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A Ti>*-rich rutile TiO, with a surface lattice expansion structure was
constructed by H, treatment, on which the supported Pt single
atoms were stabilized in a highly oxidized state under a CO oxida-
tion reaction atmosphere and had a weaker affinity for CO, thus
exhibiting robust catalytic performance.

Increasing the metal dispersion by decreasing the size of noble
metal particles is one of the most promising ways to lower the
cost of noble-metal catalysts for practical applications."?
Another critical motivation for studying highly dispersed metal
catalysts is to explore the novel catalytic behavior associated
with the subnanometric metal species, including single atoms
(SAs) and small metal clusters.’>”® Despite the increasing pub-
lications, there are some arguments on the working active sites
in single-atom catalysts (SACs).” For instance, it is claimed by
some researchers that Pt SAs surpass conventional nano-
particles for catalytic CO oxidation,'®"" while others insisted
that clusters or nanoparticles are the real active sites.’*™*>

To address the reaction mechanism and the nature of active
sites, one has to consider various factors that may influence the
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Boosting the catalytic performance of single-atom
catalysts by tuning surface lattice expanding
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catalytic behavior/stability of SAs. By translating the lessons learnt
from systems based on metal nanoparticles into SAs,"®! we expect
that the surface properties/structures of the oxide supports should
have a profound influence on the catalytic behavior of SAs.'*?*??
From a structural point of view, the solid carriers influence the
catalytic performance of the supported SAs through modulating
their coordination environment, which could be the key to the
comprehension and modification of single-atom catalysis.**>® In
this work, it is demonstrated that the electron deficiency and
coordination environments of the supported Pt SAs could be tuned
through engineering the TiO, surfaces, resulting in the change of
adsorption/desorption behaviors of Pt SAs to reactants (CO and O,),
and thus improving the CO oxidation activity.

Using a previously reported H,-treatment method at 873 K,”
reduced surfaces with rich Ti** on rutile TiO, nanoparticles were
constructed. The degree of surface reduction was controlled by
varying the partial pressure of H,. According to the color of the
powder (Fig. S1, ESIt), the reduced and highly reduced TiO,
samples are labeled as TiO,-Gr (Gr means “grey”’) and TiO,-Dg
(Dg means “dark grey”), respectively. Rutile powder treated at 873 K
in air was used as the non-reduced reference support, denoted as
TiO,-Wt. Although there are numerous works on the structures of
reduced TiO,, the detailed features of the surfaces of reduced TiO,
materials are not clearly revealed at an atomic level.”* *° According
to the results of transmission electron microscopy (TEM, Fig. S2,
ESIt) and X-ray diffraction (XRD, Fig. S3, ESIf), the pre-reduction
treatment generally did not affect the particle size or the morphol-
ogy of the rutile nanocrystals, which was also evidenced by the
barely changed BET surface area (23-24 m” g~ for all samples).
Therefore, the pre-reduction treatment mainly influences the sur-
face properties of the rutile nanocrystals. For TiO,-Wt (Fig. 1(A)), the
distance of lattice fringes near the surface region is identical to that
in the bulk region (2.5 A). For the reduced samples, however, the
lattices near the edge are larger than the bulk phase (Fig. 1(B) and
(C)) and the surface lattice near the edge on TiO,-Dg (2.7 A) is even
larger than that on TiO,-Gr (2.6 A). These observations demonstrate
the changes in the crystalline structure of the TiO, surface after H,
treatment.
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Fig. 1 (A)-(C) High-resolution TEM images of TiO,-Wt (A), TiO,-Gr (B),
and TiO,-Dg (C), insets magnifying the selected parts in red squares from
the corresponding images. (D) The AC-STEM-HAADF image of TiO,-Dg
(scale bar: 2 nm), inset showing the simulated reduced surface structure of
rutile (101). (E) The line profile of intensity along the arrow in D. (F) The EELS
spectra of 2 spots from the edge (pink) and the core (blue) of the same
TiO, nanocrystal in D. (G) The FFT pattern of the corresponding region in
(D) of the TiO,-Dg sample.

We further investigated TiO,-Dg by aberration-corrected
STEM in the high-angle annular dark-field mode (AC-STEM-
HAADF) along with electron energy loss spectroscopy (EELS).
The expansion of the surface lattice is also confirmed using the
AC-STEM-HAADF images (Fig. 1(D) and (E)). Moreover, as
shown in Fig. 1(F), the four peaks in the EELS spectrum of
bulk spot (pink) could be divided into 2 groups, Ti-L; and Ti-L,,
indicating a typical rutile TiO, structure. However, the 2 broad
peaks in the EELS spectrum of the edge spot (blue) are ascribed
to the signal of Ti*" species.*™**> Various spectroscopic char-
acterization methods (XAFS, EPR, and Raman, Fig. S4-S10 and
Table S1, ESIt) further confirmed the presence of the surface
lattice expansion with a slight decrease of the periodicity and
Ti*" on reduced TiO, surfaces. Density functional theory (DFT)
calculations suggested that the surface crystalline lattice expan-
sion is caused by the formation of Ti** (67 pm) with a larger
ionic radius than Ti*" (60.5 pm) (Fig. S11, ESIY).

To study the catalytic behavior of the supported active
species potentially influenced by surface geometries and elec-
tronic structures, Pt SAs (0.1 wt%) were deposited on different
TiO, surfaces via a wetness impregnation method. As shown
in Fig. 2(A)-(C), Pt SAs are observed as bright dots in the
AC-STEM-HAADF images, confirmed by the corresponding
contrast profiles (Fig. 2(D)-(F)). Moreover, the positions of Pt,
matched well with the columns of Ti atoms, suggesting that Pt
should be located at the substitution sites or epitaxial growth
sites of Ti ions on the TiO, surface. According to the results of
in situ diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) with CO as the probe molecule (CO oxidation
atmosphere at 373 K, Fig. 2(G)), the CO adsorption bands are at
2130-2110 cm™ ' in all three samples, which are ascribed to

mono-carbonyl species linearly adsorbed on isolated Pt’"
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Fig. 2 (A)-(C) The AC-STEM-HAADF images of Pt;/TiO,-Wt(A), Pty/
TiO,-Gr(B), and Pt;/TiO,-Dg(C), in which some Pt atoms are circled (scale
bar: 2 nm). (D)—-(F) Line profiles of scattered electron intensities along the
arrows in the corresponding HAADF images. (G) In situ DRIFT of CO
oxidation on all 3 samples at 373 K (gas feed 1% CO, 1% O,, and He
balance). (H and 1) EXAFS (H) and XANES (I) of Pt;/TiO, samples with Pt and
PtO, as references.

Energy (eV)

atoms.®® The varied positions of CO IR bands on Pt;/TiO,-Wt,
Pt;/TiO,-Gr and Pt;/TiO,-Dg hinted at the different valence
states and coordination environments of Pt; on different TiO,
supports. It was also noticeable that the full width at half
maximum (FWHM) of these CO IR bands were different. The
well-defined CO IR band with high symmetry on Pt,/TiO,-Dg
indicated the uniform states of Pt,, which could be related to Pt
anchored on the same sites induced by the Ti**/surface defects,
i.e., the reaction between the reduced TiO, surface and Pt-O,/Pt-
(OH), could help strongly anchor the Pt atoms. As illustrated by
Pt-L; edge EXAFS (Fig. 2(H), Fig. S13-S15 and Table S2, ESIY),
there is only one dominant coordination shell of Pt-O for all
three samples, suggesting that Pt species are in the single-atom
form. Tt was also revealed that the Ti-O distance was 1.95 A
(Table S1, ESIt) and the average Pt-O distances on Pt;/TiO,-Wt,
Pt,/TiO,-Gr and Pt,/TiO,-Dg were ca. 2.05, 2.02 and 2.02 A
(Table S2, ESIt), respectively. With the increase in the degree
of surface reduction of TiO, supports, the average Pt-O dis-
tance decreased from 2.05 to 2.02 A, suggesting the stronger
confinement of Pt atoms within the reduced TiO, samples.
Then the catalytic performance of the prepared Pt;/TiO,
samples in the CO oxidation reaction at 373 K was evaluated. As
listed in Table 1, compared to Pt;/TiO,-Wt, Pt SAs supported on
reduced TiO, exhibited significantly enhanced activities. The
apparent activation energies of Pt;/TiO,-Dg and Pt;/TiO,-Gr are
also lower than that of Pt,/TiO,-Wt (Fig. S12, ESIT), confirming the
higher CO oxidation activity on Pt SAs supported on the reduced
TiO,. Pt;/TiO,-Dg also exhibited one of the most outstanding CO
oxidation activities among those recently reported SACs.
Detailed characterization on Pt;/TiO, samples and DFT
calculations were performed to reveal the reasons for their

This journal is © The Royal Society of Chemistry 2022
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Table 1 The CO oxidation activity of Pt;/TiO, samples

Reaction rate at

Samples 373 K x 10% (molgo molp. " s7')*  Eapp (K mol™") Ref.
Pt,/TiO,-Wt  0.80 £ 0.01 42.1 £ 1.5
Pt,/TiO,-Gr  1.49 +£ 0.05 309 £1.1
Pt,/TiO,-Dg  3.48 + 0.12 28.7 £ 1.8

Pt,/TiO, 2.12 (433 K) 68.5 34
Pt,/KLTL  1.20 (423 K) — 10
Pt,/0-ALO; 1.3 (473 K) — 35
Pt,/CeO, 0.60 42.5 36

different catalytic performances. As demonstrated in Fig. 2(G),
the positions of CO band centers follow the order of CO-Pt,/
TiO,-Dg > CO-Pt;/TiO,-Gr > CO-Pt,;/TiO,-Wt, indicating a
more significant electron deficiency for Pt single atoms on
the reduced surfaces, leading to the higher valence of Pt, well
supported by Pt-L; edge XANES (Fig. 2(I)). This stronger inter-
action between Pt; and the reduced TiO, surface could be better
illustrated with the CO,4-TPO test by in situ DRIFTS (Fig. S16,
ESIT) revealing that the Pt; anchored on TiO,-Dg was rather
stable and exhibit a high electron deficit even at high tempera-
tures. The high stability of Pt; on TiO,-Dg was also well proved
by in situ DRIFTS of CO adsorption on used samples after the
CO oxidation test (Fig. S17, ESIY).

As discussed above, Pt; with high electron deficiency stabilized
by reduced TiO, might play a key role in the catalytic process at
low temperatures. To further understand the nature of Pt sites
theoretically, we computed the structures of Pt atoms supported
on perfect and reduced rutile TiO, (101) surfaces, denoted as Pt/
perfect TiO, (S1) and Pt;/reduced TiO, (S2), respectively. As
depicted in Fig. 3(A), for Pt,/perfect TiO,, the Pt atom is bonded
to the surface oxygen atoms (S1). For Pt,/reduced TiO, (S2), based
on the observation that Pt SAs on reduced TiO, support were
confined by the expanded surface lattice, we constructed a
structural model in which a Ti atom near the oxygen vacancy
was replaced by a Pt atom (S2, Fig. 3(B)), which was also proposed
in previous studies.®” The calculated formation energy of isolated
Pt atoms at the Ti site (S2, 1.12 eV) is far less than that of Pt atoms
on the perfect TiO, surface (S1, 2.43 €V), suggesting that the break
of surface periodicity and expansion of surface lattice (TiO,-Gr
and TiO,-Dg) can benefit the substitution of Ti atoms by Pt atoms.
The lower formation energy of the S2 structure is potentially
related to higher stability, in accordance with the CO,4q-TPO
results (Fig. S16, ESIt). To better illustrate the structural proper-
ties of Pt SAs in S1 and S2, the electron localization function is
also computed (Fig. 3(C) and (D)), and a stronger interaction
between Pt and O atoms for S2 can be concluded from the higher
electron deficiency of Pt (+1.13 higher charge transfer) at the
interface of Pt-O. Moreover, compared to S1, higher adsorption
energy of O, and lower activation energy of the O-O dissociation
are achieved on Pt atoms in S2 (Fig. S18, ESIt). These findings
indicate the stronger interaction between O atoms and Pt SAs
supported on reduced TiO, surfaces, consistent with the XAFS
results.

The different apparent activation energies of all three sam-
ples (Table 1 and Fig. S12 (ESIt), Pt;/TiO,-Dg < Pt;/TiO,-Gr <

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The simulated structures of S1 (A) and S2 (B). Blue, green, and red
balls indicate Pt, Ti, and O atoms, respectively. The electron localization
function analysis of the corresponding Pt/TiO, structures (C for S1 and
D for S2).

Pt,/TiO,-Wt) indicated that the reaction pathways of catalytic
CO oxidation might vary on Pt SAs with different coordination
environments. Considering the strong adsorption of CO mole-
cules on Pt species at low temperatures and previous
reports,***® CO oxidation on Pt SAs following the Langmuir-
Hinshelwood (L-H) mechanism was simulated first (Fig. 4). For
Pt atoms supported on perfect TiO, (S1), after the adsorption of
CO on Pt, substantial distortion (TS1) was observed with a
relatively high adsorption energy (—2.69 eV), in line with the
previous reports.'® This strong adsorption hinders the follow-
ing reaction with adsorbed oxygen. As a result, Pt;/TiO,-Wt will
exhibit limited CO oxidation activity via the L-H pathway.
However, for Pt atoms anchored on reduced TiO, (S2), the
adsorption energy of CO decreased remarkably, which facil-
itates the reaction between adsorbed CO and adsorbed oxygen,
evidenced by the lower energy barrier. Moreover, we also tested
another pathway, in which adsorbed CO molecules react with
lattice oxygen directly, known as the Mars-van Krevelen (MvK)
mechanism.***° With a little decrease of the energy barrier for
S1 (Fig. S19, ESIt), the results still show that Pt SAs in the S2
configuration under the L-H pathway are more favorable. In
short, for Pt SAs supported on TiO, surfaces, the CO oxidation
follows either the L-H or the MvK pathway, depending on the
chemical environment of Pt atoms, and the determining step is
the reaction of strongly adsorbed CO with activated oxygen.
That is, Pt SAs on reduced TiO, with higher electron deficiency
would suppress the strong CO adsorption, which is the key to
higher CO oxidation activity.

In summary, we have investigated the effect of surface
engineering on the rutile TiO, via H,-reduction at high tem-
peratures. The reduced TiO, with abundant Ti** and surface
lattice expansion structures can induce the formation of Pt SAs
with high electron deficiency and stability, which leads to
weaker CO adsorption and facilitates further reactions between
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Fig. 4 The energy diagram of CO oxidation on Pt;/perfect TiO, (pink) and
Pt;/reduced TiO, (blue) at 373 K via the Langmuir—Hinshelwood mecha-
nism. All pathways are corrected to free energy. Blue, green, gray, and red
balls indicate Pt, Ti, C, and O atoms, respectively.

adsorbed CO and activated O species. This work sets forth an
example of how structural changes can tune the electronic
properties and the coordination environment of supported
single atoms, ultimately boosting their catalytic activity. The
idea of surface structural modification of the catalyst carriers
provides new insights into understanding the performance of
SACs and ways to improve them.
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