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In order to efficiently remove diesel exhaust pollutants during long-term application under high temperature
conditions, enhancing the thermal stability of catalysts is essential. Here, lanthana was introduced into a TiO,
sulfur-resistant support via co-precipitation, and then a Pt/TiO,—La,O3 diesel oxidation catalyst (DOC) was
prepared using the impregnation method. The SO, uptake and EDX results indicate that the La,Os-doped
Pt/TiO,—La,O3 catalyst displays superior sulfur resistance compared to the commercial Pt/Al,Oz and Pt-
Pd/CeO,-ZrO,—-Al,O3 DOC catalysts. Catalytic performance measurements showed that the as-prepared
Pt/TiO,—LaO5 catalyst exhibited significantly better activity than Pt/TiO, after high-temperature thermal
aging and simulative 160 000 km vehicle aging. X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and N, adsorption—desorption results suggest that some of the La®>* dopant ions migrated to the
grain boundary of the TiO, crystal and other La®* ions replaced Ti** ionic sites to form Ti-O-La bands,
which impeded the crystal growth and phase transition of TiO,, and hence mitigated the destruction of the
porous texture of TiO,. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

R 4 14th 3 017 observations further demonstrate that the introduction of lanthana into TiO, suppressed Pt particle
eceive th January . . . ’ . . )
Accepted 23rd March 2017 agglomeration and catalyst particle sintering, consequently enhancing the thermal stability of the Pt/TiO,—

La,O5 catalyst. Thus, this work shows that lanthana can play an extremely important role in improving the
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1. Introduction

Diesel engines are widely applied due to their robustness and
high fuel efficiency. However, hazardous substances from diesel
exhausts such as carbon monoxide (CO), unburned hydrocar-
bons (HCs), various oxides of nitrogen (NO,) and particulate
matter (PM) must be effectively removed."* In recent years, an
integrated exhaust after-treatment system, containing a diesel
oxidation catalyst (DOC) and a catalyzed diesel particulate filter
with selective catalytic reduction, has been widely utilized for
purifying diesel exhausts.>* The functions of the DOC in the
after-treatment system are removing CO, HCs, and the soluble
organic fraction (SOF), and oxidizing NO to NO,.
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structural and textural stability of TiO, and stabilizing the surface-active component of the Pt/TiO, DOC
catalyst, hence enhancing the high-temperature aging resistance.

Noteworthily, the sulfur poisoning resistibility of the DOC is
a significant and non-ignorable element,”” because the sulfur
content of commercial diesel fuels in developing countries is
extremely high.®® Moreover, even with the introduction of ultra-
low sulfur diesel (ULSD) fuels, sulfur poisoning still remains
one of the most important factors impacting the reactivity of
DOCs."*" This is because even with ULSD, SO, adsorption/
condensation/desorption can still be a problem;" and current
research implies that the amount of sulfur species accumulated
on a DOC catalyst over its lifetime may amount to kilograms.
Thus, studies on suppressing sulfur species accumulation on
DOC catalysts and enhancing the sulfur poisoning resistibility of
DOCs are practical and significant.”

To improve the sulfur tolerance of catalysts, TiO,, as a non-
sulfating material, has been introduced into vehicle exhaust
catalysts and has played a commendable role."*** Furthermore,
our previous studies'®™® have suggested that rare earth element
doping can improve the activity and stability while maintaining
the sulfur resistibility of TiO,-based DOC catalysts. However,
the anatase phase transition and decrease in specific surface
area of TiO, under high temperatures'>*® result in platinum
sintering and catalyst deactivation.'” In the diesel exhaust after-
treatment system, during active DPF regeneration, the DOC bed

This journal is © The Royal Society of Chemistry 2017
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temperature rises rapidly (and can reach up to 850 °C);*"*
additionally, diesel engines working at high loading or fast
acceleration may also lead to a sharp rise in exhaust tempera-
ture. Thus, it is crucial for the thermal stability of TiO,-based
DOCs to be improved.

Research has proven that the addition of La can efficiently
enhance the thermal stability of CeO, (ref. 22 and 23) and
Al,03.2*** In addition, the performance of La-doped TiO,
materials in photocatalytic reactions has been extensively
investigated.?** Cong et al.?® have recently reported that La**
and N co-doping can enhance the thermal stability of TiO,
microstructures and improve the photocatalytic activity of TiO,.
Moreover, Gopalan, Sibu and Reddy et al. have reported that
lanthana doping is conducive to improving the phase and pore
structure stability of TiO, at high temperature.*-*

However, reports on the effects of lanthana on the porous
textural features (i.e. specific surface area and pore volume) of
TiO,-based vehicular emission purification catalysts under high
temperature are still scarce. Due to the fact that the porous
texture of a vehicular emission purification catalyst is closely
related to its catalytic performance,®** it is essential to improve
the porous texture and high-temperature resistibility of TiO,.
Considering all of this, the effects of lanthana in enhancing the
porous texture and high-temperature aging resistance of TiO,-
based sulfur-resistant diesel oxidation catalysts were investi-
gated in this work.

2. Experimental
2.1 Materials

Ammonium hydroxide, TiOSO,-2H,0, and La(NO3;); - 6H,0 were
purchased from Chengdu Kelong Chemical Reagent Factory
(China), (EA),Pt(OH)e solution (12.15% Pt w/w) was purchased
from Heraeus, and all the chemicals were of analytical grade
and used without further purification.

2.2 Catalyst synthesis

The TiO,-La,0; support was synthesized by co-precipitation
with a molar ratio of Ti : La = 9 : 1, which is the optimal ratio
according to our previous related work."*®* The desired mixed
solutions of TiOSO,-2H,0 and La(NO;);-6H,O were slowly
added into NH;-H,O solution under vigorous stirring, and then
the precipitate was filtered and washed many times. After drying
overnight and calcining at 500 °C for 3 h under airflow, the
TiO,-La,0; support was obtained.

The Pt/TiO,-La,O; catalyst powder was prepared using the
incipient impregnation method. (EA),Pt(OH)s solution was
impregnated onto the TiO,-La,O; support with a Pt loading of
1.0 wt%. The resulting Pt/TiO,-La,O; powder was dried at
120 °C and calcined for 3 h at 500 °C in air, and then the catalyst
powder was deposited onto a ceramic honeycomb (400 cells per
square inch, 6 mill) with about 120 g L ™" of washcoat loading, so
as to prepare a monolithic catalyst. The monoliths obtained
were dried at 120 °C overnight and calcined for 3 h at 500 °C in
air. The Pt/TiO, catalyst was synthesized using the same
method.
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Commercial Pt/Al,0; and Pt-Pd/CeO,-ZrO,-Al,0; DOC
catalysts were supplied by Sichuan provincial vehicular exhaust
gases abatement engineering technology center.

The simulative 160 000 km vehicle-aged catalyst, labeled as
Pt/TiO,-La,03(A), was prepared by following ref. 34. Fresh
monolithic catalyst was placed in a reactor and aged at 670 °C
for 15 h and then at 250 °C for 15 h in the following aging gases:
600 ppm C;Hg, 1500 ppm CO, 200 ppm NO, 50 ppm SO,, 5% O,,
4% CO,, 8% vapor, and N, balance at flow rate of 800 mL min "
The Pt/TiO,(A), Pt/Al,05(A) and Pt-Pd/CeO,-ZrO,-Al,0;(A)
catalysts were obtained using the same method.

2.3 Catalytic performance measurements

The activities of the catalysts were tested on a multiple fixed bed
continuous flow reactor. The monolith was placed in a quartz
tube reactor with an electric heater. The simulative diesel
exhaust gases® contained a mixture of 1000 ppm CO, 330 ppm
C3Hg, 200 ppm NO, 50 ppm SO,, 8% CO,, 7% vapor, 10% O,
and N, balance at a gas space velocity of 60 000 h™", and were
controlled by mass flow controllers.

The inlet gas temperature was measured by a K-thermocouple
which was fixed 20 mm in front of the monolith to avoid the
effect of oxidation reactions (exothermic). The catalyst bed
temperature was measured by another 0.5 mm K-thermocouple
which was placed in the middle of one of the center channels
inside the monolith catalyst. The outlet CO was detected using an
FGA-4100 automotive emission analyzer (Foshan Analytical
Instrument Co., Ltd., China), and C3H¢ was analyzed with
a GC2000II online gas chromatograph (Shanghai Analysis
Instruments, China) using a flame ionization detector (FID).

2.4 Catalyst characterization

SO, uptake testing was conducted as reported in ref. 36 and
implemented on a HCT-2 (Henven Instruments, China) ther-
mogravimetric analyzer (TGA). The samples (15 mg) were pre-
treated in a 35 mL min~" flow of N, for 5 h at 300 °C. Then,
a flow of 43 mL min~" $0,(0.05 vol%)-N, and 31 mL min~"
0,(15.0 vol%)-N, was introduced at 300 °C for 4 h. The accu-
mulation of sulfur species was defined as the percentage of
mass gained.

CO chemisorption was performed in a quartz tube reactor at
room temperature. About 0.15 g of sample was reduced in
a hydrogen flow (H,, 99.999%) of 50 mL min " at 500 °C and
exposed for 2 h. After cooling to room temperature in the same
reducing stream, helium (He, 99.999%) was flowed through the
sample for 10 min, and then the Pt dispersion of the sample was
determined by CO chemisorption. Because both linearly bound
and bridge-bound CO existed on the Pt catalyst, a factor of 0.8
CO/Pt was used to calculate the concentration of surface Pt
atoms.”

X-ray diffraction (XRD) patterns of the samples were ob-
tained by power X-ray diffraction on a DX-1000 diffractometer
(Dandong Fangyuan Instrument Co. Ltd., China) using Cu Ka
radiation.

X-ray photoelectron spectroscopy (XPS) data were acquired
using a Kratos XSAM 800 spectrometer (Kratos Analytic Inc.)
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with Al Ke radiation, and the C 1s binding energy (BE, 284.8 eV)
was used to calibrate the binding energy shifts of the samples.

Nitrogen adsorption-desorption isotherms were obtained on
a QUADRASORB SI automated surface area and pore size
analyzer (Quantachrome Instruments). The specific surface area
and pore size were calculated using the BET and BJH method,
respectively.

TEM images were acquired on a Tecnai G* F20 (E. A.
Fischione Instruments Inc., USA) transmission electron micro-
scope (TEM).

The surface morphologies of the catalysts were observed
using a S-4800 (Hitachi Ltd.) scanning electron microscope
(SEM), and the sulfur content of the aged catalysts was analyzed
using an IE-250 (Oxford Instruments) energy dispersive X-ray
(EDX) spectrometer.

3. Results and discussion
3.1 Sulfur resistibility

The sulfur resistibility of the catalysts was tested using SO,
uptake testing. As shown in Fig. 1, following exposure to SO,
and O,, the weight of the as-prepared Pt/TiO, and Pt/TiO,—

Pt-Pd/Ce0,-Zr0,-Al,0,

2+

Weight change (%)
w
T

0 30 60 90 120 150 180 210 240

Time (min)

Fig.1 SO, uptake of the as-prepared Pt/TiO, and Pt/TiO,-La,0s, and
commercial Pt/Al,O3 and Pt—Pd/CeO,-ZrO,-Al,O5 catalysts.
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La,0; catalyst samples increased with time; after about 3 h, the
weight changing trend of the samples began to level-off. The
final weight increments of the Pt/TiO, and Pt/TiO,-La,0;
samples were about 1.80 wt% and 2.46 wt%, respectively. In the
same SO, uptake experiment, the total weight increments of the
current commercial Pt/Al,O; and Pt-Pd/CeO,-Zr0O,-Al,0; DOC
catalysts were about 5.66 wt% and 4.73 wt%, respectively. The
normalized sulfur uptake was calculated using the following
equation:*®

_ sulfur content (wt%)
"~ 100 x surface area (m?)

Normalized sulfur uptake (pg m)

where the surface area is the BET surface area of the sample.
The calculated results are listed in Table 1. The normalized
sulfur uptakes of the Pt/TiO, and Pt/TiO,-La,0; samples were
about 194 pug m~? and 191 pg m 2, respectively; for the
commercial Pt/Al,0; and Pt-Pd/CeO,-ZrO,-Al,O; DOC cata-
lysts, the values were about 306 ug m > and 230 pg m 2
respectively. This indicates that compared with the current
commercial Pt/Al,O; and Pt-Pd/CeO,-ZrO,-Al,0; DOC cata-
lysts, the TiO,-based catalysts (both Pt/TiO, and Pt/TiO,-La,03)
did not heavily accumulate sulfur species, and hence the TiO,-
based catalysts displayed superior sulfur resistibility. This is
because the non-sulfating material TiO, exhibits low SO,
adsorption, and hence suppresses sulfate formation.'>** More-
over, the doping of La into TiO, had essentially no effect on the
naturally excellent sulfur resistance of the Pt/TiO, catalyst.
Meanwhile, according to the EDX testing results (Table 1), the
amount of sulfur accumulated on the simulative 160 000 km
vehicle-aged Pt/TiO,(A) and Pt/TiO,-La,05(A) catalysts was about
1.34 wt% and 1.85 wt%, respectively, while the values for the
commercial Pt/Al,03(A) and Pt-Pd/CeO,-ZrO,-Al,03(A) DOC
catalysts were about 5.79 wt% and 4.40 wt%, respectively. The
normalized sulfur uptake values calculated from the EDX results
also showed the same trend, which implies that compared with
the current commercial Pt/Al,O; and Pt-Pd/CeO,-ZrO,-Al,O3
DOC catalysts, the as-prepared Pt/TiO, and Pt/TiO,-La,O; cata-
lysts exhibit obviously reduced sulfur accumulation under long-
term exposure to diesel exhaust conditions. Additionally, the
catalytic activity measurements show that both the as-prepared
Pt/TiO, and Pt/TiO,-La,0;, and the commercial Pt/Al,O; and
Pt-Pd/Ce0,-ZrO,-Al,0; DOC catalysts displayed good purifying
properties for diesel exhaust CO and C;Hg; all the mentioned

Table 1 Sulfur accumulation and normalized sulfur uptake over the Pt/TiO,, Pt/TiO,—La,Os, and commercial Pt/Al,O3z and Pt—Pd/CeO,—-ZrO,—

AlLOs DOC catalysts

Normalized sulfur uptake

Sulfur content (wt%) (ng m™3)
Sample Surface area/(m?) SO, uptake EDX“ SO, uptake EDX*
Pt/TiO, 93 1.80 1.34 194 144
Pt/TiO,-La,0; 129 2.46 1.85 191 143
Pt/AL, O3 185 5.66 5.79 306 313
Pt-Pd/Ce0,-Zr0,-Al, 05 206 4.73 4.40 230 214

“ EDX results were obtained by detecting the simulative 160 000 km vehicle-aged samples.
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catalysts can completely purify diesel CO and C;Hg below 230 °C
(ESI, Fig. 11).

Because sulfur accumulation on catalysts leads to sulfur
poisoning of the catalyst and hence activity degradation, our
previous work verified that the commercial Pt/Al,0; and Pt-Pd/
Ce0,-Zr0O,-Al,0; DOC catalysts were significantly deactivated
due to the accumulation of sulfur on the catalyst surface, but
the activity degradation of TiO,-based catalysts resulting from
sulfur poisoning was very slight.’” Thus, it can be suggested that
compared to the current commercial Pt/Al,O; and Pt-Pd/CeO,-
Zr0,-Al,0; DOC catalysts, the TiO,-based catalysts (Pt/TiO, and
Pt/TiO,-La,03) displayed superior sulfur resistibility, which is
beneficial for maintaining catalytic activity during long-term
use under SO,-containing diesel exhaust conditions.

3.2 Catalytic activity and thermal stability

3.2.1 Effects of lanthana modification. Fig. 2 shows the
catalytic activities of CO and C3;H, oxidation on the fresh and
thermally aged Pt/TiO, and Pt/TiO,-La,O; catalysts. It can be
seen that the catalytic performances of both the Pt/TiO, and Pt/
TiO,-La,0; catalysts are decreased after 3 h of thermal treat-
ment at 750 °C; however, modification with La significantly
alleviated the reactivity decrease of the Pt/TiO,-La,O; catalyst.
For the CO oxidation reaction (Fig. 2a), 3 h of thermal treatment
at 750 °C lead to an 11 °C increase in the light-off temperature
(Ts0, the temperature when the conversion of the reactant rea-
ches 50%) on the Pt/TiO, catalyst; the T5, increment of the Pt/
TiO,-La,0; catalyst resulting from aging at 750 °C is negligible
(less than 2 °C). The same trend was also observed for the C;Hg
combustion reaction (Fig. 2b), which demonstrates that La
modification obviously mitigated the activity decrease of Pt/
TiO, resulting from high-temperature treatment; that is, La
doping can effectively enhance the thermo-stability of the Pt/
TiO, catalyst.

Furthermore, the Pt/TiO,-La,0; catalyst shows significantly
better catalytic performance than the Pt/TiO, catalyst, both after
3 h of thermal aging at 850 °C and after simulative 160 000 km
vehicle aging (ESI, Fig. 2 and 37). The CO and C3;Hg T5, values of
Pt/TiO,-La,05(850), the sample treated at 850 °C for 3 h, are
221 °C and 236 °C, respectively; for Pt/TiO,(850) the values are
232 °C and 240 °C, respectively (ESI, Fig. 27). The 160 000 km
vehicle-aged sample Pt/TiO,-La,03(A) shows CO and C;Hg light-
off temperatures of 210 °C and 218 °C, respectively; the CO and
C3Hj T values of Pt/TiO,(A) are 219 °C and 231 °C, respectively
(ESI, Fig. 31). It can be inferred that La doping results in an
improvement in high-temperature resistance and long-term use
durability. Additionally, it was proved that yttria-modified Pt/
TiO,-YO, catalysts exhibited excellent low temperature activity
and stability in our previous work,"” and the high-temperature
resistibility of the Pt/TiO,-YO, catalyst was compared with
that of the Pt/TiO,-La,0; catalyst (ESI, Fig. 41). It can be seen
that the Pt/TiO,-YO, catalyst showed the best low temperature
activity for CO and C;Hg oxidation; however, after 3 h of thermal
aging at 750 °C, the Pt/TiO,-La,0; catalyst displayed obviously
better activity than Pt/TiO,-YO,, and after thermal aging at
850 °C for 3 h, Pt/TiO,-La,0; still exhibited better activity than

This journal is © The Royal Society of Chemistry 2017
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Fig.2 The CO (a) and CsHg (b) oxidation conversion over Pt/TiO,, Pt/
TiO,—-La,04, Pt/TiO,(750) and Pt/TiO,—-La,0+(750) catalysts. Reaction
conditions: CzHg: 330 ppm, CO: 1000 ppm, NO: 200 ppm, O,: 10%,
CO,: 8%, vapor: 7%, SO,: 50 ppm, N,: balance, GHSV = 60 000 h~*. All
catalysts were pre-treated at 500 °C for 3 h under the reaction
atmosphere.

the Pt/TiO,-YO, catalyst. This suggests that the high-
temperature resistibility of the lanthana-modified Pt/TiO,-
La,O; catalyst is superior to that of the yttria-modified Pt/TiO,
catalyst.

To clearly investigate the effects of La modification on the DOC
reactivity after high-temperature treatment, the global reaction
rates of both catalysts before and after 3 h of thermal treatment at
750 °C were determined. The calculated reaction rate results are
listed in Table 2. It can be seen that the reaction rate of the Pt/TiO,
catalyst for CO oxidation is 4.20 x 10~® mol g~ " s, and the value
reduces to 2.59 x 10 ° mol g ' s™" after thermal treatment at
750 °C for 3 h, which indicates that high-temperature treatment
leads to a 40% reaction rate decrease of Pt/TiO, for CO oxidation.
For the Pt/TiO,-La,O; catalyst, the catalytic activity decrease
following the same thermal treatment could be ignored, because it
was within the limit of measurement error (from 4.74 x 10~° mol
¢ 151 t04.75 x 10 ® mol g~ s %). For C3Hg combustion, 3 h of
high-temperature treatment at 750 °C resulted in a 43% decrease
(from 6.09 x 107" mol g™ s t03.49 x 10" mol g ' s ') in the

RSC Adv., 2017, 7, 19318-19329 | 19321
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Table 2 CO and CsHg reaction rates at 210 °C over the Pt/TiO,, Pt/
TiO,—-La,03, Pt/TiO,(750) and Pt/TiO,—La,0+(750) catalysts

Reaction rate (mol g~ " s7%)

Catalyst CO + 0, C3zHg + O,

Pt/TiO, 4.20 x 10°° 6.09 x 1077
Pt/Ti0,(750) 2.59 x 107° 3.49 x 1077
Pt/Ti0,-La,0; 4.74 x 107° 10.6 x 1077
Pt/Ti0,-La,0;(750) 4.75 x 10°° 8.74 x 10~

global reaction rate of the Pt/TiO, catalyst at 210 °C, while the
decrease of the reaction rate of the Pt/TiO,-La,O; catalyst resulting
from the high-temperature treatment is negligible (from 10.6 x
107" mol g ' s to 8.74 x 1077 mol g~' s7'). The activation
energies of CO and C;H, oxidation were not calculated because the
presence of mixed gases (CO, CsHg, NO etc.) under simulative
diesel exhaust conditions may affect the kinetic parameters of CO
and C;Hg oxidation.”?® Based on the above results, it can be
suggested that the modification of the Pt/TiO, catalyst with La
significantly mitigated the decrease in DOC reactivity resulting
from high-temperature treatment, which in essence indicates that
La doping can improve the thermo-stability of the Pt/TiO, catalyst.

3.2.2 Effects of high-temperature treatment. The relation-
ship between the treatment temperature and the reaction rate at
210 °C for both of the catalysts is shown in Fig. 3. It is clear that
the DOC reactivity of both the Pt/TiO, and Pt/TiO,-La,0O; cata-
lyst was not affected by 3 h of thermal treatment at 650 °C,
which implies that the activity of both the catalysts could be
maintained under the normal working conditions of a diesel
engine. After thermal treated at 750 °C for 3 h, the CO and C;H
catalytic performance of the Pt/TiO,(750) catalyst was reduced
by about 40% compared to the fresh Pt/TiO, catalyst, whereas
the reactivity of Pt/TiO,-La,05(750) was almost not reduced;
that is, an ultra-high exhaust temperature resulting from DPF
regeneration or the diesel engine working under extreme
conditions (such as ultra-high loading or fast acceleration etc.)

PYTiO,-La,0, for CO

A A A

15
<
"o PYTIO, for CO
S 12+ 2
£
£
w °r
0]
®
g °® PUTIO,-La,0, for C.H,
3
3 3-
m -
ok PYTIO, for C,H,

1 R 1 . I R 1 . 1 . 1 . 1 . I
500 550 600 650 700 750 800 850

Treatment temperature (°C)

Fig. 3 CO and CsHg reaction rates at 210 °C over the Pt/TiO, and Pt/
TiO,—La,0O5 catalysts after 3 h of treatment at different temperatures.
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would lead to the deactivation of the Pt/TiO, catalyst, but La
doping can efficiently restrain the reactivity loss and enhance
the thermal stability. The Pt/TiO,-La,0O; catalyst was not obvi-
ously deactivated until the sample endured 3 h of baking at
850 °C. In order to investigate the effects of La in the Pt/TiO,
catalyst, several characterization techniques were carried out.

3.3 Catalyst characterization

3.3.1 XRD analysis. Fig. 4 shows the XRD patterns of the
TiO, and TiO,-La,0O; supports at different temperatures.
Typical anatase structure peaks are observed in the TiO, sample
calcined at 500 °C, with a crystallite size of about 9.3 nm. As the
temperature increased to 700 °C, a phase transition from
anatase to rutile occurred; the ratio of rutile was about 14.3%,
and the anatase crystallite size increased to 18 nm. When the
temperature reaches 800 or 900 °C, the phase of TiO, is rutile
with an average crystallite size of 33 or 39 nm. For all the La,05-
modified TiO, samples, no XRD characteristic peaks due to the
crystalline La,O; phase were observed; this observation indi-
cates that La,0; does not form complete crystals, and the La,O3
may be in a highly dispersed state or the La,Oj; crystallites
formed may be smaller than the detection ability of the XRD
technique. TiO,-La,0; is mainly amorphous after calcining at
500 °C. Anatase structure peaks are observed in the TiO,-La,03
sample calcined at 700 °C, with a crystallite size of about 13 nm,
and for the TiO,-La,0; sample calcined at 800 °C, the phase is
still anatase with a crystallite size of 18 nm. The characteristic
peaks of rutile are not observed until the temperature reaches
up to 900 °C where the rutile characteristic peaks are weak, and
the anatase crystallite size of the TiO,-La,O; sample calcined at
900 °C is about 30 nm. It can be seen that La,O; modification
retards the anatase-rutile phase transformation and postpones
the crystal growth of TiO, under high temperature, thus stabi-
lizing the structural properties of TiO,. Moreover, the stabili-
zation of the TiO, crystals by La,0O; is favorable for preventing
the destruction of the texture of the TiO,-based supports,*****°

v v Rutile
O Anatase
% Lanthanum titanium oxides
v

— v
3 X L L__W_Tio 000
© .
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TiO,-La,0,(700),
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Fig. 4 XRD patterns of the TiO, and TiO,-La,O3 supports after 3 h of
treatment at different temperatures.
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and enhancing the high-temperature resistance of the TiO,-
based catalyst.

Because the ionic radius of La** (0.1016 nm) is between that
of Ti** (0.068 nm) and O®~ (0.132 nm),***! the La** ions should
either replace the Ti** site or migrate to the grain boundary.*
Thus, the stabilization of La,0; in the TiO, crystal can be partly
attributed to the segregation of lanthana dopant ions at the
interstitial, which can inhibit the grain growth of TiO, by
increasing the diffusion barrier at the titania-titania grain
contacts and restricting the direct contact of the grains.****

Besides the interstitial La,O; segregation, the formation of
Ti-O-La bands at the interface, resulting from some of the La**
ions replacing some of the Ti'* ionic sites, is another reason
why La,O; shows a stabilizing effect in TiO,.”***™** Reddy, Sibu
and Xu et al. have proven that Ti-O-La bands are formed in
La,03-doped TiO, mixed oxides.*****” To further confirm the
formation of Ti-O-La bands in the TiO,-La,O; compound in
this work, XPS was employed.

3.3.2 XPS. The XPS spectra of the O 1s region of the as-
prepared Pt/TiO, and Pt/TiO,-La,O; catalysts are provided in
Fig. 5. Two peaks are observed for the Pt/TiO, sample; the peak
with a binding energy of 530.0 eV is characteristic of lattice
oxygen, and that with a binding energy of about 532.6 eV can be
assigned to surface adsorbed oxygen.***° For the Pt/TiO,-La,03
catalyst, the characteristic peak of lattice oxygen is located at
529.7 eV, which is obviously shifted to a lower binding energy
(decreasing by 0.3 eV); the peak for surface adsorbed oxygen is
also located at 532.6 eV and the peak at 531.0 eV can be
attributed to the contribution of chemisorbed oxygen or defect
oxygen,*>*® which may result from the lattice oxygen separation
of La,05.5%2

The XPS binding energy values of the Ti 2p;/, and La 3ds),
regions are listed in Table 3. The standard binding energy
values of Ti 2p;/, in TiO, and La 3ds,, in La,0; are 458.5 eV and
834.8 eV, respectively.* The binding energy of Ti in the Pt/TiO,
catalyst is 458.5 eV, which is characteristic of TiO, (Ti*") species,
and this value is the same that for standard TiO,. The binding
energy of Ti in the Pt/TiO,-La,0; catalyst is 458.2 eV, which is

O1s ; lattice oxygen
% chemisorbed oxygen
n rface adsorption oxygen
s
2
% \&m PYTIO,La,0
c — 2 273
[$] . =
=
PYTIO,
n 1 " 1 n 1 " 1 L 1 n 1 L
524 526 528 530 532 534 536 538

Binding energy (eV)

Fig. 5 XPS (O 1s) spectra of the Pt/TiO, and Pt/TiO,—-La,Os3 catalysts.
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Table 3 Ti2p and La 3d XPS parameters of the Pt/TiO, and Pt/TiO,—
La,O3 catalysts

Binding energy (eV)

Catalyst Ti 2ps)2 La 3ds),
Pt/TiO, 458.5 —
Pt/TiO,-La,0; 458.2 834.8

TiO, 458.5 (ref. 53) —

La,03 — 834.9 (ref. 53)

obviously shifted to a lower energy than the value for standard
TiO,; this result indicates that some of the La*" ions replace
some of the Ti*" sites and display a strong interaction with TiO,.
Meanwhile, the binding energy of La in the Pt/TiO,-La,0O;
catalyst is 834.8 eV, very close to the standard La,O; value (834.9
V), which suggests that in addition to the La** ions replacing
the Ti*" sites of TiO,, a large number of La*" ions in the Pt/TiO,~
La,0; catalyst exist in the form of La,O; species. These La,0;
species can act as a segregation agent in the TiO,-La,O;
composite and hence inhibit TiO, grain growth by increasing
the diffusion barrier and restricting the direct contact of the
TiO,-TiO, grains.*>*

As presented in Fig. 5 and Table 3, in the Pt/TiO,-La,0O;
catalyst, the XPS characteristic binding energy values of both
lattice oxygen (O°7) and Ti*" are obviously shifted to lower
binding energies, which can be attributed to the formation of Ti-
O-La bands.*® The formation of Ti-O-La bands provides a route
for La®* (which is more electropositive) to transfer electrons to
0?7, and the increased concentration of electrons can be used to
strengthen the bonding between the less electropositive Ti**
ions.?** The increase in the electron density of O*>~ and Ti*" in
the TiO,-La,0; composite results in the XPS binding energy
shifting to lower values. Furthermore, the La*" stabilized Ti-O
bonds will in turn defer the phase transformation temperature of
anatase-to-rutile, because the anatase-to-rutile phase transition
requires the breaking of Ti-O bonds,* and the Ti-O bonds
enhanced by La®" ions are more difficult to break. Thus, the
La,0;-stabilized TiO, exhibits superior high-temperature
thermal stability.

3.3.3 Nitrogen adsorption-desorption. The stabilization of
the structural properties of TiO, by La,O; doping may enhance
the textural stability of the TiO,-La,O; composite. To determine
the texture of each catalyst support, the N, adsorption-desorp-
tion technique was used. As shown in Fig. 6, both the as-
synthesized TiO,(500) and TiO,-La,05(500) show distinct H3
and H4 complex hysteresis loops indicating slit pore features.>**
When 3 h of thermal treatment at 700 °C was employed, some of
the pores in both samples collapsed, but a distinct porous
structure was still observed. After calcination at 800 °C for 3 h,
which simulated high temperatures in a DOC bed resulting from
active DPF regeneration, the TiO, support showed no obvious
pore characteristics; however, the TiO,-La,O; support still
showed a significant H3 hysteresis loop indicating slit pore
features provided by schistous particles,*** until the tempera-
ture reached as high as 900 °C.
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Fig. 6 Nitrogen adsorption—desorption isotherms of the TiO, and
TiO,-La,0s3 supports after 3 h of treatment at different temperatures.

The calculated porous parameter results are listed in Table 4.
The fresh TiO,(500) and TiO,-La,05(500) supports show similar
textural properties; the specific surface area of TiO,(500) is
approximately 98 m* g~ ' with an average pore volume of about
0.22 cm® g7, and the specific surface area and average pore
volume of TiO,-La,03(500) are about 129 m> g~ " and 0.23 cm®
g, respectively. Thermal treatment at 700 °C for 3 h led to
a reduction in the surface area of both samples to near 40 m>
g~ '. When 3 h of thermal treatment at 800 °C was employed, the
TiO,(800) sample lost its porous features, and the surface area
and pore volume are just 11 m> g * and 0.03 cm® g™, respec-
tively. In contrast, the surface area of La doped-TiO, is more
than 30 m® g~', and in particular the pore volume of TiO,-
La,05(800), 0.18 cm® g, is similar to that of the fresh sample,
which indicates that baking at 800 °C for 3 h did not obviously
block the open pores and did not destroy the porous charac-
teristics of the TiO,-La,O; support. As a result, the embedding
of catalyst active components as a result of the texture of the
support being destroyed is relieved. It is thus clear that La
doping efficiently relieved the high-temperature sintering of
TiO,, and maintained the good porous texture of the TiO,-
La,O; support at high temperatures.

In order to further investigate the relationship between the
structural properties and textural features of TiO,, the surface

Table 4 Textural properties of the TiO, and TiO,—-La,Oz supports
after 3 h of treatment at different temperatures

Sample Surface area (m> g %) Pore volume (cm® g™ )
Ti0,(500) 98 0.22
TiO,-La,04(500) 129 0.23
Ti0,(700) 36 0.18
TiO,-La,04(700) 40 0.23
TiO,(800) 11 0.03
TiO,-La,05(800) 32 0.18
Ti0,(900) 7 0.03
TiO,-La,04(900) 9 0.04
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area—crystallite size relationships of both supports after treat-
ment at different temperatures were investigated as shown in
Fig. 7. The crystallite size of amorphous TiO,-La,05(500) was
crudely estimated using the unsharp (101) crystal face of
anatase, and the crystallite size of TiO, after calcining at 800 °C
and 900 °C was calculated using the rutile crystal faces. It can be
found that the surface area of both the TiO, and TiO,-La,O;
supports declines and the crystallite size increases as the
temperature rises. When the crystallite size is smaller than
20 nm, the surface area sharply declines with an increase in
temperature; after that, when the crystallite size is larger than
20 nm, the changes in surface area and crystallite size with a rise
in temperature tend to be moderate. Note that a surface area of
no less than 30 m> g~' is required to maintain the catalytic
performance of vehicular emissions purification catalysts.****%”
The TiO, support exhibits a crystallite size of about 20 nm and
a surface area of 30 m* g~ at about 700 °C, and the La-doped
TiO, shows similar properties after 3 h of treatment at 800 °C,
which means that the TiO,-based catalyst can hardly maintain
good activity at temperatures higher than 800 °C, but the TiO,-
La,O; catalyst can. That is, La modification can lead to TiO,-
based DOCs that retain good reactivity at temperatures higher
than 800 °C (the DOC bed temperature during active DPF
regeneration). This corollary was confirmed by ESI Fig. 2.7
3.3.4 TEM. Catalyst supports with superior porous textures
are advantageous for the dispersion of the active phase and
hence improving the catalytic activity.***® The Pt particle sizes
of the fresh and simulative vehicle-aged catalysts were observed
by TEM. As presented in Fig. 8a and b, the Pt particles on the
fresh Pt/TiO, and Pt/TiO,-La,0O; catalysts are highly and
homogeneously dispersed on the surface of the supports, and
mimicking 160 000 km of vehicular exhaust aging obviously
contributes to the Pt particle sintering of the Pt/TiO,(A) (Fig. 8c)
and Pt/TiO,-La,05(A) (Fig. 8d) catalysts. Based on the Pt particle
size statistics obtained from the TEM images, the Pt particle size
distributions of the catalysts were acquired and are displayed in
Fig. 8e-h. For the Pt/TiO, catalyst (Fig. 8e), the Pt particle size

140

500 °C o Tio,

A TiOLa,0,

120 -

100

@
o
T

Surface area (m?/g)
3
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40 |
20 |- o
| 900 °C
°
°r | 1 1 1 1 900I C | 1000 O(\:
0 5 10 15 20 25 30 35 40

Crystallite size (nm)

Fig. 7 The surface area—crystallite size relationships of the TiO, and
TiO,—La,O3 supports after 3 h of treatment at different temperatures.
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distribution is between 0.73 nm and 3.28 nm with a mean size
of 1.57 nm, estimated from over 300 particles from multiple
TEM images. The Pt particle mean diameter of the Pt/TiO,-
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La,0; catalyst (Fig. 8f) is about 1.39 nm and the size distribu-
tion is in the range of 0.65-3.25 nm (counting more than 300 Pt
particles). To observe the Pt particles on the fresh catalysts more

Fig. 8 TEM micrographs of the (a) Pt/TiO,, (b) Pt/TiO,—-La,0s, (c) Pt/TiO,(A), and (d) Pt/TiO,—La,O5(A) catalysts, and (e—h) the related size

distributions.

This journal is © The Royal Society of Chemistry 2017
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Table 5 Pt particle characteristics on the fresh and aged catalysts

Pt mean size Pt surface area

Catalyst (nm) to volume ratio
Pt/TiO, 1.57 0.71
Pt/TiO,-La,0; 1.39 0.80

Pt/TiO,(A) 25.90 0.043
Pt/TiO,-La,0,(A) 14.78 0.076

Table 6 Pt surface concentration of the fresh and aged catalysts

Catalyst Pt content (at%)
Pt/TiO, 0.87
Pt/TiO,-La,0; 0.73
Pt/TiO,(A) 0.07
Pt/TiO,-La,0,(A) 0.27

clearly, higher resolution TEM images were acquired and are
supplied in Fig. 5 in the ESI.{ For the aged catalysts, the mean Pt
particle sizes of Pt/TiO,(A) (Fig. 8g) and Pt/TiO,-La,05(A)
(Fig. 8h) are 25.90 nm (in the range of 13.48 nm to 42.66 nm)
and 14.78 nm (in the range of 8.26 nm to 36.42 nm), respec-
tively, estimated from about 200 particles from multiple TEM
images. Pt particles of smaller size have a better catalytic
oxidation activity,**"** due to the fact that smaller Pt particles
supply a larger surface area to volume ratio and hence exhibit
more surface Pt atoms (active phases).'*** The Pt surface area to
volume ratios of the as-prepared catalysts were estimated using
the crude sphere model**'” and are displayed in Table 5. It can
be seen that the Pt surface area to volume ratio of Pt/TiO, is
0.72, which is roughly identical to the value (0.80) of the Pt/
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TiO,-La,0j; catalyst. However, the surface Pt atomic ratio of the
aged Pt/TiO,-La,05(A) catalyst is about 0.076, which is almost
twice as high as the surface Pt ratio (0.043) of the aged Pt/
TiO,(A) catalyst. It is thus clear that the Pt particles on both the
Pt/TiO, and Pt/TiO,-La,O; catalysts are sintered into larger
particles during the process of simulative 160 000 km vehicular
exhaust aging, which is mainly caused by thermal sintering due
to the high temperature of the exhaust gases. Compared to Pt/
TiO,, La-modified Pt/TiO,-La,O; can efficiently reduce Pt
particle sintering and maintain a larger Pt surface area to
volume ratio under exposure to high-temperature exhaust
gases, and hence exhibit better catalytic performance after
undergoing simulative 160 000 km vehicular exhaust aging,
which is consistent with the results shown in ESI Fig. 3.1

3.3.5 SEM images and surface Pt concentration. In order to
investigate whether La doping inhibited the sintering of TiO,-
based DOC catalysts during practical use, scanning electron
microscopy (SEM) was employed to observe the catalyst
morphologies before and after simulative 160 000 km vehicle
aging. To get first-hand morphological information on the
catalysts in practical use, ceramic honeycombs of the mono-
lithic catalysts were cut and then were observed. As shown in
Fig. 9, the Pt/TiO, catalyst exhibits an average particle size of
about 2 pm with a few larger particles (5 pm), while for the Pt/
TiO,-La,0; catalyst, the average particle size is about 4 um with
a few smaller particles (1-2 pm); after mimicking 160 000 km of
vehicle aging, the particles size of the Pt/TiO,(A) catalyst sharply
increased to larger than 10 pm, while the Pt/TiO,-La,Os(A)
catalyst still exhibits a particle size of approximately 4 um. Thus
it can be seen that La modification successfully suppressed the
sintering of the Pt/TiO, catalyst particles during long-term
application under exposure to high-temperature diesel vehic-
ular exhaust gases, which would reduce the embedding of

Fig. 9 SEM images of the fresh (a) Pt/TiO, and (b) Pt/TiO,-La,O3 catalysts and the simulative vehicle-aged (c) Pt/TiO,(A) and (d) Pt/TiO,—

La,Os3(A) catalysts.
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surface Pt species (active component) and hence mitigate the
reactivity decrease.

To study the effect of catalyst particle sintering on the
embedding of surface Pt particles, X-ray photoelectron spec-
troscopy (XPS) was carried out and the surface Pt atomic
concentrations of the fresh and aged catalysts were estimated
using the sensitivity factor method.*® As shown in ESI Fig. 6,1
the Pt (active phase) signal intensity for the fresh samples is
obviously stronger than that for the mimicking vehicle-aged
samples. The Pt chemical state differences between the fresh
Pt/TiO, and Pt/TiO,-La,0; are potentially attributed to the
difference in the Pt oxidation degree resulting from the differ-
ence in particle size."”** The surface Pt atomic concentrations of
the catalysts are listed in Table 6; the surface Pt concentrations
of fresh Pt/TiO, and Pt/TiO,-La,0O5 are 0.87 at% and 0.73 at%,
respectively. For the simulative 160 000 km vehicle-aged
samples, the surface Pt concentrations of Pt/TiO,(A) and Pt/
TiO,-La,03(A) are 0.07 at% and 0.27 at%, respectively. It can be
seen that the surface Pt (active phase) content of the fresh
catalysts is obviously higher than that of the mimicking vehicle-
aged samples, mainly because of catalyst surface contamination
and support pore structure collapse closing over the surface Pt
particles during long-term use.**** In addition, the Pt disper-
sion of the fresh and 750 °C aged catalysts was measured by CO
chemisorption. The Pt dispersions of Pt/TiO,, Pt/TiO,-La,0s3,
Pt/TiO,(750) and Pt/TiO,-La,03(750) were 22.8%, 35.6%, 7.7%
and 15.2%, respectively. It can be seen that after the same aging
process, the surface Pt concentration of aged Pt/TiO,-La,0; is
significantly higher than that of aged Pt/TiO,, which indicates
that there are significantly more exposed surface Pt species for
aged Pt/TiO,-La,O; than for Pt/TiO,. It is thus clear that La
modification alleviated Pt/TiO,-La,O; catalyst surface active
component loss during the aging process, and hence contrib-
uted to maintaining the excellent reactivity of Pt/TiO,-La,0O; as
well as improving the aging resistance. These analysis results
show good agreement with the TEM results and catalytic activity
results (ESI Fig. 37).

4. Conclusions

From the above results, it can be concluded that an appropriate
dopant amount of lanthana in TiO,-La,O; composites can
maintain the naturally excellent sulfur resistance of TiO, and
significantly enhance the high-temperature resistibility of TiO,.
Some of the La®" doped ions migrate to the grain boundary of
the TiO, crystal, which can inhibit the grain growth of TiO, by
increasing the diffusion barrier at the TiO,-TiO, grain contacts
and restricting the direct contact of the grains. Other La**
doped ions replace some of the Ti*" ionic sites to form Ti-O-La
bands at the interface. The formation of the La*" stabilized Ti-O
(Ti-O-La) bonds can defer the anatase-to-rutile phase transition
temperature by causing the transfer of electrons from La®*
(which is more electropositive) to 0%, hence strengthening the
bonding between the less electropositive Ti** ions. The stabili-
zation of the TiO, crystal structure by the La** dopant is favor-
able for maintaining the good texture of the TiO,-La,0;
composite at high temperatures, and consequently restraining
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Pt particle agglomeration and surface Pt atom loss. Further-
more, the stabilization of the TiO,-La,O; texture is beneficial
for suppressing the catalyst particle sintering of Pt/TiO,-La,0;
at high temperatures, meaning that the as-prepared Pt/TiO,—
La,O; catalyst still exhibits superior activity even after different
high-temperature aging processes. The catalytic performance of
the La,O;-modified Pt/TiO,-La,0; catalyst for the purification
of diesel exhaust gases (CO and C3;Hs) is almost not reduced
after thermal treatment at 750 °C; however, the reactivity of the
Pt/TiO, catalyst is reduced by about 40% after the 750 °C
treatment. Additionally, the 850 °C thermally treated catalysts
and simulative 160 000 km vehicle-aged samples also show the
same trend; lanthana modification obviously enhanced the
high-temperature resistance of the Pt/TiO, catalyst. Thus, this
work demonstrates that lanthana-modified Pt/TiO,-La,O; DOC
catalysts display excellent high-temperature thermal stability
and efficiently maintain the naturally outstanding sulfur resis-
tance of TiO,-based catalysts, which is beneficial for practical
applications.
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