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Mesoporous cubic PdyPt (x=0.43-8.52) alloys with surface areas of 26-32 m?/g were synthesized using
the KIT-6-templating method. Physicochemical properties of the materials were characterized by means
of various techniques, and their catalytic activities were evaluated for methane combustion. It is found
that the Pd and Pt were uniformly distributed in the PdPt alloys. The addition of Pt to Pd exerted a
significant effect on the redox property of Pd. The Pd,Pt alloys possessed a higher methane activation
ability than the monometallic Pd. The oxidized Pd-Pt (i.e., PdO-PtO,) were more active than the metallic
PdO-Pt0. The Pd;4; Pt sample performed the best for methane combustion (Tjoy, Tsox, and Tegy Were 272,
303, and 322°C at SV =100,000 mL/(g h); TOFpy4, TOFp, TOFpq+p, and specific reaction rate at 280 °C were
0.85x103571,1.98 x 103571,0.59 x 103 s, and 4.46 wmol/(gca: S), respectively). The deactivation of
the Pd; 41 Pt sample induced by 2.5-5.0 vol% CO, or H,0 addition was reversible, but its deactivation due
to 100 ppm SO, introduction was irreversible. It is concluded that the excellent catalytic performance
of the Pd; 4Pt sample was associated with its good mesoporous structure, Pd-Pt alloy and PdO-PtO,

coexistence, and good methane and oxygen activation ability.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Methane is widely used in industrial and transportation activ-
ities as it is the main component of natural gas. Due to its tough
combustion, however, unburned methane at low temperatures
always exists in the exhaust. It is generally accepted that methane
induces a strong greenhouse effect with a global warming poten-
tial 20 times higher than that of CO, [1]. Therefore, much attention
has been paid on reducing the emission of methane. Flame combus-
tion of methane at high temperatures often results in the emissions
of nitrogen oxides (NOy) and CO that are harmful to the environ-
ment. Compared to the conventional flame combustion, catalytic
combustion of methane is regarded as an efficient and green path-
way, in which the key issue is the availability of high-performance
catalysts at low temperatures. Therefore, it is highly desirable to
design and prepare novel catalysts with excellent low-temperature
activity and stability.
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In the past years, the Pd-based catalysts have been investigated
intensively and extensively due to their good catalytic perfor-
mance for methane combustion [2-5]. For example, PdO or Pd-PdO
mixture were recognized as the active phase of the supported
Pd catalysts at low temperatures, but the metallic Pd° was the
active phase at high temperatures|[1-3,6,7]. The performance of the
Pd-based catalysts for methane lean-burn combustion at low tem-
peratures could be improved if the Pd was alloyed with other metals
(e.g.,Pt[8]). The Pt was found to be more active under the rich-burn
conditions (O, /CH4 molar ratio <2) [9]. Although monometallic Pt
catalysts were less active than the monometallic Pd catalysts under
lean-burn conditions [9], some researchers [10-14] have pointed
out that substituting Pt for Pd could generate a catalyst that showed
enhanced catalytic activity and stability. The influence of Pt on cat-
alytic activity of a bimetallic catalyst, however, is still a debated
issue. For instance, Strobel et al. [15] investigated the combus-
tion of methane over the supported Pd-Pt catalysts with different
amounts of Pt and Pd, and observed a positive effect on catalytic
performance over the supported Pd-Pt catalysts with smaller Pt
amounts, but a negative effect on catalytic activity was observed
over the supported Pd-Pt catalysts with higher Pt loadings. Such a
phenomenon was also reported by Persson et al. [16], who claimed
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that the Pt could act either as a promoter or as an inhibitor for
methane combustion. Castellazzi et al. [13] attributed this result
to the extent of PdO formation, the strength of the metal-support
interaction, and the stabilization of metallic PdO.

Recently, the materials consisting of mesoporous networks have
been found to be highly active for some reactions. These porous
materials possess large specific surface areas, high structural stabil-
ity, and good catalytic durability due to their nanoscale skeletons
and inter-connected hollow channels that are favorable for easy
mass transfer and high electron conductivity [17,18]. In the past
years, porous noble metal nanostructures have gained enormous
attention [19-24]. For example, the 3D porous architecture could
not only maximize the availability of electron transfer within nano-
sized surface but also provide better mass transfer of reactants to
the catalyst [18]. Xu and coworkers [22,24] conducted a systematic
investigation on the catalytic properties of nanoporous gold, and
found that the porous Au catalysts performed well in the oxidation
of CO.

It has been generally accepted that the metal-support interac-
tion plays an important role in improving the catalytic activity of
a supported noble metal catalyst. In order to leave out the effect
of the metal-support interaction, only noble metals can be used as
catalyst to investigate their catalytic performance and hence clar-
ify the active sites. Up to now, however, there have been no reports
on the preparation and catalytic applications of mesoporous Pd,Pt
alloys for methane combustion. In the present work, we used the
mesoporous silica (KIT-6) as hard template to fabricate the meso-
porous Pd, Pt and PdxPt alloys, characterized their physicochemical
properties, and evaluated their catalytic performance for methane
combustion. It is found that the PdxPt alloys showed much better
catalytic activity than the monometallic Pd or Pt.

2. Experimental
2.1. Catalyst preparation

Ordered mesoporous silica (KIT-6) was synthesized under the
hydrothermal conditions at 100 °C for 24 h according to the proce-
dure of the previous literature [25]. As confirmed by the small-angle
X-ray diffraction pattern (Fig. S1) and transmission electron micro-
scopic image (Fig. S2), the as-synthesized KIT-6 template possessed
an ordered mesoporous architecture with an average pore size
of 6.8 nm. The mesoporous bimetallic PdxPt alloys were prepared
using the nanocasting method with KIT-6 as hard template. The
typical preparation procedures are as follows: 1.00 g of KIT-6 was
added to 40 mL of hexane at room temperature (RT). After being
vigorously stirred for 30 min and sonication for another 30 min,
a mixture of H,PdCl4 (0.56 mol/L) and H,PtClg (0.56 mol/L) aque-
ous solution was then added dropwise under stirring. The ratio
of the volume of precursor aqueous solution to the pore volume

Table 1

of silica was 1.0. The hexane solution was sonicated for 1 h. After
removing the excessive solution, the obtained brown composite
was dried at 120°C for 24 h. Such an impregnation process was
repeated several times to gain a high noble metal incorporation
(30-45 wt%) into the mesopores of the KIT-6. After being dried at
120°Cfor 24 h, the resulting powders were placed into a three-neck
flask at the ambient temperature for 30 min under the protection
of N,. Then, a NaBH,4 aqueous solution (0.30 mol/L) was added to
reduce the HyPdCl, and H,PtClg precursors (NaBH4/nobel metal
molar ratio=10.00:1.00). Until no H, was released, the black pow-
ders were centrifuged and the KIT-6 template was removed using
a hydrofluoric acid aqueous solution (10 wt%). After being washed
five times with 250 mL of deionized water (50 mL for each time),
the sample was dried at 120°C overnight, and calcined in air at a
ramp of 1°C/min from RT to 400°C and kept at this temperature
for 2 h. By adjusting the molar ratios of H,PdCl4 and H,PtClg, the
PdyPt samples with different Pd/Pt molar ratios (x) were obtained.
For comparison proposes, single metal Pd or Pt was also fabricated
using the above method. The nominal x value was 9.00, 2.33, 1.00,
and 0.43, respectively. The real noble metal contents of the sam-
ples were determined by the inductively coupled plasma atomic
emission spectroscopic (ICP-AES) technique.

2.2. Catalyst characterization

Physicochemical Properties of the Pd, PdxPt, and Pt samples
were characterized by means of techniques, such as ICP-AES,
X-ray diffraction (XRD), transmission electron microscopy
(TEM), high-angle annular dark-field-scanning transmission
electron microscopic (HAADF-STEM) and element mapping,
N, adsorption-desorption (BET), X-ray photoelectron spec-
troscopy, CO temperature-programmed reduction (CO-TPR), O,
temperature-programmed desorption (O,-TPD), CH4 temperature-
programmed desorption (CH4-TPD), and Fourier transform infrared
(FT-IR) spectroscopy. The detailed characterization procedures
can be seen in the Supplementary material.

2.3. Catalytic activity evaluation

Catalytic activities of the samples for methane combustion were
evaluated in a continuous flow fixed-bed quartz tube microreac-
tor. The reactant mixture was composed of 2.5 vol% CH4 +20 vol%
0, +77.5vol% N, (balance), and the space velocity (SV) was ca.
100,000 mL/(gh). All of the activity data were collected when the
combustion of methane reached a steady state at a given temper-
ature. Catalytic activities of the samples were evaluated using the
temperatures (To%, Tsox, and Tgpy ) required for achieving methane
conversions of 10, 50, and 90%, respectively. The detailed activity
evaluation procedures are put in the Supplementary material.

BET surface areas, average pore sizes, pore volumes, average noble metal particle sizes (D), real Pd or Pt contents, and real Pd/Pt molar ratios of the samples.

Nominal Real sample BET surface Average pore  Pore volume XRD result ICP-AES result
sample area (m?/g) size (nm) (cm3/g)
Crystal phase  D? (nm) Real Pd Real Pt Real Pd/Pt
content” content” molar ratio®
(wt%) (wt%) (mol/mol)
Pd Pd 30.2 19.8 0.137 Cubic 94 100 - -
PdyPt; Pdg 5, Pt 255 18.1 0.131 Cubic 7.9 823 17.7 8.52
Pd;Pt3 Pd; 41 Pt 319 15.6 0.142 Cubic 7.1 56.8 43.2 2.41
PdsPts Pdo.99Pt 29.2 14.9 0.149 Cubic 7.2 35.1 64.9 0.99
Pd;3Pty Pdo 43Pt 29.6 14.4 0.147 Cubic 74 18.9 81.1 0.43
Pt Pt 311 13.7 0.123 Cubic 6.8 - 100 -

2 Data were calculated according to the Scherrer equation using the FWHM of the (111) line of cubic Pd or Pt.

b Data were determined by the ICP — AES technique.
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Fig. 1. XRD patterns of (a) Pd, (b) Pdgs,Pt, (c) Pd2.41Pt, (d) Pdgo9Pt, (e) Pdg43Pt, and
(f) Pt.

3. Results and discussion
3.1. Crystal phase composition, pore structure, and surface area

The results (Table 1) of ICP-AES investigations reveal that the
real Pd/Pt molar ratios (x) in the PdyPt samples were 8.52, 2.41,
0.99, and 0.43, respectively, corresponding to the nominal Pd/Pt
molar ratios of 9.00, 2.33, 1.00, and 0.43. Obviously, the real and

nominal Pd/Pt molar ratios in the PdyPt samples were rather close,
indicating that the preparation method was quite effective.

Fig. 1 shows the XRD patterns of the Pd, Pt, and PdxPt samples.
Compared to the XRD patterns of the standard Pd (JCPDS PDF# 46-
1043) and Pt (JCPDS PDF# 04-0802) samples, one can realize that
the diffraction peaks 26 =40°, 46°, 68°, 82°, and 86° were assigned
to the (111),(200), (220), (311) and (222) crystal planes, and could
be indexed to the face-centered cubic crystal structure. It can be
also observed that the diffraction peak due to the (111) crystal plane
gradually shifted to a lower 26 with increasing the Pt content in the
PdyPt samples, and it located at the 260 between those of the Pd(111)
and Pt(111) crystal planes, indicating that an alloy was formed in
the PdyPt samples. Since the Pd and Pt samples were of a face-
centered cubic structure, the diffraction patterns of the Pd,Pt alloys
were similar to those of the pure Pd or Pt sample [26]. The average
grain sizes (Table 1) could be estimated according to the Scherrer
equation (D =0.891/(Bcos ), where A is the X-ray wavelength, g is
the full width at half maximum (FWHM) of the (111) plane of the
sample, and @ is the corresponding diffraction angle). It is seen that
the calculated grain sizes of the Pd, Pt, and Pd4Pt samples were in
the range of 6.8-9.4 nm.

Fig. 2 shows the TEM images of the as-obtained noble metal
samples. The distinct color contrast between the dark skeletons
and bright background region suggests the formation of a three-
dimensional continuous network structure with interconnected
hollow voids in each of the noble metal sample. In other words,
a mesoporous architecture was generated in these samples. From
the SAED patterns (insets of Fig. 2) of the samples, one can see
several bright diffraction rings, which was indicative of formation
of polycrystalline noble metals. The wall thickness of the meso-
pores in the samples was 7-10 nm. Furthermore, the HAADF-STEM
and element analysis images (Fig. 3) of the typical Pd; 41 Pt sample
clearly show that the distributions of Pd and Pt in the Pd; 41 Pt sam-
ple throughout the entire domain were highly uniform. That is to
say, the Pd and Pt was present in the form of an alloy in the Pd; 41 Pt
sample, in good agreement with the XRD results.

Fig. 2. TEM images of (a) Pd, (b) Pdgs,Pt, (c) Pd,.41Pt, (d) Pdgo9Pt, (€) Pdg43Pt, and (f) Pt.
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Fig. 4. (A) Nitrogen adsorption-desorption isotherms and (B) pore-size distributions of (a) Pd, (b) Pdg s> Pt, (c) Pd.41Pt, (d) PdgooPt, (€) Pdo43Pt, and (f) Pt.

Fig. 4 shows the N, adsorption-desorption isotherms and pore-
size distributions of the mesoporous Pd, Pt, and PdyPt samples, and
their BET surface areas, average pore sizes, and pore volumes are
summarized in Table 1. It is observed from Fig. 4A that each sample
displayed a type Il isotherm with a H2 hysteresis loop in the relative
pressure (p/po) of 0.8-1.0. The H2 hysteresis loop (which showed
a large uptake) was related to the distortion of mesopores [27].
The formation of mesopores in these noble metal samples is also
confirmed by their pore-size distributions (Fig. 4B). The pore sizes
were in the range of 5-30 nm, with the average pore sizes being
13.7-19.8 nm (Table 1). The BET surface areas and pore volumes of
the noble metal samples were in the ranges of 25.5-31.9 m2/g and
0.123-0.149 cm3/g, respectively.

3.2. Surface elemental composition and metal oxidation state

XPS is an effective technique to determine the surface elemental
compositions and metal states of a catalyst. The Pd 3d XPS spec-

trum is composed of the Pd 3ds/;~Pd 3d3, spin-orbit doublets, and
the binding energy (BE) of the spin-orbital splitting is 5.26 eV. For
PdO, the BE of Pd 3ds), was 336.6-337.7 eV [28]. Fig. 5 illustrates
the Pd 3d and Pt 4f XPS spectra of the samples and their surface
element compositions are summarized in Table 2. Compared to
the bulk element compositions obtained from the ICP-AES tech-
nique, the surface Pd/Pt molar ratios (Table 2) of the PdxPt samples
were higher (except for the PdgggPt sample). By using the curve-
fitting approach, each Pd 3d spectrum could be decomposed into
four components at BE=335.5,337.3, 340.7, and 342.6 eV (Fig. 5A):
the components at BE =335.5 and 340.7 eV were attributed to the
surface Pd® species, whereas the ones at BE=337.3 and 342.6eV
were assigned to the surface Pd2* species [28-32]. It can be clearly
observed that with increasing the Pt content in the PdxPt samples,
the surface Pd?* content decreased but the surface Pd® content
increased, indicating that the partial amount of surface PdO was
reduced by the Pt. That is to say, the surface Pd?* concentration
could be modified by the doping of Pt. Similarly, the Pt 4f XPS
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Fig. 5. (A) Pd 3d and (B) Pt 4f XPS spectra of (a) Pd, (b) Pdgs2Pt, (c) Pd;.41Pt, (d) PdogoPt, (€) Pdg43Pt, (f) Pt, and (g) used Pd; 41 Pt.

Table 2

Surface element compositions, catalytic activities, TOFs, and specific reaction rates at 280°C and SV =100,000 mL/(g h) of the samples.

Sample Surface element composition Catalytic activity Methane combustion at 280°C
Pd2+/Pd0 Pt4+/Pt0 Pd/Pt Ti0% Ts0% Tooy TOdeb TOFptb TOde+ptb Specific
molarratio  molarratio  molarratio  (°C) °0) °0) (x1073s71)  (x1073s7')  (x1073s7')  reaction rate
(wmol/(Eeat
s))
Pd 12.75 - - 313 350 368 0.11 - - 1.06
Pdg 5, Pt 11.10 2.78 12.66 297 338 351 0.21 1.92 0.19 1.67
Pdy 41 Pt 7.57 2.12 2.82 272 303 322 0.85 1.98 0.59 4.46
Pdg.o9Pt 1.86 0.90 0.90 292 322 338 0.45 0.45 0.22 1.49
Pdo.43Pt 1.03 0.48 0.46 292 328 348 0.95 0.41 0.28 1.69
Pt - 0.58 - 282 372 506 - 0.53 - 2.70
Used Pd, 41 Pt* 40.69 2.93 2.78 254 283 306 - - - -

2 Used sample after the drop and rise in reaction temperature.

b TOFpq, TOFpt, and TOFpq .+ p; Were calculated according to TOFy =XCo/ny (1 is the molar amount of Pd, Pt or Pd + Pt in the samples, respectively).

spectrum of each sample could also be decomposed into four com-
ponents (Fig. 5B): the components at BE=71.3 and 74.5eV were
ascribed to the surface metallic Pt (Pt®) species, while the ones at
BE=72.4 and 75.6eV were due to the surface oxidized Pt (Pt**)
species [33-35]. The surface Pt**/Pt9 molar ratio decreased with
increasing the Pt content in the PdyPt samples, but that on the
Pdg 43Pt surface was slightly lower than that on the monometal-
lic Pd surface. Since Pt is higher than Pd in electronegativity (the
Pauling electronegativity of Pt and Pd is 2.28 and 2.20, respectively)
[36], a charge transfer would occur from Pd to Pt in the bimetallic
catalysts via Pt® + Pd2* — Pt** +Pd®. That is to say, Pt addition can
enhance the Pd® concentration due to the strong electronic inter-
action between Pd and Pt. The XPS results reveal that the surface
Pd?* concentration decreased but the surface Pd® concentration
increased, which are in good agreement with the fact that Pt pos-
sesses higher electron affinity than Pd. Therefore, the doping of Pt
could reduce the ability of Pd to form the PdO phase. The forma-
tion of PtPd/PdO core-shell structures has been proposed by some
researchers[16,37,38]. According to the XPS results, we deduce that
Pd and Pt might be oxidized on the surface after calcination of the
Pd, Pt or PdyPt sample, forming PdOy, PtOx or even Pd-O-Pt bonds
due to their similar electronic properties; whereas Pd-Pt metallic
alloy might be generated in the bulk of Pd,Pt. It should be pointed
out that slight shifts in BE were seen in the Pd 3d and Pt 4f XPS
spectra of the PdyPt samples, but their BE values were also simi-
lar to those reported in the literature [16,28]. The Pdy 41 Pt sample
after the drop and rise in reaction temperature was characterized

by the XPS technique in order to investigate the changes in chemi-
cal state of noble metals (Fig. 5g). Obviously, the surface oxidized Pd
and Pt concentrations increased after a recycle of methane combus-
tion when the reaction temperature dropped and rose again. Such
a result suggests that a higher surface PdO-PtO, species concen-
tration would be favorable for methane combustion.

3.3. Reducibility

The reducibility of the Pd, Pt, and PdxPt samples was measured
by the CO-TPR technique. Fig. 6 illustrates the CO-TPR profiles of
the samples. The Pd sample showed the highest amount of CO,
formed at 132 °C. For the Pt sample, there were three peaks of CO,
formation at 83, 280, and 345 °C, respectively. However, the PdxPt
samples displayed different reduction behaviors, depending upon
their Pd/Pt molar ratios. Each of the Pt-containing bimetallic sam-
ples showed one small peak at 60-70°C and one broad peak at
90-300 °C, confirming the formation of a Pd-Pt alloy. The adsorbed
CO could reduce the oxidized Pd and/or Pt at elevated temperatures.
Haneda et al. [39] studied the reducibility of the PdPt/Al,03 sam-
ples by the CO-TPR technique, and observed a new reduction peak
above 200 °C (which was ascribed to the reduction of alloyed Pd-Pt
NPs) in addition to the broader reduction peaks at 100-200 °C.

However, the catalytic activity cannot be fully correlated with
the result of the CO-TPR study. Castellazzi et al. [13] reported
strong evidence against a direct correlation between activity and
PdO reducibility in the Pt-containing catalysts. Such a lack in cor-
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Fig. 6. CO-TPR profiles of (a) Pd, (b) Pdgs2Pt, (¢) Pd2.41Pt, (d) PdggoPt, (e) Pdo.43Pt,
and (f) Pt.

relation between reducibility and activity implies that the other
factors rather than the surface PdO reduction could partially control
the methane combustion rate over the bimetallic samples. Yash-
nik et al. [28] observed that a rise in the Pt share resulted in a
drop in PdO amount of the PdPt/MnLaAl;1019 catalyst due to for-
mation of the Pd-Pt alloy, and the formed Pd-Pt alloy implicitly
influenced the redox and catalytic performance; when the Pt con-
tent increased, the redox properties of the bimetallic catalysts was
worsen due to the rise in the share of PtO, particles. Such a mis-
match between reducibility and activity suggests the contributions
of the other factors for methane combustion. Therefore, we con-
ducted the O,-TPD and CH4-TPD experiments to gain more clear
insights to the other factors influencing the combustion of methane
over the Pd,Pt samples.

3.4. Desorption behavior

To gain a more clear insight into the effect of Pt on the redox
behavior of the Pd,Pt samples, we carried out the O,-TPD experi-
ments and their profiles are illustrated in Figs. 7 and S3. For all of
the samples, the O, desorption peaks centered at low temperatures
(300-480°C) were due to desorption of adsorbed oxygen species
(e.g., 037, 02~ or O~), whereas the ones at high temperatures
500-700°C) were due to desorption of lattice oxygen in the
oxidized Pd and/or Pt (i.e., PdO and/or PtO;). As shown in Fig. 7,
the O,-TPD profile was strongly modified by the addition of Pt to
the Pd sample, and the Pd-like behavior slowly changed to the
Pt-like behavior. Such observations were in good agreement with
those reported in the literature [5,13,16,40]. Two main phenomena
should be noticed: (i) the concentration of the adsorbed oxygen
species on the samples decreased with the rise in Pt content; and
(ii) when the Pt content increased, the O, desorption peaks of

0
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Fig. 7. 0,-TPD profiles of (a) Pd, (b) Pdgs,Pt, (¢) Pd;.41Pt, (d) Pdgo9Pt, (e) Pdo43Pt,
and (f) Pt.

the samples became lower in intensity and shifted to lower tem-
peratures, suggesting that the presence of Pt weakened the Pd-O
bond strength [13,40]. The results of XPS, TPR, and O,-TPD studies
demonstrate formation of the PdOy and/or PtOy species, which
were mainly distributed on the particle surface of each sample.
We also measured the O, desorption amounts of the samples, and
they decreased in the sequence of Pd (8.46 mmol/g)>Pdgs,Pt
(6.84 mmol/g)>Pd; 41 Pt (4.30 mmol/g)>Pdg ggPt
(2.94mmol/g)>Pt (2.00mmol/g)>Pdy43Pt (1.21 mmol/g), a
result due to the drop in PdO content of the samples. The
decreasing PdO (i.e., increasing Pt) content was in line with
the results of XPS and CO-TPR investigations. However, des-
orbed amounts of the adsorbed oxygen species decreased in
the sequence of Pd (2.32 mmol/g)>Pt (1.42 mmol/g)>Pdgs,Pt
(1.15 mmol/g)>Pdg 43Pt (1.02 mmol/g) > Pdg gg Pt
(0.90 mmol/g)>Pd; 4Pt (0.64 mmol/g). Although the Pd;41Pt
sample exhibited a less amount of adsorbed oxygen desorption,
methane combustion activity over it was higher than those over
the other samples (see below). Lapisardi et al. [40] also reported
the same observations, and pointed out that the doping of PdO with
Pt (even in a small Pt content) could induce the Pd-Pt interactions
which led to the improved catalytic activity of the Pt-doped PdO
sample for methane combustion. Persson et al. [16] claimed that
the metallic noble metal phase could be maintained even in an
oxidizing atmosphere due to the formation of a Pd-Pt alloy in
the catalysts, resulting in a better activity as compared with the
monometallic Pd catalyst. Another possible reason for the higher
catalytic activity might be that a more amount of O, molecules
could be dissociatively adsorbed over the Pd-Pt alloys than over
the PdO phase, so that the alloy provided the PdO with oxygen
after reduction. The metals were much more active than the metal
oxides in dissociating oxygen and the Pt metal was better than the
Pd metal [41]. Hence, the superior property for O, activation of
the Pd-Pt alloys might be the reason why the sample containing a
lower PdO content could perform better.
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It is commonly known that adsorption of reactants is a key step
in heterogeneous catalysis. For methane combustion, the methane
adsorption ability is possibly the key factor influencing the activ-
ity of a catalyst. CH4-TPD experiments were conducted to gain
insights into the activation ability of the noble metal samples. How-
ever, it should be mentioned that desorption of methane from the
Pd,Pt samples could be regarded as the temperature-programmed
oxidation (TPO) of carbon species originated from methane [42].
As detected by the mass spectrometer, there was carbon dioxide
(m/z=44) signal but almost no methane (m/z=15) signal from the
surface of the samples. The results indicate that CH4 on the cata-
lyst surface mainly existed in chemical adsorption form and then
reacted with the oxygen species, eventually desorbing as CO,. As
shown in the CH4-TPD profiles (Fig. 8) of the samples, there were
three CO, desorption peaks centered at 382, 452, and 602 °C for
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the monometallic Pd sample, respectively. Compared to the Pt-
containing samples, the addition of Ptinduced a significant effect on
CO, desorption, in which CO, formation occurred at lower temper-
atures. That s to say, the Pt-containing samples exhibited a stronger
methane activation ability than the monometallic Pd sample. This
result demonstrates that Pt was beneficial for methane activation. It
is generally accepted that the Pd-based catalysts perform better for
methane combustion, whereas the Pt-based ones are more suitable
for the oxidation of higher hydrocarbons. Burch and coworkers [43]
proposed that Pt could activate the almost non-polar C-H bonds
of methane via a hemolytic mechanism (dissociative adsorption
of CH4 at noble metal sites). Castellazzi et al. [13] also reported
the dissociative adsorption of CH4 on the Pt surface. According to
the results of CO-TPR, O,-TPD, and CH4-TPD studies, the Pt sample
showed lower O, and CO, desorption temperatures as compared
with other samples at the low-temperature region, which might be
a result possibly due to the strong dissociation ability of methane
and O, molecules on the Pt surface. Therefore, the Pt sample was
more active than the bimetallic samples at lower temperatures.
The CO, desorption amounts of the samples reveal impor-
tant information related to the adsorption of CHy4. However, the
decreased CO, quantity with the rise in Pt content of the Pd,Pt sam-
ples were mainly due to the decreased concentration of the oxygen
species. It is noticeable that for the Pd; 41 Pt sample, the peak cen-
tered at 381 °C was nearly the same intensity as compared with that
for the Pd sample, but the peak centered at 556 °C reduced dramat-
ically in intensity. Such results confirm that the methane molecules
adsorbed on the Pd; 41 Pt surface could easily be activated and react
with the adsorbed oxygen species to produce CO, and H,0, aresult
possibly due to the strong dissociation ability of methane molecules
on the Pd-Pt alloys. The results of CO-TPR, O,-TPD, and CH4-TPD
investigations reveal that the doping of Pt to Pd gave rise to the
bimetallic PdyPt catalysts with decreased amounts of PdO species
and stronger ability to active O, or CHg, as compared with the pure
Pd sample. Such a phenomenon might be due to the interaction
between Pd and Pt, leading to the formation of a Pd-Pt alloy in
PdyPt and PdOy and PtOy species on the surface of the PdyPt sam-
ples. Persson et al. [ 16] reported that the PdO amount in the sample
did not influence the onset temperature of PdO decomposition, but
only changed its peak intensity. Hence, the shift in temperature of
CO reduction or O, desorption observed over the PdPt samples in
the CO-TPR and O,-TPD profiles was attributed to the promotion
effect of Pt doping to Pd, rather than due to the lower PdO amount.
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Fig. 9. (A) Methane conversion as a function of temperature over (&) Pd, (X ) Pds52Pt, (O ) Pdya1 Pt, (A ) PdgooPt, (1) Pdg43Pt, and (M) Pt; (B) methane conversion versus
temperature over the Pd; 41 Pt sample when the temperature (a) rose, (b) dropped, and (c) rose again at SV=100,000 mL/(gh).
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3.5. Catalytic performance

Fig. 9A shows the methane conversion versus temperature over
the as-prepared samples at a SV of 100,000 mL/(gh). It is con-
venient to compare the catalytic activities of the samples using
the reaction temperatures (Tsg9yx and Tggy) requiring for achieving
methane conversions of 50 and 90% (Fig. 9A and Table 2), respec-
tively. Among all of the samples, the Pd; 41 Pt sample showed the
best catalytic activity: Tsgyz =303 °C and Tggy =322 °C, which were
much lower than those over the monometallic Pd (T59%4=350°C
and Tgo% =368 OC) and Pt (TSO% =372°C and Tgo% =506 OC) Sam-
ples. Therefore, the catalytic activity decreased in the sequence of
Pd; 41 Pt>Pdg g9Pt > Pdg 43Pt > Pdg 5, Pt > Pd > Pt. It should be noted
that all of the PdxPt alloy samples outperformed the monometal-
lic Pd or Pt sample, which was not in consistency with the results
reported in the literature [15,16]. The excellent catalytic perfor-
mance of the PdyPt alloy samples might be associated with the
co-existence of Pd-Pt alloy and PdO-PtO,.

We measured the methane conversions over the Pd;4qPt
sample when the temperature rose, dropped, and rose again
(Fig. 9B), respectively. Methane conversions at 180-360 °C during
the temperature-dropping process were higher than those during
the temperature-rising process. When the temperature rose again,
however, methane conversions were rather similar to those during
the temperature-dropping process. Comparing to the Tygy, T50%, and
Tooz (272,303, and 322 °C) over the Pd; 41 Pt sample during the first
temperature-rising process, the Tyog, Tsox, and Tggy decreased to
254,283, and 306 °C during the second temperature-rising process,
respectively. Similar phenomena for methane combustion during
the temperature-dropping and rising processes have been reported
in the literature [4,32,44]. It is generally believed that Pd is easily
oxidized into the PdO species at a certain temperature (<600 °C).
Therefore, the enhancement in catalytic activity of the Pd, 4Pt
sample might be due to generation of a more amount of the PdO
species during the reaction process, which was supported by the
results (much higher surface Pd2*/Pd® and Pt**/Pt® molar ratios
were detected on the used Pd; 41 Pt sample (Table 2)) of the XPS
investigation.

It is more accurate to use the turnover frequencies (TOFs) and
specificreactionrates for evaluating the inherent catalytic activities
of the samples. The TOFy; (TOFy; = XCy/ny, where Xis the conversion
at a certain temperature, Cy (mol/(g s)) is the initial methane con-
centration per gram per second, and ny; (mol) is the molar amount
of Pd, Pt or Pd +Pt) and specific reaction rates can be calculated
according to the activity data and amounts of Pd and Pt in the
Pd, Pt, and Pd4Pt samples, as summarized in Table 2. It is clearly
observed that the Pd, 41 Pt sample exhibited a relatively high TOFpy
(0.85 x 10-3 s~ 1), the highest TOFp; (1.98 x 103 s~1), the highest
TOFpg+pr (0.59 x 10~3s1), and the highest specific reaction rate
(4.46 p.mol/(gcat s)) in the combustion of methane at 280 °C, aresult
possibly due to the interaction between Pd and Pt. Usually, it is
more accurate to calculate the TOFs based on the surface atoms.
However, it is well known that the surface element composition of
a sample is not the same as its bulk element composition. Since the
Pd/Pt molar ratios on the surface of the samples were not the same
as those determined by the ICP-AES technique, it is hard to obtain
the exact numbers of surface Pd and Pt atoms, which makes the cal-
culation of the TOF values difficult. Actually, some researchers also
used the total amount of the noble metal to calculate the TOF value.
For example, Li et al. [45] calculated the TOFs of the PtSn/TS-1 cata-
lysts for propane dehydrogenation according to the molar amount
of Pt in the samples; Hutchings and coworkers also estimated the
TOFs on the basis of the total metal loading [46-48]. Therefore, the
TOFs calculated according to the molar amounts of noble metals
could reflect the inherent catalytic performance of the noble metal
samples.
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Fig. 10. Methane conversion versus temperature over the (A ) oxidized and (<>)
reduced Pd; 41 Pt samples at SV=100,000 mL/(g and h).

Fig. 10 shows the catalytic activities over the oxidized and
reduced Pd, 4Pt samples for methane combustion. Obviously,
methane combustion activity significantly decreased after the
Pd; 41 Pt sample was reduced in 10 vol% H,-90 vol% N, (30 mL/min)
at 300°C, with the Ty, Tsoy, and Tggy increasing by 43, 42,
and 46 °C, respectively. The result demonstrates that the oxidized
Pd 41 Pt (PdO-PtO, ) sample in air (30 mL/min) at 400 °C was more
active than the reduced Pd; 41 Pt (metallic Pd°-Pt%) sample. Similar
results have been reported by other researchers [2,49]. In addition,
we measured the catalytic activities over the oxidized and reduced
Pd, 41 Pt samples after the “temperature rise-drop-rise” cycle, as
shown in Fig. S4. The oxidized sample after the “temperature rise-
drop-rise” cycle exhibited better activity than the fresh sample,
but there was almost no change in activity over the reduced sam-
ple. This phenomenon could be explained by their XPS results. It is
observed that the Pd/Pt molar ratio on the used Pd; 41 Pt sample was
close to that on the fresh Pd; 41 Pt sample (Table 2), indicating no
significant changes in Pd/Pt molar ratio on the surface of the fresh
and used Pd; 41 Pt samples. The concentrations of PdO and PtO,,
however, increased after the “temperature rise-drop-rise” cycle,
resulting in an increase in methane combustion activity.

In the past decades, a number of works on methane com-
bustion have been reported in the literature, and their catalytic
activities (Tspy and Tggy) over the catalysts reported in the liter-
ature and the Pd, 41 Pt catalyst reported in the present work are
summarized in Table S1. Apparently, our Pd; 41 Pt catalyst outper-
formed the 1.0 wt% Pd/Al,03 [50], 1.92 wt% Pd/Co304 [51], 1.1 wt%
Pt/3DOM Ce0,52r0_3Y0.1 02 [52]. 3.0wt% ALIPCI/3DOM La0.65r0_4Mn03
[53], 3.1 wt% Pd-2.9wt% Pt/LaMnAl;1019 [54], 5wt% PdCo/Al,05
[16], and 1.0 wt% Co-1.0 wt% Pd/Al,03 [8] catalysts.

3.6. Effect of water vapor, CO,, and SO, on catalytic activity

Although the Pd-based catalysts are the most active mate-
rials for methane combustion [1,2,8,55], their activity stability
is not good enough [11,16,55,56]. It has been reported that the
supported monometallic Pt catalysts were less active than the
supported monometallic Pd catalysts for methane combustion
[57]. The partial substitution of Pd with Pt, however, could gen-
erate a catalyst that improve its catalytic stability for methane
combustion [2,58]. Fig. 11 shows the catalytic activities versus
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Fig. 11. Methane conversion versus on-stream reaction time over the Pd, Pd; 4 Pt,
and Pt samples at 350°C.

on-stream methane combustion at 350°C over the Pd and Pt
samples at SV=100,000 mL/(gh) and over the Pd; 41 Pt catalyst at
SV=120,000mL/(gh). Apparently, the Pd, 4Pt sample exhibited
the highest activity and no significant loss in activity during 40 h of
on-stream reaction, indicating that the Pd; 41 Pt sample possessed
good catalytic stability. The Pt sample displayed a stability simi-
lar to that of the Pd; 41 Pt sample, the catalytic activity was much
lower over the former than that over the latter. Methane conversion
over the Pd sample, however, gradually decreased from 78 to 70%
within 40 h of on-stream methane combustion. We also recorded
the TEM image of the used Pd; 41 Pt sample after 40 h of on-stream
methane combustion, as shown in Fig. S5. Obviously, there were no
significant changes in mesostructure of the fresh and used Pd; 41 Pt
samples. Therefore, the alloying of Pd with Pt could increase the
catalytic activity and stability. The good stability of the Pd; 4Pt
sample might be associated with the fact that Pt could improve the
anti-sintering ability of Pd NPs [11,15].

H,0 and CO, are the products of methane combustion. It is nec-
essary to examine the effects of H,O and CO, on catalytic activity of
the typical sample. We introduced 2.5 or 5.0 vol% water vapor to the
reaction system and monitored the methane conversions over the
Pd, 41 Pt sample at 310°C and SV=100,000 mL/(gh). As shown in
Fig. 12A, methane conversion was not altered within 4 h of methane
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combustion in the absence of H,O. In the presence of 2.5 vol% water
vapor, however, methane conversion first decreased slightly (ca.
5% loss in activity) and then recovered to its original value in the
absence of H,0. By switching to 5.0 vol% water vapor, the catalytic
activity maintained almost unchanged. After cutting off the 5.0 vol%
water vapor, the catalytic activity was totally restored to that in
the absence of water vapor. The results indicate that the Pd, 41 Pt
sample was catalytically stable in the presence of water vapor in
a certain concentration below 5.0 vol%. As the main active phase,
PdO is readily to form the Pd(OH), species through the reaction
of PdO + H,0 — Pd(OH); in the presence of water vapor, where the
Pd(OH);, was usually regarded as an inactive phase [59]. The deac-
tivation due to water of the Pd-based catalysts was related to the
reaction temperature. Burch and coworkers [49,60] pointed out
that the PdO/Al,03 catalysts were irreversibly deactivated due to
hydroxylation of PdO to inactive Pd(OH), particles in the presence
of water at a lower temperature (e.g., 300 °C), but their deactivation
induced by water was insignificant at a higher temperature (e.g.,
450°C). Therefore, the stability of the Pd, 41 Pt sample for methane
combustion under the wet conditions might be related to the inter-
action between Pd and Pt, which not only improved the catalytic
activity, but also inhibited the formation of Pd(OH), [10-12,40].
In the case of 2.5 or 5.0 vol% CO, introduction to the reaction sys-
tem over the Pd; 41 Pt sample at 310°C and SV =100,000 mL/(gh),
one can clearly see that the catalytic activity was durable after
20 h of methane combustion in the presence of 2.5 or 5.0 vol% CO,
(Fig. 12B). Hence, CO, had no significant negative effect on catalytic
activity of the Pd, 4Pt sample for methane combustion. Similar
results have been reported in the literature [60].

To examine the effect of SO, on catalytic activity, we con-
ducted methane combustion over the Pd; 41 Pt sample at 310°Cand
SV =100,000 mL/(gh). As shown in Fig. 13A, methane conversion
decreased from 90.0 to 31.1% after 10 h of 100 ppm SO, introduc-
tion. When the SO, was cut off, however, methane conversion
slowly increased to 72.4%. This result indicates that deactivation
of the Pd 41 Pt sample induced SO, was partially reversible. To elu-
cidate the reason for such a deactivation of the Pd, 4Pt sample,
we carried out the in situ DRIFT experiments, and their spectra
are shown in Fig. 13B. According to the literature [32,61,62], the
absorption bands of the H,0, CO,, and SO32~ or SO42~ species were
at 1640cm~1, at 2341 and 2360 cm~1, and at 1159 and 1045 cm1,
respectively. It can be clearly seen from Fig. 13B that in addition to
the absorption bands due to H,O and CO,, there were no absorp-
tion bands assignable to the SO32~ or SO42~ species on the sample
within 4 h of methane combustion in the absence of SO,, but the
absorption bands at 1159 and 1045 cm~! (assignable to the SO32~
or SO42~ species) were detected and their intensity was much
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Fig. 12. Effects of (A) water vapor and (B) CO, on methane conversion over the Pd; 4, Pt sample at 310°C and SV=100,000 mL/(gh).
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Fig. 13. (A) Effect of 100 ppm SO, on methane conversion over the Pd; 41 Pt sample at 310°C and SV =100,000 mL/(gh), and (B) in situ DRIFT spectra of the Pd; 41 Pt sample
after (a) 4 h of methane combustion at 310°C, (b) 10 h of methane combustion at 310°C when 100 ppm SO, was introduced, and (c) 9 h of methane combustion at 310°C

when 100 ppm SO, was cut off.

higher after 10 h of SO, introduction than that after cutting off the
SO,. This result reasonably explains the partially reversible deacti-
vation of the Pd; 41 Pt sample induced by SO,. The negative effect of
SO, addition on methane combustion might be due to the attack of
SO, on the PdO component in the oxidized Pd; 41 Pt sample, which
made highly active PdO transform into inactive PdSO3 or PdSO4. The
SO,, however, would have little influence on the Pd-Pt alloy, thus
the partially deactivated sample still showed a methane conversion
of 31.1%. After cutting off the SO,, methane conversion was par-
tially recovered (72.4%), a result possibly due to the decomposition
of the weakly adsorbed SO, species. Furthermore, we activated the
100 ppm SO,-treated Pd, 41 Pt sample in a N, flow of 30 mL/min at
500°C for 1 h, and measured its catalytic activity for methane com-
bustion. As shown in Fig. S6, methane conversions at 310°C over
the activated Pd 41 Pt sample were almost recovered to the original
values over the fresh Pd; 41 Pt sample, and the catalytic activity was
stable within 8 h of methane combustion.

4. Conclusions

The mesoporous Pd, Pt, and PdyPt alloys could be prepared via
the KIT-6-templating route. The mesoporous samples displayed
a surface area of 25.5-31.9m?/g and an average pore size of
13.7-19.8 nm. An Pd-Pt alloy was formed in each of the PdxPt
samples. The addition of Pt to Pd exerted a significant effect on
the redox property of the Pd sample. The PdO-PtO, were more
active than the Pd°-Pt?. Among all of the samples, the Pd,41Pt
sample showed the highest catalytic performance for methane
combustion (at SV=100,000mL/(gh), T1gy =272 °C, T5g%x =303 °C,
and  Tggy=322°C; at  280°C, TOFp3=0.85x10"3s"1,
TOFp;=1.98 x 1073571, TOFpgspr=0.59x 10351, and specific
reaction rate = 4.46 pmol/(gcar S)). The deactivation of the Pd; 41 Pt
sample induced by 2.5-5.0 vol% CO, or H,0 addition was reversible,
but its deactivation due to 100 ppm SO, introduction was irre-
versible. It is concluded that the good mesoporous structure, Pd-Pt
alloy and PdO-PtO, coexistence, and good methane and oxygen
activation ability were responsible for the excellent catalytic
performance of the Pd, 41 Pt sample.
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