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in neodymium sesquioxide by molecular oxygen species. Under UV excitation (A = 325 nm), the

reaction between Oz and 02- could take place at room temperature. A fast oxygen exchange between
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the peroxide ions and the lattice oxygen species in Nd20s took place under the experimental condi-
tions studied. Also, bulk lattice oxygen species in Nd203 could migrate to the surface layer and par-
ticipate in the formation of peroxide ions. The migration of lattice oxygen species and the oxygen
exchange between lattice oxygen and peroxide ions were promoted by UV laser irradiation.

© 2014, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Owing to their excellent electronic characteristics and
chemical and thermal stabilities, lanthanide oxides have been
widely used as catalysts in the catalytic oxidation of light al-
kanes such as oxidative coupling of methane and oxidative de-
hydrogenation of ethane [1-12]. Understanding the role of
activated forms of oxygen species and pathways of O activa-
tion on the lanthanide oxides is therefore of fundamental im-
portance to the above-mentioned reactions [13-19]. Our study
of Ln203 (Ln = La, Nd, Sm, Gd) under Oz by microprobe laser
Raman spectroscopy revealed that laser excitation could induce
the formation of peroxide species on the Ln203 surface [20,21].
Thus, a new pathway towards molecular oxygen activation
under mild conditions was discovered that presents potential

application in photocatalytic reactions. Additionally, the study
provided new insights in the mechanism of Oz activation on the
surface of metal oxides with stable cationic valence. In continu-
ation of the previous research, here we examine the formation
of peroxide on cubic Nd203 using 180 as tracer, aiming at fur-
ther understanding the mechanisms of the photo-induced for-
mation of peroxide ions on lanthanide sesquioxides with stable
cationic valence.

2. Experimental
2.1. Sample preparation

Cubic Nd203 was prepared from Nd(OH)3 according to re-
ported procedures [22,23]. First, commercial Nd203 (99.99%,
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Alfa Aesar) was treated at 100 °C for 100 h with a 21% 02/Nz
flow containing water vapor (by bubbling 21% 02/Nz through
H20 at room temperature) to form Nd(OH)s. Then, Nd(OH)3
was heated at 650 °C in a flow of 21% 02/N2 (50 mL/min) for 3
h to produce Nd203.

2.2. Sample characterization

The crystalline structure of the sample was confirmed by
X-ray powder diffraction (XRD) analysis to be cubic Nd203 (Fig.
1). The experiment was carried out on a PANalytical X'pert PRO
diffractometer using Cu K radiation, operating at 40 kV and 30
mA. The Brunauer-Emmett-Teller (BET) surface area of Nd203
is 6.9 m2/g as measured by N2 adsorption-desorption analysis
at =196 °C on a Micromeritics TriStar II 3020. Before the
measurement, the sample was degassed at 200 °C for 3 h. The
scanning electron microscopy (SEM) image of the sample (Fig.
2) was obtained on a Hitachi S-4800 scanning electron micro-
scope operating at an accelerating voltage of 15 kV. Sample
preparation consists of depositing a drop of Nd203/ethanol
suspension on a clean silicon substrate.

2.3.  Raman spectroscopy characterization

Raman spectra were recorded on a Renishaw R1000 micro-
probe Raman spectrometer equipped with a charge-coupled
device (CCD) detector using a 325-nm He-Cd laser as the exci-
tation source and an in-house-built high-temperature in situ
Raman cell specifically designed for the spectrometer. A dia-
gram of the Raman cell is available elsewhere [24]. The micro-
scope attachment for the spectrometer was based on a Leica
DMLM system equipped with an OFR LMU-15x-NUV objective.
The spectra acquisition time was varied according to the dif-
ferent experiments; an acquisition time of 50 s was typically
used. The laser spot on the sample was about 3 um in diameter,
and the spectral resolution was ~6 cm-1. The maximum laser
power of the spectrometer measured at the analysis spots was
about 3 mW. However, a laser power of 0.75 mW was used in
most experiments.

For the experiments performed on cubic Nd21603, the sam-
ple was first heated under flowing 1602 (50 mL/min, 99.995%,
Linde) at 650 °C for 180-360 min to remove carbonate species
and moisture. The treated Nd21603 was then cooled in the dark
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Fig. 1. XRD pattern of the prepared cubic Ndz0s.

Fig. 2. SEM image of the prepared cubic Nd0s.

to 25 °C under 1602 before it was exposed to a focused 325-nm
laser beam from the Raman spectrometer to induce formation
of peroxide ions, and the resulting spectra were recorded un-
der either 1802 or 1607 atmosphere.

The 180-labeled Nd203 was obtained by treating cubic
Nd21603 with a flow of 1802 (5 mL/min, 97%, CIL) at 650 °C for
6 h. The sample was then cooled in the dark under 1802 to 25
°C. The treated sample (180-labeled Nd203) was then exposed
to a focused 325-nm laser beam to induce formation of perox-
ide ions, and the resulting spectra were recorded under 180:
atmosphere.

3. Results and discussion

3.1. Photo-induced formation of peroxide species on Ndz1603
under 160z and 1802 atmospheres

Fig. 3(a) shows the changes in the Raman spectra when cu-
bic Nd»1603 was irradiated at varying times under 160, atmos-
phere with a focused 325-nm laser beam at 25 °C. As observed,
the Raman band at 833 cm-!, which represents the 0-0
stretching mode (vo-o0) of the 16022~ peroxide species [20,21,
25-27], began to grow at the expense of the Nd3+-1602- band at
331 cmL. Following irradiation with the laser at 25 °C for more
than 60 min, the Raman spectrum of the sample was recorded
in the frequency range of 1300-1800 cm-! and shown in Fig.
3(b). Two bands at 1554 and 1646 cm-! could be clearly identi-
fied. The broad band at 1646 cm-! could be assigned to the
overtone of the 0-0 stretching vibration of the 16022- peroxide
species because its wavenumber was almost twice that of the
band at 833 cm-1. The narrow band at 1554 cm-1 could be as-
signed to molecular oxygen species; the 0-0 stretching vibra-
tion of the gas phase 1602 molecule could be observed at a
comparable wavenumber (Fig. 4). Considering that the wave-
number of the molecular oxygen band in Fig. 3(b) shifts by ~2
cm-! towards lower frequencies when compared with that of
the gas phase 1602, the band at 1554 cm-! can be attributed to a
160, species adsorbed on the surface of Nd203. This band may
be due to the decomposition of the peroxide species. Further
evidence of the origin of the 1554 cm-! Raman band is pre-
sented in Section 3.2.

Fig. 5(a) shows the changes in the Raman spectra of cubic
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Fig. 3. (a) In situ Raman spectra of cubic Nd2'¢0sz irradiated at varying times with a focused 325-nm laser beam under 160 at 25 °C. (b) Raman spec-
trum (frequency range of 1300-1800 cm-1) of cubic Nd:1¢0s following irradiation with a 325-nm laser under 1602 at 25 °C for more than 60 min. The

laser power used to induce formation of the peroxide species was 0.75 mW.

Nd»1603 under 1802 upon continuous irradiation with a focused
325-nm laser beam at 25 °C. The spectra are very similar to
those shown in Fig. 3(a). The onset of a peroxide Raman band
corresponding to 16022- was observed at the expense of the
Nd3+-1602- stretching band at 335 cm-l. This observation
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Fig. 4. Raman spectra of gas phase 160; (1) and 802 (2) recorded with a
325-nm laser at 25 °C.
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clearly indicates that lattice oxygen (1602-) species in Nd203 are
involved in the formation of peroxide ions. Fig. 5(b) shows the
Raman spectrum in the frequency range of 1300-1800 cm-! of
the Nd21603 sample following irradiation with a 325-nm laser
beam at 25 °C under 1802 for more than 30 min. In addition to
the 0-0 stretching vibration of the 1602 molecule at 1554 cm-1
and the overtone of the 0-0 stretching vibration of the 16022~
peroxide ions at ~1640 cm-1, a new band at 1471 cm-! corre-
sponding to the 0-0 stretching vibration of gas phase 1802 (Fig.
4) was observed. Considering that 1802 is the major component
(isotope purity >97%) in the gas phase, and that the Raman
peak intensity of 1602 in Fig. 5(b) is much higher than that of
the gas phase 1802, the peak at 1554 cm-! can be rationally as-
signed to surface 1602 species. Because the 1554 cm-! band
could only be detected after the formation of peroxide species,
its appearance was attributed to the decomposition of the
16022~ peroxide ions, probably through a photo-decomposition
reaction induced by irradiation with the 325-nm laser. De-
composition of Nd202(02) was reportedly observed following
long exposure with a 488-nm Ar+ laser [28].
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Fig. 5. (a) In situ Raman spectra of cubic Nd21¢0s3 irradiated at varying times with a focused 325-nm laser beam under 80; at 25 °C. (b) Raman spec-
trum (frequency range of 1300-1800 cm-1) of cubic Nd»'¢0s following irradiation with a 325-nm laser under !80; at 25 °C for more than 30 min. The

laser power used to induce formation of the peroxide species was 0.75 mW.
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As suggested in the previous studies [20,21], the peroxide
ions on lanthanide sesquioxides are generated by a pho-
to-induced oxidation of lattice oxygen species by molecular
oxygen because molecular oxygen species are always required
in the formation of peroxide ions. Thus, for a reaction using
1803 and 1602~ as reactants, the peroxide ions should be labeled
with 180 atoms. However, in the Raman spectra shown in Fig.
5(a), only the peroxide ions containing 160 atoms were detect-
ed. This phenomenon may have resulted from a fast oxygen
isotope exchange between lattice oxygen and the peroxide spe-
cies under the experimental conditions studied. Because 1602-
ions are the most abundant isotope oxygen species on the
Ndz03 surface, a fast isotope exchange between 1602- and
180-labeled peroxide ions will lead to the formation of 16022~ on
the Nd203 surface. Owing to the fast isotope exchange between
lattice oxygen and surface dioxygen (peroxide and molecular
oxygen) species, the isotope oxygen atoms in the peroxide ions
(833 cm-1) were identical to the isotope oxygen atoms in the
surface molecular oxygen species (1554 cm-1), resulting from
the decomposition of the peroxide ions. This is also evidenced
by the absence of Raman bands corresponding to molecular
oxygen species with mixed isotope oxygen atoms (1801¢0) (Fig.
5(b)). These results suggest that the Raman signals of the iso-
tope-labeled surface molecular oxygen species can be used to
identify the isotope-labeled peroxide ions formed on the sur-
face of Nd203 using 180 as a tracer. The advantage of using Ra-
man peaks corresponding to surface molecular oxygen species
towards the identification of isotope-labeled peroxide ions is
that the Raman peaks associated with surface molecular oxy-
gen species are significantly narrower than that associated with
peroxide ions. Hence, a better resolution can be achieved.

3.2.  Photo-induced formation of peroxide species on 180-labeled
Nd203 under 1802

To gain further insights into the mechanisms of the pho-
to-induced formation of peroxide ions on Nd:03, the experi-
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ments were performed with cubic Nd203 partially labeled with
180. The sample was prepared by treating cubic Nd21603 with a
flow of 1802 at 650 °C for 6 h followed by cooling under 1802 to
25 °C. After the treatment, the characteristic metal-oxygen
vibration band of neodymium sesquioxide shifted from 336 to
320 cm-1. The position of the latter band is comparable with
the band position of Nd3+-1802- (319 cm-1), as calculated based
on the wavenumber of Nd3+-1602- at 336 cm-! by assuming a
simple harmonic oscillator model. This result also indicates
that almost all of the 1602- atoms on the surface of Nd203 mi-
crocrystal (at least those within the detection depth of the Ra-
man spectrometer) are replaced by 1802-. Fig. 6(a) shows the
changes in the Raman spectra of an 180-labeled Nd203 sample
upon irradiation at varying times with a focused 325-nm laser
beam under 1802 at 25 °C. The spectrum recorded after 1 min
irradiation revealed a band with maximum at 789 cm-1. With
increasing photo irradiation time, a shoulder band at 811 cm-t
appeared. This band became noticeable after the sample was
irradiated for 15 min. Following irradiation of the 180-labeled
Nd203 sample under 1802 with a 325-nm laser for more than 30
min, the Raman spectrum of the sample was recorded in the
frequency range of 1300-1800 cm-1, and the result is shown in
Fig. 6(b). Three sharp peaks at 1468, 1510, and 1554 cm-! were
observed. A simple calculation based on the diatomic harmonic
oscillator model using the vo-o band of a 16022~ peroxide ion at
833 cm-! gave band positions at 786 and 810 cm-! for the
18022~ and (180160)2- peroxide ions, respectively. Similarly, the
calculation using the vo-o band of a 1602 molecule at 1556 cm-1
gave band positions at 1467 and 1512 cm-! for 180; and 180160,
respectively. As observed, the calculated band positions for the
180-labeled peroxide ions and molecular oxygen species are in
good agreement with the experimental results shown in Fig. 6.
Because the experiment was performed under flowing 180;
with isotope purity higher than 97%, the 1510 and 1554 cm-!
peaks observed in Fig. 6(b) can be solely attributed to molecu-
lar oxygen species (180160 and 1¢02) on the surface of the
180-labeled Nd203 sample. Considering that the intensity ratio
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Fig. 6. (a) In situ Raman spectra of 180-labeled cubic Nd.0s irradiated at varying times with a focused 325-nm laser beam under 80; at 25 °C. (b) Ra-
man spectrum (frequency range of 1300-1800 cm-) of the '80-labeled cubic Ndz203 sample following irradiation with a 325-nm laser under 180 at 25
°C for more than 30 min. The laser power used to induce formation of the peroxide species was 0.75 mW.
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of the 1802 and 1602 peaks in Fig. 6(b) is much higher than that
in Fig. 5(b), and that the wavenumber of the 1802 peak in Fig.
6(b) shifts by ~3 cm-1 towards lower frequencies when com-
pared with that of the gas phase 1802 (Fig. 4), the peak at 1468
cm-1 can also be rationally assigned to surface 180; species.
Based on the results and the analysis given in Section 3.1, it can
be concluded that three isotope-labeled peroxide ions (i.e.,
18022, (180160)2-, and 16022-) are formed under the experi-
mental conditions studied. Because the experiment was per-
formed under 1802 atmosphere, the 160 atoms detected in the
peroxide ions and molecular oxygen species can only originate
from the 180-labeled Nd20s3 prepared by treating Nd21603 with
1802. The observed Raman bands corresponding to 160-labeled
peroxide ions (at 811 cm-1) and surface molecular oxygen spe-
cies (at 1510 and 1554 cm-1) provided further evidence of the
involvement of lattice oxygen species in the formation of per-
oxide ions. These results also indicated that even though the
Nd21603 sample was treated with 1802 at 650 °C for 6 h, lattice
oxygen species in the bulk phase of Nd203 microcrystals were
not fully replaced by 1802-.

Based on the changes in the Raman spectra shown in Fig. 6,
it can be deduced that molecular 1802 first reacts with the 1802~
species on the surface of the 180-labeled Nd203 microcrystals
because most of the surface lattice oxygen species have been
replaced by 1802, leading to the formation of 18022~ peroxide
ions (789 cm-1). With increasing laser irradiation time, the
1602- species in the bulk phase also participated in the for-
mation of peroxide ions, as evidenced by the presence of
(180160)2- peroxide ion (811 cm-1), and 180160 (1510 cm-1) and
1602 (1554 cm-1) molecular oxygen species on the surface of
the sample. The (180160)2- peroxide ions could have resulted
from either the migration of the 1602- species from the bulk
phase of the 180-labeled Nd203 microcrystals to the surface
layer followed by isotope exchange with the 18022~ peroxide
ions or direct photo-induced reaction between 1602- and 1803.
The (180160)2- peroxide ions can then transform to 16022-
through isotopic exchange with 1602-, The migration of lattice
1602- species from bulk to surface layer and the isotope ex-
change between 1602- and 18022~ could be induced (or promot-
ed) by the UV (A = 325 nm) laser irradiation. To obtain experi-
mental evidence, the effect of photo irradiation power on the
formation of peroxide ions was studied. The experiments were
performed by irradiating an 180-labeled cubic Nd203 sample
under 1802 with laser powers of 0.3 and 3 mW at 25 °C. As
shown in Fig. 7(a), the Raman spectra obtained with a laser
power of 0.3 mW only revealed a peroxide band, corresponding
to 18022~ (790 cm-1), within 14 min of photo irradiation, indi-
cating that only the lattice oxygen species from the surface lay-
er of the sample (1802-) participated in the reaction with 180;.
This observation further indicates that migration of 1602- from
the bulk phase to the surface layer and the isotope exchange
between 1602- and 18022- can be neglected under the experi-
mental conditions studied. However, when the laser power was
raised to 3 mW (Fig. 7(b)), the band width of the peroxide Ra-
man peak increased, and both the Raman bands corresponding
to 18022~ (790 cm-1) and (180160)2- (811 cm-1) peroxide ions
could be identified after the sample was irradiated for 5-20
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Fig. 7. Peroxide Raman bands formed upon irradiation of 180-labeled

cubic Ndz03 with a focused 325-nm laser beam, operating at a power of
0.3 (a) and 3 mW (b) under 180 at 25 °C.

min. This result clearly indicates that UV laser irradiation has
an impact on the migration of lattice oxygen species and the
oxygen exchange between lattice oxygen and peroxide ions.
The photo-induced isotopic exchange between 180 and lattice
oxygen on TiO2 at room temperature was previously reported
in the literature [29,30].

4. Conclusions

Molecular oxygen can be transformed to peroxide ions by a
photo-induced reaction with lattice oxygen species of neodym-
ium sesquioxide. Under UV excitation (A = 325 nm), the reac-
tion between Oz and 0%~ can take place at room temperature.
The experimental studies involving 180 as tracer indicated that
fast oxygen exchange between peroxide ions and lattice oxygen
species in Nd203 took place under the conditions studied, and
that bulk lattice oxygen species in Nd203 could migrate to the
surface layer and participate in the formation of peroxide spe-
cies. The migration of lattice oxygen species and the oxygen
exchange between lattice oxygen and peroxide ions were pro-
moted by UV laser irradiation.
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ST J7 NdO3 1) il # J7 7% 2 I Sk P22, H 7 b
Nd,O3 (99.99%; Alfa Aesar) 7& 100 °C T JH & /K & /< 1
21% OofNp it (BA 530 J7 20K /K 280y A) AL #1100 h,
173 Nd(OH)s. #% Nd(OH)3 7E 1 5 11 21% O/N, "< ¥iit
650 °CH%5 %3 hilil #3377 Nd O Ff: .

22. EMRE

Xt 247 5 (XRD) 52 5 71 PANalytical 23 @ [ X Pert
ProZfI XS 2 by R AT S EREAT. 7 LIR30 mA, & LR
40 kV, i HI X' Celerator i fig B 51 0 %%, BACu-K, (A =
0.15406 nm) k4 S5, SR FH A 8 F A 28 806, F 4 X TR
“h10°-90°, F1HHIH [ 40.0167°/s, KU i) (1] £)24 s.

R i 1 B 2 100 A (Ager = 6.9 mP/g) K JH BET J7 7
Micromeritics TriStar 11 3020704 4% FEWE B L 5. 5256
AN A W B, W B3t =196 °C. WA, #F b SE 7E
200 °C I = 4b 23 h.

4 H1 8% (SEM) S 56 E Hitachi S-4800% 1% & S 414
ML RS EEAT, I e R 15 KV, SE K Nd,O5 8 i
IIETCK S, PR B RO AE T Rk A b F AR
TG HEATSEMEEAE.

3777 Nd, 03I XRDHISEM P 4373l 7~ T~ B LA 2.

2.3. JEfIRamantit 4

J5L A7 Raman )it i3 Ak 5 56 7F iC 7 Leica DMLM %2 5
BiMOFR LMU-15x-NUV# 458 LA S F AT W) it Js A7
Raman#¥f: i i [ Renishaw RT 1000350 5 i 2 i Ax
HEAT . RE T A A L SO P 52 5 L 325 nmiok:
(He-CAot #3%) A BUR YEIR, Yt At 0 9525 496 cm ™,
SRR TR i 2 T PR30 e BE A2 R e O T 2% 4y 3l
29093 umAI3 mW. 151 it HIO D 2 R0 1% 14 SR AR 1 1)
WSRIR A R T AN R, 22 530S 560 R0 s Th Z R 1 B SR A2 1)
5] 4351 40.75 mWAI50 s.

£ 15 8 37 5 Ndo ™05 7 58 76 650 °C R i *°0,
(99.995%; Linde; 50 mL/min) 4k #180-360 min LA Bk 25 4%
it AR R SR R RL B R K . R BRSO RE i B )5
180, R RITE IR 4 1 R 4 2225 °C, £1°0, 5% %0, /R
T SR AR S 19325 nmiso's o 42 R & JF I Raman
A ST S 7 S AR A2 Ak

B0 Fx ic 19 NdO5 £ 1 £ 37 J5 Nd,'°05 75 1°0, < ¥ii
(97%; CIL; 5 mL/min) 1 -J-650 °CH AL FE6 hifil £, Ab B
Jei BORE S B I 76 80U S e I 4 AF R 4 %225 °C, fE
8O, T S8 455 19325 nmiio't o 3% S IR 5L i I T
Raman 't i A3 ic SR i 78 6 U FE I A2 1k

3. #R5I1R

3.1 0,#0%0, 55 F L /7Nd,°0; L3 ST EY A5
S5

3(a) J %0, TR I 11157 /7 Nd, %04 7E 25 °C T J11325
nMISO': % 25 R SR e R 1 Raman i & (148 4%, HH & A) 4,
Wt 3 ' S B TRD 89 1 N> —"°0* 9% 3 ¥ Raman
W (~331 em ) R A R BT S, 471833 em Ak il U g
10,7 ik A 4 Fh 0-O 45 ¥R 3 19 Raman i
Ay (20212527t oy AS W B . R i 28 SO I 45 LT 60 miin
J&i, 1E 1300-1800 cm™ 5t [l Py 3 1 355 B A HH AN A T
1554 F11646 cm 1) i i (1 3(b)), {7 1646 cm ™[
U P AR 1100, 3k S 4 P O—O B (s 45 91 20 AT ¢
(R 2455, W] U1 J8 Ay i S5 40 ok O—O Bt A 4 41 5 1140 435 471 0
1554 cm i I (1 305 4 14 (0 O-O T 4 3R 3l 1
BRI, (LB 0, M 1 (B 4) iR 412 em™, AT HHA
W BT R R T 23 80 R0, %Rl B thid 54
Bl P2, AR SC3. 27T M $2 it B 22 06 %0 0 A i
{14 SIZ 560 I .

5(a) 4 0,/ T 37 J5 Nd, 05 7E 25 °C K J1] 325
nMISO % 25 BE S R F Raman i B A5 4.\ LLE Y, i%
T P 0 AR A R 5 1 B(a) A AL B AT I ) S
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7 1 833 em™ Bt 3T (¥ 10,5 1 Al & i 1 ok, ) B
Nd**—1°0% (331 cm™) i 5 3 ¥ 96k 55 . 3 3 48 M % W
Nd,"°0; I 1 S A (ORI 2 5 T ik S A . K
25 0\ Y 49 IR 56 30 min JiF, 113001800 cm i [ ]
T W7 A H = AN T 1471, 1554 F11640 cm™ ) 1% g (K
5(b)). FLrf A7 1164011554 cm™ (¥ 1% 06 1] 43 5 9 & Sk
100, i S B 1A A AT IR B 1 o 2R 1T 119 120 4 B
(O-OffI AR ZN I, £7 11471 e Y% 54120,
W 7 (Pl 4)— 3, T LI A A SO Bl O-O i 45 4R 5.
W T IS ) S A R 2 180, (R R4l > 97%) <,
PR AT IR, T E5(b) HH 100, (113 6 (1554 om ™) s itk 3
TR0, 13 06 (1471 cm Y, PR AT 11554 em LK)
G NP S (1 O 2% S (158 = = i (]
OO M Fl. HTAL 1554 cm R I 4y 1A I KA 7E
PR R T AN O RE A R i A, i T
BEVE T XL S PR A BN 1 20 . WFFE R 1Y, 488 nmiik
S 1 TR T S BN O,(0,) (NI A A2 ) 1) 43 i 280,

R TUR W, o3 1 AU A AE A A 4 b
AR R DA BEAAE  —, TESE A R O RT 2) T 4R UR
Fi 485 2 AU AR B R SRR S S N T e A 0, gk
W E LL8O, A0 [ NG LR, BT A= R [ 7 4 v
¥ & Ao R L L A Al AR P 5 U I B 5 1°0,%
(833 cm )X I ¥k S B XTI A AL B TR R A
Wb 15N, 0 1 % A8 2 1) 2 A 1 DRt PR SR A 38 S B
1T 107 =N, 053 1 3 B S5 K (K48 B, POksic it
S b 5 N0 1 ks 4 2 ] AR Rl 4 A B e ok
HO0 A . H T R R R T AR ) T AR )
(10 PR A A Hte, Eh o A 0 A A 1 R DAy A R
(1554 cm™) JiT £ 149 4 [l 25 5 40 Bl o £ A T A7 3%
SEAARIL AT UL, 7 L0 N R B SR K S 5 v, BRATT AT
FBIRE i RS 2 S TR 7 25 1504 K I TN, 054
72 75 AR T R AR e b E . 5 s R i
RamanAH L, 2 11 B 2 73— 48 Raman e [ I 55 5 %
132, DRI HAT T S 1R 23 .
3.2. BO,[5F TO#RIE AL A Nd,0, LT E 4 FR AN
BSEK

A T HRWING,O5 b it SE AR 1) 6 5 5 A L, B
ATHE— BR80T X BOMRIC 37 77 N O K it (95
HFOEE T A BT T A 5. SR T A PodR e I
Nd,O3#¥: i F 38 2K Nd, 04 7E650 °C IO, 47 F AbHE
6 hJf- 7580,/ F 425 °C 374, 5 Nd 05 FF i 11
Ramani% Al Eb, b HH 5 R BE i B4 Ak AL (N —O* R il

PR zh 1 11336 em 40 2320 em ™. J5 E R Mg TR T
PSR (M1 1 Nd> 20 [ 31k 3 451 % by 336 cm ™) i 4t (1
Nd> —*80% 4k 1) 4% 2y 8 %0 (319 e ™) 14y 45235, R WA
Ramanylt i RIS PY PO bR L K 37 )7 Nd, O i T
AR 2 K AR AR S0 TR, E16(a) I Oks
L IRIA7. 77 Nd,05 7525 °CHI0, 4 H1325 nmiot 4 4
FEL S o R 1Y) Raman i B AR A6 A L. 76 U T 1 min £
o ATV AR A7 T 789 em Ttk Raman i 5, B B S5 I
I8 0, 7E811 e Abhids H B — AN i3 I, %0 A 30 I
15 minj& S AEH W W, 24325 nmigot 530 minjs kE
dt b AT O AS: HH= AS 4 T- 1468, 1510 A1 1554 cm )
Raman & (FE6(b)). K F i 9 1570 I LL°0,> 3o 4 1 fifp
% P& 3h B % (833 emh) S FE vE, Wl iF 5E i 80,2 M
(*0™0) > 2 3ok 4 4 o A — A P A 4 1R 3 i K 40 il
78941810 cm™. [ B, LAAY 1556 cm 1180, %) 4 f
AR B AT A SEHE, T THEL 0, P00 % 4 TR
il 1 — SRR {0 20 90 2l i 2043 3 1467 A11512 com . L
F i, ST RO kRl il SN 2 TR I 3R B AT
FEEL Rty T SE R A R A R Al AT
97% )10, /<, Ui 47 1A, 11 6(b) A7 - 1510 A1 1554
om Ak (1 U6 L RE 53 50K B PO AR L FINd 038 i 3 1H
(1180 ORI 0,25 5 A Fh. % T E6(b) 1 °0, 110,
T DS P R T B k2 s T RIS (b) R R A R s L, HL
55 B 4 S 120, [ Raman g AT L, 161 6(b) 120, 1 i 47
A7 [0 A7 8 T 293 em ™, Al Bl EI6(b)
T-1468 cm 1 04 S AR Ok [ RE SR I S0 MR X
gl LW, RIS S 4 AF T, PObRIE N 05 i
R AR T 0,7, (PO 0y Fi'®0, il A . T
SR AR, T HEAT Y, (P0™0)* R0, S
e (120 J 1 B AE SR IR T PO hR L IND,05FF i, X 3
—AUFSEN,03 LI Sk E MR S 5 T A AR k. &5
Baa R W], BARZL ) T 650 °C il 0, < i 4k B 6 h,
Nd," 0z it I (150 I A PO 5E A AR,

M B 6(a) H Raman i & 1) A2 4k 4] LUF T
BOFR AL IHINd05F: il 2 1 ) 46 K 22 $0 A% S B CL
BOTHUAR, 4 T4(1°0,) 1 5 HE L R T 11207 ] M
B0, 2 i A A (789 o). A O FR S IS V) f 4
PF it 2 THT A I 21 5 (*P0™°0) (811 om ) a1yt 4 i
I DL K 5800 (1510 cm )10, (1554 cm™) % I (1) %
143 T4 i 6 (16(b)). [816(a) i (**0™0) % 1 A i)
A AL AR AT ) 1O ST A BURE ) 2 11 FF 55180 S I L 4%
7B, B AT SE S T RS B S R 1 (1 °0* 500,72 1] i)



Xiaolian Jing et al. / Chinese Journal of Catalysis 35 (2014) 1385-1393 1393

[l {0 28 A0 e 5 B A . AR ) (FPO™M0)* th Tl i — AU Tl
o 551007 [ [R] A 2248 e S N B Ak R 100, i S R, SR
AL ST A PE TR T A3 A AR RO B TR S R T (11000 7
SRR (1554 ™). 325 nmiEO RS 6O KT R
50,2 [y ag Hen] B LA REHEVE, b T 3R
SIS AFAE, T Al 13— 257025 °CHRIB0,/ U5 T 254 T 0k
Ih#(0.3513 mW) 0% L N 05 L 1 A Rl 5 5
AR g, 7R R, 75 H10.3 mWIEOE UK 114 min
TERE R, BE AR 267790 em 0,2 i A R
(E7(a)), BEHILE S0 460 R LT A & A2 °0* 13T 85 LA
S 0% 5180, 2 1A [ A7 A8 4 S N, O Th R 4
e 33 MW, Tk 4R (10 0 o S 2 R (17 (b)), 7 U
7520 min [ FE i LAl b A 0,7 (790 em ) il

(*°0™0)* (811 om ™) fy ik S A7, 5 W IO TR (4 Aff ki
i T B S L5 T S ) 1 AR A7 38 A 48 S B LA
EHEVEFT. WEFTR M, Jei )i $10, 5 Tio, ik 4.2
IE ) [ o7 242 42900,

4. it

O AT IR ARG - R 15 57N O 15 S A
S AR I AR AR, 72325 nmBOR 1 R, Bk
AR R PRI R AR, LAO R R BRI I SE 50 R W, 2
JE R T A A T N0 1 % S B 2B RGE TR A A H
J92, A NdoOa A 1 ity 1 S8 B AT TEAS 2R 4 i R SR 1T
S5 R, 325 nmdO K IR A Bl e 2E % 4
(FIAEA2 LU AR 5 00 T AR TR TR AR A k.



