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A series of Pd/SBA-15 and Pd/5% Cej_xZrx02/SBA-15 (x = 0-1) catalysts with Pd content ranging from
0.05% to 1% were prepared. The activity and stability of the catalysts for the combustion of methane
were evaluated. The catalysts were characterized by X-ray diffraction (XRD), N, adsorption-desorption,
CO chemisorption, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and temperature-programmed reduction (TPR). Deactivation behavior of the catalysts for the catalytic
combustion of methane was investigated. The results show that all of the catalysts retained the SBA-
15 mesoporous structure, with PdO and Cej_,ZrxO, being confined in the channels. It is proposed
that deactivation of the catalysts is associated with accumulation of Pd®, which cannot be efficiently
reoxidized to PdO or PdO,, due to the limited oxygen-transfer ability of the catalysts. The incorporation
of the ZrO, as a promoter leads to an increase in the oxygen storage capacity and oxygen mobility of the
catalysts, which in turn increases the rate of oxidation of Pd® and mitigates deactivation of the catalyst.
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1. Introduction

Catalytic combustion of methane has been found to be more
environmentally friendly than conventional flame combustion due
to lower emissions of NOy, CO, and unburned hydrocarbons as
well as higher energy efficiency, and thus it has attracted increas-
ing attention in recent years [1,2]. In addition, catalytic combus-
tion of lean methane gas to abate methane emission from natural
gas combustion devices or engines also has wide-ranging applica-
tions [2]. Supported palladium catalysts have been shown to have
excellent activity toward methane oxidation, and PdO is generally
considered the active species [3-5]. Of the different supports used
for palladium, alumina has been reported to give the most active
catalysts for methane combustion and has been studied exten-
sively [1,2,6]; however, its poor durability hinders the development
of viable catalytic combustors [2]. Various reasons have been sug-
gested for the rapid deactivation of such Pd/Al;03 catalysts; for
example, it has been reported that deactivation results mainly from
the sintering of y-alumina [7] and the transformation of PdO — Pd
[8], whereas Ozawa et al. [9,10] concluded that PdO/Al,0O3 cata-
lysts are rapidly deactivated due to the transformation of PdO to
metallic Pd and more slowly deactivated due to the growth of
PdO particles. Euzen et al. [11] have suggested that the deactiva-
tion of PdO/Al,03 catalysts is due mainly to the transformation
of PdO — Pd. Based on the general consensus in the literature, it
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can be concluded that catalyst stability can be increased by in-
creasing the stability of the support, retarding the transformation
of PdO — Pd, and suppressing the growth of PdO particles.

It is well known that ceria is an effective promoter for noble
metal-based combustion catalysts, especially Pd/Al,03 catalysts,
and that ceria acts both as a phase-stabilizer for y-alumina and to
increase the dispersion and stability of the active form of the metal
by means of a strong metal-support interaction [12,13]. But at high
reaction temperatures, ceria is readily sintered, resulting in deacti-
vation of the catalyst. It has been reported that formation of a solid
solution by adding ZrO, to ceria leads to improved oxygen stor-
age capacity (0SC), redox properties, and thermal resistance and
to better catalytic activity at lower temperatures. Consequently,
Ce0;,-Zr0; solid solutions are widely used in three-way catalysts
for treating automobile exhaust gas [14,15]. Although ZrO,-based
supports are stable at high temperature, they have the drawbacks
of high cost and relatively low surface area [16,17]. Recently, meso-
porous silica SBA-15 [18,19], which has a highly ordered hexagonal
structure with high surface area (600-1000 m2g~!), adjustable
pore sizes of 4.6-30 nm, and wall thickness of 3.1-6.4 nm, has
attracted wide attention as a new material for catalysts and cat-
alyst supports. Pd-based catalysts supported on SBA-15 have been
reported to exhibit excellent activity both for the catalytic combus-
tion of methane [20,21] and for Heck reactions [22,23], which has
been attributed to the high dispersion of Pd within the channels
of SBA-15. The influence of solvents on the formation of metal and
its oxide nanoparticles in SBA-15 also has been investigated [24].

Before these catalysts can be considered for actual practical ap-
plications, their long-term stability must be evaluated. No such
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study has been reported to date, however. In the present work,
a series of catalysts with varying Pd content, based on SBA-15 as
the support and Ceq_xZryO, as the promoter, were prepared by
the impregnation method, and their catalytic activity and stability
during lean-methane combustion were investigated. The main goal
was to explore the deactivation behavior of the catalysts for the
complete oxidation of methane at low temperature.

2. Experimental
2.1. Catalyst preparation

SBA-15 was prepared as described previously [18]. In brief, 4 g
of triblock poly (ethylene oxide)-poly(propylene oxide)-poly(eth-
ylene oxide) (EO29P0O79EO,9, M = 5800) was added to a mixture
of 90 ml of deionized H,O and 60 g of HCl (4 M), and stirred
at 40°C for 2 h. Then 8.5 g of tetraethyl orthosilicate (TEOS) was
slowly added, and the mixture was stirred for another 22 h. The
gel mixture was transferred to Teflon bottles and aged at 100°C
for 24 h under static conditions. After aging, the resulting solid
was filtered, washed with deionized water until neutral, dried at
room temperature, and finally calcined in flowing air at 500 °C for
6 h to remove the organic template.

The Pd/SBA-15 samples were prepared by the impregnation
method using an aqueous solution of Pd(NOs3),. The 5% Ce{_xZrxO,/
SBA-15 (x = 0-1) samples were prepared by coimpregnation of
pure SBA-15 with a mixed aqueous solution of Ce and Zr nitrates.
The Pd/5% Cei_xZrxO,/SBA-15 samples were prepared by subse-
quent impregnation of these materials with an aqueous solution of
Pd(NO3),. The Pd content was varied from 0.1 to 1 wt%. All cata-
lyst samples were dried at room temperature and then calcined in
air at 500°C for 4 h.

2.2. Characterization

XRD patterns were obtained on a Rigaku D/Max 2500 VB2 + /PC
diffractometer using CuK« radiation with the following operat-
ing parameters: 200 mA, 40 kV, 20 scanning from 10° to 90° for
wide-angle XRD and 50 mA, 40 kV, 26 scanning from 0.7° to 5°
for low-angle XRD. N, sorption isotherms were obtained at liquid
nitrogen temperature using a Thermo Electron Sorptomatic 1990
instrument. Before each analysis, the sample was degassed for 5 h
at 250°C under vacuum. BET and BJH analysis were used to de-
termine the surface area and pore size distribution, respectively,
of the samples. TEM images were obtained using a JEM2010 mi-
croscope operated at 200 kV. XPS experiments were carried out
on an Thermo Electron Escalab250 instrument using AlK« as the
exciting radiation at a constant pass energy of 50 eV. Binding en-
ergies were calibrated using the carbon present as a contaminant
(C1s = 285.0 eV). The surface atomic compositions of all samples
were calculated from photoelectron peak areas for each element
after correction for instrument parameters.

The TPR experiments were performed using a Thermo Elec-
tron TPD/R/O 1100 series catalytic surface analyzer equipped with
a thermal conductivity detector. The samples were heated under
N, to 400°C at a rate of 20°C/min, then cooled in flowing N;
to room temperature, and finally reduced with 5 vol% Hy/N; mix-
tures by heating to 900°C at a rate of 20°C/min. Water produced
by sample reduction was condensed in a cold trap before reaching
the detector. Only Hy was detected in the outlet gas, confirming
the effectiveness of the cold trap.

Pd dispersion, Pd surface area, and Pd crystallite size were eval-
uated by pulse chemisorption measurements with a Thermo Elec-
tron TPD/R/O 1100 series catalytic surface analyzer at 25°C using
CO as probe molecules. Before the chemisorption measurements,
the catalyst samples were treated at 500°C in a hydrogen flow

for 2 h. A CO/Pd ratio of 1 was assumed for the Pd dispersion cal-
culation.

2.3. Catalytic activity and stability

Catalytic activity evaluation and stability tests were carried out
in a quartz microreactor (8 mm i.d., 300 mm long) at atmospheric
pressure under steady-state conditions. The catalysts were pressed
into tablets and then crushed and sieved to 60-80 mesh. A 0.1-g
catalyst sample was loaded into the reactor for each run. A gas
mixture of 2 vol% CHg in air with a gas hourly space velocity
(GHSV) of 6000 mlg—'h~! was used to choose the catalysts to
study for deactivation behavior and to carry out stability tests.
A series of preliminary experiments was carried out to check for
the lack of mass- and heat-transfer limitations. On testing two dif-
ferent catalyst loadings of 0.1 and 0.2 g and seven different GHSVs
from 6000 to 72,000 mlg~—'h~!, the influence of external mass
transfer was found to be negligible at a GHSV > 36,000 mlg~'h™".
Internal mass and heat transfer limitations also were ruled based
on the results of experiments with four different particle sizes
(20-40, 40-60, 60-80, and 80-100 mesh) and two different tem-
peratures (400 and 450°C), as shown in Fig. S1 in the supplemen-
tary material. Thus, the intrinsic activity and activation energy of
the catalysts can be obtained under our experimental conditions
with particle sizes of 60-80 mesh and GHSV of 72,000 mlg~'h~1,
The outlet products were measured by a gas chromatograph with
a thermal conductivity detector (Beijing East and West Electron-
ics Institute, GC-4000A). The reaction temperature was controlled
with a K-type thermocouple placed in the vicinity of the catalytic
bed. In every case, carbon dioxide and water were the only re-
action products detected throughout the entire experiment. The
stability tests for all samples were carried out at 450 °C. To confirm
the repeatability of the data, the repeat runs were implemented for
the study of intrinsic activity. Tests were considered valid when
carbon balance was between 95% and 105%. The turnover fre-
quency (TOF), defined as the number of reactant molecules con-
verted to products per surface metal atom, was calculated based
on the data from pulse chemisorption measurements using CO.

3. Results
3.1. Catalyst activity

The effect of Pd loading content on the observed activities of
the Pd/SBA-15 catalysts was studied. The results of observed ac-
tivity evaluation for Pd/SBA-15 catalysts are shown in Fig. S2 in
the supplementary material. These are the temperatures at which
conversion of 10%, 50%, and 90%, respectively, were obtained. The
values of Tqg, Tso, and Ty are listed in Table 1. The results of
physicochemical properties and CO chemisorption measurements
of the samples are listed in Table 2. It is shown that for the
Pd/SBA-15, the observed activity of the catalyst increased substan-
tially with an increase in Pd content from 0.05% to 0.5%, with a
more modest increase with further increasing Pd content up to 1%.
The TOF of the 0.5% Pd/SBA-15 catalyst was 13.2 x 1073 s~1 at
450°C, as reported in Table 2.

Because the catalyst exhibited only a marginal increase in ob-
served activity when the Pd content was increased from 0.5% to
1%, the catalysts with a Pd loading of 0.5% were used to study the
effect of CeOy, ZrO,, and Ce-Zr mixed oxides as promoters of cata-
lyst performance. Fig. S3 in the supplementary material shows the
observed activities of the 0.5% Pd/Ce;_xZry02/SBA-15 (x =0, 0.5, 1)
catalysts with different Ce;_yxZryO, contents. It can be seen that
when CeO,, Ceg5Zrp50;, or ZrO, was used as a promoter, the cata-
lyst had a maximum observed activity at a promoter loading of 5%.
The TOF of the 0.5% Pd/Cei_xZrxO,/SBA-15 (x =0, 0.5, 1) catalyst
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Table 1
Values of Tqg, Tso and Tgo for Pd/SBA-15 and 0.5% Pd/5% Cej_xZrxO,/SBA-15 catalysts with different Pd loadings
Catalysts T10 (°C) Tso (°C) Tgp (°C)
%Pd %Pd %Pd
005 01 015 025 05 075 10 005 01 015 025 05 075 10 005 01 015 025 05 075 10
Pd/SBA-15 399 293 285 281 278 276 275 417 341 331 326 320 318 317 - 391 375 368 362 359 354
Pd/5% Ce0;/SBA-15 342 318 307 289 284 280 295 389 371 362 347 342 339 351 - 447 434 416 406 398 419
Pd/5% CeosZro502/SBA-15 305 292 282 278 270 268 277 368 354 346 330 324 318 330 425 412 395 375 367 360 375
Pd/5% Zr0/SBA-15 285 275 270 265 262 259 263 350 329 324 322 317 314 322 399 369 365 363 352 352 364
Table 2
The results of physiochemical properties and CO chemisorption measurements of the samples
Samples XRD measurements N, adsorption-desorption measurements CO chemisorption measurements
PdO Ce0, SBET Vp Dgjn n Pd (umol Pd dispersion Pd crystallite TOF at 450°C
(nm) (nm) m2g) (cm?g1) (nm) pdgt ) (%) size (nm) (1073s71)
Fresh Used Fresh Used Fresh Used Fresh Used Fresh Used Fresh Used Fresh Used Fresh Used Fresh Used
SBA-15 - - - - 628 - 097 - 7.3 - - - - - - - - -
0.5% Pd/SBA-15 5.8 5.9 - - 563 559 0.73 061 63 6.1 26,0 251 553 534 203 210 132 10.5
0.5% Pd[5% CeO,/SBA-15 56 57 54 54 557 551 0.86 056 6.1 59,35 21.0 200 447 426 251 264 164 13.7
0.5% Pd/5% Ce5Zros02/SBA-15 5.5 56 - - 537 531 056 046 57,39 5738 250 239 532 508 211 221 138 12.3
0.5% Pd/5% ZrO,[SBA-15 58 60 - - 577 575 087 0.83 6535 6234 282 273 600 581 1.87 194 122 12.6
100 C o .
v—*% p— found that the activity increased with increasing Zr content. For
/ - the catalysts with high Zr loading (x = 0.5 or 1), the activity was
A / slightly greater than that of Pd/SBA-15, demonstrating that the use
801 o of CegsZros0, or ZrO, improved the activity of the Pd catalysts.
For Pd/5% Cej_xZrxO2/SBA-15 (x = 0.5 or 1; Pd% = 0.5 or 0.75),
N methane could be converted completely into CO; and HO be-
c
S 607 v o low 375°C.
| . N . P
o i The dependence of the intrinsic activity of the 0.5% Pd/5%
>
g Ceq1_xZry02/SBA-15 (x =0, 0.5, 1) catalysts on temperature and the
O, 40+ related Arrhenius plots are illustrated in Figs. S7 and S8, respec-
5 o tively. The values of T1g, Tso, and Tgp and the activation energies
5 are listed in Table S1. As can be seen from Table S1, the results
20 = 8’24’ ESESAél% /SBA-15 of two runs were very close, demonstrating the high repeatabil-
® L 4 . 0 (] 2 = . o . . . o . .
/X/ A 0.5% Pd/5% Ce, Zr. 0 /SBA-15 ity of the datg. Ip addition, the 1ntr.1n51.c act1v1ty. mgreased with
!é' —w— 0.5% Pd/5% ZrO,/SBA-15 decreasing activation energy. The activation energies in the range
0 . . : . : of 104-112 kJmol~! are similar to those reported previously, as
250 300 350 400 450 shown in Table S2. For the 0.5% Pd/5% ZrO,/SBA-15 catalyst, which
Temperature/:C had the highest intrinsic activity, methane could be completely

Fig. 1. Methane conversions over 0.5% Pd/SBA-15 and 0.5% Pd/5% Ceq_xZrx02/SBA-15
catalysts.

was in the range of 16.4-12.2 x 10~3s~1 at 450°C, as shown in
Table 2.

The observed activities of the Pd/5% Cej_xZryO,/SBA-15 (x =0,
0.5, 1) catalysts with different Pd loadings are shown in Figs. S4-S6
in the supplementary material, and the observed activities of the
0.5% Pd/5% Ce1_xZry0,/SBA-15 (x =0, 0.5, 1) catalysts are shown in
Fig. 1. The values of Tqg, Tsp, and Tgqg are listed in Table 1. For the
Pd/5% Ceq_xZry0,/SBA-15 (x =0, 0.5, 1) catalysts, in each case the
catalytic activity reached a maximum at a Pd loading of 0.75%. The
TOF of the 0.5% Pd/5% CeO,/SBA-15 catalyst was 16.4 x 107351
at 450°C, as shown in Table 2. From Table 1, it can be seen that
for every Pd loading except 0.05%, the catalytic activity of Pd/5%
Ce0,/SBA-15 was significantly worse than that of Pd/SBA-15, in-
dicating that here CeO, acted as an inhibitor rather than as a
promoter. Thevenin et al. [13] and Haneda et al. [8] reported that
the activity of a Pd/CeO,-Al;03 catalyst in methane combustion
was lower than that of a Pd/Al,O3 catalyst, which is consistent
with our findings. At every Pd loading, the catalytic activity of
Pd/5% Ceq_xZryO2/SBA-15 increased with an increasing Zr: Ce ra-
tio. Yue et al. [25] studied the performance of methane catalytic
combustion over Pd/CexZr;_x0,/Al;03 (x = 0-1) catalysts and also

converted to CO, and H,0 below 412 °C.
3.2. Catalyst stability

We chose the 0.5% Pd/5% Ce1_xZry0,/SBA-15 and 0.5% Pd/SBA-
15 catalysts to study deactivation behavior. Fig. 2 shows the results
of stability tests of these catalysts. The 0.5% Pd/SBA-15 catalyst had
the poorest stability. Methane conversion began to drop after 20 h
on stream and was below 80% after 90 h. Incorporation of the
mixed oxides Cei_xZryOy (x = 0-1) led to a significant increase
in stability in each case, with stability increasing with increas-
ing zirconium content (x). For pure ZrO, (x = 1), the conversion
of methane remained essentially complete after over 400 h on
stream. To gain insight into the beneficial effect of Ceq_xZry0; (x =
0-1) on catalyst stability of the catalyst, we investigated the prop-
erties of the catalysts before and after the stability tests by XRD,
N> adsorption-desorption, CO chemisorption, TEM, XPS, and TPR.

3.3. XRD

Fig. 3 shows low-angle XRD patterns of the SBA-15 as support
and 0.5% Pd/SBA-15 and the 0.5% Pd/5% Cej_xZrxO2/SBA-15 (x =0,
0.5, 1) catalysts before and after the stability tests. The SBA-15 sup-
port (Fig. 3a) showed three well-resolved diffraction peaks in the
26 range 0.7-2°, corresponding to the diffraction of (100), (110),



E Yin et al. / Journal of Catalysis 257 (2008) 108-116 111

100 Wﬁwﬁ%ﬁmf@m@‘@‘&@
1 % -

\%\C QZRA

\
a B,

90 8 AN A
® B 8, )
= 2 3 A
o = AN
D go N o
o %8
c o
(o]

S
5 O 0.5% Pd/SBA-15

—0—0.5% Pd/5% CeO,/SBA-15
—A—0.5% Pd/5% Ce, Zr, ,0,/SBA-15

60 —0—0.5% Pd/5% ZrOZISBA-1 5
solr—1r v+ ¥+
0 50 100 150 200 250 300 350 400
Time/h

Fig. 2. Stability of the catalysts during methane combustion carried out at 450 °C.
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Fig. 3. Small-angle XRD patterns of SBA-15 and the catalysts before and after the
stability tests: (a) SBA-15; (b) 0.5% Pd/SBA-15 (before); (c) 0.5% Pd/SBA-15 (af-
ter); (d) 0.5% Pd/5% CeO,/SBA-15 (before); (e) 0.5% Pd/5% CeO,/SBA-15 (after);
(f) 0.5% Pd/5% Ceg5Zrp50,/SBA-15 (before); (g) 0.5% Pd/5% Ceg5Zro50,/SBA-15 (af-
ter); (h) 0.5% Pd/5% ZrO,/SBA-15 (before); (i) 0.5% Pd/5% ZrO,/SBA-15 (after).

and (200) planes. These peaks are characteristic of the hexago-
nally ordered structure of SBA-15 [18,19]. When Pd was loaded
onto SBA-15, the dipg peak shifted to a higher angle, and the dqgo,
d110, and dagp peaks increased in intensity. This finding is consis-
tent with previous reports in the literature [26]. In the Pd/SBA-15
catalysts, Pd may have been embedded into the channel of SBA-15.
In this case, the d-spacing of the 100 plane would be decreased,
resulting in a shift of the dygp peak to a higher angle. The XRD pat-
terns of the 0.5% Pd/5% Cei_xZryO,/SBA-15 (x =0, 0.5, 1) catalyst
were essentially identical to those of the 0.5% Pd/SBA-15 catalyst.
After the stability tests, the XRD patterns of these catalysts were
similar to those of the fresh ones, indicating that the well-defined
hexagonally ordered structure of the catalysts was not destroyed
during the stability tests.

Fig. 4 shows the wide-angle XRD patterns of the catalysts be-
fore and after the stability tests. For the fresh catalysts, reflec-
tion peaks of PdO appeared, the intensities of which remained
almost unchanged after incorporation of the different metal ox-
ide phases. After the stability tests, for each catalyst, the intensity
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Fig. 4. Wide-angle XRD patterns of the catalysts before and after the stability tests:
(a) 0.5% Pd/SBA-15 (before); (b) 0.5% Pd/SBA-15 (after); (c) 0.5% Pd/5% CeO,/SBA-15
(before); (d) 0.5% Pd/5% CeO,/SBA-15 (after); (e) 0.5% Pd/5% CegsZros502/SBA-15
(before); (f) 0.5% Pd/5% Ceg5Zrp502/SBA-15 (after); (g) 0.5% Pd/5% ZrO;/SBA-15 (be-
fore); (h) 0.5% Pd/5% ZrO,/SBA-15 (after).

of the PdO reflection peaks increased and the full-width-at-half-
maximum (FWHM) decreased. According to the results from Scher-
rer’s equation, the particle sizes of PdO increased slightly, as shown
in Table 2; for example, for 0.5% Pd/5% CeO,/SBA-15, PdO particle
size increased from 5.6 nm to 5.7 nm. The reflection peaks of CeO,
also appeared; their intensities remained almost unchanged, and
the corresponding particle size was about 5.4 nm, suggesting no
increase in the particle size of CeO, during reaction (Fig. 4, spec-
tra (c) and (d)). For the 0.5% Pd/5% Cegs5Zrgs50,/SBA-15 and 0.5%
Pd/5% ZrO,/SBA-15 catalysts, PdO was the only phase observed by
XRD, suggesting that any CegsZrps50,, CeO,, or ZrO, phase had
a high degree of dispersion (Fig. 4, spectra (e) and (h)). In the
0.5% Pd/5% Ceg.5Zrg502/SBA-15 catalyst, PdO particle size increased
from 5.5 nm to 5.6 nm; in the 0.5% Pd/5% ZrO,/SBA-15 catalyst,
PdO particle size increased from 5.8 nm to 6.0 nm. Combining
the characteristic peaks in the XRD patterns attributed to PdO and
CeO, with the finding that the particle sizes of Pd, PdO, and CeO,
were smaller than the pore size of SBA-15 (as shown in Table 2)
confirms that they likely were incorporated into the channels of
SBA-15.

3.4. N adsorption-desorption and CO chemisorption measurements

Fig. 5 shows N, adsorption-desorption isotherms (A) and pore
size distributions (B) of the various catalysts before and after sta-
bility testing and SBA-15. The textural properties of the samples
are also summarized in Table 2. The isotherms of all catalysts ex-
hibited a highly ordered mesoporous nature, whereas the sharp
capillary condensation step in the range of P/Py = 0.6-0.8 at-
tributed to the SBA-15, which has cylindrical pores with a narrow
pore size distribution, disappeared. The Sggr, Dp, and Vp values for
the fresh catalysts obviously decreased from 628 m2g~!, 7.3 nm,
and 0.97 cm? g~ for SBA-15 to no more than 577 m?g~!, 6.5 nm,
and 0.87 cm®g~!, due to the incorporation of metallic Pd, its ox-
ides, and the promoters into the SBA-15. After the stability test-
ing, the Sger and Dgjy values of all catalysts decreased slightly. It
should be noted that the 0.5% Pd/5% ZrO,/SBA-15 catalyst had the
largest values of Sger (577 m?g~') and V}, (0.87 cm3g~1), a broad
pore size distribution, and the best stability during reaction. For
the 0.5% Pd/5% CeO,/SBA-15 catalyst, the V|, value obviously de-
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creased, from 0.86 cm? g~! to 0.56 cm® g~ 1. The V/, values of other
two catalysts also decreased to different extents.

Table 2 also reports the results of CO chemisorption mea-
surements over the various catalysts before and after the stabil-
ity testing. The Ceq_xZryO, promoters had a significant affect on
Pd dispersion, Pd crystallite size, and TOF. In the fresh 0.5% Pd/
5% Ce1_xZry0,/SBA-15 (x =0, 0.5, 1) catalysts, with increasing Zr
content, Pd dispersion increased, whereas Pd crystallite size and
TOF decreased. Compared with the corresponding fresh catalysts,
in the used catalysts, dispersion decreased slightly and Pd crystal-
lite size increased slightly. As for the TOF, except for the 0.5% Pd/
5% Zr0,/SBA-15 catalyst, the used catalysts exhibited decreased
TOF compared with the corresponding fresh catalysts. The TOF in
the 0.5% Pd/5% ZrO,/SBA-15 catalyst remained almost unchanged
before and after the stability tests, possibly due to the effects of
ZrO, in promoting oxygen mobility and Pd dispersion.

3.5. TEM

Fig. 6 shows TEM micrographs of the 0.5% Pd/SBA-15 sam-
ple before and after the catalytic reaction. Fig. S9 in the sup-

Fig. 6. TEM micrographs of 0.5% Pd/SBA-15 catalyst before and after the stability
tests: (a) 0.5% Pd/SBA-15 (before); (b) 0.5% Pd/SBA-15 (after).

plementary material shows TEM micrographs of the 0.5% Pd/5%
Ceq1_xZry02/SBA-15 (x = 0, 0.5, 1) samples before and after cat-
alytic the reaction. All samples exhibited the hexagonally ordered
array of the one-dimensional mesoporous channels of SBA-15, in-
dicating that the mesopore structure was not destroyed by the sta-
bility tests, consistent with the results of XRD and N, adsorption-
desorption characterization. No crystallites of PdO or Cei_xZryO,
were found on the external surfaces, indicating that they were in-
corporated into the channels of the SBA-15. Moreover, the pores of
the samples were open, not blocked, suggesting that the PdO and
Ceq_xZryOy crystallites were well dispersed in all of the samples.

3.6. XPS

Table 3 gives the results of the XPS measurements. For the
SBA-15 support, the measured Si/O ratio was consistent with the
expected SiO; stoichiometry. The Si2p and O1s binding energy (BE)
values of all the catalysts were very similar to those of the SBA-15
precursor and remained essentially unchanged after the stability
tests. In the cerium-containing catalysts, the Ce3ds), BE values and
the Ce composition were very similar before and after the stabil-
ity tests, respectively. For the zirconium-containing catalysts, the
Zr3ds; BE values of the used catalysts were essentially identi-
cal to those of the fresh catalysts, but significant changes in the
composition of Zr were seen after the reaction. For the 0.5% Pd/5%
Ceg5Zrp50,/SBA-15 catalyst, the amount of Zr decreased after the
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Table 3
Binding energies (eV) of core electrons and surface atomic composition of samples before and after the stability tests
Samples Si2p Ols Pd3ds); Ce3dsp, Zr3dsp;

BE (eV)? At% BE (eV) At% Pd° BE (eV)  Pd** BE (eV) Pd*t BE (eV) PdAt% BE(eV) At% BE(eV) At%
SBA-15 103.4 33.34 533.0 66.66 - - - - - - - -
0.5% Pd/SBA-15 (fresh) 103.3 36.56 532.9 6331 - 3376 (68.6) 3385 (314) 0.13 = = = =
0.5% Pd/SBA-15 (used) 103.4 36.11 533.0 63.78 3347 (604)° 3378(232) 3385 (164) 0.11 = = = =
0.5% Pd/5% CeO,/SBA-15 (fresh) 103.4 3427 532.8 65.56 - 337.7 (62.7) 338.4 (37.3) 0.08 885.4 0.18 - -
0.5% Pd/5% CeO,/SBA-15 (used) 103.3 33.81 5329 6599 3350(57.0) 3378 (25.8) 3385(17.2)  0.05 8854  0.16 - =
0.5% Pd/5% Ceg5Zro502/SBA-15 (fresh)  103.4 3498 533.0 64.04 3348(256) 3377(581) 3385 (163) 0.34 8855 021 1835 044
0.5% Pd/5% Ceg5Zro502/SBA-15 (used)  103.3 34.18 532.8  64.94 3351 (42.0) 3376 (458) 3384 (122) 0.32 885.6 021 1836  0.35
0.5% Pd/5% ZrO,[SBA-15 (fresh) 103.3 37.05 533.0 61.91 3350 (52.6) 3377 (429) 3384 (4.5) 0.42 = = 1833 062
0.5% Pd/5% ZrO,/SBA-15 (used) 103.4 36.96 5329 61.69 3351 (51.9) 337.6 (43.6) 338.5 (4.5) 0.45 - - 183.3 0.90

@ The binding energy (BE) values were corrected using the C1s peak at 285.0 eV.

b The value in the brackets refers to the relative content of the components of the Pd3dsp, spectra.
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Fig. 7. XPS spectra of Pd3ds in the 0.5% Pd/SBA-15 catalyst before and after the
stability tests: (a) and (b) before and after the stability tests, respectively.

stability test, whereas for the 0.5% Pd/5% ZrO,/SBA-15 catalyst, the
amount of Zr increased markedly.

Fig. 7 shows the Pd3ds, spectra of the fresh and used 0.5% Pd/
SBA-15 catalysts. Figs. S10-S12 in the supplementary material
show the Pd3ds, spectra of the fresh and used 0.5% Pd/
5% Ce1_xZrx02/SBA-15 (x =0, 0.5, 1) catalysts. Deconvolution of
the Pd3ds, spectra suggests that except for the fresh Pd/SBA-15
and fresh Pd/CeO,/SBA-15, in general there were three compo-
nents with Pd3ds; BE values of 334.7-335.1 eV, 337.6-337.8 eV,
and 338.4-338.5 eV, which remained almost unchanged after the
stability tests. These can be attributed to Pd° [27], Pd*t [28-30],
and Pd** [31], respectively.

As shown in Table 3, although the total Pd content of each cat-
alyst was the same and remained almost unchanged before and
after the stability tests, significant changes occurred in the rela-
tive amounts of Pd°®, Pd?*, and Pd**. For the fresh 0.5% Pd/SBA-15
(Fig. 7) and 0.5% Pd/5% CeO,/SBA-15 (Fig. S10) catalysts, no Pd°
was present, but after the stability tests, Pd® was the predominant
species (ca. 60%) in both cases. The 0.5% Pd/5% Ceg5Zro502/SBA-
15 catalyst also exhibited a significantly increased amount of Pd®
after the stability tests (Fig. S11). In contrast, for the 0.5% Pd/5%
Zr0,/SBA-15 catalyst, the relative amounts of Pd®, Pd**, and Pd**
remained almost unchanged after the stability tests (Fig. S12).

3.7. TPR measurements

Fig. 8 shows the results of TPR measurements on the samples
before the stability tests. For the SBA-15 support, a weak reduction

j P /‘/\Z/\
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Fig. 8. TPR patterns of SBA-15 and the catalyst samples before the stability tests:
(a) SBA-15; (b) 0.5% Pd/SBA-15; (c) 0.5% Pd/5% CeO,/SBA-15; (d) 0.5% Pd/5% Ceqs-
Zro502/SBA-15; (e) 0.5% Pd/5% Zr0/SBA-15.

peak occurred at about 570 °C, designated M, attributed to conden-
sation reactions between the surface silanol groups of mesoporous
silica and the metal source during heat treatment [32]. In addi-
tion, a broad peak at about 841°C, designated N, was seen on
further condensation reactions at high temperature. For the 0.5%
Pd/SBA-15 catalyst, an additional weak peak due to reduction of
PdO was seen at about 107 °C [33]. The positions of the M and
N peaks were essentially the same as those of the SBA-15, but
their areas were increased, probably because the addition of Pd
enhanced the condensation reactions. When CeO; was added, the
reduction temperature of PdO remained constant, but its area in-
creased significantly, indicating that adding CeO, affected the re-
dox properties of PdO. The temperatures of the M and N peaks
also remained almost unchanged, but their areas became slightly
larger than those for 0.5% Pd/SBA-15. There also was a negative
reduction peak, designated P, which can be attributed to the de-
composition of cerium hydride. This phenomenon likely occurs in
the lanthanide oxides due to H, treatment; for example, Jujjuri et
al. [34] reported that lanthanides can form hydrides (LnH;/LnH3,
Ln = La, Ce, Sm, Eu, Gd, and Yb) on contact with Hy at room tem-
perature. Thus, the negative reduction peak P in the TPR of the
0.5% Pd/5% CeO,/SBA-15 catalyst is likely due to the decomposi-
tion of cerium hydride. In the presence of CegsZrp50, or ZrO,,
even though the reduction temperature of PdO remained almost
unchanged, its area increased relative to that of 0.5% Pd/SBA-15
or 0.5% Pd/5% CeO,/SBA-15. The reduction temperatures of the
M and N also remained almost unchanged, but their areas de-
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Fig. 9. TPR patterns of SBA-15 and the samples after the stability tests: (a) SBA-
15; (b) 0.5% Pd/SBA-15; (c) 0.5% Pd/5% CeO,/SBA-15; (d) 0.5% Pd/5% Ceq5Zros502/
SBA-15; (e) 0.5% Pd/5% ZrO,/SBA-15.

creased slightly. The negative reduction peak disappeared in the
two catalysts. In the 0.5% Pd/5% CegsZrgs502/SBA-15 catalyst, Zr
likely prevented Ce from forming cerium hydride, due to the strong
interaction between Zr and Ce [35].

Fig. 9 shows the results of TPR measurements on the samples
after the stability tests. Comparing this figure with Fig. 8 shows
some significant differences in redox properties between the fresh
and used catalyst samples. For 0.5% Pd/SBA-15 and 0.5% Pd/5%
Ce0,/SBA-15, the reduction temperatures of PdO remained almost
unchanged after the stability tests, but the area decreased signif-
icantly in each case, indicating a drop in Hy consumption during
PdO reduction. The reduction temperatures of the M and N peaks
also were almost unchanged, and the peak areas decreased slightly.
For 0.5% Pd/5% Ceqs5Zrp50,/SBA-15, the reduction temperature of
the PdO peak remained unchanged after the stability test but the
peak area decreased, again indicating a drop in Hy consumption
during PdO reduction. After the catalyst tests, the M peak’s temper-
ature was unchanged but its area decreased, whereas the N peak
shifted to a slightly higher temperature and its area increased. In
contrast, for 0.5% Pd/5% ZrO,/SBA-15, the reduction temperatures
and areas of the PdO peak were essentially identical for the fresh
and used catalysts, indicating no change in Hy consumption dur-
ing PdO reduction. The reduction temperatures and areas of the M
and N peaks also were very similar before and after the stability
tests.

4. Discussion

There is some controversy in the literature as to the iden-
tity of the active phase in the oxidation of methane catalyzed
by palladium—Pd, PdO, or a mixed Pd°/PdO phase. Most investi-
gators have concluded that PdO is active in methane combustion,
whereas metallic palladium is inactive [3-5,36-38]. For the mixed-
phase Pd®/PdO, many consider the active form to be PdO; however,
the presence of Pd® can increase the catalyst activity by providing
more active sites for the dissociation of methane, which allows the
overall reaction to proceed more rapidly [16,39]. In our case, Pd°
was not present in the 0.5% Pd/SBA-15 and 0.5% Pd/5% CeO,/SBA-
15 catalysts (as shown in Table 3) even though these two catalysts
demonstrated higher activity, suggesting that PdO was the active
phase.

Pd-based/SBA-15

CH, (PdO, PdO, or Pd)
Pd-based/SBA-15

0

CO,+H,0 (Pd, PO, PdO,) 2

Fig. 10. The redox processes of Pd-based SBA-15 catalysts for the catalytic combus-
tion of methane.

Although some studies of the deactivation behavior of Pd-based
catalysts for the catalytic combustion of methane have been pub-
lished [7-11,40], the phenomenon remains incompletely under-
stood. It has been suggested that the major factors leading to
catalyst deactivation are support sintering, growth of PdO and/or
Pd particles, and transformation of PdO to Pd, depending on the
properties of the support and the promoter, the catalysts prepara-
tion method, and the reaction conditions.

The results of XRD, N, adsorption-desorption, and TEM char-
acterization show that although the incorporation of PdO and
Ceq_xZrxOy into the channels of SBA-15 produced some changes in
the textural properties of the catalysts, the catalysts still retained
the mesopore structure of SBA-15 before and after the stability
tests. Thus, clearly deactivation of the catalysts cannot be ascribed
to sintering or degradation of the SBA-15 support.

The XRD and CO chemisorption studies confirm that although
all of the catalysts demonstrated a slight increase in PdO parti-
cle size and a decrease in Pd dispersion during the reaction, the
Pd/SBA-15, 0.5% Pd/5% CeO,/SBA-15 and 0.5% Pd/5% Ces5Zro50;/
SBA-15 catalysts deactivated to very different extents, whereas the
0.5% Pd/5% ZrO,/SBA-15 catalyst exhibited no deactivation, sug-
gesting that the growth of PdO particles likely was not the major
factor responsible for the catalyst deactivation.

It is generally accepted that Pd-catalyzed combustion of meth-
ane occurs by a redox mechanism [17,35,41-43]. According to this
mechanism, PdO is reduced to Pd by methane, producing H,0 and
CO,, and Pd is reoxidized to PdO by oxygen. In an early study
of Pd/Al,0O3 catalyst, Farrauto et al. [36] found that although the
PdO-Pd transformation was reversible, Pd could not be completely
reoxidized. For the same system, Su et al. [44] also found that the
small Pd particles formed in the reduction became separated from
the surface of the PdO and could not be fully reoxidized to PdO
due to the limited diffusion of oxygen, resulting in the nucleation
and growth of Pd particles, which deactivated the catalyst. Ob-
viously, in a multicomponent solid-phase system comprising Pd,
PdO, and PdO; in which PdO is the active phase, the deactivation
behavior of the Pd-based catalyst is closely related to the stability
of its phases, which in turn strongly depends on the redox prop-
erties of the catalyst and the reaction conditions. It is well known
that oxygen diffusion plays a very important role in determining
the redox properties of solid catalysts, and is related to their oxy-
gen storage capacity, oxygen mobility, and dispersion of promoters
and the phases involved in the activity. Fig. 10 illustrates possible
reaction mechanisms for catalysis of methane combustion over the
0.5% Pd/SBA-15 and 0.5% Pd/5% Ceq_xZrxO,/SBA-15 (x =0, 0.5, 1)
catalysts. The OSC and oxygen mobility of the support varied with
the identity of the metal oxide promoter Cej_xZryO,. Accordingly,
the reaction mechanism can be analyzed by studying the influence
of the promoter on the OSC and the oxygen mobility of the sup-
port.

Connecting the foregoing analysis with our cases, based on the
XPS, CO chemisorption, and TPR findings, in the 0.5% Pd/SBA-15
catalyst, only PdO and PdO, were initially present, with no Pd® (Ta-
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ble 3). Because PdO, is known to readily reduce to PdO and then
to Pd [45], we propose that both PdO and PdO, were reduced to
Pd by CH4, and Pd was reoxidized to PdO and PdO; by O,. The re-
dox processes involving PdO,/PdO and Pd were not in equilibrium.
The oxygen consumed in the reaction process could not be replen-
ished fast enough by migration of oxygen from the gas phase. The
reoxidation of Pd® was retarded, and Pd® accumulated gradually
(Table 3), resulting in decreased TOF (Table 2) due to deterioration
of the redox properties (Figs. 8 and 9), and catalyst deactivation
after about 20 h on stream (Fig. 2).

Farrauto et al. [46] studied the effect of CeO, on the equilibra-
tion of PAO-Pd and found that CeO, could enhance the reoxidation
of Pd. Thevenin et al. [13] studied various catalysts modified with
CeO, and also confirmed that CeO, could increase the rate of Pd
reoxidation. These authors suggested that CeO; has high OSC and
oxygen mobility and can provide oxygen rapidly, accelerating the
reoxidation of Pd. But although the 0.5% Pd/5% CeO,/SBA-15 cata-
lyst was somewhat more stable than the 0.5% Pd/SBA-15 catalyst
(as shown in Fig. 2), methane conversion over this catalyst still
began to decrease after about 96 h on stream. Furthermore, the
deactivated catalyst contained large amounts of Pd® (Table 3), sug-
gesting that the equilibration between PdO/PdO, and Pd® was not
maintained.

These findings demonstrated that although the OSC and oxygen
mobility of the catalyst were increased by the addition of CeO,, the
effect was limited. Di Monte et al. [14] and Fornasiero et al. [47]
found that CeO, sintered readily on heat treatment, after which its
0SC decreased markedly. Fig. 4 shows diffraction peaks of CeO, for
the 0.5% Pd/5% CeO,/SBA-15 catalyst, suggesting that sintering of
CeO; likely occurred after heat treatment, resulting in the growth
of CeO, particles and a concomitant decrease in OSC. At the same
time, the CeO, dispersion decreased due to particle growth and, as
a result, the rate of oxygen exchange between CeO; and PdO/PdO;
and the gas phase decreased, inducing transformation of PdO to
Pd (Table 3) and a decrease in TOF (Table 2) due to deterioration
of the redox properties (Figs. 8 and 9). Therefore, the 0.5% Pd/5%
Ce0,/SBA-15 became deactivated after a relatively short time.

As is well known, insertion of ZrO, into cubic CeO; results in
increased OSC, which improves the activity and thermal stability
of catalysts. Distortion of the 0>~ sublattice in the mixed oxide
permits greater mobility of the lattice oxygen species [48,49], with
reduction no longer confined to the surface but extending into the
bulk [47,50]. It has been reported that the percentage of reducible
Ce** and the thermal stability increase with increasing Zr/Ce ratio,
and that insertion of Zr results in maintenance of a high degree of
dispersion at relatively high temperatures, which increases oxygen
mobility [51]. As shown in Fig. 2, the 0.5% Pd/5% Ce5Zr502/SBA-
15 was more stable than the 0.5% Pd/5% CeO,/SBA-15, but methane
conversion began to decrease after about 315 h on stream. Further-
more, the deactivated catalyst had more Pd® and less PdO, and
PdO (Table 3) compared with the fresh sample, suggesting that
the redox equilibration between Pd0O,/PdO and Pd® remained per-
turbed during the stability tests. Although the CeO,-ZrO, mixed
oxide had a higher OSC than the CeO, [51], and the presence of
Ceo5Zr050; led to an increase in the OSC and oxygen mobility of
the catalyst, these increases were not sufficient to prevent an oxy-
gen deficiency and an eventual Pd® buildup, eventually resulting in
catalyst deactivation.

For the 0.5% Pd/5% ZrO,/SBA-15 catalyst, no deactivation was
seen after more than 400 h on stream (Fig. 2). Moreover, the rela-
tive amounts of Pd®, Pd?*, and Pd** (Table 3); the redox property
of the catalyst (Figs. 8 and 9); and the TOFs (Table 2) remained
essentially unchanged after the reaction, suggesting that the high
0SC and good oxygen mobility of the catalyst with ZrO, as the
promoter maintained a high oxidation state of Pd even though
this catalyst had the greatest degree of Pd dispersion. Ciuparu et

al. [52], studying the oxygen exchange between Pd and ZrO;, found
that ZrO, exhibited high rates of oxygen exchange and oxygen
mobility due to the presence of surface oxygen vacancies, which
facilitate the oxygen exchange between the bulk phase and the
surface. This finding explains the results of this study of the de-
activation behavior of the 0.5% Pd/5% ZrO,/SBA-15 catalyst.

5. Conclusion

Catalysts based on Pd/SBA-15 showed excellent activity for the
catalytic combustion of methane, in which a palladium loading
of 1% gave maximum observed activity with a Tgg value of 354 °C.
Although the Pd/SBA-15 catalysts exhibited high initial activity,
they showed very poor stability. Using Ceq_xZryO; as a promoter
improved the stability of the catalysts. The optimum Ce;_xZryxO>
loading was 5%. In the series of 0.5% Pd/5% Cei_xZryO,/SBA-15
catalysts, both the activity and stability were found to increase
with increasing Zr content (x). The 0.5% Pd/5% ZrO,/SBA-15 cat-
alyst exhibited the highest activity and stability of all catalysts
studied. The methane conversion remained unchanged after 400 h
at 450°C.

The 0.5% Pd/SBA-15 and 0.5% Pd/5% Ce1_xZryO2/SBA-15 (x =0,
0.5, 1) catalysts retained the hexagonally ordered structure of the
SBA-15 before and after the stability tests. PdO particles were
formed in the channels of SBA-15 and increased slightly in size
during the reaction, but this was not the major cause of the loss
of catalyst activity. Catalyst stability was seen to depend mainly
on the OSC and oxygen mobility, and the deactivation behavior
can be interpreted in terms of the redox mechanism. For all of
the catalysts studied except 0.5% Pd/5% ZrO,/SBA-15, the redox
equilibration between Pd and PdO,/PdO was perturbed during the
reaction due to a limited oxygen-transfer ability, resulting in the
transformation of PdO to Pd and leading to catalyst deactivation.
In the 0.5% Pd/5% ZrO,/SBA-15 catalyst, the high OSC and oxygen
mobility with ZrO, as a promoter allowed more rapid transfer of
oxygen to Pd during the stability tests, and thus the catalyst exhib-
ited stable TOF and the best stability.
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