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Perovskite-type oxide ACog gBig20287 (A = LaggBag2):
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Perovskite-type oxide ACog gBip 20287 (A = LaggBag2) has been investigated as a catalyst for the oxidation of carbon monoxide.
X-ray diffraction results revealed that the catalyst is single-phase and cubic in structure. The results of chemical analysis indicated that in
ACoq gBig 202 g7, bismuth is pentavalent whereas cobalt is trivalent as well as bivalent; in LaggBag 2C002 g4, cobalt ions exist as Co3+
and Co*t. The substitution of Bi for Co enhanced the catalytic activity of the perovskite-type oxide significantly. Over the Bi-incorporated
catalyst, at equal space velocities and with the rise in CO/O, molar ratio, the temperature for 100% CO conversion shifted to a higher
range; at atypical space velocity of 30000 h—1 and a CO/O, molar ratio of 0.67/1.00, 100% CO conversion was observed at 250°C. Over
ACoq gBig 202 g7, a equal CO/O, molar ratio, the temperature for 100% CO conversion decreased with adrop in space velocity; the lowest
being 190°C at a space velocity of 5000 h~1. The result of O,-TPD study illustrated that the presence of Bi ions caused the |attice oxygen
of LaygBay2C0o03_ to desorb at a lower temperature. The results of TPR, 1807160 isotopic exchange, and CO-pulsing investigations
demonstrated that the lattice oxygen of the Bi-doped catalyst is highly mobile.
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|attice oxygen mobility; oxidative nonstoichiometry

1. Introduction

Perovskite-type oxides (ABQOg3), with the A site being a
rare earth metal coordinated by twelve oxygen atoms and
located at the cavities in the BOg octahedra and the B site
being atransition metal surrounded by six oxygen atomsin
octahedral coordination, have been investigated extensively
and intensively for their physical and catalytic properties.
The partial substitution of A and/or B by aiovalent meta
ions brings about (i) a change in the oxidation state of B
and (ii) structural defects (such as anionic and cationic va-
cancies) which are generally associated with the physico-
chemical behaviors of the material [1-3]. Among the per-
ovskites reported in the literature, La-based cobaltates and
manganatesappear to be the best-performing for thetotal ox-
idation of CO and HC (hydrocarbons). Perovskiteswith both
oxidative nonstoichiometry (§ < 0), such asLaMnOs_; [4],
LaMni—,Cu,Oz_s [5-7], and Lay_ A, MnO3_s (A’ = Ca
and Sr) [8], and reductive nonstoichiometry (8 > 0), such as
LaCo;_,Cu,O3_5[6], LaCo03_5[9],and La;_ St MO3_s
(M = Mn, Co, Cr, Fe) [10-13], have been reported to be
catalytically active for the complete oxidation of CO, HC,
and/or NH3. Recently, Ramesh and Hegde [14] claimed
that a Co- and Cu-based triple-layered rare earth perovskite,
LaBayCupCo07. 5, exhibited high CO conversionto CO, at
ca. 200°C; they attributed that to (i) changesin coordination
polyhedra around Cu, (ii) promoted oxygen mobility, and
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(iii) redox potentials of the different transition metal cations.
More recently, a pyrochlor-type oxide SmyCugpzNbg/307
catalyst, with 100% CO conversion under conditions of tem-
perature ca. 300°C, CO/O2 molar ratio 2.1/1.0, and space
velocity 8000 h—1, has been reported and the authors argued
that the good activity could be associated with the oxygen-
deficient structure and the variabl e oxidation states of Cu and
Nb [15].

In our previous works, we have characterized and re-
ported a series of La;_Sr,Co1—yM;,03_5 (M = Cu, V,
Sn, Ti, Zr) [16,17] catalysts and found that most of them
showed good activities for CO oxidation in the range of
300-400°C and at 20000 h—1. It has been generally be-
lieved that the concentration of adsorbed oxygen species
and the mobility of lattice oxygen in perovskites are im-
portant factors in the catalytic oxidation of CO. The Sr- or
Ba-doped cobaltates La;_,A’.CoOz_s (A’ = Sr, Ba) show
large oxygen deficiency [18-21]. Bismuth oxidesare typical
donors of mobile oxygen species [22]. Bismuth is an im-
portant component in catalytic materials such asKBiOg3 [3],
BaBiO3 [23], BaPb1—Bi, O35 [24], KSr2Biz04Clg [25],
and BioO3-Sn0O; [26] as well as in superconducting ma-
terials such as Bay—,K,BiO3_s [27-30] and Bi—Sr—Ca—
Cu-O [31-33]. By incorporating a small amount of Bi
into the B site of La;_A/.CoO3_s (A" = Sr, Ba), we
generated several classes of perovskite-type oxide catalysts
active for CO oxidation at low temperatures. In this pa-
per, we report the catal ytic performance of ACog gBip 20287
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(A = LaggBag2) with oxidative nonstoichiometry and
characterized this material by means of techniques such as
X-ray diffraction (XRD), temperature-programmed reduc-
tion (TPR), temperature-programmed desorption (TPD), and
180,- and CO-pulsing as well as chemica analysis for the
oxidation states of cobalt and bismuth.

2. Experimental

The catalysts were prepared by adopting the method
of citric acid complexing [4]: (i) La(NOs)3-6H20 (Acros,
>99%), Ba(NO3)2 (Aldrich, >99%), Co(NOs3)2-6H20
(Acros, >99%) (for LaggBap2C0o03_5) and (ii) La(NOg3)3-
6H20, Ba(NOg3)2, Co(NO3)2:6H20, and Bi(NOs3)3-5H,0
(Aldrich, >98%) (for ACog gBig203_s) at the appropriate
ratio were mixed in agueous solution. Citric acid (Aldrich,
>99%) equimolar to the metalswas added. The solution was
then evaporated at 70°C to produce a viscous syrup. After
subsequent evaporation at 120°C for 8 h and calcination at
850°Cinair for 18 h, thematerial wasin turn ground, tablet-
ted, crushed, and sieved to a size range of 80—100 mesh.

Catalytic activity measurements were carried out at at-
mospheric pressure with 0.2 ml of the catalyst in afixed-bed
guartz microreactor (i.d. = 4 mm). Thetotal flow rate of the
reactant mixture, (i) 1.75% CO + 2.60% O + 95.65% He,
(i) 1.75% CO + 1.00% O, + 97.25% He, and (iii) 1.75%
CO + 0.87% O, + 97.38% He, was 100 mimin~1; the
corresponding CO/O, molar ratio was 0.67/1.00, 1.75/1.00,
and 2.01/1.00, respectively, and the space velocity was
30000 h=1. The inlet and outlet CO concentrations were
analyzed on-line by anondispersiveinfrared CO/HC gas an-
alyzer (MEXA-324F, Horiba). For the variation of space ve-
locity, we changed the mass of the catalyst at a fixed flow
rate of 100 ml min—1.

Thecrystal structure of the catalyst was determined by an
X-ray diffractometer (D-MAX, Rigaku) operating at 40 kV
and 200 mA using Cu K,, radiation. The patterns recorded
were referred to the powder diffraction files — 1998 ICDD
PDF database for identification. The specific surface area of
the catalyst was measured using the BET method on a Nova
1200 apparatus.

The TPR and O»2-TPD experiments were performed ac-
cording to the methods described previously [34]. The tem-
perature range was from room temperatureto 900 °C and the
heating rate was 10°C min~—. The amount of O, desorbed
from the catalyst was quantified by calibrating the peak areas
against that of a standard O, pulse.

Pulse experiments were performed to investigate the re-
activity of oxygen species. A catalyst sasmple (0.3 g) was
placed in a microreactor and was thermally treated in He
(HKO, >99.995%, 20 mlmin—1) at a desired temperature
for 30 min. We pulsed 20, (HKO, 95-98%) onto the sam-
ple (He as carrier gas, 20 ml min—1) at various temperatures
and monitored the composition of the outlet by means of a
mass spectrometer. The data were taken at the 10th pulse
where the reaction reached a steady state. In the CO-pulsing
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experiments, the sample which had in turn been treated in
He at 700°C for 30 min and exposed to 100 pulses of 180,
at 500°C was exposed to CO pulses (He as carrier gas,
80 ml min—1) at different temperatures and the effluent was
analyzed on-line by a mass spectrometer. The pulse sizewas
50.0 ul (at 25°C, 1 atm).

Oku et al. [35] reported a method that could make a
distinction between the oxidation states of Cu3t and Bi®*
in Bi-based cuprate superconductors. The approach was
adopted for the analysis of the oxidation states of Co®+ and
Bi>* ionsin the catalyst. Bi®* can oxidize Mn?* to MnOj
(see equation (1)) whereas Co®t is not an oxidizing agent
strong enough to accomplish such atask.

5Bi°" + 2Mn?" + 14HT — 5Bi*" + 2MnO; + 7H,0

1
In the analysis, the sample (ca. 0.1 g) was (i) dissolved
in 10 ml of a solution containing 0.25 M Mn(NOg)> in
3 M HNOg, (ii) cooled to room temperature (since the re-
action is exothermic) and diluted with 70 ml of cold wa
ter, and (iii) treated with 10 ml of standard 0.1 M Fe?t
in 1 M H2S04. The MnO, produced in reaction (1) oxi-
dized Fe?t to Fe3*. A mixtureof concentrated acids (1.5 ml
H2S04 + 1.5 ml H3PO4 + 7.0 ml H2O) was then added and
the unreacted Fe?* was titrated against standard 0.017 M
K2Cr207 using sodium 4-diphenylamine sulfonate asthein-
dicator. By so doing, one can obtain the Bi®* content in the
sample. In order to find out the total content of Co®t and
Bi®*, the sample was dissolved in the acid-containing stan-
dard Fe?* solution and the unreacted Fe?* was determined
by K2Cr,0y titration; the Fe?™ consumed by the samplewas
equivalent to the total amount of Co®* and Bi°*. By sub-
tracting the Bi®* content, one can obtain the Co®t content
in the sample. For the LaggBag2CoOs_s sample, the Co®*
content was determined by the iodometric titration method.
The experimental errors of the approacheswere estimated to
be +0.5%.

3. Resaults

3.1. Crystal structures, surface areas, and catalytic
activities

Figure 1 shows the XRD results of the fresh LaggBap2
Co03_;s as well as the fresh and used (after the CO oxi-
dation reaction) ACog gBip 2035 catalysts; the patterns ob-
tained after reduction and reoxidation are also included. By
comparing the XRD patterns with the ICDD PDF database
data of LaCoOs (No. 7-0279) and Lag 5BagsCoO3 (No. 32-
0480), one can realize that the fresh Lag gBag 2Co03_s (fig-
ure 1(a)) and ACop gBip.203—s (figure 1(b)) samples were
single-phase and cubic in structure. The resultsindicate that
the Bi ions had been incorporated into the perovskite lat-
ticee. The used ACopgBip203_s catalyst showed no sig-
nificant change in XRD features (figure 1(c)). After the
TPR experiment, the XRD pattern of the Bi-doped catalyst
(figure 1(d)) changed considerably and new phases such as
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Figure 1. XRD patterns of (8) fresh LaggBag2Co0O3_5 and

(b—f) ACoq gBig.203_5: (b) fresh sample, (c) after CO oxidation reaction,

(d) after TPR, (e) after reoxidation of the TPR samplein O (20 ml min—1)

a 800°C for 1 h, and (f) after 100 pulses of CO at 450°C. Symbol “x”
denotes the LayO3 phase, “O” the Bi® phase, and “+” the Co® phase.

LapOs, metallic Co®, and metallic Bi® were formed, indicat-
ing that the ACop gBip 2035 sample was reduced (by H2)
and the perovskite structure was destroyed. However, upon
the reoxidation of the reduced ACog.gBig203-_s sample (fig-
ure 1(e)), the signals corresponding to a single-phase cu-
bic perovskite structure reappeared with a dlight decrease in
line intensity. The similarity between figure 1 (f) and (b)
suggests that the ACop gBipg203-_s sample was rather in-
tact in 100 pulses of CO at 450°C. According to the re-
sults of chemical analysis, there were 56.1 mol% Co?,
43.9 mol% Co%*, 99.2 mol% Bi°*, and 0.8 mol% Bi3* in
fresh AC0g gBi203s; and 8.3 mol% Co*+ and 91.7 mol%
Co®t in fresh LaggBag2CoOs_s. Considering the titration
uncertainty, one can take that the Bi ions were practically
pentavalent. According to the principle of electroneutrality,
the § values were estimated to be 0.13 for ACog.gBig203_s
and 0.06 for LaggBap2Co003_s5. The BET specific surface
areas of the undoped and Bi-doped catalysts were 6.1 and
5.6 m? g1, respectively.

Figure 2 showsthe catalytic activitiesof ACog gBig202.87
versus reaction temperature at 30000 h—1 and at three dif-
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Figure 2.  Catalytic performance of LaggBag2C00294 (OJ) and

ACp gBig 20257 (M, ¢, A) asrelated to reaction temperature at space ve-

locity 30000 h—1 and CO/O, molar ratios 0.67/1.00 (I, W), 1.75/1.00 (4),
and 2.01/1.00 (A).
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Figure 3. Catalytic performance of ACq gBig 202 g7 as a function of re-

action temperature at CO/O, molar ratio 0.67/1.00 and space velocities

5000 (e), 10000 (4), 20000 (A), 30000 (W), 40000 (CJ), 50000 (A), and
60000 h—1 (o).

ferent CO/O, molar ratios. For comparison purposes, the
activity of LaggBag2C00294 as related to temperature at
CO/O; = 0.67/1.00 is also included. It is observed that
over the Bi-free catalyst and with the rise in reaction tem-
perature, CO conversion increased; at 330°C, 100% CO
conversion was reached. Over the Bi-incorporated catalyst
in the three reaction atmospheres, CO conversion increased
markedly with temperature rise; 100% CO conversion was
achieved at 250°C for CO/O, = 0.67/1.00, at 290°C for
CO/Oz = 1.75/1.00, and at 310°C for CO/O, = 2.01/1.00.
Apparently, the temperature required for complete CO con-
version increased with a drop in Oz content. Compared to
the catalysts of supported noble metals (Pt, Pd or Rh), the
catalysts of base metal oxides usually exhibit a significant
drawback, i.e., there is a rapid decrease in CO conversion
at elevated space velocities [3]. In order to examine this ef-
fect over ACog.gBip.202.87, we tested the catalyst at various
space velocities and the results are shown in figure 3. With
the increase in space velocity from 5000 to 60000 h—1, the
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Figure 4. TPR and O,-TPD profiles of LaggBag2Co05 94 (a &) and
ACoq gBig.202.87 (b, b').

temperature for 100% CO conversion shifted from 190 to
430°C. Furthermore, CO conversions augmented at a much
faster rate at lower space velocities. We observed similar
scenariosin the CO/O, = 1.75/1.00 and 2.01/1.00 cases.

3.2. TPR and O,-TPD studies

Figure 4 illustrates the TPR and O»-TPD profiles of
LapgBap2C002.94 and ACopgBig20257. There was a big
reduction band at ca. 490°C for the former sample (fig-
ure4(a)) and at ca. 400 °C for the latter sample (figure 4(b));
both were due to catalyst reduction as corroborated by the
XRD results (figure 1(d)). For the O,-TPD profile of the
Bi-free catalyst (figure 4(a)), a small desorption peak at
ca. 510°C and a large one at ca. 806°C were observed,
the corresponding amounts of O, desorption were 4.8 and
70.2 pmol gc‘a%. As for the O,-TPD profile of the Bi-
doped catalyst (figure 4(b’)), there were desorption peaks
at ca 205 and 565°C (both are small and broad) and a
large one at ca. 768 °C; the amounts of O, desorption were
8.8 umol g for the first two peaks and 90.6 umol g for
the last one.

3.3. 180,- and CO-pulsing studies

Figure 5 shows the distribution of dioxygen in the puls-
ing of 180, onto the ACog gBig20-g7 catalyst at different
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Figure5. Thedistribution of isotopic dioxygen inthe 180/260 exchange ex-
periment performed over ACog gBig 20> g7 (after treatment inHe at 700°C
for 30 min) at various temperatures.
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Figure 6. The variation of 160y, 180160, and 180, concentrations

as related to pulse number during 180, pulsing at 500°C over an

ACoq gBig 202 g7 sample which had been treated in He at 700°C for
30 min.

temperatures. When the temperature was raised to 200°C,
isotopic exchange (between the 180 from the gas phase and
the 160 in the catalyst lattice) took place. Above 300°C,
the exchange became significant. At 425°C, the concentra-
tion of 1800 was the highest. Further rise in tempera-
ture toward 500°C resulted in a decrease in 1800 and a
considerable increase in 160, concentration; at 500°C, the
exchange came to a completion. The results clearly depict
that (i) the lattice oxygen of ACopgBig 20287 became mo-
bile above 300 °C and (ii) the lattice of the catalyst could be
readily replenished with gas-phase oxygen.

To further examine the mobility of the lattice oxygen in
ACo0 gBig202.87, we kept on pulsing 180, at 500°C onto
the catalyst and the results of up to 100 pulses are shown in
figure 6. With the increase in pulse number, 160, concen-
tration decreased, whereas 10180 and 180, concentrations
increased with the former augmenting much faster than the
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Figure 7. CO conversion (M) and the distribution of isotopic carbon diox-

ide at the 10th pulse of CO over ACog gBig 205 g7 (after treatment in He

at 700°C for 30 min and 100 pulses of 180, at 500°C) at various temper-
atures.

latter. During the pulsing of 180,, 180 infiltrated into the
lattice, driving 160, and 1800 into the gas phase. The
sow increase in 180, content and the rapid rise in 180160
concentration demonstrate that 180 could diffuse easily into
the catalyst, implying that mobility of lattice oxygen in
ACop sBio.202.g7 was rather high at 450 °C. The continuous
dropin 180, content is an indication of 10 deprivation after
prolonged replacement by 180.

In order to investigate the reactivity of lattice oxygen
species, we pulsed CO at various temperatures onto an
ACopsBip20257 sample that had been treated in He at
700°C for 30 min and exposed to 100 pulses of 180, at
500°C; the data were obtained at the 10th pulse of CO (fig-
ure 7). With temperaturerise, there was ageneral increasein
CO conversion. Between 150 and 250 °C, the selectivity of
C1%0, was ca. 75% while that of C180%0 was ca. 30%; the
selectivity of C180, was below 3%. The balance of carbon
was found to be within the range of 99.5-100% throughout
the whole temperature range.

4. Discussion
4.1. Defect structure and catalytic activity

Among the A-substituted LaCoQ3 series, Sr-substitution
for La has been studied most extensively and intensively [3].
Due to the similarity in chemical properties, Ba-substitution
for Lais expected to induce effects similar to Sr-substitution
for La: the generation of oxygen vacancies and hypervalent
cobalt ions (Co*t). The positive value of § (= 0.06) and the
presence of 8.3 mol% Co** ionsin LaggBag2Co0s_s con-
firmed such a deduction. The ionic radii of Co3t (0.55 A,
coordination number (CN) = 6) and Co?t (0.65A, CN = 6)
are smaller than that of Bi®* (0.76 A, CN = 6), whereas
the size of Bi®t (1L.0O3A, CN = 6; 1.17 A, CN = 8, no
information for CN = 12 is available in the literature) is
smaller than those of La3t (1.36 A, CN = 12) and Ba?t
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(1.61 A, CN = 12) [36]. According to the estimation of
tolerance factor [3], Bi®t should dwell at the A sites while
Bi®* at the B sites of ABO3. Such anotion has been substan-
tiated by Khasanovaet a. [37,38] who investigated the crys-
tal structures of K1_,Bi,BiOs_s, and by Zanne et al. [39]
and Boullay et al. [40] who studied the structures of Ba—
Bi—Fe—O perovskites. It is unusua to have both A and B
sites occupied by the same element. The result of chemi-
cal analysis for Bi oxidation state indicated that the Bi ions
in ACopgBip20287 Were pentavalent. Since Bi®t is big-
ger than Co?t and Co®t, the incorporation of Bi°t ions
into the B sites would enlarge the LaggBag2Co03_s lat-
tice. With ACoggBip202.87 being supposed to fit a cubic
symmetry, we used the least squares refinement method to
calculate the lattice parameters (according to the d values
of the XRD pattern of the fresh sample); the lattice para-
meter () was estimated to be 5.5902 A, considerably larger
than that (5.4796 A) of LaggBag2Co03. With the expan-
sion (ca. 2%) of the lattice, there should be weakening of the
Co-O and Bi—O bonds, and the result is the enhancement
in lattice oxygen mobility. Furthermore, the amount (§) of
oxygen nonstoichiometry in ACog gBio 2035 was 0.13, in-
dicating that there was a substantial amount of oxygen va-
cancies. The enhancement in | attice oxygen mobility (as de-
picted in the results of TPR, 180/160 isotopic exchange, and
CO-pulsing studies) and the presence of oxygen vacancies
rendered the nonstoichiometric perovskite material catalyti-
cally active for CO oxidation.

In the steady-state oxidation of CO over supported metal
catalysts, there is a critical CO/O, molar ratio at which the
rate-determining step shifts from CO adsorption to O, dis-
sociation [41-46]. Below this critical ratio, the amount of
adsorbed oxygen is higher than that of adsorbed CO; at high
CO concentrations, the surface would be lack of adsorbed
oxygen. Over perovskite catalysts, O, could be activated
readily at structural defects. Compared to O, activation,
the activation of CO over perovskites is difficult. Work-
ing on aLaCo03_; catalyst by means of FT-IR, Tejuca and
co-workers [47-49] concluded that CO adsorbs either on
the oxygen atoms adjacent to Co atoms, forming carbon-
ate adspecies or on the Co atoms adjacent to oxygen va-
cancy, producing carbonyl adspecies. Earlier, we detected
both carbonyl and carbonate adspecies after CO adsorption
on LaggSro4Co1—M, O3 [50]. Similar species are expected
to be detected on ACoggBig20287. The decrease in sur-
face oxygen concentration underminesthe process of lattice
oxygen replenishment. As shown in figure 2, the tempera-
ture required for 100% conversion of CO to CO; increased
with the drop in O, content. Therefore, it is understand-
ablethat in an O,-rich atmosphere, CO oxidation could pro-
ceed at arelative lower temperature. Unlike those observed
over precious metal catalysts, the catalytic activities of per-
ovskites for CO oxidation are more sensitive to the change
in space velocity. In an O»-rich atmosphere (CO/O, molar
ratio = 0.67/1.00), the temperature for 100% CO conversion
rosewith therisein spacevelocity (figure3). Apparently, the
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ACo0g.gBip.202 g7 catalyst showed good performancefor CO
oxidation under oxidizing conditions.

It is generaly believed that CO oxidation proceeds via
the interaction of adsorbed CO with adsorbed [51,52] and
lattice oxygen [53-57]. The former is oxygen adsorbed dis-
sociatively at oxygen vacancies, usually called o oxygen
in O2-TPD studies [58-61]. This kind of oxygen species
is generally believed to be responsible for the total oxida-
tion of CO and HC. The latter is generaly called 8 oxygen
in O2-TPD studies and can be related to the partial reduc-
tion of B-site cation [60,61]. Apparently, the « oxygen of
Lag.gBag 2C002 94 and ACog gBig.202.g7 enhances the con-
version of CO. It has been reported that the redox reac-
tions of cobalt ions with lattice oxygen in La;—A’.BO3_s
(A’ = Ca, Sr; B = Mn, Fe, Co) have an important role
to play in enhancing ammoxidation activity [8]. We sug-
gest that the catalytic activities of LaggBag2C002.94 and
ACog gBig 202 g7 could be attributed to the extent of the re-
dox processes:

2Co* + Ogice = 2C0°" + (1/2)0; )
2C0%" + Oy e = 2C0*H + (1/2)0, ©)
Co*t + Oy = CO° + (1/2)02 (%)
Bi®" + Ofyice = Bi*" + (1/2)02 (5)
2Bi*" + 302, = 2Bi% + (3/2)0; (6)

Asillustrated in the O»-TPD studies (figure 4 (d) and (b)),
the extent of o oxygen desorption (below 600°C) over
ACo0Bio20257 (8.8 umol g;y) was larger than that over
LaggBap2C00294 (4.8 umolggy), indicating that the
amount of oxygen vacancies in the former was higher than
that in the latter. The amount of 8 oxygen desorption over
ACo0gBi020287 (90.6 umol gi) was significantly larger
than that over LaggBag2C002.94 (70.2 umol gep), indicat-
ing that theincorporation of Bi®* into the Lag gBay 2Co03_s
lattice promoted the mobility of lattice oxygen. Further-
more, the reduction temperature of ACoggBig202.57 (fig-
ure 4(b)) was much lower than that of LaggBag2C002.94
(figure 4(a)), meaning that the mobility of lattice oxy-
gen in the former catalyst was higher than that in the lat-
ter catalyst. Therefore, the enhanced catalytic activity of
ACog.gBip.202 g7 could be associated with the promotion in
lattice oxygen mobility.

4.2. Lattice oxygen mobility

After investigating the reactivity of lattice oxygen and the
desorption of oxygen over cobaltate perovskites, Nakamura
et a. [62] pointed out (i) the involvement of lattice oxygen,
(i) the reduction of Co*+ to Co®t, and (iii) the formation
of oxygen vacancies in the CO oxidation reaction. Natu-
rally, with the generation of surface vacancies, the diffusion
of lattice oxygen from the bulk to the surface would be-
comefacile and the surface oxygen consumed in the reaction
could be replenished. Compared to LaCoO3_s (O desorp-
tion 29.4 mol gc‘a% at ca. 820°C [63]), Lag.gSro2Co03_;
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(72.0 wmol gga% at ca. 815°C [63]), and LaggBag2Co03_s
(70.2 umol gz at ca. 806 °C), the ACoq gBio 20287 Mate-
rial showed a larger amount (90.6 wmol gga%) of g (lattice
oxygen) desorption at a lower temperature (ca. 768°C, fig-
ure 4(b")). The desorption of lattice oxygen induced the par-
tial reductions of Co®* to Co?* (or Ca%) and Bi®* to Bi®+
(or Bi%) viathe steps (3)—(6).

The feasibility of bulk reduction (by Hp) at ca. 400°C
(figure 4(b')) isindicative of the high mobility of the lattice
oxygenin ACop gBip202.g7. Thisisconfirmed by theresults
of 180/1%0 exchange (figure 5) and CO-pulsing (figure 7)
studies. Generally speaking, the isotopic exchange involves
six different steps [64]:

1801%0(g) + *0(x) — 1°0,(g) + BO(x) (8)
180,(g) + 2%0(x) — 1°0,(g) + 2180(%) (9)

1801%0(g) + 2%°0(x) — °0,(g) + BO(x) + 0(x) (10)
180,(g) + ¥0,(g) — 2'800(g) (11)
1801%0(g) + 2!80(x) — B0,(g) + BO(x) + 0(x) (12)

where (g) denotes gas phase and (x) adsorbed or lattice
oxygen. Since the catalyst had been purged with He at
700°C for 30 min before the pulsing of 180, (this treat-
ment would guarantee the desorption of the adsorbed oxy-
gen species, asillustrated in the O,-TPD study (figure 4(b')),
one can preclude the existence of adsorbed 160 species on
the surface or at the oxygen vacancies of the catalyst; i.e.,
the 160 atoms in the desorbed 1800 and 10, were en-
tirely originated from the lattice oxygen of the catalyst. By
comparing the relative concentrations of 180,, 180160, and
160,, one can deduce that below 300°C, the 180/%60 ex-
change processes proceeded mainly via steps (7)—(12); be-
tween 300 and 450°C, viasteps (7)—(11); and at 500°C, via
steps (7)—(10).

The facile infiltration of 180 into the perovskite lattice
and the rapid replenishment of the consumed amount of |at-
tice oxygen by gas-phase oxygen demonstrate the high mo-
bility of lattice oxygen in ACog gBio.202.87. Other support-
ing evidence is from the results of 180, pulsing at 500°C
(figure 6): with theincreasein pulse number, thereisasharp
risein 18060 concentration and a continuous drop in 160,
(originated from the catalyst) population, indicating that the
exchange process between 180 (from the gas phase) and 160
(in the catalyst) is facile. In other words, the lattice oxygen
of ACog gBig202g7 israther mobile. As shown in figure 7,
the high C180160 selectivity in the range of 150250 °C and
the high CO conversion in the range of 250-450°C reflect
the high reactivity of lattice 180%~ (incorporated into in the
catalyst during 10, pulsing) with CO; i.e., the lattice oxy-
gen is reactive toward CO. It should be noted that the near
100% carbon balance at or below 450 °C precludes the pos-
sibility of CO disproportionation (2CO — C+ COy). Previ-
ously, we have reported that CO disproportionation occurred
only above 460°C over a Ni-LapO3/5A catalyst [65]. This
Ni-based catalyst is expected to catalyze CO disproportion-
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ation reaction more readily than a perovskite-type oxide cat-
alyst such as ACop gBip 202,87 because metalic nickel can
activate CO molecules more effectively than the base metal
oxides. Based on these results and the above consideration,
we deduce that the lattice oxygen in AC0p gBip 20287 isre-
sponsible for the low-temperature catalytic reaction of CO
oxidation.

5. Conclusions

The LaggBag2Co00294 and ACoqgBig 20287 (A =
LaggBag2) catalysts were single phase and cubic in struc-
ture; there were Co*t and Co3t ions in the former and
Co®t, Co?t, and Bi®* ionsin thelatter. The Bi-incorporated
catalyst performed better than the Bi-free catalyst. Over
ACog gBip202.g7 a a same space velocity, the temperature
for 100% CO conversion became higher with arisein CO/O;
molar ratio, whereas with a drop in space velocity at an
equal CO/O2 molar ratio, it became lower. The best activ-
ity (100% CO conversion at 190°C) of the Bi-doped cata-
lyst was at a space velocity of 5000 h~! and a CO/O, molar
ratio of 0.67/1.00. The O2-TPD investigation revealed that
the presence of Bi®*t ions caused the desorption temperature
of lattice oxygen to decrease. The results of TPR, 180/160
isotopic exchange, and CO-pulsing investigations confirmed
that the lattice oxygenin the catalyst is highly mobile. Based
on these results, we conclude that (i) the catalytic perfor-
mance of the Bi-incorporated perovskite material could be
associated with structural defects, and (ii) the high mobil-
ity of lattice oxygen is responsible for the activity of low-
temperature CO oxidation.
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