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A series of Pt/TiO; catalysts with various Pt particle sizes were prepared and tested for low temperature
CO oxidation. The effect of Pt particle sizes on the reaction was investigated. It was found that turnover
frequencies based on Pt dispersion varied as declined with increasing Pt particle size as a function of
d-986_ However, turnover frequency based on Pt atoms located on the periphery of Pt-TiO, interface
remained constant at 40 °C, implying that these periphery Pt atoms were the active sites. Kinetic study
was conducted to investigate reaction pathway on the catalyst. The derived power rate law expression
was r=1.98x10"7 Pcg%29P,%1° at 40°C. Based on the kinetic results, elementary steps of this reaction
were proposed, which involved chemisorption of CO on Pt atoms and chemisorption of O, on TiO, and a
reaction of these two species at the Pt-TiO, interface.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic oxidation of CO is of great importance because of its
wide applications in such as indoor air cleaning, CO gas sensors,
CO, lasers, automotive exhaust treatment [1,2]. The catalyst sys-
tems for CO oxidation consist of precious metals such as Au [3,4], Pt
[5-7], and Pd [8] and transition metals such as Cu [9,10]. Although
supported Au catalysts recently have been paid much attention
because of their extraordinary activities at low temperatures, Pt
catalysts are also promising for this reaction, especially when Pt is
supported on reducible oxides such as TiO, [11] or FeOy [12].

CO oxidation is also a good model reaction to understand
some essential questions in catalysis, such as structure-sensitivity
(particle size effect), active sites/phases and reaction mechanism.
Concerning the particle size effect, it is generally accepted that the
supported Pt catalysts show less structure sensitivity or structure
insensitivity [13] for the CO oxidation compared to the Au cata-
lysts, and sometimes the turnover frequency (TOF) decreases with
increasing Pt dispersion [14]. In addition, the particle size effect is
also dependent on the reaction model. Most commonly, the parti-
cle effect is established according to the relationship between the
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metal particle size and the turnover frequency (TOF) for CO oxida-
tion based on metal dispersion. Such a correlation is true when all
the surface metal atoms participate in the reaction; however, when
metals are supported on reducible oxides such as TiO,, Fe; 03 and
Ce0,, it is accepted that CO oxidation takes place at the metal-
support interface [15]. In this case, only the metal atoms located at
the periphery of metal-supportinterface are the reacting sites while
the other surface metal atoms serve as collection zone, thus the
relation between the TOF concerning periphery metal atoms and
metal particle diameter seems reflect more intrinsic size depend-
ency. For example, we have recently studied the particle size effect
on CO oxidation over CuO-CeO, catalysts [16]. It was found that
according to the turnover frequency based on CuO sites located on
the CuO-CeO, interface, the activity on a large CuO crystallite was
much higher than that on the small one. The enhanced activity was
ascribed to a higher density of chemisorbed CO on the active sites
for the large CuO crystallite.

The mechanism of CO oxidation over Pt catalysts has been exten-
sively studied in literature and various reaction pathways were
proposed [17-21].1tis generally recognized that the reaction occurs
on the Pt surface and the reaction follows Langmuir-Hinshelwood
(L-H) models [22-24], which involves chemisorption of CO and O,
on the Pt surface. Note such reaction pathways were derived on Pt
supported on inert oxides such as Al,03 [25]. When metal is sup-
ported on reducible oxides such as TiO, and CeO,, the mechanism
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may change since the support could also participate in the reac-
tion via the involvement of lattice oxygen, which has been widely
reported. For example, Behm and co-workers [26] concluded that
on Au/TiO, catalysts the active oxygen species are surface lattice
oxygen (most likely at the perimeter of Au particles) and gas phase
oxygen is not required in the CO oxidation. Thus, an “Au-assisted
Mars-van Krevelen reaction mechanism” was proposed [27]. Unfor-
tunately, detailed kinetic study was not performed in their works
and the dependency of O, partial pressure on the reaction rate was
not determined.

It can be seen that to better understand the particle size effect
on CO oxidation, a series of carefully controlled catalysts should be
prepared. Besides, appropriate deduction of TOF according to the
reaction model is helpful to establish intrinsic correlation between
activity and particle size. Moreover, detailed kinetic investigation
is required to obtain some insight on the reaction mechanism,
although mechanisms of CO oxidation over Pt catalysts have been
proposed, reaction pathways of this reaction over Pt catalysts sup-
ported on reducible oxides has not been studied. Therefore, in this
work, we prepared a series of Pt/TiO, catalysts with different Pt
loadings. By using Pt(NO3), as the precursor instead of HyPtCly,
and calcination under same temperature, catalysts with different
Pt particle sizes were obtained without changing any other parame-
ters. These catalysts were tested for CO oxidation in order to clarify
the particle size effect. In addition, kinetic investigation was also
performed to discuss reaction mechanism on these catalysts.

2. Experimental
2.1. Catalyst preparation

A series of Pt/TiO, catalysts with different Pt loadings were pre-
pared using an incipient wetness method. In a typical synthesis
procedure, an appropriate amount of aqueous solution of Pt(NO3 ),
(Shanghai Jiuyue Chemical Ltd., 99.9%) was added to 5g of TiO,
support (P25, Degussa, 55m?2 g~1, calcined at 500 °C for 4 h prior to
catalyst preparation), and the mixture was kept for 3 h. Then it was
mildly evaporated at 90°C and dried at 120°C overnight. Finally,
the solid was calcined at 400°C for 4 h. The catalysts were desig-
nated as xPt/TiO,, as the X referred to the weight percent of Pt in the
catalyst. A reference catalyst Pt/SiO, with a Pt loading of 2.0 wt.%
was also prepared in a similar manner.

2.2. Catalyst characterizations

X-ray diffraction (XRD) patterns were recorded using a PANa-
lytic X’Pert PW3040 diffractometer with Cu K, radiation operating
at 40 kV and 40 mA. The patterns were collected in a 20 range from
10° to 90°, with a scanning step of 0.15°/s.

High-resolution transmission electron microscopy (HRTEM)
was performed on a JEM-2100F microscopy with a field emissive
gun, operated at 200 kV and with a point resolution of 0.24 nm. The
samples were prepared by dispersing a few milligrams of powder in
ethanol. The dispersion was then immersed for 10 min in an ultra-
sonic bath in order to disagglomerate the powder particles. Finally,
one drop was deposited on a Formvar/carbon copper grid. Vari-
ous regions of the grid were observed and the particle sizes were
measured from the observation of 6-20 particles.

CO chemisorption experiments were carried out on a Quan-
tachrame CHEMBET-3000 instrument in order to determine the
dispersion of Pt. The Pt/TiO, catalyst was placed in a U-shaped
quartz reactor and a high-purity He (99.999%) gas flow of
70mlmin~! was used as the carrier gas. Before CO chemisorption,
the samples were reduced in a H,-N, mixture (5vol% Hy) stream
at 300°C for 1h, cooled down to 30°C, and then purged with a

pure He gas flow (30mlmin~1) for 1h at the same temperature.
Then pulses of CO were fed into the stream of carrier gas with a
precision analytical syringe.

The reduction properties of the samples were measured by
hydrogen temperature-programmed reduction (H,-TPR) experi-
ments. The Pt/TiO, catalyst was placed in a quartz reactor, and then
heated from room temperature to 800 °C at a rate of 10°C min~! in
a Hy—-N, gas (5vol% Hy, 30 mlmin—1). The hydrogen consumption
during the reduction was determined by a gas chromatograph with
a thermal conductivity detector (TCD). The water produced in TPR
was trapped on a 5 A molecular sieve.

X-ray photoelectron spectra (XPS) were recorded using a VG
ESCALAB MK-2 spectometer with Al Ko radiation (1486.6eV). The
voltage and power for the measurements were 12.5kV and 250 W,
respectively. The vacuum in the test chamber during the collection
of spectra was kept at 2 x 10~8 Pa. The spectra obtained, once the
background was removed, were fitted to Lorentzian and Gaussian
lines to obtain the number of components, peak position, and their
areas. The adventitious C 1s line at 284.6 eV was used as an internal
standard.

0, chemisorption over the Pt/TiO, catalysts were performed
home-made apparatus. 0.1 g of the catalyst was loaded in the mid-
dle of a quartz tubular reactor attached with a thermal couple. The
catalyst was pretreated in a Ar flow (30mlmin~1) at 300°C for
1h to remove the water and some carbonates. Then the catalyst
was cooled down to a certain temperature (e.g. 40, 60 or 80°C),
then a O,—Ar mixture (10% O, total flow rate=20mlmin—') was
introduced to the sample. In the mean time, the outlet O, signal was
monitored by a mass spectrometer (MS, Qic-20 Benchtop, Hiden
Analytical) with a m/e=32. When the O, chemisorption was sat-
urated, the signal became constant. The amount of chemisorbed
0, could be calculated based on the MS signal profile, as shown in
Fig. 11 with the area of the shadow part representing the amount of
chemisorbed O,. In order to subtract the dead volume of the appa-
ratus, a blank test was also conducted by loading the same volume
of quartz sand as the catalyst.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra
of the samples were recorded using a Nicolet 670 spectrometer
equipped with a MCT detector and a DRIFT cell (Harrick, CHC-
CHA-3). Prior to the measurement, the sample was pretreated
in a 0,-He flow (20% O,, total flow=30mlmin~!) at 300°C for
30min to remove the water and some carbonate species on the
catalyst surface. After that, the sample was cooled down to 40°C
and a flow of Ar (30mlmin~1!) was fed to remove the residual
gas and the background spectrum was recorded. Then the sam-
ple was exposed to CO-Ar mixture (30mlmin~1, 1vol% CO) for
30min. Finally, the sample was purged by Ar (30 mlmin~') for
another 30 min to remove the gaseous and physisorbed CO and the
spectra were recorded. In all cases the spectra were taken at 30 °C,
with a resolution of 4cm~! and cumulative 32 scans. The temper-
ature was controlled with a thermocouple in direct contact with
the sample, and circulating water was used to cool the body of the
cell. CO chemisorption experiments at 60, 80 and 100 °C were con-
ducted in a similar way. Another set of experiments were carried
out over a 2.0Pt/TiO, catalyst at elevated temperatures after CO
chemisorption at 40 °C. After the catalyst was exposed in a CO-Ar
mixture (30 mlmin—!, 1 vol% CO) for 30 min at 40 °C and purged by
Ar (30 mlmin~') for 30 min and a spectrum was recorded, the tem-
perature was continuously raised to 60, 80 and 100 °C, then spectra
were recorded again.

2.3. Catalytic testing

Catalytic CO oxidation was performed on a tubular quartz
micro reactor (6 mm i.d.) using different amounts of catalyst
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(0.12-0.15mm in size). Different weight of the catalyst was
employed in order to control the CO conversion at low levels (typ-
ically below 20% at low reaction temperatures (<100°C) to ensure
a differential reaction mode). The catalyst was diluted with quartz
sand in the same mesh size to 0.25ml. A feed gas consists of 1%
CO and 1% O, in N, with a total flow rate of 40 ml (NTP) min~!,
corresponding to a space velocity (S.V.) of 9600 ml gcc~ ! h~1. The
catalyst was directly exposed to reaction gas without any pretreat-
ment. The reaction temperature was monitored by a thermocouple
placed in the middle of the catalyst bed. The CO concentration in
the reactor effluent was analyzed using an Agilent 6850 gas chro-
matograph equipped with a TCD detector attached to an HP PLOT
column (30mx0.32 mmx 12 um).

Concerning the intrinsic activity, two types of turnover frequen-
cies (TOFs) were calculated based on the following definitions:

-1 MPt
TOF, (s™") = XcoFco McaXoiDrr
where Xcq is the CO conversion at certain temperature; Fcg is the
flow rate of CO in unit of mol s—1; mc,; is the amount of catalyst; Xp;
is the Pt loading in the catalyst; Dp; is the dispersion of Pt; Mpy is the
molar weight of Pt (195.08 g mol~!). TOF,; reflects the conventional
calculation of turnover frequency based on the metal dispersion.

TOF, (51) = XeoFcoNv s

where Xcq is the CO conversion at certain temperature; Fcg is the
flow rate of CO in unit of mol s—1; Nay is the Avogadro’s con-
stant; mc,¢ is the amount of catalyst; Xp; is the Pt loading in the
catalyst; mp; means the weight of a single Pt crystallite depend-
ing on its size, which could be derived from its volume obtained
under the assumption of its semi-spherical shape and density of
Pt (14.9gcm3); d is the crystallite size of Pt; 7.8 is the average
site density of Pt on the periphery, calculated by 7/2dp¢_pt), where
d(pe_py) is the distance of Pt-Pt bond (0.202 nm). TOFy, reflects the
turnover frequency based on the metal sites located on the Pt-TiO,
interface.

2.4. Reaction kinetics

The kinetic study was performed on the same fixed bed reactor
of the catalytic CO oxidation as mentioned above. The feed gases
were measured with mass flow controllers and mixed prior to the
reactor inlet. For kinetic measurements, the reactor was operated
in a differential mode with CO conversion less than 15%. The reac-
tion conversion was controlled by changing the load of catalyst,
which was diluted with quartz sand to a volume of 0.1 ml. The
diluted catalyst was embedded with glass wool on both sides. A
thermocouple was inserted into the middle of the catalyst bed to
monitor the reaction temperature. Also, the absence of mass trans-
port resistances was also checked by Weisz-Prater criterion for
internal diffusion and Mears’ criterion for external diffusion and
the absence of heat transfer was checked by Mears’ criterion [28]
(See Supplementary Information for detailed calculation). For the
2.0Pt/TiO, catalyst, the calculated values under kinetic conditions
are 3.66x 1073 for the Weisz-Prater criterion for internal diffu-
sion, 6.74x 1073 for the Mears’ criterion for external diffusion and
0.10 for the Mears’ criterion for heat transfer. Those results ensure
plug-flow and isothermal conditions within the catalyst bed. Par-
tial pressure dependencies of the reaction rates were measured by
adjusting the flow rate of 10% CO/Ar or 10% O, /Ar, while keeping
the total flow rate at 120mlmin~! by adjusting the flow rate of
pure Ar. In this kinetic experiment, the concentration of CO or O,
in the feed was varied between 0.1 and 3%. Each measurement was
taken after stable rate was achieved, which took about 1 h. CO, con-
centration in the outlet gas stream was also analyzed by the same
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Fig. 1. XRD patterns of Pt/TiO; catalysts.

Agilent 6850 gas chromatograph mentioned above. Conversion of
CO was calculated as follows:
[CO];, vol.% — [CO] oyt VOL.%

[COJ;, vol.% ’ M

Xco =

where [CO];, and [CO]out were the CO concentrations in the inlet
and outlet gas (vol.%) respectively. And the Xco was used to calcu-
late the reaction rate as follows:

Nco - Xco

Wcat (2 )

Tco =
where N¢g is the CO molar gas flow rate in mols~1, Wy is the
catalyst weight in grams, r¢g is the reaction rate in molcg gcat ' s~ 1.
The power-rate law expressions were obtained by taking par-
tial pressure of each reactant (kPa) and the reaction rate data and
simultaneously fitting the entire data set by linear least squares
regression analysis using the POLYMATH 5.1 program [29].

3. Results and discussion
3.1. Characterizations of Pt/TiO, catalysts

Fig. 1 presents the XRD patterns of the Pt/TiO; catalysts. All these
catalysts show typical TiO, diffraction peaks in forms of anatase
(PDF 21-1272) and rutile (PDF 21-1276). While for the high loading
Pt catalysts, very weak diffraction peaks at 260 =33.6° due to PtO,
(PDF 38-1355) could be observed.

Representative HRTEM images of the Pt/TiO, catalysts are
shown in Fig. 2. It is clear that the particle size of Pt/PtO grad-
ually increases with the metal loading in the catalyst. For the
0.3Pt/TiO, catalyst, the average particle size is about 1 nm, while
for the 10Pt/TiO, catalyst the particle size is about 10 nm. These
results are in good agreement with the CO chemisorption results
(Table 2), indicating the growth of particles with increasing metal
loading in the catalyst.

Analysis of the oxidation states of the Pt/TiO, catalysts were
conducted by XPS, and the results are shown in Fig. 3. The Pt4fs,
peaks of all the catalysts could be deconvoluted to three peaks at
71.3,72.3 and 74.3 eV, which could be assigned to PtY, Pt2* and Pt*",
respectively [30-32]. It can be seen that the Pt species in these
catalysts are predominantly oxidized, with very limited metallic
Pt content (<3%). This is because the catalysts were calcined. Also,
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Fig. 2. TEM images of Pt/TiO, catalysts.

the peak intensity increases with the increase of Pt content in the
catalyst.

Redox properties of the Pt/TiO, catalysts are measured by H-
TPR technique, as shown in Fig. 4. A low-temperature reduction
peak at about 100°C and a high-temperature reduction peak in
the range of 300-500°C were observed. The peak at 100°C could
be assigned to the reduction of PtOx [33], while the broad peak
at 300-500°C could be attributed to the reduction of TiO, caused
by spillover effect [34]. However, note that the area of the low-
temperature peak is not proportional to the metal loading in the
catalyst and it is well known that PtOy could be easily reduced
even at room temperature [35], it implies that some PtOy species
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might be readily reduced at low temperature before the signal was
recorded.

It seems clear that the as-prepared catalysts contain mostly oxi-
dized Pt species in the catalysts. However, the oxidation states of
the Pt species may change under reaction conditions, because the
reaction feedstock consists of both CO (reducing agent) and O, (oxi-
dizing agent). Fig. 5 shows the DRIFT spectra of CO chemisorption
on the 2.0Pt/TiO, catalyst at different temperatures. It can be seen
that the catalyst presents similar features of bands at 2064, 2098
and 2112 cm™!, which could be assigned to CO chemisorbed on
Pt0, Pt™ (1<n<2) and Pt2*, respectively [36-38]. Meanwhile, the
peakintensity dramatically increases with temperature, suggesting
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Fig. 3. Pty XPS spectra of Pt/TiO, catalysts.
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Fig. 4. H,-TPR profiles of Pt/TiO, catalysts.

stronger CO chemisorption on the catalyst at elevated temperature.
Moreover, the disappearance of Pt** species after CO chemisorption
implies the reduction of Pt#* species by CO molecules. The reduc-
tion of oxidized Pt species was also evidenced by the changes of
intensity of the bands. At 40°C, the band at 2112cm~! (CO-Pt2*)
is dominant; while the bands at 2064 (CO-Pt?) and 2098 (CO-Pt™*
(n=1-2)) increase in intensity at higher temperatures and become
dominant at 100 °C. Meanwhile, the relative intensity of the band at
2112 cm~! (defined as I»112/(Ix064 *+ I2008 *+ I2112)) declines continu-
ously. These results suggest that the surface Pt species in oxidized
forms could be easily reduced, which is in good agreement with
the H,-TPR results (Fig. 4). Although the CO chemisorption exper-
iments are not the same as the reaction conditions because of the
absence of O, it has been reported that the oxidized Pt species
could be readily reduced under reaction conditions even with low
CO concentration. For example, Gracia et al. [39] performed IR
experiments on a calcined Pt/SiO, catalyst with a 1% CO and 10%
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Fig. 5. DRIFT spectra of CO chemisorption on 2.0Pt/TiO, catalyst at different tem-
peratures.
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Fig. 6. Light-off curves of CO oxidation over Pt/TiO catalysts.

0, mixture, and they found that the oxidized Pt species could be
reduced at 120°C.

Thus, by changing the Pt loadings, catalysts with PtOx sizes
ranging from 1 to 10 nm were prepared. The as-prepared catalyst
contains mostly oxidized Pt species, however, these species could
be easily reduced in the presence of CO, and the catalyst contains a
mixture of Pt?, Pt™ (n=1-2) and Pt2* under the reaction condition.

3.2. Activity test and the effect of Pt particle size

Fig. 6 demonstrates the activity tests of the Pt/TiO, catalysts.
Note that in order to obtain low conversion levels (<20%) at tem-
perature below 100 °C, different catalyst weights were used. For
example, the catalyst loadings of the 0.5Pt/TiO,, 1.0Pt/TiO, and
2.0Pt/TiO, were 0.05g, while the loadings of the other catalysts
were 0.1g. Also, the 2.0Pt/SiO, catalyst is much less active than
those supported on TiO,, which catalyzes CO oxidation at about
200 °C.The enhancement of activity over the Pt/TiO, catalysts com-
pared to the Pt/SiO, catalyst strongly confirms the participation of
TiO, in the reaction. The CO conversions at 40 °C over the Pt/TiO,
catalysts are summarized in Table 1, as well as the TOF values cal-
culated based on Pt dispersion (TOF,) or based on Pt atoms located
on the periphery of Pt-TiO, interface. It can be seen that the TOF, at
different reaction temperatures declines with increasing Pt particle
size by a factor of about 7. For example, at 40 °C, the TOFa obtained
on the 0.3Pt/TiO, was 21.5x 103 s~! while that on the 10Pt/TiO,
catalyst was 3.2x10 3 s 1,

To better correlate the obtained TOF values with Pt parti-
cle size in the catalysts, plots of TOFs versus Pt particle size
were made and shown in Fig. 7. Regressions of the TOF, values
(at 40°C) and Pt particle sizes result in the following equa-
tions: TOF,=0.027x10-3d-986_ The changes of TOF, with Pt
particle size suggests that the reaction over these catalysts are
structure-sensitive. This observation is inconsistent with the pre-
vious findings that either the TOFs are independent of particle size
[40,41] or the TOF increases with Pt particle size [39]. Concerning
the TOF,, it is found that the dependence of TOF;, on the Pt particle
size is completely different from that of TOF,. The TOF, values are
almost constant with the changing Pt particle size (except for the
0.3Pt/TiO, catalyst).

The correlation between Pt particle size and TOFs has been
similarly established on Au/TiO, catalysts for low temperature
CO oxidation, in which TOF values based on Au dispersion (TOF,)
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Table 1
Summary of catalytic results for CO oxidation over Pt/TiO; catalysts at 40°C.

Catalyst Pt particle size (nm) CO conversion (%) TOF, (x10-3s1) TOF, (x103s71)
0.3Pt/TiO; (0.1g) 1.1 11.0 215 12.8
0.5Pt/TiO, (0.05g) 1.7 52 17.9 15.5
1.0Pt/TiO5 (0.05g) 2.7 44 12.2 17.1
2.0P/TiO, (0.05g) 3.5 5.3 9.5 17.3
5.0Pt/TiO; (0.1g) 54 12.9 6.8 178
10Pt/TiO; (0.1g) 10.0 6.2 3.2 165
Table 2

Summiary of kinetic results of CO oxidation over 2.0Pt/TiO, catalyst at 40 °C.

Partial pressure (kPa) CO conversion? (%)

Reaction rate (x10-7 molg='s1)

Cco 0,

1.0133 0.304 5.1 1.52

1.0133 0.5066 5.6 1.67

1.0133 1.0133 6.3 1.88

1.0133 2.0265 6.9 2.05 L 7
10133 30398 31 241 Eovggg;at%g(pressmn. r=1.98x10
0.304 1.0133 17.4 1.55 oo

0.5066 1.0133 119 1.78

2.0265 1.0133 4.1 2.44

3.0398 1.0133 3.6 3.21

2 The weight of catalyst was 300 mg.

declined with increasing Au particle size [42,43] while TOF val-
ues based on Au atoms at the Au-TiO, interface remained constant
[44]. More importantly, such correlation gives an implication of the
active sites for CO oxidation. Haruta et al. [42] and Overbury et al.
[43] found that the TOF values for CO oxidation over Au/TiO, cat-
alysts varied as particle size d-! and suggested that the reaction
takes place at the Au-TiO, interface because the ratio of Au atoms
located at the interfacial perimeter of a supported hemispherical
cap with diameter d to the number of Au atoms on the surface of
the cap varies as d~!. Recently, Fujitani and Nakamura [44] con-
cluded that Au atoms on the Au-TiO, interface could be the active
sites for CO oxidation at low temperature (<300K) due to the fact
that the TOF value based on Au atoms located on Au atoms at the
Au-TiO, interface (TOF,) was constant regardless of Au particle
size.

In the present work, the TOF, values are found to be proportional
to d~986, and the TOF, values are constant regardless of Pt particle
size. Such finding implies that CO oxidation over the Pt/TiO, cata-
lysts may follow similar pathways as in Au/TiO; catalysts, namely,
the reaction take place at the Pt-TiO, interface.

25
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I R R l
o 15} T I |
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» % X3 o TOF,
6 10 ‘8. . O TOF,
. 5| TOF,=027x10° O
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Pt particle size / nm

Fig. 7. TOFa and TOF, as a function of Pt particle size at 40°C.

3.3. Kinetic study of CO oxidation over 2.0Pt/TiO, catalyst

Kinetic study of CO oxidation was performed on the 2.0Pt/TiO,
catalyst at 40 °C. Absence of mass and heat transfer limitation was
verified by checking the Weisz-Prater criterion and Mears’ crite-
rion. And the reactions were carried out at differential mode with
CO conversions typically less than 15%. Table 2 summarizes the
kinetic results of CO oxidation over the 2.0Pt/TiO, catalyst at 40 °C.
The dependences of partial pressures of CO and O, on the reaction
rate are demonstrated in Fig. 8a and c. It is found that the reaction
rate increases with partial pressures of CO and O, in the feedstock.
After taking logarithm of these values (Fig. 8b and d), the reac-
tion order of CO and O, could be calculated. Thus, the power rate
expression is r=1.98x10~7 Po??9Pg, *19.

Fig. 9 shows the Arrhenius plot and parity plot of CO oxidation
over the 2.0Pt/TiO, catalyst. From Fig. 9a, the apparent activation
energy was calculated to be 41.5 k] mol~!. This value is higher than
those obtained over Pt/SiO; catalysts (13-22 k] mol~! [39]), but is
lower than those obtained on Pt/Al,05 catalysts (80-90 k] mol~!
[25]; 65k]mol~! [45]). And the parity plot shows (Fig. 9b) that
the experimental reaction rates are consistent with the calcu-
lated reaction rates according to the rate expression r=1.98x10-7
Pco®?Po, %1%, which indicates that the derivation of the rate
expression is valid.

Based on the rate expression, elementary steps of CO oxida-
tion over Pt/TiO, catalyst could be derived. Among various reaction
models, Mars van-Krevelen model and Eley Rideal model could be
excluded because the former would result in a rate equation with
a reaction order of 0 on O, partial pressure, and the latter would
result in a rate equation with a reaction order of 1 on O, partial
pressure (see Supplementary Information), which are not consis-
tent with the kinetic results in the present work. Also, since TiO, is
a reducible support, participation of its lattice oxygen in the reac-
tion must be concerned. DRIFT experiment was performed on the
2.0Pt/TiO, catalyst after it was exposed in CO at 40 °C and the results
are shown in Fig. 10. It can be seen that at elevated temperatures,
the intensities of the IR bands continuously declines due to the
desorption of CO molecules from the catalyst surface. Meanwhile,
anew band at 2300-2350 cm~! (Fig. 10 inset) assigned to gas phase



N. Li et al. / Applied Catalysis B: Environmental 142-143 (2013) 523-532 529

12

a
10} )

(o))
0

N

onN

co

o KPa

=y
N

c)

Rate (mol_g"'s'x107)

-
o
T

o)
T

4t

P, (KPa)

0 05 10 15 20 25 30 35

Ln (rate)

2 L L L L L L
0.0 05 10 15 20 25 3.0 3.5

-13.2¢ b)
-13.6}

-14.01 ST
4.4} R R?=0.9765
48|
-15.24

15 10 05 00 05 10 15
Ln(PCO)

-13.2¢ d)
-13.6}

-14.0t
-14.41 L
a8l

-15.2}

-9

o R*=0.9564

45 10 05 00 05 10 15
Ln(P

02)

Fig. 8. Kinetic results of CO oxidation over 2.0Pt/TiO, at 40°C.

CO; appears at 80°C, indicating the formation of CO, by the reaction
between CO and lattice oxygen. Note that the intensity of this band
is extremely weak, it seems that the contribution of lattice oxygen
in TiO, might be quite limited. However, these results (Fig. 10) are
obtained in the absence of gas phase oxygen, if the gas phase oxy-
gen could be continuously supplied as under reaction conditions,
such contribution may also be significant.

Then we consider L-H models which were reported in lit-
erature. These models involving competitive adsorption and
reaction of CO and O, on Pt surface (see Supplementary Infor-
mation). According to these models, the derived rate expressions
arer=»k;[0,]/(1+K;[CO])[19] and r=k3K;K»[0,][CO]/(1+K;[CO])?
[25], which has a negative reaction order on CO partial pressure
(-1 at near saturation of CO coverage). Thus these models are not
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Fig.9. (a)Arrhenius plot and (b) parity plot of CO oxidation over 2.0Pt/TiO, catalyst.

consistent with the kinetic results in the current work and should
be excluded.

Besides, it was reported that CO oxidation could occur on
Pt surface at relatively high temperature, which involves non-
competitive adsorption of CO and O, on Pt surface atoms. For
example, Gracia et al. reported CO oxidation over a Pt/SiO- catalyst
at 100°C [39]. Thus, elementary steps concerning surface reaction
on Pt atoms could be derived as follows:

Reaction on Pt surface, non-competitive adsorption of CO and
0.

2[CO + Pt* &L Pt-CO] (1.1)(MARI)

0, + 2Pt <2,2Pt-0 (1.2)

2[Pt-CO + Pt-0-%Pt* + Pt-CO,] (1.3)(RDS)

2.0PYTIO,

0.1

| S ——
2250 2300 2350 2400

40°C

Kubelka-Munk

80°C

100°C

1 1 1 1
2400 2200 2000 1800 1600
1

Wavenumber / cm”~

Fig. 10. DRIFT spectra of CO chemisorption at elevated temperatures after
2.0Pt/TiO, being exposed in CO at 40°C.
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Fig. 11. O, chemisorption on 2.0Pt/TiO, and TiO, at 40°C.

2[Pt—CO,~4 Pt 1+ CO,] (1.4)

2CO + 03 — 2CO;, (Overallreaction)

where Pt* and Pt** refer to different sites on surface Pt atoms.
With these elementary steps (1.1)-(1.4), the reaction rate
expression is:

_ kskiK,[C0][0,]"/2
(1+K1[CON(1 +K,/%[0,]'72)

The rate equation is consistent with the kinetic results. How-
ever, concerning the fact that a reference 2.0Pt/SiO, catalyst is not
active until the reaction temperature reaches 200°C (Fig. 6), it is
not likely that CO and O, could react on the surface Pt atoms at low
temperature (40 °C). Therefore, this reaction model also could be
excluded.

Considering the fact that CO oxidation may take place at the
Pt-TiO, interface (Section 3.1), two models which involve CO
chemisorption on Pt surface and O, chemisorption on TiO, are
proposed.

Detailed elementary steps are as follows:

SET 1
Reaction on Pt-TiO, interface, with CO chemisorbed on Pt and
0, chemisorbed on TiO,. O, chemisorption is non-dissociative.
2[CO + Pt* <L, pt-CO] (1.1)
o K
05 + TiOy*«=Ti02-0, (12)

. k: .
Pt-CO + Ti03-0;—>Pt-CO; + Ti02-0 (1.3)(RDS)

. k. .
Pt-CO + TiO3-0—%Pt-CO, + TiO,*  (1.4)

2[Pt — CO,~%Pt* + CO,] (1.5)

2CO0+ 0, — 2C0O, (Overallreaction)
With these elementary steps (1.1)-(1.5), the reaction rate
expression is:

. k3K1K>[COJ[0>]
= T+ K [CON(T + K2[02])
SET2

Reaction on Pt-TiO, interface, with CO chemisorbed on Pt and
0, chemisorbed on TiO,. O, chemisorption is dissociative.

(1)

2[CO + Pt* &L pt—CO]  (2.1)
0, + 2Ti0y* <2, 2Ti0,-0  (2.2)
2[Pt—CO + TiO, — 0-%Pt-CO, + Ti0,*] (2.3)(RDS)

2[Pt — CO, 4Pt + CO,] (2.4)

2CO0+ 0, — 2C0O, (Overallreaction)

with these elementary steps (2.1)—(2.4), the reaction rate expres-
sion is:
ksK;K}/2[CO][0,]'/2

= 2/
& (1+K;[CON)(1 +K3/%[0,]'/?) @)
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In these two sets of elementary steps, the reaction between CO
and oxygen species (either molecular O, or atomic O) is taken to
be the rate determining step (RDS) (Eqgs. (1.3) and (2.3)) and the
chemisorption of either CO or O, is equilibrium. This is because if
the CO or O, chemisorption is considered as the RDS, the reaction
rate expression would contain reaction order of 1 on CO or O, par-
tial pressure, which is not consistent with the obtained reaction
orders of CO and O, in the power rate law equations between 0
and 1.

The chemisorption of CO on Pt surface is verified by the IRresults
(Fig. 5) and the chemisorption of O, on TiO, is verified by the O,
chemisorption results shown in Fig. 11. The amount of chemisorbed
0, was calculated by integrating the shadowed area. It can be seen
that both the 2.0Pt/TiO, catalyst and TiO, support can chemisorb
0,, with the amount of chemisorbed O, slightly higher on the
2.0Pt/TiO, catalyst (0.150 mmolg~1).

Both the reaction rate expressions (Egs. (1) and (2)) fit well with
the obtained kinetic results, because these two equations are equiv-
alent to power rate law expression r = kc,PgOsz, where n and m
are in the range of 0-1. However, in the present work, we could
not distinguish whether the active oxygen species are molecular
or atomic. Controversial conclusions also exist in Au/TiO, catalysts
for CO oxidation [46].

One important issue that deserves consideration is the acti-
vation of oxygen on the catalyst. Although chemisorption of O,
is confirmed (Fig. 11), no concrete evidence of activation of O,
(either molecularly or atomically) on TiO; is provided in this work.
Nevertheless, it is generally accepted that in Au catalysts sup-
ported on reducible oxides such as TiO,, Fe; O3 and CeO,, oxygen
molecules may adsorb on the oxygen vacancies located on the
support surface and consequently generate active oxygen species
such as O~ [47]. Another issue is the moisture effect on CO oxi-
dation. Vital role of moisture in CO oxidation over supported Au
catalysts has been extensively investigated, which could help in
the activation of oxygen and the decomposition of carbonate [48].
Unfortunately, in the present work, precise concentration of mois-
ture in the feedstock could not be measured; however, the role of
moisture in CO oxidation over the Pt/TiO, catalyst might be also
significant, which is similar to the cases of the Au/TiO, catalysts.
Thus, CO oxidation over Pt/TiO, catalysts in the current work takes
place at the Pt-TiO, interface at low reaction temperature. The CO
molecules adsorb on Pt while the O, molecules (either molecular
or atomic) adsorb on TiO,, and the two reactants can migrate to
interface position and react. This reaction model is similar to the
findings in Au/TiO; catalyst for CO oxidation, in which the authors
found that the reaction order on O, was 0.4 between 310 and
360K, while that on CO was 0.2-0.6 and the activity of the cat-
alyst could be attributed to a synergistic interaction between Au
and TiO, [49]. This reaction model was recently confirmed by the
findings of Maeda et al. [50], in which they performed in situ elec-
trical conductance measurement and suggested that the oxygen
molecules could be activated on the oxygen vacancies at Au-TiO,
interface.

4. Conclusion

In this work, kinetic study of CO oxidation was performed
over Pt/TiO, catalysts at low temperature. Regarding the Pt par-
ticle size effect, it was found that TOF based on Pt dispersion
varied as a function of d-086, while TOF based on Pt located at
the periphery of Pt-TiO, interface remained constant, implying
that those interfacial Pt atoms are the active sites for CO oxida-
tion. Kinetic study of CO oxidation resulted in a rate expression
of r=1.98x10"7 Peg???Pp,"!?, and elementary steps were pro-
posed, which involved chemisorption of CO on surface Pt atoms

and O, chemisorption on TiO,, and reaction between these two
species.
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