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modified with alkaline-earth metals for catalytic
oxidation of low-concentration methanet
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A series of Pd/CeO,-nanorods catalysts modified with alkaline-earth metals were prepared by the incipient
impregnation method. Their catalytic properties in low-concentration methane oxidation were also
investigated. The catalysts were characterized by X-ray diffraction, scanning electron microscopy,
transmission electron microscopy and Hx-temperature-programmed reduction techniques. The catalytic
results show that the Ca element doped in Pd/CeO,, with optimum molar ratio of Pd to Ca of 2 and
calcination temperature of 450 °C, improved the properties of the Pd-based catalyst remarkably, which
is attributed to strong Pd—support interaction and high oxygen mobility. Therefore, calcium is more

rsc.li/rsc-advances

1. Introduction

Greenhouse effects have brought about serious environ-
mental problems including erratic weather patterns and
rising ocean temperatures.” As we know, methane is one of
the important greenhouse gases, whose global warming
potential is about 20 times higher than that of carbon
dioxide.” China is a country with a large amount of produc-
tion of coal and methane emission to the atmosphere in the
world. Particularly, ventilation air methane (VAM) from coal
mining makes a great contribution to methane emissions.
However, it is still a challenge to utilize and reduce emission
of the low-concentration methane effectively because of the
extremely low methane concentration (0.1-1.0 vol%) and fast
flow rate.** At present, methane catalytic oxidation is
considered as the most promising technology due to low
reaction temperature, flameless combustion and low NO,
and CO emissions.” Therefore, it is also an effective tech-
nique for the utilization of VAM by developing high-activity
catalysts.

Pd-based catalysts have been confirmed as excellent cata-
lysts for methane oxidation.® Ceria (CeO,) is an efficient
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suitable as a promoter for enhancing the activities of the Pd/CeO, catalyst in methane oxidation.

catalyst promoter,” and also a support material because of its
advantages. For example, CeO, is beneficial to surface oxygen
adsorption and improvement of catalyst activity due to exis-
tence of lattice oxygen and excellent ability to store and release
oxygen.® In addition to, it is also beneficial for noble metal
dispersion and metal-support interface formation.>*® Previ-
ously, we have investigated the catalytic property of Pd/CeO,-
nanorods toward methane oxidation.> However, the properties
Pd/CeO, catalyst still needs to be further improved. It is found
that Ca doped in CeO, increased the number of defects and
oxygen vacancies of CeO, fluorite structure resulting in
improvement of the catalyst property.” Therefore, it is
necessary to explore the effect of alkaline-earth metal oxide on
the catalytic property of Pd/CeO,-nanorods for low-
concentration methane oxidation.

Herein, a series of metals (Mg, Ca, Sr and Ba)-modified Pd/
CeO,-nanorods catalysts were prepared by wet incipient
impregnation method. The Pd loadings, Ca contents as well as
calcination temperature were also studied in detail. The
catalytic properties based on XRD, TEM and H,-TPR analysis
were investigated.

2. Experimental
2.1 Materials

Materials including cerium nitrate hexahydrate, magnesium
nitrate, calcium nitrate, strontium nitrate and sodium
hydroxide were obtained from Aladdin Industrial Corporation.
Palladium dinitrate hydrate (39.5%) was from Beijing HWRK
Chemical Company, Ltd. All the reagents were used without
further purification. In the experiment, used gases have all high
purity (99.999%).
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2.2 Preparation of catalysts

CeO,-nanorods (CeO,-ND) were synthesized according to the
reported method.® All catalysts were prepared by wet incipient
impregnation method. Typical preparation procedures are as
follows: Pd(NO3), 6H,0 and Mg(NOs),-6H,0, Ca(NO3),6H,0,
Sr(NO3),-6H,0 as well as Ba(NOs),-6H,O were dissolved in
distill water respectively, and then a certain amount of CeO,-
nanorods were added to the above solutions. The Pd loading is
0.5 wt%. The molar ratio of Pd to M (Mg, Sr and Ba) is 2 and the
ratio of Pd to Ca changed from 4 to 0.5. All samples were
calcined at 450 °C. The obtained catalysts were denoted as PAM/
CeO,-ND. To explore the effect of calcination temperature,
PdCa/CeO,-ND with molar ratio of Pd to Ca being 2 was calcined
at 350 °C, 550 °C and 650 °C, respectively. The Pd/CeO,-ND
catalysts with different Pd contents (1.0 wt% and 1.5 wt%) were
also prepared according to the above method.

2.3 Characterization of samples

X-ray diffraction (XRD) patterns of catalysts were obtained on
a Rigaku Mini Flex II bench top X-ray diffractometer using Cu-
Ko radiation (y = 0.15418 nm). Transmission electron micros-
copy was obtained on a JEM-2100F equipped with EDS (accel-
erating voltage of 200 kV). Morphologies of the samples were
obtained by scanning electron microscopy (Hitachi SU8020).
The H,-temperature programmed reduction (H,-TPR) was
carried out on a Micromeritics AutoChemlII 2920 instrument.
Prior to H,-TPR measurement, 100 mg of catalyst was pretreated
in Ar flow (30 mL min ") at 200 °C for 1 h, then were cooled to
50 °C. The reduction process was conducted from 50 to 1000 °C
in 10 vol% H,/Ar of 30 mL min~". The EDX was performed on
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a Hitachi, SU8010 equipment. The X-ray photoelectron spec-
troscopy measurements were performed on an ESCALAB 250
spectrometer with a Al-Ka. (1486.6 eV) as the X-ray excitation
source.

2.4 Catalyst evaluation

The PdM/CeO,-ND catalysts were evaluated in a fixed-bed
micro-reactor (inner diameter of 6 mm) under atmospheric
pressure. 150 mg of catalyst (20-40 mesh) was used. The
mixtures of gases were composed of 1.0 vol% CH, + 20 vol% O,
+ 79 vol% N,, and the total flow was 40 mL min ', thus giving
a gas hourly space velocity (GHSV) of 16 000 mL g~ h™'. Before
each test, the catalysts were activated in a N, flow of 30
mL min ™' at 200 °C for 1 h and further reduced in a H, flow of
30 mL min~* at 450 °C for 2 h. Reactants and products were
analyzed online by GC-6890A (ZHONGKEHUIFEN) gas chro-
matography equipped with a TDX-01 column and a thermal
conductivity detector (TCD). Catalytic activities were evaluated
by the temperatures (Tyg9 and Toge) required for achieving
methane conversions of 10% and 90%, respectively.

3. Results and discussion
3.1 TEM analysis of PdCa/CeO,-ND catalyst

Fig. 1 displays the TEM images and EDX spectrum of the PdCa/
CeO,-ND catalysts. The as-synthesized CeO, consisted of
nanorods (Fig. 1a). Magnified image shows that PdO nano-
particles were well dispersed on surface of CeO, support
(marked with yellow arrows, Fig. 1b). Further magnified
(Fig. 1c), the lattice fringes of the PdO particles are observed

Fig. 1 TEM images (a—c) and EDX spectrum (d) of the fresh PdCa/CeO,-ND catalysts.
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clearly and the interplanar spacing is about 0.30 nm, corre-
sponding to the (100) planes of PdO. From EDX spectrum
(Fig. 1d), only Pd, O, Ce, Ca can be observed, suggesting that Ca
was doped into Pd/CeO,-ND catalyst successfully. In addition,
the Cu peaks are attributed to the Cu grids.

3.2 Effects of Pd loadings

To explore the effects of Pd loading on the catalytic property of
Pd/CeO,-ND, the catalysts with various loadings were prepared,
and the XRD patterns are shown in Fig. 2. All peaks in the XRD
patterns are attributed to the characteristic peaks of cubic
fluorite-structured CeO,, corresponding to the diffraction of
(111), (200), (220), (311), (222), (400), (331) and (420) planes at
28.6°,33.1°, 47.6°, 56.4°, 59.0°, 69.4°, 76.8°, 79.1°, respectively."?
No obvious diffraction peaks of Pd or PdO phases were recorded
due to their low loadings or good dispersion.** Further, their
catalytic properties were studied and the results are presented
in Fig. 3. Obviously, Pd with high content exhibited high cata-
lytic activity, and Pd catalyst with high loading gave rise to high
methane conversion. The 1.5 wt% Pd/CeO,-ND catalyst showed
the best performance (79, = 235 °C and Tog¢, = 381 °C), which
is attributed to enhancement of oxygen mobility. The H,-TPR
tests further explain the reasons.

H,-TPR tests were performed to investigate the reducibility
of the Pd/CeO,-ND catalysts and the profiles are illustrated in
Fig. 4. The reduction peak at about 100 °C is attributed to
reduction of PdO species. The second main peak is assigned to
the reduction of surface oxygen of CeO,, whereas the third one,
centered at 740 °C, is assigned to reduction of lattice oxygen of
bulk CeO,." Reduction peak of surface oxygen of CeO, was
shifted to the lower temperature (Pd loading ranging from
0.5 wt% to 1.0 wt%) and the peak area gradually increases,
which is beneficial to enhancement of the oxygen mobility,
thereby, providing more active oxygen species for methane
oxidation. Therefore, the methane conversions increase with
increasing the Pd loadings.
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Fig. 2 XRD patterns of the Pd/CeO,-ND catalysts with various Pd
contents.
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Fig. 3 Methane conversion over the Pd/CeO,-ND catalysts with
various Pd contents.

For optimum of Pd loading, turnover frequency (TOF) was
calculated based on the mole of CH, molecules converting to
CO, per mole of Pd per second at certain temperature. The TOF
results are shown in Fig. S1.t TOF values decreased with
increasing Pd loading from 0.5 to 1.5 wt%. More importantly,
the TOF values of 0.5 wt% Pd/CeO,-ND catalyst are about 1.1-
2.8 times higher than that of Pd catalysts with other loadings at
the same temperature, which confirms that the 0.5 wt% Pd/
CeO,-ND catalyst exhibits the highest specific activity. Hence,
the following works are focused on studying the properties of
catalyst with 0.5 wt% Pd content.

3.3 Effects of alkaline-earth metals

In order to further improve the catalyst activity, alkaline-earth
metals promoters such as magnesium, calcium, strontium
and barium with ratios of 2 are doped into the 0.5 wt% Pd/CeO,-
ND catalyst. The EDX results are presented in Fig. 5. Alkaline-
earth metals elements existed in the Pd/CeO,-ND material,
which suggests composites of Pd/CeO,-ND with doped metals
have been obtained by impregnation method. However, it can
be found that the metal dopants were low, which can be further
confirmed by XRD and XPS. From the XRD patterns (Fig. S27),
no diffraction peaks of alkaline-earth metals were detected in
the samples, suggesting the low loading below the detection
limit of this technique, and the alkaline-earth metals didn't
change the crystal structure of CeO,. Moreover, the XPS results
also confirm the low content due to absence of peaks from
metal elements (Fig. S31). Fig. 6 shows their catalytic perfor-
mances in methane oxidation. Methane conversions over PAM/
CeO0,-ND catalysts decreased in the order of various promoters
(PdCa, Pd, PdMg, PdSr and PdBa) in the range of reaction
temperatures. For PdCa-CeO,-ND catalyst, T19o, T500 and Topo,
are 255 °C, 313 °C and 390 °C respectively, which are 5 °C, 15 °C
and 54 °C lower than that for pure Pd/CeO,-ND (Table S17). The
Tso% 1s lower than that (370 °C) over 0.67Pt-0.33Pd(1.1)/
MnLaAl;;0;4 (10 vol% 0,/5 vol% CH,, GHSV: 10 000 h™1),* far
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Fig. 4 H,-TPR profiles of the Pd/CeO,-ND catalysts with various Pd
contents.

lower than that (nearly 400 °C) over 3% Pd/Co3;0,4 (1% CHy,
GHSV: 12 000 h™").*® In addition, introduction of Ca obviously
improved the reaction rate of Pd/CeO,-ND (Fig. S47), which is
1.22 times higher than that of Pd/CeO,-ND catalyst at 340 °C
(Table S17). Therefore, adding Ca to the Pd/CeO,-ND catalyst
can efficiently promote the catalyst activity. We calculated the
reaction rate at 340 °C in order to compare the performance of
catalysts with that of reported results (Table S17). At 340 °C, the
methane reaction rate over PdCa/CeO,-ND catalyst (257.53 pmol
(gpas) ') was far higher than that (51.0 umol (gpgs) ) of 1.0 wt%
PAd@Zr0,/Si-Al,03,"” and much higher than that (136.1 pmol
(gpas) ™) over 1.0 wt% Co-1.0 wt% Pd/Al,05,"® and 114.9 pmol
(gpas) " over Au-Pd-0.19Cr/3DOM Mn,0;," but slightly higher
than that 245.0 umol (gpqs) ' over 0.5 wt% Pd/ZrO, (900).*
Obviously, as-obtained PdCa/CeO,-ND catalyst exhibits better
catalytic property than those reported in the literatures.

The excellent catalytic property is further analyzed by H,-TPR
tests (Fig. S51). It can be observed that introduction of alkaline-
earth metals changed the interaction between Pd and support
due to occurrence of different reduction peak at ca. 100 °C.
Apparently, the doping of Ca enhanced the reduction temper-
ature of PdO, which is beneficial for dispersion of PdO particles,
thus, exposing more active sites and improving the catalytic
property. However, the addition of Mg, Sr and Ba decreased the
reduction temperature of partial PdO particles. In addition, v, 6,
¢ and n peaks are attributed to the reduction of surface oxygen,
surface Ce®", subsurface oxygen and lattice oxygen from the
bulk CeO,, respectively.”*** Among them, PdCa/CeO,-ND cata-
lyst showed the lowest reduction temperature of vy and 7 peaks,
indicating that addition of Ca made it have the highest redox
capability, thus increased the oxygen mobility of the catalyst.
Additionally, defects and oxygen vacancies can be introduced to
the CeO, fluorite structure by doping of Ca,"* and the intro-
duction of Ca can also increase the active sites of the oxygen.**
In conclusion, Ca-doped CeO, provided more active oxygen
species and more active sites for the methane oxidation and

38644 | RSC Adv., 2018, 8, 38641-38647

View Article Online

Paper

PdCa/CeO,-ND catalyst showed the best catalytic activity.
Furthermore, the thermal stabilities of PdCa/CeO,-ND and Pd/
CeO,-ND catalysts were explored in 450 °C for 120 min
(Fig. S61). The results show that the methane conversions
decreased 20.79% and 36.50% for PdCa/CeO,-ND and Pd/CeO,-
ND catalysts within 120 min, respectively. Notably, the methane
conversions over PdCa/CeO,-ND and Pd/CeO,-ND -catalysts
displayed similar decrease in methane conversions, and the
former decreased slightly slower than the latter did in 40 min.
More importantly, the methane conversion over PdCa/CeO,-ND
catalyst remained comparable stability compared to that over
Pd/CeO,-ND from 40 to 120 min, which demonstrates that the
addition of Ca improves the thermal stability of Pd/CeO,-ND.

3.4 Catalyst optimum

Introducing metal calcium into the catalyst improves the
property of Pd/CeO,-ND catalyst. Hence, we optimized the
amount of doped calcium, and catalytic properties of 0.5 wt%
PdCa/CeO,-ND (n(Pd): n(Ca) =4:1,2:1,1:1 and 1: 2) were
also performed. From XRD results (Fig. S71), no diffraction
peaks of Ca were found. The possible reason is due to their low
content or high dispersion. The activities of PdCa/CeO,-ND
catalysts with various molar ratios of Pd/Ca are shown in Fig. 7.
Obviously, molar ratio of Pd to Ca has an obvious effect on the
catalytic property of PdCa/CeO,-ND. Among them, PdCa/CeO,-
ND catalyst with Pd and Ca ratio of 2 exhibited the lowest full
conversion temperature (To09,), which is attributed to the strong
Pd-support interaction and more active oxygen species. This is
further analyzed by H,-TPR tests. From Fig. 8, PdO exhibited the
highest reduction temperature when n(Pd) : n(Ca) is 2 : 1, sug-
gesting that Pd-CeO, has stronger interaction resulting in high
dispersion of Pd phase. In addition, reduction peak of surface
oxygen of CeO, (the second peak) showed low temperature and
large peak area, indicating that the catalyst has higher oxygen
mobility and more active oxygen species as a consequence.
Therefore, PdCa/CeO,-ND with Pd and Ca ratio of 2 exhibited
higher catalytic performance.

3.5 Effects of calcination temperature

The calcination temperature of catalyst is also an important
technological parameter for exploring catalyst property. Hence,
we studied the effects of calcination temperature on the prop-
erty of the PdCa/CeO,-ND with Pd and Ca ratio of 2. From XRD
patterns (Fig. S81), peak intensities increased with increasing
calcination temperature, which indicates that the size of CeO,
particles gradually increase. In addition, the peak positions of
CeO, did not change, suggesting the calcination temperatures
have no obvious influence on the crystal structure of the CeO,.
But diffraction peaks of Ca and Pd or PdO aren't still observed,
suggesting that high temperature doesn't reunite the active
species or less agglomeration below the detection limit of this
XRD equipment.” The activities of PdCa/CeO,-ND (n(Pd) : n(Ca)
= 2:1) heated at different calcination temperature are shown
in Fig. 9. For the comparison of Ty, the catalytic activity
decreased in the following order: PdCa/CeO,-ND (450 °C) >
PdCa/Ce0,-ND (550 °C) > PdCa/CeO,-ND (350 °C) > PdCa/CeO,-

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 EDX and element maps of the metal-doped Pd/CeO,-ND catalysts.
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Fig. 6 Methane conversion of the PdM/CeO,-ND catalysts with
various alkaline-earth metals.
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Fig. 7 Methane conversion over the PdCa/CeO,-ND catalysts with
different molar ratio of Pd/Ca.

ND (650 °C). Namely, the catalyst shows higher catalytic prop-
erty when the calcination temperature is 450 °C. This can be
explained by H,-TPR tests (Fig. S9t). Clearly, reduction
temperature of PdO displayed an increase trend when calcina-
tion temperature increased from 350 °C to 550 °C, and
remained unchanged in the range of 550-650 °C, suggesting the
interaction between Pd and support increased gradually.
Moreover, stronger interaction suppresses PdO reduction, thus
decreasing active sites, resulting in low catalytic activity. In
addition, a negative peak occurs at 550 °C and 650 °C of calci-
nation temperature, indicating that larger particles of PdO
phase existed due to the high temperature.” Moreover, when
calcination temperature is 450 °C, the catalyst shows lower
reduction temperature of surface oxygen of CeO,, providing
more active oxygen for methane oxidation. Therefore, the

38646 | RSC Adv., 2018, 8, 38641-38647
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Fig. 8 H,-TPR profiles over the PdCa/CeO,-ND catalysts with
different molar ratio of Pd/Ca.
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Fig. 9 Methane conversion over the PdCa/CeO,-ND catalysts
(n(Pd) : n(Ca) = 2 : 1) with different calcination temperature.

catalyst with calcination temperature of 450 °C showed the
better catalytic property.

4. Conclusion

A series of alkaline-earth metal-doped Pd/CeO,-ND catalysts
were prepared by wet incipient impregnation method, and the
catalytic properties of PdM/CeO,-ND were also investigated
using low-concentration methane oxidation as probe reaction.
The results show that introduction of Ca improves the catalytic
property of Pd/CeO,-ND catalyst effectively, and the optimum
molar ratio of Pd to Ca is 2 and calcination temperature is
450 °C. The effects of Ca addition lead to high oxygen mobility
and strong Pd-support interaction, which suggests that PdCa/

This journal is © The Royal Society of Chemistry 2018
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CeO,-ND catalyst has a promising application in oxidation of
low-concentration methane.
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