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Structure Sensitivity of Au-TiO, Strong Metal-Support Interactions
Yunshang Zhang®, Jin-Xun Liu",* Kun Qian, Aiping Jia, Dan Li, Lei Shi, Jun Hu, Junfa Zhu,

and Weixin Huang*

Abstract: Strong metal-support interactions (SMSI) is an
important concept in heterogeneous catalysis. Herein, we
demonstrate that the Au-TiO, SMSI of Auw/TiO, catalysts
sensitively depends on both Au nanoparticle (NP) sizes and
TiO, facets. Au NPs of ca. 5 nm are more facile undergo Au-
TiO, SMSI than those of ca. 2 nm, while TiO, {001} and {100}
facets are more facile than TiO,{101} facets. The resulting
capsulating TiO,_, overlayers on Au NPs exhibit an average
oxidation state between + 3 and + 4 and a Au-to-TiO,_, charge
transfer, which, combined with calculations, determines the
Ti:O ratio as ca. 6:11. Both TiO,_, overlayers and TiO,_.-Au
interface exhibit easier lattice oxygen activation and higher
intrinsic activity in catalyzing low-temperature CO oxidation
than the starting Au-TiO, interface. These results advance
fundamental understanding of SMSI and demonstrate engi-
neering of metal NP size and oxide facet as an effective strategy
to tune the SMSI for efficient catalysis.

Introduction
Metal-support interactions play a key role in modifying

the structures and catalytic performance of supported metal
catalysts. Firstly postulated in Group 8 and noble metals
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supported on TiO,,!! strong metal-support interactions
(SMSI) referring to high-temperature reduction-induced
capsulation of supported metal nanoparticles (NPs) by
support overlayers,” has been recognized as a common
phenomenon occurring in reducible oxides-supported
Group 8 and noble metals and evolved as one of the most
important concepts in heterogeneous catalysis.’! Recently, the
supported metal catalysts exhibiting the SMSI phenomenon
have been broadened to oxides and non-oxides supported Au
NPs.[!l Several methods® different from the traditional high-
temperature reduction approach were reported capable of
inducing the capsulation of supported metal NPs by support
overlayers. Owing to the capsulation of the catalytic active
metal NPs, SMSI generally decreases the catalytic activity of
supported metal catalysts but can enhance the stability,[*<!
but there are several reports that the capsulating oxide
overlayers/metal NPs were more active in catalyzing some
specific reactions than the starting metal/oxide catalysts.”*”]
Despite the long and extensive studies, the origin of SMSI is
still debated due to the lack of solid experimental evidence;
meanwhile, the structures of capsulating support overlayers
and capsulating support overlayers-metal NPs interfaces
remain unclear.”>*

Particle sizes of supported metals” and facets of oxide
supports'” are the most important structural factors in
oxides-supported metal catalysts, but their effects on the
SMSI have been seldom explored. Ultrafine Pt NPs (ca. 1 nm)
with a tight particle size distribution"!! and Ni clusters of
a very small number of atoms!'? supported on TiO, have been
recently observed not capsulated upon high-temperature H,
reduction and Au NPs supported on TiO, has been just
reported to exhibit size-dependent H,-reduction temper-
atures for a full capsulation,[13J indicating the size effect of
supported metal NPs for the SMSI. In the present work,
employing Au/TiO, catalysts with Au NPs of ca. 5 and ca.
2 nm supported on various anatase TiO, nanocrystals (NCs)
predominantly exposing the {001} (denoted as TiO,{001}),
{100} (denoted as TiO,{100}) and {101} (denoted as TiO,{101})
facets, we unambiguously demonstrate that both metal
particle size and oxide facet of metal/oxide catalysts exert
great influences on the Au-TiO, SMSI. Meanwhile, we
develop a combined experimental and DFT calculation
approach to successfully identify the Ti:O ratio of capsulating
TiO,_, overlayer on Au NPs resulting from the Au-TiO, SMSI
as around 6:11.
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Results and Discussion

The TiO,{001}, TiO,{100}, and TiO,{101} NCs with similar
BET specific surface areas of ca. 100 m?’g~' (Supporting
Information, Table S1) and the proportions of the exposed
predominant facets above 80 % were prepared following the
well-established recipes.'¥ It is noteworthy that our as-
synthesized TiO, NCs do not show XPS signals of F, S, and
Cl involved during the synthesis.'*! TEM and HRTEM
images (Figure 1a—c) show that all TiO, NCs exhibit uniform
morphologies and a pure anatase phase. Using the TiO,-fresh
NCs as the supports, Au/TiO,-fresh catalysts with a calculated
Au loading of 2% (weight ratio) were prepared by deposi-
tion-precipitation method and then treated either by calcina-
tion in air at 400°C for 4 h or by an initial reduction in 5 % H,/
Ar at 500°C for 1 h and subsequent oxidation in 10 % O,/Ar
at 400°C for 1 h. The actual Au loadings of Au/TiO,-fresh
catalysts were analyzed to be close to the calculated loading
by inductively coupled plasma atomic emission spectrometry
(Supporting Information, Table S2). All Au/TiO,-fresh cata-
lysts only display diffraction patterns of anatase TiO, in the
XRD patterns (Supporting Information, Figure S1). Using
the TiO, {101} diffraction peak, the average crystalline sizes of
TiO, in various TiO, and Au/TiO, catalysts were calculated
from the Debye-Scherrer equation to improve with the
thermal treatments and vary within ca. 10 and ca. 20 nm
(Supporting Information, Table S1). HADDF-STEM images
demonstrate that the calcination treatment in air leads to
supported Au NPs of around 5 nm (Figure 1d-f; Supporting
Information, Figure S2), herein denoted as 5Snm-Au/TiO,-
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Figure 1. Microscopic characterizations. a)—c) Representative TEM im-
ages with inserted HRTEM images and morphology illustrations of

a) TiO,{001}-fresh, b) TiO,{100}-fresh and c) TiO,{101}-fresh NCs. d—
i) HAADF-STEM images with inserted Au particle size distributions of
d) 5nm-Au/TiO,{001}-fresh, e) 5nm-Au/TiO,{100}-fresh, f) S5nm-Au/
TiO,{101}-fresh, g) 2nm-Au/TiO,{001}-fresh, h) 2nm-Au/TiO,{100}-
fresh, and i) 2nm-Au/TiO,{101}-fresh catalysts.
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fresh, while the treatment of reduction and subsequent
oxidation results in supported Au NPs of around 2 nm
(Figure 1g—i; Supporting Information, Figure S3), herein
denoted as 2nm-Au/TiO,-fresh. The reduction of supported
Au’" precursor into Au’ was observed to occur at higher
temperatures upon calcination in air than upon reduction in
H,, resulting in the formation of larger Au NPs.">! Meanwhile,
an O, atmosphere was reported to exert a stronger enhance-
ment effect on the Ostwald ripening than a H, atmosphere,!
facilitating the formation of larger supported metal NPs.
Surface structures of various Au/TiO,-fresh catalysts were
probed by CO adsorption at 123 K with P-, =200 Pa (Fig-
ure 2).Vibrational peaks at ca. 2178, ca. 2127 and ca.
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Figure 2. CO adsorption. In situ DRIFTS spectra of CO chemisorption
on various Au/TiO,-fresh and Au/TiO,-H500 catalysts at 123 K and
Pco =200 Pa.

2107 cm™" were observed, arising from CO adsorbed at the
Ti** site (COq-), perimeter Au®t site (CO,,+) and surface
A’ site (CO,u) of Au NPs, respectively.'"”! The strong
vibrational peak of COx. species at ca. 2178 cm ™ gives rise
to the corresponding weak vibrational peak of “COq-
species at ca. 2127 cm ™' (Supporting Information, Figure S4).
Due to the higher dispersion of supported Au NPs, the 2nm-
Au/TiO,-fresh catalysts exhibit much stronger vibrational
peaks of CO4p: and CO,y species than the corresponding
Snm-Au/TiO,-fresh catalysts. The Au/TiO,-fresh catalysts
were treated in 5% H,/Ar at 500°C for 1h to induce the
SMSI. The acquired catalysts, herein denoted as Au/TiO,-
H500, were observed to display Au NP size- and TiO, facet-
dependent DRIFTS spectra for CO adsorption (Figure 2;
Supporting Information, Figures S5 and S6). All Snm-Au/
TiO,-H500 catalysts exhibit no CO,,o vibrational feature and
a very tiny CO,,. vibrational feature. 2nm-Au/TiO,{001}-
HS500 and 2nm-Au/TiO,{100}-HS500 exhibit much weaker
vibrational features of both CO,,, and CO,,: species than
2nm-Au/TiO,{001}-fresh and 2nm-Au/TiO,{100}-fresh, re-
spectively, and the CO vibrational features on 2nm-Au/
TiO,{001}-H500 are weaker than on 2nm-Au/TiO,{100}-H500.
However, 2nm-Au/TiO,{101}-H500 shows vibrational fea-
tures of CO adsorbed at the Au sites almost identical to
2nm-Au/TiO,{101}-fresh. Meanwhile, the COq;. vibrational
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feature weakens upon H, reduction
at 500°C for Au/TiO,{001}-fresh
catalysts but does not vary much
for AuwTiO,{100}-fresh and Au/
TiO,{101}-fresh catalysts.

CO adsorption at RT under
1 atm of 1% CO/Ar was also char-
acterized on various Au/TiO,-fresh
and AuwTiO,-H500 catalysts (Sup-
porting Information, Figure S7),
during which the H, reduction treat-
ments in 5% H,/Ar at 500°C were
carried out in the in situ reaction cell
for DRIFTS. CO does not adsorb at
the Ti*" site at RT, and the CO 4.
vibrational feature overlaps with the
signals of gaseous CO and cannot be
observed. Only CO,, vibrational
features were observed to exhibit
results consistent with those of CO
adsorption at 123 K. All Snm-Au/
TiO,-H500 catalysts exhibit no visi-
ble CO,, vibrational feature,
whereas  2nm-Au/TiO,{001}-H500
and 2nm-Au/TiO,{100}-H500 exhib-
it significantly weaker vibrational
features than 2nm-Au/TiO,{001}-
fresh and 2nm-Au/TiO,{100}-fresh,
respectively, and 2nm-Au/TiO,-
{101}-H500 shows the vibrational
feature almost identical to 2nm-Au/
TiO,{101}-fresh. The CO adsorption
behaviors of 5nm-Au/TiO,-H500
catalysts are the characteristics of
SMSI, evidencing the occurrence of
Au-TiO, SMSI and the consequent
almost full capsulation of Au NPs by
TiO,_, overlayers. The capacities of
Au/TiO,-H500 catalysts to adsorb
CO can fully recover to those of corresponding Au/TiO,-H500
catalysts after they are oxidized in 10% O,/Ar at 400°C for
1 h (Figure S7), proving the reversibility of Au-TiO, SMSI.
However, the Au NPs in 2nm-Au/TiO,{001}-H500 and 2nm-
Au/TiO,{100}-H500 are partially capsulated, and those in
2nm-Au/TiO,{101}-H500 are barely capsulated.

HRTEM images of various Au/TiO,-fresh and Au/TiO,-
H500 catalysts (Figure 3a1-f2) directly visualize that the
supported Au NPs are obviously capsulated in 5Snm-Au/TiO,-
HS500 catalysts, partially capsulated in 2nm-Au/TiO,{001}-
H500 and 2nm-Au/TiO,{100}-H500, and barely capsulated in
2nm-Au/TiO,{101}-H500. Uniform Ti and O signals were
imaged on the Au NPs in the energy-dispersive X-ray (EDX)
mapping image of Snm-Au/TiO,{101}-H500 (Supporting In-
formation, Figure S8), proving the full capsulation of Au NPs.
Electron energy loss spectra (EELS) analysis of marked areas
in HRTEM images of Snm-Au/TiO,{101}-H500 and 2nm-Au/
TiO,{101}-H500 (Figure 3g—j; Supporting Information, Fig-
ure S9) evidences the presence of both Ti L-edge and O K-
edge EELS signals on the surface of Au NP of 5nm-Au/

corresponds to 5 nm.
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Figure 3. HRTEM images and EELS spectra. a1)—f2) Representative HRTEM images of al) 5nm-Au/
TiO,{001}-fresh and a2) 5nm-Au/TiO,{001}-H500, b1) 5nm-Au/TiO,{100}-fresh and b2) 5nm-Au/
TiO,{100}-H500, c1) 5nm-Au/TiO,{101}-fresh and c2) 5Snm-Au/TiO,{101}-H500, d1) 2nm-Au/TiO,-
{001}-fresh and d2) 2nm-Au/TiO,{001}-H500, e1) 2nm-Au/TiO,{100}-fresh and e2) 2nm-Au/TiO,-
{100}-H500, f1) 2nm-Au/TiO,{101}-fresh and f2) 2nm-Au/TiO,{101}-H500. g)—j) HRTEM images
and corresponding EELS spectra of marked areas of (g, i and j) 5nm-Au/TiO,{101}-H500 and (h,

i and j) 2nm-Au/TiO,{101}-H500. The spectra were background-subtracted. The scale bar

TiO,{101}-H500 but not on the surface of Au NP of 2nm-Au/
TiO,{101}-H500. This further supports that Au NP of 5Snm-Au/
TiO,{101}-H500 are capsulated by TiO,_, overlayers while
those of 2nm-Au/TiO,{101}-H500 are not. Comparing the
EELS spectra of TiO, from TiO to TiO,,* the EELS features
of TiO, support in 5nm-Au/TiO,{101}-H500 and 2nm-Au/
TiO,{101}-H500 are the typical features of TiO,, while the
EELS feature of capsulating TiO,_, overlayers on Au NP of
Snm-Au/TiO,{101}-H500 is similar to that of Ti;O, with mixed
valences of Ti*" and Ti*'.

The above spectroscopic and microscopic results clearly
demonstrate that the Au-TiO, SMSI of Au/TiO, catalysts
sensitively depends on the Au NP size and the TiO, facet.
Supported Au NPs with a size of ca. 5 nm are more facile to
undergo the Au-TiO, SMSI than those of ca. 2 nm, and the
TiO, {001} and {100} facets are more facile than the TiO,{101}
facets. Such a structure sensitivity of Au-TiO, SMSI in Au/
TiO, catalysts, as far as we know, represents the first
unambiguous and comprehensive example of structure sensi-
tivity of SMSI.
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The reducibility of various TiO,-fresh and Au/TiO,-fresh
catalysts was examined using H,-TPR measurements. TiO,-
{001}-fresh NCs are more difficult to be reduced than
TiO,{100}-fresh and TiO,{101}-fresh NCs (Supporting Infor-
mation, Figure S10), consistent with the DFT calculation
results of oxygen vacancy formation energies of anatase TiO,
{001}, {100}, and {101} surfaces as 4.57, 4.0, and 4.15¢V,
respectively.’”! The loading of Au NPs induces Auyp-TiO,
interactions and subsequently promotes the reduction of TiO,
NCs (Figure 4a—). The TiO, in Au/TiO,{001}-fresh and Au/
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Figure 4. Au-TiO, interactions. a)—c) H,-TPR profiles of a) Au/TiO,-
{001}-fresh, b) Au/TiO,{100}-fresh and c) Au/TiO,{101}-fresh. d) Au 4f
XP spectra of 5Snm-Au/TiO,{101}-fresh, 5nm-Au/TiO,{101}-H500, 2nm-
Au/TiO,{101}-fresh and 2nm-Au/TiO,{101}-H500. ) Au 4f;,, Ti 2p;),
and O 1s binding energy shifts of Au/TiO,-fresh catalysts after H500
pretreatments. f) Au 4f;, binding energy shifts of Au/TiO,-fresh
catalysts induced by H500 pretreatments after subtracting the band-
bending effects.

p— 2nm-AUTIO {101}

TiO,{100}-fresh is more easily to be reduced than in Au/
TiO,{101}-fresh, which suggests stronger Auyp-TiO,{001} and
Auyp-TiO,{100} interactions than Auyp-TiO,{101} interac-
tions, in line with the results that the TiO, {001} and {100}
facets are more facile to occur the Au-TiO, SMSI than the
TiO,{101} facets. The sizes of supported Au NPs between 2
and 5 nm do not affect the reduction temperature of TiO, in
Au/TiO,-fresh catalysts much. 2nm-Auw/TiO,{001}-fresh and
2nm-Au/TiO,{100}-fresh exhibit slightly enhanced low-tem-
perature reduction peaks than 5Snm-Au/TiO,{001}-fresh and
5nm-Au/TiO,{100}-fresh, respectively, while 2nm-Au/TiO,-
{101}-fresh exhibits a significantly enhanced low-temperature
reduction peak than 5nm-Au/TiO,{101}-fresh. These obser-
vations can be attributed, on one hand, to the longer Au-TiO,
perimeter of 2nm-Au/TiO,-fresh than of Snm-Au/TiO,-fresh,
on the other hand, to the occurrence of Au-TiO, SMSI in Au/
TiO, catalysts except 2nm-Au/TiO,{101}-fresh during the H,-
TPR process which results in the capsulation of supported Au
NPs and subsequent suppression of their promotion effect on
TiO, reduction.

Various TiO, and Au/TiO, catalysts before and after H,
treatment were characterized by XPS without exposure to air.
After H, reduction at 500°C, the Ti 2p;, and O 1s binding
energies of all TiO,-H500 NCs were observed to shift toward
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higher binding energies by the same value of 0.3 eV (Sup-
porting Information, Figure S11 and Table S3). This suggests
the occurrence of downward surface band bending with
similar extents for all TiO,-H500 NCs, which, based on the
corresponding ESR measurements (Supporting Information,
Figure S12), results from the reduction-induced formation of
large quantities of bulk F" centers. The Au 4f;, binding
energy of Au/TiO,-fresh catalysts locates at 83.5-83.7 eV
(Figures 4d; Supporting Information, Figure S13 and Ta-
ble S4). It shifts toward higher binding energies after H,
reduction at 500 °C and the amplitudes vary with the catalysts.
Based on the Ti 2p and O 1s XPS results (Supporting
Information, Figure S14 and Table S4), no surface bend
banding occurs for TiO, of Au/TiO,-fresh catalysts, while
the downward surface band bending occurs in 5Snm-Au/
TiO,{101}-H500 and 2nm-Au/TiO,-HS500 catalysts but not in
Snm-Au/TiO,{001}- H500 and Snm-Au/TiO,{100}-H500 cata-
lysts. The corresponding ESR results (Supporting Informa-
tion, Figure S15) show the presence of bulk F* centers, bulk
Ti** species, and surface O, species in Au/TiO,-fresh and Au/
TiO,-H500 catalysts, but no Ti*" features could be observed in
the Ti 2p XPS and UPS spectra (Supporting Information,
Figures S16 and S17). Au/TiO,{001}-H500, Snm-Au/TiO,-
{100}-H500 and 5nm-Au/TiO,{101}-HS500 catalysts exhibit
much stronger defect signals than corresponding Au/TiO,-
fresh catalysts, while 2nm-Au/TiO,{100}-H500 and 2nm-Au/
TiO,{101}-H500 catalysts show weaker defect signals than
corresponding Au/TiO,-fresh catalysts. Therefore, the surface
band bending of TiO, in Au/TiO,-H500 catalysts seems not
dependent on the defect density. We propose that the defects
in Snm-Au/TiO,{001}-H500 and Snm-Au/TiO,{100}-H500 cat-
alysts are so localized not as to induce the downward surface
band bending of TiO,, while those in other Au/TiO,-H500
catalysts are homogeneously distributed and induce the
downward surface band bending of TiO,.

Figure 4 e illustrates the Au 4f,,, Ti 2ps,, and O 1s binding
energy shifts of various Au/TiO,-H500 catalysts comparing to
corresponding Au/TiO,-fresh catalysts, and Figure 4 f shows
the Au 4f,, binding energy shifts of various Au/TiO,-H500
catalysts comparing to corresponding Au/TiO,-fresh catalysts
after the corrections of corresponding surface band bending
effects. It can be seen that the H, treatment at 500 °C induces
the positive shifts in the Au 4f binding energy of supported Au
NPs for all Au/TiO,-fresh catalysts. The charger transfer
between supported Au NPs and TiO, support is well
established. Charge transfer occurs obviously from surface
oxygen vacancies of reduced TiO, surface to supported Au
NPs but is negligible between supported Au NPs and
stoichiometric TiO, surface. Therefore, the observed positive
shifts in the Au 4f binding energy of Au/TiO,-H500 catalysts
should result from the charge transfer from capsulated Au
NPs to capsulating TiO,_, overlayers. Similar charge transfer
was previously observed from capsulated Pt NPs to capsulat-
ing TiO, , overlayers due to the Pt-TiO, SMSLP" The Au 4f
binding energy shift amplitudes vary with both the size of
supported Au NPs and the TiO, facets in the same trends to
the SMSI effect. Supported on the same type of TiO, support,
5nm Au NPs exhibit larger Au 4f binding energy shifts and
more extensive Au-TiO, SMSI than 2nm Au NPs; with
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TiO,_, charge transfer at the TiO,_,-Auyp interface and
consequently a stronger TiO,_,-Auy, interactions, triggering
a more extensive Au-TiO, SMSI.

In the Au-TiO, SMSI process, the H, reduction at 500°C
induced-transformation of the Auyp-TiO, interface of Au/
TiO,-fresh catalysts to the TiO,_,-Auyp interface of Au/TiO,-
H500 catalysts via the removal of the O atom, can be
described by the chemical equation of xH,+ Auy,-TiO,—
TiO,_,-Auyp + x H,O. Thermodynamically, the occurrence of
SMSI between supported Au NP and TiO, support is favored
for Au/TiO, catalyst with a strong TiO,_,-Auy, interfacial
interactions, a weak Auyp-TiO, interfacial interactions, and
a weak Ti—O bond. The Ti—O bond strength can be related to
the reducibility of TiO, in Au/TiO, catalysts. As shown in the
H,-TPR profiles, TiO, in Au/TiO,{001}-fresh and Au/TiO,-
{100}-fresh is more easily to be reduced than in Au/TiO,{101}-
fresh, thus the Ti—O bond is weaker in Au/TiO,{001}-fresh
and Au/TiO,{100}-fresh than in Au/TiO,{101}-fresh. The
strength of both Auyp-TiO, and TiO,_.-Auyp interfacial
interactions can be related to the interfacial charge transfer.
As demonstrated by the Au 4f binding energy, all Au/TiO,-
fresh catalysts exhibit similar Auyp -TiO, interfacial inter-
actions, while 5Snm-Au/TiO,-H500 exhibits stronger TiO,_,-
Auyp interfacial interactions than corresponding 2nm-Au/
TiO,-H500 and Au/TiO,{001}-HS500 exhibits stronger TiO,_,-
Auyp interfacial interactions than corresponding Au/TiO,-
{100}-H500 and Au/TiO,{101}-H500. Therefore, 5 nm Au NPs
supported on TiO, are more facile to undergo the Au-TiO,
SMSI than 2nm Au NPs, and the TiO,{001} facet is more
facile to undergo the Au-TiO, SMSI than the TiO,{100} facet
and then the TiO,{101} facet. Our observation that 2 nm Au
NPs supported on TiO,{101} do not exhibit the Au-TiO, SMSI
could be the reason for the absence of Au-TiO, SMSI in Au/
TiO, catalysts since the sizes around 2 nm are very common
for Au NPs supported on TiO, and the {101} facets are
predominant on spherical or irregular anatase TiO, particles
following the Wulff construction.”!

The Au particle size-dependent Auyp-to-TiO,_, charge
transfer at the TiO,_,-Auyp interface can be associated with
the size-dependent electronic structures of Au NPs. Resulted
from the interplay of quantum-size and surface effect,” the
lattice contracts, and the d charge at the metal atom site
depletes relative to the bulk metal as the size of metal
particles decreases. Supported Au NPs of 2-3nm were
previously reported to exhibit such a metal-to-nonmetal
transition.'>¥ Therefore, 2 nm Au NPs with the contracting
lattice and the depleted d charge exhibit less extensive Auyp-
to-TiO,_, charge transfer at the TiO,_,-Auyp interface than
5 nm Au NPs and consequently are less able to trigger the Au-
TiO, SMSI. These results provide unambiguous experimental
evidence for directly correlating the TiO,_,-Auyp interface
formation with the occurrence of Au-TiO, SMSI.

Catalytic CO oxidation is very sensitive to structures of
employed catalysts.” Catalytic activity of various Au/TiO,-
fresh and Au/TiO,-H500 catalysts was evaluated in low-
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Figure 5. Catalytic performance in CO oxidation. a)—f) Steady-state Au
mass-specific CO reaction rate as a function of reaction temperature
of CO oxidation catalyzed by Au/TiO,-fresh and Au/TiO,-H500 cata-
lysts. Reaction condition: 1% CO and 0.5% O, balanced with N,, flow
rate: 30 mLmin~'. g) Apparent activation energies of low-temperature
CO oxidation catalyzed by Au/TiO,-fresh and Au/TiO,-H500 catalysts.

temperature CO oxidation (Figure 5a—f; Supporting Infor-
mation, Figure S18). The Snm-Auw/TiO,-H500 catalysts with
almost fully capsulated Au NPs are less active than the
corresponding 5nm-Au/TiO,-fresh catalysts, whereas the
2nm-Au/TiO,-H500 catalysts with partially capsulated Au
NPs are more active than the corresponding 2nm-Au/TiO,-
fresh catalysts. The best catalyst, 2nm-Au/TiO,{101}-H500,
exhibits a Au mass-specific CO reaction rate as high as
2.75 molcoga, 'h™' at 30°C. All Au/TiO,-fresh catalysts with
the Auyp-TiO, interface as the active structure exhibit similar
apparent activation energies around 42.2 2.2 kJmol ™!, while
all Au/TiO,-H500 catalysts exhibit similar apparent activation
energies of 29.0+2.1 kJmol™" (Figure 5g; Supporting Infor-
mation, Figures S19, S20 and Table S5). Thus, the active
structures of all Au/TiO,-H500 catalysts, which could be the
TiO,_,-Au interface or the capsulating TiO,_, overlayers on
Au NPs, are intrinsically more active in catalyzing CO
oxidation than the Auyp-TiO, interface of Au/TiO,-fresh
catalysts. These observations also suggest that, although
supported Au NPs on 2nm-Au/TiO,{101}-fresh are not
capsulated upon a H, treatment at 500°C, the interface
structure should change from the original Auy,-TiO, interface
to the capsulating TiO,_,-Auyp interface, resulting from the
reduction of TiO,. The reaction order against CO of Au/TiO,-
HS500 catalysts is generally larger than that of corresponding
Au/TiO,-fresh catalysts (Supporting Information, Figur-
es S21, S22 and Table S5), except that Snm-Au/TiO,{001}-
HS500 with a very small amount of surface Au sites exhibits
almost identical reaction order against CO to 5nm-Au/
TiO,{001}-fresh. The reaction order against O, of Au/TiO,-
HS500 catalysts is similar to that of corresponding Au/TiO,-
fresh catalysts.

Using Au/TiO,{101}-fresh catalysts as an example, CO
treatments of Snm-Au/TiO,{101}-fresh and 2nm-Au/TiO,-
{101}-fresh at 500°C also demonstrate the similar Au NP
size-dependent Au-TiO, SMSI, in which the treated 5 nm- Au/
TiO,{101}-CO500 exhibits the Au-TiO, SMSI whereas the
treated 2nm-Au/TiO,{101}-COS00 does not (Supporting In-
formation, Figure S23). Meanwhile, Au/TiO,{101}-CO500 and
Au/TiO,{101}-H500 show similar catalytic activity and appar-
ent activation energy in catalyzing low-temperature CO
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oxidation (Supporting Information, Figure S24). These results
further confirm the structure sensitivity of Au-TiO, SMSL
DFT calculations were used to probe charge transfer
processes between the Auyp-TiO, and TiO,_,-Auyp interfaces
using two-layer Au rod supported on anatase TiO,(101)
surface and Ti;,O,,_, clusters (x=0-6) on Au(111) as the
models (Figure 6), respectively. The two-layer Au nanorod

L
o o ded
ossssese ]l

Ti1,0/Au

Au > Ti;,0,,
0.039 e/(TiO; g3)unit

Ti1,04/Au

Ti;,048 > Au
0.245 €/(TiO; §)un

AU/TIO,

Au > TiO,
0.007 e/Au atom

Ti12024/Au
Au > Ti;0,
0.064 €/(TiO,)yni

Tirz01/Au
Ti;p0,1 > Au
0.048 €/(TiO1 75)uni

Figure 6. Calculated structures and interfacial charge transfer of Au/
TiO, and TiO,_,/Au. a)—e) Top and f)—j) side views of optimized Au/
TiO, and Ti;;0,4_,/Au (x=0-6) structures. The Au yellow, Ti*" gray,
Ti** purple, O red spheres. The direction and amount of charge trans-
fer between Ti,,0,,_, and Au are indicated below the structures.

binds TiO,(101) surface with the average Au-O and Au-Ti
bond lengths, respectively of 2.47 and 3.43 A, indicating weak
Au-TiO, interactions. However, large structure reconstruc-
tions occurred when one-layer Ti,O,,_ . (x =0-6) structure
with the feature of TiO,(101) surface were deposited on
Au(111) surface due to formations of multiple Au—Ti and
Au—O bonds. Charge transfer occurs barely at the Auyp-TiO,
interface, consistent with previous calculation results,?” but it
occurs obviously at the TiO,_,-Auyp interfaces with both
direction and amplitude sensitively depending on the TiO, ,
composition. As summarized in Table S6, eight Ti**/four Ti*",
six Ti**/six Ti**, six Ti**/six Ti**", and two Ti**/ten Ti** are in
Ti;,045, Ti1,04, Ti,0,,, and Ti;,O,,, respectively; meanwhile,
one Au—O bond/twelve Au—Ti bonds, five Au—O bonds/ten
Au—Ti bonds, nine Au—O bonds/six Au—Ti bonds, and seven
Au—O bond and five Au-Ti bonds form at Ti;,O,s/Au(111),
Ti;,0,/Au(111), Ti,O/Au(111), and Ti;,O,,/Au(111) inter-
faces, respectively. The Bader charge analysis was carried out
within the interfacial Au—O and Au—Ti bonds. Charge
transfer always occurs from Au to O within the interfacial
Au—O bond, and from Ti to Au within the interfacial Au—Ti
bond for the Ti cations. Less Au—Ti bonds and more Au—O
bonds formation results in the charge transfer direction
changing from TiO,-to-Au to Au-to-TiO, with increasing O
content in Ti;,0,,_,/Au(111) (Figure 6). The overall charge
transfer occurs from Ti;,O,¢ and Ti;,O,, clusters to Au(111)
with amplitudes of 0.245 e per (TiO;s),, and 0.048 e per
(TiO; 75 ) unit> TeSpectively, whereas from Au(111) to Ti;»,O,, and
Ti;,O,, clusters with amplitudes of 0.039 e per (TiO; g3)uni and
0.064 e per (TiO,),, respectively. O/Ti atom ratio was found
as a descriptor for the Ti;O,,_,-Au(111) interfacial charge
transfer (Supporting Information, Figure S25).
Experimentally, we observed that the capsulating TiO,_,
overlayers on Au NPs exhibit mixed valences of Ti*" and Ti*",
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and charge transfer occurs from Au to TiO,_,. Correlated with
the calculated Ti**/Ti*"ions compositions and charge transfers
of Ti;,0,,_/Au(111), it can be identified that the capsulating
TiO,_, overlayers on Au NPs in Au/TiO, catalysts experienc-
ing Au-TiO, SMSI are of a stoichiometric of around Ti;,O,,.
Thus, the combined experimental characterizations and DFT
calculations of the oxidation state of capsulating oxide
overlayers and the metal-capsulating oxide overlayers charge
transfer are able to identify the stoichiometric of capsulating
oxide overlayers in metal/oxide catalysts experiencing SMSIL.
This, as far as we know, represents the first approach to
identify compositions of capsulating oxide overlayers in
metal/oxide catalysts experiencing SMSI.

CO oxidation mechanisms were extensively explored over
Au/TiO, and Ti;,O,,/Au catalysts. It was found that CO
oxidation can occur at the Au-TiO, interface of Au/TiO,(101)
surface and the Ti;;O,-Au interface and on the Ti;,0,,
surface of Ti;,O/Au(111) surface, all initiated by the reaction
between adsorbed CO and surface lattice O with an activation
energy of 0.77, 0.32 and 0.46 eV, respectively (Figure 7;
Supporting Information, Figures S26-S31). This produces
a CO, molecule and an oxygen vacancy at which O, adsorbs.
After, two CO oxidation pathways were found, depending on
whether O, dissociates or not.’! In the direct route, molec-
ularly adsorbed O,(a) dissociates into one surface lattice
oxygen and another atomic oxygen and adsorbed CO reacts
with the atomic oxygen to produce a CO, molecule, which
completes the CO oxidation cycle. In the alternative indirect
pathway, adsorbed CO reacts with O,(a) to form the OCOO
intermediate, which subsequently dissociates into a CO,
molecule and a surface lattice oxygen to complete the CO
oxidation cycle. The rate-limiting step in the indirect pathway,
the reaction of adsorbed CO reacts with O,(a) to form the
OCOO intermediate, exhibits similar activation energies of
around 1.50 eV at the Ti;,O,,-Au interface and on the Ti;,O,,
surface of Ti;;O,/Au(111) surface, much larger than the rate-
limiting step in the direct pathway, the O,(a) dissociation.
Therefore, CO oxidation proceeds via the direct pathway
rather than the indirect pathway over Ti;,O,/Au(111). In
contrast, both CO oxidation pathways can take place at the
interface of Au/TiO,, in which CO reacting with lattice
oxygen in TiO, is the rate-determining step. The O,(a)
dissociation proceeds with similar activation energies at
Ti;,0,,-Au interface and on Ti;,O, surface of Ti;,O,,/Au-
(111), but still lower than that of CO oxidation at the Au-TiO,
interface of Au/TiO,(101). Meanwhile, CO oxidation is
endothermic at the interface of Au/TiO,(101) due to the
strong Ti—O bond in TiO,, whereas it becomes highly
exothermic thus giving lower CO oxidation barriers at
Ti;,;O,-Au interface and on Ti,O,, surface of Ti;,O,/Au-
(111). These DFT calculation results demonstrate that
Ti;,O,,/Au is more active in catalyzing CO oxidation than
Au/TiO, catalyst, consistent with the experimental results that
all Au/TiO,-H500 catalysts exhibit lower apparent activation
energies in CO oxidation than all Au/TiO,-fresh catalysts.

Inferred from these DFT calculation results, the likely
active structure for catalyzing CO oxidation is the capsulating
TiO,_, overlayers in Snm-Au/TiO,-H500 catalysts whose Au
NPs are almost entirely capsulated, while the capsulating
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TiO,_,-Au interfaces in 2nm-Au/TiO,-H500 catalysts whose
Au NPs are partially capsulated. The experimental results
that 2nm-Au/TiO,-H500 catalysts catalyze CO oxidation
more efficiently than Snm-Au/TiO,-H500 catalysts suggest
that the numbers of active sites created in the capsulating
TiO,_,-Au interfaces of 2nm-Au/TiO,-H500 catalysts are
much more than the numbers of active sites created in the
capsulating TiO,_, overlayers of 5Snm-Au/TiO,-H500 cata-
lysts. These results point to a strategy to fabricate highly
efficient catalysts by manipulating the SMSI effect via
engineering metal particle sizes and oxide morphologies of
metal/oxide catalysts.

Conclusion

The Au-TiO, SMSI of Au/TiO, catalysts sensitively
depends on both Au NP sizes and TiO, facets. Au NPs of
ca. 5nm are more facile undergo the Au-TiO, SMSI than
those of ca. 2 nm, while TiO, {001} and {100} facets are more
facile to undergo the Au-TiO, SMSI than TiO,{101} facets.
The resulting TiO, , overlayers on Au NPs exhibit a Ti:O
ratio as around 6:11. Both capsulating TiO,_, overlayers on
Au NPs and capsulating TiO,_.-Au interface of Au/TiO,
catalysts experiencing the SMSI exhibit more facile lattice
oxygen activation and more intrinsically active in catalyzing
low-temperature CO oxidation than the starting Au-TiO,
interface. These results unambiguously unveil the structure
sensitivity of SMSI, which greatly advance fundamental
understanding of SMSI and demonstrate engineering of metal
NP size and oxide facet as an effective strategy to tune the
SMSI for efficient catalysis.
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