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The catalytic performance and characterization of perovskite-
type halo-oxide La;_4xSrxFeOs;_sX, (X=F, Cl) as well as La;_x
SryFeO3_s (x=0-0.8) for the oxidative dehydrogenation of ethane
(ODE) to ethene have been investigated. XRD results indicate that
the catalysts had oxygen-deficient perovskite structures and TGA
results demonstrated that the F- and Cl-doped perovskites were
thermally stable. Under the reaction conditions of C;Hg/O2/N2 =
2/1/3.7, temperature =660°C, and space velocity = 6000 mL h~!
g™, CoHg conversion, CoH, selectivity, and CyH,4 yield were, re-
spectively, 55.3, 45.1, and 24.9% over LageSro4FeOs_o048; 76.8,
62.1, and 47.7% over Lag gSro.oFe03_g103F0.216; and 84.4, 68.4, and
57.6% over Lag gSro.4Fe03_0.103Clo.164. Over the two halo-oxide cata-
lysts, with an increase in space velocity, Co,Hg conversion decreased,
whereas CyHy selectivity increased. Both Lag gSro2FeO3_0.103F0.216
and Lag gSro.4Fe03_0.103Clo.164 Were durable within 40 h of onstream
ODE reaction. XPS results suggested that the presence of halide
ions in the perovskite lattices promotes lattice oxygen mobility. It
is apparent that the inclusion of F~ or CI~ ions in La;_xSrxFeO3_;
can reduce the deep oxidation of CoH, and thus enhance CyH4
selectivity. Based on the results of O,-TPD and TPR studies, we
suggest that the oxygen species that desorbed at temperatures
ranging from 590 to 700°C over the Lag gSro2FeOs_0.103F0.216 and
Lap 6Sro4Fe03-0.103Clo.164 Catalysts are active for the selective oxi-
dation of ethane to ethene. By regulating the oxygen vacancy density
and the oxidation states of B-site cations by implanting halide ions
into oxygen vacancies in perovskite-type oxides (ABO3), one may
obtain catalysts that are durable and selective for the ODE reaction.
(© 2000 Academic Press
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INTRODUCTION

The oxidative coupling of methane (OCM) and the oxida-
tive dehydrogenation of ethane (ODE) are two important
reactions in the utilization of natural gas. As a secondary
step in the OCM process, the ODE reaction has been inten-
sively studied. Efforts have been focused on the develop-
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ment of tailormade catalysts. In addition to alkaline earth
oxides (1, 2), rare earth oxides (3, 4), and transition metal
oxides (5-7), perovskite-type oxides (ABO3) have also been
reported to be catalytically effective. After investigating
the catalytic performance of CaTi;_xFexO3;_5 (0<x=<0.4)
and SrTi;_xFexO3_s (0<x=<1.0) for the ODE reaction,
Hayakawa et al. (8) found that the latter showed higher
C,H, selectivity than the former. Recently, they reported
the catalytic activities of SrFeO3;_5 and La; SryFeO3_;
(0<x<1.0) (9). At 650°C, with a C;Hg/O, molar ratio of
1/1 and space velocity of 7000 mL h~1g~1, C,Hg conversion,
C,H, selectivity, and C,H, yield were 87, 43, and 37%, re-
spectively, over SrFeO3_s.

Previously, we characterized and reported the BaO- and
BaX; (X=F, Cl, Br)-promoted Ln,O3 (Lh=Ho and Y)
catalysts for the ODE reaction (10-12). We detected the
occurrence of ionic substitutions between Ba?* and Ln®*
and/or X~ and O?%~ ions in these BaO- and BaX,-modified
rare earth oxide catalysts. Lattice defects generated in these
catalysts, such as trapped electrons and charge-deficient
oxygen, are favorable for the activation of gaseous oxygen
molecules, a key step in the conversion of C,Hg to CoHa.
We also found that the addition of halides to the rare earth
oxides could reduce the deep oxidation of C,Hg and C,Ha.

Perovskite-type oxides, ABO3, are chemically and me-
chanically stable. They may provide a surface with large
oxygen capacity for oxidative reactions (13, 14). In these
materials, the substitution of A- and/or B-site cations with
foreign metal cations would give rise to the modification of
catalytic properties. Doping with lower-valence cations to
the A site would result either in an increase in the oxidation
states of B-site cations or in the formation of oxygen vacan-
cies (15). For instance, with an increase in strontium con-
tent, the catalytic performance of La;_xSrkMO3_s (M = Co,
Cr, Fe, Mn) perovskites increased for the CO oxidation re-
action (16, 17). Oxygen vacancies and the coexistence of
multivalent B-site cations induced by A-site substitution
played important roles in the complete oxidation of am-
monia (15), carbon monoxide (16-18), and hydrocarbons
(19). We envisage that by embedding halide ions in the lat-
tice of perovskite-type oxides, we could convert these deep
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oxidation materials to selective catalysts for the ODE reac-
tion. Putting the idea into practice, we have designed and
prepared a novel class of halide-incorporated perovskite-
type oxides, Lal_xerB1_yB/y03_L;XLT (B, B'=Fe, Co, Ni,
Cu, Mn; X=F, CI; x=0-1; y=0-1), and found that
they performed well for the oxidative dehydrogenation of
ethane. In this paper, we present the catalytic performance
and characterization of La;_xSrcFeO3;_;X, (X=F, Cl) and
La;_SryFeOs3_; (for comparison purposes) catalysts for the
ODE reaction.

EXPERIMENTAL

The catalysts were prepared by adopting the method
of citric acid complexing (20). La(NO3)3;-6H,0O (Sigma,
>99.0%), Sr(NOs), (Fluka, >99%), and Fe(NO3)s3- 6H,0
(Acros, >99%) (for La;_xSrxFeOs;_s) or LaFz (Acros,
>99.0%; or LaCl;-6H,0, Sigma, >99.9%), Sr(NOs3);
(Fluka, >99%), and Fe(NO3)3-6H,0O (Acros, >99%) (for
La;_xSrkFeO3;_sX,) were mixed in aqueous solution at
the desired stoichiometric ratio. Citric acid (monohydrate,
Aldrich, >99.0%) equimolar to the metals was added. The
solution was then evaporated at 70°C to produce a vis-
cous syrup. After subsequent evaporation at 100°C for 5 h
and calcination at 950°C for 10 h, the material was in turn
ground, pressed, crushed, and sieved to a size range of 40—
80 mesh.

The activity measurement was performed at atmospheric
pressure with 0.5 g of the catalyst being placed in a fixed-bed
qguartz microreactor (i.d. =4 mm). The reaction tempera-
tures ranged from 520 to 660°C at 20°C intervals. A mixture
of ethane and air was passed through the microreactor. The
flow rate was regulated with a mass flow controller. It was
14.8 mL min~* for ethane and 35.2 mL min~* for air, giving
aspace velocity of 6000 mL h~* gt and a C,H¢/O, molar ra-
tio of 2/1. The product mixture (C,Hg, C2H4, CH4, CO, and
COy) was determined on-line with a gas chromatograph
(Shimadzu 8A TCD) with Porapak Q and 5A Molecular
Sieve columns. For the variation of space velocity, the cata-
lyst mass was varied at a fixed flow rate of 50 mL min~!.

The phase compositions of the catalysts were determined
with an X-ray diffractometer (XRD, D-MAX, Rigaku)
operating at 40 kV and 200 mA using CuKa radiation
filtered with a graphite monochromator. The patterns
recorded were referred to the powder diffraction files—
PDF-2 Database for the identification of crystal structures.
X-ray photoelectron spectroscopy (XPS, Leybold Heraeus-
Shengyang SKL-12) was used to determine the O 1s bind-
ing energy of surface oxygen species. Before XPS measure-
ments, the samples were calcined in O, (flow rate, 20 mL
min~1) at 850°C for 1 h and then cooled in O, to room
temperature, followed by treatments in He (20 mL min~1)
at 400 and 560°C for 1 h, respectively, and then cooling in
He to room temperature. The treated samples were then
outgassed in the primary vacuum chamber at 10~° Torr for

0.5 hand introduced into the ultrahigh vacuum chamber for
recording. The C 1s line at 284.6 eV was taken as a reference
for binding energy calibration. The specific surface areas of
the catalysts were measured using a Nova 1200 apparatus.

Thermogravimetric analysis (TGA) was carried out on
a thermal analyzer (Shimadzu DT-40) containing an elec-
trobalance. The sample (10 mg) was kept in a flow of nitro-
gen (20 mL min~!) and heated from room temperature to
900°C at the rate of 20°C min~1. Before performing a TGA
experiment, the sample was reduced in a 7% H;-93% N
(v/v) mixture (50 mL min~t) at 560°C for 0.5 h and then
evacuated in situ at 850°C for 1 h and finally cooled in O,
(20 mL min~1) to room temperature. Such treatment was to
guarantee that the adsorbed CO, and H,O were removed
from the sample.

For the O,-TPD (temperature-programmed desorption)
studies, the samples (0.5 g) were placed in the middle of
a quartz microreactor of 4-mm i.d. The outlet gases were
analyzed on-line by mass spectrometry (HP G1800A). The
heating rate was 10°C min~! and the temperature range was
30to0 850°C. Before an O,-TPD experiment, the sample was
evacuated in situ at 850°C for 1 h and then calcined at the
same temperature for 1 h under an oxygen flow of 20 mL
min~?, followed by cooling in oxygen to room temperature
and helium purging (20 mL min~1) for 1 h.

Temperature-programmed reduction (TPR) was con-
ducted by using a 7% H»-93% N, (v/v) mixture. The flow
rate of the carrier gas was 50 mL min~! and a thermal con-
ductivity detector was used. The amount of the sample used
was 0.2 g and the heating rate was 10°C min~?. Before per-
forming a TPR experiment, the sample was first calcined in
situ at 850°C for 1 h under an oxygen flow of 15 mL min~%,
followed by cooling in oxygen to room temperature.

We performed pulse experiments to investigate the reac-
tivity of surface oxygen species. A catalyst sample (0.2 g)
was placed in a microreactor and was thermally treated at a
desired temperature for 30 min before the pulsing of C,Hg
or C,Hg/O; (2/1 molar ratio) and the effluent was analyzed
on-line with a mass spectrometer (HP G1800A). The pulse
size was 65.7 uL (at 25°C, 1 atm) and He (Hong Kong Oxy-
gen Co., purity > 99.995%) was the carrier gas.

The procedures for analysis of fluorine and chlorine con-
tents in the catalysts were as described previously (21). The
experimental error for halide analysis is + 0.05%. The con-
tent of Fe** was determined by titrating a digested sample
against potassium dichromate in HCI (3 M) with an excess
amount of Mohr’s salt (15). The experimental error for Fe3*
content determination is estimated to be 4+ 1.0%.

RESULTS

Catalyst Structure, Composition, and Surface Area

Table 1 shows the crystal phases, compositions, and sur-
face areas of the perovskite-type oxide and halo-oxide
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TABLE 1

Crystal Structures, Compositions, and Surface Areas of Catalysts

Phase Fe*+t/FeP F or Cl content Surface area
Catalyst composition? (%) (Wt%) 8 o (m2g7h
LaFeOs_; O — — — — 4.40
LaggSro,FeOs_; O 15.8 — 0.021 — 4.34
Lao_esl’o_‘;FEOg,(; (@] 30.5 — 0.048 — 4.06
Lag4SrosFeOs_;s O+ C 45.1 — 0.075 — 4.01
Lag,SrogFeOs_; O+C 58.0 — 0.110 — 3.92
LaFeO3_sF, (e} 3.1 0.95 0.045 0.122 4.20
LaggSro2FeOs_sF, O 21.0 1.75 0.103 0.216 4.02
1.74°
LageSro4FeOs_sF, (e} 37.9 2.01 0.130 0.238 3.91
Lag4SrosFeOs_sF, O+ C 49.1 2.30 0.184 0.259 3.84
Lag2SrogFeOs_sF, O+C 62.2 2.63 0.230 0.282 3.62
LaFeO3_;Cl, (e} 2.6 1.27 0.031 0.088 3.89
LaggSrgFeO;_sCl, (e} 18.9 1.72 0.062 0.114 3.80
LageSro4FeOs_;Cl, O 35.8 2.57 0.103 0.164 3.74
2.58°
Lag4SrosFeOs_;Cl, O+ C 47.2 3.31 0.165 0.202 2.73
Lag»SrggFeO;_sCl, O+ C 61.1 4.38 0.223 0.256 2.29

20, orthorhombic; C, cubic.

b Fe** /Fe ratios were calculated based on the assumption that only Fe*+ and Fe** ions were present in the samples.

¢ After 40 h of onstream ODE reaction.

catalysts. Based on the XRD patterns of the un-
doped and halide-doped perovskites (not shown), we de-
duced that for La;_4SryFeOs_s and La;_4SryFeOs_sX,,
a single-phase (orthorhombic) solid solution existed
when x<0.4, whereas two phases (orthorhombic and
cubic) existed when x>0.6. We also observed that
the crystal structures of the used (after 40 h of
onstream ODE reaction) LaggSro2FeO3_¢.103F0216 and
Lag gSro.4FeO3_0.103Clo.164 catalysts were rather similar to
those of the fresh ones, respectively. From Table 1, one
can realize that with the increase in x value from 0 to 0.8,
Fe**/Fe ratios, halide contents, and § and o values increased
whereas surface areas decreased. These results indicated
that the substitution of Sr for La results in increases in
Fe** concentration and oxygen vacancy. It was observed
that the addition of F~ or Cl~ ions to La;_SrFeOs_;
caused the Fe** concentration to increase. The values of
the four parameters, namely, Fe**/Fe ratio, § and o val-
ues, and surface area of the F-doped catalysts, were higher
than those of the Cl-doped counterparts. One can also
observe that the changes in F content at x=0.2 or ClI
content at x=0.4 in the halide-doped perovskites before
and after 40 h of onstream ODE reaction were insigni-
ficant.

Catalytic Performance

The performance of the undoped and halide-doped per-
ovskite catalysts at 660°C is summarized in Table 2. Over
La;_xSrxFeOs_s (x =0.2-0.8), with the increase in Sr con-
tent, C,Hg conversion increased whereas C,H, selectiv-

ity and C,H, yield reached maximum values of 38.8 and
21.5%, respectively, at x =0.4. The behavior of LaFeO3_s
was rather similar to that of LaggSrgsFeOs_gos. Over
La;_xSrkFeOs_sF, (x=0.2-0.8), with increasing Sr con-
tent, C,Hg conversion and C,H, yield decreased while
C,H, selectivity increased. Among the F-doped catalysts;

TABLE 2

Catalytic Performance of Undoped and Halide-Doped Peroskite-
Type Catalysts for the ODE Reaction under the Conditions of
Temperature = 660°C and Space Velocity = 6000 mL h~1 g1

Selectivity (%)

Conversion (%) Yield (%)

Catalyst C,Hg COxa CH; CoHy CoHy
Quartz sand 5.0 120 0 88.0 44
LaFeOs;_; 54.6 60.1 3.8 36.1 19.7
LaogSro2FeOs-0.021 52.5 67.1 39 282 14.8
LageSro4FeOs_o.048 55.3 575 3.7 388 215
Lag.4SrosFeOs_g.075 61.3 63.6 39 325 19.9
Lap2SrogFeOs_0.110 68.1 67.3 3.6 29.1 19.8
LaFeOs_o.045F0.122 70.6 50.1 6.6 433 30.6
LapgSro2FeOs_0.103F0.216 76.8 306 7.3 621 47.7
LapeSro4FeO3_0.130F0.238 70.6 292 6.6 64.2 45.3
Lap 4SrosFeOs_0.184F0.259 64.4 274 6.5 66.1 42.6
Lap2SrogFeO3_0.230F0.282 58.2 235 7.2 693 40.3
LaFeO3_0,03:Clo.oss 70.1 450 6.1 489 37.7
LaggSro2FeO3_0.062Clo.114 73.2 398 75 527 38.6
Laolesro‘4FEO3,0‘103C|0_164 84.4 271 45 684 57.6
Lag4SrosFeO03_0.165Clo.202 2.7 223 6.6 711 51.7
Lag 2SrogFeO3_0223Clo 256 68.8 21.0 6.2 728 50.1

2COx =CO + COs.
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LaggSro2FeOs_o.103F0.216 performed the best, giving 76.8%
C,Hg conversion, 62.1% C,H,; selectivity, and 47.7%
C,H, yield; for comparison, a LaFeO3_g0sFo.122 sample
showed a much lower C,H, selectivity of 43.3%. Over
La;_xSrxFeO3_sCl, (x=0.2-0.8), with an increase in Sr
content, C,H, selectivity increased whereas C,Hg conver-
sion and C,H,; yield reached maximum values of 84.4
and 57.6%, respectively, at x=0.4; for comparison, a
LaFeOs3_¢031Clo.oss Sample gave a much lower C,H, selec-
tivity of 48.9%. The O, conversions observed over all the
catalysts were 100%.

Figure 1 shows the catalytic performance of LaggSro4
FeOs o048, LaogsSrooFeOs_g103Fo216, and  LageSros
FeOs3_0.1013Clo.164 as a function of reaction temperature at a
space velocity of 6000 mL h=! g=*. With a rise in tempera-
ture from 520 to 660°C, C,Hg conversions and C,Hj, yields
increased over the three catalysts (Fig. 1), CoHg4 selectivities
also increased over the first and third catalysts (Figs. 1a
and 1c), whereas maximum C,H, selectivity (66.4%) was
obtained at 640°C over the second catalyst (Fig. 1b).

Figure 2 shows the performance of the LaggSro»
FeOs_o.103F0.216 and LageSrosFeO3_o.103Clo164 Catalysts at
660°C as related to space velocity. Over the two catalysts,
with an increase in space velocity from 4000 to 10,000 mL
h=1 g, C,He conversion decreased whereas C,H, selectiv-
ity increased. Maximum C;H, yield was reached at 6000 mL
h=! g~! over each catalyst.

From the lifetime studies of the LaggSrqFeO3_g103F0.216
and LaggSrosFeOs 103Clo164 catalysts at 660°C and
6000 mL h~* g~, we observed that over the 40 h of on-
stream ODE reaction, C,Hg conversions, C,H, selectivi-
ties, and C,H, yields changed little over the two catalysts.
In other words, they are stable for the ODE reaction.

Table 3 summarizes the catalytic performance of Lagg
Sro2FeO3_g103F0.216 and LagsSro4FeOs_g103Clo.164 for the
oxidation of C;Hg or C,H,4 at 660°C. One can see that dop-
ing F~ or CI~ ions into perovskite-type oxides results in a
significant decrease in C,H,4 conversion and a substantial
increase in C,Hg conversion. This indicates that inclusion
of F~ or Cl~ ions in perovskites could suppress C,H,4 deep
oxidation.

TGA, XPS, O,-TPD, and TPR Studies

Weight losses of LageSrosFeO3_g.048 LaggSrgFeO3_g.103
Fo.16, and LaggSrg4FeO3_0.103Clo.164 as a function of tem-
perature are listed in Table 4. Weight losses of 0.40 and
0.12 wt% were observed in the temperature ranges 400-
600 and 600-820°C, respectively, for the Lag gSro4 FeO3_g.043
sample. A loss of 0.80 wt% was observed between 530
and 820°C for LaggSrg,FeOs_g103F0216. As for the Lagg
Sro.4FeO3_0.103Clo.164 Sample, there was a loss of 1.30 wt%
between 520 and 820°C.

Figure 3 shows the O 1s spectra of LaggSro4FeO3_o.048,
Lag.gSro.2 FeO3_g.103F0.216, and Lag Sro.4FeO3_g.103Clo.164 Ob-
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FIG. 1. Catalytic performance of (a) LageSrosFeOs_g04s, (D) Lags
Sro2FeO3_0.103F0.216, @and (€) LageSrosFeO3_0.103Clo164 as related to reac-
tion temperature at space velocity = 6000 mL h™ g%, (M) C,H; conver-
sion, (®) C,H, selectivity, (A) C,H, yield, (x) CHy selectivity, (O) COy
selectivity.

tained by XPS measurements. For the LagsSro4FeO3_004s
sample, there were two components at ca. 529.5 and
531.1 eV after the sample was treated in He at 400°C
for 1 h (Fig. 3a). Raising the treatment temperature to
560°C removed the 531.1-eVV component and left behind a
529.5-eV peak. Over the halo-oxide catalysts, two O 1s
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FIG. 2. Catalytic performance of (a) LaggSro2FeOs_o103Fo216 and

(b) LageSrosFeOs_0103Clo1ss as related to space velocity at 660°C.
(M) C,Hg conversion, (#) C,H, selectivity, (A) C,H, yield.

components (at ca. 530.0 and 531.2 eV for the F-doped
catalyst and at ca. 530.2 and 531.4 eV for the Cl-doped cata-
lyst) could be observed after thermal treatment at 400°C
(Figs. 3b and 3c). After thermal treatment at 560°C, only
the 530.1-eV component was left behind (Figs. 3b" and 3¢').
We assign the oxygen species with O 1s binding energy
ranging from 531.0 to 531.5 eV to oxygen adsorbed at sur-
face oxygen vacancies and/or surface hydroxyl groups; the

NG, AND AU

TABLE 4

TGA Results for Lag gSro.4Fe03_g.048, LaggSro2FeO3_g.103F0.216,
and LaggSro.4 FeO3_0.103Clo.164

Catalyst Weight loss (wt%) Temperature range (°C)
Laolesro_4|:603_0.048 0.40 400-600
0.12 600-820
LaggSro2FeO3_0.103F0.216 0.80 530-820
Lao_ssr0_4|:803,0_103c|0_164 1.30 520-820

species with O 1s binding energies of 529.5-530.2 eV are
due to surface O?~ species (15, 22—26). In addition, based
on the results of XPS and chemical analysis, the surface and
bulk halide/oxygen ratios were estimated to be ca. 0.0751/1
and 0.0746/1 for LaggSroFeO3_g103F0.216 and 0.0573/1 and
0.0566/1 for Lag gSro.4FeO3_0.103Clo.164, respectively.

Figure 4 shows the O,-TPD profiles of LageSros
FeOs_ o048, LagsSro2FeOsz_g103Fo216, and  LageSros
FeOs_0103Clo1ss- The profiles of used (after 40 h of
ODE reaction) samples of the latter two catalysts are also
shown. There were three desorption peaks in each profile.
For the Lag gSro.4FeOs3_g.043 Sample (Fig. 4a), the peak at ca.
505°C was the largest; the other two peaks, one stretching
from ca. 600 to 750°C and the other centered at ca. 812°C,
were relatively smaller. For the LaggSro2FeOs_g.103F0.216
sample (Fig. 4b), the first peak was at ca. 597°C, the
second peak was at ca. 695°C, and there was a shoulder
peak at ca. 812°C. The profiles of the fresh and used
fluoro-oxide samples (Fig. 4b") were basically the same
except that the peaks obtained over the used sample
showed a slight shift toward higher temperatures. As
for the LaggSrosFeO3_0.103Clo.164 Sample (Fig. 4c), three
desorption peaks appeared, respectively, at ca. 596°C,
ca. 693°C, and ca. 800°C, with intensities following the
order second peak > first peak > third peak; a shift in peak
position toward higher temperatures was also observed
over the used sample (Fig. 4c"). The similarity in the O,-
TPD profiles of fresh and used F- or Cl-doped perovskite
catalysts indicates that the materials had undergone no

TABLE 3

Catalytic Performance of Lag Sro4FeO3_0.048, Lao gSro2Fe03_0.103F0.216, and Lag sSro 4Fe03-0.103Clo.164 for the
Oxidation of Ethane and Ethene at Temperature = 660°C and Space Velocity = 6000 mL h~1 g1

Oxidation of C,H,?

Oxidation of C,Hg

CoHy COICO;, CiHg CyHy

Catalyst conversion (%) ratio conversion (%) selectivity (%0)
La0_65r0_4F603,0_04g 32.3 1/11.5 55.3 451
Lao_gsro,zFeO3,0_103F0.21e 19.7 1/1.8 76.8 62.1
La0_65r0_4F603,0_103C|0_164 17.8 1/1.1 84.4 68.4

a2 At C,H4/O,/N, molar ratio =2/1/3.7.
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FIG. 3. X-Ray photoelectron spectra of O 1s for samples treated in
a helium flow of 20 mL min~! at 400°C for 1 h (a—-c) and at 560°C for
1h (@—c). (a, &) LageSroaFeOs_oos, (b, b) LapsSro.FeOs g .103Fo.216, (€, C)
LapeSro.sFe03_0.103Clo.164.

significant changes in physicochemical properties during
the 40 h of ODE reaction.

Figure 5 shows the TPR profiles of the fresh Lagg
Sro4FeO3_oos8, LagsSro2FeO3z_g103Fo216, and LageSros
FeO3_0.103Clo.164 catalysts. For comparison, the TPR pro-
files of used (after 40 h of ODE reaction) samples of the
latter two catalysts are also shown. For Lag gSrg.4FeOs_g.048,
a large reduction peak at ca. 448°C and a broad reduction
peak stretching from ca. 508 to 740°C were observed
(Fig. 5a). For each of the halide-doped perovskites, there
were three reduction peaks (Figs. 5b and 5c¢). For Lagg
Sro2FeO3_0.103F0.216, the peak at ca. 665°C was the largest,
that at ca. 585°C was the intermediate, and that at ca. 797°C
was the smallest (Fig. 5b). For a used F-doped sample,
the first two peaks shifted slightly to higher temperatures
(Fig. 5b"). As for LaggSrosFe0s_g103Clo1es4, the largest
reduction peak was at ca. 682°C, the intermediate reduc-
tion peak at ca. 599°C, and the smallest reduction peak at
ca. 790°C (Fig. 5¢). For the peaks obtained over the used
Cl-doped perovskite catalyst, there was a slight shift in the
reduction peaks toward higher temperatures (Fig. 5¢').
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Thermal Treatment and Pulse Studies

Table 5 summarizes the changes in Fe**/Fe ratios in
Lag.Sro.sFeO3_g.048, LaogSro2FeOs_g.103F0.216, and Lag eSros
FeO3_0.103Clo.162 Under various thermal treatments; with a
rise in temperature from 400 to 820°C in a He atmosphere,
the Fe**/Fe ratio decreased from 30.2 to 23.9 mol%, 20.6 to
0.7 mol%, and 35.6 to 1.3 mol%, respectively. By exposing
the treated samples to an oxygen flow of 20 mL min~! at
the same temperature for 30 min, the Fe**/Fe ratios were
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reaction) catalysts. (a) Laovesr0,4FeO3,0,043, (b, b’) La()_gsrg_zFEO3,o_103F0,215,
(c, ¢) LagSro.4Fe03_9.103Clo.16s-
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TABLE 5

Changes in Fe"’*/Fe Ratios in Lag gSro.4Fe03_g.048, LaggSro2FeO3_g.103F0.216, and Lao,55r0,4|:60370,1o3c|0,154 after Thermal
Treatments in He at Temperatures Corresponding to Oxygen Desorptions Illustrated in Fig. 4

Fe**/Fe ratio® (mol%)

Weight loss due to the desorption

Halide content® (wt%) of oxygen species® (wt%)

Catalyst 400°C  560°C  640°C  750°C  820°C 820°C 400°C  560°C  640°C  750°C  820°C

Lao6Sro4FeOs_o.us 30.2 252 250 247 239 — 001 038 040 042 048
(30.4)" (30.1) (29.8) (302)  (30.0)

LaosSro2FeOs_.103 Fos 20.6 207 131 2.2 07 1.72 001 001 027 064  0.69
(20.9)  (21.1) (198) (204) (21.2)

LaoeSros FeO3_010:Clotss  35.6 3v2 279 2.1 13 2.56 001 002 028 119 122
(35.7)  (356) (34.9) (345) (35.2)

3Fe** [Fe ratios were calculated according to the method stated in Table 1.
b Halide contents of the samples thermally treated in He at 820°C for 30 min.

©Weight losses were estimated based on the changes in Fe**/Fe ratio.

dValues in parentheses were obtained after the thermally treated sample was exposed to an oxygen flow of 20 mL min~! at the same temperature

for 30 min.

restored to their former values (Table 1). There was no
change in halide content when the catalysts were heated
in He at 820°C for 30 min. These results indicate that in
an oxygen-deprived atmosphere, the drop in Fe*/Fe ratio
is due to the desorption of oxygen species. Based on the
Fe**/Fe ratios and the nature of oxygen desorption (Fig. 4),
the weight losses due to the desorption of oxygen species
were estimated and are listed in Table 5.

Table 6 summarizes C,Hg conversions and C,H; se-
lectivities when thermally treated LaggSrosFeOs o048,
LaggSro2FeOs_g10sFo216. and  LageSroaFeOs_0103Clo.164
were exposed, respectively, to a C,Hg or C,Hg/O, (molar
ratio = 2/1) pulse at the temperature of thermal treatment.
In the case of pulsing C,Hg, with a rise in treatment
temperature from 500 to 810°C, C,H, selectivity increased
significantly over the three catalysts; C,Hg conversion in-

creased over Lag gSrg 4FeO3_g 048, Whereas C,Hg conversion
attained maximum values of 85.5 and 91.4%, respectively,
over F- and Cl-doped perovskite catalysts thermally
treated at 700°C. In the case of pulsing CoHg/O,, with a rise
in thermal treatment temperature from 500 to 810°C, C,H4
selectivity and C,Hg conversion increased considerably
over the three catalysts. For comparison, we measured the
activities of the three catalysts at 700°C for the reaction
of ethane in the absence of oxygen at a space velocity of
6000 mL h~! g~1. With an increase in reaction time from
5 to 20 min, Cy,Hg conversions decreased rapidly from
10.2 to 5.6% over LaggSrg4FeO3_gg48, from 35.6 to 12.1%
over LaggSrpoFeOs_g103F0216, and from 42.4 to 15.9%
over LaggSro4FeO3_0.103Clo.164, respectively, whereas CoHy
selectivities remained at values higher than 96% over the
three catalysts.

TABLE 6

Catalytic Performance of Lao,esro.4FeO3_0,o43, Lao,gsI’o,zFEOg_o_losFo,zm, and Lao_esro_4F603_o.103 C|o_154 ina CzHe or C2H5/02
Pulse after Thermal Treatment in He at 500, 600, 700, and 810°C for 30 min

500°C? 600°C? 700°C? 810°C*?
CoHg CyH, CyHg CoHy CyHg CoHy CyHg CoHy
conversion selectivity conversion selectivity conversion selectivity conversion selectivity

Catalyst (%) (%) (%) (%) (%) (%) (%) (%)

LageSro4FeO3_0.048 24.6° 4.2 31.3 41.1 32.8 45.2 40.6 90.8
(30.2)¢ (3.8) (35.4) (30.6) (59.1) (51.4) (66.6) (76.1)

LaggSro2FeOs_o.103F0.216 2.2 9.4 43.5 86.4 85.5 94.1 57.8 96.3
(31.1) (50.1) (41.6) (61.7) (80.2) (81.3) (84.6) (87.4)

Lao‘esr0_4F803_0,1036|0.164 1.9 9.8 59.9 88.2 914 96.6 64.8 98.2
(38.3) (40.7) (54.6) (64.4) (86.1) (85.2) (88.6) (91.8)

@ Temperature for thermal treatment and reactant pulsing.
b In a pulse of C;He.

©The values in parentheses were obtained in a pulse of C,Hg/O, (molar ratio = 2/1).
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DISCUSSION

Catalytic Performance and Halide Content

From the data in Table 2, one can observe that with the
introduction of halide ions into perovskites, C,Hg conver-
sion and C,H, selectivity increased significantly. On the
basis of similar specific surface area (Table 1) and con-
sidering the best catalysts in the perovskite series, we
conclude that the order of catalytic performance is Lagg
Sro.4Fe03_0.103Clo.164 > Lag.gSro.2FeO3_g.103F0.216 > L 8o 6Sro.4
FeOs_o.048. With arise in reaction temperature, C,Hg con-
version, C,H, selectivity, and C,H, yield increased (Fig. 1).
It is known that compared with the deep oxidation of
ethane, the ODE reaction consumes a smaller amount of
oxygen, at an oxygen conversion of 100%, C,Hg conversion
and C,Hg selectivity could increase concurrently if ethane
deep oxidation was reduced. Halide doping caused C,H4
conversion to decrease considerably but caused CO/CO,
ratios to increase markedly (Table 3). This indicates that
by embedding the halide ions in the Laj; xSrxFeOs;_;
lattice, one can reduce the deep oxidation of C,H, and
thus increase C,H, selectivity in the ODE reaction. One
should take note that the deep oxidation of C,Hg gives
off much more heat than the ODE reaction. Over the
LaggSrooFeOs_o.103Fo216 and  LagsSresFeO3_0.103Clo.164
catalysts, with an increase in space velocity, CoHg conver-
sion decreased whereas C,H, selectivity increased (Fig. 2).
Similar results were observed over the three catalysts well
dispersed in quartz sand (0.5 g catalyst/5.0 g quartz sand)
under the same conditions, implying that the occurrence
of hot spots on catalyst surfaces is not significant. In other
words, the good performance observed is a result of real
catalysis of the F- or Cl-doped perovskite material.

From Table 2, one sees that for the La; »SryFeO3_s se-
ries, CoHg conversion increased with an increase in oxy-
gen vacancy density induced by the substitution of stron-
tium for lanthanum. The rise in oxygen vacancy density
has been suggested to be beneficial for the deep oxida-
tion of hydrocarbons (19). For the La;_SrFeO3_;sF, and
La;_4SrxFeOs_sCl, catalysts, the halide ions could replace
some of the O~ ions or occupy oxygen vacancies. As shown
in Fig. 6(1), if a F~ or CI~ ion replaces an O%~ ion, to main-
tain electrical neutrality, the oxidation state of an adjacent
iron cation has to drop from Fe** to Fe3*: if a halide ion
occupies an oxygen vacancy [Fig. 6(11)], it would cause the
oxidation state of an adjacent iron cation to rise from Fe3*
to Fe**. From Table 1, one may observe that the introduc-
tion of F~ or Cl~ ions into La;_,SryFeO3_; caused Fe*t/Fe
ratios to increase rather than to decrease, demonstrating
that the halide ions have occupied a certain amount of oxy-
gen vacancies in the form of Fig. 6(11).

With an increase in the extent of Sr/La substitution, the
density of oxygen vacancies increased and C,Hg conversion
also increased whereas C,H, selectivity reached a maxi-
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FIG. 6. Schemataic models of defects in La; «SrxFeOsz_sX, (X=F,
Cl): (1) X~ replacing a lattice O%~ ion, (11) X~ occupying an oxygen vacancy
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mum over the halide-free perovskite catalyst with x=0.4
(Table 1). In the case of the halide-doped perovskites, as
more oxygen vacancies were generated due to Sr substitu-
tion, more halide ions entered the oxygen vacancies and
there was an increase in the Fe**/Fe ratio. C,H, selectivity
increased with augmentation of the o value, whereas C,Hg
conversion reached maximum values of 76.8 and 84.4%,
respectively, over F- and Cl-doped perovskite catalysts
(Table 1). That the rise in oxygen vacancy density facili-
tates the total oxidation of hydrocarbons and the rise in
hypervalent B-site cation concentration is beneficial for the
selective oxidation of hydrocarbons are known (15, 19). The
adjustment of these two opposite effects would generate a
perovskite material with the amount of oxygen vacancies
and hypervalent B-site cations regulated for optimal cata-
lytic performance. By comparing the activity data in Table 2
with the § and o values as well as the Fe**/Fe ratios in Table
1, one may detect that the best-performing catalyst in each
of the three perovskite series exhibits a specific bulk density
of oxygen vacancies and a particular Fe**/Fe ratio. There-
fore, we suggest that the inclusion of F~ or CI~ ions in the
lattice has led to a decrease in the bulk density of oxygen
vacancies and complete oxidation reactions are reduced as
a result.

Since the bulk and surface halide/oxygen ratios of the
halo-oxide catalysts are rather similar, we deduce that the
distributions of halogen on the surface and in the bulk of
the two catalysts are basically uniform. The existence of a
single-phase orthorhombic perovskite LaggSrg2FeO3_0.103
Fo.216 Or LaggSro.4FeOs_0103Clo.164 (Table 1) means that the
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two substances are thermally stable. Furthermore, there
were no significant differences in XRD patterns between
the fresh and used samples (not shown). The halogen con-
tents of the fresh and used (after 40 h of ODE reac-
tion) catalysts were rather similar (Table 1). Lifetime stud-
ies demonstrated that the halo-oxide catalysts were stable
within a period of 40 h. These results suggested that both
Lag.Sro2FeO3_g.103F0.216 and LageSro4FeO3_g.103Clo.164 are
good and durable catalysts for the ODE reaction.

Active Oxygen Species

Over perovskite-type oxide catalysts, oxygen molecules
can be adsorbed readily to form surface oxygen species such
as O,, 05", and O~. Most researchers believe that O~ is the
active species for the complete oxidation of carbon monox-
ide and hydrocarbons, and O? in the lattice is responsi-
ble for the selective oxidation of these substances (18, 19,
27, 28). In the ODE or OCM reaction, however, dioxygen
speciessuchas 05~ (0 <8 <1),0,,05™ (1 <n <2),and O,
(4, 10-12, 29-32) are reported to be selective for ethene or
C,. product generation, whereas monoxygen species such
as O~ are thought to be more prone to induce total oxida-
tion of ethane (12, 33). Obviously, the kinds of oxygen ad-
species and their distribution over the catalyst surfaces have
a direct influence on catalytic performance. For ABO; per-
ovskite materials, the increase in oxygen vacancies would
facilitate the adsorption of gaseous oxygen molecules. The
redox ability of B-site ions can be determined by the oxida-
tion states of the B-site cations. The relative concentration
of B-site cations with various oxidation states can also influ-
ence the catalytic behavior of the perovskites. For example,
the increase in Fe**/Fe ratio in La;_,SryFeO; (x=0-1) is
favorable to the generation of oxygen adspecies (15). If
one could modify perovskite materials to give a suitable
concentration of oxygen vacancies and a desired ratio of
B-site cations, high C,H, selectivity should result.

After analyzing the products formed on exposing UV-
irradiated V,05/SiO; or TiO, to C,Hg, Kaliaguine et al. (34)
pointed out that the reaction of O~ species with C,H;g did
not result in the formation of C,H,4. Aika and Lunsford (35)
suggested that O~ species on MgO functioned as an agent
for abstracting a hydrogen atom from C,Hg to give the ethyl
radical. Although not observed experimentally, such an in-
termediate was suggested to react with O~ species on MgO
to give surface ethoxide (C,HsO™) or to lose another hy-
drogen atom to generate a small amount of C,H,4 at 25°C.
Subsequent decomposition of ethoxide above 300°C pro-
duced a larger amount of C,H,. Based on investigations
on various oxygen species formed on MgO-based catalysts
(35-39), Lunsford et al. concluded that the reactivity of var-
ious oxygen species with hydrocarbons follows the order
O~ 0; » 035~ > 0, > 0. Itis generally accepted that
in the conversion of hydrocarbons, O~ species foment total

oxidation whereas O%~ species induce selective oxidation
(27, 28, 40).

Itis well known that « and 8 desorption peaks are charac-
teristic of O,-TPD chromatograms of most perovskites. The
former is due to oxygen accommodated in oxygen vacancies
(19, 41); this dissociatively adsorbed oxygen is believed to
be responsible for the complete oxidation of hydrocarbons
(27, 28). As for g desorption, the oxygen can be associated
with the partial reduction of B-site cations by lattice oxy-
gen (19), and such oxygen is reckoned to be responsible for
the selective oxidation of hydrocarbons (27, 28). Substitu-
tion of Sr for La leads to an increase in oxygen vacancies,
thus increasing the amount of «-oxygen and strengthen-
ing the ability for complete oxidation. The rise in C,Hg con-
version and the drop in CyH, selectivity with the increase
in x value over Sr-substituted perovskite catalysts (Table 2)
are evidence supporting this viewpoint. However, with the
introduction of halide ions into La; _SryFeO3_s, the dropin
oxygen vacancy density (due to occupation by halide ions)
means a decrease in a-oxygen [this was confirmed by the
fact that the amount of «-oxygen adsorbed on the surface
of LaggSro2FeO3_o103Fo0.216 and LageSro4FeOs_0.103Clo.164
was much less than that on LaggSrosFeOs_o04s (Fig. 3)]
and an increase in selective oxidation ability. From the
XPS results, one realizes that the O 1s binding energy (ca.
530.0 EV) of lattice oxygen in LaggSrg 2FeO3_g.103F0.216 and
Lag gSro.4FeO3_0.103Clp.164 Was ca. 0.5 eV higher than that
(529.5eV) of Lag gSro.4FeO3_g.048 (Fig. 3), indicating that the
bonds between A- or B-site cations and O?~ ions are weak-
ened. Due to the electronegativity of F(4.0) and CI(3.0)
(42), inclusion of F or Cl in La;_xSryFeO3_s would cause
the valence electron density of O~ to decrease and the O
1s binding energy of O%~ to increase (Fig. 3). This means
that the presence of F or Cl in the ABOg; lattice would
weaken the A- and B-site cation—oxygen bonds, making the
lattice oxygen more active. Since Cl~ ions (radius, 181 A)
are larger than O?~ ions (radius, 1.40 A), fixing CI~ ions in
La;_ xSrxFeO3;_s would cause the crystal lattice to enlarge.
(Based on the XRD results, the lattice parameters, a, b,
and c, were estimated to be, respectively, 5.533, 5.554, and
7.834 A for Lag ¢Sro 4FeO3_oogand 5.567,5.576,and 7.865 A
for Lag gSro.4FeO3_0.103Clo.164.) That means the introduction
of CI~ ions would weaken the coulombic force between A-
or B-site cation and O?~ ion. As a result, the mobility of
lattice O?~ increased. In other words, the inclusion of F~ or
ClI~ ions in La;_«SrcFeO3; enhances the mobility of lattice
oxygen. The increase in C,H4 selectivity over halide-doped
perovskite catalysts (Table 2) is supporting evidence for this
point.

As halide leaching was insignificant (Tables 1 and 5), we
consider that the weight losses observed in TGA studies
were due to the desorption of oxygen species. From Table 4,
one may ascribe the weight loss between 400 and 600°C to
the desorption of «-oxygen (19) according to the reaction
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Fe*" + O,

vacancy - Fes+ + %OZv [1]
and those between 520 and 820°C to the desorption of lat-
tice (B) oxygen (15) according to the reaction

2Fe*t + O

lattice Fe3+ + %02' [2]
If all the Fe“* ions in LageSrosFeO3_goss, LaggSroz
FeOs_o.103F0.216, and LageSrosFeO3_103Clo.1e4 Were re-
duced to Fe®* and all the oxygen vacancies were occupied
by dissociatively adsorbed oxygen, the weight losses due
to the desorption of g-oxygen would be 1.10, 0.75, and
1.27 wt%, respectively; that due to the desorption of «-
oxygen would be 0.40 wt% for the first catalyst. Obviously,
the weight losses in the halo-oxide catalysts were quite close
to the predicted values, whereas for the first catalyst, al-
though the weight loss of 0.40 wt% between 400 and 600°C
agreed with the predicted value of «-oxygen, the weight
loss of 0.12 wt% between 600 and 820°C was much less
than the predicted figure (1.10 wt%) for B-oxygen, indi-
cating that the lattice oxygen in LaggSro4FeO3_o048 Was
much less mobile than those in Lag gSrg.FeO3_g 103F0.216 and
Lag eSro4Fe0O3_0103Clo 164. One sees in Table 5 that in the He
atmosphere, there were slight weight losses due to oxygen
desorption at 400°C; most of the dissociatively adsorbed
oxygen species in LageSro4FeO3_o 04 desorbed at 560°C,
resulting in a weight loss of 0.38 wt%, a value rather close
to the theoretical value (0.40 wt%) obtained with reaction
[1]; and there was a noticeable decrease in the Fe**/Fe ra-
tio. Between 560 and 820°C, the Fe**/Fe ratio decreased
only slightly and the weight loss was 0.10 wt%. The re-
sults indicate that the majority of weight loss was due to
desorption of «-oxygen and the lattice oxygen was not mo-
bile in LaggSrg4FeO3_gg45. As for LaggSrg2FeOs_g.103F0.216
and Lag gSrg 4FeO3_0.103Clo 164, however, with an increase in
treatment temperature, the decreases in Fe**/Fe ratio were
significant and the weight losses of 0.69 and 1.22 wt% were
quite close to the values expected (0.75 and 1.27 wt%) from
reaction [2], respectively. The results indicate that the intro-
duction of F~ or Cl~ ions into La;_xSryFeOs_s enhances the
mobility of lattice oxygen. Passing oxygen (20 mL min~t)
over the catalysts that had just been thermally treated in He
restored the Fe**/Fe ratios to the former values (Tables 1
and 5). These results demonstrate that oxygen from the gas
phase had replenished the catalysts with oxygen

0,(g)— O, (ads) — O3 (ads) — O~ (ads)
- 027 (ads) - Olzaztice' [3]

When a C;Hg pulse was introduced to the three catalysts
at 500°C, LaggSro4FeOs_o04s Showed high C,Hg conver-
sion but poor C,H, selectivity, indicating that the «-oxygen
species were answerable for the complete oxidation of C,Hg

and C,H.. At 600 or 700°C, C,Hg conversion and C,H, se-
lectivity in a C,Hg pulse or C,Hg/O, pulse increased sig-
nificantly over the three catalysts, indicating that the g-
oxygen species (i.e., lattice oxygen) were accountable for
the selective oxidation of C,Hg to CoH4. At 810°C in a
C,Hg pulse, C,H,4 selectivity increased remarkably over
LageSrosFeO3_g048; Whereas C,Hg conversion decreased
greatly over the F- and Cl-doped catalysts [the small rise
in C,Hg conversion over Lag gSro4FeOs_g.04g Was due to the
dominance of the selective oxidation reaction (11)], indicat-
ing that at 810°C and in an oxygen-deprived atmosphere,
the amount of oxygen species present on/in the catalysts
was limited. For the reaction of C,Hg at 700°C in an O,-
free atmosphere over the three catalysts, C,Hg conversion
decreased significantly with reaction time due to the grad-
ual consumption of g-oxygen. In a C;Hg/O; pulse at 810°C,
however, C,Hg conversion and C,H, selectivity increased
over the perovskite catalysts, implying that gaseous oxygen
had been transformed into lattice oxygen via reaction [3]
and participated in the selective oxidation of C;Hg to CoHa.

The inclusion of F~ or CI~ ions in La;_xSrxFeO3_s gives
rise to two effects: (i) a decrease in the amount of oxygen
vacancies, i.e., a decrease in «-oxygen; (ii) an increase in
Fe**/Fe ratio, i.e., the promotion of g-oxygen desorption.
As shown in the O,-TPD studies, with the addition of F~
or CI™ ions to La;_4SrkFeOs_s, the a-oxygen peak at ca.
500°C disappeared whereas the g-oxygen peak increased
in intensity (Figs. 4b and 4c). There were two major
desorption peaks within the range 590 to 820°C. They cor-
respond to the lattice oxygen species whose coordination
environments are different due to the inclusion of F~ or CI~
ions in La;_,SrxFeOs_s. Such an assignment is supported
by the fact that only lattice oxygen was present after the
Lag.6Sro.sFeO3_g.048, LaogSro2FeOs_g.103F0.216, and Lag eSros
FeO3_0.103Clo.164 Samples were treated in He at 560°C for
1 h (Figs. 3a'-3c"). It is clear that the concentration and dis-
tribution of oxygen species on/in Lag gSrg2FeO3_¢.103F0.216
and LaggSrgsFe0O3_9103Clo 164 are different from those
on/in LageSro4FeOs_g48. As shown in Table 2 and Fig. 1,
Lag.gSrooFeOs_g103Fo216 and  LageSrosFeO3_o103Clo 164
catalysts exhibited high C,H, selectivities at temperatures
ranging from 520 to 660°C, coinciding with the tem-
peratures for major g-oxygen desorptions (Figs. 4b and
4c). Therefore, we suggest that the oxygen species that
desorbed within the range 590-700°C are the active species
for the selective oxidation of ethane.

Compared with the O,-TPD results (Fig. 4), we know
that the TPR band at ca. 448°C (Fig. 5a) and the two bands
in the ranges 585-600 and 665-682°C (Figs. 5b and 5c)
are due to the reduction of «- and B-oxygen species,
respectively. These results indicate that after the halide
ions are implanted in the perovskite lattice, the amount
of a-oxygen decreases to extinction while the amount of
B-oxygen increases. According to the nature of «- and
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B-oxygen, one can deduce that the oxygen vacancy
density decreased while the Fe**/Fe ratio rose in the halide-
doped perovskite materials. This is in good agreement with
the data in Table 1. The reduction temperatures (Figs. 5b
and 5c) also coincide with the temperatures at which the
catalysts performed well (Fig. 1). The TPR profiles of the
fresh and the used samples (Figs. 5b, 5b’, 5¢, and 5¢’) are
rather similar, indicative of good stability of the perovskite-
type halo-oxide catalysts.

CONCLUSIONS

F- or Cl-doped perovskite-type mixed oxide materials are
good and durable catalysts for the ODE reaction. Halide-
modified La;_xSrxFeO;_sX, catalysts performed much bet-
ter than La;_»SryFeO3_s catalysts. This good performance
was found to be associated with the defect nature induced
by the introduction of halide ions into the perovskites.
Under the reaction conditions—C,Hg/O2/N, =2/1/3.7, re-
action temperature = 660°C, space velocity = 6000 mL h~?
g_l—Laolgsr0.2F603,0‘103F0.216 showed 76.8% C,Hg con-
version, 62.1% C,H, selectivity, and 47.7% C,H, yield,;
Lao_55r0_4|:603_0,103c|o,164 showed 84.4% CoHg conversion,
68.4% C,H, selectivity, and 57.6% C,H, yield. One of the
roles of the added halides is to reduce the deep oxidation
of ethene. Based on the XPS, TPD, and TPR results, we
conclude that lattice oxygen O%~ species are responsible
for the selective oxidation of ethane. Implantation of F~
or Cl™ ions in La;_4xSr«FeO3_s could enhance lattice oxy-
gen mobility and C,H, selectivity. We illustrated that the
regulation of oxygen vacancy density as well as the oxida-
tion state of B-site cations by means of fixing halide ions in
the perovskites could convert these materials into catalysts
selective for the oxidative conversion of ethane to ethene.
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