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a b s t r a c t

Maintaining high metal dispersion of supported metal catalysts to achieve superior reactivity under harsh

conditions poses one of the main challenges for their practical applications. Constructing and regulating

the strong metal-support interactions (SMSI) by diverse methodologies has emerged as one of the promis-

ing approaches to fabricating robust supported metal catalysts. In this study, we report an l-ascorbic acid

(AA)-inducing strategy to generate SMSI on a titania-supported gold (Au) catalyst after high-temperature

treatment in an inert atmosphere (600 °C, N2). The AA-induced SMSI can efficiently stabilize Au nanopar-

ticles (NPs) and preserve their catalytic performance. The detailed study reveals that the key to realizing

this SMSI is the generation of oxygen vacancies within the TiO2 support induced by the adsorbed AA,

which drives the formation of the TiOx permeable layer onto the Au NPs. The strategy could be extended

to TiO2-supported Au catalysts with different crystal phases and platinum group metals, such as Pt, Pd,

and Rh. This work offers a promising novel route to design stable and efficient supported noble metal

catalysts by constructing SMSI using simple reducing organic adsorbent.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal oxide supported noble metal catalysts play vital roles

in heterogeneous catalysis due to their excellent catalytic activ-

ity and/or selectivity for diverse chemical transformations [1–3].

Metal oxide serving as a support can not only disperse and anchor

active metal species but also interact with them in many ways,

significantly influencing the catalytic performance [4–6]. Classical

strong metal-support interaction (SMSI) is one of the most im-

portant metal-support interactions which was first discovered by

Tauster et al. [7] to describe the decrease or loss of chemisorp-

tion abilities toward small molecules (CO/H2) of TiO2-supported

platinum group metal (PGM) NPs after high-temperature reduction

treatment. One of the typical characteristics of the classical SMSI

phenomenon is the reduced metal oxide support migrating onto

the metal NPs surface to form an encapsulation structure [2,8–10].

Therefore, constructing overlayers of SMSI has been widely used to

enhance the sinter resistance and high-temperature stability of the

supported metal catalysts [11–13], especially for the metals with
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low Tammann temperature and the catalysts used in harsh oper-

ating conditions. However, this is often at the cost of activity loss

due to the substantial crystalline overlayers, making it difficult for

reactants to reach the active sites [14].

In recent years, numerous studies have focused on develop-

ing new routes to construct SMSI at milder conditions including

wet-chemistry [15], ultrafast laser [16], ultrasonication [17] and

mechanochemistry [18,19]. On the other hand, various adsorbed

species induction, rather than the traditional thermally treatment

in specific reductive gases (H2/CO), can promote the metal catalysts

reconstruction. This type SMSI named adsorbate-induced SMSI (A-

SMSI) and with the amorphous encapsulation structure can ensure

active metal sites remain accessible. For example, Christopher et

al. [20] reported that HCOx adsorbates can induce the formation of

A-SMSI on TiO2- and Nb2O5-supported Rh NPs at 150–300 °C. The
generation of A-SMSI state changes the selectivity switch from CH4

to CO in the CO2-reduction process.

For a long time, it has been recognized that Au cannot form

SMSI, because of its low work function and surface energy [21–

23] compared with other noble metals and its low ability to dis-

sociate molecular hydrogen. Until 2017, our group reported classic

https://doi.org/10.1016/j.cclet.2024.110608
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SMSI could be generated between Au and TiO2 for the first time

[24], which has been widely recognized for its excellent stability

and unusually high catalytic performance [25]. Recently, we devel-

oped exogenous adsorption methods to construct SMSI in Au/PGMs

supported on TiO2, which also produced permeable overlayers by

melamine induced and did not recede in the oxidation atmosphere

[26,27]. This exogenous adsorption strategy induces A-SMSI and

offers new opportunities for constructing sintering-resistant Au-

based catalysts that exposed active sites maintain high activity and

tunable reaction performance.

However, despite the extensive studies, the mechanisms of

forming SMSI are still not fully understood up to now, and the

widely accepted consensus is only a basic principle of minimiz-

ing the catalyst system surface energy as the underlying thermo-

dynamic driving force. The electron transfer [28] induced support

suboxide species migration on the metal NPs surface to generate

encapsulation structure [21,29] and/or to form alloy [30,31] has

also been proposed to explain the SMSI phenomenon. In addition,

the formation of defects or vacancies in supports has also been

considered a prerequisite in diverse catalyst systems for the occur-

rence of SMSI. For example, it was found that ultrafast laser exci-

tation can induce SMSI of Pt/CeO2 catalyst through forming surface

defects and CeOx migration [16], as well as mechanochemistry-

driving approach was developed for SMSI construction [17,19]. A-

SMSI can induce the formation of the permeable overlayers to en-

sure that the active sites are accessible. However, many cases of

A-SMSI are formed under specific reaction conditions, which lim-

its its further regulation and wide application. Therefore, it is still

desired yet has room to develop new methods to construct SMSI,

particularly those facile and universal for a wide range of catalyst

systems, to synthesize high-performing catalysts and further un-

derstand the formation mechanism of SMSI.

In this work, we demonstrate that l-ascorbic acid (AA) mod-

ification followed by high-temperature treatment in inert atmo-

sphere can construct SMSI in an Au/TiO2 system. The permeable

TiOx overlayer and suppressed CO chemisorption confirms the for-

mation of the SMSI, which not only inhibits the sintering of gold

nanoparticles (NPs) but also allows the permeation of the reac-

tant molecules. A detailed study revealed that the generation of

oxygen vacancies in the TiO2 support induced by AA adsorption

contributes to activating the support surface, which is vital for the

migration of TiOx species to cover Au NPs. As a result, the cata-

lysts with AA-induced SMSI showed remarkable catalytic activity

and stability in the CO oxidation reaction. In addition, this facile

and efficient strategy could be extended to TiO2 support with other

crystal phases (anatase and rutile) and TiO2-supported PGMs (Pt,

Pd, and Rh). This work develops a simple and universal approach

to induce SMSI, providing a new route for the preparation of effi-

cient and stable supported noble metal catalysts.

Au/TiO2 catalyst was synthesized by a deposition-precipitation

(DP) method with nominal 5 wt% Au loading on a commercial De-

gussa P25 support. Scheme 1 presents the illustration that the cat-

alyst was modified by AA, followed by heat treatment at 600 °C in

an N2 atmosphere, denoted as Au/TiO2@AA-N600. The actual Au

loading of Au/TiO2 determined by an inductively coupled plasma

optical emission spectrometry (ICP-OES) was 2.4 wt% (Table S1

in Supporting information), much lower than the nominal one,

suggesting serious metal loss during catalyst preparation, which

is consistent with previous studies [32,33]. The X-ray diffraction

(XRD) patterns of the as-prepared catalyst display intense peaks

corresponding to the anatase (PDF #21-1272) and rutile (PDF #21-

1276) phases, as shown in Fig. S1 (Supporting information). How-

ever, the characteristic diffraction peaks of Au, such as Au (111)

at 2θ = 38.2°, are almost unobservable. The patterns of other Au

catalysts (Au/TiO2@AA, Au/TiO2@AA-N600, and Au/TiO2-N600) are

similar to that of Au/TiO2. Considering the relatively high Au load-

Scheme 1. Schematic illustration of the synthesis process. Synthesis of Au/TiO2 by

the deposition-precipitation (DP) method, through the dispersion of the Au/TiO2

sample in l-ascorbic acid (AA) aqueous solution and treated in N2 flow at 600 °C
encapsulation of Au NPs within permeable TiOx overlayer formation.

ing (2.4 wt%), the result suggests a high dispersion of Au NPs on

the support [34]. To further investigate the textural structure of the

prepared Au nanocatalysts, the N2 adsorption/desorption isotherms

were collected at 77K. As shown in Fig. S2 and Table S2 (Support-

ing information), all samples present similar type IV isotherms, in-

dicating these catalysts have a mesoporous structure and the treat-

ment process had no significant influence on their textural struc-

ture.

Transmission electron microscopy (TEM) was therefore em-

ployed to examine the size and high dispersion of Au NPs. High-

resolution transmission electron microscopy (HRTEM) images of

the series catalysts are shown in Fig. 1. Either the pristine Au/TiO2

catalyst or the one after modification with the adsorbent AA shows

the completely bare Au NPs with an average size of 2–3nm (Figs.

1a, b, d, e, g, and h), demonstrating the lack of SMSI. The modifi-

cation by AA has caused a slight increase in the average Au parti-

cle size (from 2.6nm to 2.9 nm), which is likely due to an Ostwald

ripening of the Au NPs in the AA solution. Interestingly, the surface

of Au NPs of Au/TiO2@AA-N600 samples is covered by a thin layer

after heating treatment in N2 at 600 °C (Fig. 1c), regardless of the

particle size (Fig. S3 in Supporting information). It should be noted

that with the modification of AA, such a high-temperature treat-

ment only led to a slight sintering of Au NPs from 2.9nm to an av-

erage size of 3.3 nm (Figs. 1f and i), suggesting an excellent sinter-

ing resistance. In contrast, the Au/TiO2-N600 catalyst without AA

modification directly treated in an inert atmosphere gave rise to

significant sintering of Au NPs from 2.6nm to average particle size

of 11.1 nm (Fig. S4 in Supporting information). The corresponding

energy dispersive spectroscopy (EDS) elemental mapping analysis

of the Au/TiO2@AA-N600 further reveals that Au NPs are homoge-

neously distributed on the TiO2 (Fig. 1j), well consistent with the

XRD results. Therefore, the above results suggest that the introduc-

tion of AA is possible to induce the formation of encapsulation.

Electron energy loss spectra (EELS) examination was performed

to identify the composition of the thin overlayer and their chemi-

cal states covered on the Au NPs of Au/TiO2@AA-N600 sample (Fig.

2 and Fig. S5 in Supporting information). It shows that both on the

support (region C) and Au NPs surface (region B), Ti L-edge and

weak O K-edge signals are observed. Ti signals appearing on the

surface of the Au NPs verifiably demonstrated the successful for-

mation of the SMSI overlayer. However, the Ti species in the over-

layer were reduced to Ti3+ (region B), whereas the Ti species in

the supports show a Ti4+ signal (region C) (Fig. 2c). These results

provide direct evidence that the overlayer is TiOx (x<2) species

coming from the titania support, which is well consistent with

previous studies [26]. The strong interaction between metal and

support makes the migration of substoichiometric titanium species

onto the Au NPs thermodynamically favorable [35]. Besides, as

shown in Fig. 2a, an overlayer on Au NPs was observed to form

after AA modification and N2 treatment at 600 °C. These amor-
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Fig. 1. TEM characterization of the supported Au catalyst. HRTEM, TEM images and the Au particle size distribution of (a, d, g) Au/TiO2, (b, e, h) Au/TiO2@AA, and (c, f, i)

Au/TiO2@AA-N600. (j) STEM image and corresponding EDS mapping of O, Ti, and Au elements of the Au/TiO2@AA-N600 sample.

Fig. 2. EELS spectra of Au/TiO2@AA-N600 catalyst. (a) HRTEM image. (b) EELS spectra characterizing different regions in the image (a) with a range of 250–700 eV. (c) EELS

spectra with a range of 420–500 eV in image (b). The spectra were background-subtracted.

phous overlayers are different from the impermeable encapsulation

in the classical SMSI, which is a crystalline structure so the reac-

tant molecules cannot contact the active metal [20,24]. Consider

our recent finding that the similar permeable overlayers can form

through induced by melamine and calcined at 800 °C [26,27], these

porous layers maybe keep the metal sites active in a great degree.

Detailed studies were then carried out to unveil the underlying

formation mechanism of the encapsulation induced by AA. One of

the typical features to verify the SMSI encapsulation of metal NPs

is the suppressed CO chemisorption. In situ diffuse reflectance in-

frared Fourier transform spectroscopy (DRIFTS) were measured to

study the surface structure and adsorption behavior of Au NPs. As

shown in Fig. 3a and Fig. S6 (Supporting information), the Au/TiO2

sample displays three bands at 2174, 2120, and 2096 cm−1, respec-

tively. The former two peaks are ascribed to gaseous CO and the

band at 2096 cm−1 is assigned to linear adsorption of CO on metal-

lic Au (CO-Au0) [36]. After modification with AA, the adsorption of

CO on Au NPs almost disappeared, which reflects the limited gold

sites. Considering the fact that the size of Au NPs did not change

much (from 2.6 nm to 2.9 nm), the decrease of gold sites for CO

adsorption could be reasonably assigned to the blockage of Au NPs

by the adsorption of AA on their surface rather than the change

in the gold dispersion. After helium purging, the very weak signal

of linear-bonded CO on the Auδ+ remained and a frequency blue-

shift compared with pristine Au/TiO2 catalyst (from 2096 cm−1 to

2126 cm−1) is observed, suggesting the generation of the positively

charged Auδ+ species during the AA modification procedure (Fig.

S6b in Supporting information). As for Au/TiO2@AA-N600, even if

the gaseous CO peaks are removed by helium purging, the peaks

at 2114 cm−1 and 2062 cm−1 are still observed (Fig. S6c in Sup-

porting information), which are assigned to the linear adsorption

of CO on Au0 and Auδ− species, respectively [27,34,37–39]. The in-

tensity of CO adsorption decreased drastically in comparison with

fresh Au/TiO2, which can be attributed to the encapsulation at

3
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Fig. 3. Mechanism study of AA adsorbate-induced SMSI formation. (a) In-situ DRIFT spectra of CO adsorption on various gold catalysts. (b) ATR-IR spectra and (c) TG analysis

curve of AA, Au/TiO2, Au/TiO2@AA, Au/TiO2@AA-N600 and Au/TiO2-N600. (d) EPR spectra of the various Au catalysts at 110K.

the SMSI state, in good agreement with the HRTRM results (Fig.

S3 in Supporting information). More importantly, the CO adsorp-

tion is red-shifted relative to that of the uncalcined sample (2126–

2114 cm−1) and exhibits a new band around 2062 cm−1 (CO-Auδ−),
evidencing that surface Au species have a slight negative charge

stemmed from electron transfer from support (perhaps the oxy-

gen vacancies) to metal. Despite the existence of the overlayer, the

linear CO adsorption signal is still present on Au/TiO2@AA-N600,

which might be due to the existence of gaps/pores on the over-

layer supplying channels for CO molecule attaining the gold surface

[15,16,20,27,40]. On the other hand, the BET surface area of various

catalysts also provides consistent information. Table S2 (Support-

ing information) displayed that the surface area calculating based

on Brunauer–Emmett–Teller (BET) method of Au/TiO2@AA-N600 is

50.8 m2/g similar to the unmodified Au/TiO2 sample (54.8 m2/g).

Comparatively, the BET surface area of Au/TiO2-N600 catalysts de-

creased to 44.3m2/g, demonstrating that the permeable overlayer

is formed after the modification with AA and treatment in N2 flow

[26]. At last, the CO adsorption on 2096 cm−1 of Au/TiO2-N600 to-

tally disappears and only a slight peak at 2112 cm−1 (Fig. S6d in

Supporting information) is observable, which is ascribed to the CO

adsorption on larger Au NPs [34].

One may argue that the presence of carbonaceous species de-

rived from AA deposition on the surface of metal sites, rather than

SMSI overlayer, may result in a comparable effect of inhibiting CO

chemisorption values [17,41]. To rule out this possibility, the ATR-IR

spectra of AA and various Au nanocatalysts were observed, and the

four Au-based catalysts do not show pronounced peaks assigned

to the adsorbed AA species (Fig. 3b). In addition, the EDS analysis

demonstrated that the content of carbon species in the Au cata-

lyst is very low, and a weak amount of signal may come from the

organic matter adsorbed on the catalyst surface or the supported

carbon film (Fig. S7 in Supporting information). As shown in Fig.

3c, the weight change of the Au catalysts was further investigated

by thermogravimetric (TG). It shows only the Au/TiO2@AA have a

2.25 wt% weight loss, which could be attributed to the complete

decomposition of adsorbed AA in the N2 atmosphere, as evidenced

by the decomposition of pure AA starting from 220 °C in N2 (Fig. S8

in Supporting information). This conclusion can be further verified

by a TG measurement in air which shows similar weight loss that

originated from the combustion of residual AA (Fig. S9 in Support-

ing information). Other samples show almost no weight change

during the heating process. Accordingly, TG analysis confirms that

there is no carbon or carbon-containing organic species present on

the surface of Au/TiO2@AA-N600 catalyst, and the encapsulation on

the surface of Au NPs is a TiOx thin overlayer.

The electronic states of surface elements of the supported

Au nanocatalysts were investigated by X-ray photoelectron spec-

troscopy (XPS). In the Au 4f XPS spectra (Fig. S10a in Supporting

information), Au species in the Au/TiO2 sample are mainly com-

posed of Au0 with the binding energy (BE) of Au 4f5/2 at 83.4 eV.

However, the binding energy of Au0 shifting to 83.2 eV can be ob-

served in Au/TiO2-SMSI sample, indicating that Au NPs exist in an

electron-rich state originating from the charge transfer between Au

NPs and the support. Compared with Au/TiO2, the surface atom

ratio of Au 4f to Ti 2p of Au/TiO2@AA-N600 calculated from the

XPS spectra decreased significantly (Fig. S11 in Supporting infor-

mation). This can be ascribed to TiOx overlayer formation on the

Au NPs since the Au content in the bulk catalysts had no signifi-

cant change (2.4 wt%, ICP results), which is in agreement with EELS

results in Fig. 2. However, the reductive Ti3+ species were not ob-

served in the Ti 2p XPS spectra of each catalyst (Fig. S10c in Sup-

porting information), which may be due to the too low content of

TiOx species compared with total titanium [21,27].

This A-SMSI which happens upon the adsorption of AA on the

surface followed by heat treatment rather than H2/O2 treatment

at elevated temperatures, is seemingly different from traditional

SMSI. However, the driving force behind the formation of A-SMSI

has not been clearly understood yet. According to previous lit-

erature, the charge transfer between noble metal NPs and sup-

ports is a prerequisite to constructing encapsulation over metal

NPs [18,42]. In addition, generating a substantial number of oxy-

gen vacancies (OV) in supports efficiently promotes a disordered

surface structure, thus giving rise to the formation of metal oxide

overlayers [17,18,43,44]. In this perspective, AA is a natural product

with an enediol group containing hydroxyl groups on both sides of

the double bond [45]. Owing to the reductive enediol group in the

AA structure, its hydrogen atom is more susceptible to dissocia-

tion, probably leading to the generated oxygen vacancies in TiO2,

followed by the migration of TiOx suboxide species to cover the Au

NPs. Consequently, electron paramagnetic resonance (EPR) spectra

was adopted to study the paramagnetic transition of the oxygen
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Table 1

Summary and comparison of different types of SMSIs in Au/TiO2 catalyst.

Type of SMSI Occurrence condition Suppression of

adsorption for CO

Electron transfer Encapsulation layer

permeability

Ref.

Classical SMSI H2 reduction, 500 °C Yes From the support to the metal No [24]

Melamine induced SMSI Melamine induced, pretreated in N2 (600 °C),
followed by calcinated in air (800 °C)

Yes From the metal to the support Yes [27]

AA-induced SMSI AA-induced, calcined in N2 (600 °C) Yes From the support to the metal Yes This work

vacancies at 110K [46]. As shown in Fig. 3d, no evident EPR re-

sponse is detected for Au/TiO2, suggesting its pristine topology has

no unpaired electrons. After the AA modification, the distinct EPR

signal of Au/TiO2@AA exhibits at g=2.004, which can be assigned

to the unpaired free electrons from OV and further substantiate

introduced AA species resulting in an oxygen-defective structure

[47–49]. In parallel, a similar EPR signal of OV at g = 2.003 is also

observed for Au/TiO2@AA-N600 but the intensity of Ov becomes

weaker after the heating process. This result points out that Ov

helps to activate the surface of the support to form SMSI. More-

over, the O 1s XPS were used to analyze the defective sites of Au

catalysts, which contribute to inducing the formation of encapsu-

lation. As shown in Fig. S10b (Supporting information), it can be

deconvoluted into three peaks at 529.9, 530.6 and 531.9 eV, which

are assigned to the lattice oxygen, oxygen vacancies and other

weakly bound oxygen species, respectively [50,51]. The relative ra-

tio of OV in oxygen species calculated based on the corresponding

peak area increased from 7.3% (Au/TiO2) to 14.9% (Au/TiO2@AA-

N600), in agreement with the EPR results. However, the EPR sig-

nal of Au/TiO2-N600 is negligible, indicating that oxygen vacan-

cies offer an opportunity for the formation of SMSI to stabilize

highly active metal NPs. Therefore, the above results notarize the

AA-induced the OV generation and activates the support surface,

and then high-temperature treatment promotes support migration

to form an SMSI encapsulation structure.

It is notable from the above discussion that the exogenous

adsorbent AA, rather than the reaction intermediate, can induce

the formation of A-SMSI in the Au/TiO2 system. This exogenous

adsorption method induced A-SMSI is different from the classi-

cal SMSI and offers a new horizon for catalyst design and cat-

alytic application. Therefore, it is worth summarizing and compar-

ing the characteristics of various types of SMSI in the Au/TiO2 sys-

tem (Table 1) to further understand and explore the SMSI phe-

nomenon. For classical SMSI, abundant TiOx overlayers migrated

onto the surface of Au NPs to form crystalline encapsulation struc-

tures after high-temperature reduction [24]. The electron transfer,

suppression of small-molecule adsorption, and reversible metal en-

capsulation were consistent with the Pt/TiO2 system. However, this

SMSI always lead to deterioration of reaction activity by covering

active sites for activation of reactants. Our reported exogenous ad-

sorption strategy, induced by AA, exhibits electronic interaction be-

tween Au and TiO2, and suppression of CO adsorption, which are

similar to those of the classical SMSI. On the other hand, this per-

meable overlayer enables access for the reactants to interact with

the active sites, thus the Au/TiO2 catalysts with A-SMSI can ex-

hibit excellent activity and sintering resistance. These differences

also demonstrate that different strategies induce SMSI through dif-

ferent mechanisms. Therefore, exogenous adsorption methods to

construct A-SMSI with porous overlayers are new ways to harness

SMSI and catalyst design.

CO oxidation as an important model reaction at lab-scale con-

ditions was chosen to investigate the catalytic performance of a

series of Au catalysts because of its importance in both funda-

mental studies and practical applications [52]. In particular, it is a

structure-sensitive reaction and its catalytic behavior is highly de-

pendent on the size of metal NPs. As shown in Fig. 4a, Au/TiO2 ex-

hibits remarkable catalytic activity and achieves complete conver-

sion of CO at ambient temperature. Obviously, Au/TiO2@AA-N600

exhibits outstanding catalytic performance with complete CO con-

version at 20 °C even after the high-temperature treatment. Based

on the above HRTEM results, this surprising activity can be as-

cribed to the permeable encapsulation of gold by the TiOx over-

layer. This encapsulation inhibits the sintering of Au NPs while

allowing the reactant molecules to the gold site’s surface. How-

ever, the Au/TiO2@AA catalyst exhibited a noticeable decrease in

activity after AA modification, which is probably linked to AA

blocks metal active sites, in good agreement with the DRIFT re-

sults (Fig. 3a). In contrast, the catalytic activity of the Au/TiO2-

N600 catalyst was dramatically decreased after treated at 600 °C
in N2 flow and the value of T50 increases to 110 °C. Combined with

the TEM characterization results, the inferior activity might be at-

tributed to the noticeable sintering of the Au NPs with a larger

mean Au size of 11.1 nm (Fig. S4 in Supporting information). To

compare the intrinsic activity of catalysts, the specific rate of the

above catalysts and the corresponding turnover frequency (TOF) at

25 °C were measured at the kinetic region and calculated, respec-

tively. As shown in Fig. 4b and Table S3 (Supporting information),

it confirmed the reaction-specific rate and TOF value of Au/TiO2

are 1.42molCO gAu
−1 h−1 and 0.22 s−1, respectively, similar to the

previous studies [27,53,54]. Regarding Au/TiO2@AA-N600, the re-

action rate and TOF decrease to 0.14molCO gAu
−1 h−1 and 0.03 s−1.

Although they are lower than that of the fresh Au/TiO2 catalysts,

they also rival other sintering-resisted Au-based catalysts reported

in the literature (Table S3). Correspondingly, the Au/TiO2-N600 cat-

alysts with obvious sintering brought about a dramatically de-

creased reaction rate of about 47-fold from 1.42molCO gAu
−1 h−1 to

0.03molCO gAu
−1 h−1.

The above results have shown that the overlayer on the

Au/TiO2@AA-N600 sample can stabilize the gold NPs against sin-

tering, implying a potentially good catalytic stability of the cat-

alyst during the reaction. In practical application processes such

as auto-exhaust elimination, the catalyst will face repeated cold-

hot cycling. Thus, the cycle performance of this catalyst was in-

vestigated (Fig. 4c). It turns out that during successive six cycles

running up to 600 °C, the catalyst activity remains unchanged, in-

dicating that this catalyst holds promising repeating start-up per-

formance for practical applications. On the contrary, a significant

loss of activity immediately occurred for Au/TiO2 in the second test

(Fig. S12 in Supporting information), most probably due to the sin-

tering of Au NPs on this catalyst [23]. The long-term stability was

further evaluated at 300 °C with a higher gas hourly space velocity

(GHSV=1371 L gcat.
−1 h−1). As shown in Fig. 4d, there is no signif-

icant deactivation in a 50-h continuous test, further confirming its

good sintering resistance. Of more interest, we also tested the sam-

ple at 30 °C where the accumulation of CO2 is a common perfor-

mance [55]. It shows that the conversion remains nearly constant

over 100h (Fig. S13 in Supporting information), indicating that our

samples even have good resistance to CO2 accumulation. All these

results demonstrated that the TiOx overlayers on the Au NPs after

SMSI construction provide excellent activity and stability.

To evaluate the universality of SMSI construction induced by

AA adsorption and high-temperature treatment, a series of sup-
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Fig. 4. Catalytic performance of the Au nanocatalysts in CO oxidation. (a) CO conversion as a function of reaction temperature with a feed gas comprising 1 vol% CO, 1 vol%

O2 and 98 vol% He at 33.3mL/min. (b) Corresponding specific reaction rate for different Au catalysts with CO oxidation at 25 °C. (c) Conversion of CO from −40 °C to 600 °C
with six cycles of testing on Au/TiO2@AA-N600 catalyst. (d) CO conversion as a function of reaction time at 300 °C on Au/TiO2@AA-N600 catalyst with space velocity of

1371 L gcat.
−1 h−1.

Fig. 5. Characterization and CO oxidation performance of AA-induced SMSI catalysts. (a–c) In-situ DRIFT spectra of CO adsorption and HRTEM images of (d) Au/a-TiO2@AA-

N600, (e) Au/r-TiO2@AA-N600, and (f) Pt/TiO2@AA-N600 nanocatalysts after AA and high-temperature treatment under N2 atmosphere at 600 °C. (g–i) Catalytic performance

of different catalysts in the CO oxidation reaction. Reaction conditions: reaction gas comprising 1 vol% CO, 1 vol% O2, and 98 vol% He, gas flow rate of 33.3mL/min.

ported noble metal catalysts were synthesized. To investigate the

effect of the support crystal phase, the AA-induced SMSI was stud-

ied on anatase and rutile TiO2-supported Au NPs. It can be ob-

served all the Au/TiO2-SMSI catalysts possess encapsulated Au NPs,

as evidenced by DRIFT results (Figs. 5a and b, Figs. S14 and S16 in

Supporting information) and HRTEM (Figs. 5d and e, Figs. S15 and

S17 in Supporting information). Consistently, the Au/a/r-TiO2@AA-

N600 samples with SMSI have shown slightly decreased activ-

ity compared with the pristine Au/a/r-TiO2 but still much bet-

ter than Au/a/r-TiO2-N600 samples (Figs. 5g and h). Furthermore,

a series of TiO2 (P25) supported PGM catalysts (e.g., Pt, Pd, and

Rh) were also prepared and modified by AA. A detailed study

in combination with DRIFT and HRTEM suggests that in analogy

to the Au/TiO2-AA-induced SMSI case, all samples displayed di-

minished CO chemisorption (Fig. 5c, Figs. S18, S20, and S21 in

Supporting information), indicating that the group VIII metals Pt,

Pd, and Rh can have similar overlayers encapsulating the metal

NPs, as evidenced by HRTEM images (Fig. 5f and Fig. S19 in Sup-

porting information). Catalytic performance test reveals that AA

modification can maintain better reactivity compared to the coun-
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terpart sample without AA treatment only a high-temperature

process (Fig. 5i).

As shown in Figs. S22 and S23 (Supporting information), encap-

sulation did not occur when treatment in N2 atmosphere at lower

temperatures (400 °C and 500 °C), indicate treatment temperature

at 600 °C is requisite to make the SMSI happen. The catalytic test

for CO oxidation was conducted to compare the performance of

Au catalysts treated at different temperatures (Fig. S24 in Support-

ing information). There is a significant enhancement in CO conver-

sion when the temperature is increased to 300 °C. Combined with

the TG results (Fig. S8), this enhancement of activity can attribute

to the decomposition of AA adsorbed on the surface of Au parti-

cles at 300 °C makes the active sites accessible. As the tempera-

ture increases to 400 °C and 500 °C, the catalytic activity further

increases while slight decrease when the treatment temperature

increases to 600 °C. The slight decrease might be related to the oc-

currence of the SMSI. This result corroborating the 600 °C treat-

ment in N2 is necessary. Furthermore, the Au/TiO2@AA catalysts

treated by high-temperature (600 °C) under different atmosphere

(Ar/He) to demonstrate the influence of atmosphere on SMSI phe-

nomenon. The catalysts were denoted as Au/TiO2@AA-Ar600 and

Au/TiO2@AA-He600, respectively. As shown in Figs. S25 and S26

(Supporting information), TEM results of Au catalysts under differ-

ent atmosphere treatment show Au NPs are well dispersed on TiO2

support, in which the mean particle size of Au was ∼3.5 nm and

∼3.3 nm, respectively, similar with the Au samples treatment un-

der N2 atmosphere (Fig. 1i). From the HRTEM images, the Au NPs

can also be encapsulated by TiOx overlayer, consistent with the re-

sults of Au/TiO2@AA-N600 in the Fig. 1. In addition, the CO-DRIFTS

experiments on various Au samples exhibited a decrease in inten-

sity for both Au/TiO2@AA-Ar600 and Au/TiO2@AA-He600 sample

(Fig. S27 in Supporting information), which can be ascribed to the

loss of CO adsorption sites resulting from the encapsulation of Au

NPs by TiOx, consistent with HRTEM results. Therefore, an inert at-

mosphere might be necessary for SMSI formation but N2 is not in-

dispensable. All above results validate the widespread applicability

of this AA adsorption-induction strategy.

In summary, for the first time, we have found that the A-SMSI

between Au NPs and TiO2 support can be constructed by l-ascorbic

acid adsorption and induction, followed high-temperature treat-

ment at 600 °C under an inert atmosphere. The unique approach

forms permeable TiOx thin overlayers on the Au NP surface, thus

the Au/TiO2 catalysts with this SMSI can exhibit excellent activ-

ity and sintering resistance. The presence of the reductive enediol

group in the AA is essential for promoting the generation of the

oxygen vacancies on the support, which is a prerequisite for ac-

tivating the surface of the support. High temperature treatment

drives the migration of partially reduced support derivatives to

form encapsulated structures. Of more importance, this strategy is

general and can be extended to other noble metal catalysts, provid-

ing new insight into activating the support surface and construct-

ing SMSI, thus paving a horizon for designing the encapsulated

metal NPs catalysts and modulating the catalytic performance.
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