by interface electron transfer
enhance reactant adsorption and activation (Fig. 5c—e). The
interface electron transfer induces the generation of oxygen
vacancies, which serve as activation sites for the adsorption
of oxidants such as O, and H,0; while promoting the acti-
vation of adsorbed reactants by creating positively charged
metal sites. Ren et al. found that when metallic Ag NPs were
loaded onto CuFe;0y, the electron transfer in Ag—CuFe;04
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increased the Oy in CuFe;04 (Fig. 5¢), confirmed by electron
paramagnetic resonance (EPR) characterization [58]. The
formation of oxygen vacancies was accompanied by the
creation of unsaturated metal sites, which promoted the
adsorption of H,02 and activated the O—O bond of H,0; to
produce ¢OH and ¢03. Akram et al. observed that when PdO
was loaded onto Co—Ce mixed oxides (Cogs5Ceqs), the elec-
tron transfer from Pd to the support promoted the genera-
tion of oxygen vacancies in the support and an oxidized
Pd—O-support species. The electron-deficient nature of PdO
facilitated the activation and adsorption of ethyl acetate (EA)
and the cleavage of the C—O bond, generating ethanol and
acetic acid. The oxygen vacancies activated O, to produce
«03, which oxidized the acetic acid molecules into the final
products CO, and Hy0 [92]. Xie et al. ingeniously utilized
SMSI to synthesize a Cu/CoSe;/C catalyst. Compared to
CoSe;/C, the electron feedback from Cu to CoSe; in this
catalyst constructed positively charged Cu sites that
enhanced H,0, adsorption. Simultaneously, the formed
Cu—Se—Co facilitated the redistribution of charges, promot-
ing the activation of H,0 to generate «OH [93]. Additionally,
this Oy structure could enhance light absorption. Incorpo-
rating Fe (III) species into Oy-rich, BiOIO3 expanded the light
absorption range and captured photogenerated electrons
(Fig. 5d). Subsequently, the photogenerated electrons were
transferred to the Fe(Ill) species through interface charge
transfer, thereby promoting the separation and transfer of
charge carriers [94].

3.3. Biomass reclamation: catalytic conversion of biomass platform
compounds

The conversion of biomass platform compounds to high-value
chemicals through catalytic oxidation or hydrogenation reduction
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has important research significance and practical value. The cata-
lytic transformation of biomass platform compounds mainly in-
volves two reactions: catalytic oxidation and catalytic reduction.

3.3.1. Catalytic oxidation

Catalytic oxidation mainly refers to the selective oxidation of
functional groups in biomass platform compounds, such as HMF
and glycerol, to generate target products. In the oxidation of
biomass alcohols and aldehydes, the SMSI of the supported catalyst
plays an important role in regulating the reaction activity and
stability. Specifically, the SMSI ensures the stability of the active
metal sites. The interfacial electron transfer promotes O, and
reactive oxygen species while regulating the chemical state of the
loaded metal. Furthermore, the interfacial electron transfer accel-
erates the dehydrogenation rate and the reactant's oxidation
(Fig. 6¢).

As a highly promising biomass platform compound, furfuryl
alcohol and furfuraldehyde can be selectively oxidized to produce
higher value-added furan-2,5-dicarboxylic acid (FDCA). The inter-
action between noble metals and metal oxides could promote the
activation of oxygen molecules and facilitate dehydrogenation
oxidation of —OH and —CHO groups by regulating the carrier's
oxygen vacancies and active oxygen [43,95]. In the catalytic
oxidation of HMF, noble metal particles acted as electron acceptors
to facilitate HMF dehydrogenation and oxidation, while the support
surface acted as an electron donor to activate oxygen molecules and
form reactive oxygen species (Fig. 6a) [43,48,49,96]. In addition, the
three hydroxyl functional groups of glycerol could be converted to
various high-value chemicals through catalytic oxidation. In the
selective catalytic oxidation of glycerol by supported metal cata-
lysts, the SMSI process not only regulated the electronic state of
loaded metals but, more importantly, also facilitated the formation
of interfacial M®™-0, structures (M represents the supported
metal), which promoted the adsorption of more glycerol molecules

*
Au Au* Ni Al
- .

0L C H

Interfacial M®*-Q, structure
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Fig. 6. a, lllustration of the interfacial Pt>*/La-0,-Ce, for C—H/O—H cleavage of HMF. Adapted from Ref. [48]. Copyright 2022. ACS Publications. b, Illustration of the interfacial Au®*-
0, for C—H cleavage of glycerol. Adapted from Ref. [101]. Copyright 2020. Elsevier. ¢, Promotional mechanism of SMSI for biomass alcohol/aldehyde mechanism.
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and the cleavage of C—H bonds [97—100]. For example, the oxygen-
vacant active sites of Au®*-0Oy at the interface of an Mg—Al layered
double hydroxide-derived mixed-metal oxide catalyst (Au/MMO)
could promote the activation of O, molecules to produce active
oxygen species such as 03~ and O3, thus accelerating the catalytic
reaction (Fig. 6b) [101]. Au/ZnGa-LDH achieved a high glycerol
conversion rate and dihydroxyacetone (DHA) selectivity under
alkaline-free conditions. Its high catalytic activity was attributed to
forming M-O-Au™" interface sites between Au species and the
support, which could activate C—H bonds [102].

3.3.2. Catalytic hydrogenation
Catalytic hydrogenation of biomass platform compounds such
as furfural, HMF, succinic acid, and levulinic acid (ester) mainly

Environmental Science and Ecotechnology 22 (2024) 100443

involves the catalytic reduction of the —CHO and —COOH(-COO-)
functional groups to form —OH and the deoxygenation of —OH to
form —CHs. In the process of hydrogenation reduction of biomass
aldehydes and acids, the activity and selectivity of hydrogenation
catalysis by the SMSI of supported catalysts is demonstrated by the
construction of active interface sites and the regulation of the active
state of supported metals (Fig. 7a—e).

The 2,5-dimethylfuran (DMF) produced by HMF catalytic hy-
drogenation can replace liquid fuel ethanol as the second-
generation bio-based liquid fuel. The mechanism of HMF hydro-
genation to DMF mainly involved the adsorption and dissociation of
the reducing agent (H,, isopropanol, etc.) on acid sites [103,104],
the adsorption of aldehyde and hydroxy groups on metal sites
[103,104], and their hydrogenation reduction with H active species
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Fig. 7. a, Illustration of the hydrogenation mechanism of Ni,In/MgO—Al,O3 for the transformation from HMF to DMF. Adapted from Ref. [103]. Copyright 2022. Elsevier. b, Illus-
tration of the activation mechanism of HMF hydrogenation by acidic and metal sites of 2 % Pd—5% Co/AZMOCP. Adapted from Ref. [104]. Copyright 2022. Elsevier. ¢, lllustration of the
adsorption and activation of C—0 and C=0 of HMF by Cu™ and Cu® sites in Cu/ZnO—Al,0s. Adapted from Ref. [107]. Copyright 2020. ACS Publications. d, Illustration of the enhanced
dissociation of C—OH and C=0 of HMF by interfacial Vz-Cu® and V,o-Cu® sites in Cu/ZrO, catalyst. Adapted from Ref. [109]. Copyright 2021. ACS Publications. e, Promotional

mechanism of SMSI for biomass alcohol/aldehyde hydrogenation.
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(Fig. 7a and b). Electron transfer in SMSI promotes the formation of
surface oxygen vacancies and coordination of unsaturated metal
sites (Lewis acid sites). Therefore, the effect of SMSI of supported
catalysts on the hydrogenation of HMF to DMF is mainly manifested
in (i) In the hydrogenation conversion of HMF, the active states of
loaded metals were mainly in the form of oxides [105—107]. In the
Cu/ZnO—AlL,05 catalyst, both Cu® and Cu™ components had a syn-
ergistic effect on the hydrogenation of HMF. The high Cu*/Cu® ratio
and high Cu*/Cu® binding energy in the Cu/ZnO—Al,O3 catalyst
could be attributed to the hydrogen spillover and electron transfer
from Cu to ZnO. CuC sites selectively adsorbed the C—O bond in the
hydroxymethyl group, while Cu™ sites selectively adsorbed the C=
O bond in the aldehyde group, facilitating the dissociation of Hj
molecules (Fig. 7c) [107]. (ii) The interfacial sites induced by SMS]I,
such as M (metal)-O, were typically the active sites for C=0 acti-
vation and HMF dehydrogenation while also enhancing the sta-
bility of the catalyst. The DMF yield on Cu—Ni/TiO, was about 90%,
while the yields on Cu/Al;03 and Cu/TiO, were only 50% and 30%,
respectively. Compared with Ni/Al,03 and Cu/TiO,, the binding
energy shifts of Ni 2p3j and Cu 2p3p; on Cu—Ni/TiO, were 0.7 and
0.3 eV, respectively, indicating weaker interaction between Cu and
TiOy, and stronger interaction between Ni and TiO». This interaction
promoted the transfer of electrons from Ti>* orbitals to Ni-
d orbitals, inducing Ni enrichment at the TiO, interface, while Cu
selectively enriched on the catalyst surface, forming a Cu-shell/Ni-
core structure. The Ni—TiO, interfacial sites enhanced the Hj
dissociation rate of Cu—Ni/TiOy [108]. In addition, The Cu/ZrO;
catalysts with the most Vzr-CuB+ and the appropriate number of V-
Cu® interfacial sites showed a DMF yield of 98.4% at 180 °C under
self-vapor pressure conditions. The V,-Cu® interfacial sites were
utilized to dehydrogenate isopropanol (the hydrogen source) and
dissociate C=0 in 5-HMF. The VZFCu6+ interfacial sites were
responsible for the dehydroxylation of the intermediate product 5-
methyl-2-furancarbinol (5-MFA), where C—OH was deprotonated
at the Vz-Cu® interface, reducing the activation energy for dehy-
droxylation of 5-MFA. Meanwhile, the nearby Cu®* enhanced the
adsorption energy, lengthening the C—0 bond and promoting its
dissociation (Fig. 7d) [109].

Through hydrogenation catalysis, succinic acid can be converted
into 1,4-butanediol (BDO), tetrahydrofuran (THF), and y-butyr-
olactone (GBL). These compounds are widely used as raw materials
for solvents, battery electrolytes, and pharmaceutical and food
products. The SMSI in the hydrogenation of succinic acid increases
the dispersion of metal species, maintains small particle size, and
enhances the stability of the catalyst [110—113]. The mesoporous
rhenium-copper-carbon composite catalyst (Re-Cu-MC) was
applied to the liquid-phase hydrogenation of succinic acid to pro-
duce GBL and 1,4-butanediol. The strong interaction between the
metals and the mesoporous carbon generated a strong attraction
force, leading to a high dispersion of Cu and Re on the mesoporous
carbon due to the anchoring effect, resulting in increased yields of
GBL and BDO [110]. In addition, A series of Re—Ru bimetallic cata-
lysts supported on mesoporous boron-modified carbon (Re—Ru/
xBMC, x = B/C molar ratio) were prepared and applied to the liquid-
phase hydrogenation of succinic acid to produce BDO. With
increasing B content, the reduction temperature in H)-TPR of
Re—Ru/xBMC increased, and the metal dispersion increased, indi-
cating that adding B enhanced the interaction between Re—Ru and
mesoporous carbon. The Re—Ru/0.04BMC catalyst exhibited the
highest TOFppo (the turnover frequency of BDO) [111]. In Ru-carbon
composite catalysts (Ru-XC), pre-graphitization at 300 °C
strengthened the interaction between Ru and carbon, thereby
improving the dispersion of loaded metal Ru. Highly dispersed and
smaller-sized Ru NPs played a crucial role in determining the cat-
alytic performance of hydrogenation of succinic acid to produce
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THF [112]. Magdalena et al. found that in Ru/TiO, catalysts, the
anatase phase induced stronger SMSI than the rutile phase, pro-
moting the formation of smaller Ru particles. Thus, Ru/anatase-TiO;
exhibited higher conversion rates of succinic acid [113].

Levulinic acid has dual functionality as a ketone and an acid,
which enables its conversion into various compounds, such as
acetone-alkyl esters, gamma-valerolactone (GVL), 2-methyl tetra-
hydrofuran (2-MTHF), 1,4-butanediol, 2-butanol, and pentanoic
acid/esters. Among these, acetone-alkyl esters, GVL, and 2-MTHF
have received wide attention due to their potential as fuel mole-
cules that can be directly blended with conventional gasoline
[114,115]. The regulation of acetoacetic acid hydrogenation by SMSI
mainly manifests in the electron transfer between metal and sup-
port. SMSI promotes the generation of metal hydrogenation sites
and acid sites used to activate carbonyl groups. The synergy be-
tween these two effects promoted the hydrogenation reaction
[57,116—118]. Cai et al. utilized urea-derived carbon nitride (UCN)
and melamine-derived carbon nitride (MCN) as two different pre-
cursors to synthesize Ru/UCN-g-C3N4 and Ru/MCN-g-C3N4 cata-
lysts, respectively, for the hydrogenation of ethyl pyruvate to GVL.
XPS results showed that compared to Ru/MCN, the binding energy
of Ru® 3p in Ru/UCN shifted towards a lower energy direction by
approximately 0.3 eV, with more electron-rich Ru® species present.
The optimal interaction between Ru metal and MCN-g-C3Ng4
resulted in increased hydrogenation active sites of Ru® [117]. In
addition to the metallic sites, surface acidic sites are further acti-
vated. Xie et al. designed a novel Hf-containing organic-inorganic
hybrid catalyst (Hf-atmp) based on HfCls, which showed better
performance in LA catalytic reactions than HfO,. XPS results
demonstrated that the binding energy of Hf 4d in Hf-atmp was
higher than that of HfO,, indicating that Hf atoms in Hf-atmp car-
ried a higher positive charge and exhibited stronger Lewis acidity.
NHs3-TPD (temperature-programmed desorption) also confirmed
that Hf-atmp possesses higher acidity than HfO,. The increased
Lewis acidity of Hf-atmp facilitated the activation of carbonyl
groups in LA and promoted the hydrogenation reaction [118]. In
addition, Liu et al. found that the high activity of the Ru-MnO,/
Al03 catalyst was attributed to the strong interaction between Ru
and MnOy, resulting in the reduction of Ru oxide to Ru® and
oxidation of Mn to Mn?*. The increase in Ru® and Mn?* compo-
nents provided metal-enhanced sites and Lewis acid sites, respec-
tively, synergistically promoting LA's hydrogenation and
deoxygenation [57].

4. Regulation strategies for SMSI
4.1. Interfacial effect

The interface effect, also known as the high-temperature redox
effect, refers to the use of gas such as Hy, Oy, or Ar under high-
temperature conditions to induce the SMSI effect, which leads to
the upward growth of the support and the expansion of the metal-
support interface (Fig. 9). The expansion of the coating layer is
accompanied by the expansion of interface sites, which, to some
extent, could promote the catalytic activity of the reaction. The
regulation methods mainly include thermochemical, photochem-
ical, and wet chemical methods.

4.1.1. Thermochemistry

Thermochemical methods refer to inducing and enhancing the
interaction between metal and support by inert gas such as Hp, Oo,
N, COy, and CHy4 at high temperatures (200—500 °C). Typically,
SMSI induced in reducing atmospheres like H, is referred to as
reduced SMSI, while oxidizing atmospheres like O, is termed
oxidized SMSI(O-SMSI). The gas property required for inducing
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different SMSI varies with the support material and the type of
metal used. Most metal oxides such as CeO; [119—121], TiO;
[120,122,123], and Al,O3 [124—126] are usually associated with
reduced SMSI, whereas a few oxides like ZnO [29] and TiO,
[127—129] and hydroxyapatite (HAP) [120] exhibit oxidized SMSIL.

The SMSI of the Pd/Fe;053 catalyst with Pd NPs loaded on mes-
oporous Fe,03 was a typical reducible SMSI (Fig. 8a). Under the H;
condition, different temperature treatments resulted in different
FeOy layers on Pd NPs, indicating the formation of SMSI. The higher
the treatment temperature, the more FeOy layers there were. Pd
NPs were completely covered by FeOy when the reduction tem-
perature was 400 °C. The CO activity order of the catalyst before and
after treatment was as follows: H/100 °C > Hy/200 °C > Pd/
Fe;03 > H/400 °C. This indicated that appropriate support layer
extension onto the metal could expand the active sites at the
interface, while complete or excessive coverage could lead to the
loss of metal sites [63]. The SMSI of Au/hydroxyapatite catalyst with
gold NPs supported on hydroxyapatite occurred under oxidative
conditions and was reversible under H, reduction conditions. The
interface layer expanded after treatment at 500 °C under oxidizing
conditions (Fig. 8b) [30]. In addition to oxidative and reductive
atmospheres, SMSI could also be induced by inert gases such as N».
Wang et al. used Mg—Al layered double hydroxide (LDH) as the
precursor material for gold NPs, and induced SMSI by introducing
N, during the 400—700 °C calcination process (Fig. 8c), which
dehydrated LDH into oxide (LDO), greatly improving the stability of
CO oxidation through the expansion of the interface layer. More-
over, Xiao et al. induced support migration onto Au NPs by treating
MgO-supported Au NPs with CO; gas (Fig. 8d), which promoted the
reversible reaction of MgO + CO, < MgCOs, enhancing the stability
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of CO oxidation reaction [131].

In addition to inducing SMSI through a single gas, it can be
treated with two different gases. Liu et al. modified Pt/TiO, with
melamine and then treated it under N, at 600 °C for 3 h, followed
by treatment under air at 800 °C for 3 h. This treatment allowed Pt
NPs to be wrapped in TiOy layers, enhancing the stability of the CO
oxidation reaction and enabling the interface layer to resist further
oxidation treatment without fading away, thus maintaining its
stability (Fig. 8e and f) [127]. The Au/MoCy catalyst exhibited poor
WGSR activity due to AuNP aggregation induced by oxidative
treatment. However, after performing a programmed temperature
carbonization treatment in 20% CH4/H, at 400—700 °C (Fig. 8g), Au
NPs were re-dispersed on MoCy due to the SMSI between Au and
MoC, induced by CHy4/H,, greatly enhancing the WGSR activity
[132].

4.1.2. Wet-chemistry and photochemistry

The wet chemical method uses inducer additives in the liquid
precursor to enhance the SMSI effect during catalyst synthesis. The
team of Fengshou Xiao from Zhejiang University proposed wet-
chemical SMSI (wcSMSI) for the first time, which could be con-
structed on TiO,-supported Au NPs (Au/TiO2-wcSMSI). The key lay
in the redox interaction between Au®" (colloidal gold NPs) and Ti3*
precursor (TiOx colloid prepared from TiCl3) in aqueous solution. A
TiOy layer was formed on the surface of Au NPs, which suppressed
CO adsorption on Au NPs, proving the existence of wcSMSI. The
improved redox performance at the Au-TiOy interface promoted
oxygen activation and accelerated CO oxidation. The oxide coverage
layer effectively stabilized the Au NPs and enhanced their anti-
sintering properties. This wcSMSI could be extended to other
metals such as Pt, Pd, and Rh [133].

The photochemical method induces the upward growth of the
support of the supported catalyst in the form of ultraviolet (UV)
radiation, laser, and other light radiation, tending to encapsulate
the metal and produce the SMSI effect. Zhang et al. proposed a
novel method for inducing SMSI in CeO,-supported Pt NPs through
femtosecond laser excitation. Under local electric field excitation,
metastable CeOx migrated to the surface of Pt. The laser-induced
SMSI exhibited superior catalytic activity and stability for CO
oxidation with more effective active sites. This laser-induced
strategy can also be applied to supported catalysts such as Pt/
TiO,, Pd/TiO,, Pt/Al;03, Pt/SiO;, Au/TiO,, and Au/MgO [134]. In
addition, Chen et al. proposed an efficient method for constructing
SMSI using photochemical driving. Under ultraviolet light irradia-
tion, Pd NPs on TiO, formed a TiO, coating containing Ti>*, which
inhibited CO adsorption. More importantly, the generation and
separation of photo-induced reductive electrons (e~) and oxidative
holes (h™) triggered the formation of Pd-O,-Ti>* interface sites in
Pd/TiO,-SMSI, resulting in higher catalytic hydrogenation effi-
ciency. The prepared SMSI layer was reversible, and the photo-
driven induced SMSI could also be extended to Pd/ZnO and Pt/
TiO, [135].

4.2. Crystal effect

The interaction between metal and support varies significantly
depending on the combination of different crystal facets of the
support or metal. By manipulating the crystal facets of oxide sup-
ports, the different surface energies of oxide with different atomic
arrangements can result in various SMSI effects when metal is
supported on the different crystal facets of oxide. Therefore, iden-
tifying the oxide crystal facet that exhibits the optimal SMSI effect
can promote catalytic activity (Fig. 9). Spezzati et al. investigated
the CO catalytic oxidation activity of Pd supported on cube-CeO,
(100) and rod-like rod-CeO; (mainly 111). They found that Pd/rod-



F. Qi, J. Peng, Z. Liang et al.
Size effect Interfacial effect

Metal-support
 interface

Guest effect

NS
- :

Crystal effect

coh
o0

Loaded

....... Modification | 2
‘ S& = =
\ ﬂ\) A /Loaded
WA

Control the crystal plane of the support
© Loaded metal

Guest ion doping or modification

® Support metal Guest metal @ O

Fig. 9. Four regulation strategies for supported catalyst SMSI.

CeO, showed significantly higher CO catalytic activity than Pd/
cube-CeO,. The reason was due to the lower oxygen binding energy
of Pd—O at the interface between Pd and CeO; nanorods, indicating
that the Pd/rod-CeO, interface more easily adsorbed activated ox-
ygen to promote CO catalytic oxidation [136]. Hyunwoo et al.
studied the CO catalytic oxidation activity of Au/CeO, cube and Au/
CeO5 octahedral. The research found that the CO catalytic activity of
Au/Ce0O; cube was superior to that of Au/CeO, octahedral. XPS also
showed that the Ce3* concentration in the cube (26.1%) was higher
than that in the octahedral (23.9%), indicating that Au/rod-CeO;
interface sites had more oxygen vacancies and better oxygen acti-
vation ability [ 137]. Li et al. also used Au/CeO, cube, octahedral, and
nanorods to investigate the HMF catalytic oxidation activity. The
study found that Au/CeO, nanorods exhibited the best catalytic
activity, with the turnover frequency (TOF) value seven times
higher than the cube and 32 times higher than the octahedral. The
reason was the highest number of oxygen vacancies and Lewis acid
sites at the Au and CeO, nanorod interface, facilitating the activa-
tion of hydroxyl and aldehyde groups, thus promoting HMF cata-
lytic oxidation [138]. For Au/TiO; catalysts, TiO, (001) and (100)
surfaces were more prone to undergo SMSI than TiO, (101) surface,
resulting in more charge transfer from Au to TiO, (001) and (100)
facets, which promoted O, activation and low-temperature CO
oxidation activity [ 139]. In addition to regulating the crystal facet of
the support, control over the exposed facet of the loaded metal
could also be achieved, thereby generating different SMSI effects
with the support. Li et al. prepared a fully covered TiOy/Pt (111)
model and found that the apparent activation energy of CO
oxidation on the TiO,/Pt (111) surface was 51 k] mol~, much lower
than that on the clean Pt (111) surface which was 97 k] mol~. This
indicated that the interaction between the ordered TiOy film and
Pt(111) significantly enhanced the CO oxidation reaction rate on Pt
(111) [140].

4.3. Size effect

The SMSI effect is often closely related to the size of the metal
particles, and by controlling the size of NPs, the interaction be-
tween metal and support can be adjusted to enhance catalytic ac-
tivity (Fig. 9). In supported catalysts, when the size of the supported
metal decreases from NPs to metal clusters or even to single atoms,
the activity and stability of the catalyst generally exhibit a signifi-
cant enhancement. On the one hand, this is attributed to the
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increased dispersion of the metal, which maximizes the exposure
of metal sites. On the other hand, as the metal size decreases, the
overall contact area between the metal and the support gradually
expands, allowing for the optimal presentation of interfacial sites.
Therefore, smaller supported metal sizes typically result in the
maximum interfacial sites. Wang et al. discovered that due to the
smaller size and larger contact area of Au, compared to the 25 nm
Au core with CeO5 shell in Y—Au/CeO,, the 5 nm Au core and CeO,
shell in E-Au/CeO, demonstrated a stronger SMSI. Additionally, O-
SMSI in an O, atmosphere accompanied the formation of active
cationic Au species, exhibiting a stronger CO oxidation activity
[141]. In addition, Zhang et al. discovered that the loading of Ru on
TiO, in the Ru/TiO; catalyst decreased from 4 to 0.5 wt%, and the
average size of Ru NPs increased from 2.24 to 1.58 nm. As the metal
size decreased, there was a gradual increase in the TiOy coverage
layer formed on the Ru NPs, indicating a stronger SMSI between Ru
and TiO,. The small-sized Ru/TiO, catalyst demonstrated selectivity
for carbon chain growth in Fischer-Tropsch synthesis [142]. Zhang
et al. also observed these characteristics of Pt/ZrO; catalysts, with Pt
loadings of 1, 2, and 5 wt% corresponding to Pt sizes of 0.9, 2.1, and
3.6 nm, respectively. Smaller-sized Pt metal particles (0.9 and
2.1 nm) exhibited a higher coverage of ZrOy layers [143].

However, further research has indicated that the encapsulation
effect of SMSI follows the following pattern: the larger the metal
size, the more likely the support is to encapsulate the metal
[139,144—147]. For example, The Pd/ZnO catalysts exhibited a
pronounced size-dependent SMSI effect, whereby larger Pd parti-
cles were more susceptible to ZnO encapsulation than smaller ones.
In the CO, hydrogenation reaction, this size-dependent SMSI,
combined with the size-dependent CO binding strength on Pd
particles, endowed Pd particles larger than approximately 2.5 nm
with higher activity and methanol selectivity [ 144]. Furthermore, in
Au/TiO;, 5 nm Au NPs were more prone to undergo SMSI than 2 nm
Au NPs, yielding charge transfer from Au to TiO,_x and thus
enhanced lattice oxygen activation and low-temperature CO
oxidation activity at the Au/TiO,_y interface [139]. Du et al. utilized
the colloidal precipitation method to regulate the size of Au NPs
and synthesized controllable Au/TiO, catalysts with different par-
ticle sizes. For the larger-sized Au (9 and 13 nm), a reduction
temperature of 400 °C led to complete coverage of the Au particles
by TiO,, whereas for smaller Au particle sizes of 3 or 7 nm, the
reduction temperatures were 500 and 600 °C, respectively. This
was attributed to the larger surface tension and higher surface
energy of larger gold NPs, making them more susceptible to SMSI
[145].

When metal NPs transform into smaller clusters or single atoms,
the support does not just cover the metal particles [146]. Instead,
the single atoms are loaded on the support and interact with it to
form coordination bonds. Huang et al. found that the adsorption of
CO on Pt NPs/TiO, (Pt NPs supported on TiO;) significantly
decreased after H, treatment at a lower temperature (250 °C),
while Pty/TiO; (Pt single atoms supported on TiO3) required 600 °C.
The reduced CO adsorption on Pt/TiO; was not due to the physical
coverage of the support on the metal but rather to the saturation of
the metal coordination environment by hydrogen and Ti>*, hin-
dering the adsorption of CO [148].

4.4. Guest effect

In addition to changing the size of metal particles and the crystal
surface of the support to regulate the strength of SMSI, doping of
guest metal ions into the support can also modulate the effect of
SMSI by introducing guest metals with different binding energies
(Fig. 9). Due to their different abilities to attract outer-shell elec-
trons, the electronic transfer and oxygen activation ability at the
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metal-support interface can be modulated, thus affecting the SMSI
effect.

Doping guest ions into materials can improve their catalytic
properties. Transition metals like Co, Mn, Ni, Fe [57,58,108] and rare
earth metals, such as Zr, Bi, La, Y [43,48,49], are commonly used.
Transition metals provide vacant orbitals in chemical reactions, and
rare earth metals have strong coordination abilities. When select-
ing a doping metal, the ionic radius of the host oxide carrier should
be considered because the size of guest ions can often cause either
expansion or contraction of the lattice structure of the carrier
material. Furthermore, metals with higher binding energy act as
electron acceptors, while those with lower binding energy act as
donors. Variable valence metals like Ce, Fe, Mn, Co, and Cu can
regulate carrier defects by cycling between ion forms [57,58,91,108].
Non-variable valence metals like Bi, Y, and La can promote oxygen
activation by substituting high-valence ions with specific valence
state metal ions (e.g., Y>* for Ce** in CeO,) [43,48,49]. Rational
selection of guest ions is important to achieve optimal SMSI and
promote the desired reaction. For example, Kalamaras et al.
investigated the catalytic performance of Pt supported on
Ce0,—Zr0O, mixed oxides doped with Zr for the WGSR reaction. The
results indicated that the catalysts with Zr doping (x = 0.3, 0.5, and
0.7) showed improved catalytic activity. The reaction mechanism
was characterized by increased active sites at the Pt/CeyZr1—x02_3
interface due to the Zr doping, which enhanced the content of both
oxygen vacancies and active intermediates [149]. In Au/
Ce1_xBix0O2_3, the doping of Bi promoted the formation of oxygen
vacancies, reinforced the activation of oxygen and hydrogen
transfer, and activated the C—H bond in hydroxymethyl, thereby
generating FDCA as the final product [150]. Yu et al. doped Bi, Y, La,
and other elements into CeO, solid solution, which enhanced the
mutual lattice distortion between supported Pt and the solid so-
lution and increased HMF catalytic oxidation activity. This was
because Bi, Y, and La doping introduced asymmetrical oxygen va-
cancies that could enhance the oxygen activation ability, thus
enhancing the electron transfer from the support to the metal and
ultimately promoting the selective oxidation of HMF to FDCA
[43,48,49]. Ba has been successfully added to trimetallic catalysts to
control emissions from gasoline vehicles. The introduction of Ba
stabilized the dispersion of noble metals and facilitated the for-
mation of surface-adhered NOy species, which were adsorbed on
Pd/Ba/Al,03 as nitrites and nitrates under NO flow at 450 °C. The
effective generation of surface-active nitrate intermediates was
crucial in enhancing the conversion efficiency of NOy, CO, and non-
methane hydrocarbons [151].

In addition to ion doping, modifying the support of supported
catalysts with metal oxides of different binding energies can often
regulate SMSI. Song et al. found the introduction of FeO, and CoOy
promoted the reduction of CeO; and enhanced the interaction be-
tween Pt particles and the support, which made more electron
transfer from Pt to the support, leading to an increase in the binding
energy of Pt and a weakening of CO adsorption strength, which
facilitated the desorption of reaction products and thereby
enhanced the CO catalytic oxidation activity [152]. Adding CeO; to
the Pd/Al,03 catalyst enhances the reaction rate of NO reduction to
N, by promoting NO dissociation. This was mainly attributed to the
high oxygen mobility facilitated by the Pd—CeO, interaction at the
metal-oxide interface [153]. Furthermore, adding an alkaline metal
additive, M, to Pd/M/Al,03 three-way catalysts (M = La, Ba, or Sr)
exhibited enhanced catalytic activity for NO and CO conversion. The
existence of atomically dispersed alkaline metals promotes the
effective formation of surface nitrite species, thereby improving
denitrification activity. La doping reduces the electron density of Pd
NPs on Pd/La/Al;03, thus suppressing CO's poisoning effect.
Conversely, Pd/Sr/Al,03 and Pd/Ba/Al,03 showed increased

13

Environmental Science and Ecotechnology 22 (2024) 100443
electron density [154].
5. Main bottlenecks and prospects of SMSI regulation

To recapitulate, SMSI is typically manifested by the expansion of
metal-support interface structure, enhanced electron transfer, and
increased O, defects. This phenomenon enables the regulation of
the chemical state and stability of supported metals, resulting in
the activation of oxygen molecules and the promotion of reaction
activity. However, this type of interaction is inherently dynamic and
can be fine-tuned via a range of physical and chemical approaches,
including thermochemistry, photochemistry, and wet chemistry. In
addition, the control of metal nanoparticle size, crystal face, ion
doping, and modification can also significantly influence the SMSI
effect. The moderate extent of SMSI is the synthetic target of cat-
alysts [30,121], as excessive SMSI would result in the complete
coverage of metal sites by the carrier, leading to their loss, while
insufficient SMSI would not adequately manifest their interactions.
Therefore, the rational regulation strategies of SMSI still face sig-
nificant challenges: (i) Understanding the mechanism of high-
temperature redox pretreatment and gas properties inducing
SMSI precisely. (ii) Finding the optimal size that balances the
dispersion of the loaded metal and the SMSI effect will be the future
research focus of the SMSI size effect. (iii) The critical role of syn-
ergistic effects in multi-object ion doping lies in the controllable
synthesis of synergistically active sites between host and guest
ions. Additionally, specific modifications of oxides, such as in situ
modification of interfacial sites, are particularly important.

For the challenge above, we provide the following prospects for
applying supported catalysts in environmental catalysis, focusing
on interface sites and electronic structure:

(i) The partial encapsulation strategy for optimizing metal sites
(activity) and interface sites (stability). For example, Tang
et al. loaded AuNPs onto the interface region between TiO,
and hydroxyapatite. The introduction of TiO, could modulate
the interaction between Au NPs and hydroxyapatite. The Au
NPs at the TiO,/HAP interface exhibited a semi-encapsulated
state, with the hydroxyapatite side covered. The TiO, side
being exposed (Fig. S1a). The strong interaction of the
encapsulation contributed to stabilizing the Au NPs. In
contrast, the partially exposed surface of the Au NPs provided
the active sites for the reaction [155]. The same strategy
could also be employed in Au/Fe;03-HAP (Fig. S1b) [156].
This strategy simultaneously satisfied the requirements of
exposed metal for providing active sites and an encapsulated
interface layer to maintain catalyst stability. Furthermore,
controlling the temperature of reduction or oxidation could
also achieve this partial encapsulation state. The optimal
temperatures for achieving SMSI were 300—400 °C for Au/
HAP (Fig. 8b) [30], 300—400 °C for Ru/TiO, (Fig. S1c) [157],
and 600 °C for Ni@SiO; [158]. Temperatures that were too
low or too high fail to exhibit the optimal SMSI effect. Spe-
cifically, overly low temperatures resulted in a weak SMSI,
insufficient to produce an effect, while excessively high
temperatures cause over-encapsulation, leading to the loss of
metal sites.

(ii) The size optimization strategy achieves a dual benefit of ac-
tivity and stability. Minimizing the metal size maximizes the
metal sites, but the aggregation of small metal clusters and
NPs during the reaction leads to rapid catalyst deactivation.
Larger metal NPs typically expand the metal-in-support
interface, enhancing the SMSIL This expansion allows the
metal to firmly adhere to the support without aggregation
and greatly enhances catalyst stability. Therefore,
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appropriately increasing the metal size to seek the optimal
balance between metal sites and interface sites is an
important strategy for improving catalyst performance in the
future. In the SMSI effect between Au and y-Al,0s, the
optimal particle size of Au NPs was approximately 2—4 nm,
which allowed for their high dispersion and stability against
aggregation [159]. In the Ru/TiO; catalyst, the coverage of
TiOx on the Ru surface was enhanced as the size of Ru
decreased (Fig. S1d). Moderate coverage on larger particle
sizes exhibited enhanced Fischer-Tropsch synthesis activity
[142]. In addition to regulating the loaded metal's size, the
support's size could also be controlled to achieve optimal
SMSI. Parastaev et al. found that compared to 10 nm CeZrOy4
(CZ) supported Co NPs, which tended to aggregate during
high-temperature reduction, the 20—30 nm Co NPs exhibited
higher stability and CO, hydrogenation activity on the CZ
support (Fig. S1e). This enhanced stability could be attributed
to the high-temperature reduction-induced SMSI that
formed a Co-CZ interface, where the strong anchoring effect
at the interface contributed to the stability of Co NPs [147].
Yuan et al. also discovered that the TiO, coverage layer on the
Ni@B—TiO, catalyst increased gradually with the increasing
size of the B—TiO, support (Fig. S1f). When the B—TiO,
support was 14 nm, a moderate TiOy coverage layer was
induced on the surface of Ni NPs. The B—O—Ti species at the
interface sites is crucial in activating CO, and the methane
reforming reaction [160].

(iii) The interface oxygen vacancy strategy involves controlling
the electron transfer between the supported metal and the
support in SMSI systems, leading to changes in the electronic
state of the supported metal and the reduction of the oxide
support, resulting in the formation of oxygen vacancies. The
interface sites rich in oxygen vacancies play an important
role in redox reactions. Examples included Auﬁ’—O\,—Tiz'+ in
AU@TiO; »/ZnO [46], Pt*-0,-Ce>* in Pt/Ce; MOy 5
(M = Bi, La, Y, etc.) [43,48,49], and Ni®"—0,—Ti*" in
Ni@TiO,_, [66]. In addition, the photogenerated electron and
hole separation in TiO, induced by ultraviolet radiation
triggered the formation of Pd-O,-Ti>* interface sites
(Fig. S2a), as observed in Pd/TiO, nanocomposites encapsu-
lated with TiOy layers [135]. The construction of heteroge-
neous catalysts with SrTiOs (STO) and CdgsZngsS (CZS)
heterojunctions also utilized the interface O, strategy. Simple
hydrogen treatment induced oxygen vacancies on the sur-
face of SrTiO3, which could anchor sulfur in CdgsZngsS
(Fig. S2b), resulting in a strongly coupled interface between
the two materials. Moreover, the oxygen vacancies in SrTiO3
could serve as traps for photogenerated electrons, promoting
the separation of electron-hole pairs [161].

(iv) The multi-component strategy modulates the interaction
between a single supported metal and a support material by
introducing one or several additional elements. In bimetallic
catalysts, the strength of SMSI could be regulated by intro-
ducing metals with different electronegativities. For
example, Liu et al. found that compared to Pd/MCM-
41(zeolite), Pd1/Nig@MCM-41 showed a lower temperature
for hydrogen desorption, indicating a stronger hydrogen-Pd
interaction that hinders the dehydrogenation performance
in Pd/MCM-41 [162]. The introduction of Ni reduced the Hy-
TPR reduction peak temperature, promoting the dehydro-
genation performance, which was attributed to the modu-
lation of the interaction between Ni and Pd in Pd/MCM-41.
Compared to Ag@MgO, CuAg@MgO with SMSI encapsulation
effect exhibited a shift in the Ag 3d binding energy, attrib-
uted to electron transfer between Cu and Ag. Additionally,
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different metals (Fe, Cu, and Ni) in the alloy with Ag caused
varying degrees of binding energy shift in MgO's Mg 2p,
indicating the diverse electron modulation effects of
different metals on SMSI (Fig. S2c—e) [163]. Furthermore,
multicomponent alloy NPs (MAs) could be synthesized
through the SMSI induction effect. At low reduction tem-
peratures (400—600 °C), the reducible metal oxide support
(e.g., TiOg, ZrOo, etc.) provided metal atom migration tunnels
through the oxygen vacancies on its surface, facilitating the
formation of MAs. The successful synthesis of PtPdCoFe
(MA)/TiO, with excellent methane combustion catalytic ac-
tivity was attributed to the growth of a defect-rich TiO;_x
layer (SMSI effect) induced by 600 °C—H; reduction (Fig. S2f
and g). Subsequently, Pd, Co, and Fe atoms migrated to the Pt
core through the oxygen vacancies in TiO;_y, forming a
multicomponent alloy [164].
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