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a b s t r a c t

Pretreatment of the carrier for supported catalysts can effectively improve the strong metal-support in-

teraction (SMSI) and increase the dispersion of precious metals, which are critical to many important

catalytic reactions. In this work, we tuned SMSI on Pd/TiO2 catalysts through inducing surface defects

of TiO2 by pretreated with different atmospheres (H2/N2, N2, O2/N2) at the high temperature (800 °C).
Multiple characterization results illustrated that surface defects anchored Pd species and thus enhanced

their dispersion. During reduction, Ti3+ species formed and transferred onto the metallic Pd species and

then induced SMSI, which effectively stabilize Pd species in the metallic state. The stronger MSI, the more

stability of Pd species. As a case, Pd/TiO2–800H2, with strongest MSI, displayed the best HCHO oxidation

performance at low temperature (10 °C).
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In noble metal catalyst systems, the strong metal support inter-

action (SMSI), firstly proposed by Tauster et al. [1], is extremely im-

portant for catalytic reactions [2–5]. The phenomenon is caused by

the migration of partially oxidized carrier material onto the surface

of metal nanoparticles under reduction treatment because of the

increase in the surface energy of the metal particles [2,6]. In this

process the formation of suboxide species is necessary [2]. Typi-

cally, SMSI can trigger a series of changes on catalysts, including

encapsulation of metal NPS by an oxide layer at high temperature

[7,8], enhanced bonding between the supported metal and the ox-

ide carrier [9] and accelerated electron transfer between the sup-

ported metal and the oxide carrier [10]. It can be concluded that

with the construction of SMSI, a new and highly active interface

may be generated and the dispersion of the loaded metal can be

improved to some extent. According to current reports, the SMSI

can be constructed and regulated by changing the type of carrier
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oxide [11,12], modification by doping [13] or creating surface de-

fects on the carrier oxide [14], etc. Among these strategies, the cre-

ation of carrier defects is a common and effective method [15–17].

Formaldehyde (HCHO) is regarded as a major indoor pollutant

emitted from buildings, furnishing materials and consumer prod-

ucts [18,19]. It poses a potential health risk to occupants even at

very low concentration levels [20]. Thus, it is necessary to develop

suitable techniques to solve indoor air HCHO pollution. Researchers

have investigated plant purification [21,22], adsorption [23], pho-

tocatalysis [24–26], plasma [27,28], catalytic oxidation [29,30] and

other technologies. Among these, catalytic oxidation is one of the

technologies with the most potential, especially when using sup-

ported noble metal catalysts, which can completely oxidize HCHO

into CO2 and H2O at room temperature. However, the high cost

of supported noble metal catalysts limits their wide application.

Therefore, further improving the performance of catalysts and re-

ducing cost has been the focus of research in recent years.

Titanium dioxide (TiO2), as a reducible oxide, is an excellent

support for noble metal catalysts, on which SMSI can be in-

duced. Previous studies have shown that high temperature reduc-

tion treatment of TiO2 is a good strategy to create defect sites and
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Table 1

Specific surface area (BET), Pd dispersion (DTEM), mean particles size (dPd) and TOFs

of Pd/TiO2, Pd/TiO2–800H2, Pd/TiO2–800N2 and Pd/TiO2–800Air samples.

Samples SBET (m2/g) DTEM
a (%) dPd (nm) TOF × 10−2 (s−1)

Pd/TiO2 33.0 – – –

Pd/TiO2–800H2 8.2 74.80% 1.5 2.68

Pd/TiO2–800N2 12.5 33.02% 3.3 1.69

Pd/TiO2–800Air 13.8 31.18% 3.4 1.12

a Pd dispersion based on TEM data; the detailed calculation is shown in Support-

ing information.

Fig. 1. The ESR spectra of (a) TiO2–800H2, TiO2–800N2, TiO2–800Air carries and (b)

Pd/TiO2–800H2, Pd/TiO2–800N2, Pd/TiO2–800Air catalysts.

induce SMSI [31,32]. Meanwhile, the catalytic oxidation capability

for HCHO at room temperature was found to mainly result from

surface hydroxyl groups and chemisorbed oxygen species [32,33],

and is also related to surface defects (e.g., oxygen vacancies) and

active metal sites (e.g., Pt, Pd, Ir) [34–38]. Therefore, creating de-

fect sites and generating SMSI on the surface of a catalyst is an

effective strategy to improve the oxidation capacity for HCHO.

In this study, through inducing surface defects of TiO2 pre-

treated with different atmospheres (H2/N2, N2, O2/N2) at the high

temperature (800 °C), we tuned SMSI on Pd/TiO2 catalysts. The ef-

fect of SMSI on the physical structures and chemical properties of

Pd/TiO2 catalysts was further investigated. As a case, the perfor-

mance of HCHO oxidation on the catalysts with different SMSI was

also studied.

The XRD patterns of the samples are shown in Fig. S1 (Sup-

porting information). All of the XRD diffraction peaks were at-

tributed to rutile TiO2 [14] and there were no diffraction peaks

observed of Pd species, which indicated that the Pd species were

well-dispersed on all of the catalysts [39]. After treatment at high

temperature, the specific surface areas of the samples were all no-

tably decreased, from 33.0 m2/g to 8.2, 12.5 and 13.8 m2/g for the

Pd/TiO2–800H2, Pd/TiO2–800N2 and Pd/TiO2–800Air catalysts, re-

spectively (Table 1). As we can see, the specific surface areas were

similar for the Pd/TiO2–800N2 and Pd/TiO2–800Air samples, but

the area of Pd/TiO2–800H2 catalyst was smaller than them due to

pore collapse induced by the strong reducing power of hydrogen.

As is well known, after high temperature treatment, the surface

structure of materials undergoes changes. To investigate the struc-

tures of surface defects on the three kinds of carriers, ESR and UV–

vis were carried out and the results are displayed in Fig. 1 and Fig.

S2 (Supporting information). From the ESR results in Fig. 1a, the

TiO2–800N2 and TiO2–800Air samples exhibited similar ESR spec-

tra with a single signal at g = 2.003, which was assigned to oxy-

gen vacancies (Vo) [32,40]. By contrast, two signals were observed

in the ESR spectrum of the TiO2–800H2 catalyst at g = 2.003 and

g = 1.962, which were ascribed to Vo and Ti3+ defects, respectively

[41–43]. The results indicated that abundant surface defects were

formed on the TiO2 carrier by the reducing atmosphere treatment

at high temperature, which was in line with the UV–vis results (as

shown in Fig. S2a).

After Pd loading, Similarly, as shown in the ESR results (Fig. 1b),

only a weak Vo signal (g = 2.004) observed for all of the three

catalysts. It is worth noting that a significantly larger Ti3+ signal

(g = 1.952) was observed on the Pd/TiO2–800H2 sample. Mean-

while, the differences in defect density between the three cata-

lysts were in accordance with the UV–vis measurement results (as

shown in Fig. S2b). The results indicated that there were more de-

fects formed on the Pd/TiO2–800H2 catalyst.

With low-surface-area supports, serious aggregation of loaded

precious metals would occur [18]. Thus, the mean Pd particles size

on the three Pd/TiO2 catalysts calculated based on STEM images,

and the result displayed in Table 1 and Fig. S3 (Supporting in-

formation). According to the results, the average particle size of

Pd particles on the Pd/TiO2–800N2 and Pd/TiO2–800Air catalysts

were 3.3 and 3.4 nm, respectively. However, it was much smaller

on the Pd/TiO2–800H2 catalyst, which was just 1.5 nm. Compara-

tively, the Pd particle size distribution was relatively uniform and

most of them were in the monoatomic range (as shown in Table

S1 in Supporting information). The phenomenon may be due to

the presence of more surface defects, which was favored to anchor

the precious metals, and further induced stronger MSI between Pd

particles and the carrier [10,44].

In order to verify the existing of SMSI on the three catalysts, in-

situ CO adsorption was carried out and the result was shown in Fig.

S4 (Supporting information). There were two peaks in the spectra

for the three catalysts. The peaks at low frequency (around 1980

cm−1) were similar on the three catalysts and were assigned to

bridge-bonded CO (υ(CO)b) on two Pd atoms [45], Another peak at

higher frequency (around 2090.6 cm−1) was ascribed to linear ad-

sorption (υ(CO)l) of Pd-CO [7,46]. Notably, υ(CO)l decreased gradu-

ally (in the order of Pd/TiO2–800Air > Pd/TiO2–800N2 > Pd/TiO2–

800H2), meanwhile the υ(CO)b/υ(CO)l intensity ratio increased,

which was attributed to the increase in the strength of the metal-

support interaction (MSI) [47]. That is, the Pd/TiO2–800H2 catalyst

possessed the strongest MSI.

According to previous work, TiO2-x was prone to migrate to the

noble metal surface because of the high surface energy at high

temperature [16,48–50]. In view of Ti3+ species presence on the

three catalysts, whether were the Pd particles enveloped by Ti3+

species? From the result of HRTEM (as shown in Fig. 2a), there

were some amorphous thin film formed on the Pd particles on all

of the catalysts, which indicated that SMSI was constructed, which

was further verified by the result of EELS spectra. As shown in

Figs. 2b-d. Line scans (along the green line in the picture) were

performed in the vicinity of Pd particles. Clearly, there was no

signal in the background region (region I), and a small signal of

Ti species appeared in the amorphous overlayer on the Pd par-

ticle surface (region II); meanwhile, a large amount of Ti species

was detected on the TiO2 substrate (region III). It is worth point-

ing out that Ti species in the amorphous overlayer were only in

the Ti3+ valence state (region II), which was different from the Ti

species in the support, which existed in both Ti4+ and Ti3+ va-

lence states (region III) (shown in Fig. S5 in Supporting informa-

tion). Comparing the three catalysts, the amount of Ti3+ species

in the amorphous overlayer of Pd particles increased gradually in

the order Pd/TiO2–800H2 > Pd/TiO2–800N2 > Pd/TiO2–800Air. This

result clearly showed that Pd nanoparticles were encapsulated by

TiO2-x to varying degrees, and there was the strongest MSI formed

on the Pd/TiO2–800H2 catalyst.

The evolution of Pd/TiO2 catalysts subjected to pretreatment in

different atmospheres was also investigated with X-ray absorption

spectroscopy (XAS). Since the activity and structure of Pd/TiO2–

800N2 and Pd/TiO2–800Air are similar, here Pd/TiO2–800N2 was

used as the representative sample for discussion. Fig. 3a displays

the Fourier-transformed EXAFS spectra of the Pd K-edge for the

Pd/TiO2 catalysts. As seen in the figure, two main peaks were ob-
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Fig. 2. (a) HRTEM, STEM and EELS spectra of (b) Pd/TiO2–800H2, (c) Pd/TiO2–800N2 and (d) Pd/TiO2–800Air catalysts.

Fig. 3. (a) Fourier transforms of the k2-weighted EXAFS of Pd K-edge for Pd foil,

PdO, and the Pd/TiO2-X catalysts (Pd/TiO2, Pd/TiO2–800N2, Pd/TiO2–800H2 sam-

ples). (b) Ti K-edge XANES for the Pd/TiO2-X catalysts (Pd/TiO2, Pd/TiO2–800H2,

Pd/TiO2–800N2 samples).

served. The peak at ∼2.48 Å was associated with Pd-Pd pairs and

another peak at 1.51 Å was assigned to Pd-O bonds [51]. Clearly,

there were the most Pd-Pd pairs and fewest Pd-O bonds on the

Pd/TiO2–800H2 catalyst. On the contrary, the most Pd-O pairs and

fewest Pd-Pd bonds were found on the Pd/TiO2 catalyst. The results

indicated that Pd species in the metallic state were more stable on

the Pd/TiO2–800H2 catalyst. On the other hand, the XANES spectra

at the Ti K-edge for TiO2 are displayed in Fig. 3b, and three peaks

(A1, A2 and A3) were observed, which were associated with elec-

tron absorption in the 1 s orbital of Ti [52]. The three peaks ex-

hibit a declining trend in peak intensities, in the order of Pd/TiO2

> Pd/TiO2–800N2 > Pd/TiO2–800H2. The difference was due to the

greater density of defects formed on the Pd/TiO2–800H2 catalyst,

which was closely related to the TiO2-x overlayer [49]. According

to the test results, we speculate that the stability of Pd metals is

closely related to the presence of TiO2-x encapsulation layers.

As is well known, active oxygen was very important in oxida-

tion reactions, which was closely related to precious metal site.

Therefore, it is necessary to test the reactive oxygen ability of

Pd/TiO2 catalysts. From O2-TPD results (displayed in Fig. 4), there

were three peaks observed for all of the samples. The peak at 203

°C was ascribed to active oxygen species. The peak at 457 °C was

Fig. 4. O2-TPD spectra of Pd/TiO2–800H2, Pd/TiO2–800N2 and Pd/TiO2–800Air sam-

ples.

assigned to the surface lattice oxygen of TiO2. The last peak at 555

°C was ascribed to lattice oxygen of PdO [53], which was con-

firmed by the H2-TPSR results (as shown in Fig. S6 in Support-

ing information). Clearly, there were more active oxygen species

on the Pd/TiO2–800H2 catalyst than that on the Pd/TiO2–800N2

and Pd/TiO2–800Air samples. It is worth noting that the Pd/TiO2–

800N2 and Pd/TiO2–800Air catalysts possessed more PdO species

than the Pd/TiO2–800H2 catalyst, which may be attributed to the

metallic Pd species being re-oxidized by O2 to form PdO on the

Pd/TiO2–800N2 and Pd/TiO2–800Air catalysts. The results indicated

that the metallic Pd species are more stable on Pd/TiO2–800H2 cat-

alyst than that on the other two catalysts. Combined with the re-

sults of O2-TPD and XAFS experiments, we could reasonably spec-

ulate that the stability of Pd species may be related to the interac-

tion between metal and support.

In order to investigate catalyst stability, the CO adsorption ex-

periment was carried out again. In this case, the samples were

pretreated in air at 150 °C for 30 min (the aged catalysts were

marked as Pd/TiO2-800H2-O2, Pd/TiO2-800N2-O2, Pd/TiO2-800Air-

O2) and the spectra are displayed in Fig. S7 (Supporting informa-

tion). Compared with the results of Figs. 2b-d and Fig. S4, after air

pretreatment the CO in situ adsorption peaks presented an increas-

ing trend; meanwhile, the υ(CO)b/υ(CO)l ratio showed a decreas-
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Fig. 5. STEM and EELS spectra of (a) Pd/TiO2-800H2-O2, (b) Pd/TiO2-800N2-O2 and (c) Pd/TiO2-800Air-O2 samples.

Fig. 6. O2-TPD cycle test of Pd/TiO2–800H2, Pd/TiO2–800N2 and Pd/TiO2–800Air samples, respectively.

ing trend, which suggested that the SMSI on the three catalysts

decreased to different degrees. This may be due to the amorphous

TiO2-x coating on the noble metals being destroyed to different de-

grees.

To further investigate the change of SMSI, EELS spectra were

collected on the three catalysts after mild oxygen treatment

(shown in Figs. 5a-c). Compared with the spectra of Figs. 2b-d, the

signals of Ti3+ species in the amorphous overlayer were reduced

significantly, which suggested that the TiO2-x coating had fallen off

to different degrees on the three catalysts. However, there were

still a large number of Ti3+ species on the Pd/TiO2-800H2-O2 cat-

alyst. The results further confirmed that the difference in catalyst

stability is related to the amorphous TiO2-x overlayer, which could

protect the Pd particles, as the active sites, from being oxidized.

However, there was no significant difference on the catalysts be-

fore and after oxidation treatment based on XPS results (shown in

Fig. S8 and Table S2 in Supporting information). It may be due to

the limited test accuracy of XPS, and it is difficult to accurately de-

tect the changes of TiO2-x species on the surface of Pd particles.

To further investigate the stabilities of Pd species, we carried

out O2-TPD cycle test (displayed in Fig. 6). Similar to Fig. 4, the

cycle 1 test illustrated that active oxygen species were desorbed

at 203 °C on all of the catalysts. It is worth mentioning that in

the cycle 2 test, there were no active oxygen species observed on

the Pd/TiO2–800N2 and Pd/TiO2–800Air samples, in contrast to the

Pd/TiO2–800H2 sample, where there were still some reactive oxy-

gen species. The results showed that the Pd particles on Pd/TiO2–

800H2 catalyst were more stable than on other two catalysts.

We take HCHO oxidation as a probe reaction. The HCHO oxida-

tion performance at low temperature (10 °C) over Pd/TiO2–800H2,

Pd/TiO2–800N2 and Pd/TiO2–800Air catalysts are displayed in Fig.

S9 (Supporting information). Pd/TiO2–800H2 catalyst displayed ex-

cellent HCHO oxidation reaction, and which could completely con-

Fig. 7. The intrinsic activity of Pd/TiO2 and Pd/TiO2–O2 catalysts. Reaction condi-

tions: 10 °C, 150 ppm of HCHO, 20% O2, 35% RH, He balance.

vert HCHO to CO2 and H2O at 10 °C. To investigate the effect

of catalyst stability on the HCHO oxidation performance, we car-

ried out the intrinsic activity test. Based on the results of Pd dis-

persion (DTEM), turnover frequencies (TOFs) over the three cata-

lysts were calculated and the results are summarized in Table 1.

Pd/TiO2–800H2, Pd/TiO2–800N2 and Pd/TiO2–800Air catalysts pre-

sented TOFs of 2.68 × 10−2, 1.69 × 10−2 and 1.12 × 10−2 s−1,

respectively, which was consistent with the apparent activity of

the catalysts. Further, to explore the effect to catalyst activity, we

tested the TOF of three catalysts, which were pretreated by air at

150 °C for 30 min. Compared to the fresh catalysts, the oxida-

tion capacity of the samples with destroyed SMSI on the surface

was greatly reduced (shown in Fig. 7). Among them, the Pd/TiO2–

800H2 catalyst with strongest MSI displayed better activity and

stability. Pd 3d XPS test results (shown in Fig. S10 and Table S2

in Supporting information) indicated that Pd species valence have
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no obvious change for the three catalysts. There were two main

reasons for this phenomenon: (1) HCHO oxidation reaction was

carried out at relatively low temperature and most of Pd species

maintained metallic state; (2) the changes of Pd species on the

surface of Pd nano-particles were slightly and it is difficult to ac-

curately detect by XPS. This article proves that SMSI improved sta-

bility of the active site of catalysts, which was important for ex-

pression of catalyst activity.

In summary, in order to study the influence of SMSI on the sta-

bilities of catalysts, we tuned SMSI on Pd/TiO2 catalysts through

inducing surface defects of TiO2 by pretreated with different at-

mospheres (H2/N2, N2, O2/N2) at the high temperature (800 °C).
Based on the results of characterization by various techniques, Ti3+

and Vo defects appeared on the surface of the carrier after high

temperature treatment, and the defect content varied in the order

Pd/TiO2–800H2 > Pd/TiO2–800N2 > Pd/TiO2–800Air, which was in

line with the reducing ability of the treatment gas. The Pd/TiO2–

800H2 catalyst, with more surface defects, favored the construc-

tion of SMSI. It was proven by in situ CO adsorption and EELS tests

that the Pd particles were encapsulated by TiO2-x species, and the

amorphous layer could efficiently stabilize the Pd particles remains

in metallic state. In the probe reaction, the Pd/TiO2–800H2 cata-

lyst, with stronger MSI, displayed better stability and HCHO oxi-

dation performance than other two catalysts at low temperature

(10 °C).
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