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Supported metal catalysts are crucial in the chemical industry, with wide
application in petrochemistry, energy conversion, and environmental protec-
tion. The interaction between metal nanoparticles and supports is of great
significance in catalytic reactions as it regulates catalytic activity, selectivity,
and stability."” Strong metal-support interaction (SMSI) is typically induced by
high-temperature reduction treatment, resulting in the encapsulation of the
active metal by support material overlayers." In Figure 1, Such a
phenomenon, in 1978, was initially reported by Tauster when he observed
that the chemisorption capacity of TiO,-supported Group 8 noble metal cata-
lysts for small gas molecules (CO and H,) was suppressed after a reduction
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treatment at 500°C. Over the years, SMSI has been observed on various
supported catalysts and can be induced by multiple means (reduction, oxida-
tion, photo-treatment, etc.).”” For instance, Fan et al.” reported in 2007 a
partially oxidized Pt/Ce0,-Zr0,-La,04 catalyst, demonstrating the oxidative
SMSI (0-SMSI) phenomenon. Additionally, SMSI also can be induced by
reactive adsorbates (A-SMSI), as first reported by Matsubu and co-workers®
first reported in the CO, hydrogenation reaction over Rh/TiO, and Rh/Nb,Oz in
2017. Furthermore, Zhang et al.” developed wet chemistry SMSI (WC-SMSI)
in 2019 by preparing Au/TiO,, which provided a new strategy to avoid the
sintering of metal nanoparticles compared to the classic SMSI.

As a surface modification strategy
to enhance activity, selectivity,
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Figure 1. The history of the development of Strong Metal Support Interactions(SMSI), and the recent findings of SMSI A notable outcome of SMSI is the imperative to priori-
tize the exposure of catalytic sites, which arise due to alterations in the overlayer on the supported metal during reaction. conditions. Furthermore, the SMSI can be considered a
surface modification strategy that holds immense potential for improving the activity, selectivity, and stability of supported catalysts.

Tuning the behavior of Strong Metal-Support Interaction (SMSI) has
emerged as a promising strategy to optimize catalytic performance. In clas-
sic SMSI, the metal restructuring tends to be the point of greater attention
due to the metal serving as the active site, resulting in the impact of overlay-
ers' evolution during reaction conditions remaining largely unexplored.
Recently, Matteo Monai and co-workers® have updated the understanding of
SMSI through advanced in situ characterization technologies, where the TiO,
overlayers on Ni nanoparticles were removed or partially preserved under the

CO/CO, hydrogenation reaction, revealing significant implications for the
catalytic selectivity. They found that the formation of TiO, overlayers (about
two atomic layers thick) was observed to predominantly cover Ni(111) plane
under H, reduction treatment at 400°C (noted 400-Ni/TiO,) by in situ High-
Angle Annular Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM). During the subsequent CO,:H, reaction feeds at 400°C, the
Ni nanoparticles underwent restructuring, leading to a significant loss of the
highly faceted surface due to the removal of TiO, overlayers. In contrast,
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reduction at 600°C, a more stable and relatively thick TiO, overlayer (1-2 nm)
on larger Ni nanoparticles is formed at 600°C (noted 600-Ni/TiO,), completely
encapsulating the Ni metal. When 600-Ni/TiO, was subjected to reaction
conditions at 400°C, the TiO, overlayer of 600-Ni/TiO, predominantly survived
even after exposure to pure CO,, and the TiO,-suboxide overlayer became
more inhomogeneous as well. According to DFT calculation, the rutile has
better compatibility with the 2D lattices upon Ni(111) compared to (100) and
(110), proving TiO, prefers to form upon Ni(111). It also suggested that the
formation of TiO, overlayers on the Ni surface allowed for the lowest lattice
mismatch and minimized strain. The effect of the residual TiO, overlayer on
the catalytic CO/CO, hydrogenation performance over Ni/TiO, catalysts was
investigated in their work. The operando TEM-MS technology shows that
both 400-Ni/TiO, and 600-Ni/TiO, exhibited activity for CO, hydrogenation
within the temperature range of 200°C to 400°C. While 600-Ni/TiO, displayed
lower overall catalytic activity per gram of Ni compared to 400-Ni/TiO,, it
demonstrated higher stability and C,, selectivity, providing strong evidence of
Ni surface re-exposure under reaction conditions. Furthermore, the operando
FTIR spectroscopy experiments showed that similar CO, hydrogenation
intermediate peaks were observed during CO/CO, co-hydrogenation and CO,
hydrogenation, supporting the re-exposure of Ni under reaction conditions.
Based on these findings, it is strongly demonstrated that the Ni surface of
600-Ni/TiO, was still partially covered by TiO, agglomerates under reaction
conditions. The exposure-corrected turnover frequencies (e-TOFs) derived by
CO operando FTIR for methanation and C-C coupling were calculated. The
exposure-corrected TOFs of 600-Ni/TiO, were higher than that of 400-
Ni/TiO,, indicating that re-exposed Ni sites hold an excellent intrinsic activity
for CO, hydrogenation.

They proposed a model of the restructured Ni/TiO, catalysts under reac-
tion conditions based on the experimental results to explain the restructuring
and activity of the catalyst. The higher methanation e-TOFs observed over
600-Ni/TiO, were attributed to the presence of a patchy TiO, overlayer, which
increased the extent of the Ni-TiO, interface, consequently reducing available
sites for COyyiqqe formation. In contrast, the 400-Ni/TiO,, due to the complete
removal of TiO, overlayers under reaction conditions resulted in a higher
number of COpqqe Sites on the Ni surface. In this configuration, the interface
among Ni, TiO,, and the gas phase was limited to the perimeter of the Ni
nanoparticle in contact with the support. The increased Ni-TiO, interface over
600-Ni/TiO, positively impacted C—C coupling, which provided a reservoir of
C species in close contact with adsorbates on Ni. This proximity to stabiliz-
ing intermediates and transition states likely facilitated the C—C coupling
process, further enhancing the catalytic performance of the catalyst. Finally,
their results also demonstrate that removal and reconstruction of TiO, over-
layers could occur kinetically even at a relatively low temperature of 200°C.
Theoretical calculation analysis reveals that CO and CO, hydrogenations are
structure-sensitive reactions, whereas the C-C coupling shows lower sensi-
tivity to catalyst structural changes. Interestingly, the high TOF of both
methanation and C-C coupling with increasing Ni particle size cannot be

solely explained by the classical structure sensitivity concept, which only
accounts for Ni surface site variation with particle size.

In summary, Matteo Monai, etc. investigated the effect of preserved TiO,
overlayer over Ni nanoparticles on catalytic activity and stability by monitor-
ing changes of overlayers during reaction conditions, which provided
operando evidence for the formation of Ni-TiO, interfacial sites. Additionally,
more-detailed operando characterization technologies combined with theo-
retical simulations at the atomic level to investigate the relationship between
structure and activity are instructive. Similar manipulations could be applied
to other chemical reactions where the proximity of the active sites and the
carrier or promoters is critical for a higher activity or better selectivity. As
shown in Figure 1,the concept of surface modification of supported cata-
lysts with SMIS can tailor catalyst structures to enhance activity, selectivity,
and stability. This novel strategy would further broaden the understanding of
SMIS under reaction conditions, offering new opportunities for catalyst opti-
mization and shedding light on future advancements in catalytic science.
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