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Oxidative Strong Metal-Support Interactions (OMSI) can be defined as a phenomenon occurring in a supported
metal catalyst that is triggered by oxidative (or non-reductive) conditions with the typical features resembling that of
SMSI, including 1) small-molecule of CO or H2 adsorption on metal will be significantly suppressed, 2) the support
would encapsulate metal particles, 3) electron transfer from metal to the support, and 4) a reversal of the above

phenomena following reduction treatment.

oxidative strong metal-support interactions strong metal—support interaction

supported metal catalyst metal-oxide interfaces charge transfer heterogeneous catalysis

| 1. Introduction

Strong metal-support interaction (SMSI) is a phenomenon discovered by Tauster et al in the late 1970s, that TiO,
supported Pt-group metals will lose their capability to adsorb small molecules (such as CO and H,) following high-
temperature reduction. @2 SMS| between Pt-group metals and reducible oxides has continuously been studied in
both catalysis application and surface science for the next three decades, and the understanding on it has
progressed significantly. The classical SMSI theory thus developed, based on which the SMSI-active catalyst
system was limited. Au (and IB group metals), with a relatively lower work function and surface energy respect to

Pt-group metals, had thus been regarded as SMSl-inert for a long time. BI4IE]E]

A breakthrough came from Mou’s group in 2012.l They found an oxygen-induced SMSI phenomenon in an
Au/ZnO-nanorod catalyst, that, following oxidation under 300 °C, the Au nanopatrticles will be encapsulated by ZnO
accompanied by electron transfer from Au to the support, which will be reversed by hydrogen treatment. This work,
for the first time, not only extended the conditions for evoking SMSI but also opened a prelude for the study of
SMSI in Au-based catalysts. Only about four years later, a similar oxidative SMSI phenomenon was revealed by
Tang et al. in nonoxide (hydroxyapatite and phosphate)-supported Au catalysts, expanding the territory of SMSI to
the non-oxide support system.8 Furthermore, in 2018, they confirmed that the nonoxide- and ZnO-supported Pt-
group metals are also applicable for this oxygen-induced SMSI, and formally proposed the concept of “oxidative
strong metal-support interactions (OMSI)” to distinguish from classical SMSI, which was triggered by reductive
conditions.! It has been proved that controlled OMSI is effective in tuning the catalyst performances, dEIRILA gng
a few discoveries inspired by OMSI were consecutively reported thereafter, such as uncovering the classical SMSI
Men Au (actually the IB group metals) and TiO, and SMSI between Au and layered double hydroxide support.
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OMSI has not only shed new light on the understanding of SMSI phenomena but also provided new opportunities
for the design and development of high-performance catalysts, thus becoming an important part of the generalized
SMSiI field.

| 2. Features, and Catalyst Systems of OMSI

OMSI can be defined as a phenomenon occurring in supported metal catalyst that triggered by oxidative (or non-
reductive) conditions with the typical features resemble with that of SMSI. Current OMSI systems involve ZnO-
nanorod supported Au, nonoxides (hydroxyapatite and phosphate) supported Au and Pt-group metals, and ZnO
supported Pt-group metals (Figure 1). The common characteristics of OMSI evoked by high-temperature oxidation
(or an inert atmosphere) can be summarized as: (1) small-molecule of CO or H, adsorption on metal will be
significantly suppressed; (2) mass transport that the support would encapsulate metal particles; (3) electron
transfer from metal to the support resulting in a positively charged metal species; and (4) a reversal of the above
phenomena following reduction treatment. The comparison of the inducing conditions and main characteristics of
OMSI and the classical SMSI was listed in Table 1.
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Figure 1. Schematic illustration of OMSI in (a) Au/ZnO-nanorod, reproduced with permission from [, Copyright
2012 American Chemical Society, (b) Au/HAP, reproduced with permission from [l Copyright 2016 American
Chemical Society, and (c) HAP supported Pt-group metals, reproduced with permission from &, Copyright 2018
The Royal Society of Chemistry.

Table 1. Comparison between OMSI and classical SMSI.

Classical SMSI OMSI
. reducible oxide-supported Au or Pt- HAP- or ZnO-supported Au or Pt-
typical catalyst system
group metals group metals
inducing conditions high-temperature reduction high-temperature oxidation

suppression of adsorption yes yes

mass transport os os

(encapsulation) y y

electron transfer support to metal metal to support

reversibility yes yes

Referdeefitfication and Characterization of OMSI

1. S. J. Tauster; S. C. Fung; R. L. Garten; Stronlg metal-support interactions. Group 8 noble metals
The abovementioned four typical features are also the criteria for the identification of OMSI occurrence, which

sugPorted on titanium dioxide. Journal of the American Chemical Society 1978, 100, 170-175, 10.
generally needs a combination of multiple characterization methods to confirm.
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3.k Adserption Behawedng metal-support interactions: Occurrence among the binary oxides of

groups IIA?VB. Journal of Catalysis 1978, 55, 29-35, 10.1016/0021-9517(78)90182-3.
One of the most typical spectroscopic techniques is the in situ molecular probe infrared (IR) spectroscopy. Due to
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techniques that are sensitive to chemical state and atomic structure. Earlier for the research of classical SMSI, X-
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electron transfer that accompanied by the support deformation at interface will inevitably impact the surface Iqcal
22. Bruce C. Beard; Philip'N. Ross; Platinum-titanium alloy formation from hlsqh-temperature reduction
coordination structure of the support. For the oxide support-based catalysts, the SMSI- or OMSI-induced electron
of a titania-impregnated platinum catalyst: implications for strong metal-support interaction. The
perturbation can be verified by electron %arama netic resonance 6EPR , a techquue sensitive to species with
Journal of Physical Chemistry 1986, 90, 6811-6817, 10.1021/j100284a020.
unpaired electrons such as oxygen vacancies or metal ions in paramagnetic valence states.[241231[26127] The metal

23 0d-dBaleastsioBalc Sortieitd s Hudy ofd ieandigsalig i ansh aéadiilthe ohtdtasia ropetva Rk RN SRt el tibport
@{ﬁymahmmﬁlxs@merpliaé,sﬁéanléé&pmmy@mmaﬂi%isw@dewﬁu.SMS| and OMSI studies.[22

24.J. Sanz; J. M. Rojo; P. Malet; G. Munuera; M. T. Blasco; J. C. Conesa; J. Soria; Influence of the

I 4yd%mﬁ licationrandbinfluencepft@MSilons in catalysts. Comparison of the

rhodium/titanium dioxide and rhodium/strontium titanate (SrTiO3) systems. The Journal of

Thepﬁw(l;af@ﬂeiﬁ?gw?, ffgggt,er8@1’e5ge§q:b§h§gc’>%giféﬁ/}med@ﬁ%@g_capacity, interface structure, and the

electronic state, thus it has been extensively applied to enhance the catalyst performance for diverse reactions and
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constrained. On this Qremise, discovery of the OMSI effect will enrich the R)/(\)Itential application of the metal—-support
27. Ning Liu; Ming Xu; Yusen Yang; Shaomin Zhan%; Jian Zhan%; enlon Wang; Lirong Zheng;

interaction under Specific condjtions to a large extent. On. the other hand, OMS truly broadens the territory of

Song Hong; Min Wei; Auo——Ov-Ti3+ Intertacial Site: Catalytic Active Center toward Low- _
metal—support “Interaction, inspiring more explorations on similar. phenomena that occurred in catalysts with

Temperature Water Gas Shl% Reaction. ACS Catalysis 20f_9, 9,2707-2717,10.1021/acscatal.8b0
mulét‘rlslle?)r.netals and supports and evoked by various conditions. This is of great value in in-depth cognition of
metal—support interaction and catalytic mechanism.

28. D.R. Short; A.N. Mansour; J.W. Cook Jr.; D.E. Sayers; J.R. Katzer; X-Ray absorption edge and
4.LyEnbanging Satatyst RerfonmancebyeIunimgitirec@bsks. Journal of Catalysis 1983,

82, 299-312, 10.1016/0021-9517(83)90196-3.
When OMSI was evoked and the encapsulation layer formed, metal nanoparticles were restrained on the support,

thus they will be prevented from aggregation or leaching during reaction. Tang et al. compared the recycle
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nanocatalyst with high activity by tuning the OMSI between Au and the composite support TiO,-HAP.19 As shown

33 Figutes Hesnanden Maits JagddavaarelasikdiinEyibe dengsAcivitienanaament of cobalt
catalysts by tuning metal-support interactions. Nature Communications 2018, 9, 4459, 10.1038/s4

1467-018-06903-w.

34. Avelino Corma; Pedro Serna; Patricia Concepcion; José Juan Calvino; Transforming Nonselective
into Chemoselective Metal Catalysts for the Hydrogenation of Substituted Nitroaromatics. Journal
of the American Chemical Society 2008, 130, 8748-8753, 10.1021/ja800959¢.

35. Min-Sung Kim; Sang-Ho Chung; Chun-Jae Yoo; Myung Suk Lee; Il-Hyoung Cho; Dae-Won Lee;
Kwan-Young Lee; Catalytic reduction of nitrate in water over Pd—Cu/TiO2 catalyst: Effect of the
strong metal-support interaction (SMSI) on the catalytic activity. Applied Catalysis B:
Environmental 2013, 142-143, 354-361, 10.1016/j.apcatb.2013.05.033.

36. Kazumasa Murata; Daichi Kosuge; Junya Ohyama; Yuji Mahara; Yuta Yamamoto; Shigeo Arai;
Atsushi Satsuma; Exploiting Metal-Support Interactions to Tune the Redox Properties of
Supported Pd Catalysts for Methane Combustion. ACS Catalysis 2019, 10, 1381-1387, 10.1021/a
cscatal.9b04524.

37. Yaru Zhang; Xiong Su; Lin Li; Haifeng Qi; Chongya Yang; Wei Liu; Xiaoli Pan; Xiaoyan Liu;
Xiaofeng Yang; Yangiang Huang; et al.Tao Zhang Ru/TiO2 Catalysts with Size-Dependent
Metal/Support Interaction for Tunable Reactivity in Fischer—Tropsch Synthesis. ACS Catalysis
2020, 10, 12967-12975, 10.1021/acscatal.0c02780.

38. Yaru Zhang; Zhen Zhang; Xiaofeng Yang; Ruifeng Wang; Hongmin Duan; Zheng Shen; Lin Li;
Yang Su; Runze Yang; Yongping Zhang; et al.Xiong SuYangiang HuangTao Zhang Tuning
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Figure 4. (a) Conversion and (b) selectivity of benzyl alcohol over Au/H-200 and Au/H-500. Reproduced with

permission from B, copyright: 2016 by the American Chemical Society. (¢) Cycling performance of Pd/HAP-fresh

and Pd/HAP-O for the Suzuki cross-coupling reaction. (d) CO conversion versus reaction time of Pt/HAP-O and

Pt/TiO,-H500 samples at 400 °C. Space velocity of Pt/HAP-O and Pt/TiO,-H500 were ~1,690,000 and 1,100,000 L
gp T h71, respectively. Reproduced with permission from &, copyright: 2018 by The Royal Society of Chemistry.
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Figure 5. Schematic illustration of TiO,-HAP supported Au nanocatalyst with high stability owing to the OMSI
between Au and HAP with TiO,, where the upper part shows CO conversion versus reaction time of the Au/TH-800
and commercial three way catalyst JM888 at 400 °C. Reproduced with permission from 2%, copyright: 2016 John
Wiley and Sons.

4.2. Discoveries Inspired by or Based on OMSI

Tang et al. synthesized TiO,-supported Au nanocatalysts and further investigated their adsorption performance,
mass transport, and electronic state changes under high-temperature reduction, unequivocally uncovering a
classical SMSI in Au/TiO, (Figure 6), and further extended to other reducible oxide (such as CeO, and Fe3z0,)-
supported Au and TiO,-supported IB group metal (Ag and Cu) catalysts.11 This work is a pivotal breakthrough in
promoting SMSI research that verified the universality of the classical SMSI phenomenon and complemented the
catalyst system of metal-support interactions (Figure 7). Based on this work, more recently, the size-dependency
of classical SMSI was further revealed in Au/TiO, nanocatalysts, where larger Au particles are more prone to be
encapsulated than smaller ones, which brings an in-depth understanding of the SMSI phenomenon and provides a

new approach to refine catalyst performance.24
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Figure 6. Schematic illustration of the classical SMSI phenomenon in Au/TiO,. Reproduced with permission from

(11 copyright: 2017 by the American Association for the Advancement of Science.
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Figure 7. Schematic illustration of the catalyst systems for classical SMSI and OMSI.
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