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Abstract

Nanometer perovskite-type oxides La;_,Sr,MO;_s (M =Co, Mn; x=0, 0.4) have been prepared using the citric acid complexing-
hydrothermal-coupled method and characterized by means of techniques, such as X-ray diffraction (XRD), BET, high-resolution scanning
electron microscopy (HRSEM), X-ray photoelectron spectroscopy (XPS), temperature-programmed desorption (TPD), and temperature-
programmed reduction (TPR). The catalytic performance of these nanoperovskites in the combustion of ethylacetate (EA) has also been
evaluated. The XRD results indicate that all the samples possessed single-phase rhombohedral crystal structures. The surface areas of these
nanomaterials ranged from 20 to 33 m* g™, the achievement of such high surface areas are due to the uniform morphology with the typical
particle size of 40-80 nm (as can be clearly seen in their HRSEM images) that were derived with the citric acid complexing-hydrothermally
coupled strategy. The XPS results demonstrate the presence of Mn** and Mn** in La, _Sr,MnO3_g and Co>* and Co** in La, _S5r,Co05_g, Sr
substitution induced the rises in Mn** and Co™* concentrations; adsorbed oxygen species (0, 0,7, or 0,>7) were detected on the catalyst
surfaces. The O,-TPD profiles indicate that Sr doping increased desorption of the adsorbed oxygen and lattice oxygen species at low
temperatures. The H,-TPR results reveal that the nanoperovskite catalysts could be reduced at much lower temperatures (<240 °C) after Sr
doping. It is observed that under the conditions of EA concentration = 1000 ppm, EA/oxygen molar ratio=1/400, and space
velocity = 20,000 h~!, the catalytic activity (as reflected by the temperature (7¢p4) for EA complete conversion) increased in the order of
LaCo0059; (T1009% =230 °C) ~ LaMnOs3 1, (T009% = 235 °C) < Lag6Sro.4MnO3.02 (T100% = 190 °C) < Lag ¢S19.4C005 78 (T100% = 175 °C);
furthermore, there were no formation of partially oxidized by-products over these catalysts. Based on the above results, we conclude that
the excellent catalytic performance is associated with the high surface areas, good redox properties (derived from higher Mn**/Mn>* and Co®*/
Co”" ratios), and rich lattice defects of the nanostructured La; _,Sr,MO5_s materials.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction investigated so far, perovskite-type oxides (ABOj) are

promising catalytic materials for the total oxidation of

Volatile organic compounds (VOCs) emitted from industrial
processes and transportation activities have been considered as
great contributors to the atmospheric pollution [1,2]. Hetero-
geneous catalytic combustion of VOCs in air on solid catalysts
is believed to be one of the most effective pathways [3—6], and
its efficiency is determined by the catalytic activity, selectivity,
and stability of the catalyst employed. Among the catalysts
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hydrocarbons and oxygenates [7-9] due to their much lower
cost as compared to noble metals. It has been proven that among
the perovskites the ones with the La partially substituted by Sr
in the A-site and Mn or Co in the B-site, i.e., La;_, Sr,MO5_;
(M = Co, Mn; x = 0-0.4), show the best catalytic performance
[10-14]. The redox properties of the M ions, the nature and
concentration of oxygen adspecies, and the existence of lattice
defects are generally believed to be responsible for the good
catalytic activity of these perovskite-type oxides [15,16].
Ethylacetate (EA) is a good model compound of VOCs.
Over y-Al,O5-supported group VIII metal (Ni, Co, Ru, Pd, Pt)
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catalysts for the total oxidation of a VOC mixture
containing benzene, n-butanol, and EA [17], EA was proved
to exhibit the lowest oxidation reactivity, two orders of
magnitude lower than benzene and n-butanol oxidation. Over
the Pt/Al,O5 catalysts [18], EA was partially oxidized to
acetic acid at low EA conversion, whereas under the conditions
of EA conversion >90%, space velocity = 30,000 h™', and
above 300 °C, the selectivity of CO, was only 95%, indicating
that some partially oxidized products were also formed. In
other words, EA is relatively difficult to be fully oxidized
into CO, over such catalysts. In recent years, several
researchers investigated the combustion of some VOCs over
the Co- or Mn-based perovskite oxide catalysts [9,12,19,20],
and observed that the enhancement of catalytic activity
was associated with the high surface area and high defect
density. The phenomenon that LaMnO;_s outperforms
LaCoOj;_s under similar reaction conditions was explained
to be due to higher reactivity to the adsorption of VOCs over the
former catalyst than that over the latter one [19]; the partial
substitution of La by Sr (i.e., A =LaggSrq,) resulted in the
improvement of catalytic performance of ABO;_; (B = Co,
Mn) [12]; over LaggSrg,MnO5_s (6 < 0), partially oxidized
compounds, such as acetaldehyde (maximum yield ~
15%) and ethanol (maximum yield ~ 3%) were detected at
159 °C and 20,000 h~' (where EA conversion reached 99%)
[20].

The major drawback of traditional perovskite-type oxides is
low surface areas that limit their catalytic performance. In fact,
the preparation of perovskite-type oxides with sufficiently high
surface areas is a big challenge since it involves a solid-state
reaction of the precursor oxides to form the characteristic
ABOj_; structure. This requires significant exposure time at
high temperatures, leading to a low-surface-area catalyst. In
order to prevent such a limitation, a number of alternative
preparation strategies have been tried, with the aim of reducing
the calcination temperature necessary for perovskite phase
formation. It seems that the citric acid complexing method is
very effective to increase the surface area of the synthesized
perovskite. The preservation of surface area is critical because
the reaction rate over bulk perovskites has often been observed
to be directly proportional to the BET surface area [21],
especially in the case of complete oxidation of hydrocarbons
and oxygenates. In the past years, we have investigated
perovskite-type oxide and halo-oxide catalysts for the
oxidation of carbon monoxide [22-24], the purification of
automotive exhaust [23], and the oxidative dehydrogenation of
ethane [25-27] as well as the decomposition of NO [24], and
found that most of them performed well. Recently, we have
made an attempt to prepare several series of nanometer
perovskite-type oxides with high surface areas using a strategy
of citric acid complexing method coupled with a hydrothermal
process, and observed that these nanomaterials showed
excellent catalytic activity in the total oxidation of VOCs.
In this paper, we report the making, characterization, and
catalytic properties of high-surface-area La;_,Sr,MO;_;
M =Co, Mn; x=0, 0.4) nanoparticles for the oxidative
removal of EA.

2. Experimental
2.1. Catalyst preparation

La;_ St MO;3_5s (M =Co, Mn; x=0, 0.4) catalysts were
prepared using the strategy of citric acid complexing coupled
with hydrothermal method. Stoichiometric amounts of nitrates
of lanthanum, strontium, cobalt or manganese and equal
amount of citric acid (metal/citric acid molar ratio = 1/1) were
dissolved in deionized water so that the metal ions can be
uniformly complexed together. A certain amount of ammonia
(28 wt.%) solution was added dropwise to the above mixed
solution. Part of ammonia added neutralized the unreacted
citric acid. When the pH value of the solution reached near 9.2,
a sol was obtained. Then this sol was transferred to a 50 ml
autoclave with the packed volume =40 ml and the autoclave
was placed into an oven for hydrothermal treatment at 150 °C
for 20 h. The obtained precursors were in turn filtered, washed
with deionized water, filtered again, and dried at 120 °C for 5 h.
The dried powders were well ground and calcined in air in a
muffle furnace with the temperature ramp of 1 °C min~', and
kept at 400 °C for 2 h and 650 °C (700 °C for LaMnO5_; due to
less crystalline at 650 °C) for 2 h, respectively. We also
calcined the Sr-doped cobalt and manganite catalysts at 900 °C
for 4 h for the purpose of comparing their catalytic performance
with those derived at 650 °C calcination. Finally, the as-
received powders were ground, tabletted, crushed, and sieved to
a size range of 40—60 mesh.

2.2. Catalyst characterization

The crystal structures of the catalysts were determined by
an X-ray diffractometer (XRD, 8D Advance, Rigaku) operating
at 40 kV and 200 mA using Cu Ka radiation and Ni filter.
The patterns recorded were referred to the powder diffraction
files-1998 ICDD PDF Database for phase identification.
The specific surface areas of the catalysts were measured
using N, adsorption at —196 °C on an ASAP 2020 apparatus.
X-ray photoelectron spectroscopy (XPS, VG CLAM 4 MCD
analyzer) was used to determine the O 1s, Co 2p, and Mn 2p
binding energies of surface oxygen, cobalt, and manganese
species with Mg Ka (hv=1253.6eV) as the excitation
source. The instrumental resolution is 0.5 eV. Before XPS
measurements, the samples were calcined in O, (flow rate,
20 ml minfl) at 600 °C for 1h and then cooled to room
temperature. After the above treatment, the samples were
mounted and transferred to the spectrometer in a transparent
GLOVE BAG (Instruments for Research and Industry, USA)
filled with helium to avoid exposure to the air. Finally, the
samples were outgassed in the primary vacuum chamber
(1075 Torr) for 0.5 h and then introduced into the ultrahigh
vacuum chamber (3 x 107° Torr) for recording. The C 1s line
at 284.6 eV was taken as a reference for binding energy
calibration. The high-resolution scanning electron microscopy
(HRSEM) images of the samples were recorded using the JEOL
JSM 6500F equipment operated at a 30.0 kV accelerating
voltage.
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For the O,-TPD (temperature-programmed desorption)
studies, the sample (0.1-0.2 g) was placed in the middle of a
quartz microreactor of 8§ mm i.d. The outlet gases were
analyzed on-line by mass spectrometry (HIDEN HPR20). The
heating rate was 10 °C min~' and the temperature range was
30-900 °C. Before an O,-TPD experiment, the sample was
calcined in O, (flow rate, 20 ml min~') for 1 h, followed by
cooling in oxygen to room temperature and helium purging
(first 80 ml min~"' for 2 h and then 20 ml min~" for 2 h). The
helium-purging step is aimed to remove all the gas-phase
oxygen in the system. The amount of O, desorbed from the
catalyst was quantified by calibrating the peak area against that
of a standard pulse (50.0 pnl). Temperature-programmed
reduction (TPR) was conducted by using a 5% H,-95% Ar
(v/v) mixture. The flow rate of the carrier gas was 50 ml min !
and a thermal conductivity detector was adopted. The amount
of the sample used was 0.2 g and the heating rate was
10 °C min ", Before performing a TPR experiment, the sample
was first calcined in situ at 500 °C for 1 h under an O, flow of
30 ml min—', followed by cooling in the same atmosphere to
room temperature. The thermal conductivity response was
calibrated using the complete reduction of CuO powder
(Aldrich, 99.995%).

2.3. Oxidation state titration of Co and Mn ions

The content of Mn** was determined by digesting the
sample in a known excess of Mohr’s salt (Fe(NHy),(-
SO,4),-6H,0) standard solution acidified with 1M H,SO,4
and back titrating the excess of Fe?* with 0.0167 M K,Cr,05 in
3 M HCI [19,28]. Before back titration, a small amount of
H,SO,~H;PO, mixed solution was added, 0.5% sodium
diphenylamine sulfonate solution was used as indicator. The
Co> concentration of the sample was determined by the
iodometric titration method [28]. The experimental error of
metal ion oxidation state determination was estimated to be
40.10% for Mn and +0.50% for Co.

2.4. Catalytic evaluation

The catalytic activity measurements were carried out at
atmospheric pressure with 0.1-0.2 g (4060 mesh) of the
catalyst in a continuously flowing fixed-bed quartz micro-
reactor (i.d. 8 mm). To minimize the effect of hot spots, an
equal amount of quartz sands was mixed with the catalyst
particles. The total flow rate of the reactant mixture, 1000 ppm
ethylacetate (EA) + O, + N, (balance), was 33.3 ml min !,

with the corresponding EA/O, molar ratio = 1/400 and the

Table 1
Physical properties of the catalysts
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Fig. 1. XRD patterns of (a) LaCoO, 91, (b) Lag ¢Sr94C00; .75, (¢) LaMnOs; 12,
and (d) La0_55r0_4Mn03_02.

space velocity = 20,000 h~'. The 1000 ppm EA was generated
by passing a N, flow through a bottle containing pure EA (AR)
which was placed in an ice-water isothermal bath. Reactants
and product mixture were analyzed on-line by a gas
chromatograph (GC-14, Shimadzu), equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD), using a (1/8) in. Chromosorb 101 column (3 m) for
VOCs and a (1/8)in. Carboxen 1000 column (3 m) for
permanent gas, respectively. For the variation of space velocity,
we changed the mass of the catalyst at a fixed flow rate. The
balance of carbon throughout the catalytic system was
estimated to be 99.5%.

3. Results

3.1. Crystal structures, oxygen defects, surface areas, and
morphologies of the catalysts

Table 1 summarizes the crystal structures, compositions,
oxygen nonstoichiometry, and surface areas. By comparing the
XRD patterns with the ICDD (Fig. 1) PDF Database data of
LaCoO5; (No. 25-1060) and LaMnOs ;s (No. 32-484), we
deduced that the La;_,Sr,MO3;_s (M =Co, Mn; x=0, 0.4)
catalysts synthesized, in the present work, were single-phase
rhombohedral perovskite-type structure. According to the
principle of electroneutrality, the amount of oxygen non-
stoichiometry (§) was estimated to be 0.09 for LaCoO;_g, 0.22
for Lag ¢Srg4CoO5_5, —0.12 for LaMnO;_s, and —0.02 for
Lag ¢Srg4MnO5_5. The § values indicate that the Co-based
catalysts are reductive nonstoichiometry (i.e., there are oxygen
vacancies in La;_,Sr,CoO5;_s [10]) whereas the Mn-based

Catalyst Crystal phase Co**/Co** (mol.%/mol.%) Mn**/Mn** (mol.%/mol.%) 8 Surface area (m* g~ ')
LaCoOj_; Rhombohedral 82.7/17.3 - 0.09 26.4
Lag ¢Srp 4CoO5_s Rhombohedral 96.4/3.6 - 0.22 20.2
LaMnO;_; Rhombohedral - 23.5/76.5 —-0.12 32.5
Lag ¢Srp4MnO3_g Rhombohedral - 41.3/59.7 —0.02 31.5
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Fig. 2. HRSEM images of (a, b) LaC00O, g1, (c, d) Lag S19 4C00; 75, (e, f) LaMnO3 5, and (g, h) Lag Srg 4MnOs5 . The amplification magnitude was 100,000 times
for images (a, c, e, g) and 50,000 times for images (b, d, f, h).
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Fig. 3. (A) O 1s and (B) Co 2p XPS spectra of (a) LaC0O;¢; and (b) Lag ¢Sro4C00, 7.

catalysts are oxidative nonstoichiometry (i.e., there are
over-stoichiometric oxygen or cationic vacancies in
La; ,Sr,MnO;_;5 [29,30]).

The surface areas of the four catalysts were rather high,
ranging from 20.2 to 32.5 m* g~ '. The introduction of Sr into
the lattice of LaCoO;_ resulted in a significant drop in surface
area, but doping Sr into the LaMnO;_ s lattice induced only a
very small change in surface area. Furthermore, it is observed
that the Mn-based catalysts possessed much higher surface
areas than the Co-based ones. Fig. 2 shows the SEM images of
the La; _,Sr,MO;_5 (M = Co, Mn; x =0, 0.4) catalysts. It can
be seen that the particles of LaCo0O, 4, (Fig. 2(a and b)) and
LaMnOs; ;, (Fig. 2(e and f)) were uniform in size and short rod-
shaped with a chained structure; the diameter and length were
ranged 20-40 and 40-80 nm, respectively. After Sr doping, the
morphology of Lag ¢Sty 4C00, 75 (Fig. 2(c and d)) was changed
to an irregularly lamellar shape with the typical particle sizes in
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518 524 530 536
Binding Energy (eV)
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the 50-100 nm range and aggregation to a certain extent took
place, causing the surface area to drop greatly; most of the
Lag ¢St94MnO3 o, particles (Fig. 2(g and h)), however,
remained similar morphology to LaMnOj; ;,, only a few of
them grew into larger lamellar particles, hence resulting in a
small decrease in surface area.

3.2. Surface oxygen species, Co and Mn ion oxidation
states, and reducibility of the catalysts

Fig. 3 illustrates the O 1s and Co 2p XPS spectra of the Co-
based catalysts. In the C 1s spectra (not shown here), in addition
to the signal (binding energy (BE)=284.6eV) due to
adventitiously polluted carbon, there was a very weak signal
at BE = 289.1 eV assignable to CO;>~ with the ratio in C 1s
signal intensity of the polluted carbon to that of the
CO;>~ ~ 18/1 (similar results were observed in other catalysts

(B)
(b)
M

T T
628 638 648 658 668
Binding Energy (eV)

Intensity (a.u.)

Fig. 4. (A) O 1s and (B) Mn 2p XPS spectra of (a) LaMnOs j, and (b) Lag ¢Srg4MnOj3 5.
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in the present study). It indicates that the amount of residual
carbonate was rather low, i.e., the contribution of carbonate to
the O Is signal would be little. As can be seen from the O 1s
spectra (Fig. 3A), there were two signals at binding energy
(BE) =528.7 and 531.0 eV, corresponding to surface lattice
oxygen and adsorbed oxygen species (such as O™, O, or
0227), respectively [31-33]; with the partial substitution of La
by Sr, the intensity of the signal at higher binding energy
increased whereas that at lower binding energy decreased,
meaning that the amount of adsorbed oxygen species increased
after Sr doping. From Fig. 3B, one can observe four signals at
BE =780.0 eV (strong, main peak), 789.6 eV (weak, satellite
peak (characteristic of C02+)), 795.0 eV (strong, main peak),
and 805.0eV (very weak, satellite peak (characteristic of
Co*")), the former two belong to Co 2p3,, whereas the latter two
are due to Co 2p;, [34]. The asymmetric main peaks at
BE =780.0 and 795.0eV imply the presence of multi-
components that could be resolved into two components,
assignable to the signals due to Co™* and Co?* ions, respectively
[34]. Therefore, there were Co** and Co** ions present in the
Co-based catalysts. One can also observe that with the inclusion
of Sr in the perovskite lattice, the signal intensities of Co 2ps/,
and Co 2p,,, increased significantly (Fig. 3B(b)), indicating the
rise in Co’* concentration. This is in agreement with the
chemical analysis results of cobalt ion distributions (Table 1).

Shown in Fig. 4 are the O 1s and Mn 2p XPS spectra of the
Mn-based catalysts. It is seen that there were two signal peaks at
528.9 and 531.0 eV (Fig. 4A(a)), which could be assigned to
surface lattice oxygen and adsorbed oxygen species, respec-
tively [31-33]; after Sr doping, the intensity of the signal at
BE =531.0 eV decreased (Fig. 4A(b)), indicating a drop in the
amount of adsorbed oxygen species. From Fig. 4B, one can
observe the appearance of two signals at BE=641.3 and
653.3 eV, assignable to Mn 2p;3,, and Mn 2p;,, respectively
[35,36]; the asymmetry of the two peaks indicates the existence
of mixed components: the former could be resolved into two
components at BE = 641.1 and 642.6 eV, whereas the latter into
the ones at BE = 653.0 and 654.4 eV. The signals at BE = 641.1
and 653.0 eV were attributable to Mn>* ions, whereas the ones
at BE = 642.6 and 654.4 eV to Mn*" ions [35,36]. Similar to the
case in the Co-based catalysts, Sr doping into the LaMnO;_;
lattice resulted in a rise in signal intensity (Fig. 4B(b)), i.e., an
increase in Mn** concentration.

Fig. 5 illustrates the O,-TPD profiles of the La; _,Sr,MO3_5
catalysts. There was a weak broad desorption peak at 190 °C
and a desorption peak at 873 °C over LaCoO, ¢; (Fig. 5a), with
the O, desorption of 5.9 and 11.9 wmol g_!, respectively; after
Sr doping, there were three desorption peaks at 182, 556, and
838 °C (Fig. 5b), the corresponding O, desorption amount was
67.3, 100.9, and 268.8 pmol g_!; over LaMnOs j5, a small
peak at 205 °C and a big peak at 418 °C were recorded, with
a total amount of O, desorption = 262.3 wmol g_!, further-
more a big desorption started from 630 °C (Fig. S5c); over
Lag ¢St9.4MnOQO3 o, there were two desorption peaks at 219 and
600 °C (Fig. 5d) with the latter much broader than the former,
the O, desorption amount was 22.0 and 415.8 wmol gc’ai,
respectively. The peaks below 400 °C could be attributed to the
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Fig. 5. O,-TPD profiles of (a) LaC00; 91, (b) Lag ¢Sro4C00, 7, (¢) LaMnOs5 5,
and (d) La0_63r0_4MnO3_02.

desorption of oxygen species adsorbed at surface vacancies, the
ones in the range of 400-750 °C to the desorption of surface
lattice oxygen due to partial reduction of Co** or Mn**, above
750 °C they were the desorption of lattice oxygen due to the
reduction of Co>* or Mn** left [37].

Fig. 6 shows the TPR profiles of the La;_,Sr,MO;_;
catalysts. It is observed that there were big reduction bands at
434 and 645 °C (with a shoulder at 711 °C) over LaCo00, o,
(Fig. 6a), the corresponding amount of H, consumed was 1.80
and 3.57 mmol g;{:; over Lag ¢S194C00; 75, there appeared a
very weak reduction band at 172 °C, a big reduction band at
371 °C, two sharp reduction bands at 522 and 594 °C, a
shoulder at 680 °C and a weak reduction band at 855 °C
(Fig. 6b), the total amount of H, consumption was
2.22 mmol g} for the former two bands and 4.87 mmol g_,!
for the latter four bands; over LaMnOs 1,, two reduction bands
were recorded at 450 and 887 °C (Fig. 6¢), corresponding to the
H, consumption of 1.57 and 1.21 mmol g_!; as can be seen in
Fig. 6d, the doping of Sr into the LaMnO;_ 5 lattice gave rise to
five reduction bands at 180 °C (very weak), 297 °C (strong),
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Fig. 6. TPR profiles of (a) LaCoO, 9, (b) Lag¢Sr94C00, .75, (¢) LaMnOs 5,
and (d) Lag 6S19.4MnO3 g,
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Fig. 7. Catalytic performance of LaCoO,¢; (@), LageSrg4C00;75 (O),
LaMnO3_12 (A), and La0,6Sr0_4MnO3_02 (A) as well as Lao_GSI'()ACOO:;,,;
(&) and Lag¢Srg4MnO;s_s ([J) that were calcined at 900 °C for 4h as a
function of reaction temperature at EA concentration = 1000 ppm, EA/O,
molar ratio = 1/400, and space velocity = 20,000 h .

422 °C (strong), 757 °C (strong), and 823 °C (shoulder), the
former three correspond to the H, consumption of
2.06 mmol gc’a{ whereas the latter two to that of 1.28 mmol gc’a%.
. The bands below 500 °C were due to the reduction of oxygen
adspecies and the partial reduction of Mn** to Mn** or Co®" to
Co”* whereas the ones above 500 °C to the reduction of the

Mn** left or Co®* [24].
3.3. Catalytic performance for the EA oxidation

Fig. 7 shows the catalytic activities of La; _,Sr,MO;_; for the
oxidation of EA. Under the reaction conditions of EA
concentration = 1000 ppm, EA/O, molar ratio = 1/400, and
space velocity =20,000h™", the EA conversion increased
with the rise in temperature, the Sr-doped Co-based catalyst
performed the best. The catalytic performance followed
a sequence of LaggSrg4Co00, 78 > Lag Stg4MnOs o >
LaCo0,9; =~ LaMnOs ;5. The light-off temperature T5oq, (EA
conversion = 50%) and complete removal temperature 7'jpoq
(EA conversion = 100%) were 162 and 175 °C over Lag ¢St 4.
Co0; 75, 173 and 190 °C over Lag ¢S1g 4MnO3 (5,209 and 230 °C
over LaCoO,q;, and 210 and 235°C over LaMnOs |,
respectively. For the sake of comparison, we also examined
the catalytic activities of the Sr-doped cobaltite (surface
area=7.2m”g ') and manganite (surface area=9.8m> g ')
catalysts that had been calcined at 900 °C for 4 h (hence they
were large-size particles, although no further characterization
was made). Apparently, these materials performed much interior
to their counterparts calcined at 650 °C for 2 h and the Co-based
catalyst was much more active than the Mn-based one. It is
worthy to point out that in addition to CO, and H,O, no partially
oxidized products were detected over our nanoperovskite
catalysts in the oxidation of EA, as confirmed by the estimated
carbon balance of 99.5%.

Shown in Fig. 8 is the effect of space velocity on the activity
of the best-performing catalyst Lag ¢Sty 4C00; 75. At each of
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Fig. 8. Catalytic performance of LagSrg4C00, 75 as a function of reaction
temperature at various space velocities (20,000 h! (O), 40,000 h! (@), and
80,000 h~! (A)) under the conditions of EA concentration = 1000 ppmand EA/
O, molar ratio = 1/400.

the three space velocities examined, the EA conversion
augmented with increasing reaction temperature. The catalytic
activity decreased with the rise in space velocity, but no
significant decrease in activity was observed if space velocity
further increased from 40,000 to 80,000 h™' where the T'sq, and
T1009 were 183 and 190 °C, respectively.

4. Discussion

Among the A-site-substituted LaMO;_5 (M =Co, Mn)
series, Sr-substitution for La has been studied most extensively
and intensively [37]. The partial substitution of Sr** for La>" is
expected to increase the oxygen vacancy density of LaCoO;_;
(6 > 0) and to reduce the excess nonstoichiometric oxygen
amount of LaMnO;_5 (§ < 0), as substantiated by the data
in Table 1. The Sr-substitution increased the Co* and Mn**
contents, resulting in a rise in the amount of oxygen
nonstoichiometry in Lag¢Srg4Co03_s and a drop in the
amount of over-stoichiometric oxygen (i.e., cationic vacancies)
in LagSrg4MnOj_s. All the catalysts investigated, in the
present work, possessed rhombohedral crystal structure, same
as those reported by Spinicci et al. [19]. With fairly good
crystallinity, the surface areas of La;_,Sr,MO;_s were still
rather high (20-33 m” g~'), demonstrating that the citric acid
complexing-hydrothermal-coupled strategy is suitable for the
generation of high-surface-area perovskite-type oxide nano-
particles, because by adopting either the citric acid complexing
method or the hydrothermal method we could not obtain such
high surface areas with similar crystallinity (e.g., citric acid
complexing method: 11.0m? g '; hydrothermal method:
123 m? ;{1 for LaMnO;_; after 700 °C calcination). We
speculate that the complexing action of citric acid with metal
ions would facilitate the formation of uniform co-precipitation
of metal ions when ammonia was added. The obvious decrease
in surface area after Sr-doping to the LaCoO3_; lattice might be
associated with the difference in the complexing ability of La,
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Sr, and Co ions with citric acid. A direct observation for the
high surface areas of the La;_,Sr,MO;_; catalysts is from the
SEM images (Fig. 2). LaCo0O, ¢, and LaMnOs ;, were uniform
nanoparticles. After Sr doping, there were changes in
morphology and size of the cobaltite particles (causing the
surface area to drop), but no significant changes were detected
in morphology and size of the manganite particles (bringing
about only a small drop in surface area).

The Co 2p3/, (or Co 2p) transition is characterized by a
main peak with a satellite at higher BE for cobalt in bivalent
chemical state [38,39]. The main and satellite peaks can be
related, respectively, to 2p53d8L (L means a ligand hole) and
2p°3d’ electronic configurations in the final state [40]. The
appearance of the satellite peak is an indication of Co**
presence. From the XPS spectra of Co 2p in the Co-based
catalysts (Fig. 3B), one can observe that the Co 2p3, (or Co 2py,
») main peaks were asymmetrical and the satellite intensities
were rather low. The sharp and more intense component at
lower BE is ascribed to Co>*, whereas the shoulder at higher BE
represents the Co** component [34]. With the doping of
strontium, the signal of Co** intensified, meaning that the
amount of Co’* ions increased, in agreement with the results of
cobalt oxidation state titration (Table 1). Similarly, in the case
of La; _,Sr,MnOs;_s, Sr-doping enhanced the content of Mn**
ions (Table 1), in agreement with the phenomena that Mn**
signal intensity increased after Sr-doping (Fig. 4B). Due to that
the BEs of O™, O, , and 022* species are rather close, one
cannot differentiate them just only based on the BE values.
Most researchers believe that the oxygen species at oxygen
vacancies of ABOj are dissociatively adsorbed oxygen [10,41],
i.e., O". Since the catalysts had been thermally treated in an O,
flow at high temperature and during the recording of XPS
spectra, these samples were not exposed to the air, one can leave
out the presence of OH™ on catalyst surfaces. Furthermore,
there was little amount of carbonate in the catalysts. Therefore,
we may think that the oxygen species over the Co-based
catalysts were mainly O™. From the O 1s XPS spectra, one can
realize that the doping of Sr increased the amount of surface
adsorbed oxygen species over the cobaltite catalyst (Fig. 3A),
whereas it decreased over the Sr-doped manganite catalyst
where the cationic defect density decreased (Fig. 4A). In other
words, the amount of surface oxygen adspecies follows the
order of LaggSrg4Co00, 73 > LaCo00,9; and LaMnOs , >
Lag ¢S19.4MnQO3 ,, coinciding with the results obtained in the
0,-TPD investigation.

It is generally believed that the oxidation of organic
compounds proceeds via the interaction of adsorbed organic
compounds with adsorbed and lattice oxygen [42-48]. The
former is oxygen adsorbed dissociatively at oxygen vacancies,
usually called o oxygen in O,-TPD studies [32,49-51]. This
kind of oxygen species is generally thought to be responsible
for the total oxidation of hydrocarbons and oxygenates. The
latter is generally called 3 oxygen in O,-TPD studies and can be
related to the partial reduction of B-site cation [50,51]. It has
been reported that the redox reactions of cobalt or manganese
ions with lattice oxygen in La;_,A/MOs3_s(A’ = Ca, Sr; M =
Mn, Fe, Co) play an important role in enhancing ammoxida-

tion activity [28]. We suggest that the catalytic activities of
La;_,Sr,MO;_; could be attributed to the extent of the redox
processes: Co>* < Co®* and Mn** < Mn’*. That is to say, the
redox properties of Co and Mn ions (related to the Co>*/Co**
and Mn**/Mn** ratios in the catalysts) exert significant
influence on the catalytic performance. Working on the
reactivity of lattice oxygen and the desorption of oxygen over
cobaltite perovskites, Nakamura et al. [52] concluded that
lattice oxygen involvement, cobalt ion reduction, and oxygen
vacancy formation took place concurrently in the oxidation
process of CO. With the generation of surface vacancies, the
diffusion of lattice oxygen from the bulk to the surface would
become facile and the surface oxygen consumed in the reaction
could be replenished readily. As illustrated in the O,-TPD
studies (Fig. 5(a and b)), the extent of « oxygen desorption over
Lag ¢S19 4C00, 75 (67.3 pmol g;ﬁl) was much larger than that
over LaCo0,.9; (5.9 pmol gc‘a{), indicating that the amount of
oxygen vacancies in the former was higher than that in the
latter. The desorption of lattice oxygen induced the partial
reduction of Co®* to Co** or Mn*" to Mn**. The amount of B
oxygen desorption over Lag¢Srg4C00, 75 (367.7 wmol g;i{)
was much larger than that over LaCoO,q; (11.9 pmol gc‘a{),
indicating that the incorporation of Sr** into the LaCoO;_g
lattice promoted the activity (mobility) of lattice oxygen.
Furthermore, the reduction temperature of Lag Srg4C00; 75
(Fig. 6b) was much lower than that of LaCoQO,q; (Fig. 6a),
confirming that the activity of lattice oxygen in the former
catalyst was higher than that in the latter catalyst. The
feasibility of bulk reduction (by H,) at ca. 370 °C (Fig. 6b) is
indicative of high activity of the lattice oxygen in Lag ¢Srg 4.
Co0,7g. Similar scenario is present in the case of
La; ,Sry,MO;_5 (Figs. 5(c and d) and 6(c and d)). Another
piece of supporting evidence is from one of our previous work
related to the "®*0/'°0 isotopic exchange and '®*0,/CO pulsing
over Lag ¢Sty 4Coq gBig -0, go: the facile infiltration of 80 into
the perovskite lattice and the rapid replenishment of the
consumed amount of lattice oxygen by gas-phase oxygen
demonstrate the high activity of lattice oxygen in the
perovskite-type oxide catalyst [24].

Compared to the activation of organic compounds, O,
could be activated readily at structural defects of perovskite
catalysts. Since the decrease in surface oxygen concentration
undermines the process of lattice oxygen replenishment,
therefore, it is understandable that in an O,-rich atmosphere,
VOC oxidation could proceed at a relative lower temperature
[19]. In the products of EA oxidation over our catalysts, only
CO; and H,O were detected, no any partially oxidized products
were generated. As shown in Fig. 7, LageSrg4Co0O;5;_5 and
Lag ¢S19.4MnO;_; (large-size particles) calcined at 900 °C for
4h exhibited catalytic performance much lower than
Lag ¢S194C00, 73 and LagSrg4MnOs3 1, (nanoparticles). It
might be due to the fact that compared to the conventional
large-size ABOj particles, the nanometer La;_,Sr,MO;_ s
catalysts possess more surface coordination-unsaturated atoms
and hence render the EA molecules as well as oxygen
molecules more easily activated, resulting in the total oxidation
of EA at lower temperatures. Under the reaction conditions
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adopted in this study, the catalytic performance follows
the sequence of LaggSrg4C00573 (Tig09 =175°C) >
Lag 6Sr94MnOs3 15 (Tig0% = 190 °C) > LaCo059;  (T100% =
230 °C) ~ LaMnOj; o, (T1009% = 235 °C) (Fig. 7). Unlike those
observed over precious metal catalysts, the catalytic activities
of perovskites for VOC oxidation are more sensitive to the
change in space velocity. In an O,-rich atmosphere, the 7o
rose with the increase in space velocity (Fig. 8). Apparently, the
Lag 651y 4C00, 75 catalyst showed good performance for EA
oxidation under oxidizing conditions. Therefore, it is suggested
that the enhanced catalytic activity of LageSro4MO;_s is
associated with the promotion in lattice oxygen activity.
Although there are many factors to influence the catalytic
performance of ABO3, the surface area, anionic/cationic defect
density, and lattice oxygen activity (related to B-site ion redox
ability) are the key factors. When the ABO; catalysts have
similar defect density and redox ability, the catalytic activity is
proportional to the surface area [21]. With the changes in defect
amount and redox properties, however, one cannot compare the
catalytic performance only based on surface areas. As
discussed above, large-surface-area La,_,Sr,MO;_s nanopar-
ticles catalyzed the EA completely to CO, and H,O, different
from large-size perovskite oxide catalysts over which partially
oxidized products are generated. Taking into account these
considerations, we conclude that the enhancements in oxygen
deficient concentration and M ion redox ability, as well as
surface area render the LagyeSrosMO3;_s (M =Co, Mn)
materials catalytically highly active for EA oxidation.

5. Conclusions

Nanometer  perovskite-type oxides La; ,Sr,MO;_;
M =Co, Mn; x=0, 0.4) were successfully prepared by
coupling the methods of citric acid complexing and hydro-
thermal synthesis. All the catalysts adopted a single-
phase thombohedral perovskite structure. The La; ,Sr,CoO3_;

samples possessed oxygen deficiency, whereas the
La,_,Sr,MnO;_; ones showed oxygen over-stoichiometry;
the doping of Sr induced an increase in oxygen vacancy density
for the Co-based catalyst but caused a decrease in the amount of
over-stoichiometric oxygen for the Mn-based catalyst. The
surface areas (2026 m” gfl) of La;_,Sr,CoO5_g5 were lower
than those (32-33 m’ gfl) of La;_,Sr.MnO;_s, such high
surface areas are due to the fact that the citric acid complexing-
hydrothermally derived La;_,Sr,MO;5_;s catalysts were uni-
form with the typical particle size of 40-80 nm, as can be
clearly seen in their HRSEM photographs. There were Co”* and
Co** jons in La;_,Sr,CoO;_s and Mn*" and Mn>" ions in
La;_,Sr,MnO;_g; Sr-substitution induced the rises in Mn** and
Co>* concentrations. Adsorbed oxygen species (O™, O, ", or
0,%7) were present on/in the catalysts. Doping Sr** into the
LaMOs;_; lattices resulted in the improvement of redox ability
and the enhancements of adsorbed and lattice oxygen
desorption at low temperatures. Under the conditions of EA
concentration = 1000 ppm, EA/O, molar ratio = 1/400, and
space velocity = 20,000 h', the catalytic activity increased
in the order of LaCoO,9; (Tig0% =230 °C) =~ LaMnOs ¢,

(T1009% = 235 °C) < Lag 6519 4MnO3 ;5 (Th00% = 190 °C) <
Lag ¢Srg4C005 75 (T190% = 175 °C); furthermore, there was
no formation of partially oxidized by-products over these
nanosized perovskite-type oxide catalysts. Based on the above
results, it is concluded that in addition to the contribution of
high surface areas, the excellent catalytic performance is
associated with the rich structural defects and M"* (M = Co,
Mn) good redox ability of the La; ,Sr,MO;_; nanomaterials.
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