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In this work, we show that the size and shape of Pt nanoparticles in SBA-15 can be controlled through vacuum and air
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calcinations. The vacuum-calcination/H,-reduction process is used to thermally treat a 0.2 wt% Pt*/SBA-15 sample to

obtain small 2D clusters and single atoms that can significantly increase Pt dispersion in SBA-15. Compared with thermal

treatments involving air-calcination/H,-reduction, which result in ~ 4.6 nm rod-like Pt particles, vacuum-calcination/H,-

reduction can dramatically reduce the size of the Pt species to approximately 0.5-0.8 nm. The Pt particles undergoing air-

calcination/H,-reduction have poor conversion efficiency because the fraction of terrace sites, the major sites for CO

oxidation, on the rod-like Pt particles is small. In contrast, a large amount of low-coordinated Pt sites associated with 2D Pt

species and single Pt atoms in SBA-15 is effectively generated through the vacuum-calcination/H,-reduction process, which

may facilitate CO adsorption and induce strong reactivity toward CO oxidation. We investigated the effect of vacuum-

calcination/H,-reduction on the formation of tiny 2D clusters and single atoms by characterizing the particles, elucidating

the mechanism of formation, determining the active sites for CO oxidation and measuring the heat of CO adsorption.

1. Introduction

Platinum catalysts have been widely used in industrial
applications, including the reduction of pollutant gases in the
environment, electrocatalytic reaction, hydrogenation and
complete oxidation.”™ The catalytic oxidation of carbon
monoxide to carbon dioxide is an essential reaction for
protection because of its importance in
14220 bt is recognized as a scarce resource and
a limiting step in the development with high levels of catalytic
activity because of the high cost of this precious metal. Thus,
enhancement of the efficiency of these Pt catalysts is an
attractive topic in catalysis research. The preparation of small
metallic Pt nanoparticles (NPs) has been extensively
investigated and is viewed as an active area of research in
solid-state physics and chemistry. In comparison to the bulk
material, platinum NPs typically offer increased concentrations
of partially coordinated surface sites and consequently appear
to be highly reactive in catalytic reactions. Recently, the shape-
and size-controlled syntheses of Pt NPs have become an
attractive goal for the development of catalysts with increased

environmental
emission control.
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atoms.

fractions of low-coordinated Pt surface
Alternatively, single-atom catalysts on Pt;/FeO, and Pt;/Al,03
supports could be developed and used in the CO oxidation
reaction because the Pt loading of these catalysts has been
reduced to as low as ~0.2 wt%."**°

In recent years, mesoporous silica materials, e.g., MCM-41,
MCM-48 and SBA-15, have been used extensively as catalyst
supports because they possess high surface areas.”’ ' In the
preparation of Pt NPs, SBA-15 mesoporous materials are
frequently used to improve Pt dispersion, obtain nanosized Pt
particles and control the shape of Pt particles because of their
high surface area and ordered structure.’ The synthesis of
highly dispersed Pt catalysts may enhance the efficiency of
catalytic reactions while reducing the use of Pt metal.

In general, thermal treatments performed by calcination in air
and reduction in H, can lead to the formation of 3D Pt NPs.
When SBA-15 is used as a support, the growth of Pt NPs
usually occurs along the direction of the channel, which results
in the formation of nanowire or nanorod shapes.25 However,
tiny Pt clusters less than 1 nm and/or single Pt atoms are
usually difficult to generate in SBA-15 channels through
traditional thermal treatments with air-calcination and H,-
reduction, even if a low Pt loading is used.?*® In this
investigation, an as-impregnated Pt4+/SBA-15 sample calcined
under vacuum is used to generate large amount of tiny Pt
clusters and single Pt atoms in SBA-15 materials. The catalytic
activity of the CO oxidation reaction was compared for Pt
species subjected to different calcination processes (i.e., air-
and vacuume-calcination). We used a variety of experimental
techniques to characterize the Pt NPs, probe their mechanism
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of formation and investigate the catalytic behavior of Pt sites
for CO oxidation.

2. Experimental
2.1 Catalyst preparation

Mesoporous SBA-15 silica was synthesized by adding 40.2 g of
tetraethoxysilane (TEOS) to a pre-mixed solution of 10.8 g of
35% HCI solution and 18.7 g of pluronic P-123 (EO,,PO7,EOy),
which yielded a mixture with a molar composition of 1
TEOS:0.017 P-123:0.54 HCI:100 H,0. The mixture was stirred at
308 K for 24 h and further aged at 363 K for 24 h. The product
was filtered and dried at 363 K. The as-synthesized SBA-15 was
calcined at 813 K for 6 h to remove the copolymer template.
The Pt/SBA-15 catalyst was prepared by impregnating 1 g of
the SBA-15 sample with 20 mL of 5.1x10°% M aqueous H,PtClg
to prepare 0.2 wt% Pt catalysts. The Pt/SBA-15-VH sample was
obtained by vacuum-calcination of the impregnated Pt**/SBA-
15 under vacuum (4><10'5 torr) at 673 K for 5 h and subsequent
reduction under H, at 673 K for 5 h. In the case of the
impregnated Pt*/SBA-15 calcined in air and reduced in H, at
673 K for 5 h, the sample is denoted as Pt/SBA-15-AH.

2.2 Brunauer—Emmett—Teller (BET) surface area measurements

N, physisorption isotherms were measured at 77 K using a
Quantachrome  Autosorb-1-MP  instrument.
Emmett-Teller (BET) surface areas were calculated from the
adsorption branches in the relative pressure range of
0.05—-0.30. The isotherms were analyzed by the nonlocal
density functional theory (NLDFT) method to evaluate the pore
sizes of the samples using the kernel of NLDFT equilibrium
capillary condensation isotherms of nitrogen at 77 K on silica
(adsorption branch assuming cylindrical pore geometry); the
total pore volumes were evaluated at a relative pressure of
0.95.

Brunauer—

2.3 Small- and wide-angle X-ray diffraction (XRD) measurements

The structures of the SBA-15 before and after Pt deposition
were identified by small-angle X-ray diffraction (XRD) patterns
recorded on a MacScience MXP18AHF diffractometer
equipped with a Cu K, radiation source (0.1549 nm). The Pt in
the Pt/SBA-15 samples was characterized by wide-angle XRD
patterns collected over the 20 range from 20 to 70° on a
Rigaku Miniflex Il equipped with a Cu K, radiation source
(0.1549 nm).

2.4 Transmission electron microscopy (TEM)

High-resolution TEM analyses were performed on a JEOL-
JEM3000F instrument located at the High Valued Instrument
Center of the National Tsing Hua University, Taiwan. The
instrument was operated at 300 KeV. After the catalyst
samples were pre-treated, they were dispersed in methanol
and the resulting solution was ultrasonically mixed at room
temperature. A portion of this solution was dropped onto a Cu
grid for TEM imaging.
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2.5 In situ X-ray absorption spectroscopy (XAS)

XAS spectra were recorded at the BL17C1 beam line at the
National Synchrotron Radiation Research Center (NSRRC),
Taiwan; the electron storage ring was operated at 1.5 GeV. All
the XAS powder studies of the NPs were conducted in a
custom stainless steel cell. Two holes were made in the cell,
one on the top of the cell and the other on one side. After the
solid samples were placed inside the cell, the holes were
closed with Kapton film to avoid exposure of the sample to the
ambient atmosphere. All spectra were recorded at room
temperature in transmission mode. The higher harmonics
were eliminated via detuning of the double Si(111) crystal
monochromator. Three gas-filled ionization chambers were
used in series to measure the intensities of the incident beam
(lp), the beam transmitted by the sample (I;) and the beam
subsequently transmitted by the reference foil (I,). The third
ion chamber was used in conjunction with a Pt foil reference
sample for Pt L;-edge measurements. The parameters for the
extended X-ray absorption (EXAFS)
measurements, data collection modes and error calculations
were all controlled according to the guidelines set by the
International XAFS Society Standards and Criteria Committee.
The EXAFS data were reduced using standard procedures. We
obtained the EXAFS function x by subtracting the post-edge
background from the overall absorption and normalizing with

fine  structure

respect to the edge jump step. The normalized X(E) was
transformed from energy space to k-space, where k is the
photoelectron wave vector. The x(k) data were multiplied by K
for the Pt Ls;-edge experiments to compensate for the
dampening of the EXAFS oscillations in the high k region.
Subsequently, the x(k) data in k-space, which ranged from 3.1
to 12.4 A™ for the Pt L;-edge, were Fourier transformed (FT) to
r-space to separate the EXAFS contributions of the different
coordination shells. All computer programs were implemented
using the UWXAFS 3.0 software package, and the
backscattering amplitude and the phase shift for the specific
atom pairs were theoretically calculated using the FEFF7 code.
Structural parameters such as the coordination number (N)
and the bond distance (R) were successfully calculated from
these analyses.

2.6 Measurement of the FT-IR spectra

The in situ DRIFT analysis of CO adsorption was performed
using a Nicolet 5700 FTIR spectrometer equipped with a
mercury cadmium telluride (MCT) detector; the instrument
was operated at 1 cm™ resolution, 2.6 Measurement of the FT-
IR spectra The in situ DRIFT analysis of CO adsorption was
performed using a Nicolet 5700 FTIR spectrometer equipped
with a mercury cadmium telluride (MCT) detector; the
instrument was operated at 1 cm™ resolution, and 256 scans
were collected. The DRIFT cell (Harrick) was equipped with
ZnSe windows and with a heating cartridge that allowed the
sample to be heated to 773 K. Samples used to obtain IR
spectra of CO adsorbed onto Pt/SBA-15 were prepared by
passing CO through Pt/SBA-15 samples for 30 min at room

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Characterization of Pt/SBA-15 catalysts

Nanoscale

Catalyst CO adsorption Pt surface area’ Pt particle size® Dispersion
(nmol/g cat.) (m’/g) (nm) (%)
Pt/SBA-15-VH 7.4 0.62 nd* 72
Pt/SBA-15-AH 2.8 0.24 4.6 28

?Estimate from CO chemisorption; °Estimate from the XRD spectra in Fig. 1; “The XRD pattern was too weak to be observed.

temperature; the residual gaseous CO was purged using a He
stream for 60 min.

2.7 Measurement of the Pt surface area

The Pt surface areas of the Pt/SBA-15 catalysts were measured
via saturated CO chemisorption at room temperature in a glass
vacuum system. All Pt catalysts were calcined in air and
reduced under H, at 673 K for 5 h before CO chemisorption.
The Pt sample disk was prepared by pressing 0.2 g of catalyst
at 260 atm; the disk was repeatedly reduced under 760 torr H,
at 673 K for 2 h and then heated under vacuum at 4x10” torr
and at 673 K in a glass vacuum system for 30 min. Twenty torr
of CO was introduced to the catalyst at room temperature for
10 min to achieve uptake saturation. The surface area of the Pt
catalyst was calculated assuming a stoichiometric CO/Pt ratio
of 1. The average surface density of the Pt metal was 7.1x10'®

Pt atoms/mz.34

2.8 Catalytic tests for CO oxidation

All CO oxidation reactions were performed in a fixed-bed
reactor (0.95 cm inner diameter) at atmospheric pressure. A
thermocouple connected to a PID temperature controller was
placed on top of the catalyst bed. The CO oxidation activity
measurements were performed in a fixed-bed reactor at
atmospheric pressure. The gas reactant mixture containing
4.5% CO and 2.23% O, was passed through the catalyst bed. All
products were analyzed via gas chromatography (GC) through
a 12-ft Porapak-Q column; the gas chromatograph was
equipped with a thermal conductivity detector (TCD).

3. Results
3.1 XRD spectra and CO chemisorption of Pt/SBA-15

Fig. 1 shows the XRD patterns of the reduced Pt structures on
SBA-15; the patterns exhibit peaks at 20= 39.6°, 46.0° and
67.2°; these peaks correspond to the (111), (200) and (220)
facets, respectively. The average particle size of the reduced
Pt/SBA-15 samples was calculated according to the Scherrer
equation using the full-width at half-maximum (fwhm) values
of the Pt(111) peaks, as shown in Table 1. The Pt surface area
and dispersion of all the Pt/SBA-15 catalysts used in the
experiments were measured via saturated CO chemisorption
at room temperature. The size of the Pt NPs of the Pt/SBA-15-
AH sample estimated from the XRD pattern was ~4.6 nm, and

This journal is © The Royal Society of Chemistry 20xx

the CO chemisorption results indicated 28% Pt dispersion.
When the impregnated Pt4+/SBA-15 sample was subjected to
vacuum calcination followed by reduction under H,, the XRD
signal of Pt/SBA-15-VH was too weak to be discriminated from
the background. The Pt surface area and dispersion of Pt/SBA-
15-VH were ca. 2.6 times greater than the surface area and
dispersion of the Pt/SBA-15-AH sample; this increase is
ascribed to the effect of vacuum calcination on the Pt/SBA-15-
VH.

3.2 TEM images

HRTEM images of the reduced Pt/SBA-15 catalysts are shown
in Fig. 2. The Pt particles apparently formed inside the
channels of SBA-15. In the image of the reduced 0.2 wt%
Pt/SBA-15-VH sample (image a), extremely tiny Pt particles less
than 1 nm in diameter were observed to be dispersed in the
SBA-15 structure. This observation suggests a reasonable
interpretation of why the XRD pattern of the 0.2 wt% Pt/SBA-
15-VH sample exhibit no discernible peaks (Fig. 1). In the case
of the 0.2 wt% Pt" impregnated onto SBA-15 via air-
calcination and H,-reduction (Pt/SBA-15-AH), large Pt NPs
confined in the structure SBA-15 were clearly observed
(images b and c). Several spheroidal Pt NPs formed inside the
channels of the pure SBA-15 structure.

3.3 Small-angle XRD and BET results

Fig. 3 shows the small-angle XRD patterns of the SBA-15
support with and without the reduced Pt nanoparticles. Each
spectrum exhibited three well-resolved diffraction peaks in the
region of 20=0.5-2.0°; these peaks were indexed to the (100),
(110), and (200) planes characteristic of a material with 2D

—— PUSBA-15-AH
PUSBA-15-VH

[ A

(200)

wf'w,*‘# “"‘ \
\ ‘hvﬂ("l \
‘P“,

(220)

gt

""“"'“‘Mwh\‘w\‘:"ﬁhv‘

Intensity (Arb. Unit)

30 35 40 45 50 55 60 65 70
20
Fig. 1 XRD spectra of Pt/SBA-VH and Pt/SBA-15-AH catalysts.
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Table 2. Textural properties of SBA-15, 0.2 wt% Pt/SBA-15-AH and 0.2 wt% Pt/SBA-15-VH

sample 26 dioo ap Dorr SfET,l \gt B} vSm B}

(nm) (nm) (nm) (m°g7) (cm”g") (em’g’)

SBA-15 11 8.2 9.4 5.9 597 0.67 0.049

0.2 wt% Pt/SBA-15-AH 11 8.2 9.4 5.9 535 0.61 0.042
0.2 wt% Pt/SBA-15-VH 11 8.2 9.4 5.9 551 0.61 0.018

ap: unit cell parameter; Dper: mesopore diameter; Sger: BET surface area; Vy: total pore volume; V,: micropore volume.

Fig. 2 HRTEM images of (a) 0.2 wt% Pt/SBA-15-VH and (b) and (c) 0.2 wt% Pt/SBA-15-
AH.

hexagonal symmetry. The formation of Pt NPs in Pt/SBA-15-AH
and Pt/SBA-15-VH did not appear to induce a shift in the
diffraction peaks relative to the peaks of the SBA-15 support
because of the low 0.2 wt% Pt loading used in these cases.

The textural properties of the mesoporous materials both with
and without Pt particles were examined using N, physisorption
measurements (Fig. 4A). The textural properties obtained from
the N, physisorption measurements are summarized in Table 2.
All the samples exhibited type IV adsorption isotherms. A
hysteresis loop with a sloping adsorption branch and a
relatively sharp, steep desorption branch was observed at the
relative pressure (P/Py). The presence of a H1l-type hysteresis
loop suggests that the mesoporous channels remained
cylindrical after the deposition of Pt particles. The pore size
distributions of the samples, which were calculated from the
N, adsorption isotherms using the kernel of the nonlocal
density functional theory (NLDFT) equilibrium capillary
condensation isotherms of nitrogen at 77 K on silica
(adsorption branch, assuming cylindrical pore geometry), are
presented in Fig. 4B. The average pore sizes of the SBA-15,
Pt/SBA-15-AH and Pt/SBA-15-VH were centered at ~5.9 nm,
which is consistent with the observation of the small angle
XRD patterns. The deposition of Pt NPs in the SBA-15 support
might decrease the accessible pore volume and surface area,
but it did not influence the structure of SBA-15. The micropore
volume (V) for the SBA-15 with and without Pt NPs were also
measured and compared in Table 2. The V,, of Pt/SBA-15-AH
was slightly lower than that of pure SBA-15. Interestingly, the
formation of Pt NPs in the Pt/SBA-15-VH sample apparently led
to a low V,, value.

3.4 X-ray absorption spectroscopy (XAS)

Fig. 5 shows the L;-edge X-ray absorption near edge structure
(XANES) spectra of the Pt; these spectra were collected while

4| J. Name., 2012, 00, 1-3
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Fig. 3 Small-angle XRD patterns of the SBA-15 and Pt/SBA-15 samples.
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Fig. 4 (A) N, adsorption—desorption measurements and (B) pore size distributions of
the SBA-15 and Pt/SBA-15 samples.

the Pt/SBA-15 was being subjected to various pretreatments.
The white line representing the resonance peak at the
absorption edge is attributed to the electron transition from
2p3; to 5ds, and 5d3/2.u"35’36 The intensity of the white line at
the L; edge indicates the electronic state of the absorbing
atoms. A more intense white line implies greater electron
vacancy in the d-orbitals.”****% |n Fig. 5A, the white lines for
the Pt NPs of Pt/SBA-15-VH after reduction at 673 K for 5 h are
slightly more intense than those for the Pt foil standard,
implying that a weakly positive charge (Pt®*) may have been
present. In the case of the Pt/SBA-15-AH sample, the intensity
of the white line for the Pt4+-impregnated SBA-15 decreased
with continued calcination and reduction pretreatments,
which, on the basis of a comparison to the spectrum of Pt foil,
indicates the transformation of Pt** to Pt° (Fig. 5B). The XANES

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Pt L;-edge XANES spectra of the impregnated, calcined and reduced Pt
samples of (A? 0.2 wt% Pt/SBA-15-VH; (B) 0.2 wt% Pt/SBA-15-AH; and (C)
reduced Pt/SBA-15-VH, Pt/SBA-15-AH and Pt foil.
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Fig. 6 Fourier-transformed EXAFS spectra for the impregnated, calcined and
reduced Pt samples of 0.2 wt% Pt/SBA-15-VH and 0.2 wt% Pt/SBA-15-AH.

spectra obtained for both the reduced Pt/SBA-15-AH and
Pt/SBA-15-VH samples were of size and shape on these Pt NPs
in SBA-15 could be investigated via the Pt L;-edge XANES
spectra. Literatures have reported that the XANES spectra for
sub 3-nm Pt NPs prepared by H, chemisorption show an
increase in the width of the absorption peak and a shift in the
absorption peak to higher energy with decreasing size of the Pt
NPs.*’ In this case, the XANES peak (white line, WL) of
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Pt/SBA-15-VH was broader and shifted to a higher energy
compared to those of the Pt/SBA-15-AH and the bulk Pt
reference, as shown in Fig. 5C, suggesting that the Pt/SBA-15-
VH sample may contain very small Pt NPs. As expected,
compared to the XANES spectrum of the Pt foil reference
material, no drastic change was observed in the spectral
features and small energy shift was observed in the XANES
spectra of the Pt/SBA-15-AH containing ~4.6 nm Pt NPs. A
combination of in situ XANES spectroscopy and density
functional theory (DFT) calculations was used to measure
morphological changes and the particle size of Pt NPs under
hydrogen environments. An energy shift of the WL peak
greater than +1.0 eV relative to the corresponding peak of the
Pt foil was observed to be more likely for NPs with a 2D-
biplanar shape smaller than 1 nm. In contrast, the NPs tended
to form a 3D shape as the size of the NPs increased, with the
energy shift of the WL peak decreasing. In this study, the blue
shifts of the WL for Pt NPs were ~1.02 eV for Pt/SBA-15-VH
and 0.45 eV for Pt/SBA-15-AH, indicating that the Pt NPs likely
formed 2D- and 3D-like structures for Pt/SBA-15-VH and
Pt/SBA-15-AH, respectively.

The local structures of the Pt atoms in both Pt/SBA-15
catalysts were investigated via Ls;-edge extended X-ray
absorption fine structure (EXAFS). The Fourier transforms of
k3-weighted EXAFS results at the Pt Ls;-edge with phase
correlation for the impregnated, calcined and reduced Pt
loaded onto SBA-15 support are shown in Fig. 6. The ksx(k)
spectra were obtained through a comparison of the FEFF
theoretical fit with the back-transformed experimental EXAFS
data. The structural parameters extracted from the best-fit
EXAFS data for the calcined and reduced Pt samples are listed
in Table 3. The Pt4+/SBA-15 sample calcined in air was assumed
to have generated typical Pt oxides that led to Pt—O bonding
with a coordination number, Np,_o, of approximately 5.3 and a
Pt—O distance of 2.12 A. The Pt—Pt bonding data could not be
effectively analyzed from the EXAFS spectra. The Pt oxides on
the SBA-15 became more metallic, with a coordination number
Npep: Of 10.7 and Pt—Pt bond distance of 2.75 A, as the
reduction at 673 K progressed. The Fourier transforms of the

Table 3 Structural parameters of 0.2 wt% Pt/SBA-15-AH and 0.2 wt% Pt/SBA-15-VH

Pretreatment Shell N R(A) r* (x10?) o (A%)° AE, (eV)©
Impregnation Pt-Cl 4.8 2.32 0.85 0.0019 10.0
Air calcination Pt-0 53 2.12 0.17 0.0094 17.0
Reduction ( Pt/SBA-15-AH ) Pt-Pt 10.7 2.75 0.33 0.0063 6.3
Vacuum calcination Pt-O 1.6 1.95 0.54 0.0063 -1.7
Pt-Cl 1.1 2.32 0.54 0.0049 13.6
Pt-Pt 0.9 2.81 0.54 0.0035 18.4
Reduction ( Pt/SBA-15-VH) Pt-Pt 6.8 2.76 0.70 0.0046 8.25
Pt-0 0.3 2.01 0.70 0.0004 6.54

?Residual factor; bDebye—WaIIer factor, “The inner potential correction

This journal is © The Royal Society of Chemistry 20xx
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EXAFS data for the Pt4+/SBA-15 sample treated by vacuum-
calcination at 673 K for 5 h revealed insignificant peaks.
Analysis of the EXAFS indicated Pt—O, Pt—Cl, and Pt—Pt bond
lengths of 1.95 A, 2.32 A and 2.81 A, respectively. Low
coordination numbers of 1.6, 1.1 and 0.9 were obtained for
the Pt—O, Pt—Cl and Pt—Pt bonding, respectively. When the
vacuum-calcined Pt/SBA-15 sample was further reduced in H,,
the Pt—Pt contribution at a distance of 2.76 A with an average
coordination number of 6.8 and the weak Pt—O binding with a
coordination number of 0.3 at a distance of 2.01 A were
observed.

3.5 IR spectra of CO adsorbed onto Pt/SBA-15

We used CO as a probe molecule to identify the active sites on
the reduced Pt catalysts because of the utility of CO in
vibrational spectroscopy, which can provide information
related to the surface sites of an adsorbed species and to the
chemical environment of a Pt surface. The difference among
the CO molecules adsorbed onto the reduced Pt/SBA-15 via
different calcination treatments was specifically examined in
this work. Fig. 7 shows the IR spectra of the CO adsorbed on
both of the Pt/SBA-15 catalysts at room temperature. The
vibrational frequency of the IR bands at frequencies greater
than 2000 cm™ was assigned to linear CO adsorption onto the
Pt surfaces. The CO chemisorption onto both Pt surfaces
resulted in a large difference in intensity in the corresponding
IR spectra. The weak and broad IR band of the CO adsorbed
onto reduced Pt/SBA-15-AH was fitted using three principle
peaks at 2053 cm™ (L, state), 2070 cm™ (L, state) and 2086 cm”
! (L state). Three types of sites for CO adsorption are likely
present on the surface of reduced Pt/SBA-15-AH. However, CO
adsorbed onto the reduced Pt/SBA-15-VH gave an intense and
symmetrical IR peak centered at 2076 cm™. The band width of
the IR peak for Pt/SBA-15-VH was narrower than that for
Pt/SBA-15-AH, implying that uniform, small Pt particles were
likely formed in the Pt/SBA-15-VH sample.

Fig. 8 reveals the IR spectra of equilibrium CO adsorbed onto
the reduced Pt/SBA-15 catalysts at different adsorption
temperatures. The intensity of the IR peaks of CO adsorbed
onto the reduced Pt/SBA-15-VH gradually decreased with
increasing adsorption temperature; however, an intense peak
of CO adsorbed onto the Pt surface was observed even in the
case of CO adsorption conducted at 673 K, as shown in Fig. 8A.
The vibrational frequency of the adsorbed CO exhibited a red-
shift from 2076 cm™ to 2060 cm™ with decreasing CO coverage
on the reduced Pt/SBA-15-VH. This behavior is very
characteristic of CO linearly adsorbed onto a Pt surface and is
usually explained by dipole-dipole interactions. The
temperature dependence of the IR spectra of equilibrium CO
adsorbed onto reduced Pt/SBA-15-AH is shown in Fig. 8B. The

This journal is © The Royal Society of Chemistry 20xx
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weak IR peak vanished until 423 K and then remained at a
similar intensity at temperature greater than 473 K.

On the basis of the aforementioned IR results, Pt/SBA-15-VH
apparently exhibits a surprisingly ability to adsorb CO
molecules. Thus, the adsorption equilibrium-infrared
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Fig. 7 IR spectra of CO adsorbed onto the reduced (a) 0.2 wt% Pt/SBA-15-AH and (b) 0.2
Wt% Pt/SBA-15-VH.
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Fig. 8 IR spectra of equilibrium adsorption of CO adsorbed onto (A) reduced 0.2 wt%
Pt/SBA-15-VH and (B) reduced 0.2 wt% Pt/SBA-15-AH at various adsorption
temperatures. CO adsorptions were performed via exposure to a 20 mL/min pure CO
stream at a constant pressure of Pco = 101.3 kPa for 30 min, followed by a 20 mL/min
helium stream for 50 min at the desired temperature to purge the CO gas.

spectroscopy (AEIR) method was used to determine the heats
of adsorption of the CO species onto both Pt/SBA-15
samples.‘u'51 On the basis of the spectra in Fig. 8, the coverage
of the CO species (0) obtained in temperature-dependence
studies of the equilibrium CO adsorbed onto the Pt/SBA-15
surfaces are displayed in Fig. 9. The CO coverage was
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determined using the ratio A/A,, where A is the IR band area at
different temperatures and A, is the initial IR band area of
saturated adsorption at 298 K. The experimental curves in Fig.
9 are suggested to correspond to the Temkin model, where
the values of adsorption heat (Eg) linearly decrease with the
coverage © (Ee=E0-ot9).41'51 This equation leads to the
generalized expression of the coverage as a function of the
adsorption parameter:

9:RTa In 1+K,P, W

AE 1+ K\P,

where A E=Ey-E; is the difference in the adsorption heat
between very small coverage (Ey) and saturation coverage (E,)
and K, and K; are the adsorption coefficients at 6=0 and 0=1,
respectively. According to the Temkin model, we can assume

KoP, >>1 and K;P,<<1 and the adsorption coefficients at 6=0
can be expressed by

Ey

RT,
K,=4e""

Thus, equation (1) becomes

LIH(A'PLZ) Ta+i (2)
E —-FE E —-E

0o~ ™ 0 1

0=

Equation (2) corresponds to the linear fraction of the curves in
Fig. 9, and the extension of the linear section leads to the 0-
axis intercept with a value of Ey/Ey-E;.
The adsorption coefficients can be derived using statistical
thermodynamics under the assumption of non-activated and
localized CO adsorption, as follows:

h3 1 Ey Ey

RT, _ 4 R,
K, = k(27zmk)3/2 7;5/2 e’ =4de (3)

where h is Planck’s constant, k is Boltzmann’s constant, and E
represents the CO adsorption energy. Equation (3) yielded a
pre-exponential factor, A, of 1.7x10™? Pa™ at 300 K. The slopes
of the straight lines in Fig. 9 gave values of AE=64.2 KJ/mol for
Pt/SBA-15-VH and AE=21.6 KJ/mol for Pt/SBA-15-AH under
the assumption that A=1.7x10"? Pa™. The interception points
of the straight lines in Fig. 9A and 9B represent the values of
Eo/ AE for CO adsorbed onto both Pt/SBA-15 samples, leading
to Eyp=120.0 and E;=55.8 KJ/mol for CO adsorption onto
Pt/SBA-15-VH and to Ey=60.6 and E;=39 KJ/mol for CO
adsorption onto Pt/SBA-15-AH. The adsorption heat of CO
adsorbed onto Pt/SBA-15-VH was obviously higher than that of
CO adsorbed onto Pt/SBA-15-AH. This observation explains
why the sites of Pt/SBA-15-VH exhibit stronger binding ability
for CO compared to those of Pt/SBA-15-AH.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 Change in the coverage of CO species in equilibrium adsorption as a function of
the adsorption temperature shown in Fig. 8 for (A) 0.2 wt% Pt/SBA-15-VH and (B) 0.2
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3.6 Catalytic CO oxidation over Pt/SBA-15 catalysts

The temperature dependence of the CO conversion for both
reduced Pt/SBA-15 catalysts is shown in Fig. 10A. The Pt/SBA-
15-VH sample exhibited dramatically higher efficiency for CO
oxidation compared to the Pt/SBA-15-AH sample. For the
Pt/SBA-15-VH catalyst, 3.4-9.5% CO conversion was achieved
in the temperature range from 300 to 423 K, with complete CO
oxidation occurring at 498 K. The Arrhenius plots, which
provide the apparent activation energies for CO oxidation on
both reduced Pt/SBA-15 catalysts, are shown in Fig. 10B. The
apparent activation energy was estimated to be 11.7 KJ/mol
for Pt/SBA-15-VH and 18.3 KJ/mol for Pt/SBA-15-AH.

Fig. 11 shows the dependence of the CO oxidation reaction
rate on the partial pressures of CO and O, at 423 K for the
Pt/SBA-15-VH and Pt/SBA-15-AH catalysts, respectively. The
apparent reaction orders for CO and O, were similar on the
two Pt/SBA-15 catalysts, giving rate laws of

r=kPy Py
2 for Pt/SBA-15-VH and

r=kPy Py for Pt/sBA-15-AH.

On the basis of the aforementioned findings, the characteristic
of CO adsorption onto Pt/SBA-15 catalysts may reflect their
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relative activity toward CO oxidation. Therefore, further
investigations of the adsorption of CO and air onto both
Pt/SBA-15 catalysts were conducted, as shown in Fig. 12. As
shown in Fig. 12A, when an air stream was introduced to
Pt/SBA-15-VH whose surface was saturated with adsorbed CO,
the intensity of the peak at 2076 cm™ decreased rapidly within
10 s and almost disappeared at 40 s. In contrast, the Pt/SBA-
15-AH catalyst exhibited poor CO removal efficiency in air for
the same experiment. The Ls-state CO with a peak at 2086 cm™
could be rapidly oxidized by air; however, the L; (2070 em™)
and L, (2053 cm'l) CO appeared to exhibit low reactivity with
air.

02 [oysBaisvA 18 IoysEA-T5AR
.
191 = .
-0.4
.
o 20
P . ¥
$ 06 &
o e 21 RY
b4 »
]
E -08 2214
=
% - 23
x .10 X
c
- 24
-
12
co -25 "
14 26+
28 30 32 34 36 38 28 30 32 34 36 38

Ln(P/Torr) Ln(P/Torr)
Fig. 11 Dependence of the reaction rate on the partial pressures of O, and CO for the
0.2 wt% Pt/SBA-15-VH and 0.2 wt% Pt/SBA-15-AH catalysts.
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Fig. 12 Time dependence of the IR spectra for co-adsorption of CO and O, onto (A) 0.2
wt% Pt/SBA-15-VH and (B) 0.2 wt% Pt/SBA-15-AH at room temperature. All samples
were exposed to a 30 mL/min pure CO stream at atmospheric pressure for 30 min,
followed by a 30 mL/min helium stream to purge the CO gas for 30 min, after which an
air stream was introduced into the reaction cell.

4. Discussion

4.1 Particle size and shape of the Pt species of Pt/SBA-15-AH and
Pt/SBA-15-VH

The results of the present study show that calcination
treatments in a vacuum environment and in an air stream at
atmospheric pressure may induce large differences in the size
of the Pt NPs and morphology of the Pt species of catalysts
with a 0.2 wt% loading. In general, the shape of the Pt
nanostructures formed might be associated with the
difference in the growth rates between the {100} and {111}

8 | J. Name., 2012, 00, 1-3

axes.”” In our previous paper, we reported that Pt** jons could
apparently aggregate to form long rod-like Pt NPs inside the
SBA-15 channels through calcination in air at 673 K for 5 h.2?
However, the long spheroid-like Pt NPs of the Pt/SBA-15-AH
sample in the channels of pure SBA-15 might follow the
growth mechanism of nanorod structures in the course of H,
reduction as a consequence of the ratio of the growth rates
along the {100} and {111} axes being slightly less than 1.%° The
SBA-15 channels restricted the growth of Pt along the <100>
direction and enhanced Pt NP aggregation along the <111>
direction, which induced the formation of spheroid-like or rod-
like Pt NPs.>

However, pretreatments associated with vacuum-calcination
subsequent H, different
morphology and growth mechanism for Pt NPs formation. In

and reduction can induce a
this study, effectively observing the shape and size of the tiny
Pt NPs of Pt/SBA-15-VH in HRTEM images was difficult because
the NPs were located inside the SBA-15 channels. However,
XANES spectroscopy has been used to identify the morphology
and electronic structure of subnanometer Pt NPs (~ 1 nm) with
H, adsorption37’40

between H and the subnanometer Pt NPs can result in the

. Under an H, environment, the interaction

geometrical relaxation of Pt—Pt bonding by H, and induce
changes in the electronic structure of Pt.3~% Both effects can
lead to an energy shift in the XANES absorption to greater than
1 eV, and this condition may influence the formation of the 2D
NPs structure. The morphology of the large Pt NPs (> 3 nm)
was likely a 3D structure; thus, no drastic changes in the
XANES spectra were observed compared to the spectrum of
bulk Pt. The WL peak of the Pt/SBA-15-VH sample reduced by
H, adsorption was broader and significantly blue-shifted by
~1.02 eV relative to the corresponding peak of Pt foil,
suggesting that the size of the Pt NPs in Pt/SBA-15-VH may be
less than 1 nm and that the Pt NPs tend to form 2D structures
(biplanar shape). In contrast, the Pt/SBA-15-VH exhibited high
(72%) dispersion, implying that the sample may also contain
extremely tiny Pt clusters and/or single atoms in the SBA-15
structure in addition to containing 2D NPs.

Analysis of the EXAFS results shows that the coordination
number of Pt—Pt bonding was 6.3 for the reduced Pt/SBA-15-
VH sample. Several studies have reported that the
coordination numbers of Pt NPs obtained from EXAFS spectra
can reflect their particle size. Mostafa et al. investigated the
relationship between Pt NPs with average sizes of ~0.8—1.0 nm

that the Pt
53

and coordination number and observed

coordination number was ca. 7.7 for 0.8 nm.”” Molecular
dynamics simulations have also been employed to estimate
the first-shell Pt—Pt coordination number in nanoparticles with
sizes ranging from 0.5 to 3.1 nm.>* The Pt coordination number
was ~5 for 0.5 nm and ~7 for 0.8 nm. Zhang and his co-workers
have used HAADF-STEM images to observe 2D Pt NPs smaller
than 0.8 nm formed on FeOX.SSOn the basis of these previous
studies, we can reasonably suggest that, in this case, the
average size for 6.8-coordinate Pt is likely in the range from 0.5
to 0.8 nm. Undoubtedly, the generation of a 2D structure and
single atoms should closely depend on impregnated Pt4+/SBA-
15 treated by vacuum-calcination. In our experience, thermal
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treatment in H, for Pt NPs usually leads significant aggregation
to form large particles. When the Pt4+/SBA-15 sample was
heated under vacuum, the original Pt—Cl coordination could
convert to Pt—0O, Pt—Cl or Pt—Pt bonding, giving a low
coordination number with 1.6, 1.1 and 0.9, respectively (Table
3). The process of vacuum calcination may effectively disperse
Pt atoms in the SBA-15 structure and then induce the
formation of 2D Pt clusters and/or single atoms during the
course of H, reduction. However, the formation of 2D Pt
clusters and/or single atoms may result in strong interactions
between Pt and SBA-15; consequently, slight Pt—O bonding
was still observed after H, reduction.

The BET measurements in Table 2 show that the formation of
2D Pt clusters and single Pt atoms led to a significant reduction
in the volume of the micropore in Pt/SBA-15-VH, indicating
that these Pt species, including 2D Pt clusters and single Pt
atoms, might be located primarily in the micropore structure.
The structure of the SBA-15 support should consist of a 2D
hexagonal array of cylindrical mesopores, a secondary pore
network, and micropores.56 The effect of SBA-15 micropores in
the synthesis of metal particles has generally attracted little
attention in the literature because the relevant information on
the sizes and shapes of the micropores is difficult to obtain.
Recently, the micropores in SBA-15 were directly measured to
and were observed to exhibit a diameter between 0.57 and
0.62 nm.”® As previously discussed above, the average size of
Pt species in Pt/SBA-15-VH is estimated to be in the range
from ~0.5 to ~0.8 nm. Thus, these Pt species, including 2D NPs
and single atoms, might be confined in the micropore of SBA-
15 and might cause a Pt—O interaction.

4.2 Active sites and CO adsorption for CO oxidation

The Pt/SBA-15-VH exhibited dramatically higher conversion
efficiency for CO oxidation than the Pt/SBA-15-AH. The
spheroid-like Pt NPs with a 3D structure in Pt/SBA-15-AH
yielded poor conversion for CO oxidation. The 2D structure
and single atoms may be the major morphologies of Pt NPs of
Pt/SBA-15-VH after vacuum-calcination, which positively
enhanced the efficiency of CO oxidation. In fact, in the case of
the literature-reported shape-dependent catalytic oxidation of
isopropanol on Pt NPs, 2D NPs exhibited better catalytic
performance than 3D-shaped catalysts when NPs with
analogous average sizes (0.8—1.0 nm) were compared.53
Recently, single-atom catalysts of precious metals, such as Pt,
Pd and Ir have attracted increasing attention for use in many
catalytic reactions in attempts to achieve high levels of activity
and reduce the use of noble metals.'®?%°>*7 Catalysts
composed of single Pt atoms on Fe,0; and Al,O; for the CO
oxidation, NO reduction and water-gas shift reactions have
been reported in the literature; the supported single Pt atoms
exhibited extremely high activity toward these reactions. A
method of preparing single Pt atoms was also developed using
the atomic layer deposition technique to enable the synthesis
of a Pt/graphene catalyst.58 The application of the single Pt
atom catalyst in an electrocatalytic reaction resulted in
excellent performance for methanol oxidation and superior CO
tolerance. Single Ir atoms supported on FeO, catalysts have
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also been developed as high activity catalysts for the water-gas
shift reaction.”” In addition, Ag-alloyed Pd single-atom
catalysts exhibit excellent catalytic performance for the
selective hydrogenation of acetylene.59 The results of these
previous studies suggest that very small and/or single-atom
metal catalysts can positively enhance the catalytic efficiency
in many reactions.

The significant difference in the morphology of Pt species in
Pt/SBA-15-AH and Pt/SBA-15-VH may directly influence the
chemical state of Pt species and the adsorption of the CO
reactant. The results of XANES and EXAFS spectroscopy clearly
indicated that tiny 2D Pt NPs or single Pt atoms of Pt/SBA-15-
VH possess a slightly positive charge (Pt5+) after reduction
treatment, as indicated by the low coordination number for
Pt—O bonding. Tiny 2D Pt NPs or single Pt atoms may be
anchored in the micropore structure of SBA-15, leading to the
weak contribution of Pt—O bonding from the possible
interaction between Pt and the SBA-15 oxide support. Unlike
Pt/SBA-15-VH, the large Pt NPs formed in the Pt/SBA-15-AH
could not form in the micropore structure and were mainly
distributed in the channel of the mesopore structure, so the Pt
NPs could be completely reduced.

The chemical state of the Pt species has been hypothesized to
be an important factor influencing the activity of supported Pt
catalysts, where partially oxidized Pt atoms are expected to be
highly active toward CO oxidation. The ptd* species of Pt/SBA-
15-VH associated with the presence of the metal-support
interaction may also strongly affect the performance of the Pt
catalyst in the present study. Assignments of the IR bands of
CO adsorbed onto a Pt surface have been proposed in the
literature.’®®®> The IR stretching frequency of CO adsorption
has been interpreted in terms of the electronic and structural
effects of Pt particles. According to the literature, the lower
frequency bands at ~2075 and 2054 em™ in the IR spectra of
CO adsorbed onto Pt surfaces correspond to CO on defect sites,
6063 The band located at 2096 cm™ is
assigned to CO adsorbed onto the close-packed terrace sites or
oxidized Pt®* atoms.®® The band at 2025 cm™ is assigned to CO
adsorbed onto Pt atoms of small particles.65 Bazin et al.
reported that the v(CO) at ~2010 em™ might correspond to
linear CO adsorbed onto very small Pt particles (< 1.5 nm) with
low coordination and that the band at 2008 cm™ is attributable
to CO adsorbed onto Pt sites with very low coordination.®

such as edges and kinks.

According to calculations based on the XRD spectra, the
reduced Pt/SBA-15-AH, which contains ca. 4.6 nm Pt NPs, may
exhibit complicated CO adsorption sites, such as several flat
surfaces and defect sites. Therefore, the lower frequency
bands of the L; and L, CO on Pt/SBA-15-AH were most likely
caused by CO binding to Pt atoms with low coordination or to
imperfect Pt sites. The highest frequency band, which was
observed at 2086 cm™ for L; CO, might be ascribed to the CO
adsorption onto the metallic terrace sites or oxidized Pt sites.
However, the presence of oxidized Pt®" sites was very unlikely
because the Pt particles of Pt/SBA-15-AH were completely
reduced, as evidenced by analysis of the XANES and EXAFS
spectra. The IR spectra of CO and air co-adsorbed onto Pt/SBA-
15-AH (Fig. 12) indicated that the CO bound to terrace sites (L

J. Name., 2013, 00, 1-3 | 9



Nanoscale

CO) exhibits greater reactivity to form CO, compared to CO
bound to the L; and L, sites when an air stream was
introduced. In our previous study, we observed that CO
adsorbed onto terrace sites was more easily oxidized to CO,
compared to CO adsorbed onto other active sites.””

The adsorption sites on Pt/SBA-15-VH should mainly be 2D Pt
NPs and single Pt atoms belonging to very low-coordinated Pt
sites. Our previous study has reported that CO adsorbed on
the defects of subnanosized Pt particles and/or single Pt atom
might appear at the low v(CO) with 2003 cm™.%® However, it
could give a likelihood of the v(CO) shifted to higher frequency
due to the tiny Pt cluster and/or Pt single atom weakly
oxidized by support. Thus, we considered that the site for CO
adsorption that gives the symmetrical IR band at 2076 cm®
may be associated with the partial positive charge (Pt5+).
However, the Pt* sites provided sufficiently high catalytic
activity for CO oxidation that the adsorbed CO was rapidly
oxidized by air at room temperature (Fig. 12). The Pt®" sites
formed in Pt/SBA-15-VH due to the metal-support interaction
might play an essential role in enhancing the ability of CO to be
adsorbed onto the Pt surface.'®

The AEIR procedure has been used to determine the
adsorption heat of CO and provides useful information for
characterizing surface sites on the Pt/SBA-15 catalysts. The
values for Ey and E; for CO adsorption onto Pt/SBA-15-VH were
determined to be 120.0 and 55.8 KJ/mol using the Temkin
model (Fig. 9A). The curve in Fig. 9B was obtained with E;=60.6
and E;=39 KJ/mol for CO adsorption onto Pt/SBA-15-AH. The
small difference between E, and E; indicates that the Temkin
model for CO adsorption on Pt/SBA-15-AH nearly corresponds
to the Langmuir model. Undoubtedly, the significant energy
differences in CO adsorbed onto both Pt/SBA-15 catalysts may
reflect the different characterization of the Pt species. The
adsorption heat of CO on Pt/SBA-15-VH was much higher than
that on Pt/SBA-15-AH. This observation could explain why CO
molecules can bind more strongly to Pt/SBA-15-VH than to
Pt/SBA-15-AH. Notably, the large amount of CO strongly bound
to the Pt%" sites of Pt/SBA-15-VH can be rapidly oxidized under
an air stream, as shown in Fig. 8. In contrast, the Pt NPs of
Pt/SBA-15-AH exhibited numerous types of active sites for CO
adsorption but resulted in low CO coverage. Additionally, the
number of terrace sites (L; CO) that contributed substantially
to the reactivity was small; thus, poor catalytic efficiency for
CO oxidation on Pt/SBA-15-AH catalyst was expected. On the
basis of these results, the calcination treatment for
impregnated Pt4+/SBA-15 should be the key step for
determining the dispersion and morphology of metallic Pt
species.

From the kinetic results of CO oxidation on both Pt/SBA-15
catalysts, the reaction orders of O, and CO reactants gave
positive and negative values, respectively, indicating that O,
and CO molecules can competitively occupy the same sites.
These results are in agreement with the literature that
suggests that inhibition of the adsorption of O, by the strong
binding of CO to Pt atoms may be the major reason why the
reaction rate of CO oxidation is usually slow on Pt catalysts.lg'67
Because CO adsorption was stronger than O, adsorption on
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the Pt surface, the coverage of O, might be very small and
exhibit little dependence on the partial pressure. A similar rate
law for CO oxidation on both of the Pt/SBA-15 catalysts implies
that the CO oxidation might undergo the same reaction
mechanism on the Pt surfaces. The presence of 2D clusters and
single atoms did not change the reaction behavior of CO
oxidation on Pt. The major reason for the enhancement of CO
oxidation on Pt/SBA-15-VH can be ascribed to the high
dispersion of the Pt species, resulting in high CO coverage,
thereby increasing the possibility of CO adsorption onto the
surface reacting with O,.

5. Conclusions

In this work, vacuum calcination was used to thermally treat
0.2 wt% Pt*"/SBA-15 and effectively improve Pt dispersion in
the SBA-15 structure. The thermal treatment with vacuum
calcination and H, reduction of the 0.2 wt% Pt4+/SBA—15
sample (Pt/SBA-15-VH) can significantly enhance the efficiency
of CO oxidation compared to the 0.2 wt% Pt/SBA-15 prepared
by air-calcination and H,-reduction (Pt/SBA-15-AH). The large
difference in the reactivity toward CO oxidation for both
Pt/SBA-15 catalysts is assumed to be associated with the shape
of the Pt species in SBA-15. In Pt/SBA-15-VH, the tiny 2D
clusters and single atoms likely located in the micropore
structure are the major Pt species, with an average particle
size of 0.5-0.8 nm. The Pt sites associated with low
coordination and sub-nanoscale 2D Pt NPs and/or single Pt
atoms of Pt/SBA-15-VH containing a slightly positive charge
are proposed as the major sites of CO oxidation; the character
of these sites may facilitate CO adsorption and induce strong
reactivity for CO oxidation. Vacuum-calcination can transform
the original Pt—Cl species to highly dispersed Pt—Pt, Pt—O and
Pt—Cl species, and the calcined Pt species can be subsequently
reduced in H, to form tiny 2D clusters and single atoms. The
effects of high CO coverage and partially oxidized Pt species on
the Pt/SBA-15-VH catalyst significantly enhance CO oxidation.
In the case of Pt/SBA-15-AH, air-calcination and H,-reduction
can cause the bonding of Pt species through the pathway Pt—Cl
— Pt—O — Pt—Pt and form rod-like Pt NPs with an average
particle size of ~¥4.6 nm in the SBA-15 channels. CO oxidation
mainly occurs on the terrace sites on the large Pt NPs in the
case of the 0.2 wt% Pt/SBA-15-AH but with poor conversion
efficiency due to the small amount of active terrace sites on
the surface.
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