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ABSTRACT: Highly dispersed Pt species, typically subnanometric clusters and single-atoms, feature catalysis that differed
significantly from that of the faceted nanoparticles. However, the catalytic chemistry of these size-specified Pt entities is still a subject
of debate. Here, we report that metallic Pt clusters in a bilayer geometry, dispersed on TiO,, served as the active phase for the low-
temperature water—gas shift reaction. The control of Pt dispersion was done by treating a Pt/TiO, sample, where 3 nm Pt particles
dispersed over rod-shaped brookite-TiO,, with oxidative and reductive gases at elevated temperatures (673—873 K). The oxidative
treatment of the Pt/TiO, precursor yielded subnanometric PtO, clusters (<1 nm) at 773 K and cationic Pt single-atoms at 873 K.
Combined microscopic and spectroscopic characterizations revealed that the PtO, clusters had a monolayer geometry, in which the
Pt atoms were loosely connected via the Pt—O—Pt bond and chemically anchored on the surface of TiO, via the Pt—O—Ti bond.
While the cationic Pt single-atoms not only located on the surface but also diffused into the subsurface/bulk of TiO,, presenting in

diverse coordination environments. Catalytic evaluations found that the subnanometric PtO, clusters were more active for the low-
temperature water—gas shift reaction than the cationic Pt single-atoms. More interestingly, the H,-reduction of the PtO, clusters at
773 K resulted in metallic Pt clusters that adopted predominately a bilayer geometry at an appropriate Pt°/(Pt’ + Pt**) ratio. The
surficial m etallic P t a toms t uned t he e lectronic s tructure o f t he p ositively c harged Pt atoms at the P t—TiO, i nterface a nd thus

enhanced the catalytic activity dramatically.
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1. INTRODUCTION been interpreted regarding the size-induced variations in the
geometric and electronic structures of the smaller Pt

8,9

The identification of active sites over precious-metal catalysts oo
entities. "’

constitutes the core issue for elaborating the structure- - he i . vt . I
performance relationships. Pt entities, dispersed over reducible owever, the Increase In catalytic activity is not always

oxides, are highly active for producing chemicals in industrial stralghtfqrward with a decrease.m the suze of Pt entltle.s fror.n
1—4 nanoparticles to clusters and ultimately single-atoms. With this

processes and abating exhaust gases from vehicle emissions. > )
regard, Pt/TiO, sets a typical example for the low-temperature

They are typically present as faceted nanoparticles (2—5 nm),
clusters smaller than 2 nm, and single-atoms. Lowering the size
of the Pt entities, as small as possible, has been actively
pursued to maximize the use of Pt atoms for catalysis.
Cumulative experimental data have demonstrated that Pt
clusters and single-atoms feature catalysis with exponentially
enhanced activity, relative to the faceted nanoparticles."*~”
The chemical nature behind these distinctive performances has
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water—gas shift (WGS) reaction, where the catalytic activity is
commonly associated with the geometric and electronic
structure of the Pt—TiO, interface.'®™'> The interfacial Pt
atom adsorbed CO and the neighboring oxygen vacancy on
TiO, activates H,O. For Pt clusters, the interfacial Pt atoms are
usually positively charged via strong bonding with TiO, for
keeping the smaller size, while their electronic structure is
further tuned sensitively by the surficial metal atoms, which
affects the activity. Pt entities in the size range of 1.2—16.2 nm,
dispersed on TiO,, showed similar turnover frequencies
(TOFs) and activation energies (65.6—71.5 kJ mol™) for
the low-temperature WGS reaction.”” The TOFs, in terms of
surface Pt atoms, kept consistent, irrespective of Pt sizes in a
range of 0.7-5.0 nm on TiO,.'* By contrast, the TOF
increased by about 11 times as the Pt size decreased from 2.6
to 1.0 nm over TiO,." This was ascribed to the higher fraction
of Pt> on the smaller clusters, which weakly adsorbed CO. In
the case of Pt single-atoms on TiO,, the cationic nature of Pt
atoms and their bonding strength to CO, either weaker'® or
stronger,'” was invoked to explain the different and even
opposite observations on the WGS activities. For instance, a
comparative study on Pt entities over TiO, concluded that the
cationic Pt single-atoms strongly bonded with CO and thus
inhibited proceeding of the WGS reaction, whereas Pt particles
adsorbed CO only moderately such that it readily reacted with
H,0."” Pt clusters (1.6 nm) and cationic single-atoms,
dispersed on TiO,, had similar activation energies in the
WGS reaction, but the specific reaction rate (Pt-mass based)
on the single-atoms doubled relative to that on the clusters."
Spectroscopic characterizations suggested that the cationic Pt
single-atom presented as a Pt(II)—O(OH),— species acted as
the active sites. All these reports indicated that the WGS
activities of Pt entities experienced a drastically change beyond
a threshold size due to the variations in the electronic and
geometric structure of the exposed metal atoms,”"’ which
altered the adsorption and activation of the reacting molecules,
typically CO. However, a quantitative description for the
working mechanism from nanoparticles to clusters and to
single-atoms remains challenging, primarily because of the
difficulty in precisely controlling the size and finely tuning the
chemical state of Pt entities in the catalyst system.

In this work, we investigated the catalytic chemistry of Pt
clusters and single-atoms for the low-temperature WGS
reaction and further differentiated the catalytic character of
oxidized and metallic Pt clusters. It was found that the catalyst
containing subnanometric PtO, clusters was much more active
than the catalyst consisting of cationic Pt single-atoms that
mostly diffused into the subsurface/bulk of the TiO, support.
H,-reduction of the PtO, clusters at 773 K led to the formation
of metallic Pt clusters at similar size but in a bilayer geometry.
The surficial metallic Pt atoms tuned the electronic feature of
the interfacial positively charged Pt atoms for CO adsorption
and activation and thereby prompted the WGS activity
significantly.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The rod-shaped brookite-TiO,
support was synthesized by a hydrothermal method. One mL
of tetrabutyl titanate [Ti(OBu),] was added dropwise into a
solution containing 1 g of NaF, 2 mL of water, and 75 mL of
ethanol. The mixture was stirred at room temperature for 30
min and transferred into a 100 mL Teflon-lined autoclave. It
was then heated to 473 K and kept at that temperature for 24

h. After cooling down to room temperature, the precipitate was
collected by filtration, washed with water and ethanol, dried at
353 K for 12 h in vacuum, and finally calcined at 773 K for 4 h
in air.

Pt colloids with a mean size of 2.9 nm were prepared by
refluxing a mixture of H,PtCl:-6H,0 (125 pmol), poly-
vinylpyrrolidone (PVP, 133 mg), 20 mL of water, and 180 mL
of methanol at 353 K for 3 h. The product was collected by
evaporating water and methanol, thoroughly washed with
water and acetone, and dispersed in 50 mL of water, giving a Pt
colloid concentration of 4.5 mol/L.

The initial Pt/TiO, sample was prepared by a colloid-
deposition method. 0.1 g of TiO, was dispersed in 50 mL of
ethanol and sonicated for 30 min at room temperature. 0.42
mL of Pt colloid aqueous solution (4.5 mol/L) was diluted
with 25 mL of ethanol, gradually dropped into the TiO, slurry,
and stirred for 4 h. The precipitate was collected by
centrifugation, washed with water, and dried at 353 K for 12
h, yielding the Pt/TiO, sample.

The dispersion of Pt particles into clusters and single-atoms
was done by calcining the Pt/TiO, sample in air. Specially, air-
calcination of the Pt/TiO, sample at 773 K for 4 h
decomposed the Pt particle into PtO, clusters less than 1
nm, labeled as Pt—C. For obtaining the atomically dispersed Pt
sites, referring to Pt—A, the Pt/ TiO, sample was subjected to a
two-step calcination process, first at 773 K for 24 h and then at
873 K for 10 h. Pt loadings in these samples were around 0.19
wt %, as determined using inductively coupled plasma atomic
emission spectroscopy over a Plasma-Spec-II spectrometer.

2.2. Catalyst Characterization. Nitrogen adsorption—
desorption isotherms were recorded at 77 K using an ASAP
2000 instrument (Micromeritics). Before the measurement,
the sample was degassed at 573 K for 3 h. The surface area was
calculated by a multipoint Brunauer—Emmett—Teller analysis
of the adsorption isotherm. Surface areas of the Pt—C and Pt—
A samples were 64 and 44 m?/g, respectively.

Transmission electron microscopy (TEM) images were
taken over a JEOL F200 microscope operated at 200 kV.
Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy images were acquired using a
JEOL-ARM 300F microscope operated at 300 kV. The
specimen was prepared by ultrasonically dispersing the powder
sample in ethanol, depositing droplets of the suspensions onto
lacey carbon-coated copper grids, and drying in air.

X-ray photoelectron spectra (XPS) were recorded on an
ESCALAB 250Xi spectrometer (Thermo Fisher Scientific)
using an Al Ka radiation source. The sample was pressed into a
thin disc and mounted onto the sample holder that was placed
in the analysis chamber. For the H,-reduced sample, the as-
calcined sample was sequentially reduced with H, in the
pretreatment chamber at 473, 573, and 773 K for 2 h and then
transferred into the analysis chamber, where the spectra of Ti
2p, Pt 4f, and O 1s were recorded. The charging effect was
corrected by adjusting the binding energy of C 1s to 284.6 eV.
Deconvolution of the spectra was done by subtracting the Ti
3s energy loss XPS feature from Pt 4f;,, at 75.0 eV.

X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra of
Pt K-edges were measured at the BL14W1 beamline at the
Shanghai Synchrotron Radiation Facility, China. The X-ray
was monochromatized by a double-crystal Si(311) mono-
chromator. The storage ring was operated at 3.5 GeV with a
current of 230 mA. The sample was pressed into a self-
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Figure 1. STEM images of the Pt—C (A—C) and Pt—A (D—F) samples. The line intensity profiles correspond to the marked regions on the STEM

images.

supporting wafer and mounted into a reaction cell, where the
spectra were recorded at room temperature. EXAFS data were
processed according to the standard procedures using the
Athena and Artemis modules of the IFEFFIT software
packages. EXAFS contributions were separated from different
coordination shells by using hanning windows (dk = 1.0 A™").
Quantitative curve-fittings were carried out in the R-space (Pt
1.2—3.7 A) with a Fourier transform k-space range (Pt 3.2—
11.5 A™"). The overall amplitude reduction factor, S, was set
to 0.82 for the Pt K-edge, obtained by fitting the reference Pt
foil.

Infrared (IR) spectra of CO adsorption were recorded on an
ultrahigh vacuum (UHV) apparatus, combing an IR
spectrometer (Bruker Vertex 80v) and a multichamber UHV
system (Prevac). 200 mg of sample was pressed into an inert
metal mesh and mounted on a sample holder that was specially
designed for the transmission model operation. The sample
was vacuumed at 373 K and treated with atomic hydrogen at
the desired temperature (473—773 K) for 1 h. Exposure to CO
was achieved by using a leak-valve-based directional doser
connected to a tube (2 mm, inner diameter) that terminated 3
cm from the sample surface and 50 cm from the hot-cathode
ionization gauge. IR data were accumulated by recording 256
scans with a resolution of 1 cm™' at 110 K. Before each
exposure, a spectrum of the clean sample was recorded as a
background reference.

2.3. Catalytic Tests. The low-temperature WGS reaction
over the Pt/TiO, catalysts was performed with a continuous-
flow fixed-bed quartz tubular reactor (6 mm, inner diameter)
under atmospheric pressure. 200 mg of sample (40—60 mesh)
was placed between two layers of quartz wools inside the
reactor, and pretreated by flowing a 20.0 vol % O,/He mixture
(30 mL min™") at 673 K for 1 h. After cooling down to 473 K
under He follow (30 mL min™"), the catalyst was exposed to
the feed gas of 1.0 vol % CO/3.0 vol % H,0/He (66.7 mL
min~'). The effluent from the reactor was analyzed online
using gas chromatography equipped with a thermal con-
ductivity detector and a flame ionization detector. To
accurately determine the concentrations of CO and CO, in
the outlet gases, a nickel catalyst converter, used for converting
CO and CO, into methane, was placed before the flame
ionization detector. Reaction rates were measured under
differential reactor conditions with the CO conversion below
13% by adjusting the weight of catalyst and the flow rate of
feed gas.

3. RESULTS AND DISCUSSION

3.1. PtO, Clusters and Single-Atoms. Pt colloids of
about 3 nm in size were deposited onto a rod-shaped brookite-
TiO,, forming the initial Pt/TiO, sample (Figures S1—S3).
Air-calcination of this Pt/TiO, precursor at 773 K for 4 h
yielded PtO, clusters <1 nm on TiO, (the Pt—C sample), as
evidenced by STEM (Figures 1A—C and S4). Most clusters
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Figure 2. XPS spectra of Pt 4f (A) and Fourier transform of the k*-weighted EXAFS spectra at the Pt L, edge (B) of the Pt—C and Pt—A samples.
(C) Schematic illustration of the coordination environments of PtO, monolayers and cationic Pt single-atoms over brookite TiO, {210}.

were less than 0.5 nm in a monolayer geometry, while few
clusters had a relatively greater size of around 0.8 nm in a
bilayer configuration. These ultrafine clusters consisted of
loosely arranged Pt atoms anchored on the surface of TiO,. In
addition, an appreciable amount of Pt single-atoms was
observed to locate around the clusters. When the Pt/TiO,
precursor was subjected to a two-step air-calcination, i.e., first
at 773 K for 24 h and then at 873 K for 10 h, the Pt particle
decomposed into Pt single-atoms (the Pt—A sample, Figures
ID-F and SS). Z-contrast analysis on the STEM images
revealed that a substantial amount of Pt single-atoms diffused
into the subsurface/bulk of the TiO, support.””*' Meanwhile,
few Pt dimers/trimers were seen occasionally, but the Pt atoms
arranged randomly and loosely and thus could be viewed as
single-atoms. These STEM results verified that the 3 nm Pt
particle in the initial Pt/TiO, sample was oxidized and
redispersed into mainly PtO, monolayers on TiO, at 773 K.
Upon calcination at 873 K, the monolayers further spitted into
single-atoms that located on the surface and mostly in the
subsurface/bulk of TiO,. ICP analysis affirmed that Pt
contents remained unchanged (0.19 wt %) in the samples
before and after air-calcinations. This evidenced that the
dispersion of the Pt particle into monolayers and single-atoms
occurred via a solid—solid route, rather than the thermal
evaporation process.”” >

XPS spectra of Pt 4f identified the chemical states of the
surface Pt species in the Pt—C and Pt—A samples (Figure 2A).
Deconvolution of the spectra yielded two types of Pt species.
The spin—orbit doublet at 72.4/75.8 eV referred to Pt**
species, while the doublet at 74.1/77.5 eV indicated Pt*
species.”””® Of note, the binding energy at ~75 €V included
contributions from Ti 3s and Pt 4f;,.”” ">’ Quantitative
analysis, by subtracting the contribution of Ti 3s, found that
the Pt—C sample contained 90% Pt** and 10% Pt**, while the
Pt—A sample consisted of 76% Pt** and 24% Pt*'. This meant
that increasing the temperature for air-calcination enhanced

the fraction of Pt*". That is, the Pt single-atoms are presented
as both Pt** and Pt** in different coordination environments in
the Pt—A sample.

XANES spectra reaffirmed the PtO, clusters and cationic Pt
single-atoms in the two samples (Figure S6). The white line
intensities at Pt L;-edge located between Pt and PtO, foils, but
were closer to that for PtO,, characteristics for PtO,.*’**
Relative to the case of Pt—C, the white line decreased slightly
in Pt—A, despite a higher content of Pt*". This might be caused
by the second-nearest-neighboring Ti atoms that play a key
role in redistributing electronic charge between Pt single-atom
and TiO,.* In other words, a change in the nearest-
neighboring environment affects the electronic properties of
Pt single-atoms. A similar phenomenon has been reported for
Pt/Ce0,—Ti0,.*> The XPS spectra revealed that the increase
in Pt weight loading led to an increase in the fraction of Pt*".
However, the XANES Pt L; edge white line weakened, which
was ascribed to the influence from the nearby Ti atoms.

Fourier transformation in the R-space of the EXAFS spectra
resolved the coordination environments of Pt atoms in the Pt—
C and Pt—A samples (Figures 2B and S7). For having
reasonable fitting models, four paths are involved: Pt—O,, Pt—
Oy, Pt—Pt, and Pt—Ti (Table S1). For the Pt—C sample, only
the Pt—O; path at a distance of 1.99 A and with a coordination
number (CN) of 4.9 was resolved, referring to Pt—O in PtO,
monolayers and/or Pt single-atoms in TiO, lattice.”* > The
distinctly enlarged Pt—Pt distance (2.95 A) with a CN of 1.5
suggested that Pt atoms coordinated via a bridging oxygen
atom in PtO, clusters.”* In addition, a Pt—Ti path distanced at
3.11 A with a CN of 3.0 was resolved, implicating that the Pt
single-atoms were stabilized through ionic interaction with the
lattice oxygen atoms in TiO,.”""*® These results are in line with
the PtO, monolayer geometry, as identified by STEM. For the
Pt—A sample, besides the Pt—O, (1.97 A) path with a CN of
3.9, an additional Pt—O, (2.73 A) path with a CN of 4.3 was
required to adequately account for the intensity between 2 and
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3 A. Such a longer Pt—Oj path has been applied to model the
EXAFS data of oxide-supported Pt catalysts.””~*> As STEM
images in Figure 1 clearly evidenced the thermal decom-
position of PtO, clusters to Pt single-atoms, this Pt—O; path
referred to the loosely arranged Pt single-atoms over the TiO,
surface.””*> Moreover, an additional Pt—Ti path at a distance
of 3.56 A with a CN of 2.8 was resolved in Pt—A. This
significantly increased CN of Pt—Ti indicated that more Pt
single-atoms diffused into subsurface/bulk TiO, in Pt—A, as
observed by STEM. These results demonstrated that the Pt
single-atoms presented in at least three types of coordination
environments (Figure 2C). Some Pt atoms bonded to TiO,
surface with a short Pt—O; (1.97 A) and elongated Pt—O,
(2.73 A) bonds, while others diffused into the subsurface/bulk
of TiO, (Pt—0,, 1.97 A; Pt—Ti, 3.11 and 3.56 A). This is
consistent with the Z-contrasts on the STEM images (Figure
1) and the coexistence of Pt** and Pt* in the XPS spectra
(Figure 2A). Brookite TiO, has an orthorhombic structure
with a unit cell at the space group Pbca.** The TiOg4 octahedra
are distorted, and the oxygen atoms locate in two different
positions. The six Ti—O bonds have different lengths, varying
in the range 1.927—1.987 A. This means that the CN of Ti—O
is maximized to be 6 and its length varies in the lattice. The
second nearest shell with a distance of seven Pt—Ti paths
includes three Pt—Ti with a distance of 3.064 A and four Pt—
Ti at a distance of 3.5614 A. Considering the bonding pattern
(Pt—O-Ti) of Pt single-atoms in subsurface/bulk TiO,, the
maximum CN of the Pt—Ti path would be 7.0.

The dispersion of the Pt particle to PtO, monolayers at 773
K and further to cationic Pt single-atoms at 873 K under
oxidative atmosphere was intimately linked to the surface
energy of the Pt particle and the surface property of brookite
TiO,.***>* The 3 nm Pt particle facilitated the oxidation of
surface Pt atoms to form PtO, species, while the {210} facets
exposed by the rod-shaped brookite-TiO, provided sites to
anchor the mobile PtO, (Figure S2). The oxidation of surface
atoms on the Pt particle to PtO, lowered the cohesive energy
of the metal particle and reduced the energy barrier for the
detachment of Pt atoms, thus amplifying to break the Pt—Pt
bond.*”™* The {210} facets of brookite-TiO, are constructed
by coordinatively unsaturated TiSc and O2c atoms as well
saturated Ti6c and O3c sites. The closely packed atomic
configuration only along the [001] direction results in a higher
surface energy (0.70 J m™2).*" Therefore, both unsaturated
oxygen sites (O2c) and surface Ti sites could anchor the
mobile PtO, species.”*”*" In addition, some Pt single-atoms
diffused into the subsurface or even the bulk of TiO,, where
the Pt atom substituted for a Ti atom and resided in a
coordination-saturated environment, as evidenced by STEM,
XPS, and EXAFS data.

The Pt/TiO, catalysts were tested for the low-temperature
WGS reaction at 473 K. The conversion of CO was 23% over
Pt—C but sharply declined to 3% on Pt—A (Figure 3), showing
the superior performance of the Pt—C catalyst. For kinetic
analysis, the reactions were performed by adjusting the
conversion of CO at around 10% (Table S2), ie., under a
differential reactor condition. The specific reaction rate, based
on Pt-mass, was 3.5 X 10™* molc gp ' s7' on Pt—C but it
dropped to 3.7 X 107> molcg gp, ' 57! over Pt—A. That is, the
intrinsic activity of Pt—C was about one order of magnitude
greater than that of Pt—A. Since the two samples had the same
Pt content (0.19 wt %), this large difference in WGS activity
implicated substantial changes in the size and spatial location
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Figure 3. WGS reaction over the Pt—C and Pt—A catalysts. Reaction
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of Pt entities. As mentioned above, the Pt—C sample featured
PtO,, monolayers over TiO,, while the Pt—A sample consisted
of cationic Pt single-atoms that mostly diffused into the
subsurface/bulk of TiO, and thus became inaccessible for
catalysis. The surface Pt species was tracked by FTIR
spectroscopy using CO as a probe molecule at 110 K (Figure
S8). The IR signal at about 2092 cm™" observed for Pt—C was
ascribed to CO bound to PtO, species,' ">~ whereas nearly
no CO signals over Pt—A were detected. This finding
reaffirmed that most Pt single-atoms in Pt—A were buried
into the subsurface/bulk of TiO, and thus were inaccessible for
CO adsorption.”’ Overall, the Pt—C catalyst, containing
mainly PtO, monolayers, showed an appreciable WGS activity,
but the Pt—A sample displayed a much lower activity simply
because most cationic Pt single-atoms were located in the
subsurface/bulk of TiO,. With this regard, surface PtO,
clusters, for instance, in the form of Pt—O—Pt ensembles, on
oxide-supports have been demonstrated to enhance CO
oxidation activity, as compared to the surface Pt single-
atoms.””’ A recent report showed that the onset of CO
oxidation on Pt/CeO, was linked to the migration of cationic
Pt single-sites to form small clusters containing few Pt atoms.*®
After breaking the Pt—O—Ce bond, Pt atoms moved across the
oxide-support surface and aggregated into smaller PtO,
clusters, over which the reaction took place much faster than
on the cationic Pt single-atoms.

To verify the structure change under WGS condition, the
spent Pt—C catalyst was analyzed by XPS. Deconvolution of
the Pt 4f XPS spectrum yielded two types of Pt species: 57%
Pt’ and 43% Pt** (Figure S9). As the fresh Pt—C sample
contained 90% Pt** and 10% Pt*', this result evidenced that
the PtO, clusters were partially reduced during the WGS
reaction. However, this did not alter the catalytic performance
obviously because the reaction proceeded stably within 8 h. In
other words, the electronic structure of PtO, changed partially
under WGS conditions at 473 K, but it did not cause
appreciable variation in activity.

3.2. Metallic Pt Clusters. To tune the chemical state of
the PtO,, clusters, the Pt—C sample was then subjected to H,-
reduction at 473—773 K, and the resulting samples were
labeled as Pt—C-T, where T refers to the temperature. XRD
patterns of the samples before and after H,-reduction
suggested the stable brookite phase of the TiO, support
(Figure S10). The structural evolution of Pt entities was
monitored by STEM, IR, and XPS. As the temperature was
raised for Hy-treatment, PtO, clusters were gradually reduced
to metallic Pt clusters, and the geometric configuration was
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Figure S. IR spectra of CO adsorption (A) and XPS spectra of Pt 4f (B) on the Pt—C-T samples.

shifted from monolayers to bilayers. Over the Pt—C-473
sample, Pt clusters ranged from 0.2 to 0.8 nm, with an average
size of 0.6 nm in a monolayer geometry (Figures 4A and
S11A—C). Few clusters had a relatively greater size of around
1.0 nm in a bilayer geometry. In addition, a substantial amount
of loosely arranged Pt atoms are located around the Pt clusters.
The corresponding CO-IR spectrum showed distinct bands at
2100—2000 cm™" (Figure SA), characteristics for CO linearly
adsorbed on Pt sites.””*" As compared to the CO-IR spectrum
of the Pt—C sample, where only a weak band at about 2092
cm™! was observed (Figure S8), IR bands over the Pt—C-473
sample intensified apparently. The signal around 2080 cm™
indicated that CO bound to cationic Pt single-atoms, while the
low-lying bands at 2045, 2032, and 2005 cm™! indicated CO
adsorbed on smaller Pt clusters exposing mainly under-
coordinated Pt sites."®'"®* This meant that Pt species
enriched on the surface but presented at diverse coordination
environments, resulting in a variety of CO-IR bands.”
Nevertheless, Pt atoms with low-CNs are still predominantly
present in the Pt—C-473 sample.

In the Pt—C-573 sample, Pt clusters enlarged slightly and
the mean size was 0.8 nm, while the line intensity profiles
indicated the coexistence of monolayers and bilayers (Figures
4B and S11D—F). This aggregation of Pt entities was further
evidenced by the CO-IR band centered at 2065 cm™" (Figure
SA), which was assigned to CO bound to Pt sites with higher
CNs. In the case of the Pt—C-773 sample, Pt clusters averaged
at 1.1 nm and had a bilayer geometry, while Pt single-atoms
vanished completely (Figures 4C and S11G-I). The predom-
inant IR band at 2075 cm™" (Figure SA), originating from CO
adsorbed at highly coordinated Pt sites, supported this
structural evolution. The chemical state of platinum in the
Pt—C-T catalysts was investigated by XPS. Deconvolution of
Pt 4f XPS spectra revealed the coexistence of Pt’ and Pt*" and
the Pt°/(Pt” + Pt*") ratio increased as raising the temperature
for H,-reduction (Figure SB). For the Pt—C-473 sample, both
Pt° and Pt** were detected with a Pt°/(Pt° + Pt**) ratio of
0.45. The Pt°/(Pt° + Pt*") ratio approached 0.75 for the Pt—C-
773 sample. This is in line with the IR data that the
predominant band, stemming from CO adsorption at the
highly coordinated Pt sites, intensified remarkably. In
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summary, STEM images, IR spectra, and XPS data collectively
supported that the PtO, monolayers in Pt—C reshaped into
metallic Pt bilayers upon H,-reduction at elevated temper-
atures along with the slight increase in size. In particular, the
Pt—C-773 sample featured metallic Pt clusters of 1.1 nm in a
bilayer geometry and at a Pt°/(Pt’ + Pt**) ratio of 0.75.

The Pt—C-T samples were then tested for the WGS
reaction, and it was found interestingly that the activity
increased with enlarging Pt clusters. The Pt—C-473 sample,
containing Pt clusters averaged at 0.6 nm in a monolayer
geometry, exhibited a CO conversion of 26% (Figure 6A). As
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Figure 6. WGS reaction over the Pt—C-T catalysts (A) and schematic
illustrations of the Pt bilayer geometry and the electronic characters of
Pt atoms (B). Reaction conditions: 473 K, 1.0 vol % CO/3.0 vol %
H,0/He, 20,000 mL g, ' h™".

Pt clusters were enlarged to 0.8—1.1 nm, the activity increased
dramatically. The conversion of CO was 41% on Pt—C-573
and further increased to 62% over Pt—C-773. Kinetic
measurements (Table S2), at a differential reactor condition,
revealed that the specific reaction rate followed the order Pt—
C-773 (6.8 X 107* molcy gp ' s7') > Pt—C-573 (4.3 x 107*
molco gpe ' s7') > Pt—C-473 (3.8 X 10" molcg gp ' s71). All
of these reaction data verified that the Pt—C-773 catalyst
possessed a substantially enhanced activity, which should be
related to the geometric and electronic structure of the metallic
Pt bilayers.

Low-temperature WGS reaction occurs at the Pt—TiO,
interfacial perimeter via a redox route: Pt adsorbs CO while
TiO, surrounding the interface activates H,0.'"" In this
scenario, the coordination environment of the interfacial Pt
atom is crucial for CO adsorption and activation. Based on the
sizes and the geometries of Pt clusters in the above catalysts,
the TOFs, in terms of interfacial Pt sites, were estimated
(Table S2). The Pt—C and Pt—C-473 catalysts had practically
identical TOFs (0.07—0.08 s™"). Of note, the two samples had
a similar Pt cluster size (0.5—0.6 nm) in a monolayer geometry
but varied chemical state of Pt. The Pt—C sample consisted of
90% Pt** and 10% Pt*', while the Pt—C-473 sample consisted
of 55% Pt** and 45% Pt’. Moreover, the spent Pt—C sample

contained 43% Pt** and 57% Pt’, quite similar to the case in
the Pt—C-473 sample. Considering their similar activities, it
could be inferred that PtO, clusters in Pt—C have been
reduced partially by H, at 473 K and/or under the WGS
conditions, but this variation in electronic property did not
alter the activity essentially. CO-IR spectrum of the Pt—C-473
sample suggested that the Pt clusters exposed under-
coordinated Pt sites at diverse coordination environments.
The positively charged Pt atoms weakly adsorbed CO, as
indicated by the characteristic signal around 2080 cm™ and
thus leading to a lower activity. *> By contrast, the TOF
increased sharply to 0.24 s™' over the Pt—C-773 catalyst. As
illustrated by STEM, IR, and XPS data, the metallic Pt bilayers
had an average size of 1.1 nm. The interfacial Pt atoms were
positively charged (Pt**) via interacting with TiO,, while the
surficial Pt atoms were metallic (Pt°) and coordinated to the
interfacial Pt** atoms (Figure 6B). This Pt—Pt bonding could
modify the electronic character of the interfacial Pt site,*~%
and consequently its interaction with CO."”%* Most likely, the
Pt’—Pt**—O-Ti configuration tuned the charge balance
between surficial Pt’ and interfacial Pt** for CO adsorption
and activation in an appropriate manner, i.e., not too strong
and not too weak, as evidenced by the characteristic IR band
(2075 cm™") for CO adsorption on highly coordinated Pt sites
(Figure SA).

For comparison, a reference sample (Pt—P) was prepared by
calcining the Pt/TiO, precursor at 673 K in air. The Pt
particles had an average size of 3.3 nm and a hemisphere
morphology with distinct interfaces with the TiO, support
(Figure S12). When tested for the WGS reaction at 473 K, the
specific reaction rate was 1.2 X 107" molc gp ' 57! (Table
S2), much lower than that (3.8 X 107 molcq gp ' s7") of the
Pt—C sample. The TOF, estimated by counting the number of
interfacial Pt sites, however, was about 0.39 s~!. This further
evidenced the crucial role of the Pt—TiO, interface in the
WGS reaction.

3.3. H,-Reduction of Cationic Pt Single-Atoms. The
Pt—A sample was also treated with H, at temperatures up to
773 K to reduce the number of cationic Pt single-atoms. The
resulting samples were labeled as Pt—A-T, where T refers to
the temperature. In the Pt—A-473 sample, STEM observations
suggested that surface Pt atoms increased apparently (Figures
7A and S13A—C). This implicated the migration of Pt single-
atoms from the subsurface or bulk to the surface of TiO,. For
the Pt—A-773 sample, Pt single-atoms still dominated, while Pt
clusters of about 1 nm were seen occasionally (Figures 7B and
S13D—F). The appearance of Pt clusters was further evidenced
by XAS. The white line intensities of Pt—A-473 and Pt—A-773
located between PtO, and Pt foils (Figure 7C), indicating a
mixture of Pt° and Pt**/Pt*". The reduced intensity in the Pt—
A-773 sample implicated an increased percentage of metallic
Pt.**** Pt—O path in the EXAFS spectra weakened, but that
of the Pt—Pt path, characteristics for metallic Pt clusters,
intensified apparently (Figure 7D). CO-IR spectra evidenced
the reduction and aggregation of Pt single-atoms. The Pt—A-
473 sample showed very weak and broad bands at 2100—2000
cm™" (Figure 7E), stemming from the adsorption of CO on Pt
in diverse coordination environments. This result verified that,
compared to the inaccessible Pt sites on the Pt—A sample, Pt
atoms migrated from the subsurface/bulk to the surface of
TiO,. The Pt—A-773 sample showed distinctive bands for CO
adsorption on the Pt sites. The signal at 2099 cm™' was
ascribed to CO adsorption at cationic Pt single-atoms, while
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Figure 7. Structure and catalytic performance of the Pt—A-473 and Pt—A-773 samples. (A,B) STEM images; (C,D) XANES and Fourier transform
of the k*-weighted EXAFS spectra at Pt L, edge; (E) CO-IR spectra; and (F) CO conversions. Reaction conditions: 473 K, 1 vol % CO/3 vol %

H,0/He, 20,000 mL g, ' h™".

the intense bands at 2069 and 2058 cm™" indicated CO bound
to Pt sites of ultrafine Pt c lusters.>*>> T hese S TEM, EXAFS,
and IR data collectively illustrated that some Pt single-atoms,
originally located at the subsurface/bulk of TiO,, migrated and
combined into tiny clusters over the TiO, surface. When tested
for the low-temperature WGS reaction, the Pt—A-473 catalyst
showed a similar performance to the Pt—A sample, with a CO
conversion of around 3%. Over the Pt—A-773 catalyst,
however, the conversion of CO increased to 7% (Figure 7F),
evidencing that Pt clusters, even if minority, largely contributed
to the activity.

4. CONCLUSIONS

Upon air calcination, 3 nm Pt particles supported by a rod-
shaped brookite-TiO, dispersed into subnanometric PtO,
clusters at 773 K and cationic Pt single-atoms at 873 K. The
PtO, clusters averaged at 0.5 nm in size and presented mainly
in a monolayer geometry, while the cationic Pt single-atoms

not only located on the surface of TiO, but also diffused into
the subsurface/bulk of TiO,, existing in diverse coordination
environments. The PtO, monolayers were more active for the
low-temperature WGS reaction than for the cationic Pt single-
atoms that were mostly inaccessible for catalysis. More
importantly, the subsequent H,-reduction of PtO, monolayers
at 773 K yielded metallic Pt clusters that enhanced the WGS
activity significantly. The metallic Pt clusters had a mean size
of 1.1 nm in a bilayer geometry at a Pt°/(Pt’ + Pt**) ratio of
0.75, where the surficial metallic Pt° atoms tuned the electronic
property of the positively charged interfacial Pt** atoms,
thereby facilitating CO adsorption and activation.
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