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Abstract

Perovskite-type oxides La,A Co,_,Bi,Os_5 (A}, = Bay, Sh4; y = 0,0.2) and La_,Sr,MO3_5 (M = Cay77Big20Pth o3, x = 0,0.2,0.4)
and perovskite-like oxides Lge7Thg100CUO,_s, Ndb_ A’ CuO,_; (A, = Bags, Ca ), and YBaCu;O;7_s have been investigated as catalysts
for CO oxidation, NO removal, andJ® decomposition, respectively. X-ray diffraction results revealed that (i) all of these materials were single
phase, and (ii) the crystal structures ofLaA’ Co,_,Bi O3 5, Lay_SrMOs3_s, L&y g67Tho100CUOs_5, N0 A’ .CuQy_s, and YBaCuzOy_;
were cubic, orthorhombic, tetragonal (T structure), tetragondat(Wicture), and orthorhombic, respectively. The results of chemical analysis
indicated that (i) there were ¢o/Co* ions in La_,A’.C0o0;_; (A= Bayz, Sih4), C**/Co™ and BP*/Bi%t ions in La_, A’ CygBig203_s
(A= Bay2, Shh4) and La_,Sr,MO3_s, CL?*/CU** ions in La g67Tho100CUO,_5, Nd,CUOy_5, Ny 6Ba94CUO,_;, and YBaCusOy_s; and (ii)
after pretreatments inJor helium at certain temperature, @CuU?* ion couples appeared in these cuprate samples. Oxygen isotope exchange
experiments indicated that the lattice oxygen mobility in the Bi-doped catalysts were much higher than that in the Bi-free ones. TPR results
showed that lattice oxygen in the former samples could be reduced at temperatures lower than those in the latter samples. In the oxidation
of CO, the Bi-incorporated catalysts performed much better than the corresponding Bi-free catalysts, the Sr-substituted perovskites showed
higher catalytic activities than the Ba-substituted ones; among,5aMO;_s, LaggSh>MO, g exhibited the best catalytic activity. The
improved catalytic performance due to the Sr (or Ba)- and Bi-doping is believed to be associated with the enhancements in oxygen vacancy
density and Co+/Co™+V+ (n = 2, 3) and B#/Bi°* couple redox ability as well as in lattice oxygen mobility. In the elimination of NO over
La; SrMO3 5, LagsSrn2MO,90 performed the best. The 30C-reduced Lags7Thy100CUO,_5 catalyst that possessed dual cationic and
anionic defects and CUCL?* couple showed higher DeNO activity than the fresh one; the redox action betwgem@C€ 3" is an essential
process for NO decomposition. In the decomposition @ONthe 800C-treated Ng.,A’CuQ,_s (A= Bags, C&) and YBaCu;O;_s
samples were superior in catalytic performance to their fresh counterparts; oxygen vacancies were favorable for the formation of the crucial
N,O,%~ intermediate species inJ activation, and the redox €WCu®+Y+ (p = 1 and 2) couples involved in the,® decomposition
processes. The Del® activity over the Ce- or Ba-doped catalyst was much better than that over the undoped catal@siQNg. This
behavior is intimately related to the oxygen nonstoichiometry and copper ion redox properties.

According to the outcome of our experiments, we conclude that there is a strong correlation either between the structural defect (mainly
oxygen vacancies) and catalytic activity or between the redox{@o™V+ (n = 2, 3), B#*/Bi®*, and Cd*+/Cu?*V+ (p = 1 and
2) couples] ability and catalytic performance of these materials for CO andrdi@oval. The generation of oxygen vacancies by A-site
replacements favors the activation of @&hd NQ; the modification of B-site ion oxidation states by aliovalent ion substitutions in A- and/or
B-sites promotes the redox process of the catalyst. Both actions influence the mobility of lattice oxygen. As a result of the combined effect,
one can generate a kind of materials that show good catalytic performance for the elimination of CO,and NO
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ion is sixfold coordinated with & ions; the center posi-
tion is occupied by the A-site ion. Actually, the perovskite
In the past years, perovskite-type oxides (ABE), structure can be viewed with the B-site ion placed in the

perovskite-like oxides (ABO4—s), and layered perovskite center of the octahedron and the A-site ion in the center
oxides (e.g. YBaCuzO7_5) have been investigated exten- of the cube. In the lattice of orthorhombic YBauzO7_s
sively and intensively for the total oxidation of carbon (Fig. 1B), the B&* ions are 10-fold coordinated by?0
monoxide and hydrocarbori$,2]. The good catalytic ac- ions that form a cuboctahedron with two vertices missing.
tivities of these materials are due to the presence of a largeThe Y3t ion is eightfold coordinated by an approximate
number of structural defects such as cationic and anionic cube of G~ ions. The bond distances and angles for these
vacancies, among which excessive- or deficient-oxygen sto-polyhedra are typical of the species concerned. The copper
ichiometry is the most common case. Another reason for ions sit in two crystallographically distinct and chemically
the good catalytic performance is the strong redox ability dissimilar sites. The Cu(1) site at (0, 0, 0) is surrounded
derived from the coexistence of at least two kinds of oxida- by a square planar oxygen configuration; the Cu(2) site at
tion states of the transition metal ion. Therefore, the amount (0, 0, ca. 0.3555) is five-fold coordinated by a square pyra-
of nonstoichiometric oxygen and the ability of redox de- midal arrangement of oxygens. Compared with the ideal
termine the catalytic property of the perovskite. By partial perovskite structureHig. 1A), there are two principle sets
substitution of ions in site A and/or site B, one can regulate of oxygen vacancies in YB&uO7_s (Fig. 1B): one layer
the amount of oxygen nonstoichiometry and the valence of O° ions in the &, b) plane surrounding the % ion
distribution of the B-site ion. The controllable physico- and one line of &~ ions parallel to theb-axis. The oxy-
chemical properties of these catalytic materials make themgen vacancy density of YB&uzO7_s depends mainly upon
useful models for the study of specific reactions. the conditions adopted for preparation. The site of O(3) at
The different catalytic properties of ABQs, A2BO4_s, (1/2, 0, 0.3788) was not fully occupied ($2+ 3.5% oc-
and YBaCuzO7_s for the addressed reactions are due to cupancy)[3]. The occupancy of oxygen site O(4) is only
their different structural defects. In the cubic AB@ttice 72% in YBaCuzO7_¢.3 [4] and those of O(4) and O(3) sites
(Fig. 1A), the A-site ion is 12-fold coordinated and the B-site are, respectively, 92 and 95% in YB2uzO7_0.19 [4]. With

Cu(2)

o(l)

Cu(l)

® Y
O o

Fig. 1. Schematic structures of (A) perovskite AB@nd (B) YBaCuzO;. The atoms Oare the oxygen atoms of perovskite that do not exist in the
structure of YBaCusOy. As a consequence of such as elimination, typical chains are formed on the basal plane of the superconductor, and the atoms
Cu(2) assume fivefold pyramidal coordination.



H. Dai et al./Catalysis Today 90 (2004) 231244 233

1 tion, and of N@_,A.CuQs_;s (x = 0; A, = Baga, Ce2)
.M and YBaCuzO7_; for NoO decomposition and character-
ized these materials by means of techniques such as XRD
O@ (X-ray diffraction), TPR (temperature-programmed reduc-
® ©C> tion), 180,- and CO-pulsing as well as BET and chemical

analysis. By comparing the catalytic activities with the char-
acterization results of these materials, we made an attempt
T e | to establish correlation(s) between the structural defect and
activity and/or between the redox property and activity for
the addressed reactions.

-©

2. Experimental

2.1. Preparation of catalysts

(B)
Q Lasn £ Q NdCe) All the catalysts were prepared by adopting the method
o om b o om of citric .aCid comp[exing[14]. Stoichiometric.amounts of
® o ® o high purity metal nitrates [for La ,A .Co1_,Bi,O3—s (A’
- 2 = Bago, Shhs; y =0, 0.2), La_,Sr,MO3_s (M = Cap 77
* Cu ¢ Cu Big.2Pdho3, x = 0, 0.2, 0.4), and Lggs7Thg 100CUOy—s] OF
Fig. 2. Schematic structures of (A) £aSr,CuQy (T structure) and (B) oxalates (for NdCuQy_s, NdigBag4CuQy_s5, Ndy sCey2
Ndz—.Ce,CuOy (T’ structure). CuOy_s, and YBaCuzO7_;5) were mixed in aqueous so-

lution. Citric acid equimolar to the metals was added.
The solution was then evaporated at 70280to pro-
duce viscous syrup (gel). For the cobaltate samples, the
viscous syrups were dried at 120 for 8h and then
calcined at 850C in air for 18 h; for the cuprate sam-
ples, the viscous gels were decomposed abruptly to very
fine powders (ca. 10nm) at 300—40D and the pow-
ders were then calcined in air at 98D for 10-12h for
Lai gs7Tho.100CUOs_s and YBaCuwO7_s, and at 1100C

for 10h for the Nd-based cuprate samples. The par-
ticle size employed was 60-80 (for 13Sr.MO3_;),
80-100 (for La_ A Coi_,Bi,O3_s), and 100-140 (for
Las 867Tho.100CUOs—s, NdCuOy_s, NdieBagsCuOy_s,
Nd1 gCe 2Cudy_s, and YBaCuzO7_5) meshes. For com-
parison purposes, we pretreated (i)1k&/Tho.100CUOs—s

in a mixture of 10% hydrogen-90% helium (flow rate,
20 mimin1) at 300°C for 3 h, (i) YBaCuzO7_s in a mix-
ture of 15% hydrogen—85% helium (flow rate, 20 ml mih

at 250°C for 5 h, and (iii) N@aCuOy_s, Nd; gBag 4Cu0Oy_s,

and Nd gCey2CuQy_s in helium (flow rate, 20 mImint)

at 800°C for 1.5 h, respectively.

the rise in temperature, the oxygen atoms removed from
the structure are exclusively those located at the O(4) sites
[5-7]; further heating at higher temperatures induces more
loss of oxygen from the O(4) as well as the O(5) sites at
(1/2, 0, 0) until the composition reache$ &alue of 1.0; at
this stage, a structural transformation from orthorhombic to
tetragonal is expectd®,7]. The (74) value of the oxygen
stoichiometry at such a transformation is always around 6.5.
In other words, the orthorhombic phase exists over the range
of 0 < 8§ < 0.5 and the tetragonal phase over the range of
0.5 < § < 1.0. In the tetragonal La ,Sr,CuQ, (T struc-
ture) and Nd_,Ce,CuQy (T’ structure) lattices, an impor-
tant structural difference between them is the coordination of
the Cu atoms. In the L,a, Sr,CuOy structure Fig. 2A), the
Cu atom is located at the corner of a Gu@rtahedron and
the La and Sr atoms have ninefold coordinations, whereas in
the Nab_,Ce,CuQ, structure Fig. 2B) the Cuis in a Cu@
square and the Nd and Ce atoms have nearly cubic eightfold
coordinations. As indicated iRig. 2, there are two kinds of
oxygen atoms [O(1)—apical oxygens—and O(2)]. Oxygen
vacancies could be present at both O(1) and O(2) sites [A6].
The fractional occupancy at the O(2) site is slightly lower 2.2. Determination of catalyst crystal structures and
than that at the O(1) siti8]. surface areas

Based on the manipulations of chemical characteristics
of perovskites, we have recently investigated the effects of The crystal structures of the catalysts were determined
substitutions in both cationic sites on the catalytic proper- by an X-ray diffractometer (D-MAX, Rigaku) operating at
ties in environmental catalysi®—13]. In this article, we 40kV and 200 mA using Cu & radiation and Ni filter. The
present the catalytic performance ofiL@A Co;_ ,Bi,O3_; patterns recorded were referred to the powder diffraction
(Al =Bag2, Sfhs; y = 0, 0.2) and La_,SryMO3_s (M files—1998 ICDD PDF Database for identification. The spe-
= Cop,77Bip20Pth.03, x = 0—04) for CO oxidation and/or cific surface areas of the catalysts were measured using N
NO elimination, La gs7Thp 100CuUOy—_s for NO decomposi- adsorption at-196°C on a Nova 1200 apparatus.
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2.3. Chemical analysis of Co, Bi and Cu ion oxidation
states

The analysis of the oxidation states of¢@nd BP* ions
in the LaygBag.2C0p.gBio.203-3, Lao.6S10.4C00.gBin.203-s,
and La_,SrMO3_5 (x = 0, 0.2, 0.4) catalysts were car-
ried out using the approach developed by Oku e{%].
For the La_,A,CoGs_5 (A, = Bag2, Sh4) samples, the
Co*+ concentration was determined by the iodometric titra-
tion method. The contents of copper in different oxidation
states in the Cu-containing samples were estimated by
means of iodometry according to the procedures adopted
by Harris et al[16]. The experimental errors of the titration
approaches were estimated tob@.5%.

2.4. Determination of catalyst reducibility
The TPR experiments were performed using a Quanta-

sorb surface area analyzer (Quantachrome Corp.) modified
with electronic mass flow meters, a programmable furnace,

respectively; the corresponding feedstock composi-
tions are: (a) 1.40% 9+ 1.61% CO+ 500 ppm
CsHeg + 1000ppm NO, (b) 1.00% ©+ 1.61%
CO+ 500 ppm GHg + 1000 ppm NO, and (c) 0.80%
02+ 1.61% CO+500 ppm GHg+ 1000 ppm NO, with

N2 being the balance gas. The SV was 60,000 h
The catalyst (500 mg) was packed in the middle of
the reactor between two plugs of quartz wool. The re-
action temperature was monitored by a thermocouple
located at the catalyst bed and regulated from 50 to
500°C at a rate of 3C min—1. Before the experiments,
the samples were treated in a flow of Bt 400°C to
scour away surface adspecies. The result of blank run
with only quartz wool plugs in the reactor indicated
negligible activity below 500C. The concentrations
of CO, GHg, and NO in the reaction system were
analyzed on-line by an infrared analyzer (QGS-08B
Beijing BAIF), a flame ionization detector (NMH 45),
and a Chemiluminescence instrument (Modal 8840,
Monitor), respectively.

and on-line 13X molecular sieve traps in order to remove the (iii) La1gs7Thp100CUOs—_s. Catalytic activity evaluation

water generated during reduction before thermal conductiv-
ity measurements. A flow (40 mlmid) of a 20% H—-80%

Ar mixture was employed to reduce the sampielb mg)
held within a quartz cell (d. = 4 mm) containing a quartz
thermowell directly in contact with the sample bed. Reduc-
tion profiles were obtained by thermal conductivity mea-
surements of the $Hconcentration in the exit stream as the
sample temperature was increased from room temperature to
650°C at 10°C min~1. The thermal conductivity response
was calibrated using the complete reduction of CuO powder
(Aldrich, 99.995%).

2.5. Measurements of catalytic performance

() Layz_ACo_,Bi,03_5 (A, =Bay2, Stos; y = O,
0.2). Catalytic evaluation was carried out at atmo-
spheric pressure with 0.2 ml of the catalyst in a
fixed-bed quartz micro-reactordi = 4 mm). The total (iv)
flow rate of the reactant mixture, (a) 1.75% ¢Q.60%

0, +95.65% He, (b) 1.75% CG 1.00% &+ 97.25%

He, and (c) 1.75% CG- 0.87% & + 97.38% He,
was 100 mimin?; the corresponding COKOmolar
ratio was 0.67/1.00, 1.75/1.00, and 2.01/1.00, respec-
tively, and the space velocity (SV) was 30,000h
The inlet and outlet CO concentrations were analyzed
on-line by a nondispersive infrared CO/HC gas ana-
lyzer (MEXA-324F, Horiba). For the variation of SV,
we changed the mass of the catalyst at a fixed flow
rate of 100 mImin?.

(i) Lay—,SrMO3_s. The catalytic activity was evalu-

ated in a quartz tube micro-reactord(i = 10 mm) 2.6.

was carried out with 0.3 g of sample packed in a quartz
micro-reactor (id. = 4mm). Prior to the test, the
sample was treated at 650 under a helium flow to
eliminate water and carbonates. The decomposition of
NO was performed between 200 and 8@0(heating
rate 2°C min—1). The reaction feed was 3000 ppm NO
in helium and the SV was 7500'h. Catalytic activity
was measured 0.5h after performance stabilization.
The effluent gases (N NO, and NO) were analyzed
on-line by gas chromatography (Shimadzu, GC-8A)
and mass spectrometry (HP G1800A). Before evalu-
ating the catalytic activity of the reduced sample, we
carried out the CBI-TPD (temperature-programmed
desorption) procedure to eliminate surface hydrogen.
After three cycles of CBI-TPD treatments, we ob-
served no more CgH. It is an indication that most of
the surface hydrogen has been eliminated.
Nd>CuQy_s, NdieBapsCuQy_s, NdpgCep2CuQy_s,
and YBaCuwO7_s5. Steady-state catalytic activities
were measured between 100 and ®00at atmo-
spheric pressure, 1h after performance stabilization
over a fixed-bed quartz micro-reactord(i = 4 mm).
The sample (100 mg) was pretreated in situ at D0
for 1h in a helium flow before testing. The SV was
60,0001 and the feed concentration was 0.6%N
with helium being the balance. Gas chromatography
and mass spectrometry were used to determine the
N2O decomposition activity.

| sotope oxygen exchanges and carbon monoxide

with gas mixtures simulated to resemble actual au- pulsing

tomotive exhaust-gas compositions corresponding to

an oxidants/reducers stoichiometric factbr[r» = Pulse experiments were performed to investigate the
(202 + NO)/(CO+ 9C3Hg)] of 1.41, 1.00, and 0.83, reactivity of oxygen species. 0.3g of the catalyst sample
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(Lap.sBap.2C0pgBip.203-s and La gSr.4Cop.gBio2035)
was placed in a micro-reactor.di = 4 mm) and was ther-
mally treated in helium (HKO, >99.995%, 20 mlmih data of LaCoQ@ (No. 7-0279) and L@sBaysCo0s (No.
at a desired temperature for 0.5h. We pulsttD, 32-0480), we deduce that (i) La,A,Co1—,Bi,03_5 (A}
(HKO, 95-98%) onto the sample (helium as carrier gas, = Bag2, Sth4; y = 0, 0.2) were single-phase perovskites
20mlImin~1) at various temperatures and monitored the and cubic in structure; and (i) ka,Sr,MOs_s (x = 0,
composition of the outlet by means of a mass spectrome-0.2, 0.4) were also single-phase but adopted an orthorhom-
ter (HP G1800A). The data were taken at the 10th pulse bic perovskite structure. The surface areas are in the range
where the reaction reached a steady state. In the CO-pulsingf 6-7n?g~1. According to the principle of electroneu-
experiments, the sample (which had in turn been treatedtrality, the amount of oxygen nonstoichiometry) (was
in helium at 700C for 0.5h and exposed to 100 pulses estimated to be respectively 0.06, 0.13, 0.11, and 0.20
of 180, at 500°C) was exposed to CO pulses (helium as for the La—Ba-Co-O, La-Ba—Co-Bi-O, La-Sr—Co-O,
carrier gas, 80 mimint) at different temperatures and the La-Sr—Co-Bi—O perovskite catalysts ard.07 (atx =
effluent was analyzed on-line by the mass spectrometer.0), 0.10 (atx = 0.2), and 0.19 (atr = 0.4) for the
The pulse size was 504 (at 25°C, 1 atm). La;_,SrMO3_;s catalysts. FromTable 2 one can ob-
serve that all of the Cu-based catalysts were single-phase
but the crystal structures were different: (i) tetragonal (T
structure as shown ifig. 2A) for Laj gs7Tho.100CUOy_s;
(i) tetragonal (T structure as shown irFig. 2B) for
Nd2CuQs—s5, NdieBagsCus—s, and Nd gCep2CuCs—s;
and (iii) orthorhombic for YBaCusO;_s. There were
CUW* and C&#* in the Lay gs7Tho 100CUOs—5, Nd,CuOy_s,
Tables 1 and Zummarize the crystal structures, compo- NdieBao4CuQs—s, and YBaCusO7_s samples, and Cu
sitions, and surface areas of the Co-based catalysts, and thand Cé#* in all the partially reduced samples. Furthermore,

fresh and pretreated Cu-based catalysts, respectively. By
comparing the XRD patterns with the ICDD PDF Database

3. Results

3.1. Catalyst structures, compositions, and physical
properties

Table 1
Crystal structures, surface areas, compositions, oxygen nonstoichiometry, redox ion couples, and activities of the Co-based catalysts
Catalyst Crystal phase  Surface area C*t/Co*t Cat/Co*t Bi3+/Bi%t B T10002 (°C)
m2g1 (mol%/mol%) (mol%/mol%) (mol%/mol%)
Lag.gBap2C00;_s Cubic 6.1 - 91.7/8.3 - 0.06 330
LaggBag2Cop gBig203-5s Cubic 5.6 56.1/43.9 - 0.8/99.2 0.13 250
LapS10.4Co0z—5 Cubic 6.6 - 81.4/18.6 - 0.11 280
LaggSr4CopgBig203_5  Cubic 5.8 49.8/50.2 - 1.4/98.6 0.20 160
Lap6Sr.aMO3_s Orthorhombic 4.5 45.6/54.4 - 1.2/98.8 0.19 190
Lap gSrp 2MO3_; Orthorhombic 5.2 48.8/51.2 - 1.0/99.0 0.10 230
LaMO3z_; Orthorhombic 5.8 30.2/69.8 - 0.9/99.1 —0.07 290

&M = Cog.77Bio.2Pth.03.
b T1009 represents the temperature at 100% CO conversion under the conditions of £) 3\000h?! and CO/Q molar ratio= 0.67/1.00 over
Lai_,A,Co_yBi,O3 s (A, = Bagz, Sfh4; y =0, 0.2) and (i) SV=60,000* and » = 1.00 over La_,Sr,MO3_s (x =0, 0.2, 0.4).

Table 2

Crystal structures, surface areas, compositions, oxygen nonstoichiometry, redox ion couples, and activities of the Cu-based catalysts

Catalyst Crystal phase Surface area Cut/Cut CUt/Cu*t B Reaction rat@
(mg™h (mol%/mol%) (mol%/mol%) (10~*molm=2h~1)
Lal_857Tho_1ooCUO4_5 Tetragonaﬂ 35 - 99.0/1.0 —0.005 10.64
(300°C-reduced) (4.7/95.9) - (0.023)  (17.10)
Nd2CuQy_g Tetragondl 2.9 - 94/6 —0.03 7.60
(800°C in helium) (10/90) - (0.05) (8.82)
Nd1.6Bap.4aCuQ,_g Tetragondl 3.8 - 68/32 0.04 13.30
(800°C in helium) (25/75) - 0.07)  (18.11)
Nd; gCep2CuQ,_5 Tetragondl 3.6 10/90 - —0.05 14.44
(800°C in helium) (36/64) - (0.08)  (19.87)
YBa,CuzO7_g Orthorhombic 3.2 - 76.1/23.9 0.28 12.60
(250°C-reduced) (Tetragonal) (35/65) - (0.675) (18.64)

aFresh and pretreated (under conditions described in parenthesis) samples.

b Reaction rate of NO or pD decomposition at 60CC.

€ Structure as shown iffig. 2A.

d All the data obtained after the sample was pretreated under conditions described in parenthesis.
€ Structure as shown iffig. 2B.
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the Cu" concentration in the catalyst increased significantly from catalyst to catalyst. Compared todgBao 2C00; 94
after reduction or thermal treatment in helium. Considering [T100% (temperature required for 100% CO conversion)
the titration uncertainty, one can take that the Bi ions were = 330°C], LaggBay2C00.gBio.20287 (T100% = 250°C)
practically pentavalent in the Bi-containing catalysts. The exhibited much better catalytic activity under the same
5 values calculated based on the electroneutrality principle conditions (SV= 30,000 and CO/Q = 0.67/1.00).
were negative for fresh lyag7Thg100CUO,_5, NdoCuQy_s, With the oxygen content in the reaction mixture changed
and Nd gCey2CuQy_s, indicating that the three fresh sam- from excessive to stoichiometric, CO oxidation activity
ples contain excessive oxygen (so-called over-stoichiometricof the Bi-incorporated catalyst decreased markedly at the
oxygen or oxidative nonstoichiometry); after pretreatmentin same temperature; tigoos value was 250C at CO/Q =
hydrogen or helium at certain temperatures, however, they0.67/1.00, 290C at CO/Q = 1.75/1.00, and 316C at
became oxygen-deficient (reductive nonstoichiometry) ma- CO/Q; = 2.01/1.00 Fig. 3A). As shown inFig. 3B,
terials. Due to the high calcination temperatures, the surfacecatalytic performance was obviously improved when the

areas of these samples were generally lewt (g~ 1). substitution amount of Sr for La is higher than that of
Ba for La. With the incorporation of Bi into the lattice of
3.2, CO oxidation Lag6Srp.4Co0s_35, the CO oxidation activity increased sig-

nificantly. Such behavior of dependence on oxygen concen-
Fig. 3 shows the catalytic activities of b@Bag2Cop.g- tration was also observed over d¢5o.4Cao.sBio.202.80,

Big20087 and La.eSi4CoosBiosOrgo VErsus reaction the value ofTiggey, was 160C at CO/Q@ = 0.67/1.00,

temperature at 30,000f and at three different COA 180°C at CO/Q = 1'75/1'00_' and 366C at CO/Q =
molar ratios. For comparison purposes, the activities of ,2‘01/1'00 over the Sr- and Bi-doped catalystg( 3B). It

LagsBag2C00s 04 and LaSih4CoOsge at COIG = is apparent that the temperature required for complete CO
0.67/1.00 are also included. It is observed that with the rise CONVersion increases with a drop irp Content. Compared
in reaction temperature, CO conversion increased: the ex-1© the catalysts of supported noble metals (Pt, Pd or Rh), the

tent of increase in activity, however, differed considerably Catalysts of base metal oxides usually exhibit a significant
drawback, i.e., there is a rapid decrease in CO conversion

at elevated SV42]. In order to examine this effect over

100 Lag.gBag2CopgBio. 20287 and L& gSr.4CapgBio 20280,
T ] we tested the catalysts at various SVs and the results are
g 80 1 shown inFig. 4. With the increase in SV from 5000 to
=) ) 60,000 and at CO/@ = 0.67/1.00, the value of100%
g 60j shifted from 190 to 430C for the Ba-substituted catalyst
2 404 (Fig. 4A) and 130-210C for the Sr-substituted catalyst
8 . (Fig. 4B). Furthermore, CO conversions augmented at a
O 201 faster rate at lower SVs. We also observed similar scenarios
o . in the cases of CO/9O= 1.75/1.00 and 2.01/1.00.
0 - T Fig. 5shows the catalytic performance oflLaSr,MO3_s
100 140 180 220 260 300 340 at SV = 60,000h! and at various stoichiometric factors.
(A) Reaction temperature (°C) FromFig. 5A, one can see that the substitution of Sr for La
caused CO conversion to increase significantly and the best
100 - catalytic activity was achieved at= 0.2. Wheni = 1.41
< ] and 1.00, the profiles of CO conversion versus temperature
< 80 ] were basically the same. After the reaction mixture was
E ] switched to reductive atmospherg & 0.83), however,
g 60 7 CO conversion decreased obviously with increasing tem-
= o ] perature and CO could not be oxidized completely below
S 1 220°C (Fig. 5B).
o 20 3 Shown inFig. 6 are the results of80,-pulsing onto the
(S Lag.gBag2CopgBin 20287 and L& Sro.4C0p.gBio.202.80
0l samples. During the pulsing &%0,, 180 infiltrates into the
80 160 240 320 400 catalyst lattice, driVind'602 and80160 into the gas phase.
(B) Reaction temperature (°C) It can be seen fronfrig. 6A that when the temperature was

. raised to 200C, isotopic exchange (between tH© from
Fig. 3. Catalytic performance of (A) kaBay2C00,94 (L1) and the aas phase and tH% in the Lay =B C Bin -0

L8 §B22CgBi020z7 (M, ®, A) and (B) La6S04C00z40 (L) and Iattige) tFC))Ok lace. Above SOE:Q).tgheaoéicﬁoéi g.zbezéfgme
Lag gSr.4CapgBig20250 (ll, @, A) as related to reaction temperature at o P ’ T 16 9

SV = 30,000 ! and CO/Q molar ratio= 0.67/1.00 {1, M), 1.75/1.00 significant. At 425C, the concentration df00 was the

(®), and 2.01/1.00 4). highest. Further rise in temperature to 3@ resulted in
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Fig. 4. Catalytic performance of (A) kaBay2CogBio20287 and Fig. 5. Catalytic performance of (A) ka,SrMO3_5 (M = Cao77Bio.2
(B) LageSh.4CongBio20280 as a function of reaction temperature at Ptbos; x =0 (H), 0.2 @), 0.4 (#)) at SV=60,000tr* and . = 1.00
CO/0; molar ratio= 0.67/1.00 and S¥5000 ! (@), 10,000 r* (#), and (B) LagSi2MO2g0 at SV = 60,000h%, andx = 1.41 (4), 1.00

20,0001t (A), 30,000t (M), 40,000k (OJ), 50,000k (A), and (@), and 0.83 A).
60,000 it (O).

the 99.5-100% range throughout the whole temperature
a decrease iR80%0 and a considerable increasefO, range.
concentration; at 500C, the exchange came to a comple- Fig. 8illustrates the TPR profiles of the Co-based sam-
tion. In the case of L§sSry4CaopgBig20280 (Fig. 6B), ples. There was a big reduction band at 4Q0for the
isotopic exchange became significant above “Z50after LaggBap2CoOr 94 sample Fig. 89, at 400°C for the
reaching the highest level at 350, the 80%0 content Lag.gBag2Cap gBip.202.87 sample Fig. 8b), at 440°C (with
went down whereas th¥0, concentration went up, and a shoulder at 399C) for the LaeSf4C00xg9 sample
exchange was completed at 5@ These results clearly in-  (Fig. 89, and at 376C (with a shoulder at 480C) for the
dicate that the lattice oxygens of ¢.gBag 2C0p gBio 20287 Lag.gSr.4C0op gBip 20280 sample Fig. 8d. The amount of
and LagSr4CopgBig20280 are mobile above 250 H> consumed was 1.88, 3.12, 2.38, 4.81 mmglggalt, re-
and the mobility of lattice oxygen in/on the latter is much spectively. The bands were generated due to the reduction
higher than that infon the former. In order to investigate of Co and/or Bi ions as well as that of oxygen adspecies.
the reactivity of lattice oxygen species, we pulsed CO at Apparently, with the doping of bismuth, the reduction
various temperatures onto the Bi-doped samples that hadshifted toward lower temperature; i.e., the incorporation
been treated in helium at 700 for 0.5h and exposed of Bi into the perovskite lattice increased the reducibility
to 100 pulses of0, at 500°C; the data were obtained of the catalyst. In the case of La.SrMOs3_s, for the
at the 10th pulse of COF{g. 7). With temperature rise, LaMO37 catalyst, there were reduction bands at 250, 338,
there was a general increase in CO conversion. Over theand 605C (Fig. 89; the first two bands (0.83 mmol H
Lag.gBag2Cop.gBig202.87 sample Fig. 7A), between 150 ggalt) were due to the reduction of interstitial oxygen?Bi
and 250°C, the selectivity of %0, was ca. 75% while  (to Bi®*), Co** (to CAt), and Pdt (to PdP), the last band
that of G800 was ca. 30%; the selectivity of 180, (0.85mmol K gt) could be ascribed to the reduction of
was below 3%. Over the lgaSto.4Cog gBig 20280 sample Bit+ (to Bi% and C&* (to Cd). Such an assignment was
(Fig. 7B), at 200°C, the G580, selectivity reached the low-  corroborated by the XRD results (not shown here). There
est value (56%) whereas the'%00 selectivity reached  were two partially overlapping reduction bands at 440 and
the highest value (39%); the 18D, selectivity was less  485°C for the La gSrp2MO2 9o (Fig. 8f) catalyst and 458
than 5%. The balance of carbon was found to be within and 485°C for the La gSr0.4MO3 g1 (Fig. 89 catalyst. The
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Fig. 6. The distribution of isotopic dioxygen in tH€0/160 exchange
experiment performed over (A) bgBay2CopgBip20287 and (B)
Lap eSr.4Cop gBig202 g0 after treatment in helium at 70C for 0.5h.
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total amount of H consumed was 3.20 and 2.91 mmal H
Ocanr respectively. Both bands were also due to the reduction
of Co, Bi, and Pd ions as well as that of oxygen adspecies.

3.3. NO eimination

The catalytic performance in NO elimination over T.®
La;_,SrMOs3_s is shown inFig. 9. For all the La_,Sr,
MO3_s catalysts, NO conversions first increased and then
decreased with temperature rise, the highest NO conversions
being 54% at 350C whenx = 0; 97% at 260C whenx =
0.2; 92% at 310C whenx = 0.4 (Fig. 9A). To summarize
briefly, the catalytic performance in NO elimination was
in the order of LagSrpoMO290 > LageSrgaMO2g1 > |
LaMOs3,07. FromFig. 9B, one can observe that with the rise T @
in temperature (especially above 3%0), the selectivity to ]
N» increased whereas that too® decreased; at 50C, | el C) R S
100% N> selectivity was achieved over §.8Srp2MO2 go.
Since the catalytic activity in NO removal of a cata- 0 100 200 300 400 o 500 600 700
lyst is strongly dependent upon thevalue, we used the Temperature ("C)
best-performing LagSro2MO2.go catalyst to examine this  rig. 8. TPR profiles of (a) LgsBa2C00s04, (b) LaogBao2Coos
effect. The results are presentedﬁig. 9C With a Change Bip20287, (C) LayeSr4Co089, (d) LapeSrpaCapgBio 20280, (€)
of A from 1.00 to 1.41, the maximal NO conversion te N  LaMOsg7, (f) LaosSr.2MO2.90, and (g) La 6Sr0.4MO281.

®

(e)

H, Consumed (a.u.)
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Fig. 9. NO conversion over (A) Lla,SrMO3_5 (M = Coy.77Bio.2Pth.03;
x=0 (M), 0.2 @), 0.4 (A)) at SV = 60,000! and 1 = 1.00, (B)
N, and NO selectivities over LggSr2MO2g0 at SV = 60,0001
and A = 1.00, and (C) NO conversion over §gSroMO290 at
SV =60,000ht andx = 1.41 (®, <), 1.00 @, O), and 0.83 A, A).

decreased markedly from 64 to 42%; the corresponding NO
conversions to BO were 32 and 29%. When thevalue
was decreased to 0.83, NO conversion tp iNcreased
while NO conversion to DO decreased as expected. It can
also be observed that above 22Z5) NO conversion to i

was much higher than those of the other two cases, and
above 450C NO conversion to W stayed at ca. 67% rather
than decreasing to zero as in the cases f1.00 and 1.41

(Fig. 90.

Fig. 10shows the conversion of NO toohind NO as a
function of temperature over the fresh and 30@reduced
Laz ge7Tho.100CUOy_s catalysts. With the rise in tempera-
ture, NO conversion to ) and NO conversion to PO first

100

NO Conversion (%)
& 2 3

[
<
T
T

0o+—B —
100 300 500 700 900
Reaction temperature (°C)

Fig. 10. NO conversion to N (A, [J) and NO (A, H) vs. reaction
temperature over fresi\( A) and 300 C-reduced [(J, M) La; gs7Tho.100
CUOA,,a.

the performance of the reduced sample was much better than
that of the fresh one. At 65, we obtained 91% NO con-
version (to Nb) over the former, and 35% NO conversion (to
N2) over the latter.

3.4. N2O decomposition

Shown inFig. 11 are the NO decomposition activities
as a function of reaction temperature over theGiaOy o3,
Nd1.gCey2CuQy 05, and Nd gBag4CuOs g6 catalysts. The
conversion of NO over these catalytic materials declined
in the order of Nd gCey2CuOy 05 > Nd1 gBag4CuOs.96 >
Nd2CuQy 03 When the temperatures were below 4Q@0
Above 400°C, the trend changed to NgBag4CuQs 96 >
Nd1.8Cey2CUOy 05 > Nd2CuOy 03. Fig. 12shows the MO
decomposition activities over the fresh and 280reduced
YBap,CuzO7_5 samples. With the rise in reaction tem-

100 -

(=) o0
(= =]

T T T T B R
T T

N20 Conversion (%)
S

20 +

800

Reaction temperature (°C)

Fig. 11. Steady-state conversion-temperature plots @ Necomposition
over NCbCUO“_B (.), Ndl,eBao,4CUO4_8 (A), and Nd,gCQ),zCUO‘l_g

increased and then decreased. Within the temperature range®).
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Fig. 12. Catalytic performance of fresh]( O, A) and 250°'C-reduced
YBa;CusO;,_5 (M, @, A) as a function of reaction temperature fos@
decomposition. [(1, l) N,O conversion, ©, @) Ny selectivity, and 4,

A) NO selectivity.

perature, MO conversion and N selectivity increased
rapidly and reached 98 and 91%, respectively, at°4)0
and the corresponding NO selectivity was 9% over the
250°C-reduced catalyst; but over the fresh catalystON
conversion and B selectivity increased and NO selectivity
decreased in a relatively slow manner. Obviously, th©N
decomposition activity over the reduced YRapO;_; is
higher that that over the fresh one.

4. Discussion

4.1. Sructural defect, redox ion couple, and catalytic
activity in CO oxidation

Among the series of A-substituted LaC@@r-substitution
for La has been studied most extensively and intensijzdly
Due to the similarity in chemical properties, Ba-substitution
for La and Sr-substitution for La are expected to induce

the expansion of the lattices, there should be weakening
of the Co—O and Bi-O bonds, and the result is the en-
hancement in lattice oxygen mobility. Compared to that in
Lag gBag.2Cay gBip.202.87, the amountq) of oxygen nonsto-
ichiometry in La gSrp4Cop gBip 20280 was larger because
with more S#+ substitution for La, more oxygen vacancies
were generated. By means of controlled annealing under
oxygen of high pressures between 800 and T@d-ierro
and co-worker$21] synthesized a series of LaCgQ with
various oxygen deficiencies. They found that above450
CO oxidation activity increases in the order ofCuQy

(6 = 0) <LaCuQ 95 (§ = 0.05) <LaCuQy 73 (§ = 0.27)
<LaCuQgs (8 = 0.35) <LaCuQ 55 (6 = 0.45); the con-
tent of C#t ions is 0, 90, 46, 30, and 10%, respectively.
It is apparent that CGif/Cu*t ion couples play only a
minor role in CO oxidation and the activity is largely con-
trolled by the amount of oxygen nonstoichiometry in the
LaCuQs_s catalysts. In the La A,,Co_,Bi,O3_s (A

= Bag2, Sip.4; y = 0, 0.2) catalysts, the value dflecreased

in the sequence of lggSry4CaygBig20280 (§ = 0.20)
>Lap.gBag.2C gBi0.20287 (6 = 0.13) >Lay 6S10.4C00,.89

(6 = 0.11) >L&y gBag2CoO.94 (6 = 0.06), coinciding with

the sequence of decrease in CO oxidation activiyodes)

as shown inTable 1 It is in agreement with Fierro and
coworkers’ conclusion§21]. The distribution of oxidation
states of the B-site ion in AB§ s determines the oxygen
nonstoichiometry and vice versa. Actually, th& BB™*

ion couples influence the catalytic performance of AB9
indirectly via the regulation of nonstoichiometric oxygen
amount and then via that of lattice oxygen mobility. The
enhancement in lattice oxygen mobility (as depicted in the
results of TPR180/160 isotopic exchange, and CO-pulsing
studies) and the presence of oxygen vacancies rendered the
nonstoichiometric perovskite materials catalytically active
for CO oxidation.

In the steady-state oxidation of CO over supported metal
catalysts, there is a critical COfQOmolar ratio at which
the rate-determining step shifts from CO adsorption to O
dissociation[22—27] Below this critical ratio, the amount

similar effects: the generation of oxygen vacancies and of adsorbed oxygen is higher than that of adsorbed CO;

hypervalent cobalt ions (G6). The positive value of
and the presence of ¢b ions in LagBay2Co0s_s and
LagsSrp.4Co0s_s confirmed such a deduction. Consid-
ering that B?* is closer in size to Co ions<(0.8A),
and BPt to La** and B&" (>1A), and together with
the estimation of tolerance fact§2], Bi®* should dwell
at the A-sites while Bit at the B-sites of AB@. Such

at high CO concentrations, the surface would be lack of
adsorbed oxygen. Over perovskite catalysts, d@uld be
activated readily at structural defects. Compared top O
activation, the activation of CO over perovskites is diffi-
cult. Working on a LaCo@ s catalyst by means of FT-IR,
Tejuca and co-worker$28-30] concluded that CO ad-
sorbs either on the oxygen atoms adjacent to Co atoms,

a notion has been substantiated in the investigations offorming carbonate species or on the Co atoms adjacent to

the Ki;_,Bi,BiO3_s and Ba-Bi—Fe—O perovskite struc-
tures [17-20] It is unusual to have both A- and B-sites

oxygen vacancy, producing carbonyl species. Earlier, we
detected both carbonyl and carbonate species after CO ad-

occupied by the same element. The result of chemical sorption on L3 eSr.4C01—,M,03 [31]. Similar species are

analysis for Bi oxidation state indicated that the Bi ions
in LaggBag 2Cop.gBip.202.87 and La.6Sr.4Cop.gBin.202.80
were pentavalent. The incorporation ofBiions into the
B-sites enlarges the b@Bag2Co00s_s lattice [9]. Simi-
lar effect would exist in LagSrg.4aCoggBig20280. With

expected to be detected onggBag2Cay gBip20287 and

Lag Srp.4Cop gBip202.80. The decrease in surface oxygen
concentration undermines the process of lattice oxygen
replenishment. As shown iRig. 3, the T10ge, for CO 0x-
idation increased with the drop in,Ccontent. One can
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envision that in an @rich atmosphere, CO oxidation could

proceed at a relative lower temperature. Unlike those ob-

241

vacancies of the catalyst; i.e., tH% atoms in the desorbed
180160 and1%0, were entirely originated from the lattice

served over precious metal catalysts, the catalytic activities of the catalyst. By comparing the relative concentrations of

of perovskites for CO oxidation are more sensitive to the
change in space velocity. In arp@ch atmosphere (CO/
molar ratio= 0.67/1.00),T100% Went up with the rise in
SV (Fig. 4). Apparently, the LagBag2Cap gBig.202.87 and
Lag 6Sr.4Cop.gBig 20250 catalysts showed good perfor-
mance for CO oxidation under oxidizing conditions.

It is generally believed that CO oxidation proceeds via
the interaction of adsorbed CO with adsorljgd,33] and
lattice oxygen[34—-38] The former is oxygen adsorbed
molecularly and dissociatively @0, O~ or O,%") at oxy-

180,, 180160, and!®0,, one can deduce th&O is readily
infiltrated into the perovskite lattices of the Bi-doped cobal-
tate catalysts and any consumed amount of lattice oxygen
is rapidly replenished above 30G. This oxygen redox
cycle demonstrates the high mobility of lattice oxygen in
LaggBap 2CopgBin 20287 and LagSrp4CopgBin 202 g0.

As shown inFig. 7, the high G80160 selectivity in the
range of 150-250C and the high CO conversion in the
range of 250-450C reflect the high reactivity of lat-
tice 1802 (incorporated into in the catalysts durif§O,

gen vacancies, the latter is related to the partial reduction of pulsing) with CO; i.e., the lattice oxygen is reactive to-

B-site cation39-42] It has been reported that the redox re-
actions of cobalt ions with lattice oxygen in18.A,BOs_s

(A’ =Ca, Sr; B= Mn, Fe, Co;x = 0-1) have an important
role to play in enhancing ammoxidation activ[i3]. After
investigating the reactivity of lattice oxygen and the desorp-
tion of oxygen over cobaltate perovskites, Nakamura et al.

ward CO. Therefore, the enhanced catalytic activities of
LaggBag2CopgBip 20287 and La.eSr4CoygBin 20280
could be associated with the promotion in lattice oxygen
mobility. It should be noted that the near 100% carbon
balance at or below 45 precludes the possibility of CO
disproportionation (2CO> C+ CO). Previously, we have

[44] pointed out that in the oxidation of CO, there is the in- reported that CO disproportionation occurred only above
volvement of lattice oxygen accompanied by the reduction 460°C over a Ni-LaOs/5A catalyst[46]. This Ni-based

of Co** to Co**, and the formation of oxygen vacancies. catalyst is expected to catalyze CO disproportionation reac-
Naturally, with the generation of surface vacancies, the dif- tion more readily than perovskite-type oxide catalysts such
fusion of lattice oxygen from the bulk to the surface would as La gBag2CoggBig 20257 and La 6Srp.4C0n.gBig.202.80
become facile and the surface oxygen consumed in the reachecause metallic nickel can activate CO molecules more ef-
tion could be replenished. Therefore, both kinds of oxygen fectively than the base metal oxides. Based on these results
species are involved in the total oxidation of CO. We sug- and the above consideration, we conclude that the adsorbed
gest that the catalytic activities of La,A/.Cop—,Bi,O3_s oxygen species at oxygen vacancies and lattice oxygen
(Al =Bag2, Sha; y = 0, 0.2) and La ,Sr,MO3_; (in species on/in the Bi-incorporated perovskite-type oxide
addition to the contribution of Pd) could be attributed to the catalysts are responsible for the low-temperature catalytic
extent of the redox processes of @ O,~ < 02 & reaction of CO oxidation.

O~ & Ofyece lattice, (Co*) & Co*t & C?t & C,
and/or Bt < Bi®* < B It can be observed that
among the La A Co;_,Bi,O3_s catalysts, the more the
oxygen vacancy density, the higher is the CO oxidation
activity (Table 1and Figs. 3 and % As illustrated in the
TPR studies Kig. 8a—(, the reduction temperature in-
creased in the order of baSry4CapgBig202.50 (376°C)
<Lag.gBap.2C0p.Bin. 20287 (400°C) <LapeSr.4CoOy.89
(440°C) <Lag.gBag 2C00;.94 (490°C), coinciding with the
order of decrease in Hconsumption: LgeSry.4C0o.gBio.2
Oz80 (4.81mmol H goi) >LagsBay2ConsBio 20287
(3.12mmol H go1) >LageS04CoOy89 (2.38mmol H
ggalt) >l apgBag2C0O 94 (1.88mmol B gg;t. It means
that the incorporation of Bif into the LagBay2C003_s
and LagSr4Co0s_s lattices promoted the mobility of
lattice oxygen. This is confirmed by the results'®®/10
exchangeKig. 6) and CO-pulsingKig. 7) studies. Gener-
ally speaking, the isotopic exchange involves six different
steps as described if#5]. Since the catalyst had been
purged with helium at 700C for 0.5 h before the pulsing of

4.2. Sructural defect, redox ion couple, and catalytic
activity in NO, removal

Among the La_,Sr,MO3_s (x = 0, 0.2, 0.4) catalysts,
Lag.gSrh.2MO2.90 showed the best catalytic performance in
the elimination of NO, giving 97% NO conversion at 28D
for » = 1.00. With an increase in reaction temperature,
NO conversion decreased because more CO was oxidized
at high temperatures. Under oxidizing atmospheres (e.qg.
A = 1.41), the maximum NO conversion dropped from
97 to 70%; under reducing atmospheres (e.g= 0.83),
however, there was an enhancement in NO conversion.
Under reaction conditions similar to those adopted in the
present work, LagSrg2MO2 gg is superior in NO removal
to LaMng g76Rh0.02403.15 (80% NO conversion at 29@)
as reported by Guihaume and Prinjé?]. In addition to
the contributions of CO and 4Bl to the good activity of
NO removal over LggSr2MO2g90, NO decomposition
was also a major factor for NO elimination, as demon-

180, (this treatment would guarantee the desorption of the

adsorbed oxygen species), one can preclude the existenc

of adsorbed!®0O species on the surface or at the oxygen

strated in the investigation of NQ (NO + CO)~, and
éNO + CsHg)-pulsing studie$10].

Depending upon the value, the La_,Sr,CoOs_s per-
ovskite contains certain amounts of oxygen vacancies and
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Co™* (n = 3, 4) ions. When bismuth incorporated into the possessing cation/anion dual defects and /Cuf* cou-
B-site of the La_,Sr,CoOs_; lattice existed in pentava- ple, rendering the lattice oxygen mobile in this mate-
lency, thes value changed from negative to positive as the rial [11]. NO adsorbed on the surfaces of the fresh and
extent of Sr substitution increased. At= 0, the incorpora- ~ 300°C-reduced catalysts to form NO radicals but an inter-
tion of Bi®* in the lattice of La_,Sr,MO3_s caused (i) the  mediate [QNO]2~ was generated via the interaction of
production of interstitial oxygen (over-stoichiometric oxy- NO with O, at oxygen vacancies only over the reduced
gen) ions, and (i) the lattice distortion of the perovskite due sample[11], and Cud- was concomitantly oxidized to €t.

to the fact that Bt is larger than C&" (0.55 A) in size. The Hence, the decomposition process of NO is related to a
interstitial oxygen preferred to dwell between adjacent LaO redox action between Guand C#™ in the pre-reduced cat-
layers. Due to the presence of interstitial oxygen, the two alyst. As shown irFig. 10, the catalytic performance of the
most nearby oxygen ions in the LaO plane above the intersti- 300°C-reduced perovskite-like oxide was much superior to
tial defect are repelled slightly and shifted away from their that of the fresh one; 91% NO conversion (tg)Mt 650°C
normal lattice site§48]. Vogel et al. observed that the inter- over the 300C-reduced Lags7Tho.10000.033CuUQOs.973 cat-
stitial oxygen in LaMnQ@ 13 can be removed below 50C alyst was higher than those over ROz (32% at

by H, [49]. The gradual substitution of divalent%Sr for 600°C), Pth-Al>,03 (83% at 800C), and Cu-MFI-143
trivalent L&¢t would subsequently neutralize the effect in- (80% at 527C) [51,52] It is generally accepted that the
duced by the incorporation of Bf into the B-sites, causing  decomposition of NO involves the dissociation of NO to
the amount of interstitial oxygen to decrease and disappeamitrogen and oxygen on the catalyst surface; nitrogen read-
ultimately. Therefore, it is reasonable to assign the two par- ily desorbs as B whereas the oxygen that retained on the
tially overlapping TPR peaks in the range of 220-360 surface deactivates the catalyst. Therefore, the desorption
observed over LaMgyy7 (Fig. 86 to the reduction of inter-  of the strongly attached oxygen is the rate-limiting step of
stitial oxygen and/or the reduction ofBi to Bi*t and Co* the overall reactions. At high temperatures, oxygen desorp-
to Cc?t, and those in the range of 300-3@Dobserved over  tion can result in the regeneration of active sites and thus
Lag.gSry.2MO2 g0 (Fig. 8f) and La gSr.4aMO2.81 (Fig. 89 enables the catalytic cycle of NO decompositib8]. It has

to the reduction of adsorbed oxygen and the reduction of been reported that an “extra-lattice-oxygen (ELO) species”
Bi°* — Bi** — Bi® and Cd* — Co*" — Cd . As re- is involved in NO decompositiof64,55] The ELO could
vealed in the XPS (X-ray photoelectron spectroscopy) stud- exist in the form of C&t0,~ or Ci?*O~ [56]. Over the
ies[10], there was C®" in La;_,Sr,MO3_; and the Cé" 300°C-reduced Lages7Tho 100¢0.033CUO3 973 catalyst, oxy-
amount reduced as thevalue increased. During the prepa- gen vacancies are able to stabilize Gpecies, and the high
ration process of the La,Sr,MO3_; catalysts, C&" and mobility of lattice oxygen (3™ |atice) favors the decomposi-

Bi®* ions were formed via the reaction of &o+ Bi®* — tion of [0,NO,]2~ that further contributes to the availability
Co?™ + Bi®*. Factors such as (i) lattice deformation, (i) 0f O? jatice- We believe that the redox action betweesr O
the existence of interstitial oxygen, and (iiiy>O shift in and G jatiice is involved in the decomposition of NO and

LaO planes would result in a rise in lattice oxygen mobility. the enhanced DeNO activity of the reduced catalyst is due
An increase in lattice oxygen mobility is favorable for the to the presence of oxygen vacancies and Quf* couple.
catalytic elimination of NO. Besides the mobility of lattice ~ In order to maintain electroneutrality, the substitution of
oxygen, the concentration of oxygen vacancies is anotherNd®™ with Ba?* would result in the formation of oxygen
influencing factor for NO removal. Indeed, oxygen vacan- vacancies or the oxidation of &t to Cl*", whereas the
cies are directly connected with lattice oxygen mobility in substitution of N&" with Ce** would lead to the pres-
Las_,Sr,BOs_s: the higher the number of oxygen defects ence of extra oxygen or the reduction of Cuto Cu*.
(i.e. the higher the x value), the higher is the mobility of lat- The extra oxygen exists in the form of O(or 0,2~) as
tice oxygen[50]. It is clear that S¥* substitution in A-sites ~ shown in La(Cu?+1_Cu*t,)04%~ (O7)s [57], in which
increases the concentration of oxygen vacancies wherea®: redox cycle between EW/Cu*" and G~/O~ couples
Bi°+ substitution in B-sites induces the presence of intersti- can take placgs8,59] Earlier, by using the XPS and EPR
tial oxygen. Both effects result in an enhancement in lattice (electron paramagnetic resonance) techniques, we detected
oxygen mobility, as revealed ingtonsumption in the TPR ~ O>~ and O (or O;%") species on the 80@-treated (to
experiments. For LggSlp2MO2 g0, there were the highest some extent, this treatment is equivalent to partial reduc-
mobile lattice oxygen (shown in the TPR results) as well as tion) Ny eBap4sCuOs—s and Nd gCep2CuCs—s samples,
certain amounts of oxygen vacancies in the catalyst. Hence,but no significant O signal was detected on the thermally
it is reasonable for LggSro2MO> g9 to exhibit the best cat-  treated NdCuQy_5 sample; after NO decomposition, there
alytic performance for NO removal. were Cuf, CU*t, and Cd* ions, and @~, O~ or Oy~

In Lag g67Tho.100CUOy_s, there were small amounts of ions on all of the three catalysfd2]. The redistribution
cation defects = 0.033) and excess oxygeh £ —0.005) of copper ions in different oxidation states aftesONde-
as well as Cé&" and C&t ions; i.e. the formula can be ex- composition was accompanied by the generation of oxygen
pressed as Laes7Tho.10000.033CUOs 005 After reduction in vacancies and the regulation of the concentrations of the
H> at 300°C, it changed into Lagg7Tho.10000.033CUO3.973 various oxygen species in/on the catalysts. In other words,
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N,O decomposition involves redox actions Cu: Cuet and trapped electrons at oxygen vacancies are active centers
and & & O (or 3;%7) & 02 < O,. As shown in  for N2O decomposition.

Table 2 after treatment in helium at 80C, there was

a significant increase in reaction rate at 6@0over the

NdCuOy_s, NoieBap4CuQy—s, and NdgCeyoCuQy_s O Conclusions

catalysts; the Ce- and Ba-doped catalysts performed much

better than the undoped one,®! can readily adsorb at La; A CoBi,O3 5 (A, =Bag2, Sts;, y = O,
oxygen vacancies and react with®, O~ or O, to form 0.2) were single phase and cubic in structure whereas
a crucial intermediate 0,2~ that decomposes intooN  La1-xSKkMO3z_s (M = Coo77Bio20Pthos, x = 0, 0.2,

and @ (or into NO), leaving an oxygen vacancy and in- 0.4) were of monophasic orthorhombic structure; there

ducing the reduction of Gi to Ci2+ and/or C&* to Cu'*. were Cd*/Co®" ion couple in the Bi-free catalysts and
Hence, it is understandable that GLCW?+, and C&* ions Co?t/Co®" and 3§+/Bi3+ ion couples in the Bi-doped
coexist in the catalysts afters® reaction. Below 400C, catalysts. The Bi-incorporated catalysts performed much

the catalytic activity of NggCey2CuQy o5 is higher than better than the corresponding Bi-free catalysts and the
that of NdgBag4CuOz 6. We speculate that in spite of ~Sr-substitution catalysts outperformed the corresponding

the absence of oxygen vacancies in1N@ey>CuQs s, Ba-substitution catalysts for CO oxidation. Oxygen isotope
the existence of active oxygen (extra oxygen) makes the €xchange experiments demonstrated that the mobility of lat-
generation of NO»2~ possible. In NdgBag4CuOs.g6, al- tice oxygen in the Bi-doped samples was much higher than

though there are oxygen vacancies but due to the absencéhat in the Bi-free samples. The results of TPR investigation
of extra oxygen, the formation of JD,2~ is difficult. As a showed that compared to the Bi-free catalysts, the reduction
result, the activity of NggBao4CuOs g is lower than that  Of lattice oxygen over the Bi-coped samples occurred at
of Nd1gCeyo2CuQsps. Above 400°C, the lattice oxygen  lower temperatures. Among the 18SrMO3_; catalysts,
in Nd1 gBag4CuOs.g6 gradually becomes involved and the La0.8S1.2MO2.90 exhibited the best catalytic activity in the
adsorption of NO and the formation of ND,2~ are possi- oxidation of CO. The enhanced catalytic performance due
ble; as a result, the catalytic activity of NgBag4CuQOz 96 to the Sr (or Ba)- and Bi-doping can be related to the con-
increases. According to the above discussion, it can be con-centration of oxygen vacancy and the properties of redox
cluded oxygen nonstoichiometry, and ZUCu*t andfor ~ CO"t/Co™ D+ (n = 2, 3) and B¥/Bi*" couples as well
Cut/CU?t redox couples are needed factors for good cat- as the mobility of lattice oxygen.
alytic performance in DO decomposition. In other words, In tetragonal (T structure) Lae7Tho.100CUOs—5, there
there are strong correlations between structural defect andare cation defects and EWCu** couple; pre-reduction at
catalytic activity, and between Cti/Cu™*D+ (n = 1 and 300°C of the sample resulted in the generation of oxygen
2) redox property and catalytic activity of hd, A’ CuOy_; vacancies and CUCW* couple. The pre-reduced sample
(A! = Bag4, Ce?) for the decomposition of pO. showed DeNO activity higher than that of the fresh one.
As shown inTable 2 the fresh YBaCuzOy7 catalyst is of The redox action between Cuand C#' is an essential
single phase and orthorhombic in structure, whereas after rerocess for NO decomposition. For tetragondlgffucture)
duction in H at 250°C it transformed to a tetragonal struc-  Nd2 ™A, CuQy_s (A}, = Bao4, Cey2), there are CtF /Cu*+
ture with a composition close to that of YBauzOg. With couple and oxygen vacancies in NfBap4CuO;zg6, and
the removal of oxygen through gteduction at 250C or Cut/Cu?* couple and over-stoichiometric oxygen in
thermal treatment at 80@, oxygen vacancies and trapped Nd1gCey2CuOs0s. The C¥T/Cu®t and Cu/Cl?™ re-
electrons as well as Cuwere generated in the catalyst, dox couples are involved in the® decomposition pro-
leading to the detection of NO-Cuspecieg13]. Due to the cesses. Oxygen vacancies are favorable #® Ndsorp-
presence of Ctiand C#* in YBayCugOg., [60] and CE+ tion, generating the crucial /0,2~ intermediate species.
and C#* in YBa,CuO7_s [61-63] the amount of oxygen ~ N2O decomposition activity over Ce- or Ba-doped cat-
vacancies in the former sample £ 0.325, i.e.§ = 0.675) alyst is much better than that over the undoped catalyst
is larger than those in the latter one=£ 0.28) as shown in ~ (Nd2CuQy_;). This behavior is intimately related to the
Table 2 On the fresh sample, D adsorption may proceed 0xygen nonstoichiometry and copper ion redox properties.
via the redox action amidst €’ < Cuw?* & Cu?~?; on Pre-reduction is also necessary for good catalytic perfor-
the reduced sample, K adsorption may proceed via the mance in the case of the orthorhombic Y¥BazO7_s
redox action amidst Ct® < Cut « Cul™. During the  system. The fresh sample (containing?€ICu** ions and
above redox processes of copper ions, concomitant oxygenless amount of oxygen vacancies) showegONdecom-
redox cycles take place:?0 < 0%~ (or 07) & 0y~ < position activity lower than that of the 25C-reduced
0,. Considering that (i) the concentrations of oxygen va- sample (containing CU/Cu?* ions and more amount of
cancies, Cti ions, trapped electrons in the reduced catalyst oxygen vacancies). The redox action amongstCu<
are larger than those in the fresh one and (ii) the conversionCl/?* < Cuw?~% in the former sample and that amongst
of NoO over the reduced catalyst was higher than that over Cu**® « Cu™ « Cul~? in the latter sample are essential
the fresh oneKig. 12, we conclude that CWCW?t couple for N2O decomposition. The presence of oxygen vacancies
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is also considered to be beneficial for the adsorption of [20] Ph. Boullay, M. Hervieu, N. Nguyen, B. Raveau, J. Solid State

N20.

Based on the above results, it is concluded that there is

Chem. 147 (1999) 45.
[21] H. Falcon, M.J. Martinez-Lope, J.A. Alonso, J.L.G. Fieero, Appl.
Catal. B 26 (2000) 131.

a relationship either between the structural defect (mainly (2] 1. matsushima, C.J. Musset, J.M. White, J. Catal. 41 (1976) 397.
oxygen vacancies) and catalytic activity or between the [23] T. Matsushima, D.B. Almy, J.M. White, Surf. Sci. 67 (1977) 89.

redox (mainly transition metal ion couples) ability and
catalytic performance of these materials for CO oxidation

and DeNQ processes. The generation of oxygen vacan-

cies by A-site replacements favors the activation of O
and NQ; the modification of B-site ion oxidation states
by aliovalent ion substitutions in A- and/or B-sites pro-

motes the redox process of the catalyst. The overall effect

of such cationic substitutions results in a kind of catalytic
materials that perform well in the elimination of CO and
NO,.
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