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Abstract

Nd>2CuQy, Ndy gBag4CuOy and Nd gCey2CuOy were prepared by means of the citric acid complexing method. The
catalytic performances of 0 decomposition to pover this series of KNF4-type cuprates have been evaluated. Techniques
suchas XRD, XPS, EPR, TPD, pulsing, in situ DRIFT, and FT-Raman as well as chemical analysis were employed to investigate
the nature of the active sites and to identify the possible reaction intermediates. A catalytic reaction mechanism has been
proposed. The B decomposition activities declined in the order oiN@ey 2CuOy > Nd; gBag4CuOy > Nd2,CuO, when
the reaction temperatures were below 2D0Above 400C, Nd; sCey 2CuOy was inferior to Nd gBag 4CuQy. The results of
chemical analysis and XPS studies revealed that there are4!), Quf*, and extra oxygen in N€CuQy; (i) Cu?t, Cu,
and extra oxygen in NgkCey ,CuQy; and (iii) CUt, Cl2t, and oxygen vacancies in NgBag4CuQy. There are Ch, CU#H,

Cu?t and active oxygen species such as(@,2~) or O, in the used catalysts. The results of EPR, in situ DRIFT and Raman
studies suggested that during® decomposition N@~, NO>~, N,0O,2~, NO~, and oxygen species (0022*, and Q™)

were generated. The productions of NO andaXe competitive. The reaction mechanism includes the redox actions amidst
Cut & CUl¥t & CUu¥ and & & 0 (0,%7) & O,~ < 0,. Oxygen vacancies are important sites faONadsorption

and oxygen species Care required for the formation of the crucial intermediagObf—. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction catalysts, the redox of copper ions and oxygen va-
cancies play an important role in the catalytic con-
The reduction of N@Q (NO, N,O, and NQ) is es- version of NQ [1-6]. Although a large number of
sential in environment protection. Catalysts suitable papers have been published on dgN€talysis, the
for NO decomposition are usually effective forb® exact nature of redox action is still a controversy.
depletion. Generally speaking, copper is a common Couples such as GuCu" [4], Cu"—Cl** [7-9],
component in deNQcatalysts. For the copper-based and Cd"—Cu*+ [10-12] have been proposed to be
involved in deNQ processes. Copper species such
as C@ [13], Cu" [14-17], and C&" [18-20] have
fox: +-852.2330-7348 b_e_en recogniz_ed_ as qctiv_e sites. FqCNgIecompo-_
E-mail address:pctau@hkbu_edu_hk CT. Au). S!thﬂ, the periodic oxidation and reductlon_ of active
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essential issue in deNQratalysis is the identification
of the reaction intermediates. Surface oxygen species
[8] such as O [22-24], @~ [17,22-24], and @Ys The fresh NdCuQy, NdjgBagsCuQy, and
[25-28] are often considered to be participants in the Nd; gCey4CuQy samples were prepared by the citric
formation of “N,O,” intermediates. The species such complexing method: stoichiometric amounts of high
as (Cu-O-CW)t, known as “extra-lattice oxygen” purity oxalates of neodymium, barium, cerium, and
(ELO), was supposed to exist in Cu-ZSM-5 [29]. copper were dissolved in a citric acid solution (1 M)
Species such as NO [28,30], N~ at oxygen at 80°C with constant stirring until a viscous gel was
vacancies [25,31-33], and,®,2~ [34] have been  formed. The gel was decomposed abruptly to very
considered to be intermediates for deN@actions. fine powder (ca. 10nm) at around 2@ Then the
Nitrous oxide (NO) (derived mainly from adipic  powder was heated in air at 11@ for 10h. Be-
acid synthesis and coal combustion) can destroy strato-fore being tested for catalytic performance, the sam-
spheric ozone [35-37].MD is also a by-productinNO  ples were pressed, crushed, and sieved to 100-140
catalytic decomposition [30]. There are mainly three mesh.
groups of catalysts for pO decomposition, viz. (i) Cu The contents of copper in different oxidation states
(Co, Fe)-ZSM-5 [25,38-40], (ii) perovskite-like mixed were estimated by means of iodometry according to
oxides such as LL&uO, and YBaCuzO7 [10,11], and the procedures adopted by Harris et al. [46]. The oxy-
(i) precious metals such as supported Rh [37] and gen non-stoichiometry values were estimated from
Pd [41]. The active sites and reaction intermediates the amount of Cit, Cut or CU*+ present, assuming
for NoO decomposition over ion-exchanged ZSM-5 that the other ions were in the most stable oxidation
catalysts have been studied extensively; the shortcom-states, viz. L&", B&*, Cét, and G~.
ing of this kind of materials is their low hydrothermal Powder X-ray diffraction (XRD) studies were per-
stability [42]. Noble metals are effective deN®©ata- formed on a Rigaku D-max Rotaflex diffractometer
lysts but the high cost limits their applications. Mixed with Cu Ka radiation and Ni filter. X-ray diffraction
cuprates are stable at 10@)[43]; the reaction mecha-  data were collected at room temperature in the range
nism of NbO on these perovskite-like catalysts has not of 5 to 80°.
been well established. One can change rather conve- EPR spectra were recorded-at96°C with a JEOL
niently the oxidation states of the transition metals and spectrometer operating in the X-band and calibrated
generate oxygen vacancies or oxygen species in per-with a DPPH standarg:(= 2.004). About 0.2 g of cat-
ovskite (ABQ;)-like oxides by the substitution of Aor  alystwas placed in a self-made quartz cell in which the
B with elements of lower or higher valences, respec- sample could be treated under different atmospheres
tively. It has been reported that the difference in super- at various temperatures. Before performing the EPR
conductivity between Le&CuQ, and N@CuOy can be studies over the fresh samples, we He-purged (flow
related to the mismatch of Cy@n the La—O or Nd-O rate, 20 ml mirr?) the sample at 80 for 1 h and then
lattice. In LgCuQy, such a mismatch puts the CplO  cooled it down to 25C in He. Then, NO (5000 ppm
planes under compression, whereas in@lady, the with He being the carrier gas; flow rate, 20 ml mi
CuQ;, planes are under tension [44]. In 4GuQy, was introduced into the quartz cell at a desired temper-
there are Cu@ octahedra but in NgCuO there are ature for 1 h, followed by He-purging at the same tem-

2. Experimental

CuQy squares. The former is p-type while the latter is
n-type. Attfield et al. reported that on a Cu—Ferrierite
deNQ, catalyst, the C&I" species in low co-ordination

are highly active [45]. In the present study, we have in-

perature and liquid-nitrogen quenching before EPR
analysis.

Photoelectron spectra were recorded with a SKL-12
spectrometer equipped with a MgaKX-ray source.

vestigated the decomposition 0b@® over NGCuQy, The residual pressure in the analysis chamber was
Nd16Bag4CuQy, and Nd gCey2CuOy using tech- maintained below 10° Torr during data acquisition.
niques such as TPD, XPS, EPR, in situ FTIR, and The Cls peak at a binding energy of 284.6 eV was
FT-Raman. The aim of this work is to establish a re- taken as internal reference.

action mechanism based on the information related to  For TPD studies, the sample (0.2g) was placed
active sites, redox action, and reaction intermediates. in the middle of a quartz micro-reactor with 4 mm
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i.d. The outlet gases were analyzed on line by mass was placed in a self-made quartz tube and could be
spectrometry (HP G1800A). The heating rate was treated in a mixture of pD/He (N,O, 5000 ppm) at
8°C min~1. The bO-TPD experiment was performed various temperatures. Before spectrum collection, the
according to the following procedures: the sample sample was purged with He (flow rate, 20 ml mij
was first calcined in situ at 70C for L h under aflow  at room temperature for 30 min.

of He (20 mIminm1) and then cooled to room temper- Steady-state catalytic activities were measured be-
ature. The sample was then kept in a flow giOMHe tween 100 and 60@ at atmospheric pressure, 1h
(5000 ppm NO, 20 mImin1) for 1h at 300C and after performance stabilization over a fixed-bed quartz
subsequently, cooled to room temperature. After be- micro-reactor. The sample (100 mg) was pre-treated
ing He-purged at room temperature for 1 h, the sample in situ at 800C for 1 h in a He flow before testing.
was heated to 60C in helium (20 miminrl). The The total GHSV was 60,000 and the feed concen-
Oo-TPD experiments were performed according to tration was 0.6% MO with helium being the balance.
the following procedures: the fresh sample was first Gas chromatography (Shimadzu GC-8A) and mass
heated in @ at 800C for 1h, and then cooled to spectrometry (HP G1800A) were used to determine
room temperature in £ After being He-purged at the N,O decomposition activity.

room temperature for 1 h, the sample was then heated

to 800°C in a flow of He (20 mIminY).

Pulse reaction was carried out using a pulse microre- 3. Results
actor system. The pulse volume was GZL5During
the reaction, helium was used as the carrier gas (flow 3.1. Structure identification and composition analysis
rate, 20 ml min'®).

In situ DRIFT spectra were collected on a Nicolet The XRD results of NgCuQy, Ndj gBag 4CuQy and
series Il magna-IR 550 spectrometer. The catalyst Nd; gCey2CuOs demonstrated that they are tetrago-
(approximately 30 mg) was contained in a SPECTRA nal (T) in structure [44]. For sustaining electron neu-
TECH infrared cell of low dead-volume. The cell was trality, besides C#t, there should be 30% Gt in
heated by an electrical resistance heater and the cellNd; gBag4CuQ, and 20% Cdr in Nd; gCey2CuQy.
temperature was measured by an Omega Series prodn fact, it is almost impossible to obtain stoichiomet-
grammable temperature controller. In situ absorbance ric Ndj gBag4CuOs and Nd gCe2CuOs samples.
reflectance spectra were obtained at 4émesolu- Chemical analyses based on iodometric titration indi-
tion. The spectra were then referenced to a spectrumcated that there are 32% &uin Ndy gBag 4CuQy and
of the catalyst collected at the same temperature un-10% Cu" in Nd; gCey2CuQy. Hence, the actual com-
der a He flow. Before spectrum collection, the cell positions of these two mixed oxides are estimated to be
was evacuated by pumping (5 min) to remove gaseousNd; gBag 4CuQOz 96 and Nd sCey 2CuOy o5 (Table 1).
N2O. In other words, the inclusion of Ba resulted in the

Laser FT-Raman spectra were recorded using a generation of oxygen vacancies, whereas the inclu-
Nicolet 560 FT Raman spectrometer with a He—Ne sion of Cé* resulted in the presence of extra-oxygen
laser operating at a power of 1 mW. Spectra were col- in the tetragonal structure. There are 0.6% ofCu
lected at a resolution of 4 cm. About 0.1 g of sample  in Nd,CuQ; and the actual composition of the

Table 1

Composition, surface area, and structure obGaO,, Nd; sBag4CuQy, and Nd sCey4CuOy

Sample Composition Surface area?(g) Structure
Nd,CuQy Nd2Cup 942t CuPt0.06Q 03 2.9 Ta
Ndy.6Bao.4CuOy Nd1 6Bao.4Clp 68> Clo 32> O3.96 3.8 T
Ndy.gCep2Cuy Nd; §Ce 2CUp 10" Clip 902 O4.05 3.6 T

aTetragonal structure different from that of an ideabCalQ,.
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Fig. 1. O-TPD profiles over (a) NgCuQy, (b) Nd; sCey2CuQy,
and (c) Nd.eBap4CuQy.

compound is NgCuOy 03, meaning that there is an
excess amount of oxygen in it.

3.2. O-TPD studies

Fig. 1 shows the mass spectra ob @ecorded
during Q-TPD experiments over the NGuO,
Nd1gCe2CuQy, and NdgBapsCuOs samples.
There are @ desorptions at (i) ca. 420 and 66D
over NpCuQy; (i) ca. 230, 380, and 66 over
Nd1.8Cey2CuQy; and (iii) ca. 190 and 67 over
Nd16Bag4CuQy. Generally speaking, desorptions at
ca. 300-400C are caused by the oxygen associ-
ated with non-stoichiometric oxygen and the ones at
temperatures above 68D are caused by oxygen
related to lattice oxygen [43]. One can observe that
the amount ofa oxygen in the catalysts decreased
in the order of NdgCe2CuQy > NdCuQy >
Ndy 6Bag 4CuQy.

3.3. NNO-TPD studies
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contributions due to D cracking fragmentsi{/z =

28 and 30) have been subtracted. OvepGlay, N2
desorbed at ca. 230 and 4@5 NO desorbed at ca.
120, 250, and 49%; N>O desorbed at ca. 110 and
495°C; O, desorbed at ca. 340 and above BD0Over
Nd; gBag sCuQy, No desorbed at 170 and 380; NO
desorbed at ca. 70, 190 and 480 N,O desorbed
at ca. 170 and 36@; O, desorbed at ca. 350 and
500°C. Over Nd gCey»2CuQy, N2 desorbed at ca. 95,
205, and 500C; NO desorbed at ca. 80, 205, and
420°C; N>O desorbed at ca. 150, 250, and 300
O, desorbed at ca. 330 and 5@ Over NGCuQy,
N2, NO, and NO desorbed largely at 496. Over
Nd1 gCey 2CuQy, large amount of B, NO and NO
desorbed below 30C€. Over Nd gBag4CuQy, the
desorptions of i, NO and NO below 400C were
considerable. The results implied that the substitution
of Nd®+ by B&#* or Cé"t had caused significant mod-
ification on the surface of the catalysts.

3.4. Pulse studies

In the effluent corresponding to a pulse ofMat
300°C over Nd gBag 4CuQy, we detected NO, ) and
NOy; over Nd, gCey2CuOy or NdbCuQy, we detected
NO2, NO, Ny, and Q. If we added 5% of @ into
the pulse of NO, the concentration of Nincreased,
whereas that of NO decreased over;NHag 4CuQy.
However, over NggCey2CuQy or NdbCuQy, similar
addition of @ did not cause any changes in the con-
centrations of NO and Nin the effluent.

With the pre-adsorption of80, at 300C, the
pulsing of NbO onto Nd gCey 2CuQy would result in
the detection of®0'%0 (m/z = 34) and N800
(m/z = 48). The results suggest that surface oxy-
gen species are involved in the,® decomposition
processes.

3.5. EPR studies

Fig. 3 shows the EPR spectra of fresho&dOy,
600°C- and 800C-heated (in He flow) NgCuQy, as
well as NbO-exposed (at 60€C) NdbCuOy. The EPR
spectrum of fresh NgCuQy (Fig. 3a) shows the char-

Fig. 2A—C show the mass spectra recorded during acteristic features of CGtr(d?) [34]. When the sam-

N2>O-TPD studies over N&CuQy, Ndj gBag4CuOy
and Nd gCey 2CuQy, respectively. For lland NO, the

ple was heated in He at 600 for 2 h, we observed a
weak signal withg = 2.042 which is attributable to
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Fig. 2. Mass spectra recorded duringOdTPD studies over (A) NfCuOy, (B) Ndj Bap4aCuQy, and (C) Nd gCe2Culy; () Oy, (b)

N2, (c) NO, and (d) NO.

O2~ [47] (Fig. 3b). When we raised the temperature ated during oxygen desorption

to 800°C, we detected another signal wigh= 2.007

(Fig. 3c) which is due to the trapped electrons gener- O?"(or 07) < 10, + 2[e"] (1)

2.232 2.130
a
x1
b
c 2.042 x5
d
/ x10
~2.007
x50
50 G @7
\2.007
1 2.042

2.051

Fig. 3. EPR spectra of (a) fresh, (b) 6@heated, (c)

800°C-heated, and (d) D-exposed (at 60C) Nd,CuOy.

where [e']is an electron located at an oxygen vacancy.
When we flowed MO into the sample cell at 60C
(Fig. 3d), we detected a signal with= 1.987 which
is attributable to NO-Ct [34] and signals with
g = 2.009 and 2.042 which are caused by OFig. 4
shows the EPR spectra of fresh, 606heated (in He
flow), and NO-exposed (at 60C€) Nd; gCey 2CuQy.
In the EPR spectrum of fresh NgCeCuly
(Fig. 4a), we detected the signals 0§ O(g = 2.007
and 2.042) and a signal at= 2.079 which is a con-
tribution of CL#+ in a new co-ordination environment
[34]; a signal atg = 2.054 which attributable to O
was also detected [48]. When NgCey,CuOy was
heated at 60CC, the signals of @ (g = 2.007 and
2.042) weakened (Fig. 4b). After the flowing ob@®
onto the sample (Fig. 4c), we detected NO*Qy =
1.989), @~ (g = 2.007 and 2.042), O (g = 2.054),
and NO radicalsg = 1.889) [47]. The EPR spectra of
the fresh, 600C-heated, and pD-exposed (at 60C)
Nd1 6Bag4CuQq samples are shown in Fig. 5. In the
EPR spectrum of fresh N@Bag4CuOy (Fig. 5a),
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Fig. 4. EPR spectra of (a) fresh, (b) 6@heated, and (c)
N2O-exposed (at 60C) Nd; gCey2CuCy.

we detected a signalg(= 2.079) of C#t. When
the sample was heated at 6@0for 2 h, we detected
the signals of O (g = 2.054), &~ (g = 2.007 and
2.042), and Ct (g = 2.079) (Fig. 5b). After adsorp-

c <2.007

x50
1,889
j‘z.oo7
I
\~2.042

2.054

50 G
Fig. 5. EPR spectra of (a) fresh, (b) 6@heated, and (c)
N20O-exposed (at 60C) Nd; gBag4CuOy.

tion of NoO at 600C, we detected © (g = 2.007
and 2.042), O (g = 2.054), NO-Cu (g = 1.989)
and NO radicalsg = 1.889) (Fig. 5¢). The inten-
sity ratio of signals withg = 2.007 in Figs. 3d, 4b,
and 5c is 5/9/14, suggesting that the concentrations
of the @~ species generated in® decomposition

at 600C over the catalyst surfaces are in the order:
NdlieBao_4CUO4 > Ndig Caqo2Culy > NdoCuQy.
The intensity ratio of signals with = 2.054 in
Figs. 4b and 5c is 60/1, indicating that the amount of
O~ species on the NgCey,CuQy sample is larger
than that on the NgskBag 4Cu0O, sample.

3.6. XPS studies

The XPS lines of the Cu 2p level of NobCuQy,
Nd; 6Bag4CuQy and Nd gCey2CuOy are shown in
Fig. 6. For NgCuQy, the spectrum consists of a Cu
2p3/2 peak at 933.5 eV (binding energy) and a satellite

931.5

%\\

935.5~
933.5
| l | 1

[aN )

Intensity

943.0

[\ Rey

943 939 935 931
Binding Energy (eV)

Fig. 6. Cu 2p,» XPS spectra of fresh (a) NQuQy, (b)
Nd1 6Bag.4CuQy, and (c) Nd gCep2CuQy; and (d) NgCuQy, ()
Nd1.6Bag4CuQy, and (f) Nd sCey 2CuQy after being used in pD
decomposition.
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peak at 943.0 eV, indicating that in this sample, there Table 2

are C#* ions [49]. For Nd.gBag4CuQy, there are

components at 933.5 and 935.5ev as well as a satel-wavenumber (cmt)

lite peak at 943.0eV. The peak with binding energy
at 935.5eV is attributable to €t as in the case of
Lajy g5Srp.15CuQy [50]. The results indicate that due to
Ba?* inclusion, C&t ions were generated. In the XPS
spectrum of NggCep 2CuQy, there are peaks at 931.5
and 933.5eV, as well as a satellite peak at 943.0eV.
The one at 931.5eV can be due to™Car CP [49].
Considering that the presence of metallic copper is un-
likely in the structure, we take thatitis due toCrhe
XPS lines after NO adsorption on these three sam-
ples exhibit a profile with components centered at ca.
931.5, 933.5, and 935.5 eV, suggesting that aftgd N
decomposition, there are &ty Cl/?t, and Cu on the

surfaces of the three samples (Fig. 6d—e). The reduc-

tion in Cu 2> peak area after JD reaction over
Nd; gCey2Culy could be a result of the formation of
an overlayer of nitrate/nitrite on the catalyst surface.
Fig. 7a, b, and ¢ shows the O i}s spectra of
Nd>CuQy, NdigBap4CuQs and Nd gCeyoCuQy,

A
A

| ]
531 529

Binding Energy (eV)

Intensity

527

Fig. 7. O 13, XPS spectra of fresh (a) NGuQs, (b)
Nd16Bag4CuQy, (c) NdgCey2Culy; and (d) N@CuQu, (e)
Nd1 6Bag.4CuQy, and (f) Nd sCey ,CuQy after being used in pD
decomposition.

IR band assignments of NCadspecies

Assignment Reference

1879 NOs [53,54]
1747 NoO4 [55]

1734 N 022~ [56]

1672 NG [57]

1630 NG~ or NO** [57-59]
1364 NG~ (chelating) (ono) [60]

1174 chelating nitrite [47]

1060 nitrate N@~ [60]

respectively. For NggCe,CuQ, and NGCuQy,

the O 1s,, profiles contain components at 529.5
and 531.8eV, the former is due to lattice oxygen
and the latter is due to adsorbed oxygen, probably
in the forms of @~ and O (or O%") [51,52].

For Nd gBag4CuQy, there was only lattice oxygen
(529.5eV). After NO adsorption, there were lattice
and adsorbed oxygen on the surfaces of the three
catalysts (Fig. 7d—f).

3.7. In situ FTIR studies

The FTIR assignments of JD-related adspecies
according to the literature [47,53-60] are listed in
Table 2. The in situ DRIFT spectra obR adsorption
on NbCuQy, Nd; gBag4CuOy and Nd gCey2Culy
at 300C are shown in Fig. 8a, b, and c, respec-
tively. In the spectra, we observed (i) a strong band
at ca. 1730 cm! (at ca. 1708 cm? in Fig. 8c) which

1.0

o
w

Absorbance

o
o
J

1500 1300 1100

Wavenumber (cm™)

Fig. 8. In situ DRIFT spectra obtained aftepr® adsorption on
(@) NobCuQy, (b) NdieBapgsCuQy, and (c) NdgCeCuOy at
300°C.
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Table 3

Assignment of Raman shifts

Raman shift (cm?) Assignment Reference
1634, 1410, 732 Nitrate [61]
1335, 820 Nitrite [61]

1235 Nitro [61]

1120 Q- [62]

840, 960 Q% (63]

826, 814 Q% in oxygen defect [64]

can be assigned toJ9,2~, (ii) a strong band at ca.
1380 cnm! which can be assigned to NO, (iii) a
strong band at ca. 1175 cthwhich can be assigned
to chelating nitrite, (iv) a weak band at ca. 1070¢m
which can be assigned to nitrate, and (v) a weak band
at ca. 1673 cm? (at ca. 1642 cm! in Fig. 8c) which
can be assigned to NO.

3.8. Raman studies

The assignment of Raman shifts related to nitro
and nitrate as well as £~ according to the literature
[61-64] are listed in Table 3. Fig. 9a, b, and ¢ show
the Raman spectra obtained afterONadsorption on
the NbCuQy, Ndi gBap 4CuQy and Nd gCey2Cuy
samples, respectively. JO adsorption on NgCuQy
generated the bands of nitrate (at ca. 1650, 1430,
and 720 cml), nitro (at ca. 1280 cmt) and @2~ (at
850 cnT1). N,O adsorption on NggCey »CuQy gen-
erated the bands of NO (at ca. 1650, 1430, and
730cnt 1), nitro (at ca. 1290 cmt), and @2~ (at ca.
850 cnm1). NoO adsorption on NgsBag4CuQs gen-
erated the bands of NO (at ca. 1680, 1650, 1610,
1420, and 730cmt), nitro (at ca. 1250 cmt), and
0,2 (at ca. 910cm?).

3.9. NO decomposition activities

Fig. 10 shows the pO decomposition activity over
the NcbCuQy, Ndp gCey 2CuQy, and Nd gBag 4CuOy
catalysts. The conversion of )@ over the cata-
lysts declined in the order of N@Ce,CuQy >
Nd1 gBag 4CuQy > Nd2CuQy when the reaction tem-
peratures were below 400. Above 400C, the trend
changed to NggBag4CuOs > Nd; gCe2CuQy >
Nd2CuQy. Compared to that of L&uO, [10], the
decomposition activity over N@CuQy is higher, in-

L.Z. Gao, C.T. Au/Journal of Molecular Catalysis A: Chemical 168 (2001) 173-186
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Fig. 9. FT-Raman spectra obtained afte(Nadsorption on (a)
Nd2CuQy, (b) Ndi Cey2CuOy and (c) Nd sBag.4CuOy at 300C.

dicating that a n-type KNiF4-type cuprate is more
suitable for NO decomposition.

3.10. Catalyst composition aften@esorption at 400
and 800C, and after NO decomposition reaction

Based on the results of chemical analysis, the
compositions of N@CuQy, NdieBag4Culy, and
Nd1 gCe2CuQy subjected to @TPD at 400 and
800°C as well as to MO decomposition reaction
were calculated and are listed in Table 4. One can
see that after being heated at 800 all the three
samples were reduced and oxygen vacancies were
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Fig. 10. Steady-state conversion—-temperature plots fD Ne-
composition over (a) NgCuQy, (b) NdygCe2Culy, and (c)
Nd1 6Bag4CuQy.

generated. Compared to the fresh samples (Table 1),
we found that the reduction and oxidation of Zu
occurred on all of the three samples during theON
decomposition reaction.

4. Discussion
4.1. NO active sites

Nd>CuQy is tetragonal (1) (Fig. 11). There is a se-
guence of |CuglNd—-Q—Nd|CuQ|, i.e. fluorite layer
and CuQ sheet, in this structure [44,65]. In order
to retain electron neutrality, the substitution of Nd
with Ba2+ would result in the formation of oxygen va-
cancies or the oxidation of €ti; whereas the substi-
tution of NP with Ce** would lead to the presence
of extra oxygen or the reduction of € The extra
oxygen or oxygen vacancies can exist in the @uO
sheet in the form of |Cuf),[Nd—G—Nd|CuQ.,| or
|CuG_,|INd—Q—Nd|CuQ_, |, respectively. The inter-
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@ Nd
L] Cu
O o

Fig. 11. Unit cell of N@CuQy.

stitial oxygen or oxygen vacancies can either present
in the fluorite layer as |CuNd—Q, —Nd|CuQ)| or
|[CuGNd-G_,—Nd|CuQ)|, respectively. The CuD
sheet is responsible for the redox action. There would
be @2~ or O~ in the oxygen-excess structure. It has
been reported that there are Gpecies in LaCuOy. s,

and the compound L&€uOy;s can be described as:
Lax(CuPt1_ CUBT,)042~(O7); [66]. Magnone et al.
[67] and Grenier et al. [68] have studied the redox of

Table 4
Compositions of NgCuOy, Ndj sBag4CuQy, and Nd gCey2CuOy after being subjected to LOTPD at 400 and 80@ and NO decom-
position
Nd2CuQy Ndy1.6Bao4CuOy Nd;.sCep2CuQy
400C NcbCup 942" Clip 06>+ Os.03 Ndy 6Bag.4Clp.es>" Clip 32>t O3.06 Nd; §Cep2CUo 20" Clip 80> Ou.00
800°C NcbCuy.90?* Cup 10+ O3.95 Ndy.6Bao.4CUp 752+ Clp 25> O3.93 Nd1 gCen2Cloa6T Cloga?T Oz.92
After Nd2Cug 0s* Clogs?" Clp 07> Os00  Nd16BagaCulpoat Clso®t Cln 36> O396  Nd1.gCep2Cln.1s Clpgs® Cuip 02> Os 03

reaction
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02-/O~ and CH#T/CU2t in LayCuQy

Cut +0% & Cwt + 0O 2)
The results of chemical analysis (Table 1) and XPS

studies (Fig. 6) demonstrated that beside$'Cthere

are C@t ions in Nd, gBag4CuOs and N&CuQy, and

there are Cui ions in Nd gCey2CuQs. EPR results

demonstrated that the substitution of Ndby Ce*t

or B&t could modify the EPR feature of NGuUQy

(see Figs 3a, 4a, and 5a). O 1s spectra (Fig. 7a—

demonstrated that there areOand @2~ (or O")

on the fresh NggCey2CuOy and NgCuO, catalysts.

EPR results (Fig. 3b) also suggested that there are

O,~ species on the 60C-heated NgCuQy sample.

EPR spectra shown in Fig. 4 suggested that there are

O2~ and O species on the fresh and 6@heated
Nd1 gCey2Cu0y samples.

In EPR investigations, the NdCe»CuQ, and
Nd; §Bag 4CuO, oxides treated at 600—800 showed
a strong O (g = 2.054) signal, whereas N@uOy
exhibited no significant amount of Osignal. The
Nd; sCe2CuOy and Nd gBag4CuQ, catalysts were
more active than the N€CuOy catalyst. These results
suggest that surface Ospecies could be related to
the active sites. The intensity of the" Gignal gener-
ated in Nd gCey2CuQy is 60 times of that generated
in Nd1 gBag.4CuQy, whereas the intensity ratio of the
O, signal generated in NgCey2CuQy to that gen-
erated in NdgBag4CuQy is 9/14. Above 400C, the
N2O decomposition activity over NgBag4CuQy
was higher than that over NgCey 2,CuOy. We suggest
that at the temperatures above 400the presence of
the O~ species is beneficial todD decomposition.

The OQ-TPD results (Fig. 1) demonstrated that
there was the desorption at oxygen from the
Nd1gCe2Cu0y and NgGCuOy samples. The des-
orption of lattice oxygen from the three samples
was above 60@C. When NdCuOy was treated at
600°C, O species were generated (Fig. 3b). Heating
Nd>CuQy at 800C would lead to the generation of
trapped electrons (Fig. 3c). In fresh NgCep 2CuQy,
there are O and Q. Heating Nd gCe2CuQy at
600°C resulted in a decrease in the intensity of the
O~ signal (Fig. 4a and b). These results suggested
that &, O—, O~ or O, species may transform from
one another at oxygen vacancies

0 &0 +e (3)
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200 & 0 +[e7] (4)
0" & 02+ [e7] ®)

The partial replacement of Ba by Cé*t in
LapCuQy might cause oxygen-deficiencies [69]. The
EPR results demonstrated that there were &nd
O2~ species generated in NegBag4CuOy at 600C
(Fig. 5b). We propose that in this particular case,
reactions (3) and (4) took place. In NeBag 4CuQy,

)with the diffusion of lattice oxygen from the bulk to

the surface, some of the oxygen vacancies were filled
with oxygen species. In the pulse studies, the adding
of 5% O, into the feed gas could increase the amount
of N2 production over the NggkBag 4CuOy sample.
The 180 isotope result suggests that the surface oxy-
gen species in the catalyst were indeed involved in the
N2O decomposition processes. We did not detect any
Oz in the outlet of a NO-pulse over NdgBag 4CuQy.

We envisage that the oxygen released yONlecom-
position remained adsorbed at oxygen vacancies in the
form of O,~ or O~. Oxygen addition in a BO-pulse

did not lead to an increase of;Mver NCuQ, and
Nd1.gCey 2CuQy. We detected @during NbO-pulsing
over these two samples. We envisage thati<rela-
tively difficult to adsorb on an oxygen-excess cuprate.
The XPS studies demonstrated that afte©ONadsorp-
tion, there were Cti, Ci?t, and Cd*t (Fig. 6) and
oxygen species such a$Q 0,~, and O (Fig. 7) on

all of the three catalysts. The results listed in Table 4
indicated that at 40@C there were 94% Cd and

6% CU* in Nd,CuOy; 68% CU#* and 32% C&*

in Ndy 6Bag 4CuQy; and 20% Cd and 80% C&" in

Nd1 gCey2CuQy; there were oxygen vacancies gen-
erated in Nd gBag 4CuQy. At 800°C there were 90%
Cw?* and 10% Ctr in Nd2CuQy; 75% C#+ and 25%
Cu3t in NdjgBag4CuQy; and 36% Ct and 64%
CU2t in Ndy gCep 2CuQy; 0Xygen vacancies were gen-
erated in all of the three samples. These results indi-
cated that the desorption ob@vould cause the partial
reduction of Cdt in Nd,CuQs and Nd gBag4CuOy

and the partial reduction of &t in Ndy gCey2CuOy,
together with the reduction processes, oxygen vacan-
cies were generated. The results of Table 4 and Fig. 6
indicated that in the catalysts subjected to catalytic
reaction, there were Gy Cl/?t, and C&t, meaning
that a redox action occurred during catalytic reaction.
After NoO decomposition, there were 8% Cu85%
CW* and 7% Cd* in Nd,CuQy; 4% Cut, 60% Cd+
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and 36% C8" in NdigBap4CuQs; and 15% Cu, process. It has been suggested thatgpecies can be
83% Cif+ and 2% Cd* in Ndy gCey2CuQy; oxygen formed via the reaction [48]

vacancies were generated in N@Bag4Cu0Qy. Com-
paring these data with the composition of the fresh
samples listed in Table 1, we found that duringN  ozkan et al. deduced that the intermediag©pcould
decom_pos_ltlon, the reduction of €uto Cut and decompose to pD and atomic oxygen [75]

the oxidation of Cé&" to Cu®t occurred on all of the

three samples. Based on these results, we proposedN202 < N,O+ O )
that C#* is a major active site for )0 decomposi-
tion. The reduction and oxidation of €t may result

in the oscillation effect in MO decomposition as re-
ported before [21]. The oxygen vacancies and oxygen
species can play a role inJ® activation. Kasai et al.
reported that the oxidation of reduced copper needs
oxygen [70]. Swany and co-workers suggested that
N2O adsorption occurs preferentially via the interac-
tion of the NO-m* orbitals with the cuprate oxide
at the surface of LggsSrp.15CuQy—, [11,71]. Bela-
purkar et al. found that an oxygen-deficient tetragonal
YBa;CuwOg showed higher catalytic activity than
an oxygen-rich orthorhombic YB&uzO7; they sug-
gested that the adsorption 0@ at oxygen vacancies
would result in a change in copper valence state and _Based on the results so far, we proposed a mecha-
the release of M [72]. It was suggested that only nism for ;O decomposition

N2O+e & N+ 0O (6)

After NoO adsorption over the three catalysts, we
detected species such as®?~, NO3~, and NG~
(Fig. 8). In the outlet corresponding to 2@®-pulsing
over these samples, we detected NQO and N.

We also observed NO andj;Ndesorptions during
N2O-TPD investigations (Fig. 2). In EPR studies
(Figs. 3 and 5), we detected the presence of NO rad-
icals. All the results demonstrated that NO, NOQ
NO,~, and NO»2~ are important intermediates for
N2>O decomposition.

4.3. Reaction mechanism

the O~ species can enter the oxygen vacancies and NoO [ N-O 8
participate in electron transfer process with the bulk 20+[] & NOg ®
[73]. With the diffusion of bulk oxygen to the surface N2O( + CU'™ & N2O™ + Cuy+b+ (9)
during thermal treatment in vacuum,>,O species
could also be formed. A © species could transform  N20™ + O™ (or %) & NO2%™ (10)
to Oy, leaving a trapped electron behind. It has been 2 _
suggested by Oliver et al. thatCand lattice oxygen (N202)™" « 2NO 11
O?~ are involved in the N production steps [74]. (N202)%2~ & Ny + O, + 26~ (12)
(N202)*” > N2 + 0%~ (0") (13)
4.2. Intermediates generated in® decomposition 0,2 (07 4 Cu™ D+ . 02 4 Curt2+ (14)
It has been reported that there were adspecies suclNO™ < NO + e~ (15)
as atomic oxygen and nitrate during® decomposi- 5 o
tion and the adspecies changed via oscillations [21]. 0" <O +e (16)
EPR results demonstrated that there were &nd - — 2—
. ) O +0 @] . 17
O2~ species at oxygen vacancies afterQNadsorp- + © 07+l (A7)
tion on the catalysts (Figs. 3-5). XPS results showed 0,2~ « O, + €&~ (18)
that there were lattice oxygen and adsorbed oxygen _
on the surface of the used catalysts (Fig. 7). Raman Oz~ ¢ Oz +[€7] (19)
spectra (Fig. 9) revealed thap® species were gener- e+ Cu"tDt & curt (20)

ated after NO adsorption on the three samples. Based
on these results, we concluded that the, @,~, and where [] is the oxygen vacancy and,R is the
0,2~ species are involved in theJ® decomposition  adsorbed NO.
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According to this mechanism, 40,2~ is an essen-
tial intermediate in NO decomposition to NO and
N,. Surface O or 0,2~ participates in the forma-
tion of N,O»2~. The productions of NO and Nare
competitive. The EPR results indicated that the in-
tensity trend of @~ signal was: NdgBag4CuOy >
Nd; 8Ce2CuOy > NdoCuQy. According to the re-
sults of N O-TPD studies, the amount ohb@esorbed
from NdbCuQOy was less than those desorbed from the
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of more oxygen vacancies and the reduction of Cu
Above 400C, lattice oxygen species diffuse to the
surface and interact with oxygen vacancies to be-
come active species, possibly in the form gf Oln
this case, NO»2~ are formed. Thus, higher catalytic
activities are achieved. The NO and oxygen species
may interact with each other to form nitrate or nitrite.
Oxygen vacancies and active oxygen species
are generated gradually in the three catalysts with

other two samples. This result suggested that reactionsthe rise in temperature. We tentatively describe

(18) and (19) are more intense over 8ap 4CuOy
and Nd gCey2CuQy than over NdCuQ;.

For NdbCuQy, there were surface oxygen species
such as @ . The adsorbed PO would interact with
surface oxygen to form ND.2~. A N,O»2~ inter-
mediate decomposed tooNand G or NO, leaving
an oxygen vacancy and resulting in the reduction of
Cu¥* and/or C4*t. On the contrary, if NO and £in-
teracted with the catalyst, €t could be oxidized. For
Nd1 gCey 2CuQy, N2O interacted with O and formed
N20»2"; a NbO,2~ intermediate decomposed top N
and @ or NO, leaving a oxygen vacancy and result-
ing in the reduction of Ch and/or Cé+. We suggest
that the reduction of Cuto ClP in a KoNiFs-type
structure is not easy, whereas the reduction of'Cu
is possible. If @ did not desorb, G and/or Cuf
would be oxidized. At an appropriate temperature,
some of the O in Nd,CuQy and Nd gCey2Culy
might dimerize to G*>~, O,~ or O,, and oxygen va-
cancies were generated. The-OPD results (Fig. 1)
indicated that on NggCey2CuQy, the desorption of
o oxygen was significant at ca. 38D. In this case,
N2O can readily adsorb at oxygen vacancies and re-
act with @2=, O,~ or O~ to become NO»2~. In
the meantime, species such agdy and NbO4 may
also be formed via the interaction ob® and surface

oxygen species. However, such species were not de-

tected in the NO-TPD, NbO-pulsing, in situ DRIFT,
and FT-Raman studies. It could be due to the fact that
N2O3 and NbO4 are unstable and decompose readily
to N2O2 and O. Below 4080C, N,O adsorption on
Nd16Bag4CuQy occurred at oxygen vacancies. In
this case, a DO interacted with a lattice oxygen to
form N>O»2~. The lattice oxygen species are inactive
at lower temperatures. The desorption of (Without

O2 desorption) would result in the formation of oxy-
gen species and the oxidation of &u In contrast,
the desorption of NO would result in the generation

them as: |Cu@,|Nd(Ce, Ba)-@-Nd|CuQ_,| or
|CuG_,|Nd(Ce, Ba)-Q,,—Nd|CuQ_,|. Conse-
quently, high temperatures (>400) are favourable
for N2O conversion. Below 40@, the catalytic
activity of Ndy gCe2CuQy is higher than that of
Nd16Bag4CuQy. We deduce that in spite of the ab-
sence of oxygen vacancies in NgCey>CuQy, the
existence of active oxygen (extra oxygen) makes the
generation of NO,2~ possible. In NgdgBag4CuQy,
there are oxygen vacancies but no active oxygen
species; the adsorption of2® is possible but the
formation of NbO»2~ is difficult. As a result, the
activity of Nd;gBag4CuOy is lower than that of
Nd; sCe2CuQy. Above 400C, the lattice oxy-
gen in Nd gBag4CuQ, gradually becomes involved
and the adsorption of 0 and the formation of
N20,2~ are possible. As a result, the catalytic activ-
ity of NdyeBap4CuQy increases. We thus propose
that below 400C, the formation of NO»2~ is a
rate-determining step, whereas above “4Q)the ad-
sorption of NO is critical. The catalytic activity of
NdoCuQ, are lower than that of NckCeyCuly

or Nd;gBag4CuOy within the temperature range
adopted for the present study; we ascribed this to the
low concentrations of species O

5. Conclusion

There are (i) C&"—Cu**+ and extra oxygen in fresh
Ndo,CuQy; (ii) CuT—CuU?t and extra oxygen in fresh
Nd; gCep2CuQy; and (iii) CP*—Cu?t and oxygen
vacancies in fresh NgBag 4CuQy. Heating the sam-
ples leads to the reduction and generation of oxygen
vacancies. After BO adsorption, there were Cu
CW?T, and Cd* as well as active oxygen species on
the three catalysts. We proposed that a redox action of
CU?t is involved in the NO decomposition processes.
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NO, NO3~, NO,~, N2O»2~, and oxygen species are
generated in BO decomposition. The productions of
NO and N are competitive. Oxygen vacancies are
favourable to NO adsorption. Oxygen species O
(or O ) is needed for the formation of the crucial
intermediate NO,2~. Below 400C, the formation of
N»O,2~ is an essential step, whereas above°@)0
the adsorption of NO is rate-determining.

Acknowledgements

The work described above was fully supported
by a grant from the Hong Kong Baptist University
(FRG/97-98/1-30).

References

[1] H. Yasuda, N. Mizuno, M. Misono, Chem. Chem. Commun.
(1990) 1094.

[2] C. Morterra, E. Giamello, G. Cerrato, G. Centi, S. Perathoner,
J. Catal. 179 (1998) 111.

[3] J. Leglise, O. Petunchi, W.K. Hall, J. Catal. 86 (1984) 392.

[4] G. Centi, S. Perathoner, Appl. Catal. A 132 (1995) 179.

[5] N. Mizuno, Y. Fujisawa, M. Misono, J. Chem. Soc., Chem.
Commun. (1989) 316.

[6] H. Shimada, S. Miyama, H. Kuroda, Chem. Lett. (1988) 1797.

[7] S.D. Peter, E. Garbowski, N. Guilhaume, V. Perrichon, M.
Primet, Catal. Lett. 54 (1998) 79.

[8] A. Dandekar, M.A. Vannice, Appl. Catal. B 22 (1999) 179.

[9] M. Shelf, Chem. Rev. 95 (1995) 209.

[10] S. Subramanian, C.S. Swamy, Catal. Lett. 35 (1995) 361.

[11] J. Christopher, C.S. Swamy, J. Mol. Catal. 62 (1990) 69.

[12] H. Yasuda, T. Nitadori, N. Mizuno, M. Misono, Bull. Chem.
Soc. Jpn. 66 (1993) 3492.

[13] S.C. Larsen, A. Aylor, A.T. Bell, J.A. Reimer, J. Phys. Chem.
98 (1994) 11533.

[14] D.J. Liu, H.J. Robota, Catal. Lett. 21 (1993) 291.

[15] D.J. Liu, H.J. Robota, Appl. CataB 4 (1994) 155.

[16] G.D. Lei, B.J. Adelman, J. Sarkany, W.M.H. Sachtler, Appl.
Catal B 5 (1995) 245.

[17] AW. Aylor, S.C. Larsen, J. A Reimer, A.T. Bell, J. Catal.
157 (1995) 592.

[18] P. Bera, S.T. Aruna, K.C. Patil, M.S. Hegde, J. Catal. 186
(1999) 36.

[19] N. Mizuno, M. Yamato, M. Tanaka, M. Misono, Chem. Mater.
1 (1989) 232.

[20] A.A. Kais, A. Bennani, C.F. Aissi, G. Wrobel, M. Guelton,
J. Chem. Soc., Faraday Trans. 88 (1992) 1321.

[21] S.H. Bossmann, M.F. Ottaviani, T. Turek, B. Bunsenges, J.
Phys. Chem. 101 (1997) 978.

[22] G.J. Millar, A. Canning, G. Rose, B. Wood, L. Trewartha,
D.R. Macinnon, J. Catal. 183 (1999) 169.

185

[23] A.W. Aylor, S.C. Larsen, J.A. Reimer, A.T. Bell, J. Catal.
157 (1995) 592.

[24] G. Centi, S. Perathoner, Y. Shioya, M. Anpo, Catal. Today
17 (1993) 159.

[25] P. Ciambelli, A. Di Benedetto, E. Garufi, R. Pirone, G. Russo,
J. Catal. 175 (1998) 161.

[26] K.V. Ramanujachary, N. Kameswari, C.S. Swamy, J. Catal.
86 (1994) 121.

[27] L.R. Larsson, Catal. Today 4 (1989) 235.

[28] M.V. Konduru, S.S.C. Chuang, J. Phys. Chem. B 103 (1999)
5802.

[29] J. Sarkany, W.H.M. Sachtler, Catal. Lett. 16 (1992) 241.

[30] F.H.M. Dekker, S. Kraneveld, A. Briek, F. Kapteijn, J.A.
Molkijn, J. Catal. 170 (1997) 168.

[31] F. Munakata, Y. Akimune, Y. Schichi, M. Akutsu, H.
Yamaguchi, Y. Inoue, Chem. Commun. (1997) 63.

[32] M. Machida, H. Murakami, T. Kitsubayashi, T. Kijima, Chem.
Mater. 8 (1996) 197.

[33] F. Munakata, M. Tanimura, Y. Akimune, J. Chem. Soc.,
Faraday Trans. 95 (1998) 933.

[34] Z. Sojka, M. Che, E. Giamello, J. Phys. Chem. B 101 (1997)
4831.

[35] M.H. Thiemens, W.C. Trogler, Science 251 (1991) 932.

[36] F. Kapteijn, J. Rodriguez-Mirasol, J.A. Moulijin, Appl. Catal.
B 9 (1996) 25.

[37] K. Yuzaki, T. Yarimizu, K. Aoyagi, S.
Catal. Today 45 (1998) 129.

[38] T. Turek, J. Catal. 174 (1998) 98.

[39] R.S. Cruz, A.J.S. Mascarenhas, H.M.C. Andrade, Appl. Catal.
B 18 (1998) 223.

[40] M. Scher, K. Kesore, R. Monnig, W. Schwieger, A. Tissler,
T. Turek, Appl. Catal. A 184 (1999) 249.

[41] O. Yuichi, K. Kazushi, B. Ming, M. Tatsuo, J. Chem. Phys.
110 (1999) 8221.

[42] J.N. Armor, Appl. CatalB 4 (1994) N19.

[43] L.Z. Gao, Z.L. Yu, Y. Wu, Acta Chimica Sinica 55 (1997) 56.

[44] J.B. Goodenough, Supercond. Sci. Technol. 3 (1990) 26.

[45] M.P. Attfield, S.J. Weigel, A.K. Cheetham, J. Catal. 172
(1997) 274.

[46] D.C. Harris, T.A. Hewston, J. Solid. State Chem. 69 (1987)
182.

[47] A. Martinez-Arias, J. Soria, J.C. Conesa, X.L. Seoane, A.
Arcoya, R. Catalufia, J. Chem. Soc., Faraday Trans. 91 (1995)
1679.

[48] T. Ito, J.X. Wang, C.H. Lin, J.H. Lunsford, J. Am. Chem.
Soc. 107 (1985) 5062.

[49] P. Salvador, J.L. Fierro, J. Amador, C. Cascales, I. Rasines,
J. Solid State Chem. 81 (1989) 240.

[50] M. Ospett, J. Henz, E. Kaldis, P. Wachter, Phys. C 153 (1988)
159.

[51] Y. Wu, T. Yu, B.S. Dou, C.X. Wang, X.F. Xie, Z.L. Yu, S.R.
Fan, Z.R. Fan, L.C. Wang, J. Catal. 120 (1989) 88.

[52] S. Mazumdar, in: C.N.R. Rao (Ed.), Chemistry of Oxide
Superconductors, Blackwell Scientific Publications, Oxford,
p. 147.

[53] C.C. Chao, J.H. Lunsford, J. Am. Chem. Soc. 93 (1971) 71.

[54] I.C. Hisatsune, J.P. Devlin, Spectrochim. Acta 16 (1960) 401.

Ito, K. Kunimori,



186

[55] G.M. Begun, W.H. Fletcher, J. Mol. Spectrosc. 4 (1960) 388.

[56] E. Giamello, D. Murphy, G. Magnacca, C. Morterra, Y.
Shioya, T. Nomura, M. Anpo, J. Catal. 136 (1992) 510.

[57] A.W. Aylor, L.J. Lobree, J.A. Reimer, A.T. Bell, Stud. Surf.
Sci. Catal., in: J.W. Hightower, W.N. Delgass, E. Iglesia, A.T.
Bell (Eds.), Proceedings of the 11th International Congress
on Catalysis, Vol. 101, 1996, p. 661.

[58] J.W. London, A.T. Bell, J. Catal. 31 (1973) 32.

[59] J.W. Neben, A.D. McElroy, H.F. Klodowski, Inorg. Chem. 4
(1965) 1796.

[60] B. Klingenberg, M.A. Vannice, Appl. Catal. B 21 (1999) 19.

[61] G. Mestl, M.P. Rosynek, J.H. Lunsford, J. Phys. Chem. B
101 (1997) 9321.

[62] R.Q. Long, H.L. Wan, Appl. Catal. A 159 (1997) 45.

[63] C.T. Au, H. He, S.V. Lai, C.F. Ng, J. Catal. 159 (1996) 280.

[64] K. Haller, J.H. Lansford, J. Laane, J. Phys. Chem. 100 (1996)
551.

[65] J.B. Goodenough, A. Manthiram, J. Solid State Chem. 88
(1990) 115.

L.Z. Gao, C.T. Au/Journal of Molecular Catalysis A: Chemical 168 (2001) 173-186

[66] N. Casan-Pastor, P. Gomez-Romero, A. Fuetes, J.M. Navarro,
M.J. Sanchis, S. Ondono, Phys. C 216 (1993) 478.

[67] E. Magnone, G. Cerisola, M. Ferretti, A. Barbucci, J. Solid
State. Chem. 144 (1999) 8.

[68] J.C. Grenier, A. Wattiaux, J.P. Doumerc, P. Dordor, L.
Fournes, J.P. Chaminade, M. Pouchard, J. Solid State Chem.
96 (1992) 20.

[69] M. Daturi, G. Busca, R.J. Willey, Chem. Mater. 7 (1995)
2115.

[70] P.H. Kasai, R.J. Bishop, J. Phys. Chem. 81 (1977) 1527.

[71] K.V. Ramaujachary, C.S. Swamy, J. Catal. 93 (1985) 279.

[72] A.D. Belapurkar, N.M. Gupta, G.M. Phatak, R.M. lyer, J.
Mol. Catal. 87 (1994) 287.

[73] X. Zhang, K.J. Klabunde, Inorg. Chem. 31 (1992) 1706.

[74] C. Oliver, L. Forni, AM. Ezerets, |.E. Mukovozov, A.V.
Vishniakov, J. Chem. Soc., Faraday Trans. 94 (1998)
587.

[75] U.S. Ozkan, M.W. Kumthekar, G. Karakas, J. Catal. 171
(1997) 67.



