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The 30 mol% BaO- and 30 mol% BaX,(X =F, Cl, Br)-promoted
Nd,O3 catalysts have been investigated for the oxidative coupling
of methane (OCM). The addition of BaO or BaX; to Nd,O3 could
obviously enhance the catalytic performance. We observed leach-
ing of halide during the OCM reaction. The stability of the halide
ions follows the order: F~ > CI~ > Br~. XRD and Raman results
revealed that the addition of BaO or BaX; has significantly altered
the surface and bulk natures of Nd,Os. The enlargement of Nd,O3
lattice in the BaO- and BaXj-promoted Nd,O3 catalysts was due to
ionic exchange between Ba®>* and Nd®* or X~ and O?~ ions. Raman
results showed that there were dioxygen species such as 03~, 05,
O;,and og— on the surface when BaO or BaX; was added to Nd,Os.
We suggest that the lattice defects generated due to ionic exchanges
could promote the formation of dioxygen adspecies. TPR results
implied that, besides the dioxygen species, there were mono-oxygen
species existing in these catalysts. By pulsing CH, over the cata-
lysts, we found that both dioxygen and mono-oxygen species could
activate CH, at high temperatures and the existence of dioxygen
species could improve the catalytic performance, especially in the
enhancement of C; selectivity and Co;H4/CoHg ratio.  © 1998 Academic

Press

INTRODUCTION

Oxygen species have been studied extensively in cata-
Iytic processes. Depending on the properties of the cata-
lysts, the distribution of oxygen species varies. Osada
et al. have studied the Y,03—CaO catalyst for the OCM re-
action (1). They found that the C,, selectivity at 700°C was
obviously enhanced with increasing Y,0Oj3 contents; they
attributed this to the formation of a solid solution accom-
panying the production of interstitial superoxide ions, O, .
Kaminsky et al. (2) and Au et al. (3, 4) reported that the
addition of Ba®* into Y,03 could create charge-deficient
oxygensites in the Ba/ Y03 catalysts. Auand Zhou have re-
ported that active centres such as trapped electrons and an-

1 To whom correspondence should be addressed. E-mail: pctau@hkbu.
edu.hk.

ionic vacancies could be generated due to ionic exchanges
in SrF,/SmOF catalysts (5, 6) and the adsorption of O, on
these centres would result in the production of O~, 03~, and
O; species. It has been proposed that besides the exchange
between the cations, there was exchange between the F~
and O%~ ions and F~ was playing a role in the modification
of the SmMOF catalyst. The effects of other halide ions on the
catalytic performance of the OCM reaction have been stud-
ied by many researchers (3, 7-9) and F~, CI~ , and Br~ ions
have been reported to show positive effects. In this paper,
we report how the catalytic activity of Nd,Oj3 could be pro-
moted by BaO and BaX (X =F, Cl, Br). The interaction of
surface oxygen species with CH,4 has also been investigated
by means of Raman and CHj-pulse experiments.

EXPERIMENTAL

The BaO/Nd,03, BaCl,/Nd,O3, and BaBr,/Nd,O5 cata-
lysts were prepared by impregnating (with constant heat-
ing and stirring to dryness) commercial Nd,O3 (Sigma
Chemicals, purity >99.99%), respectively, with a solution
of Ba(NO3), (MERCK, purity >99%), BaCl,, and BaBr-.
The BaF,/Nd,O3 catalyst was prepared by grinding the right
amount of BaF, (Beijing Chemicals, purity >98.6%) with
Nd,O3. These catalysts were calcined in air at 800°C for
5 h before being ground, tableted, crushed, and sieved into
40 ~ 80 mesh.

The reactions were carried out with 0.5 g of the cata-
lyst in a fixed-bed quartz flow microreactor (ID =4 mm) at
atmospheric pressure. A thermocouple was used to mea-
sure the reaction temperatures which were ranging from
600 to 800°C at 50° intervals. A mixture of methane (Hong
Kong Oxygen Company, purity 99.5%), air, and nitrogen
was passed through the microreactor. The flow-rate of
each gas was controlled by a mass flow controller and was
8.3mL min~!for methane, 16 mL min~for air, and 25.7 mL
min~*for nitrogen; giving a contact time of 0.6 gsmL ™. The
exit flow rate was 50 mL min~! as indicated by a flowmeter.
The product distribution was determined by a Shimadzu 8A
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TCD gas chromatograph with Porapak Q and 5A molecu-
lar sieve columns. The measurement for catalytic activity
was taken after an on-stream time of 1 h at a particular re-
action temperature. The reaction products were H,O, CO,
COg,, C;Hg, and CyH4. A blank reactor showed no activity
whatsoever below 800°C. The calculations of methane con-
version and selectivity for C, were based on total carbon
balance (3). A carbon balance of 100 4 1% was obtained
for every run over the catalysts.

The experiment of oxygen or methane pulsing was con-
ducted in a flow system connected to a Hewlett—Packard
G1800A GCD mass quadrupole spectrometer. Helium gas
at a flow rate of 10 mL min—! was used as the carrier gas.
Each sample (0.2 g) was pretreated in different conditions
and then purged with He for 15 min before the O,- or CHy-
pulse experiment. The pulse volume of gases was 65.7 uL
(at 25°C, 1 atm).

The specific surface area of catalyst was measured by
means of the BET method. The continuous flow chromato-
graphic technique was adopted with helium as the carrier
gas and nitrogen as the adsorbate. The method was based
on the amount of nitrogen adsorbed at low temperature
(—196°C) and desorbed at higher temperatures.

The phase composition of catalyst before or after the
OCM reaction was determined by a X-ray diffractome-
ter (D-MAX, Rigaku) with Cu K, radiation (1 =1.542 A).
The pattern obtained was referred to the powder diffrac-
tion file—PDF-2 Database for the identification of crystal
structure. X-ray photoelectron spectroscopy (XPS, Leybold
Heraeus-Shengyang SKL-12) was performed to character-
ize the catalyst surface, using Mg K, as the X-ray source.
The binding energies were calibrated to the C Is value
(284.6 eV) of contaminant carbon. Surface compositions
were calculated using the equation

Xi = (A/S) x 100/ 3" (A/S),

where A, is the peak area of XPS signal of element i and S;
is the corresponding atomic sensitivity factor.

Raman experiments were performed using a Nicolet 560
FT Raman spectrometer. The samples were treated in O,
N, Hy, and O; successively at different temperatures and
were monitored at 25°C without being exposed to air.

For the analysis of chlorine or bromine content, the cata-
lyst was first digested in 0.1 M NaOH solution. The re-
sulted solution was neutralized with 2 M HNOj3 solution
and titrated against standardized AgNO; solution using
0.005 M potassium chromate as indicator (10). In fluorine
analysis, the catalyst was dissolved in 6 M HNOj3 and dis-
tilled water was added to make up a solution of 250 mL. The
fluoride ions were detected by an Orion combined fluoride
ion selective electrode 900200. The standard solutions used
for calibration were prepared from sodium fluoride.
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Temperature programmed reduction (TPR) experiments
were conducted using a 7% H»-93% N, (v/v) mixture. The
flow rate was 50 mL min~! and a thermal conductivity de-
tector was used. Sample weight was 200 mg and the heating
rate was 10°C min~L. The catalysts had been treated in O,
at 800°C for 1 h and cool to RT in O, before the TPR ex-
periments were performed.

RESULTS

Catalytic Performances of BaO- and BaX,-Promoted
Nd,Oj3 Catalysts

The catalytic performances (readings were taken 1 h af-
ter temperature stabilization) of the 30 mol% BaO- and
30 mol% BaX,-promoted Nd,O3 catalysts were listed in
Table 1. At 750°C, pure Nd,O3 had a CH, conversion of
28.1% and a C; selectivity of 33.3%; the corresponding C,
yield was 9.4%. When 30 mol% BaO was added to Nd,O3,
CH, conversion, C, selectivity, and C, yield were enhanced
to 35.9, 45.4, and 16.3%, respectively. Further increase in
C, selectivity could be achieved when BaX; was used in-
stead of BaO to promote Nd,O3;. Compared to undoped
Nd,O3, C, selectivity was increased from 33.3 to 50.7%
and CH,4 conversion from 28.1 to 42.4% over the 30 mol%o
BaCl,/Nd,O3 catalyst at 750°C, with the C; yield more than
doubled. Similar promotions were also observed over the
30 mol% BaF,/Nd,O3 and 30 mol% BaBr,/Nd,Oj; catalysts.
The best achievable C, selectivity was 54.2% over 30 mol%
BaF,/Nd,O3 at 700°C. The reaction rate could also be im-
proved to various extents over the BaO- or BaX,-promoted
Nd,Oj3 catalysts.

BET, XRD, and XPS Studies

From Table 2, one can see that the specific surface area of
fresh Nd,O3 was 7.4 m? g—1. When 30 mol% BaO was added
to Nd,Os, the specific surface area decreased to 5.7 m? g2,
When BaX;was used instead of BaO, the area diminished to
2-3m? gL, After 8 h of OCM reaction, the specific surface
areas of the catalysts became even smaller.

The XRD results are listed in Tables 3 and 4. For the
fresh 30 mol% BaO/Nd,Oj3 catalyst, besides the dominant
hexagonal Nd,Oj3 phase, there were the minor orthorhom-
bic «-Ba(OH), and BaCO; phases. It is understandable
because BaO interacts with CO, and H,O in air to form
BaCO3; and Ba(OH),. For the 30 mol% BaF,/Nd,O3 cata-
lyst, there were strong signals of both hexagonal Nd,O3
and cubic BaF,. However, for 30 mol% BaCl,/Nd,O3 and
30 mol% BaBr,/Nd,O3, only weak lines of orthorhombic
BaCl; and monoclinic BaBr, - 2H,0O were detected, respec-
tively, along with the strong lines of hexagonal Nd,Og3. After
8 h of OCM reaction at 800°C, no new phase was produced
in the 30 mol% BaO/Nd,O3z and 30 mol% BaF,/Nd,O3 cata-
lysts. However, in 30 mol% BaCl,/Nd,O3; and 30 mol%
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TABL
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The Catalytic Performances of Nd,O3 and 30 mol% BaO- and 30 mol% BaX,(X =F, Cl and Br)-Promoted Nd,O3 Catalysts

Selectivity (%)

C,H4/CoHg Reaction rate
Catalyst Temp. (°C) Conversion (%) C, COy ratio Yield (%) (102 mol m=2hY)
Nd,O3 600 26.0 27.0 73.0 0.7 7.0 8.06
650 27.6 32.6 67.4 0.9 9.0 8.56
700 27.9 35.9 64.2 1.0 10.0 8.65
750 28.1 33.3 66.7 1.0 9.4 8.71
800 27.2 32.6 67.4 1.6 8.9 8.43
30 mol% BaO/Nd,O3 600 32.6 355 64.5 0.9 11.6 10.5
650 36.0 411 58.9 1.0 14.8 11.6
700 36.0 44.8 55.2 1.0 16.2 11.6
750 35.9 45.4 54.6 12 16.3 11.6
800 317 37.4 62.6 25 11.9 10.2
30 mol% BaF,/Nd,O3 600 27.4 36.2 63.8 0.7 9.9 13.0
650 32.8 50.9 49.1 11 16.7 15.6
700 35.0 54.2 45.9 1.2 18.9 16.6
750 33.8 52.4 47.4 12 17.8 16.1
800 31.8 48.2 51.8 15 15.3 151
30 mol% BaCl,/Nd,O3 600 25.2 22.3 1.7 0.5 5.6 7.07
650 31.0 34.0 66.0 0.8 105 8.68
700 39.7 479 52.1 15 19.0 111
750 42.4 50.7 49.3 2.1 21.5 11.9
800 415 47.0 53.0 3.3 195 11.6
30 mol% BaBr,/Nd,O3 600 28.3 32.0 68.0 11 9.0 7.85
650 35.4 46.3 53.8 1.3 16.4 9.80
700 36.0 47.6 52.4 12 17.1 9.97
750 35.9 46.9 53.1 14 16.8 9.96
800 33.6 41.2 58.9 2.7 13.8 9.30

Note. COy=CO + CO,.

BaBr,/Nd,O3;, new phases of orthorhombic BazCl,CO;
and BazBr,COs; were observed. The relative amount of
BazBr,COs3 in 30 mol% BaBr,/Nd,O3z was more than that
of BasCl4CO3 in 30 mol% BaCl,/Nd,O3. Table 4 lists the
results of lattice parameters of hexagonal Nd,O; in the
30 mol% BaO/Nd,03 and 30 mol% BaX,/Nd,O3 catalysts
measured before and after the OCM reaction. The results
showed that the lattice of hexagonal Nd,O3 had been some-
what enlarged and there were further enlargements during
the 8 h of OCM reaction at 800°C.

TABLE 2

The Surface Areas of 30 mol% BaO- and 30 mol% BaX,-Promoted
Nd,03 Catalysts Measured Before and After the OCM Reaction

Before reaction After reaction

Catalyst m?g™) (m?g~Y)
Nd,O3 7.4 15
30 mol% BaO/Nd,03 5.7 14
30 mol% Ban/Nd203 1.8 0.9
30 mol% BaCl,/Nd,0O3 3.1 1.6
30 mol% BaBr,/Nd,O3 31 1.6

XPS spectra of these catalysts recorded before and after
the OCM reaction showed Nd 3d5/2 peak at ca 981.7 eV
binding energy. The Ba 3d5/2 and O 1s peaks were at ca
779.7 and 531.6 eV, respectively. For the 30 mol% BaX,/
Nd,O3 catalysts, F 1s, Cl 2p3/2, and Br 3d5/2 peaks were,
respectively, at ca 684.1, 198.5, and 68.9 eV. We did not
observe any changes in binding energies of the fluorine,
chlorine, and bromine species that would point to lattice
substitution for O?~ anions. The C 1s spectra showed peaks
of CHy and carbonate at 284.6 and 288.5 eV. After the OCM
reaction, we observed a slight increase in C 1s intensity at
288.5 eV. Table 5 shows the surface composition of halide
measured before and after the OCM reaction. For homoge-
neous distribution of BaX; in Nd,Os3, the Ba/Nd and X/Nd
ratios should be 0.21 and 0.43, respectively. Since we have
higher values of Ba/Nd and X/Nd, we conclude that there
was BaX, accumulated on the surface of Nd,Os. For the
30 mol% BaF,/Nd,Oj; catalyst, the Ba/Nd value decreased
with reaction time. It was 1.3 for the fresh catalyst. After 8 h,
it became 1.0 and was 0.27 at 40 h. Similarly, the F/Nd value
decreased from 4.1 to 0.8 after 8 h and was 0 after 40 h.
The results suggest that infiltration of Ba** and F~ ions
into the Nd,O3 lattice had occurred. As for the 30 mol%
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TABLE 3

The XRD Results of 30 mol% BaO- and 30 mol% BaX,-Promoted Nd,O3 Catalysts

Catalyst

Phases (before OCM)

Phases (after OCM)

30 mol% BaO/Nd,03

30 mol% BanlNdQO;;
Cubic BaF; (s)

30 mol% BaCIz/Nd203

30 mol% BaBrledZO3

Hexagonal Nd,O3 (s)
Orthorhombic a-Ba(OH); (w)
Orthorhombic BaCOs3 (w)

Hexagonal Nd,O3 (s)

Hexagonal Nd,O3 (s)
Orthorhombic BaCl, (w)

Hexagonal Nd,O3 (s)
Monoclinic BaBr; - 2H,0 (w)

Hexagonal Nd,O3 (s)
Orthorhombic «-Ba(OH); (w)
Orthorhombic BaCOj3 (w)

Hexagonal Nd,O3 (s)
Cubic BaF; (s)

Hexagonal Nd,O3 (s)
Orthorhombic BaCl; (w)
Orthorhombic BazClsCO3 (W)

Hexagonal Nd,O3 (s)

Monoclinic BaBr; - 2H,0 (w)
Orthorhombic BazBr,CO; (w)

Note. s, strong; w, weak.

BaCly/Nd,O3; and 30 mol% BaBr,/Nd,O3 catalysts, the
Ba/Nd values decreased, respectively, from 0.60 to 0.59 and
1.40 to 0.92 after 8 h. The corresponding X/Nd values, on
the other hand, increased from 1.0to 1.4 and 1.4 to 1.7. In
other words, during the OCM reaction, Ba?* ions were dif-
fusing into Nd,O3 while CI~ and Br~ ions were migrating
from the bulk to the surface. Also shown in Table 5 are the
comparisons of surface and bulk compositions of halide
ions. For 30 mol% BaF,/Nd,O3, the F~ surface composi-
tion (2.4 wt%) measured at 8 h was much smaller than that
(12.9 wt%) measured before the reaction, although bulk
analysis showed that the total loss of fluorine during the
OCM reaction was only 0.3 wt% (reduced from 4.0 to
3.7 wt%). For the 30 mol% BaCly/Nd,O3; and 30 mol%
BaBr,/Nd,O3 catalysts, it was the other way round. Bulk
analysis showed that the losses during OCM reactions were
1.4 and 4.4 wt%, respectively, whereas surface analysis re-
vealed that the compositions of the halides on the surfaces
were rather similar before and after the reaction.

Effects of BaCl, Loading and Reaction Time on Catalytic
Performance of BaCl,-Promoted Nd,Oj3 Catalysts

Figure 1 shows the variations of CH4 conversion, C;
selectivity, and C; yield at 750 and 800°C over the BaCl,/

Nd,Oj3 catalysts with BaCl, composition ranging from 0 to
95 mol%. From 0 to 30 mol% BaCl, loadings, CH4 con-
version and C; selectivity increased (from ca 30%) to ca
40 and 50%o, respectively, and stayed at these values when
BaCl; loading was above 30 mol%. Optimal C,H4/C,Hg
ratios of ca 5.0 and 12.0 were observed over the catalyst
with 70 mol% BaCl, loading at 750 and 800°C, respecti-
vely.

In order to examine the stability of the 30 mol% BacCl,/
Nd,O3 catalyst, we have done the lifetime experiment of
40 h at 750°C with CH4:O;,: N, =2.47:1:11.4 and contact
time =0.6 g s mL~1. The catalyst was rather stable and CH,4
conversion, C, selectivity, and C; yield stayed at around
40.5, 51.0, and 20.6%, respectively, within the test period.
The C,H4/C,yHg ratio decreased from 2.7 to 2.1 in the first
2 h and remained at around 2.0 thereafter.

Raman Studies

Figure 2 shows the Raman spectra of Nd,Os, 30 mol%
BaO/Nd,0O3 and 30 mol% BaX,/Nd,Oj3 after being treated
in O, at 800°C for 30 min. There was no peak over Nd,O3,
implying that no dioxygen species could be generated on
Nd,Oj3. With the 30 mol% BaO/Nd,O; catalyst, there were
(1) a very strong peak at ca 1042 cm~! and (2) a broad peak

TABLE 4
The Lattice Parameters of Hexagonal Nd,O3 in 30 mol% BaO- and 30 mol% BaX,-Promoted
Nd,03 Catalysts
Lattice parameter (A)
Catalyst Before After
Nd,O3 ap=bp=3.8297 ¢,=5.9987 ap=bp=3.8297 ¢,=5.9987
30 mol% BaO/Nd,0s ap="bo=23.8304 co=6.0004 ap="bo=23.8309 cy=6.0007
30 mol% BaF,/Nd,03 ap=0bp=3.8328 ¢,=6.0013 ap=0bp=23.8332 ¢,=6.0020
30 mol% BaCl,/Nd,O3 ap="hbp=23.8310 ¢y=6.0016 ap="bop=3.8322 ¢y=6.0037
30 mol% BaBr,/Nd,03 ap=hbp=23.8335 ¢(=16.0000 ap=0bp=3.8350 ¢,=6.0019
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FIG.1. The catalytic performance of the BaCl,/Nd,O3 catalysts at
(a) 750 and (b) 800°C related to BaCl, loading. (®) CH, conversion;
(W) C; selectivity; (A) C,yield; (x) CoH4/CoHe.

centred at 1373 cm~! which can be assigned to O, and O3~
(0 < § < 1) species, respectively (5, 6). A weak and narrow
peak at 695 cm™! can be assigned to CO%‘. The detection
of carbonate in the 30 mol% BaO/Nd,Oj3 catalyst is in ac-
cord with the XRD results (Table 3). Compared to the

30 mol% BaO/Nd,O3 catalyst, there were dioxygen species
of lesser amounts on the 30 mol% BaX,/Nd,O3 catalysts.
Although various dioxygen species existed on the surface
of these catalysts, one can observe that the distribution of
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TABLE 5
Surface and Bulk Halide Compositions (wt%) of 30 mol%
BaX,/Nd,0O3 Catalysts
Surface Bulk
Catalyst Halogen Before After? Before After?

30 mol% BaF,/Nd;O3 F 12.9 24 4.0 3.7
30 mol% BaCl,/Nd;03 (¢]] 6.2 6.0 7.0 5.6
30 mol% BaBr,/Nd,O3 Br 17.3 17.9 14.2 9.8

@ After 8 h of OCM reaction at 750°C.

oxygen species differed. For 30 mol% BaF,/Nd,O3, the pro-
file at ca 1000 cm~! was with components at ca 978 and
1050 cm~! and the intensity at 1373 cm~! was very weak,
implying that O2~, O)~, and O, were major dioxygen
species on the surface. For the 30 mol% BaCl,/Nd,O3 cata-
lyst, there were two peaks at 978 and 1050 cm™%, a shoulder
peak at 890 cm ™!, and a weak peak at 1373 cm™, indicating
that there were larger amounts of O, and O, and lesser
amounts of O3~ and O3~ species. Furthermore, relatively

042
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FIG. 2. Raman spectra of the samples after being treated in O, at
800°C for 30 min and cooled to 25°C in O,. (a) Nd;Ogz; (b) 30 mol%
BaBr,/Nd,0O3; (c) 30 mol% BaCl,/Nd,O3; (d) 30 mol% BaF,/Nd,Os;
(e) 30 mol% BaO/Nd,Os.
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speaking, only small amounts of O,~ and O, were observed
over the 30 mol% BaBr,/Nd,O3 catalyst.

In order to study the stability of these dioxygen species,
we treated the catalysts in various conditionsand monitored
their behaviors. When the 30 mol% BaO/Nd,O3 sample
(Fig. 3) was heated in N, at 800°C for 15 min, the intensi-
ties centred at 1042 and 1360 cm~! reduced. Such reduc-
tion could be due to O, desorption. With the diminution of
dioxygen intensities, two peaks at 690 and 1060 cm~! due
to CO3~ emerged. When the sample was treated in H, at
600°C for 15 min, the peaks of dioxygen species diminished
further and the carbonate peaks became more obvious. Fur-
ther reduction at 700°C for another 15 min could cause
the CO§* peaks to disappear, probably due to carbonate
decomposition. The dioxygen species could recover com-
pletely when the reduced sample was heated in O, at 700°C
for 15 min, and a new peak appeared at 845 cm~. Such
frequency matches well with that of lattice O-O stretch-
ing vibration of pure BaO,. We hence assign the peak at
845 cm~ to lattice O—O stretching vibration of BaO,.

1062
136
845 0
£
106 .
0 q

690

Intensity
ﬁ

BaO
BaCO4

A B

1000 1500
Raman Shift (cm 1)

FIG.3. Raman spectra of 30 mol% BaO/Nd,Os. (a) in O; at 800°C
for 30 min; (b) in N at 800°C for 15 min; (c) in H, at 600°C for 15 min;
(d) in Hy at 700°C for 15 min; (e) in O; at 600°C for 15 min; (f) in O, at
700°C for 15 min. Also shown are the Raman spectra of pure BaCO3 and
BaO,.
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FIG. 4. Raman spectra of 30 mol% BaF,/Nd,Os. (a) in O, at 800°C
for 30 min; (b) in N, at 600°C for 15 min; (c) in N, at 800°C for 15 min;
(d) in H at 400°C for 15 min; (e) in H; at 600°C for 15 min; () in O, at
600°C for 15 min; (g) in O, at 800°C for 15 min.

When oxidised 30 mol% BaF,/Nd,Oj3 (Fig. 4) was heated
in N2 at 600°C for 15 min, the peaks of the O3, 0%, O,
and O3S~ species became small. At 800°C in N, for 15 min,
the peaks became even smaller. The results show that part
of the dioxygen species could desorb at high temperatures.
When the sample was reduced in H; at 400°C for 15 min,
the intensities of the dioxygen species did not decrease. At
600°C in H, for 15 min, the dioxygen species were largely
reduced. When the reduced sample was heated in O, at
600°C for 15 min, the peaks of the O3, O, ,and O™ species
recovered, with ng being the exception. O, treatment at
800°C would result in the complete recovery of the dioxy-
gen peaks.

Similarly, the peak intensities of dioxygen species de-
creased when the oxidised 30 mol% BaCl,/Nd,Oz; and
30 mol% BaBr,/Nd,O3; samples were heated in N, at 800°C
for 15 min. The dioxygen species on 30 mol% BaCl,/Nd,O3
and 30 mol% BaBr,/Nd,O3 disappeared when the sam-
ples were heated in H; at 600 and 500°C, respectively. The
dioxygen species could also recover when the catalysts were
heated in O, at 800°C.
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FIG.5. TPR spectra of (a) Nd,Os; (b) 30 mol% BaO/Nd;Os;
(c) 30 mol% BaF,/Nd;O3; (d) 30 mol% BaCl,/Nd;O3; (e) 30 mol%
BaBrled203.

TPR Studies

Figure 5 shows the TPR spectra of the Nd,O3, 30 mol%
BaO/Nd,O3, and 30 mol% BaX,/Nd,O3 catalysts. There
were reducible oxygen speciesin all the samples. For Nd,O3,
there were a weak band ranging from 440 to 600°C and a
strong one from 600 to 750°C. Since the Raman results
indicated that there was no dioxygen species in Nd,O3,
the two peaks should represent reducible oxygen species
other than dioxygen. For 30 mol% BaO/Nd,O3, the amount
of reducible oxygen species was much larger and reduc-
tion started at ca 350°C with bands being observed at ca
480, 640, and above 700°C. For the 30 mol% BaX,/Nd,O3
catalysts, reduction occurred at ca 400°C and carried on
well above 700°C. There were two bands at ca 600 and
720°C in the TPR profile of 30 mol% BaF,/Nd,Os. For the
30 mol% BaCl,/Nd,O3 and 30 mol% BaBr,/Nd,O5 cata-
lysts, reduction started at 420°C and extended to temper-
atures above 750°C. According to the TPR profiles, one
can realize that the amounts of reducible oxygen in the
catalysts decrease in the order of 30 mol% BaO/Nd,O3 >
30 mol% BaF,/Nd>,O3 > 30 mol% BaCl,/Nd>,O3 > 30 mol%
BaBry/Nd,O3 > Nd,Os.

Interaction of CH, with Oxygen Species

Figure 6 shows the Raman spectra when the 30 mol%
BaF,/Nd,Oj3 catalyst was heated in CH, at different tem-
peratures. One can observe that the band centred at ca
1000 cm~* became smaller when the catalyst was heated
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in pure CH,4 at 600°C for 15 min. When treated in CH,4 at
700°C for another 15 min, the band disappeared completely.
The Raman profile could be renewed when the catalyst
was treated in O, at 700°C for 15 min. When the sample
was heated in reaction gas (CH;:O,:N;=2.47:1:11.4) at
750°C and cooled down to room temperature in reaction gas
or N,, peaks were observed within the 850 to 1400 cm™! re-
gion. The results indicate that the dioxygen species were in-
teracting with CH, at 600°C over the 30 mol% BaF,/Nd,O3
catalyst. The extent of interaction increased with tempera-
ture rise. The dioxygen species consumed in the OCM re-
action could be replenished in the presence of gaseous O..

In order to identify the effects of dioxygen species on
the OCM reaction, we removed the dioxygen species from
the catalysts by H,-reduction and pulsed CH, over them.
The results were listed in Table 6. When 65.7 uL of CH,4
was pulsed at 750°C over the Nd,O3 catalyst which had
been treated in O, at 800°C, the CH4 conversion, C, selec-
tivity, and C,H4/C,Hg ratio were 4.5%, 30.0%, and 0.38,

Intensity

1000 1500
Raman Shift (cmi 1)

FIG. 6. Raman spectra of 30 mol% BaF,/Nd,Os. (a) in O, at 800°C
for 30 min; (b) in CH,4 at 600°C for 15 min; (c) in CH,4 at 700°C for 15 min;
(d) in O, at 800°C for 15 min; (e) in reaction gas (CH;:0;:N;=
2.47:1:11.4) at 750°C for 15 min, then cooled down to room tempera-
ture in reaction gas; (f) in reaction gas (CH4:0O,:N;=2.47:1:11.4) at
750°C for 15 min then cooled down to room temperature in Na.
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TABLE 6

The Results of CH,4 Pulse Experiments over BaO- and BaX,-Promoted Nd,O3 Catalysts Treated in O, or H;

Treatment CHy, con. C; selectivitiy C,H4/CoHg Yield COx selectivity

Catalyst condition (%) (%) ratio (%) (%)

Nd,O3 in O, at 800°C 4.5 30.0 0.38 1.4 70.0
in Hy at 600°C 4.7 30.1 0.38 1.4 69.9

30 mol% BaO/Nd,O3 in O, at 800°C 5.8 57.4 2.00 3.3 42.6
in Hy at 700°C 3.6 41.8 0.80 15 58.2

30 mol% BaF,/Nd,O3 in O, at 800°C 6.0 51.2 0.87 3.1 48.8
in Hy at 600°C 4.6 32.7 0.52 15 67.3

30 mol% BaCl,/Nd,03 in O, at 800°C 5.3 715 0.77 3.8 28.5
in Hy at 600°C 45 60.0 0.60 2.7 40.0

30 mol% BaBr,/Nd,03 in O, at 800°C 3.9 60.4 1.20 2.1 39.6
in Hy at 500°C 3.7 50.0 1.00 1.9 50.0

Note. COx=CO + COa.

respectively. Over the Nd,O; catalyst treated in H, at
600°C, there was no obvious change in performance. For the
30 mol% BaO/Nd,0O3 catalyst, however, the values of CH,4
conversion, C, selectivity, and C,H4/C,H;g ratio were 5.8%,
57.4%, and 2.0, respectively, at 750°C over the O,-treated
sample but decreased to 3.6%0, 41.8%, and 0.8, respectively,
over the reduced sample. Similar trends were observed over
the 30 mol% BaF,/Nd,O3, 30 mol% BaCl,/Nd,Os, and
30 mol% BaBr,/Nd,Oj3 catalysts.

O,-Pulsing Studies

In order to have a quantitative estimation of the re-
ducible oxygen in the catalysts, we first reduced the cat-
alyst at a desired temperature and then pulsed O, over it
until there was no observable decrease in O,-pulse size af-
ter passing the catalyst. The viewpoint was based on the
assumption that the amount of O, absorbed should re-

flect the amount of oxygen removed. Table 7 shows the
amount of O, absorbed at 800°C after an O,-treated (800°C,
20 min, followed by cooling in O to 25°C and helium purg-
ing at 25°C) sample was reduced (1 h, followed by He purg-
ing for 20 min) at a desire temperature. Also shown in
Table 7 are the estimated amount of surface oxygen cal-
culated based on the BET surface area (Table 2) and oxy-
gen surface composition (Table 5) of the catalyst. From
Table 7, one can see that, although Nd,O3 showed high sur-
face concentration of oxygen atoms (48.6 xmol g~1), only
21.6 umol g~ could be removed in H,-reduction at 800°C.
The amount of oxygen atoms removed during Hz-reduction
at 600°C was 6.8 umol g~1. In other words, after Hy-
reduction at 600°C, the amount of reducible mono-oxygen
left was 14.8 umol g~*. Although there were no dioxygen
species on the oxidised Nd,O3 sample as indicated by the
Raman result (Fig. 2), 6.8 umol g~* of mono-oxygen could

TABLE 7

A Comparison of the Amount of Surface Oxygen, Total Reducible Oxygen, and Mono-Oxygen
Left After H,-reduction

Mono-oxygen left

Surface O H,-reduction O absorbed after Hp-reduction
Catalyst (wmol g1 temperature (°C) (umol g1) (umol g71)

Nd,O3 48.6 800 21.6 14.8
600 6.8

BaO/Nd,03 34.4 800 55.2 27.4
700 27.8

BaF,/Nd,;O3 8.4 800 38.2 21.0
600 17.2

BaCly/Nd,03 18.4 800 30.2 14.2
600 16.0

BaBr,/Nd,03; 14.4 800 19.2 17.2
500 2.2

Note. The loadings of BaO, BaF,, BaCl,, and BaBr, were 30 mol%. All concentrations are expressed in

umol of oxygen atoms per gram of catalyst.
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be removed during H,-reduction at 600°C. The estimated
surface concentration of BaO/Nd,O3 was 34.4 umol g2
When BaX; was used, instead of BaO, the surface concen-
tration of oxygen atom decreased by more than 50%. The
amount of oxygen atoms removed (in umol g~%) during H,-
reduction at 800°C decreased in the order of BaO/Nd,O3
(55.2) > BaF,/Nd,O3 (38.2) > BaCl,/Nd,O3 (30.2) > Nd,O3
(21.6) > BaBr,/Nd,03(19.2). Compared to the surface con-
centrations of oxygen atoms on the corresponding cata-
lysts, the oxygen removed during H,-reductions at 800°C
from the Nd,Os3;, 30 mol% BaO/Nd,Os;, and 30 mol%
BaX,/Nd,Oj3 catalysts should be from the surface as well as
from the bulk. At lower reduction temperatures (500, 600,
or 700°C), the amounts of oxygen removed were less than
the corresponding surface oxygen detected on the Nd,O3,
30 mol% BaO/Nd,O3, 30 mol% BaCl,/Nd,O3, and 30 mol%o
BaBr,/Nd,O3 catalysts. Compared to the surface concen-
tration of oxygen on 30 mol% BaF,/Nd,Os3 (8.4 umol g1),
the amount of oxygen atoms removed in H,-reduction at
600°C (17.2 umol g~1) was much larger. This is a clear indi-
cation that oxygen atoms could also be removed from the
bulk. After H,-reduction at temperatures with no dioxygen
species being detected in Raman recordings (Figs. 3, 4),
the amounts of reducible mono-oxygen left in the catalysts
ranged from 14.2 to 27.4 umol g~ .

DISCUSSION

Catalytic performance could be improved when 30 mol%
BaO was added to Nd,O3. When 30 mol% BaX,(X =F, Cl,
Br) was used instead, the catalytic performance was even
better (Table 1). The results show that not only the Ba?* ions
but also the halide ions were involved in the promotion of
Nd,O3. Based on the XRD results (Table 4), one can see
that the lattice of hexagonal Nd,O3 enlarged when 30 mol%
BaO or 30 mol% BaX; was added to Nd,Os3. Such lattice
enlargement was due to ionic exchange occurred between
the Ba?" (1.43 A) and Nd** (0.995 A) ions. Kaminsky et al.
have studied the Ba-doped yttria oxidative coupling cata-
lyst and proposed that the active sites were charge-deficient
oxygen created as Ba?* substituted into Y3+ lattice sites (2).
Osada et al. have also reported that ionic exchange between
Ca’* and Y3 would generate active sites for the OCM re-
action in the binary oxides of Y,03;—CaO (1). Compared
to the 30 mol% BaO/Nd,Os; case, the lattice parameters
of hexagonal Nd,O3 in 30 mol% BaX,/Nd,O3; were even
larger, possibly due to exchange between X~ (F~=1.38 A,
Cl-=1.81 A, and Br- =1.95 A) and certain O?~ (1.40 A)
ions. The decrease in coulombic forces after the substitu-
tions would add to the enlargement. The extent of the ionic
exchange between X~ and O~ decreased with the increase
in halide size. Generally speaking, compared to F~ ions,
the CI~ and Br~ ions are less likely to replace O~ ions.
As discussed previously, such ionic exchanges or substitu-
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tions would result in the generation of lattice defects in the
hexagonal Nd,Oj3 phase.

Among the 30 mol% BaX,/Nd,O3 catalysts, the BaCl,-
promoted one showed the best performance; CH,4 conver-
sion of 42.4%, C, selectivity of 50.7%, C, yield of 21.5%,
and C,H4/C;Hg ratio of 2.1 were obtained at 750°C (Fig. 1).
After OCM reaction at 750°C for 40 h, the CH,4 conver-
sion, C; selectivity, C, yield, and C,H4/C,;Hg ratio stayed at
around 40.5, 51.0, 20.6%, and 2.1, respectively; only slight
reductionsin CH4conversion and C,H4/C,Hg ratio were ob-
served. According to the XPS results (Table 5), surface com-
position of F~ ions on 30 mol% BaF,/Nd,O3 decreased from
12.9 to 2.4 wt% in 8 h of reaction time. The composition of
CI~ ions on 30 mol% BaCl,/Nd,O3 decreased only a little,
from 6.2 to 6.0 wt%. Similar to the BaCl,-promoted cata-
lyst, the composition of Br~ ions on 30 mol% BaBr,/Nd,03
only showed very small diminution. However, the results of
chemical analysis revealed that there were losses in halide
content during the OCM reaction (Table 5). The F, Cl,
and Br compositions of the catalysts decreased from 4.0
to 3.7 wt%, 7.0 to 5.6 wt%, and 14.2 to 9.8 wt%, respec-
tively. It is obvious that the F~ ions are more resistant to
leaching than the CI~ or Br~ ions. Halogen loss was due to
CO, and H,0 interactions with halide ions to produce HX
which escaped at high temperatures. Because of the sub-
stantial losses in CI~ and Br~, new phases of BazCl;CO3
and BazBr,CO3; were formed in the 30 mol% BaCl,/Nd,O3
and 30 mol% BaBr,/Nd,O3 catalysts, respectively, during
OCM reaction (Table 3). Since the loss of fluoride ions was
small, BasF4CO3;was not formed. Usually, dopant ions with
smaller ionic radii tend to diffuse into the bulk of the host
crystal while dopant ions with larger ionic radii segregate
to the surface or the near surface region (11). Of the three
halide ions, F~ is the smallest and Br~ is the largest. The F~
ions diffused into the bulk of the catalyst during OCM re-
action, resulted in the decrease in surface F~ composition.
Both CI~ and Br~ions segregated to the surfaces, replen-
ishing the surface with CI~ and Br~ during OCM reaction.
That is why the Br~ and CI~ surface compositions did not
decrease significantly while there were losses in halogens
from the catalysts during the OCM reaction.

Based on the Raman results (Fig. 2), no dioxygen species
existed on the surface of Nd,O3. When 30 mol% BaO was
added, dioxygen species were detected in large quantities
on 30 mol% BaO/Nd,O3. Various dioxygen species existed
on the 30 mol% BaX,/Nd,Oj3 catalysts as well. Nd,O3 lat-
tice enlargement, a result of ionic exchange between the
Nd*+ and Ba?*, as well as X~ and O?~ ions in these cata-
lysts, has been detected by XRD, implying that there were
lattice defects such as anion vacancies, trapped electrons,
and charge-deficient oxygen in the promoted Nd,O3 cata-
lysts. Lattice defects of Y,O3 have been detected by Osada
et al. in the Y,03-CaO catalysts (1). They suggested that
gaseous oxygen could adsorb on these defect sites to form
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electron-deficient oxygen species to be detected by EPR.
Kaminsky et al. (2) found that lattice defects were created
as Ba?" substituted into Y3* lattice sites in Ba/Y,Oj cata-
lysts. These lattice defects could adsorb gaseous oxygen to
form charge-deficient oxygen sites. In our previous stud-
ies, we found that similar substitutions inside the 20 mol%
SrF2/SmOF catalyst would induce the formation of lattice
defects (12). In the 5 mol% Y,03/BaF, catalyst, trapped
electrons and O; ions could be detected by EPR (4). That
trapped electrons on the surface of catalysts could combine
with molecular oxygen to form partially reduced oxygen
species has been suggested by Ito et al. (13) and Wang and
Lunsford (14). In the 30 mol% BaO/Nd,O3 and 30 mol%
BaX,/Nd,O3 catalysts, the formation of dioxygen species
was interpreted as being due to the adsorption of gaseous
oxygen on lattice defect sites. Because there were no such
lattice defects in Nd,Og3, no dioxygen species were formed.

From Figs. 3 and 4, one can see that part of the dioxy-
gen species could desorb when the samples were treated in
N, at 800°C. The oxygen species left on the surfaces were
thermally stable. They could, nevertheless, be reduced by
H, at temperatures ranging from 500 to 700°C. When the
reduced samples were heated in O, at temperatures such as
700 or 800°C, the dioxygen species could be renewed. TPR
results (Fig. 5) showed that there were reducible oxygen
species in these samples after the dioxygen species were
completely reduced. For the 30 mol% BaO/Nd,O3 sample,
there were oxygen species to be reduced well above 700°C.
For the 30 mol% BaX,/Nd,O3 catalysts, there were reduc-
tions above 600°C. Although there was no dioxygen species
on the surface of Nd,Os, there was reducible oxygen. We
hence suggest that besides the Raman-detectable dioxygen,
there were mono-oxygen species such as O~ present to be
reduced by H,.

Although methane can be activated at lower tempera-
tures by certain oxygen species on the surface, it is known
that the OCM reaction generally proceeds at temperatures
above 600°C. At such temperatures, the adsorbed oxygen
species (e.g., 03, 05,05, Og‘, and O™) are capable of ab-
stracting hydrogen from methane to generate methyl rad-
icals. Lunsford et al. suggested that O~ species were the
active centres for the OCM reaction in Lit/MgO catalyst
(15). Aika and Lunsford also reported that CH, could in-
teract with O~ species on the surface of MgO to produce
C,H4and CO; at —130-150°C and C,H, could interact with
O~ species (16, 17). These results showed that O~ species
could be sites for CH, activation. Later, Lunsford et al. de-
tected the existence of O3~ species on the surface of 4 mol%
Ba/MgO catalyst at 800°C by Raman spectroscopy and on
the surface of Lit/MgO catalyst at 750°C by XPS (18, 19).
They suggested that the active centres for OCM were in
fact the OE* species, rather than the O~ species, as sug-
gested before. Otsuka and co-workers have found that C,
hydrocarbon products could be generated at 400°C when
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CHj, reacted with peroxides such as BaO,, SrO,, and Na,O,
and reported that CH, did not interact with O; at such a
low temperature (20). They suggested that 05* were active
oxygen species for the OCM reaction. Korf et al. have re-
ported a synergistic effect between Ca and Ba oxides and
Og‘ was suggested to be the active oxygen species (21).
Osada et al. have studied the Y,03—CaO catalysts for the
OCM reaction; the increase in C, selectivity at 600 and
700°C was attributed to interstitial oxygen ions O, (1).

From Fig. 6, the peaks of dioxygen species on the sur-
face of the 30 mol% BaF,/Nd,O3 catalyst became smaller
when the sample was heated in CH, at 600°C. The peaks
disappeared entirely in CH,4 at 700°C. The results revealed
that the dioxygen species began to interact with CH, at
600°C and was consumed completely at 700°C. However,
the peaks did not vanish when the sample was heated in
reaction gas (CH4:O,:N,=2.47:1:11.4) at 750°C. The re-
sults showed that the dioxygen species reduced by CH,4 on
the surface could be replenished rather efficiently in the
presence of gaseous Os.

Based on the data in Table 6, the Nd,O3 catalyst before
or after H,-reduction at 600°C behaved rather similarly in
the CH4-pulsing experiments. From Table 7 and the TPR
profile of Nd,O3, we know that only a portion of mono-
oxygen species had been reduced at 600°C and such loss did
not affect the results of CH, interaction. For the 30 mol%
BaO/Nd,0O3 and 30 mol% BaX,/Nd,Oj catalysts, however,
CH, conversion, C, selectivity, and C,H4/C,Hg ratio obvi-
ously decreased after the catalysts had been reduced by
H,. Raman results (Figs. 3, 4) showed that the dioxygen
species disappeared after the 30 mol% BaO/Nd,O3 and
30 mol% BaX,/Nd,Oj3 catalysts had been reduced by H,
at 600 or 700°C. Based on the data in Table 7, we conclude
that the dioxygen species were on the surface. The TPR
results (Fig. 5) suggested that there were still reducible
mono-oxygen species in the catalysts after the dioxygen
species had been removed by H,-reduction. In other words,
the catalysts with both dioxygen and mono-oxygen showed
better performances than those with only mono-oxygen.
According to the results, we can be sure that both dioxygen
and mono-oxygen on the surfaces can activate CH,. The
presence of dioxygen species on the surfaces, nevertheless,
could significantly enhance the catalytic performance, es-
pecially in C; selectivity and C,H4/C;Hg ratio.

CONCLUSION

Based on the catalytic performance of the BaO/Nd,O3
and BaX,/Nd,O3 (X=F, Cl, Br) catalysts, we know that
BaO could enhance the catalytic performance of Nd,O3
while BaX; could further improve the C, selectivity in the
OCM reaction. Part of the halide ions in the 30 mol%
BaX,/Nd,O3 catalysts leached during the OCM reaction.
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The F~ was the most resistant to leaching. The generation
of dioxygen species could be related to lattice distortions.
Due to ionic exchanges between the Ba?* and Nd** as well
as the X~ and O?~ ions, there were Nd,O3 lattice distor-
tions, implying that there were defects in the BaO/Nd;O3
and BaX,/Nd,Og catalysts. On Nd,Os3, there was only mono-
oxygen, whereas there were both dioxygen and mono-
oxygen species on 30 mol% BaO/Nd,O3; and 30 mol%
BaX,/Nd,O3. Both dioxygen and mono-oxygen species
could activate methane. At high temperatures, the presence
of dioxygen species could obviously improve the catalytic
performance of the OCM reaction, noticeably in C, selec-
tivity and C,H4/C,Hg ratio.
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