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ABSTRACT: Direct propene epoxidation using H2 and O2 to produce propylene oxide (PO) is considered an environmentally
friendly and revolutionary industrial process. With the necessity of finding alternatives to precious Au-based catalysts, there is a
critical need for highly active nonprecious metal catalysts in epoxidation reactions. Herein, we successfully constructed different
degrees of strong metal−support interaction (SMSI) by reversing TiO2 islands into TiOx layers over Ni nanoparticles in a H2
atmosphere. The resulting nonprecious 1.27%Ni/Ti−SiO2 catalyst with moderate SMSI exhibited a remarkable 90.6% selectivity
toward PO with a formation rate of 9.23 gPOh−1gNi

−1. Mechanistic investigations revealed that tetrahedral-Ti sites and Ni−TiOx
overlayers synergistically catalyze propene epoxidation with H2 and O2. The Ni−TiOx interface provided abundant unsaturated Ti
(TiOx) sites, enhancing the adsorption capacity of propene and consequently accelerating subsequent propene epoxidation with in
situ synthesized H2O2. This study introduces an original approach for the utilization of nonprecious metal catalysts in gas-phase
propene epoxidation, with promising implications for advancing industrial olefin epoxidation processes.
KEYWORDS: propene epoxidation, Ni/Ti−SiO2, SMSI, Ni−TiOx interfaces, TiOx layers

1. INTRODUCTION
Propene oxide (PO) serves as a crucial chemical precursor
extensively employed in the synthesis of poly(ether polyols),
pesticide emulsifiers, nonionic surfactants, wetting agents, and
flame retardants.1−3 Traditional methods for producing PO
include the chlorohydrin method and the co-oxidation
method.4,5 In comparison to traditional routes, direct propene
epoxidation using H2 and O2 offers distinct advantages in
terms of environmental friendliness, efficiency, and sustain-
ability, rendering it a promising alternative. Since the
groundbreaking work of Haruta et al.,6 who demonstrated
the high selectivity of PO using Au/TiO2 catalysts in propene
epoxidation with hydrogen and oxygen, significant advance-
ments have been made in the development of Au−Ti catalysts.
It is widely accepted that the H2O2 species are formed on the
surface of Au nanoparticles (NPs) and then diffuse to the
tetrahedral-Ti (TiO4) sites to form Ti−OOH intermedi-
ates.7−10 These intermediates undergo epoxidation reactions

with propene adsorbed on the tetrahedral-Ti. Furthermore,
non-noble-metal-based catalysts such as Ni, Co, and Cu offer
greater economic efficiency and potential compared with noble
metal catalysts like Au and Pd. Recent work by Zhao et al.11

demonstrated the synthesis of a Ni2−xP-VNi electrocatalyst
with exceptional performance for H2O2 synthesis. Han et al.12

reported the direct conversion of water to H2O2 on Ni catalyst
surfaces, enabling the partial oxidation of propene to PO.
Overall, Ni emerges as a promising non-noble metal catalyst
for this epoxidation reaction.
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The concept of the strong metal support interaction (SMSI)
is crucial in multiphase catalysis. On the one hand, the
anchoring effect of the support on metal particles restricts their
migration and aggregation, effectively preventing sintering and
maintaining the high activity of the catalyst. On the other
hand, the construction of SMSI is usually accompanied by the
generation of interface structures, and the multiple interface
active sites generated can optimize catalytic reaction perform-
ance.13−16 This is mainly attributed to the Fermi level
difference between the metal and the support, which leads to
electron transfer and regulates the electronic state and
coordination environment of metal atoms, resulting in distinct
chemical adsorption and reaction toward reactants, products,
and active intermediates.13,17−19 Recent studies by Weckhuy-
sen et al.20 demonstrated the construction of various SMSI
structures on Ni/TiO2 catalysts through adjustment of the
reduction temperature. Compared with the Ni/TiO2 catalyst
partially encapsulated by TiOx, the Ni/TiO2 catalyst
completely covered by TiOx exhibited a significant increase
in C2+ selectivity during CO/CO2 cohydrogenation reactions,
because the abundant Ni−TiOx interfaces boost C−C
coupling reactions by providing a carbon species reservoir.
Additionally, Ma et al.21 modified the distorted TiO2−x layer
on Ni NP surfaces through SMSI, yielding a catalyst with
abundant Ni�−/TiO2−x interfaces. The strong binding between
these Ni�−/TiO2−x catalytic sites and carbon atoms inhibits
methane generation and promotes C−C growth, thereby

generating C2+ products on the Ni surface during Fischer−
Tropsch synthesis. However, the application of SMSI was not
reported in gas-phase epoxidation because the stable TS-1
support makes it difficult to construct SMSI in a reducing
atmosphere.22−24

In this study, SMSI between Ni and TiOx layers was
constructed by co-reducing Ni and TiO2 islands on the Ti−
SiO2 support, forming a Ni−TiOx interface. Consequently, the
Ni sites in Ni/Ti−SiO2 are used for H2O2 synthesis between
H2 and O2, and the tetra-coordinated Ti sites (TiO4) in Ti−
SiO2 support are subsequently used to catalyze propene
epoxidation with the in situ-generated H2O2 on Ni sites. The
SMSI strengthens propene adsorption with electron-rich C�C
bonds. The resultant 1.27%Ni/Ti−SiO2 catalyst with SMSI
exhibited remarkable PO selectivity of 90.6% and a PO
formation rate of 9.23 gPOh−1gNi

−1 at 200 °C. This approach
not only provides new insights into the strong metal−support
interactions (SMSIs) by utilization of TiO2 islands but also
presents a nonprecious metal catalyst for direct propene
epoxidation with H2 and O2.

2. RESULTS AND DISCUSSION
2.1. SMSI Constructed on Ni/Ti−SiO2 Catalysts.

Initially, a silica support doped with Ti (Ti−SiO2) was
prepared according to previous research.25 Subsequently,
various amounts of Ni were loaded onto the Ti−SiO2 support
by using the deposition−precipitation method. The resulting

Figure 1. (a) Scheme showing Ti−SiO2-supported Ni NPs catalysts with different metal−support interactions, UV−vis spectra of (b) fresh Ni/Ti−
SiO2 catalysts, and (c) reduced Ni/Ti−SiO2 catalysts after reduction in hydrogen at 500 °C for 4 h. FTIR spectra of (d) fresh Ni/Ti−SiO2 catalysts
and (e) reduced Ni/Ti−SiO2 catalysts after reduction in hydrogen at 500 °C for 4 h. (i) Ti−SiO2, (ii) 0.47%Ni/Ti−SiO2, (iii) 0.85%Ni/Ti−SiO2,
(iv) 1.10%Ni/Ti−SiO2, (v) 1.27%Ni/Ti−SiO2, and (vi) 1.54%Ni/Ti−SiO2 catalysts. High-resolution transmission electron microscopy (HRTEM)
images of (f) 0.47%Ni/Ti−SiO2, (g) 1.27%Ni/Ti−SiO2, and (h) 1.54%Ni/Ti−SiO2 catalysts. Insets in parts f and h show models of different
catalysts. The white arrows highlight the overlayers. (i) EDS line scans of Ni particles with overlayers for 1.27%Ni/Ti−SiO2.
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solid was then dried and reduced at high temperatures in a
hydrogen atmosphere to produce a series of x% Ni/Ti−SiO2
catalysts, where x represents the actual loading amount of the
Ni metal determined by ICP analysis (Table S1). The powder
X-ray diffraction patterns (XRD) of Ti−SiO2 and Ni/Ti−SiO2
did not exhibit characteristic peaks for Ni and Ti species
(Figure S1). The absence of these peaks is attributed to the
high dispersion and low content of Ni and Ti species,26 as
determined by the ICP-AES results (Table S1). The N2
adsorption−desorption isotherms of the samples conformed
to type-IV isotherms according to the IUPAC standard,
suggesting the presence of mesoporous structures in the
material (Figure S2a).22 Pore-size distribution revealed that the
majority of pores in both Ti−SiO2 and Ni/Ti−SiO2 samples
fell within the range 7−11 nm, indicative of a typical
mesoporous structure (Figure S2b). Based on the above
results (Table S1), the specific surface area of the Ni/Ti−SiO2
samples, loaded with varying amounts of the Ni metal, showed
no significant differences compared with the parent Ti−SiO2.

In UV−vis spectra of fresh Ti−SiO2 (Figure S3), a strong
electron transition signal peak typically appears around 206
nm, indicating the transition of 2p electron orbitals of
framework oxygen to the empty d electron orbitals of Ti
ions in the framework.22 This observation not only confirms
the presence of Ti into the framework but also suggests that
the Ti is highly dispersed, forming isolated −Si−O−Ti−O−
Si− units.27 Additionally, the characteristic peak at 390 nm is
attributed to hydrated nickel species (Ni(OH)2 species), with
an increase in peak intensity signaling a higher loading of
nickel species.28,29 A weak peak at 330 nm corresponds to the
characteristic peak of anatase TiO2, known to reduce the
efficiency of epoxidation reactions involving the decomposition
of hydrogen peroxide (H2O2).

30,31 After reduction, all Ni/Ti−
SiO2 catalysts exhibited a significant decrease in the peak at
330 nm, which is associated with the reduction or trans-
formation of anatase TiO2 species (Figure 1b,c).32,33 Notably,

the fresh catalyst showed characteristic peaks at 2924, 2854,
1460, and 1368 cm−1 in Fourier transform infrared (FTIR)
spectra, indicative of anatase TiO2 (Figure 1d).34,35 After the
catalyst underwent high-temperature reduction treatment, the
intensity of the characteristic peaks associated with anatase
TiO2 in the reduced Ni/Ti−SiO2 catalyst decreased, indicating
a reduction in the anatase TiO2 content, which aligned with
the UV−vis results (Figure 1e). In addition, Figure S4a−d
shows that the characteristic peak at 965 cm−1 attributed to
Si−O−Ti species did not show significant changes in fresh and
reduced catalysts. Subsequent analysis in Figures S5 and S6
revealed that the characteristic peak intensity of anatase TiO2
in the used Ni/Ti−SiO2 catalyst remained consistently
negligible after reaction, suggesting the irreversibility of this
change and the stability of the as-formed catalytic structure.

Integrating the UV−vis and FTIR results, it is deduced that
the fresh catalyst contained a high proportion of tetra-
coordinated Ti (TiO4) along with a small quantity of anatase
TiO2. Subsequent high-temperature reduction treatment
facilitated the transformation of TiO2 islands to TiOx species,
which then migrated to the surface of Ni particles, constructing
the typical SMSI (Figure 1a).

To confirm SMSI, TEM was used to analyze the Ni/Ti−
SiO2 samples. TEM images and particle-size distributions in
Figure S7a−e showed that the Ni/Ti−SiO2 catalysts with
varying Ni loadings (0.47−1.57%) showed relatively uniform
Ni nanoparticles of approximately 2−3 nm in size, across the
series of samples, based on the calculation of approximately
150 particles from TEM images. The HRTEM images in
Figure S7f provided confirmation of the presence of the
Ni(111) crystal plane, exhibiting a lattice spacing of 0.202
nm.36,37 Furthermore, the HRTEM image in Figure 1f
illustrates that the Ni metal particles in the 0.47%Ni/Ti−
SiO2 sample were enveloped in an oxide coating, resembling
the typical SMSIs.20,38−40 The results from Figures 1f,g and
S7−S10 clearly demonstrated that the Ni metal particles in the

Figure 2. PO formation rate, propene conversion, and reaction selectivity of (a) 0.47%Ni/Ti−SiO2, (b) 0.85%Ni/Ti−SiO2, (c) 1.10%Ni/Ti−SiO2,
(d) 1.27%Ni/Ti−SiO2, and (e) 1.54%Ni/Ti−SiO2 catalysts (reduction in hydrogen at 500 °C for 4 h). (f) PO formation rates of different catalysts
in units of gPOh−1gNi

−1. Reaction conditions: 0.15 g of the catalyst; feed gas with H2/O2/C3H6/N2 = 1:1:1:7 (vol %); space velocity at 14 000
mLgCat

−1h−1.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c02681
ACS Catal. 2025, 15, 14741−14750

14743

https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c02681/suppl_file/cs5c02681_si_001.pdf


sample were encapsulated by an amorphous oxide coating
rather than carbonaceous species. As the Ni content increased,
the coating of TiOx species with the same content gradually
diminished, and the TiOx layer became thinner.41−45

Particularly, when the Ni content was high at 1.54%, the
inadequate coating caused the exposed Ni metal nuclei,
indicating weakened SMSI, as shown in Figure 1h. EDS line-
scan results revealed a similar distribution trend of Ni and Ti
species (Figure 1i), suggesting that the surface coating of Ni
metal particles consists of TiOx layers rather than TiO2.

20,39

These findings suggest that after undergoing high-temperature
reduction treatment, a series of Ni/Ti−SiO2 samples with
various SMSI were successfully constructed, resulting in the
transformation of anatase TiO2 into amorphous TiOx.
2.2. Effect of SMSI for Propene Epoxidation with H2

and O2. For propene epoxidation with H2 and O2, the
influence of internal and external diffusion was first eliminated
(Figures S11 and S12). The reaction results from Table S3
indicated that the catalyst without Ni loading (SiO2, TiO2, and
Ti−SiO2) or Ti loading (Ni/SiO2) was ineffective in propene
epoxidation. However, the Ni/TiO2 catalyst with both Ti and
Ni sites also showed low PO selectivity (0.09%) due to the
excessive hydrogenation of propene to propane (Figure S15).
Moreover, the physical mixture of Ni/SiO2 and Ti−SiO2
exhibited a PO formation rate of 8.97 gPOh−1kgCat

−1 and PO
selectivity of 55.25% (Table S3 Entry 7), potentially due to the
spatial distance between the Ni and Ti active sites, which could
restrain the effective H2O2 transfer from Ni sites to Ti sites.46

In contrast, 1.27%Ni/Ti−SiO2 catalysts with SMSI demon-
strated higher activity and PO selectivity, reaching 117.21
gPOh−1kgCat

−1 and 90.64% (Table S3 Entry 8).47−50 Fur-
thermore, the effect of the Ni/Ti ratio on epoxidation

performance was examined by maintaining a constant Ni
content while varying the Ti content. As shown in Figure S16,
a Ni/Ti ratio of 1.05 yields optimal epoxidation performance.
These findings confirmed that gas-phase propene epoxidation
necessitated the intimate interaction of Ni and tetra-
coordinated Ti sites, and the adjacent Ni and Ti sites could
boost the epoxidation reaction.

Specifically, the SMSI of Ni/Ti−SiO2 catalysts was then
regulated, and as the SMSI gradually weakened, the PO
formation rate increased from 10.32 to 119.68 gPOh−1kgCat

−1

(Figure 2a−e), which was attributed to the increase in the
number of Ni sites in Ni/Ti−SiO2 catalysts. It is worth noting
that all Ni catalysts exhibit varying degrees of deactivation
during the reaction, which may be related to the coverage of
active sites by carbon deposits (Figure S17). The main
byproducts of all samples are acetaldehyde and acetaldehyde,
indicating that the formed PO subsequently tends to undergo
isomerization or cracking. Besides, propane and acrolein were
not detected as byproducts of propylene epoxidation, which
may be related to the promoting effect of SMSI. In order to
compare performance on Ni/Ti−SiO2 samples with various
SMSIs, the highest PO formation rate per gram of Ni
(gPOh−1gNi

−1) was calculated on various Ni catalysts. Figure 2f
illustrates that with the construction of different SMSIs in Ni/
Ti−SiO2 catalysts, the PO formation rate of Ni catalysts
followed a volcano-like trend, even at high Ni loading (Figure
S18). In addition, the influence of SMSI on the epoxidation
performance was further discussed by changing the reduction
temperature. Additionally, the impact of SMSI on epoxidation
performance was further investigated by varying the reduction
temperature. As shown in Figure S19, an optimal SMSI effect
can be achieved at 500 °C, enhancing the epoxidation activity.

Figure 3. (a) H2-TPR profiles of different Ni/Ti−SiO2. (b) Ni 2p XPS spectra, (c) Ti 2p XPS spectra, and (d) O 1s XPS spectra for Ti−SiO2 and
Ni/Ti−SiO2, (e) O2-TPD profile of different Ni/Ti−SiO2. (f) In situ adsorption−desorption experiment of propene on 0.47%Ni/Ti−SiO2, 0.85%
Ni/Ti−SiO2, 1.10%Ni/Ti−SiO2, 1.27%Ni/Ti−SiO2, and 1.54%Ni/Ti−SiO2 catalysts.
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Considering these samples with similar Ni nanoparticles (2−3
nm) and Ti−SiO2 supports (Figure S7a−e), the effect of metal
particle size can be excluded; thus, the differences in
performance (gPOh−1gNi

−1) were attributed to the distinct
SMSI in the aforementioned Ni/Ti−SiO2 catalysts. Figure S20
presents a linear relationship between the H2 consumption and
the Ni loading in Ni/Ti−SiO2 catalysts with varying SMSIs,
proving that Ni particles were active sites for producing H2O2
from H2 and O2. Besides, the synthesis experiments of H2O2
from H2/O2 were conducted on various samples. Figure S21
shows a linear relationship between the H2O2 formation rate
and Ni content, further confirming the in situ production of
H2O2 from H2/O2 at Ni sites. Interestingly, the catalysts with
the SMSI, such as the 0.47%Ni/Ti−SiO2 samples, exhibited
higher H2 efficiency, while those with weaker MSI showed
lower H2 efficiency (Figure S22). The change in H2 efficiency
can be attributed to the difference in SMSI on the Ni/Ti−SiO2
catalyst. Specifically, H2O2 decomposition experiments on Ni/
Ti−SiO2 with and without SMSI were compared. The results
in Table S4 suggest that the presence of SMSI provided an

excellent Ni−TiOx interface, which was beneficial for
stabilizing H2O2 (H2O2 decomposition of 3.23%), while the
absence of SMSI led to decomposition of H2O2 (H2O2
decomposition of 4.98%).6,50 The above phenomenon
indicated that by constructing SMSI between Ni and TiO2
in the Ti−SiO2 support, the reversed TiOx can weaken the
decomposition of H2O2 intermediates. Therefore, it was
reasonable for Ni catalysts with the strongest MSI to
demonstrate higher H2 efficiency.51 To sum up, the above
phenomenon suggested that an appropriate SMSI in the
catalyst can effectively boost the propene epoxidation using H2
and O2.

2.3. Promotion Mechanism by Varying Degrees of
SMSI. Hydrogen programmed temperature reduction (H2-
TPR) is often used to investigate SMSIs. Specifically, samples
with low Ni loading (0.47%Ni) showed distinct H2
consumption peaks at 516 and 620 °C, corresponding to the
reduction of NiO species with weak and strong interactions
with the support.52,53 The reduction peak (516 °C) shifted
toward a lower temperature (419 °C), proving a weakened

Figure 4. Optimized structures of C3H6 adsorbed on (a) Ni nanoparticles, (b) Ni−Ti interfaces of the TiOx cluster on Ni nanoparticles, and (c)
TiOx cluster on Ni nanoparticles. (d) Adsorption energy, (e) charge transfer, and (f) partial charge transfer of C3H6 on Ni nanoparticles (Ni), Ni−
Ti interfaces of the TiOx cluster on Ni nanoparticles (Ni−Ti), and the TiOx cluster on Ni nanoparticles (TiOx). The differential charge density
plots of C3H6 adsorbed on various surfaces of (g) Ni, (h) Ni−Ti, and (i) TiOx. Light blue and yellow isosurfaces indicate a decrease and increase of
0.01 eV Å−3, respectively.
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interaction between NiO species and the support. Besides, the
intensity of the peak at 620 °C decreased, indicating the
reduction in SMSI between NiO species and the support
(Figure 3a). Overall, the SMSI gradually weakened with the
increase in Ni loading, which agreed well with TEM analysis
(Figure 1f−h). XPS analysis of Ni/Ti−SiO2 catalysts (Figure
3b−d) further elucidated the electronic structure variances
resulting from different SMSIs. According to Figure 3b,
binding energy peaks were observed at 852.8, 854.8, 856.5,
and 862.2 eV, corresponding to metal Ni0, Ni�+, and two
satellite peaks, respectively.51 As the Ni loading increased, the
proportion of Ni�+ species first increased from 42.9 to 49.5%
and then decreased to 47.2% (Table S5), indicating a
fluctuation in the number of electrons lost by Ni species.
Figure 3c illustrates a contradictory trend in the electronic
structure changes of Ti species. As SMSI weakened, the
binding energy of Ti 2p initially shifted to lower-energy bands
and subsequently increased, remaining lower than the binding
energy of Ti in the parent Ti−SiO2. This indicated that the
number of electrons obtained by Ti species in different SMSIs
first increased and then decreased, and Ti in all Ni/Ti−SiO2
samples has obtained partial electrons, which could be from Ni
sites due to SMSI interactions. The electronic variation trend
of the O 1s species in Figure 3d closely mirrored that of Ti 2p.
In Figure 3e, the O2-TPD results of samples with different
SMSIs show that the desorption peak in the low temperature
(∼100 °C) is related to the physically adsorbed O2 species,
while the peak in the high temperature (∼270 °C) is related to
the chemically adsorbed O species (O2

2−, O2
−).54 The O2

desorption peaks across all samples with various SMSIs
exhibited similar curves and intensities, suggesting comparable
adsorption and activation capabilities of the corresponding O2.

Figure 3f and Table S6 illustrate the pulse propene adsorption
results of different catalysts. With SMSI, the propene
adsorption was enhanced compared with the sample without
SMSI (Figure S23). The decrease in the reaction order of
propene in Figure S24 indicates that SMSI can strengthen
propene adsorption, further supporting the above conclusion.
Previous research indicated that propene adsorption relied on
electron-rich C�C bonds binding to metal sites.55,56 The
electron-deficient species in SMSI likely enhanced the electron
attraction to the C�C bond of propene, consistent with the
XPS results (Figure 3b−d). Therefore, it was speculated that
the exceptional SMSI structure (Ni−TiOx) of the Ni/Ti−SiO2
sample generated additional interfacial sites, thereby boosting
propene adsorption capacity. In addition, as the SMSI
weakened, the desorption peak initially shifted to higher
temperatures and then subsequently to lower temperatures.
Notably, the 1.27%Ni/Ti−SiO2 samples with appropriate
SMSI exhibited a suitable adsorption capacity of propene.
Overall, changes in the TiOx coating layer resulted in distinct
interactions between Ni sites and the support, impacting
electron transfer, active site formation, and adsorption
behavior, consequently influencing catalytic performance.

To sum up, the Ni sites in the Ni−TiOx interface catalyzed
the generation of H2O2 intermediates from H2 and O2, and the
SMSI constructed between Ni and TiO2 reduced H2O2
decomposition and improved H2 efficiency. In addition, the
Ni−TiOx interface in SMSI enhanced the adsorption of
propene to boost the epoxidation reaction between adsorbed
propene and in situ-generated H2O2.

The above results show that SMSI (Ni−TiOx) enhances
propene adsorption. However, the actual adsorption sites of
propene cannot be further identified. Density functional theory

Figure 5. (a) In situ CO-DRIFTS spectra of Ni/Ti−SiO2 catalysts at room temperature. In situ CO-DRIFTS spectra of (b) 0.47%Ni/Ti−SiO2, (c)
0.85%Ni/Ti−SiO2, (d) 1.10%Ni/Ti−SiO2, (e) 1.27%Ni/Ti−SiO2, and (f) 1.54%Ni/Ti−SiO2 catalysts under programmed heating at 30−120 °C.
The corresponding spectra were recorded in 2400−1800 cm−1 at different temperatures with the time stream on.
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is employed to investigate the adsorption of C3H6 on the Ni/
Ti−SiO2 catalyst. The adsorption structure of C3H6 on Ni
nanoparticles (Figure 4a), Ni−Ti interfaces of SMSI (Figure
4b), and TiOx layers (Figure 4c) was first optimized. It was
found that the propene adsorbed on TiOx layers showed the
lowest adsorption energy (−9.86 eV), as shown in Figure 4d,
lower than the adsorption energy on Ni nanoparticles alone
(−3.42 eV) and Ni−Ti interfaces (−4.94 eV). The
significantly enhanced C3H6 adsorption on TiOx clusters was
attributed to the optimized structures of TiOx clusters on Ni
nanoparticles due to the introduction of a reducible C3H6
atmosphere. Moreover, the charge transfer of adsorbed C3H6
followed the order (TiOx: 0.725 > Ni−Ti: 0.484 > Ni: 0.176)
as shown in Figure 4e, which correlated with the adsorption
energies. Figure 4f suggests that the electron gained by
propene was attributed to the interactions between the carbon
atoms and Ni/Ti species. The differential charge density plots
in Figure 4g−i further demonstrated the above conclusion.
The above results indicated that propene can adsorb on TiOx
layers on Ni nanoparticles in Ni−Ti interfaces formed by
SMSI, resulting in strong electron transfer between TiOx
clusters and propene. These results showed that the adsorption
of propene can be effectively enhanced by constructing the
SMSI on Ni nanoparticles covered by TiOx layers.

The structure of Ni−TiOx was further probed by in situ CO-
DRIFTS spectra. Figure 5a illustrates that the infrared
adsorption peaks at 2172 and 2116 cm−1 for gaseous CO
adsorption and a peak at 2058 cm−1 for CO species linearly
adsorbed on the Ni0 site.20,57,58 During the N2 purging process
at 30−120 °C, the broadband between 1900 and 2000 cm−1

indicates that CO undergoes bridge adsorption at interface
sites such as Ni�+. It should be noted that there is no linear CO
adsorption peak at the Ni0 site, indicating that electron-
deficient (Ni�+) species have a stronger adsorption ability for
CO at high temperatures. The SMSI at the Ni−TiOx interface
led to a partial positive charge on Ni and partial negative
charges on Ti and O atoms, attributed to the electron-
withdrawing effect of the O and Ti atoms. Varied bands at
1947−1938 cm−1 signified differences in CO adsorption ability
among these samples (Figure 5b−f). The position of the
vibration peaks initially decreased and then increased with the

change of SMSI, indicating that the CO adsorption capacity
initially strengthened and then weakened. The above results
indicated that catalysts with appropriate SMSI exhibited good
adsorption capacity for CO. Therefore, the 1.27%Ni/Ti−SiO2
sample had moderate SMSI, resulting in propene adsorption
ability and thus excellent PO performance, which was
attributed to the presence of Ni−TiOx interfaces generated
by SMSI.

The promoting mechanism of SMSI on the Ni/Ti−SiO2
catalyst for the propene epoxidation reaction was proposed, as
illustrated in Figure 6. In terms of the principle of SMSI, SMSI
was successfully constructed through high-temperature reduc-
tion treatment, resulting in the formation of an abundant Ni−
TiOx interface. The presence of the Ni−TiOx interface
inhibited the ineffective decomposition of H2O2 generated in
situ from H2 and O2 over Ni sites. In addition, the results
showed that the Ni−TiOx interface further enhanced the
epoxidation reaction because SMSI could promote electron
transfer, resulting in the generation of electron-deficient
interface sites. These TiOx species could further boost the
adsorption capacity of propene. The Ni−TiOx interface
increased with an increase of Ni sites. However, the insufficient
TiOx species inhibited the formation of SMSI at a high Ni
loading, resulting in a decrease in the Ni−TiOx interface.
Therefore, Ni/Ti−SiO2 catalysts with appropriate SMSI
exhibited a good adsorption capacity for propene, thereby
boosting PO formation. In summary, H2 and O2 were
converted into H2O2 over Ni sites and then reacted with
propene adsorbed on the tetra-coordinated Ti (TiO4), similar
to the reaction pathway on the Au−Ti system.47,49,50,59 The
proximal TiOx at the Ni−TiOx interface was conducive to the
adsorption of propene and the inhibition of H2O2 decom-
position, further improving the epoxidation reaction. The
above results indicate that the designed Ni−Ti catalyst (Ni/
Ti−SiO2) exhibits excellent propene epoxidation performance
and has the potential to substitute for Au−Ti-based catalysts.

3. CONCLUSIONS
In this study, different SMSIs were successfully constructed
between Ni and TiO2 in Ni/Ti−SiO2 catalysts through a high-
temperature reduction treatment. TiO2 in the Ti−SiO2 support

Figure 6. Scheme showing the strategy for boosting the propene epoxidation reaction via SMSI on the Ni/Ti−SiO2 catalyst.
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was successfully reduced to TiOx species at the interface of Ni,
forming SMSI of Ni−TiOx and synergistically catalyzed
propene epoxidation with Ti−SiO2. The Ni/Ti−SiO2 catalysts
exhibited a PO generation rate of 9.23 gPOh−1gNi

−1 with 90.6%
PO selectivity. The mechanism results revealed that TiOx
transformed from TiO2 species effectively weakens the
ineffective decomposition of H2O2 species and further
strengthens propene adsorption, leading to enhanced PO
formation. The strategy expands the design of novel catalysts
for olefin epoxidation reactions.
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