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Abstract Roles of titania layer incorporation and hydro-
gen peroxide treatment in the preparation of highly dispersed
platinum catalysts supported on siliceous SBA-15 meso-
porous materials were studied by examining the catalysts at
each step of the preparation. XRD, TEM, XPS, Raman, IR,
CO chemisorptions, EXAFS and XANES techniques were
employed to the investigation of the physico-chemical states
of platinum and titanium. The platinum particles were uni-
formly dispersed on SBA-15 ranged from 1 to 2 nm in size
by incorporating titania onto the surface of SBA-15 and then
treating the impregnating platinum precursor with hydrogen
peroxide, even at platinum loading as high as 4 wt.%. The
platinum catalysts showed considerably higher catalytic
activity in the combustion reactions of both carbon mon-
oxide and methane, suggesting a suitable catalyst for
purifying diesel engine exhaust.
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1 Introduction

Platinum catalysts have been widely used in hydrogenation
and dehydrogenation processes of the petrochemical
industry, and have recently become more important as
purifying catalysts of automobile exhaust pollutants and as
combustion catalysts for volatile organic compounds [1].
Furthermore, the amount of platinum consumed increases
rapidly in the active phase of electrode catalysts of fuel
cells [2].

Since platinum is neither mechanically strong nor stable
at high temperature, highly stable porous supports are
usually employed to prepare highly dispersive and stable
platinum catalysts [3]. Reducing the loading amount of
platinum catalysts by increasing the dispersion lowers the
production cost of platinum catalysts with high catalytic
activity. Alumina, titania and ceria with high surface area
and high mechanical stability are generally used as sup-
ports [4—6]. Carbon and silica supports make it possible to
prepare non-acidic platinum catalysts suitable for organic
reactions by enhancing the interaction between reactants
and catalysts without accelerating the acid-catalyzed side
reactions [7, 8]. Among these catalyst supports, silica
features the good properties of chemical inertness, high
thermal stability and good processibility. However, the
weak interaction between platinum and silica induces
severe sintering of platinum in a reductive atmosphere,
resulting in the rapid deactivation of the platinum catalysts
supported on the silica [9]. y-alumina has been considered
to be suitable for preparing highly dispersed platinum
catalysts due to its weak acidity which enhances the
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interaction between platinum and alumina, even though
alumina accelerates acid-catalyzed side reactions, thereby
lowering the selectivity for desired products [10].

A study on the preparation of platinum catalysts on
alumina suggested that both platinum precursors and cal-
cination procedures are important to achieve high platinum
dispersion [11]. The pretreatment in different gas envi-
ronments was also crucial for the dispersion of platinum
supported on silica [12]. The autoreduction of platinum
catalysts at low temperature produced small platinum
particles by avoiding the formation of large sinterings. The
careful temperature-programmed decomposition of plati-
num tetraamine hydroxide impregnated on silica was
recommended to obtain high platinum dispersion at load-
ings up to 5 wt.% [13]. However, platinum -catalysts
supported on silica usually show a rapid decrease in the
platinum dispersion at higher temperatures. At tempera-
tures above 500 °C, the dispersion usually falls to 20% in
even an oxidation atmosphere because of the weak inter-
action between platinum and silica.

We previously reported a preparation method for highly
dispersive and stable platinum catalysts supported on silica
by incorporating titania layer onto it and treating the
impregnated platinum precursor with hydrogen peroxide
[14]. The interaction between platinum and the titania layer
incorporated onto the silica support provides high stability
and high platinum dispersion. The platinum particles range
1-2 nm in size, even at a platinum loading as high as
4 wt.%. The platinum catalysts supported on titania-
incorporated silica show different behavior from those
supported on alumina due to the strong metal support
interaction (SMSI). The suppression of hydrogen adsorp-
tion on platinum due to its interaction with titania results in
the poor hydrogenation activity of the platinum catalysts in
the hydrogenation of nitrobenzene [15]. On the contrary,
their activity in the oxidation of carbon monoxide remains
high despite the limited adsorption of carbon monoxide on
the catalysts. Nevertheless, the roles of the titania layer
incorporated onto silica and of the treatment of the plati-
num precursor incorporated with hydrogen peroxide in
their preparation steps have not been well elucidated.

Therefore, we examined the physico-chemical states of
platinum and titanium at each step of the preparation of
platinum catalysts supported on SBA-15 mesoporous
material using XRD, TEM, XPS, Raman, IR, CO chemi-
sorptions, EXAFS and XANES techniques in order to
examine the contributions of the titania layer incorporated
onto silica and the hydrogen peroxide treatment on the
dispersion and stability of the platinum supported on silica.
Because amorphous silica has no long-range order of the
positions of the atoms, a SBA-15 mesoporous material
made of silica only, is suitable to obtain definite spectro-
scopic observation. The SBA-15 mesoporous silica

material has large surface areas and well-defined surface
properties for incorporating titania on the silica surface. It
also has thick pore wall (2-6 nm), resulting in improving
hydrothermal stability. Furthermore, its uniform pores
provide good accessibility for reactants [16, 17]. In this
study, we used an anionic form precursor of platinum to
intensify the effects of the titania incorporation and the
hydrogen peroxide treatment on the dispersion and stability
of platinum, even though its anionic precursors usually
result in poor platinum dispersion due to the negative
{-potential of the silica surface [18]. The adsorption of
benzaldehyde on the platinum catalysts was also studied
using in situ FT-IR spectroscopy to observe the change in
the titania with the reduction in its dispersion and chemical
states [19, 20]. The activity of the platinum catalysts in the
combustion reactions of methane and carbon monoxide
was also discussed relating to their application as diesel
oxidation catalysts.

2 Experimental
2.1 Preparation of Catalysts

A SBA-15 mesoporous material was prepared using
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) copolymer (P-123, M,,, = 5,800,
Aldrich) as a template following the procedure described in
the literature [21]. The template was dissolved in deionized
water at 40 °C with stirring. Hydrogen chloride solution
and tetraethylorthosilicate (98%, Aldrich) added to the P-
123 solution which was then stirred for 20 h. The synthetic
mixture was hydrothermally reacted at 100 °C for 20 h.
The solid phase obtained from the synthetic mixture was
filtered and washed with deionized water. The obtained
SBA-15 was dried to a solid phase at 100 °C and then
calcined at 550 °C for 8 h to remove the template.

After removing the water contained in the SBA-15 by
extracting with anhydrous ethanol (99.9%, Duksan), titania
butoxide (>99%, Johnson Matthey Co.) dissolved in
anhydrous ethanol was added to the SBA-15 slurry to
incorporate a titania layer on the SBA-15 followed the
procedure described in our previous paper [14]. An anionic
platinum precursor, hydrogen hexahydroxyplatinate
(99.9%, Aldrich), was impregnated on the titania-incor-
porated SBA-15 by an incipient wetness method. After
drying the SBA-15 impregnated with the platinum pre-
cursor at 80 °C for 12 h, it was treated with hydrogen
peroxide (30%, Daejung) at 60 °C for 1 h. The platinum
catalyst supported on the titania-incorporated SBA-15 and
prepared by treating with hydrogen peroxide was obtained
by reducing the calcined catalysts in a reductive flow
(Ho/N, = 50/50 as vol.%) of 100 mL min~' at 400 °C for
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2 h. The platinum catalyst prepared was named H,O,—Pt/
TiO,—SBA-15 in accordance with its preparation
procedure.

For comparison, the following three platinum catalysts
were prepared: direct on the SBA-15 (Pt/SBA), on the
titania-incorporated SBA-15 (Pt/TiO,—SBA), and on the
titania-incorporated SBA-15 which had been treated with
hydrogen peroxide prior to the impregnation of the plati-
num precursor (Pt/H,O,-TiO,—SBA). The amount of
platinum impregnated on the platinum catalysts was set
high to 4 wt.% to observe the difference in the platinum
dispersion according to their preparation methods.

2.2 Characterization of the Prepared Platinum
Catalysts

The titania and platinum contents of the prepared platinum
catalysts were determined using an EDX system equipped
on a SEM (S-4700/Horia, EX-200, Hitachi).

The spectroscopic methods such as XRD, TEM and XPS
for the characterization of the platinum catalysts were
described in our previous paper [14]. The procedure for the
measurement of nitrogen adsorption isotherm of the SBA-
15 was also described in the same paper. Raman spec-
troscopy was performed using a SPEX 1403 spectrometer
using a laser of 514 nm wavelength.

X-ray absorption spectra (XANES and EXAFS) of the
titanium and platinum atoms of the platinum catalysts were
recorded at the 7C1 beamline of the Pohang Accelerator
Laboratory. X-ray spectra were monochromated by a
double crystal monochromator composed of Si(111) and
Si(311) crystals. The measurement of X-ray absorption by
the samples was carried out in a helium flow to minimize
their changes in chemical states. The X-ray absorption of
titanium atoms was measured in a transmission mode
around the Ti K-edge (4,966 eV) by detuning in the range
of 70-80% to eliminate higher harmonics. The X-ray
absorption of platinum atoms was measured around the Pt
Ly-edge (11,564 eV). Radial distributions of titania and
platinum were obtained from the Fourier-transformed
absorption data and analyzed using XFIT software based
on the FEFF8.1 theoretical model.

EXAFS spectra of platinum dispersed on the platinum
catalysts were also recorded in situ using a Lab-EXAFS
spectrometer (R-XAS, Rikagu, Japan). A specially
designed in situ cell was installed between an Ar detector
(Ip) and a scintillation detector (/) for the measurement of
X-ray absorption in a transmission mode [22]. The samples
mounted in the in situ cell were evacuated at 200 °C for
2 h and cooled to 25 °C. The reduction of the samples were
carried out at a reductive flow (Ho/He = 10/90 as vol.%) at
200 and 400 °C. After reduction for 2 h, EXAFS spectra of
platinum at the Pt Lj-edge were recorded.
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The amounts of carbon monoxide adsorbed on the
platinum catalysts were measured using a chemisorption
apparatus (BEL-CAT, BEL, Japan). The catalyst samples
activated in a helium flow at 400 °C for 2 h were cooled to
50 °C and then saturated with pulses of carbon monoxide
(CO/He = 5/95 as vol.%). The amount of carbon monox-
ide adsorbed was calculated from the amount removed due
to chemisorption.

The IR spectra of benzaldehyde adsorbed on the H,O,—
Pt/TiO,—SBA catalyst were recorded on an FT-IR spec-
trophotometer (Bio-Rad, FTS 175C). A self-supported
catalyst wafer of 5 mg was evacuated at 400 °C for 1 h (as
calcined) and reduced by exposing to hydrogen of 30 Torr
repeatedly at the same temperature (as reduced). IR spectra
of benzaldehyde adsorbed on it were recorded at 100 °C
after flowing benzaldehyde (Aldrich, 99%) vapor diluted in
a helium flow of 50 mL min~'. Benzaldehyde weakly
adsorbed was removed before recording by purging with
the helium flow for 30 min. TiO,—SBA was employed as a
reference material in the adsorption of benzaldehyde.

2.3 Catalytic Reactions over the Platinum Catalysts

The catalytic combustion of methane was carried out in a
continuous-flow, fixed-bed reaction system with a quartz
reactor (I.LD. = 12 mm) operated at atmospheric pressure.
The platinum catalyst (0.1 g) was diluted with 1 g of SiC
(Aldrich) powder to minimize the change in reaction
temperature due to the heat of combustion. A K-type
thermocouple was placed at the center of the catalyst bed.
Prior to the catalytic run, the charged platinum catalyst was
pretreated under a helium flow of 200 cm® min~' at
600 °C for 1 h, and then cooled to the desired reaction
temperature. The reactant gas composed of 1.0% CH,4 and
4% 0O, in He balance was fed into the quartz reactor. The
total gas flow at the reactor inlet was maintained at
200 cm® min~". The performance of the platinum catalysts
in the methane combustion was continuously measured by
increasing the reaction temperature from 200 to 600 °C at a
heating the rate of 2 °C min~".

For the oxidation of carbon monoxide, a mixture of
0.05 g of platinum catalyst and 1 g of SiC was charged in
the reactor. The charged catalyst was activated in the
helium flow at 400 °C for 1 h prior to the catalytic reac-
tion. The reaction gas composed of 1.0% CO and 4% O, in
He balance was fed at a total flow rate of 200 cm® min~" at
atmospheric pressure. The performance of the platinum
catalysts in the oxidation of carbon monoxide was con-
tinuously measured by increasing the reaction temperature
from 100 to 300 °C at a heating rate of 2 °C min~ .

The conversions of methane and carbon monoxide in
their combustion reactions were calculated in terms of their
percentages consumed. Their concentrations in the product
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stream were analyzed every 5 s by using an on-line CHy,/
CO IR analyzer (TELEDYNE Analytical Instruments 7500
Model).

3 Results and Discussion

The XRD pattern and nitrogen adsorption isotherm of the
prepared SBA-15 are shown in Fig. S1 (see supplement).
The strong peak observed in the diffraction pattern at
20 = 0.85° indicated the presence of uniform mesopores.
The nitrogen adsorption isotherm also exhibited a distinct
hysteresis at P/Py = 0.65-0.8 due to its mesopores. The
average diameter of the mesopores determined by the
Barrett—Joiner—-Halenda method was 5.4 nm, its surface
area calculated by the Brunauer—-Emmett-Teller equation
was 850 m? g~', and its pore volume was 1.3 cm® g~

Figure 1 shows the XRD patterns of the platinum cata-
lysts supported on the SBA-15. A broad peak around
20 = 22° was attributed to silica. No diffraction peak rel-
ative to crystalline titania was evident on Pt/TiO,—SBA and
H,0,—Pt/TiO,—SBA, despite the high titania contents (up
to 10%) incorporated onto them, as listed in Table 1. Only
a small peak attributed to anatase appeared at around
20 = 25° on Pt/H,0,-TiO,—SBA.

The diffraction peaks attributed to the platinum of the
platinum catalysts considerably differed according to their
preparation methods. The Pt/SBA and Pt/H,0,-TiO,—SBA
catalysts showed intense diffraction peaks of platinum
metal at 20 = 39.6, 46.2 and 67.4°. The appearance of
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Fig. 1 X-ray diffraction patterns of a Pt/SBA, b Pt/H,0,-TiOp—
SBA, ¢ Pt/TiO,—SBA and d H,O,-Pt/TiO,—SBA catalysts

distinct diffraction peaks relative to a metallic platinum
phase indicated the sintering of platinum on these catalysts.
The diffraction peaks of platinum were small on Pt/TiO,—
SBA, but HO,—Pt/TiO,—SBA did not show any diffraction
peaks relative to platinum metal. These results indicated
the significant improvement of platinum dispersion on the
Pt/TiO,—SBA and H,0,-Pt/TiO,—SBA catalysts compared
to those on the Pt/SBA and Pt/H,O,-TiO,—SBA catalysts.
The average platinum particle size on Pt/SBA calculated
using the Scherrer equation from its diffraction peaks was
large at around 20 nm, but it was impossible to determine
the size of the platinum particles on H,O,—Pt/TiO,—SBA
from its diffraction pattern. The incorporation of a titania
layer on the SBA-15 considerably improved the platinum
dispersion, which was additionally enhanced by the further
treatment of the impregnated platinum precursor with
hydrogen peroxide. On the contrary, the treatment of the
titania-incorporated SBA with hydrogen peroxide prior to
the impregnation of the platinum precursor did not improve
the platinum dispersion, as shown on the XRD pattern of
Pt/H,0,-TiO,—SBA.

The XRD patterns of the Pt/SBA and H,O,—Pt/TiO,—
SBA catalysts recorded as a function of temperature in the
reductive atmosphere, shown in Fig. 2, clearly presented
their variation in the stability of the platinum particles
against sintering. Pt/SBA showed sharp diffraction peaks
relative to metallic platinum, even after reduction at
400 °C. The peaks considerably increased following
treatment in the reductive flow at 550 °C. On the contrary,
there were no diffraction peaks relative to metallic plati-
num on H,O,—Pt/TiO,—SBA at its reduced state. Small
diffraction peaks of metallic platinum appeared after
treatment at 550 °C, and no further increase in its dif-
fraction peaks was observed even after treatment at 850 °C.

This clear difference in the diffraction patterns of
Pt/SBA and H,O,-Pt/TiO,—SBA according to their prep-
aration methods demonstrated the significant enhancement
of the dispersion and stability of platinum gained by the
titania incorporation and the subsequent hydrogen peroxide
treatment. The platinum supported on the SBA-15 rapidly
sintered to large particles in the reductive atmosphere.
However, the maintenance of very small diffraction peaks
relative to the metallic platinum of H,O,—Pt/TiO,—SBA,
even after the reduction at 850 °C, indicated the excep-
tional dispersion and stability of the platinum particles.

Figure 3 shows TEM images of the platinum catalysts.
Large particles with diameters of 20-50 nm were observed
on Pt/SBA. The platinum particles dispersed on Pt/H,O,—
TiO,—SBA were very small, but large particles of platinum
were observed together. The hydrogen peroxide treatment
on platinum precursor impregnated on titania layer
enhanced more uniform dispersion of platinum by
increasing the reaction feasibility between platinum
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Table 1 Composition and platinum dispersion of catalysts prepared

Catalyst Composition® (wt.%) CO adsorptionb Pt dispersion® Tso%d °C)
) (em® g™h (%)
Pt Ti CO CHy4
Pt/SBA 39 - 0.035 - - -
Pt/H,0,-TiO,—~SBA 3.8 9.9 0.064 - 209 593
Pt/TiO,—-SBA 34 10.2 0.286 24 193 589
H,0,-Pt/TiO,—SBA 3.7 10.3 0.134 87 188 484

* Measured by EDX
® Measured by chemisorption at 50 °C
¢ Calculated from TEM photos

9 Defined as the temperature at which the conversion of a reactant reaches to 50%
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Fig. 2 X-ray diffraction patterns of A Pt/SBA and B H,O0,—Pt/TiO—
SBA catalysts obtained at elevated temperatures in reductive atmo-
sphere at (a) 25, (b) 550, (c) 650, (d) 750 and (e) 850 °C. The
catalysts were evacuated at 500 °C for 1 h before exposing to
hydrogen

precursor and peroxo ion formed on the titania layer.
Pt/TiO,—SBA prepared by impregnating the platinum pre-
cursor on the titania-incorporated SBA-15 showed
uniformly dispersed platinum particles of 3—7 nm. Plati-
num particles of 1-2 nm in diameter were uniformly
dispersed on H,0,—Pt/TiO,—SBA, presenting an excep-
tionally good dispersion. As mentioned above (Fig. 1), the
titania incorporation was effective to enhance the platinum
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dispersion on the SBA-15, and the additional hydrogen
peroxide treatment of the impregnated platinum precursor
afforded exceptionally high platinum dispersion on H,O,—
Pt/TiO,—SBA. Even at a platinum loading on the platinum
catalyst as high as 4 wt.%, high platinum dispersion was
achieved on the siliceous support SBA-15.

The dark field image of H,O,—Pt/TiO,—SBA shown in
Fig. 4 clearly indicated the strong interaction between
platinum and titania. The titania layer in dark field image
appeared brighter than the silica opposite to it in the bright
field image. The EDX spectrum of the bright part was
composed of platinum and titanium, whereas the predom-
inant element of the dark part was silicon. These clear
differences in distribution among silicon, titanium and
platinum were due to the interaction between platinum and
titania. The exceptionally high platinum dispersion on the
titania-incorporated SBA-15 was primarily responsible for
the titania layer incorporated onto it, inducing the SMSI
with platinum and maintaining the high dispersion of
platinum even at high temperature [23-25].

The XPS spectra of the platinum catalysts supported on
the SBA-15 revealed further information about the changes
in the physical property and chemical state of platinum and
titanium during their preparation. Figure 5 shows the XPS
spectra of the platinum catalysts recorded at their dried state
after impregnating the platinum precursor and at their
reduced state. The Pt 4f peaks were composed of paired
peaks of Pt 4fs,, and Pt 4f;),, in which the binding energies
of the large Pt 4f;, peaks at platinum metal, platinum
species of 2+, and platinum species of 4+ were observed at
71.5,72.7, and 74.0 eV, respectively [6]. The Pt 4f;,, peaks
observed on Pt/SBA after drying had binding energies of
72.4 and 74.2 eV, indicating the presence of Pt*" and Pt*"
together (see supplement Table S1). Some of the platinum
was reduced from Pt** of hydrogen hexahydroxyplatinate
to P** by only drying the impregnated platinum precur-
sor [15]. The platinum impregnated on Pt/TiO,—SBA,
Pt/H,0,-TiO,—SBA and H,O,—Pt/TiO,—SBA also had twin
oxidized states of +2 and +4, as in the case of Pt/SBA.
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Fig. 3 TEM images of a Pt/
SBA, b Pt/H,0,-TiO,-SBA, ¢
Pt/TiO>—SBA and d H,O,—Pt/
TiO,—SBA catalysts
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The peak areas of platinum 4fs, and 4f;, strongly
depended on the preparation method of the platinum cat-
alysts. Pt/SBA had the smallest peak area, and H,O,—Pt/
TiO,—SBA the largest. Even in the dried states, the plati-
num dispersion on the platinum catalysts increased in the
order of Pt/SBA < Pt/H,0,-TiO,—SBA ~ Pt/TiO,—SBA
< H,0,-Pt/TiO,—SBA. The interaction between platinum
and titania enhanced the platinum dispersion.

The chemical state of platinum in the platinum catalysts
at their reduced states also differed according to their
preparation methods. The large peak area of platinum on
H,0,—Pt/TiO,—SBA indicated its high platinum dispersion.
The binding energy of the metallic Pt 4f;, peak of the
platinum catalysts varied: 71.8 eV for Pt/SBA, 71.5 eV for
Pt/TiO,-SBA, and 71.1-71.2 eV for Pt/H,0,-TiO,—SBA
and H,0,—Pt/TiO,—SBA. The platinum dispersed on Pt/
SBA had the typical binding energy of platinum metal,
while that on the titania-incorporated SBA-15 presented a
small shift of the binding energy from 71.8 to 71.1 eV.
Since a smaller binding energy of platinum corresponds to
its high electron density [15], the titania layer incorporated
onto the SBA-15 increased the electron density of platinum
dispersed on it.

In addition, the platinum catalysts supported on the tita-
nia-incorporated SBA-15, Pt/TiO,—SBA, Pt/H,O0,-TiO,—
SBA and H,0,—Pt/TiO,—SBA all showed small platinum Pt
415, peaks relative to the oxidized state of +2. These peaks
strongly suggested that some of the platinum retained its
oxidized state even after being reduced at 400 °C. Follow-
ing their dispersal on the titania layer, some of the platinum
atoms had oxygen atoms as the nearest neighbor.

The XPS spectra of the Ti 2p3,, and O 1s peaks of the
platinum catalysts supported on the titania-incorporated
SBA-15 are shown in Fig. 6. The Ti 2p3, peaks observed
from the platinum catalysts had a maximum around
459 eV. The titania with tetrahedral coordination shows its
Ti 2p;/, peak at 458.4 eV [26]. The negligible difference of
their Ti 2pz, peaks between the dried and reduced states
suggested that the titanium atoms incorporated onto the
SBA-15 had a tetrahedral coordination even at the incor-
poration step, regardless of the preparation method.
XANES spectra of Ti K-edge shown in Fig. S2 (see sup-
plement) strongly indicated the tetrahedral coordination of
titania atoms [27]. However, the binding energy of the Ti
2ps» peaks of the platinum catalysts exhibited a slight
difference due to the hydrogen peroxide treatment. The
peak maximum of the Ti 2ps,, peak on Pt/TiO,—SBA was
459.2 eV, compared to 458.7 eV for both Pt/H,O,-TiO,—
SBA and H,O,-Pt/TiO,—SBA. The small lowering shift of
the Ti 2p;,, peak of the platinum catalysts by the hydrogen
peroxide treatment indicated that the treatment caused to
enhance the content of titanium atoms with definite tetra-
hedral coordination [26].

The hydrogen peroxide treatment of the platinum cata-
lysts and the reduction in the reductive flow affected the O 1s
peaks of Pt/TiO,—SBA, and its peak maximum was therefore
observed at 532.9 eV. However, the O 1s peaks of Pt/H,O,—
TiO,—SBA and H,O0,-Pt/TiO,—SBA differed in terms of
their binding energy and shape. The O 1s peaks on these
hydrogen peroxide-treated platinum catalysts were com-
posed of a large peak at 533.4 eV and a small one at
530.2 eV. The lattice oxygen atoms of the Si—O-Si, Si—O-Ti

Fig. 5 XPS spectra of Pt 4f
peaks of (a) Pt/SBA, (b) Pt/
HzOz—TiOz—SBA, (C) Pt/TlOz—
SBA and (d) HyO,-Pt/TiO,—
SBA catalysts: after drying at A

Pt 4

Praf, ;. P4, ptar
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A\
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Fig. 6 XPS spectra of A Ti 2p3,
> and B O 1s peaks of (a) Pt/ Ti
H,0,-TiO,-SBA, (b) Pt/TiO>—
SBA and (c) H;O,—Pt/TiOp—
SBA catalysts
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and Ti—O-Ti linkages show their O 1s peak at 534.1, 532.2
and 530.2 eV, respectively [28]. The oxygen atoms of the
transition metal oxides, including platinum oxide (PtO,) also
show their O 1s peak at 530.2 eV [29, 30].

The small O 1s peak at 530.2 eV appeared on the cat-
alysts supported on the titania-incorporated SBA-15
followed by hydrogen peroxide treatment such as Pt/H,O,—
TiO,—SBA and H,O,—Pt/TiO,—SBA. The treatment of the
titania-incorporated SBA-15 with hydrogen peroxide
induced a violent reaction, resulting in the formation of
anatase on Pt/H,O,-TiO,—SBA (Fig. 1). Therefore, the
hydrogen peroxide treatment of the platinum precursor can
induce the partial oxidation of the platinum precursor to
oxidized platinum atoms that have oxygen atoms as the
nearest neighbor with a binding energy of 530.2 eV. These
results supported the assignment of the small O 1s peak at
530.2 eV on these catalysts to the oxygen atoms in the Ti—
O-Ti, Pt-O-Ti and Pt—O-Pt linkages formed on their
surface, although no quantitative determination of their
fractions was undertaken.

Some of platinum were dispersed on titania and others
were chemically bonded on titania through Pt—O-Ti bonds
around the outer circle of platinum particles. The hydrogen
peroxide treatment caused the coordination of peroxo
(O,7) groups on titanium atoms and increased their elec-
tron density. Therefore, the SMSI between platinum and
titania caused the increase in the electron density, resulting
in the shift of Pt(0) binding energy to lower values,
whereas the platinum bonded chemically to titania still
retained its oxidation state.

On the other hand, most of oxygen atoms revealed the
shift in O 1s peaks were attributed to oxygen atoms of
titania, not oxygen atoms in Pt—O-Ti bonds. The hydrogen
peroxide treatment caused the coordination of peroxo
groups on titanium atoms, increasing the number of oxygen
atoms coordinated on them. Therefore, the electron density
of each oxygen atom should be decreased.

Raman bands are very sensitive to the presence of
crystalline titania [31]. Figure 7 represents Raman spectra
of the platinum catalysts supported on the titania-incorpo-
rated SBA-15 support. The Pt/H,0,-TiO,—SBA and H,O,—
Pt/TiO,—SBA catalysts treated with hydrogen peroxide at
their preparation showed several Raman bands at 400, 424,
510, 612 and 637 cm™}, although the intensities of these
bands were very weak. However, the Pt/TiO,—SBA catalyst
prepared without the treatment of hydrogen peroxide did
not show any definite Raman bands in this range. Since an
anatase represents its Raman bands at 400, 510 and
637 cm~' and rutile at 424 and 612 cm™' [31], the
observation of these Raman bands clearly show that the
treatment with hydrogen peroxide promotes the transfor-
mation of incorporated titania layer to crystalline states. A
small amount of titania incorporated loosely on SBA-15
became more definite and crystalline state by the treatment
with hydrogen peroxide, indicating that the treatment was
helpful for titania layer to become more dense states.

The XANES spectra of the platinum catalysts recorded
at the dried and reduced states clearly showed the effect of
the titania incorporation followed by the hydrogen perox-
ide treatment on the oxidation state of platinum. Figure 8
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displays the XANES spectra of Pt Lj-edge of the Pt/SBA
and H,0,—Pt/TiO,—SBA catalysts. The XANES spectra of
both catalysts before the reduction exhibited only a high
peak attributed to oxidized platinum [32]. The absence of
any oscillation at higher energy in the XANES spectra
confirmed the negligible amount of metallic platinum on
these catalysts before the reduction treatment. However,
the reduction of the platinum catalysts changed their
XANES spectra according to their preparation methods.
The signal corresponding to the oxidized platinum of
Pt/SBA decreased with the reduction and was accompanied
by an increase in the oscillation due to metallic platinum.
Although the XANES spectra of H,O,—Pt/TiO,—SBA also
changed similarly to those of Pt/SBA, the extents of the
decreased oxidized platinum and the increased oscillation
of the metallic platinum were much smaller. This indicated
that a relatively large portion of the oxidized platinum of
H,0,-Pt/TiO,—SBA compared to that of Pt/SBA retained
its oxidized state even after the reduction treatment.

The EXAFS spectra of the platinum catalysts before and
after the reduction treatment, shown in Fig. 9, clearly
revealed the variation in the platinum dispersion according
to their preparation methods. The chemical state of plati-
num exhibited no remarkable difference in any of the
platinum catalysts after drying at 80 °C. Only the Pt-O
atomic pair with R = 1.99 A was clearly evident on the
Fourier transformed radial distributions of platinum,
regardless of the preparation method. However, the
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Raman Shift (cm™)
Fig. 7 Raman spectra of (a) Pt/H,0,-TiO,—SBA, (b) Pt/TiO,—SBA
and (c) HyO,—Pt/TiO,—SBA catalysts
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Fig. 8 Normalized Pt Ljj;-edge XANES spectra of (a) Pt/SBA and
(b) H,O,—Pt/TiO,—SBA catalysts

reduction treatment at 400 °C significantly affected the
radial distribution of platinum according to the preparation
method. Pt/SBA showed a high peak relative to the Pt—Pt
atomic pair, indicating the sintering of platinum into large
particles. The co-existence of Pt—O and Pt—Pt atomic pairs
on Pt/H,0,-TiO,—SBA indicated that some of the platinum
is reduced to metallic state. The large peak attributed to the
Pt—Pt atomic pair on it indicated the appreciable sintering
of platinum atoms. However, the small peaks relative to the
Pt—Pt atomic pair at around R = 2.7 A on PYTiO,~SBA
and H,O,—Pt/TiO,—SBA confirmed the high platinum dis-
persion even after the reduction treatment. The small peak
relative to Pt—O at around R = 1.5 A on H,0,-Pt/TiO5—
SBA indicated that some of the platinum atoms still
retained their oxidized state.

EXAFS spectra of the platinum catalysts were recorded
in situ in a reductive flow without exposing to air using a
specially designed in situ cell [22]. Figure 10 shows Fou-
rier transformed radial distributions of platinum obtained
from the EXAFS spectra of the Pt/SBA and H,O,—Pt/
TiO,—SBA catalysts recorded in situ with increasing
reduction temperature. The distributions recorded at 25 °C
commonly indicated the presence of only Pt—O atomic
pairs. However, the reduction at 200 °C induced a large
peak relative to Pt—Pt atomic pair on Pt/SBA, indicating the
sintering of platinum metals even at low temperature. The
increase in the reduction temperature to 400 °C caused the
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Fig. 9 Fourier transformed
radial distributions of platinum
obtained from Pt Lyj-edge
EXAFS spectra of a Pt/SBA, b
Pt/H20z—Ti02—SBA, C Pt/TlO2—
SBA and d H,O,-Pt/TiO,—SBA
catalysts: lower distributions are
recorded after drying at 80 °C
and upper ones after reducing at Pt-O
400 °C !

/mwfb\/

further increase of the peak relative to Pt—Pt atomic pair.
No appreciable peak relative to Pt—Pt atomic pair on H;O,—
Pt/TiO,—SBA clearly demonstrated the retention of high
dispersion of platinum during the reduction treatment. The
high dispersion and stability of platinum on H,O,—Pt/
TiO,—SBA due to the incorporation of titania layer and
further treatment with hydrogen peroxide was definitely
confirmed from its EXAFS spectra recorded in situ
method.

Table 1 lists the amounts of carbon monoxide adsorbed
on the platinum catalysts supported on the SBA-15. The
adsorption amounts were very small, leading to very low
dispersions of platinum if those were calculated from these
adsorption amounts. Furthermore, the adsorption amounts
of hydrogen on the platinum catalysts also were too small
to calculate their platinum dispersion. However, the plati-
num dispersion on H,O,—Pt/TiO,—SBA calculated from its
TEM images was very high at 87%. These results indicated
that the adsorption of carbon monoxide and hydrogen on
the platinum particles of the catalysts was strongly sup-
pressed by SMSI or the decoration of titania on the
platinum particles at reduced state [15].

The decoration of platinum particles by titania was
suggested as a cause for the negligible adsorption of
hydrogen on the platinum catalysts supported on titania
after reducing at high temperature [18]. If the suppression
of hydrogen adsorption on the H,O,—Pt/TiO,—SBA catalyst
was caused by the decoration, the adsorption of benzal-
dehyde which adsorbed only semiconductors such as tin
and titanium oxides could reveal a change in its IR spectra
along with the reduction because the exposed surface area
of titania should be increased. Figure 11 shows IR spectra
of benzaldehyde adsorbed on TiO,—~SBA and H,O,-Pt/
TiO,—SBA. Hydroxyl groups formed on the titania layer
incorporated on the SBA-15 at the adsorption of benzal-
dehyde caused a broad band around 3500 cm~'. C-H
stretching bands of alkyl and aldehyde groups appeared at

o 1 2 3 4 50 1 2 3 4 5

2 3 4 5
R (A) R (A) R (A)
(B) (C) (D)

(A) Pt-Pt

Pt-O
(@)
o 1 2 3 4 5
R (A)
(B)
Pt-Pt
Pt-0 (c)
T ]
(b)
V\/‘/‘/ “
0 1 ' 2 3 ' 4 ' 5
R (A)

Fig. 10 Fourier transformed radial distributions of platinum obtained
from Pt Lij;-edge EXAFS spectra of A Pt/SBA and B H,0,-Pt/TiO,—
SBA catalysts. The spectra were recorded in situ in a hydrogen flow
with increasing reduction temperature up to (a) 25 °C, (b) 200 °C and
(c) 400 °C. The catalysts were evacuated at 200 °C for 2 h prior to
exposing to the hydrogen flow
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3068, 2857 and 2745 cm™'. Carbonyl groups of benzal-
dehyde adsorbed caused a large band at 1695 cm™" [19].
Benzaldehyde adsorbed on the reduced TiO,—SBA induced
a higher IR spectrum compared to its calcined state, while
that adsorbed on the reduced H,O,—Pt/TiO,—SBA induced
a lower IR spectrum. The removal of excess oxygen on
TiO,—SBA during the reduction treatment led the exposure
of more titania, resulting in the increase of absorption
bands relative to benzaldehyde. If the decoration of plati-
num particles with titania occurred at the reduction
treatment of H,O,—Pt/TiO,—SBA, the IR spectrum of
benzaldehyde adsorbed on it after the reduction should be
equal or higher compared to that adsorbed the calcined
state. The small adsorption of benzaldehyde on the reduced
H,0,-Pt/TiO,—SBA indicated that the decoration was not
certain on the platinum catalyst supported on the titania-
incorporated SBA-15.

Unusual adsorption of hydrogen and carbon monoxide on
platinum catalysts dispersed on titania support after reduc-
tion at high temperature is usually explained by the
decoration of platinum with titania [23-25]. Titania
migrates to the exposed surface of platinum particles and
reduces effective platinum atoms for their adsorption.
However, the migration and expansion of titania on the
platinum atoms of H,O,—Pt/TiO,—SBA after the reduction
treatment were not observed in the adsorption of benzal-
dehyde. The decoration of platinum, thus, was not only a
plausive explanation for the suppression of hydrogen
adsorption on the platinum catalysts supported on the titania
layer-incorporated SBA-15. The change in the electronic
state of platinum due to the strong interaction with titania
also causes a large reduction of hydrogen adsorption.

In situ EXAFS and XPS spectra strongly suggested the
presence of oxidized platinum atoms as well as metallic
platinum atoms even after the reduction. This suggested

that the oxidized platinum atoms had oxygen atoms as the
nearest neighbor and combined with titanium atoms
through Pt—O-Ti bands at the interface between platinum
particles and titania layer. The formation of Pt-O-M
(M:Ce, Mg, Zr, Ti) bonds on platinum catalysts supported
on various supports were reported based on their EXAFS
spectra [3, 33]. These bonds were responsible for both the
high dispersion and stability of platinum. The strong
interaction between platinum and titania enhances the
stability of platinum even at the reduction treatment, the
Pt—O-Ti bands encircled platinum particles suggested
on H,0,—Pt/TiO,—~SBA also suppress the sintering of
platinum.

The catalytic activity of the platinum catalysts in the
combustion reactions of carbon monoxide and methane
strongly depended on their preparation methods, as shown
in Fig. 12. Despite the same 4 wt.% platinum loading, the
light-off temperature for the combustion of carbon mon-
oxide varied considerably. H,O,—Pt/TiO,—SBA showed the
lowest light-off temperature of 188 °C, while that of
Pt/SBA was too high to be measured in the experimental
temperature range. A similar trend was also observed in the
combustion of methane. H,O,-Pt/TiO,—SBA with the
highest platinum dispersion also showed the lowest light-
off temperature.

Although the platinum catalysts in the catalytic com-
bustion of carbon monoxide and methane exhibited the
same order, their catalytic activities in these two combus-
tion reactions showed notable differences. The Pt/TiO,—
SBA, Pt/H,O0,-TiO,—SBA and H,0,-Pt/TiO,—SBA cata-
lysts supported on the titania-incorporated SBA-15 showed
relatively high activity in the combustion of carbon mon-
oxide, regardless of the hydrogen peroxide treatment. The
high activity was due to the activation of carbon monoxide
on the titania [18], and thus the difference in the platinum

Fig. 11 FT-IR spectra of
benzaldehyde adsorbed on (a)
TiO,—SBA and (b) H,O,—Pt/
TiO,—SBA. The IR spectra were
recorded after calcinations at
400 °C and reduction with
hydrogen at 400 °C,
respectively
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Fig. 12 Catalytic performance of (a) Pt/SBA, (b) Pt/H,O,—TiO,—
SBA, (c) Pt/TiO,—SBA and (d) H,O,—Pt/TiO,—SBA catalysts in A the
oxidation of carbon monoxide and B the combustion of methane

dispersion did not greatly influence the activity of these
catalysts in the combustion of carbon monoxide. On the
contrary, Pt/TiO,—SBA and Pt/H,0,-TiO,—SBA exhibited
notably lower activity in the combustion of methane. Since
the activation of both methane and oxygen on platinum was
required in the combustion of methane [34], the platinum
catalyst with the greatest dispersion, H,O,—Pt/TiO,—SBA,
showed the highest activity in the combustion reactions. It
is very reasonable that the catalytic activity of the platinum
catalysts in the combustion of methane was strongly
dependent on the platinum dispersion. Even the platinum
catalysts supported on the titania-incorporated SBA-15
exhibited poor catalytic activities when the platinum dis-
persion on them was not sufficiently high.

The wide application of diesel vehicles strongly requires
the removal of carbon monoxide, unburned hydrocarbons

and solid organic fractions from their emission. Diesel
oxidation catalysts prepared by impregnating platinum on
alumina are installed in heavy trucks and urban buses.
Since the catalysts are working at a wide temperature range
for a long time, the dispersed platinum needs to retain its
active state after long-term operation. The other require-
ment for diesel oxidation catalysts is high activity at low
temperature because the exhaust gas temperature is
reduced in highly advanced diesel engines to enhance their
fuel efficiency and to reduce their NO, emissions [35]. Tin
has been added to the platinum catalyst for diesel soot
oxidation [36]. A screening study on suitable supports for
diesel oxidation catalysts has also been reported [37]. The
supports containing ceria showed better stability in the
presence of water. However, platinum catalysts supported
on titania-incorporated SBA-15 and treated with hydrogen
peroxide were confirmed in the present study to be very
suitable for application as diesel oxidation catalysts due to
their high activity in the combustion reactions of both
carbon monoxide and methane. Furthermore, their high
stability at higher temperatures holds the promise of high
performance for long-term, realistic application. A prac-
tical application test of the platinum catalysts for the
oxidative removal of hydrocarbon and carbon monoxide
from diesel engine exhausts is now being conducted. The
details will be presented in a future paper.

4 Conclusions

The hydrogen peroxide treatment of a hydrogen hexa-
hydroxyplatinate precursor impregnated on titania-
incorporated SBA-15, followed by calcination and reduc-
tion, produced an exceptionally well dispersed and stable
platinum catalyst. The uniformly dispersed platinum par-
ticles ranged 1-2 nm in size and were stable at 850 °C in a
reductive atmosphere, even at a platinum loading as high as
4 wt.%. Titania incorporated onto the SBA-15 exhibited a
tetrahedral coordination and stabilized platinum particles.
The hydrogen peroxide treatment of the platinum precursor
impregnated on the titania-incorporated SBA stabilized
titania layer and suggested to promote the formation of Pt—
O-Ti linkages. Therefore, the high stability and dispersion
of platinum on H,O,-Pt/TiO,—SBA were resulted from the
stabilization of platinum by the strong interaction with
titania and the suppressing of platinum sintering by these
linkages. The high activity and stability of the platinum
catalyst in combustion reactions of both carbon monoxide
and methane confirmed its suitability as a diesel oxidation
catalyst.
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