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The performance and characterization of the SrCl,-promoted
REOy (RE =Ce, Pr, Th) catalysts have been investigated for the
oxidative dehydrogenation of ethane (ODE) reaction. The doping
of SrCl, to REOx significantly reduced C,H,4 deep oxidation and
enhanced C,Hj, selectivity and C,Hg conversion. It has been shown
that the catalytic performance increases in the order of 30 mol%
SrCl,/Ce0O;, < 30 mol% SrCl,/PrO; g3 < 40 mol% SrCl,/TbO1 75. We
observed that Cl leaching was modest in the latter two catalysts but
gradual ClI loss was observed over the first catalyst. Within a reac-
tion period of 60 h, the first catalyst degraded, whereas the latter
two catalysts were stable. The C;Hg conversion, CoH, selectivity,
and C;H, yield measured 1 h after the start of the ODE reaction
were, respectively, 72.6, 68.8, and 49.9% for 30 mol% SrCl,/CeOs,
79.1, 71.4, and 56.5% for 30 mol% SrCl,/PrO; g3, and 82.6, 75.8,
and 62.6% for 40 mol% SrCly/ThO; 75 at 660°C and 1.67 x
10~* h g mL~? contact time. The results of X-ray photoelectron
spectroscopy (XPS) and chemical analyses of chloride indicated
that CI~ ions were uniformly distributed in 30 mol% SrCl,/PrO1 g3
and 40 mol% SrCl,/TbhO; 75, but were not so in 30 mol% SrCl,/CeO,.
The Ce 3d, Pr 3d, and Tb 4d spectra obtained in XPS studies
demonstrated that there are RE3+ and RE*™ ions present in the
SrCl,-doped catalysts and SrCl, doping facilitates the redox cy-
cle of the RE3*/RE** couple via RE3* generation. The results
of O, temperature-programmed desorption (TPD) studies showed
that the addition of SrCl, to REO could obviously lower the desorp-
tion temperature of lattice oxygen. Temperature-programmed re-
duction (TPR) results revealed that SrCl, doping causes the reduc-
tion temperatures of lattice 0?2~ in REOy to decrease; in other words,
the activity of lattice 0>~ was promoted. We consider that such be-
haviors are closely associated with the defect structures formed in
ionic exchanges between the SrCl, and the REOy phases. X-ray
diffraction (XRD) results indicated that, among the three SrCl,-
doped catalysts, 40 mol% SrCl,/ThO1.75 showed a cubic ThO; 75
lattice most significantly enlarged and a SrCl, lattice most pro-
nouncedly shrunk. In situ laser Raman results indicated that there
were dioxygen adspecies such as O%‘ and O, on the 30 mol%
SrCl,/CeO, catalyst. XPS results indicated that there were O~,
Og‘, and/or O, species on REOy, 30 mol% SrCl,/CeO,, 30 mol%
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SrCl,/PrOq g3, and 40 mol% SrCl,/PrO 75. On the basis of the results
of in situ Raman, O,-TPD, TPR, 180,- and C,Hg-pulsing, and XPS
studies, we suggest that O3-and O, as well as surface lattice O?~
species participate in the selective oxidation of ethane to ethene,
whereas in excessive amount, the O~ species tend to induce the
deep oxidation of ethane.  © 2001 Academic Press

Key Words: multivalent lanthanide oxides; SrCl,-promoted
REOy (RE = Ce, Pr, Tb) catalysts; selective oxidation; ethane ox-
idative dehydrogenation; lattice oxygen activity; XPS characteriza-
tion.

INTRODUCTION

Since the pioneering work of Keller and Bhasin in 1982
(1) there have been numerous reports on the oxidative cou-
pling of methane (OCM) to C, . hydrocarbons and the ox-
idative dehydrogenation of ethane (ODE) reactions. Many
catalysts, such as transition metal (Mo, V, Nb, Ti, Cr, Mn,
Fe, Co, Ni, and Ta) oxides (2-5), alkali metal (Li, Na, K,
and Cs)-doped magnesium oxides (6—-11), perovskite-type
oxides (12,13), layered compound KSr,Bi3O,4Clg (14), LiClI-
promoted ZrO, (15), Nd,Os-doped LiCl/sulfated ZrO,
(16), rare earth oxides (17-19), Li/Ca/La,O3 (20), and
halide-modified rare earth oxides or oxyhalides (21-30),
have been developed. For the ODE reaction, the Mo-V-
Nb-Sb—Ca-O (5) and Dy,03/Li T-MgO-CI~ (10) catalysts
give a 73-75% C,Hg conversion and a 71-76% C,H, se-
lectivity at relatively lower temperatures (400-570°C), the
5 wt% Nd,O3-5 wt% LiCl/sulfated ZrO, catalyst (16) gives
a ca. 93% C,H; conversion and a ca. 83% C,H, selectiv-
ity at 650°C, whereas the Li/Ca/La,O3 (20) and 50 mol%
LaF3/CeO, (21) catalysts show a ca. 93% C,H, selectiv-
ity and a 23-47% C,Hg conversion at higher temperatures
(650-670°C).

Over transition metal (with at least two different oxida-
tion states) oxides, the ODE reaction proceeds via a redox
cycle of metal ions, and the metal ion couples (with higher
and lower oxidation states) actually function as active cen-
ters. In the ODE reaction, O, molecules receive electrons
that are released from the metal ions with lower valence
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state and transform into lattice oxygen before being in-
volved in the ODE reaction (4). Over nonreducible metal
oxide catalysts, the ODE reaction isundergone viathe inter-
action of C,Hg with activated oxygen species; the nature and
concentrations of surface oxygen species have a direct influ-
ence on the catalytic performance of such catalysts (22-26).
Generally speaking, O, can be activated on solid materials
rich in lattice defects such as oxygen vacancies, trapped elec-
trons, and charge-deficient oxygen. Nonreducible rare earth
oxides harbor few lattice defects. Adding alkali metal (ox-
idation state, +1) or alkaline earth metal (oxidation state,
+2) oxides or halides to rare earth (oxidation state, +3) ox-
ides or oxyhalides, however, could generate lattice defor-
mation by partial ionic exchanges, creating defect structures
favorable for the activation of O, (21-37). Halogen in a
catalyst has generally been believed to have positive ef-
fects on the OCM and ODE reactions. In terms of pro-
moting rare earth oxide catalytic behavior, halide doping
could significantly enhance the C,Hg conversion and C,H4
selectivity in the ODE reaction (21-26) and the introduc-
tion of chloride ions to some catalysts could prevent CO;
poisoning and lower the reactivity of oxygen adspecies (7,
25). In the past decades, much attention has been paid to
the identification and functions of oxygen adspecies. Acti-
vated oxygen usually exists in the form of dioxygen [O2™,
0} (L <n<?2),0,,and 05~ (0 < § < 1)] or monooxy-
gen (O7). Although O~ has been reported to be active
for the OCM reaction (38), most researchers believe that
dioxygen species are active for selective oxidation (22-
27, 39-41), whereas O~ is prone to induce deep oxidation
(25, 26, 42). Unlike the stoichiometric lanthanide sesquiox-
ides, the REOy (RE= Ce, Pr, Tbh) oxides exhibit multi-
ple accessible cationic oxidation states (usually +3 and
+4). The interconversion of oxidation states between +3
and +4 involves the release or storage of oxygen. The ex-
tremely mobile lattice oxygen in the REOy could participate
in the oxidation reaction of hydrocarbons (43). Kennedy
and Cant (18) pointed out that in the ODE reaction, the
specific mass activity of PrO; g3 was higher than that of
CeOy,; the C,H, selectivity at 750°C decreased in the order
of Lay,O3 (74.0%) > Sm,03 (68.0%) > CeO; (57.0%) >
PrO1s3 (53.0%). Although single-component CeO, (44,
45), PrO;g3 (35), and ThO4 75 (44, 45) gave poor selectivi-
ties to C, . compounds in the OCM reaction, the addition
of alkali metal compounds (35-37) or alkaline earth fluo-
rides (46-49) to these multivalent rare earth oxides could
significantly enhance the C,; product selectivities.

In recent years, our group has been looking for a good
combination of alkaline earth metal halides and rare earth
oxides or oxyhalides for the OCM and ODE reactions. Al-
though MX; (M =Sr, Ba; X=F, Cl, Br)/Ln,O3; (Lh=La,
Nd, Sm, Ho, Y) show good initial catalytic activities, most of
them deteriorate gradually due to halogen leaching (24-30).
Only the 30 mol% BaCl,/Y,03 (25), 40 mol% SrCl,/Sm,03
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(26), and 40 mol% SrClI,/Nd,O3 (26) catalysts were found
to be stable within 40 or 60 h of onstream ODE reaction.
According to our published and unpublished results, the
promotional effect of MX; on Ln,O3 generally follows the
sequence of SrCl,, BaCl, > SrBr,, BaBr; > SrF,, BaF,. Both
SrCl, and BaCl, are good dopants of the rare earth ox-
ides that show a stable oxidation state of + 3. In modifying
variable-valence rare earth oxides for the ODE reaction,
we observed that SrCl, had a better promotional effect on
REOy (RE =Ce, Pr, Tb) than barium or other strontium
halides. In the present study, we report the catalytic prop-
erties of the SrCl,-promoted REOy (RE = Ce, Pr, Th) cata-
lysts and used techniques such as X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), O, temperature-
programmed desorption (TPD), temperature-programmed
reduction (TPR), ®0,- and C,Hs-pulsing, and in situ
Raman Spectroscopy to characterize these catalytic
materials.

EXPERIMENTAL

The SrCl,/REOx (RE =Ce, Pr, Th) catalysts were pre-
pared by wet-impregnation of CeO,, PrO; g3 (Pr¢O11), and
TbO175 (Th4O7) (Aldrich, >99.9%) powders, respectively,
with an aqueous solution of SrCl, (Aldrich, >99.9%) at the
desired molar ratios. After evaporation, the resulting pastes
were dried at 120°C overnight and calcined at 900°C for
24 h and then in turn ground, pressed, crushed, and sieved
into 80-100 mesh.

Catalytic measurements were performed according to
the previously described procedures (25). CoHg conversion
and C,H,4, CH4, CO, and CO; selectivities were calculated
on the basis of the balance of carbon (22). The balances
of carbon and oxygen were estimated to be 100+ 2 and
100 + 3%, respectively, for every run over the catalysts.

The crystal phases of the catalysts were determined on
an XRD apparatus (D-MAX, Rigaku Rotaflex) operat-
ing at 40 kV and 100 mA using CuKea radiation. The XPS
(Leybold Heraeus-Shengyang SKL-12, VG CLAM 4 MCD
Analyser) technique with MgKa (hv =1253.6 eV) as the ex-
citation source was used to determine the O 1s, Ce 3d, Pr
3d, and Tb 4d binding energies of surface oxygen, cerium,
praseodymium, and terbium species as well as to evaluate
the surface chlorine compositions of the samples. The in-
strumental resolution is 0.5 eV. Before XPS measurements,
the samples were calcined in O, (flow rate, 20 mL min~1) at
800°C for 1 h and then cooled in O, to room temperature,
followed by He (20 mL min~?) treatment for 10 min at room
temperature or further treatments in H, (20 mL min~?!) at
the desired temperatures for 10 min and then cooled in
He (20 mL min~!) to room temperature. After outgassing
in the primary vacuum chamber (10~° Torr) for 0.5 h, the
treated samples were then introduced into the ultrahigh-
vacuum chamber (3 x 107° Torr) for recording. The C 1s
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line at 284.6 eV was taken as a reference for binding energy
calibration. The surface chlorine contents in the catalysts
were calculated according to the approach described in
Ref. (30). The specific surface areas of the catalysts were
measured using a Nova 1200 apparatus and calculated ac-
cording to the BET method. The halogen contents were
analyzed according to the procedures reported in Ref. (30).

Pulse experiments were performed to investigate the re-
activity of surface oxygen species. A catalyst sample (0.2 g)
was placed in a microreactor and was thermally treated at a
desired temperature for 15 min before the pulsing of 20, or
C,Hg and the effluent was analyzed online by a mass spec-
trometer. In order to confirm the involvement of surface
lattice oxygen in the ODE reaction, we treated the sample
at a desired temperature in He (flow rate, 20 mL min~1) for
1 h and then kept on pulsing *0; at a lower temperature
until no observable change in the pulse size was detected.
After purging the sample with He for 0.5 h, we pulsed C,Hg
onto the treated sample and analyzed the effluent compo-
sitions. The pulse size was 65.7 uL (at 25°C, 1 atm) and He
(HKO, purity >99.995%) was the carrier gas.

In situ laser Raman experiments were conducted using
a Nicolet 560 FT Raman spectrometer. The samples were
treated in O, Hy, or C;Hg/O2/N, (molar ratio=2/1/3.7) at
different temperatures. After various treatments, the sam-
ples were monitored at 25°C without being exposed to air.

The O,-TPD and TPR experiments were performed ac-
cording to the methods described in Ref. (25). The tem-
perature range was from room temperature to 900°C. The
temperature ramp was 10°C min~1. The amount of O, des-
orbed from the catalysts was quantified by calibrating the
peak areas against that of a standard pulse.

RESULTS

Catalytic Performance

Table 1 shows the catalytic performance of REOy, SrCl,
30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO4 g3, and 40 mol%o
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SrCl,/TbO 75 after 1 h of reaction at 660°C and 1.67 x
10~*h g mL~. One can observe that quartz sand and SrCl,
showed poor activities below 680°C. The undoped REOx
gave 32-41% C;,Hg conversion, 25-36% C,H, selectivity,
and 9-15% C,H, yield. With the doping of SrCl,, there were
significant increases in C,Hg conversions, C,Hg selectivities,
and C,H, yields. Among the three SrCl,-modified catalysts,
40 mol% SrCl,/TbO; 75 performed the best, giving 82.6%
C,Hg conversion, 75.8% C,H, selectivity, and 62.6% C,H,
yield.

Figure 1 shows the catalytic performance of 30 mol%
SrCl,/CeQ,, 30 mol% SrCl,/PrO; g3, and 40 mol% SrCl,/
TbO175 as a function of reaction temperature at 1.67 x
10~* h g mL~L. With the rise in temperature from 540 to
680°C, conversions of C,Hg and O, and selectivities of CoH,
and CH, increased over the three catalysts. Over 30 mol%
SrCl,/CeQ,, C,Hy4 selectivity first increased and then de-
creased; the highest C,H, yield of 49.9% was achieved at
660°C where C,Hg and O, conversions and C,Hj, selectivity
were 72.6, 89.1, and 68.8%, respectively. Over the 30 mol%
SrCl,/PrOy gz and 40 mol% SrCl,/TbO, 75 catalysts, CoH, se-
lectivities and C,H, yields first increased and then declined,;
for 30 mol%o SrCl,/PrO; g3 the highest C,H, yield was 56.5%
at 660°C, with C,Hg and O, conversions and C,H4 selectiv-
ity being 79.1, 92.6, and 71.4%, respectively; for 40 mol%
SrCl,/TbOy 75 it was 62.6%, with the corresponding C,Hsg
and O, conversions and C,H, selectivity being 82.6, 93.3,
and 75.8%.

The catalytic performance of SrCl,/CeQO,, SrCly/PrOy g3,
and SrCl,/TbO; 75 versus SrCl, loading at 660°C and 1.67 x
10~* h g mL~! is shown in Fig. 2. Over the three cata-
lysts, with the increase in SrCl, loading, C,H,; and CH,4
selectivities increased, whereas O, conversions and COy
selectivities decreased; C,Hg conversions and C,Hy, yields
firstincreased and then decreased. The maximal C,H, yield
was, respectively, 49.9% for 30 mol%o SrCl,/CeO, (Fig. 2a),
56.5% for 30 mol% SrCl,/PrO; g3 (Fig. 2b), and 62.6% for
40 mol% SrCl,/TbO1 75 (Fig. 2¢).

TABLE 1

Catalytic Performance after an Onstream Time of 1 h over REOy, 30 mol% SrCl,/CeO,, 30 mol%
SrCl,/PrOy g3, and 40 mol% SrCl,/ThO; 75 at 660°C and 1.67 x 1074 h g mL™!

Conversion (%)

Selectivity (%)

Yield (%) Rate of C,Hg reaction
Catalyst CoHs 0, co CO, CH, CoH, CoH, (10* molecules m~2s71)

Quartz sand? 7.6 — 0.9 9.9 0 89.2 6.8 —

CeO, 31.6 100 0 69.8 0 30.2 9.5 0.153
PrO;g3 35.4 100 0 75.4 0 24.6 8.7 0.164
ThO175 41.2 100 0 63.6 0 36.4 15.0 0.264
SrCl; 2.0 111 11 10.2 0.1 88.6 1.8 —

SrCl,/CeO; 72.6 89.1 33 27.0 0.9 68.8 49.9 0.437
SrCly/PrO; g3 79.1 92.6 3.2 241 1.3 71.4 56.5 0.450
SrCly/TbO1 75 82.6 93.3 43 17.9 2.0 75.8 62.6 0.566

2 Tested at 680°C.
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FIG. 1. Catalytic performance of (a) 30 mol% SrCl,/CeCO,,
(b) 30 mol% SrCl,/PrO; g3, and (c) 40 mol% SrCl,/TbO; 75 as a function
of reaction temperature at 1.67 x 10~*h g ml~: (M) C,Hg conversion, ()
C,H, selectivity, (A) C,H, yield, (x) CHy selectivity, and (@) COy selec-
tivity.

Table 2 summarizes the results of Co,Hs and CoHg oxi-
dation, respectively, over the REOy, 30 mol% SrCl,/CeO,,
30 mol% SrCly/PrO; g3, and 40 mol% SrCl,/TbO; 75 cata-
lysts at 660°C and 1.67 x 10~* h g mL~%. With the addi-
tion of SrCl, to REOy, C,H4 selectivity increased in the
ODE reaction, whereas C,H,4 conversion decreased signif-
icantly in the ethene oxidation reaction. Furthermore, the
CO/CO; ratios in the product mixture obtained over the
SrCl,-modified catalysts were much higher than those ob-
tained over the single-component oxide catalysts. It is ap-
parent that the presence of halide ions can noticeably re-
duce C,H, deep oxidation.
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Figure 3 shows the catalytic performance of 30 mol%
SrCl,/CeO,, 30 mol% SrCl,/PrOq g3, and 40 mol% SrCl,/
TbOy75 during 60 h of onstream reaction at 660°C and
1.67 x 107* h g mL~L. It is observed that the first catalyst
decreased by ca. 15% in C,Hg conversion, ca. 11% in C,Hy
selectivity, and ca. 17% C,H, yield after 60 h, whereas the
other two catalysts exhibited stable behaviors within the
period.

Shown in Fig. 4 is the effect of contact time on the
catalytic performance of 30 mol% SrCl,/CeO,, 30 mol%

100

Conversion, selectivity, and yield (%)

SrCl, Loading (mol%)

FIG. 2. Catalytic performance of (a) SrCl,/CeO;, (b) SrCly/PrO; g3,
and (c) SrCly/TbO1 75 at 660°C and 1.67 x 107 h g mL~! as related to
SrCl, loading: (l) C,Hs conversion, (®) C,H, selectivity, (A) C,H, yield,
(x) CHy selectivity, and (O) O, conversion.
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TABLE 2

Catalytic Performance of REOy, 30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO1 g3, and 40 mol% SrCl,/ThO; 75 in the
Oxidation of Ethane and Ethene at 660°C and 1.67 x 10~*h g mL~!

Oxidation of C,H,?

Oxidation of C,Hg

C,H, Conversion COI/CO, Rate of C,H, reaction C,Hg Conversion C,H, Selectivity COI/CO,

Catalyst (%) Ratio 10% molecules m=2s71 (%) (%) Ratio
CeO, 27.6 1/26.7 0.134 31.6 30.2 0
PrO; g3 31.2 1/30.8 0.144 35.4 24.6 0
TbOy75 215 1/20.6 0.138 41.2 36.4 0
SrCl,/CeO;, 12.4 1/5.5 0.075 72.6 68.8 1/8.2
SrCl,/PrOy g3 14.7 1/6.8 0.083 79.1 71.4 1/7.5
SrCl/TbOy 75 10.2 1/3.7 0.070 82.6 75.8 1/4.2
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a8 At C,H4/02/N, molar ratio = 2/1/3.7.

SrCl,/PrOq g3, and 40 mol% SrCl,/TbhO; 75 at 660°C. With
the prolongation of contact time from0.56 x 10™#t02.50 x
10~* h g mL~%, C,Hg conversion and COy selectivity in-
creased, respectively, from 31.8 and 21.5% to 78.8 and
38.1% over the first catalyst, from 41.9 and 18.1% to 83.6
and 36.8% over the second catalyst, and from 36.7 and
16.2% to 85.4 and 30.7% over the third catalyst; the CoH,
selectivities decreased, respectively, from 78.3 to 60.3%,
from 81.5 to 61.4%, and from 83.1 to 66.6%. The highest
C,H, yield was achieved at 1.25 x 107* h g mL™! over
30 mol% SrCl,/PrOq g3 (57.2%), and at 1.67 x 10~* h g
mL~! over 30 mol% SrCl,/CeO, (49.9%) and 40 mol%
SrCly/TbO; 75 (62.6%). When the catalysts were dispersed
in quartz sand (80-100 mesh, 5.0 g), we observed similar
results.

XRD, BET, and Chlorine Composition Analysis Studies

Table 3 summarizes the crystal phases and surface areas
of the undoped and SrCl,-doped catalysts. After ODE re-
actions, the surface areas of the REO4 (RE =Ce, Pr, Th),
30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; g3, and 40 mol%
SrCl,/TbOy 75 catalysts decreased by ca. 17, 12, 16, 17,
9, and 10%, respectively. No new phases were detected
by XRD in the three undoped catalysts, but moderately
intense signals of rhombohedral PrOCI and very weak sig-
nals of rhombohedral TbOCI were detected over the SrCl,-
doped praseodymium and terbium oxides, respectively. Af-
ter 60 h of ODE reaction, very weak signals of orthorhom-
bic SrCO3; were observed over the three SrCl,-promoted
catalysts.

The surface and bulk chloride compositions of the
30 mol% SrCl,/REO catalysts are shown in Table 4. The Cl
content on the surface is much higher than that in the bulk
for the SrCl,-doped CeO, catalyst, whereas the Cl concen-
tration on the surface and that in the bulk are rather close
for the other two catalysts. Compared to the original values,
after 60 h of onstream ODE reaction, the concentrations of
surface Cl decreased by 24.2, 11.4, and 2.1%, respectively;

as for the bulk concentration, it decreased, respectively, by
33.3,5.1, and 1.7%.

We used the least-squares refinement method to calcu-
late the lattice parameters according to the d values of
XRD patterns, with REOy, and SrCl, being supposed to
fit a cubic and hexagonal symmetry, respectively. The re-
sults are summarized in Table 5. Compared to the lat-
tice parameters in the PDF-2 files, the a value of the cu-
bic REOy lattice was enlarged by ca. 0.740% in 30 mol%
SrCl,/CeOy, ca. 1.116% in 30 mol% SrCl,/PrO; g3, and ca.
1.639% in 40 mol% SrCl,/TbO; 75, however, the a and ¢
values of the hexagonal SrCl, lattice were contracted by
ca. 0.275 and 0.284% in 30 mol% SrCl,/CeO,, ca. 0.630 and
0.664% in 30 mol% SrCl,/PrO, g3, and ca. 1.150 and 1.166%
in 40 mol% SrCl,/TbO; 75. Obviously, the TbhO; 75 lattice
was the most significantly enlarged and the SrCl; lattice in
40 mol% SrCl,/TbO; .75 was the most pronouncedly con-
tracted.

XPS Studies

Figure 5 shows the Ce 3d, Pr 3d, and Tb 4d spectra of
the REOy, 30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; ga,
and 40 mol% SrCl,/TbO; 75 samples treated under various
conditions. From Fig. 5la, one can observe two sets of
spin—orbit multiplets: u and v correspond to the 3ds),
and 3ds,, contributions, respectively; the Ce 3d spectrum
contains three main 3ds;, features at ca. 882.5 (v), 889.4
(v2), and 898.7 eV (v3) and three main 3ds,, features at ca.
900.6 (u), 907.7 (uz), and 916.6 eV (us3); uz and vz could be
assigned to the 3d° 4f ° photoemission final state, whereas
either (v, vy) or (u, uy) doublets could be attributed to
final states with strong mixing of the 3d® 4f2 and 3d° 4f
! configurations. These states arise from the core hole
potential in the final state and 4f hybridization in the initial
state (50-55). The shake-down v /v, and u/u; features occur
due to the charge transfer from ligand (O 2p) to metal (Ce
4f), generating states of nominal metal charge +3 and +4.
As for states vy at 885.6 eV and u; at 903.9 eV, according
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FIG. 3. Catalytic performance of (a) 30 mol% SrCl,/CeO,,

(b) 30 mol% SrCl,/PrO; g3, and (c) 40 mol% SrCl,/TbO; 75 as related to
onstream reaction time at 660°C and 1.67 x 10~“h g mI~* : (l) C,Hg con-
version, (®) C,H, selectivity, and (A) C,H, yield.

to the assignment convention proposed by Burroughs
et al. (56), they belong to unique photoelectron features
from the Ce>* state (which also exhibits features similar
to the u, and v, features). On treating the Ce-containing
samples in He at room temperature, one can see that
30 mol% SrCly/CeO, (Fig. 5la’) contained more Ce®*
ions than CeQO; (Fig. 5la). With the rise in H, treatment
temperature from 510 to 600, and then to 900°C, the v; and
u; components increased in intensity and the intensities of
the signals due to Ce** in the SrCl,-doped CeO, samples
(Figs. 5lb’-51d") increased much more obviously than
those in the undoped CeO, samples (Figs. 51b-51d). In
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the Pr 3d profiles of PrO;g3 and 30 mol% SrClI,/PrOy g3,
two sets of spin—orbit multiples are observed at binding
energies of ca. 953.5 and 933.9 eV, representing 3ds/, and
3ds,,, respectively. According to Matsumura et al. (57) and
Sarma and Rao (58), we assign the signals at ca. 933.9,
953.5, and 966.9 eV to Pr** and the signals at ca. 929.5,
949.8, and 973.2 eV to Pri*. From the relative intensity of
the signals due to Pr** and those due to Pré* (Figs. 5lla
and 5l1a’), one can see that there are more Pré* ions in
the SrCl,-doped sample than in the undoped one. The rise
in H, reduction temperature caused the signals of Pri+
to increase in intensity for the undoped and SrCl,-doped
PrO; g3 samples (Figs. 511b-511d and 511b’-511d"). By com-
paring the Tb 4d spectrum of ThO; 75 (Fig. 5111a) with those
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FIG. 4. Catalytic performance of (a) 30 mol% SrCl,/CeO,,
(b) 30 mol% SrCl,/PrO; g3, and (c) 40 mol% SrCl,/TbO; 75 at 660°C as
a function of contact time: (M) C,Hg conversion, (¢) C,H, selectivity, (A)
C,H, yield, and (@) COj selectivity.
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TABLE 3

Crystal Phase and Surface Areas of REOy, 30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; g3, and 40 mol%
SrCl,/ThO; 75 Catalysts Measured before and after ODE Reaction at 660°C for 60 h

Crystal phase?

Surface area (m?g™)

Catalyst Before After Before After
CeO, CeO; (s) CeO; (s) 4.1 3.4°
PrO; g3 PrOig3 (S) PrO; g3 (S) 4.3 38b
TbO175 TbOy.75 (S) TbOy 75 (S) 3.1 2.6b
SrCl,/CeO, CeO; (5), CeO; (9), 3.3 2.8
SrCl, - 6H,0 (m) SrCOj3 (vw), SrCl; - 6H,0 (m)

SrCIzlPrOng PrO; g3 (S), PrOCI (m) PrO; g3 (S), PrOCI (m), 35 3.2
SrCl, - 6H,0 (m) SrCOj3 (vw), SrCl, - 6H,0 (m)

SrCIlebOUg, Tb01_75 (S), TbOCI (VW), TbOl,75 (S), TbOCI (VW), 2.9 2.6

SrCl,-6H,0 (I’T'I)

SrCOj3 (vw), SrCl, - 6H,0 (m)

2Ce0,, PrO; g3, and ThO4 75 are cubic. PrOCl and TbOCI are rhombohedral. SrCO3 is orthorhombic. SrCl, - 6H,O

is hexagonal. s, strong; m, medium; vw, very weak.
b8 h of onstream ODE reation.

of TbOy 5 and ThO, (59), one can assign the signals at ca.
156.9 and 164.5 eV to the characteristic features of Th** and
the signal at ca. 149.3 eV to Tb** (58, 59). Apparently, Th**
and Tbt are present in the TbhO; 75 sample and the concen-
tration of Th®* ions in the SrCl,-doped sample (Fig. 5111a")
was larger than that in the undoped one (Fig. 5111a). With
the increase in reduction temperature (Figs. 5111b-5111d),
the intensities of the signals due to Th** declined, whereas
those due to Th®* increased. For the 40 mol% SrCl,/TbO 75
sample, the intensities of the signalsatca. 156.9and 164.5eV
were lower whereas the intensity of the signals at ca. 149.3
eV was higher than those in the ThO1 75 sample, indicating
that there are more Tb%" in the SrCl,-doped catalyst than
in the undoped one. With increasing H, treatment temper-
ature (Figs. 5111b-5111d"), the signals due to Th®* increased
while the signals due to Th** decreased in intensity.
Shown in Fig. 6 are the O 1s spectra of the REO,
30 mol% SrCl,/CeO3, 30 mol% SrCl,/PrO4 g3, and 40 mol%o
SrCl,/TbOy 75 samples treated under various conditions. Af-
ter treatment in He at room temperature, there are two

TABLE 4

Surface and Bulk Chloride Compositions of 30 mol% SrCl,/
Ce0,, 30mol% SrCl,/PrO1 g3, and 40 mol% SrCl,/ThO; 75 Catalysts
Estimated According to the Results of XPS and Chemical Analy-
ses, Respectively

Surface composition Bulk composition

(Wt%) (Wt%)

Catalyst Before After? Before After?
SrCl,/Ce0O;, 18.77 14.23 12.54 8.36
SrCly/PrO; g3 2.98 2.64 2.73 2.59
SrCl,/TbO1.75 5.69 5.57 5.46 5.37

a After 60 h of ODE reaction at 660°C.

O 1s peaks at ca. 529.5 and 531.5 eV for all the samples
(Figs. 6la—6l11a and 6la—6111a"). We assign the signal at
lower binding energy (529.5 eV) to surface lattice oxygen
and the signal at higher binding energy (531.5 eV) to ad-
sorbed oxygen species suchas O~, O™, or O; (60-63). The
O 1s binding energy of OH™ also falls in the 531-532 eV
range. In order to eliminate the possibility of OH™ pres-
ence, we had heated the samples in an O, flow at 800°C
for 1 h before the XPS measurement. One can observe that
with the rise in H; treatment temperature from 500 to 800 or
900°C, the component at ca. 531.5 eV decreased in intensity
and disappeared at or above 800°C, whereas the intensity
of the component at ca. 529.5 eV increased (Figs. 61-6111).

TABLE 5

Lattice Parameters of REOy and SrCl, Phases in the 30 mol%
SrCl,/CeO,, 30 mol% SrCl,/PrOq g3, and 40 mol% SrCly,/TbO1 75
Catalysts Calculated According to the d Values of XRD Patterns

Lattice parameter (A)

Catalyst Crystal phase a b c
SrCl,/CeO, CeO; 5.4514 5.4514 5.4514
(5.41134) (5.41134) (5.41134)
SrCl; 7.9411 7.9411 4.1133
(7.9630) (7.9630) (4.1250)
SI’C'Q/PI’OMB Prol_gg 5.5288 5.5288 5.5288
(5.4678) (5.4678) (5.4678)
SrCl, 7.9128 7.9128 4.0976
SrCly/TbO1 75 ThO;1 75 5.4021 5.4021 5.4021
(5.315) (5.315) (5.315)
SrCl; 7.8714 7.8714 4.0769

Note: The values in parentheses are the PDF-2 data of the pure com-
pounds.
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FIG.5. Ce 3d, Pr3d, and Tb 4d XPS spectra of the (1) CeO, (a—d) and 30 mol% SrCl,/CeO, (a'-d"), (11) PrOyg; (a—d) and 30 mol% SrCl,/PrO; g;
(a-d"), and (111) ThO; 75 (a—d) and 40 mol% SrCl,/TbO; 75 (a'-d’) samples treated under various conditions. RT denotes room temperature.

80,- and C,Hg-Pulsing Studies in He (20 mL min~1) at 840, 560, and 600°C, respectively,
for 15 min. After pulsing C,Hg at 660°C onto the 20,-

To confirm the involvement of lattice oxygen in the ODE  treated catalysts, besides the signals due to Co;Hg and CyHy,
reaction, we performed '#0,- and C,He-pulsing experi- we detected signals at m/e = 20, 19, and 18, corresponding
ments on the 30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; g3, to H,*0, B OH, and 0, respectively; the intensities of the
and 40 mol% SrCl,/TbO; 7s samples which had been treated  three *¥O-containing species for SrCl,-doped CeO, were
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FIG.6. O 1s XPS spectra of the (I) CeO, (a—d) and 30 mol% SrCl,/CeO, (a—d"), (1) PrO;g; (a—d) and 30 mol% SrCl,/PrO; g3 (a-d’), and
(111) ThO4.75 (a—d) and 40 mol% SrCl,/ThOy 75 (@-d’) samples treated under various conditions. (a-d) and (a'-d’) are the same as those in Fig. 5.
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FIG. 7. Insitu Raman spectra of CeO, (a-c) and 30 mol% SrCl,/CeO,

(a’-c) when the catalysts were treated (a, a') in O, at 800°C for 15 min, (b,
b") then in H; at 900°C for 15 min and in O, at 660°C for 5 min, and (c, ¢’)
then in H; at 900°C for 15 min and in C,Hg/O,/N, (molar ratio, 2/1/3.7) at
660°C for 5 min.

much lower than those for SrCl,-doped PrO; gz or TbOj 7s.
These results indicate that lattice ®0?~ (incorporated in
the REOy lattice via 30/*%0 exchange during *0,-pulsing)
had reacted with C,Hg and the activity of lattice oxygen at
660°C in 30 mol% SrCl,/CeO, was much lower than that of
30 mol% SrCl,/PrOq gz or 40 mol% SrCl,/TbhOy 75.

In Situ Raman Spectroscopic Studies

Since PrO; g3 and ThO 75 as well as their SrCl,-doped
counterparts are black and dark brown in color, respec-
tively, they are Raman-silent. Figure 7 illustrates the
in situ Raman spectra of CeO, and 30 mol% SrCl,/CeO,
which are light yellow in color under various treatment
conditions. When both samples were treated in O, (20 mL
min~1) at 800°C for 15 min, a very weak Raman band at
ca. 803 cm~! over CeO; (Fig. 7a) and three bands at ca. 727,
802, and 1163 cm! over 30 mol% SrCl,/CeO,
(Fig. 7a’) were observed. Since the Raman bands
attributable to lattice vibrations of undoped and halide-
doped CeO, appeared only below 500 cm™! (47, 49, 64),
we assign the signals within the range of 720-900 cm~? to
og— and the signal at 1163 cm~* to O, (25, 47, 49, 65-67).
On exposing the samples which had just been treated in H,
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(20 mL min1, at 800°C for 10 min) to an O, flow at 660°C
for 10 min, the Raman band of the CeO, sample shifted
to ca. 880 cm~! and increased in intensity (Fig. 7b); for the
SrCl,-doped sample, the intensity of the signals at ca. 727
and 802 cm~! increased significantly in intensity (Fig. 7b’).
After treatment of the CeO, and 30 mol% SrCl,/CeO,
catalysts (which had just been reduced by H; at 900°C
for 10 min, respectively) in a reactant flow (C,Hg/O2/N;
molar ratio = 2/1/3.7, 20 mL min~') at 660°C for 10 min,
the spectrum shape and the signal positions (Fig. 7¢’) were
similar to those obtained after O, treatment at the same
temperature (Fig. 7b’) for the SrCl,-doped sample, but the
intensity of the signal at 880 cm~! increased markedly for
the undoped CeO, sample (Fig. 7c).

O,-TPD and TPR Studies

Figure 8 illustrates the O,-TPD profiles of the REO,
30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; g3, and 40 mol%
SrCl,/TbOy 75 samples. For CeO,, there were two peaks at
ca. 716 and 810°C (Fig. 8a); the total amount of O, des-
orption was 1.88 umol g‘l. For PrOq g3, there were four
desorptions at ca. 252, 313, 369, and 459°C (a total of
365.42 umol g~*) and two desorptions at ca. 737 and 871°C
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FIG.8. O,-TPD profiles of (a) CeO,, (b) PrO1gs, (c) TbOy7s, (d)

30 mol% SrCl,/CeO,, (e) 30 mol% SrCly/PrO;g3, and (f) 40 mol%
SrCl,/ThO; 75 catalysts.
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FIG.9. TPRprofilesof (a) CeOy, (b) PrOy g3, (c) ThO1 75, (d) 30 mol%
SrCl,/CeO, (e) 30 mol% SrCl,/PrO; g3, and (f) 40 mol% SrCl,/TbO; 75
catalysts.

(a total of 338.92 umol g~2) (Fig. 8b). As for TbO1 75, three
desorption peaks appeared at ca. 427 (314.64 umol gb),
722, and 755°C (a total of 474.60 umol g~1) (Fig. 8c). Over
the SrCl,-doped CeO, sample, two peaks at ca. 550 and
600°C (a total of 37.71 umol g~1) and a large one starting
at ca. 860°C were observed (Fig. 8d). For the SrCl,-doped
PrO, g3 sample, six peaks appeared at ca. 236, 325, 364, 440,
705, and 839°C, with the first four peaks amounting totally
to 213.53 umol g~* of O, desorption and the last two peaks
to 623.03 umol g~* of O, desorption (Fig. 8e). Only three
signals at ca. 375, 615, and 679°C were recorded for the
SrCl,-doped TbO; 75 sample (Fig. 8f), with the first peak
corresponding to 63.62 umol g~* and the other two peaks
t0 510.32 umol g~* of O, desorption.

Figure 9 shows the TPR profiles of the REO,,
30 mol% SrCl,/CeO,, 30 mol% SrCl,/PrO; g3, and 40 mol%
SrCly/TbOq 75 samples. We observed two reduction bands at
ca. 508 and 844°C for CeO, (Fig. 9a), four reduction bands
at ca. 350, 469, 580, and 640°C for PrO; g3 (Fig. 9b), and
three reduction bands at ca. 303, 667, and 720°C for TbO1 75
(Fig. 9c); the band(s) at lower temperature is/are much
smaller than that at higher temperature. Three bands are
observed at ca. 389, 664, and 814°C for 30 mol% SrCl,/CeO,
(Fig. 9d) and two bands at ca. 493 and 559°C for 30 mol%
SrCl/PrO1 g3 (Fig. 9e), and three bands at ca. 250, 495,
and 599°C for 40 mol% SrCl,/TbO; 75 (Fig. 9f). One can
also see that the addition of SrCl, to REOy caused the
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reduction bands to shift to lower temperatures. We also
observed that after the O,-TPD and TPR experiments,
the color of CeO, (with the exception in O,-TPD) and
30 mol% SrCl,/CeO, changed from white-yellow to light
yellow-green, that of PrO; g3 and 30 mol% SrCl,/PrO; g3
from black to light yellow-green, and that of ThO, 75 and
40 mol% SrCl,/TbO 75 from dark brown to white.

DISCUSSION

Improvement in Catalytic Performance by SrCl, Doping

A large number of rare earth oxides have been tested as
OCM or ODE catalysts (e.g., 17, 18, 44, 46-49, 68-73). Most
of them showed moderate catalytic activity. Adding pro-
moters such as alkali metal oxides (20), MO (M = alkaline
earth metals) (20, 22, 25, 34, 74), and MX; (X=F, Cl, Br)
(22, 25, 27, 30, 47, 74) to the lanthanide oxides could im-
prove their catalytic abilities. For the ODE reaction, as
shown in Table 1 and Fig. 1, the single-component REOx
(RE=Ce, Pr, Th) catalysts performed moderately well;
with the doping of SrCl; into the three oxides, the C,Hs
conversion and C,Hj, selectivity was enhanced significantly.
From Fig. 2, one can observe that, at a 30 mol% loading of
SrCl, (40 mol% for ThOj 75) in the SrCl,-promoted REOy
catalysts, the C,H, yield was at its maximum. During the
60 h of onstream reaction, the 30 mol%o SrCl,/CeO, catalyst
deactivated (Fig. 3a), whereas the 30 mol% SrCl,/PrO; g3
and 40 mol% SrCl,/TbO; 75 catalysts showed stable activ-
ities (Figs. 3b and 3c). In the contact time studies (Fig. 4),
with the prolongation of contact time, the C,Hg conver-
sion and COxy selectivity increased, while the C,H, selec-
tivity decreased. Similar results were observed when the
three SrCl,-modified REOy catalysts were well dispersed in
guartz sand, implying that the obvious enhancement in cat-
alytic performance isaresult of catalytic action rather thana
result of hot spot generation. Besides the improved catalytic
behaviors, the introduction of SrCl, to REOy caused the O,
conversions at high C,Hg conversions and high C,H, selec-
tivities to drop (Table 1). This is understandable because
an enhancement in CyHj, selectivity signals the dominance
of the ODE reaction, in which a smaller amount of O, can
convert a relatively larger amount of C,Hg as compared
to the deep oxidation reactions. It should be noted that
when the reaction temperature was at or above 660°C, the
C,H, selectivity decreased, whereas CH4 and COy selec-
tivities increased over the SrCl,-doped catalysts. Methane
generation was suggested to follow two possible routes:
(i) ethane decomposition in the gas phase and (ii) a het-
erogeneous pathway involving an ethylperoxy intermedi-
ate (18). Ethylperoxy reacted with surface oxygen species
to form CH,4 and HCOy; the latter was further oxidized
to COy. Compared to the results of ODE reaction above
600°C over the 30 mol% BaXy/Y,03 (X=F, Cl, Br) (25)
and 40 mol% SrCl,/Ln,O3 (Ln=Sm, Nd) (26) catalysts,
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the amounts of CH4 formed over the SrCl,-promoted REOy
(RE =Ce, Pr, Tbh) catalysts under similar conditions were
much smaller. The activation of CO; has been reported
by Trovarelli et al. (75-77) to be strongly enhanced in the
presence of Ce3" sites. Materials such as PrOy (78), TbOy
(78), and CaO-CeO; (79) have also been reported as ef-
fective catalysts for CH4 conversion in the presence of
CO.. Similar behaviors could be expected for the SrCl,-
modified REOy catalysts. We suggest that over the re-
ducible oxide catalysts the interaction of CH, and CO,
formed during the ODE reaction would produce C,H,
and CO. Considering C,Hj4 selectivities and C,Hg conver-
sions of the catalysts under similar reaction conditions
(for example, at 660°C and at ca. 90% O, conversion),
we conclude that the catalytic performance of REOy and
SrCl,-promoted REOy increased in the order PrO;g;~
Ce0O;, < TbO4 75 < 30 mol% SrCl,/CeO, < 30 mol% SrCl,/
PrO;g3 <40 mol% SrCIleb01,75.

In the SrCI,/REO catalysts, chloride ions have a posi-
tive effect on the catalytic performance. The presence of
CI~ ions on the chloride-promoted oxide catalyst surfaces
could eliminate the sites for complete oxidation and could
create new active sites for the selective oxidation of C,Hg
to C,H, (80). Shi et al. (81) evidenced experimentally that
C,H,4 was the predominant source for COy formation at or
above 650°C. In other words, if the deep oxidation of C,H4
could be reduced or avoided, C,H, selectivity would be
augmented. Compared to the REOy catalysts, the chloride-
modified counterparts exhibited much lower C,H,4 conver-
sions in the C,H,4 oxidation reaction and much higher CoH,4
selectivities in the ODE reaction (Table 2), indicating that
SrCl, doping reduced C,H, deep oxidation markedly. Fur-
thermore, the noticeable increase of CO/CO, ratios in the
reaction products over the SrCl,-doped REOy catalystsisan
indication of the reductionin C, ;. deep oxidation reactions.
Similar effects were observed over the BaX,-doped Y203
(25) and Ho,0O3 (74) catalysts. Therefore, we conclude that
the addition of SrCl;, can reduce the deep oxidation of Co;H,
formed in the ODE reaction and thus enhance significantly
the C,H, selectivity.

Defect Structure Induced by SrCl, Modification

As shown in the XRD results (Table 3), for the fresh
SrCl,-doped catalysts, phases of rhombohedral PrOCI
(medium signal intensity) and TbOCI (very weak signal
intensity) were detected but that of CeOCI was not. By in-
troducing CCl, to the ODE feedstream at 700°C, Sugiyama
et al. (17) observed the formation of CeOCI. After study-
ing the destructive adsorption of CCl, at ca. 450°C on
CeO, by XPS and in situ Raman spectroscopy, Weckhuysen
et al. (64) observed the reduction of Ce** to Ce®** and the
formation of CeOCI. In another paper, however, Sugiyama
et al. (82) reported the absence of CeOClI phase when CeO,
was exposed to a feedstream containing CCl, at 750°C. In-
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deed, on the basis of the heat of formation for REOCI from
the corresponding oxide (82-84), one can deduce that the
formation of CeOCI is the most difficult among the three
oxychlorides. The existence of PrOF and TbOF with differ-
ent XRD signal intensities and the nonexistence of CeOF
were also reported in the study of BaF,-modified PrOj g3,
ThO;75, and CeO, catalysts (46). One can realize from
Table 3 that the crystal structures of REOy in the undoped
catalysts remained unaltered after 8 or 60 h of onstream
reaction. As for the SrCl,-doped ones, we detected weak
signals of orthorhombic SrCO3 phase after 60 h. The sur-
face areas of the undoped catalysts reduced by 12-17%,
whereas those of the SrCl,-promoted PrO; g3 and ThO; 75
decreased by less than 10% (the 30 mol% SrCl,/CeO;, cata-
lyst reduced by 17% in surface area) after 60 h of ODE
reaction. This indicates that the stabilization of surface ar-
eas is an essential factor for stable catalytic performance.
From Table 4, it can be seen that the ClI compositions on
the surface and in the bulk of the SrCl,-modified PrO; g3
and TbO; 75 catalysts were rather similar, indicating a uni-
form distribution of CI~ ions in the catalysts; but for the
SrCl,-modified CeO, catalyst, ClI~ segregation took place
on the surface; this phenomenon might be responsible for
the significant loss of chlorine during ODE reactions. Fur-
thermore, the small difference in CI~ concentration in the
SrCl,-doped PrO; g3 or ThO; 75 catalyst before and after
60 h of reaction means that Cl leaching was modest. The
sustainable catalytic performance of 30 mol% SrCly/PrO; g3
and 40 mol% SrCl,/TbO1 75 in 60 h of onstream reaction is
supporting evidence for this deduction.

It has been generally accepted that ionic exchanges or
substitutions take place between rare earth oxides and al-
kaline earth oxides or halides. The infiltration of Ca’* (31)
or Sr?* (33) into the Y,0; lattice led to the formation of de-
fective structure. Filkova et al. (34) ascribed the better cata-
lytic performance of the SrO-doped Nd,O3 catalyst to the
incorporation of Sr into the Nd,O3 lattice. Previously, we
proposed that the presence of SrF, in SmMOF (22) and BaX;
(X=F, CI, Br) in Y,03 (25) or Nd,O3 (30) caused the rare
earth oxyfluoride or oxide lattices to enlarge and the halide
lattice to shrink due to partial ionic exchanges between the
two phases. It should be pointed out that the partial conver-
sion of RE** to RE3**ions would also contribute to lattice
expansion as suggested by Bauer and Gingerich (85), Ray
et al. (86), and Perrichon et al. (87). The radius of Sr** ion
(1.18 A) is larger than that of Ce** (1.01 A), Ce** (0.87 A),
Pri+(0.99 A), Pr*+ (0.85 A), Th%* (0.92 A), or Tb**+ (0.76 A),
whereas an O%~ ion (radius, 1.40 A) is smaller than a CI~
ion (radius, 1.81 A) (88). The ionic exchanges between
SrCl, and REOx would result in the enlargement of the
REOx lattice and the contraction of the SrCl; lattice in the
SrCl,-modified REOy catalysts. In addition to the differ-
ence inionic radius, lattice distortion is also strongly associ-
ated with the temperature adopted for catalyst calcination
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(25, 89). Hence, we chose 900°C (which is near the melt-
ing point of SrCl,) to calcine the catalysts for the maxi-
mal structural defects formation. The extent of ionic ex-
changes would determine the defect density and hence the
catalytic activity. The addition of SrCl, modified the surface
and bulk natures of REOy as well as those of SrCl; itself.
As shown in Table 5, the lattices of REOy in the SrCl,-
doped catalysts were enlarged, whereas those of SrCl; in
the three catalysts contracted. The extent of REOy lattice
expansion increased in the order of 30 mol% SrClI,/CeO; <
30 mol% SrCl,/PrO4 g3 < 40 mol% SrCl,/TbO; 75, indicat-
ing that the extent of SrCl; infiltration into the REOy lat-
tices increased according to the above sequence. In con-
trast, the extent of SrCl, lattice shrinking increased in the
order of 30 mol% SrCl,/CeO; < 30 mol% SrCl/PrO; g3 <
40 mol% SrCl,/TbO1 75, implying that the degree of REOy
diffusion into the SrCl, lattice increased in the above order.
Working on the Ba- and Cl-doped Sm,Sn,O; pyrochlore
catalysts for OCM reactions, Roger et al. (90) pointed out
that the O-Ba—Cl species formed in the process of catalyst
preparation are responsible for the good catalytic perfor-
mance of the doped catalysts. Similarly, due to the existence
of ionic exchanges or substitutions between the SrCl, and
REOy phases, it is reasonable to consider the formation
of the O-Sr—Cl, CI-Sr—-RE-CI, O-Sr—-RE-CI or O-RE-CI
species in the SrCl,-doped REOy catalysts. The difference
in C,Hg conversion and C,H, selectivity might be associated
with the distortions of the SrCl, and REOy lattices. There-
fore, it is understandable that the catalytic performance fol-
lows the sequence 40 mol% SrCl,/TbO; 75 (which contained
the highest amounts of SrCl, in ThO;7 and of TbOj 75
in SrCl,) > 30 mol% SrCl,/PrOq g3 > 30 mol% SrCl,/CeO,
(which contained the lowest amounts of SrCl, in CeO, and
of CeO; in SrCl,). One, however, cannot deny the possible
role(s) of PrOCI and/or TbOCI phase in the enhancement
of catalytic performance.

Enhancement in RE lon Redox Ability

After investigating PrO; g3 and ThOj 75 for the OCM re-
action, Gaffney et al. (35) attributed the higher reactivity of
the nonstoichiometric oxides to three factors: (i) rapid in-
terconversion of oxidation states (RE** < RE**), (ii) rapid
diffusion of O, in the bulk, and (iii) high RE**/RE** oxida-
tion potentials. They also pointed out that the formation of
defective PrOy g3_5 structure, a result of the migration of a
substantial amount of sodium into the lanthanide oxide lat-
tice, promotes the redox behavior of Pr**/Pr®* and thus en-
hances the regeneration of active species. Among the higher
oxides of Ce, Pr, and Th, the most oxidized form (mainly
+4 oxidation state) in each case is the fluorite dioxide:
CeO,, ProO,, and TbOQ. Each PrgO11 (Pl’ol_33) and Tb407
(TbO1.75) molecule could be considered to be composed of
4PrO; + Pr;O3 (PrOysp) and 2TbO; + Th;O3 (TbO1 50),
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respectively. PrO;g3 and TbO;75 are oxygen-deficient
fluorite-related structures because PrO; 50_s and TbO159_5
contain one-fourth intrinsic oxygen vacancy (91). After re-
duction in a H, flow, respectively, at 900, 550, and 650°C
(92), the three dioxides could be converted to CeOj s,
PrO;5, and ThOy 50 (mainly +3 oxidation state). In con-
trast, they are easily oxidized to the thermodynamically
stable REO, form at lower temperatures, even at room
temperature. For hydrocarbon oxidation reactions, the sta-
bilization of RE3* moieties in the catalyst would result in
an enhanced activity of the catalyst because a number of
oxygen vacancies have become available due to RE3* for-
mation. Therefore, a suitable RE**/RE3" ratio is required
for the three reducible rare earth oxides to be effective
oxidation catalysts. It can be achieved by incorporating
some aliovalent metal ions (Sr**) into the lattice of the
parent oxide (REOy). DeBoy and Hicks (93) interpreted
the higher CH,4 conversion and the lower C,, selectivity
over PrOy as due to the presence of Pr** species. Poirier
et al. (36) believed that doping Li to PrOy suppressed the
formation of Pr** ions; this would be associated with the
mobile oxygen responsible for the surface oxidation of CH,4
as in the cases of CeO; and TbOj 75 reported by Campbell
et al. (45). Baronetti et al. (94) pointed out that the sur-
face PrOy species with higher oxidation states (PrO; and
PrO;g3 which contain more Pr*+ ions) are active for the
formation of COy, whereas the more reduced PrOy species
(which contain more Pr®* ions) are responsible for the en-
hancement in C,_, selectivity. Although there are RE** and
RE3* ions in REO,, the partial substitution of Cl~ ions
for RE*" ions to a certain extent would regulate the
RE**/RE®" ratio in the SrCl,-doped REO catalysts suit-
able for the ODE reaction. XPS is a common spectroscopic
technique for the determination of the oxidation state of RE
in REOy. The RE 3d or RE 4d spectra are characterized by
complex but distinct features that are related to the final
state of the RE 4f level (53, 56, 95-99). According to the
results of XPS studies (Fig. 5), after SrCl, doping, there is
a remarkable increase in RE3* concentrations in the three
catalysts. This indicates that the infiltration of SrCl, into
the REOy lattice enhances the presence of the trivalent RE
ions. With the rise in H; reduction temperature from 500 to
900°C, the RE®** contents augmented, demonstrating that
certain amount of RE** ions had been reduced to RE3*. The
color change of the samples during reduction is an indirect
evidence for the increase in RE®* content. In other words,
the addition of SrCl, promotes the RE**—RE3* action.

Oxygen Activation and Lattice Oxygen Activity

Previously, we reported the detection of trapped elec-
trons in the SrF; (22), BaCl, (25), SrCl, (26), or BaF;
(22, 25, 27)-doped trivalent rare earth oxide (Ln,O3) or
oxyhalide (LnOX) catalysts after treatments in H, or
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C;Hg at a certain temperature; over these catalysts after
treatments in O,, we also detected O~ species. Indeed, on
the basis of electroneutrality principle, the intersubstitu-
tions between anionic ions and between cationic ions of
alkaline earth halides (MX5) and rare earth oxides or oxy-
halides (with an invariable oxidation state) would cause the
generation of trapped electrons in the O-M-X, O-Ln-X,
X-M-Ln-X, and/or O-M-Ln-X species. The activation of
oxygen might occur via getting electrons (erg) that are re-
leased in the conversion of RE3* to RE**:

0,(g) =¥ O; (ads) ¥ 02~ (ads) < 20~ (ads)
2eRre
=1 207 (ads) < 20%;, [1]

lattice*

For SrCl,-doped REOy, however, trapped electrons could
be generated in the CI-Sr—RE-Cl and O-Sr—RE-CI species.
We speculate that, in addition to the above process, the acti-
vation of oxygen could also proceed by picking up trapped
electrons (erap):

€trap

0:(9) % 05 (ads) -’ 02~ (ads) < 20~ (ads)

Ctrap

= 20% (ads) < 207, [2]

lattice*

The obvious enhancement in ODE performance over the
SrCl,-doped REOy catalysts might be associated with the
combinatory activation of gas-phase oxygen molecules via
both pathways [1] and [2].

As observed in the O,-TPD studies (Fig. 8), desorptions
at lower temperatures (600-760°C for CeQ,, 200-500°C
for PrOy g3, and 300-500°C for ThO; 75) were due to sur-
face oxygen adspecies, whereas those at higher temper-
atures (760-900°C for CeO,, 600-900°C for PrO; g3, and
550-800°C for ThO; 75) were due to lattice O?~. Such an
assignment was confirmed by the results of O 1s XPS stud-
ies (Fig. 6). SrCl, doping lowers the desorption tempera-
tures and increases the extent of lattice oxygen desorption
(Figs. 8d-8f), an indication of the enhancements in lattice
O?~ activity. On the other hand, from the relative intensi-
ties of the desorption peaks due to oxygen adspecies (O™,
03~ and/or O;), one can deduce that the addition of SrCl,
has regulated the amounts and distribution of these surface
oxygen adspecies, especially on the Ce- and Pr-containing
catalysts. During the reduction processes of the catalysts, in
addition to the removal of oxygen adspecies, the removal
of bulk oxide ions proceeds via either inward diffusion of
H, from the surface to the bulk or outward diffusion of
0% from the bulk to the surface. Apparently, the activ-
ity of lattice O?~ and oxygen vacancy density in the cat-
alysts have direct influences on such a reduction process.
Harrison et al. (100) pointed out that the doping of triva-
lent cation into a CeO, lattice could generate anion va-
cancies and trivalent cerium ions, leading to an increase
in electrical conduction (101). Similarly, the accommoda-
tion of Sr’* ions by ionic exchanges in the REO, lattice
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would also enhance the electrical conductivity since there
are more RE®** jons in the SrCl,/REO, catalysts (based on
XPS results). It has been revealed that the electrical con-
ductivity of REOy at high temperatures increases in the
order of CeO; < ThO;.75 < PrO3 g3 (102), signaling a sim-
ilar trend for the enhancement in the mobility of lattice
O?~. Asillustrated in the TPR studies (Fig. 9), the amount
of oxygen reducible by H, increased with the addition of
SrCl,, and the order is 40 mol% SrCl,/TbO; 75 > 30 mol%
SrC|2/Prol_83 > 30 mol% SrCI2/C602 >PrOig3> Tb01.75 >
CeO,. The order for 40 mol% SrCl,/TbhO1 75 and 30 mol%
SrCl,/PrOq g3 might be associated with the fact that the
amount of PrOCI formed in SrCl,-doped PrO; g3 is larger
than that of TbOCI in SrCl,-doped ThO1 75 (Table 3). Long
et al. (46) reported a similar relative intensity of PrOF and
TbOF phases in the XRD investigation of BaF,-promoted
PrOj g3 or TbO; 75. Furthermore, the doping of SrCl, low-
ers the reduction temperatures of lattice oxygen in REOy
(Figs. 9d-9f); this might be related to the formation of de-
fective structures induced in SrCl, modification. Similar ef-
fects have been reported in other doped CeO; systems (76,
103-106). In the experiments of C;Hg-pulsing onto the 20,-
treated catalysts, the detection of H,'®0, *OH, and 20
demonstrates the involvement of lattice oxygen in the re-
action of CyHg; the much higher intensities of these species
obtained over SrCl,-doped PrO; g3 or ThO; 75 compared to
those over SrCl,-doped CeQO; are an indication that the ac-
tivity of lattice oxygen in the former two catalysts is much
higher than that in the latter catalyst, coinciding with the se-
quence of reducibility sequence of the three catalysts. From
the results of O 1s XPS studies (Fig. 6), one can realize that
in addition to lattice O%~, there were O~, O3~ or O; species
detected on the catalysts after He treatment at room tem-
perature (Figs. 6la—6111a and 6la'-6111a"); but with the in-
crease in Hj treatment temperature, the oxygen adspecies
signals disappeared, indicating that they had reacted with
H,. The generation of O~, O%~, or O, species might be a
result of the gaseous O, picking up electrons from RE**
ions which are then oxidized to RE** ions.

As illustrated in the results of in situ Raman studies on
CeO; and 30 mol% SrCl,/CeO, (Fig. 7), the addition of
SrCl, noticeably increased the concentrations of O3~ and
O; adspecies [which are generally believed to be active for
the selective oxidation of C,Hg to C,H, (22-27, 39-41)],
indicating that SrClI, doping promoted O activation over
CeO,. Considering that the defect properties of SrCly/
PrO; g3 and SrCl,/ThOy 75 are similar to that of SrCl,/CeO,
and their defect densities are considerably higher, it can be
inferred that the concentrations of O3~ and/or O, adspecies
on the SrCl,-doped PrO; g3 and ThO; 75 catalysts are higher
than those on SrCl,/CeO; and on their undoped counter-
parts. After SrCl, doping into PrO; g3 and ThOj 75, there
was a significant decrease in the total amount of oxygen
adspecies (O™, Oi‘, and/or O;) [O,-TPD (Fig. 8) and TPR
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(Fig. 9) studies]; we hence deduce that the relative concen-
tration of O~ adspecies diminished after SrCl, doping. Dur-
ing oxygen chemisorption, O~ and O, adspecies are usually
formed concomitantly and O~ could transform to O3, O,
and/or O?~ under certain conditions (107). The reactivity of
mono- and polynuclear oxygen species toward light hydro-
carbons decreases in the order of O~ > 03~ > O, > 0%~
(108-113). Due to the highly reactive property, O~ species
tend to induce the deep oxidation of ethane and ethene (25,
26, 41, 42). It is clear that besides promoting lattice oxygen
activity (thus strengthening the C,Hs-selective oxidation
ability), adding SrCl, to REOy increased the concentration
of surface oxygen adspecies on 30 mol% SrCl,/CeO; (thus
improving oxygen activation) and decreased the popula-
tions of surface O~ adspecies on 30 mol% SrCl,/PrO; g3
and 40 mol% SrCl,/TbO1 75 (thus reducing C;Hg and CyH4
deep oxidation reactions). Hence, SrCl, regulated the sur-
face and bulk properties of REOy, rendering them suitable
for the selective oxidation of CoHg to CoH4. As revealed by
the data in Table 1 and Fig. 1, the C,H, selectivity followed
the order SrCl,/TbO1 75 > SrCl,/PrO4 g3 > SrCl,/CeO,. Tak-
ing as well the C,Hg conversion into consideration, the cata-
lytic performance followed the sequence of SrCl,/TbO; 75
> SrCl,/PrO; g3 > SrCl,/CeQ,. Therefore, we suggest that
05~ and O, species are selective for the oxidation of C,Hs
to C,H4, whereas in excessive amount, the O~ species are
relatively more active for the deep oxidation of C,Hg.

CONCLUSIONS

The results show that the doping of SrCl, to REOy
could noticeably reduce C,H, deep oxidation and hence
improve C,H, selectivity and C,Hg conversion in ODE
reactions. The catalytic performance follows the order of
30 mol% SrCl,/CeO; < 30 mol% SrCl,/PrO; gz < 40 mol%
SrCl,/TbOq 75. The leaching of chlorine was modest in the
latter two catalysts. However, significant chlorine loss was
observed over the first catalyst. Within a period of 60 h on-
stream reaction, the SrCl,-promoted PrO; g3 and TbOj 75
catalysts exhibited stable performance, giving C,Hg con-
version, C,H, selectivity, and C,H, yield of ca. 79, 71, and
57% for the former and of ca. 83, 76, and 63% for the latter,
respectively, at 660°C and 1.67 x 10~*h g mL~%. From XPS
and chemical analyses, it is observed that the CI~ ions were
evenly distributed in 30 mol% SrCl,/PrO; g3 and 40 mol%
SrCl,/TbO1 75, whereas that was not the case in 30 mol%
SrCl,/CeO,. XPS investigations on the Ce 3d, Pr 3d, and
Tb 4d levels illustrate that RE3* and RE** ions coexist in
the SrCl,-doped catalysts and SrCl, doping causes the RE>*+
concentration to increase, promoting interconversion be-
tween RE®* and RE*" ions as a result. The results of O,-
TPD and TPR studies reveal that the addition of SrCl, to
REO, enhances O, activation and promotes lattice O~ ac-
tivity. We believe that these properties are closely related to
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the defects generated due to interexchange of ions between
the SrCl, and the REOy phases. From the XRD results,
it has been found that, of the three SrCl,-doped catalysts,
40 mol% SrCl,/TbO, 75 possessed a cubic TbO; 75 lattice
most significantly enlarged and a SrCl, lattice most pro-
nouncedly shrunk. In situ Raman results indicate that there
were Og‘ and O; adspecies on the 30 mol% SrCl,/CeO,
catalyst. O 1s XPS studies revealed that there were O~,
03~ and/or O, species over REOy, 30 mol% SrCl,/CeO,,
30 mol% SrC|2/Pr01.33, and 40 mol% SrC|2/PI'Oll75, with
concentrations varied from catalyst to catalyst. On the ba-
sis of the results of in situ Raman, XPS, O,-TPD, TPR, and
180,- and C,Hg-pulsing studies, we suggest that O3~ and
O, as well as surface lattice O>~ species are responsible
for the selective oxidation of ethane to ethene, whereas in
excessive amount, the O~ species are likely to induce the
deep oxidation of ethane.
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