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Abstract Single-crystalline nanowires and nanorods of

cubic perovskite-type La0.6Sr0.4CoO3-d oxides have been

fabricated by a hydrothermal method and characterized by

a number of analytical techniques. Compared to the poly-

crystalline La0.6Sr0.4CoO3-d catalyst, the single-crystalline

materials exhibit much better catalytic activity for the

complete oxidation of toluene. The excellent performance

can be attributed to the distinct oxygen nonstoichiometry

and single-crystalline structure of the materials.
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1 Introduction

One-dimensional (1D) nanomaterials exhibit unusual

properties such as peculiar morphology, restricted size, and

large surface area [1]. Up to now, composite oxide nano-

wires and/or nanorods of LaMO3 (M = Mn, Fe, Ni, Co)

[2–4], La1-xCaxMnO3 [5, 6], and CoFe2O4 [7] have been

synthesized by sol–gel method of hard-templating, and the

size and shape of the products are usually determined by

the adopted template. As an important strategy to fabricate

1D nanomaterials, the hydrothermal route has attracted

much attention owning to its simplicity, cost-effectiveness,

and high product yield. By means of a number of hydro-

thermal pathways, one can synthesize La1-xSrxMnO3 [8, 9],

BaTi1-xMnxO3 [10], and NiFe2O4 [11] nanowires/nanorods.

To the best of our knowledge, there is no report on the

synthesis of perovskite-type oxide (ABO3) La0.6Sr0.4CoO3

nanowires or nanorods in the literature.

It is well known that ABO3 materials have found

applications in catalysis, solid-state fuel cell, and sensor

due to their defective structures and excellent oxygen

mobility. Among the materials, La0.6Sr0.4CoO3-d is one of

the best-performing catalysts for the oxidation of carbon

monoxide and hydrocarbons [12–15]. Most authors believe

that the catalytic activity of such a kind of materials is

related to factors such as structural defects, B-site ion redox

ability, and specific surface area [12–16]. Unfortunately,

most of the methods for the preparation of ABO3 materials

could only give rise to condense materials of low surface

area, mainly due to the need of high-temperature calcina-

tion for the formation of the ABO3 phase. In this article, we

report a facile route capable of generating single-crystalline

nanowires/nanorods of La0.6Sr0.4CoO3-d. As a demon-

stration of catalytic activity, the materials were tested for

the complete oxidation of toluene.

2 Experimental

2.1 Catalyst Preparation

In a typical synthesis of La0.6Sr0.4CoO3-d nanowires/

nanorods, stoichiometric amounts of nitrates of lanthanum,

strontium, and cobalt were dissolved in deionized (DI)
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water, and 0.35 mol KOH solid powders were then added.

After 1 h of ultrasonic stirring, the solution was transferred

to a 50-mL Teflon-lined autoclave for hydrothermal treat-

ment at 250 �C for 50 h. The so-obtained solid product was

washed with DI water and dried overnight in an oven at

120 �C. The dried powders were well ground and heated in

air at a rate of 1 �C/min in a muffle furnace to 400 �C and

kept at this temperature for 2 h, and then heated to a

selected temperature (650, 800, and 900 �C) and main-

tained at this temperature for 2 h. The as-obtained catalysts

are denoted as LSCO-650, LSCO-800, and LSCO-900

hereinafter, respectively. For comparison purpose, we also

prepared a polycrystalline La0.6Sr0.4CoO3-d catalyst

adopting the citric acid-complexing procedure similar to

that described in [15]. The polycrystalline La0.6Sr0.4CoO3-d

sample (denoted as LSCO-950-Citrate) was calcined at

950 �C for 4 h. All the chemicals (analytical grade) were

purchased from the Beijing Chemical Regent Company

and were used without further purification.

2.2 Catalyst Characterization

X-ray diffraction (XRD) patterns of the catalysts were

recorded on a Bruker/AXS D8 Advance X-ray diffrac-

tometer operated at 40 kV and 200 mA using CuKa
radiation and Ni filter. Diffraction peaks of crystal phases

were referred to those of 1998 ICDD PDF Database for

identification. The surface areas of the catalysts were

measured via N2 adsorption at -196 �C on an ASAP 2020

apparatus. X-ray photoelectron spectroscopy (XPS, VG

CLAM 4 MCD analyzer, MgKa = 1253.6 eV) was used to

determine the O1s, Co2p, La3d, and Sr3d binding energy

(BE) of surface oxygen, cobalt, lanthanum, and strontium

species, respectively. The C1s signal at 284.6 eV was taken

as a reference for BE calibration. High-resolution scanning

electron microscopy (HRSEM) images of the samples were

recorded using a JEOL JSM 6500F equipment operated at a

30 kV accelerating voltage. By means of a JEOL-2010

instrument (operating at 200 kV), high-resolution trans-

mission electron microscopy (HRTEM) images and

selected area electron diffraction (SAED) patterns of the

samples were obtained.

Oxygen temperature-programmed desorption (O2-TPD)

profiles of the samples were recorded on a mass spec-

trometer (HIDEN HPR20). For O2-TPD studies, the sample

(0.1–0.2 g) was placed in the middle of a quartz microre-

actor (internal diameter (i.d.) = 8 mm). The outlet gases

were analyzed on-line by means of a mass spectrometer.

The heating rate was 10 �C/min and the temperature range

was RT to 900 �C. Before each run, the sample was cal-

cined at 500 �C in an O2 flow of 50 mL/min for 1 h,

followed by cooling in oxygen to RT and purging with

helium (first 80 mL/min for 2 h and then 20 mL/min for

2 h). The helium-purging step is to ensure thorough

removal of gas-phase oxygen in the system. The amount of

O2 desorbed from the catalyst was quantified by calibrating

the peak area against that of a standard O2 pulse (50.0 lL).

2.3 Catalytic Test

The catalytic evaluation was conducted on a continuous flow

fixed-bed quartz microreactor (i.d. = 8 mm) at atmospheric

pressure. The catalyst (0.1 g, 40–60 mesh) was mixed

properly with equal amount (by mass) of quartz sands (40–60

mesh), and the reactant mixture (flow rate = 33.3 mL/min)

was 1,000 ppm toluene + O2 + N2 (balance), bearing a

toluene/O2 molar ratio of 1/400 and a space velocity of

20,000 h-1. For the change of space velocity, we altered the

amount of catalyst. The outlet gases were analyzed on-line

by a gas chromatograph (Shimadzu GC-2010) equipped with

a thermal conductivity detector, using a Chromosorb 101

column for toluene and a Carboxen 1000 column for per-

manent gas separation. The balance of carbon throughout the

investigation was estimated to be 99.5%.

3 Results and Discussion

3.1 Characterization

3.1.1 Crystal Structures, Surface Areas, and Morphologies

of Catalysts

The XRD patterns (Fig. 1) of the samples show peaks with

positions and relative intensities consistent with those of

cubic LaCoO3 (JCPDS No.: 75-0279), and the diffraction

peaks can be well-indexed as indicated in Fig. 1c. The

rather weak peak at 2h = ca. 25.3� is attributable to the

phase of La2O3 (JCPDS No.: 83-1355) that existed as

impurity. The intensity of the 25.3� peak decreased with

the rise in calcination temperature. Apparently, the

as-obtained samples contained predominantly cubic

perovskite-type La0.6Sr0.4CoO3-d. It is known that La2O3 is

inactive for the oxidation of organic compounds. Never-

theless, its presence would undermine the activation of

oxygen molecules, and cause a slight decrease in catalytic

activity of the ABO3 material.

Representative HRSEM and HRTEM images as well as

SAED patterns are shown in Fig. 2. It is observed that the

LSCO-650 sample consists of a large amount of uniform

La0.6Sr0.4CoO3-d nanowires (typical diameter = 15–

30 nm) (Fig. 2a). A mixture of nanorods and nanowires

(Fig. 2c and d) is obtained after calcination at 800 �C, and

the typical diameters of nanorods and nanowires fall into
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the range of 15–35 and 20–85 nm, respectively. Further

rise in calcination temperature to 900 �C would result in a

rod-like morphology, and the typical aspect ratio equals to

ca. 6. Obviously, calcination temperature has a significant

influence on the morphology of the La0.6Sr0.4CoO3-d

materials. The corresponding SAED patterns (insets of

Fig. 2b, d, f) show regularly aligned lines of bright spots,

disclosing that the La0.6Sr0.4CoO3-d nanowires and nano-

rods are well-grown single crystallites. According to the

HRTEM photographs (Fig. 2g, h, i), the d spacings of the

(110) and (200) planes are estimated to be 0.275 and

0.194 nm, respectively, not far away from the corre-

sponding values (0.271, 0.192 nm) of cubic perovskite-

type cobaltite polycrystallites (JCPDS No.: 75-0279).

The surface area of the LSCO-650, LSCO-800, LSCO-

900, and LSCO-950-Citrate sample is 30.7, 15.4, 8.2, and

4.2 m2/g, respectively. As expected, the size growth of the

particles and the morphological evolution of the samples

(from nanowires to nanorods) at elevated calcination tem-

peratures (Fig. 2) result in significant drop in specific

surface area. Nevertheless, it is noted that the surface area

of La0.6Sr0.4CoO3-d nanowires obtained after calcination at

650 �C is much bigger than that of the 650 �C-calcined

La0.6Sr0.4CoO3-d nanoparticles obtained by citric acid

complexing method (17.1 m2/g) or by the citric acid

complexing-hydrothermal synthesis coupled method

(20.2 m2/g) reported by Niu et al. [15].
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Fig. 1 XRD patterns of (a) LSCO-650, (b) LSCO-800, and (c)

LSCO-900

Fig. 2 HRSEM (a, c, e),

HRTEM (b, d, f-i) images and

SAED patterns (insets) of

LSCO-650 (a, b), LSCO-800

(c, d), and LSCO-900 (e-i)
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According to the results and discussion of Hu et al. [10],

Chu et al. [11], and Cao et al. [17], we deduced that the

possible reaction mechanism for the hydrothermal synthe-

sis of La0.6Sr0.4CoO3-d is as follows:

La(NO3Þ3 þ 3KOH! La(OH)3 þ 3K(NO3Þ ð1Þ

Sr(NO3Þ2 þ 2KOH! Sr(OH)2 þ 2K(NO3Þ ð2Þ

Co(NO3Þ2 þ 2KOH! Co(OH)2 þ 2K(NO3Þ ð3Þ

0.6La(OH)3 þ 0.4Sr(OH)2 þ Co(OH)2

! La0:6Sr0:4CoO3�d þ 2.3H2O ð4Þ

During hydrothermal treatment in a strongly basic

medium, there is the growth of the La0.6Sr0.4CoO3-d

nanostructure, and the formation of three-dimensional

La0.6Sr0.4CoO3-d particles is suppressed. This is likely to

be the key factor for the generation of La0.6Sr0.4CoO3-d

nanowires. Similar mechanism has also been proposed for

the growth of nanowires of various metal oxides [10, 18, 19].

3.1.2 XPS

Shown in Fig. 3 are the O1s and Co2p3/2 XPS spectra of

the samples. There are three O1s signals at BE = 529.6–

529.9, 531.4–531.9, and 533.1–533.6 eV. The one at

BE = 529.6–529.9 eV was attributed to surface lattice

oxygen (O2�
lattice) [15, 20, 21] and the one at BE = 533.1–

533.6 eV to adsorbed molecular water species [22]. In the

preparation of single-crystalline catalysts, no carbon-con-

taining precursors were used. We detected no C1s signal at

BE = ca. 289 eV over the single-crystalline catalysts

whereas over LSCO-950-Citrate, C1s signal at ca. 289 eV

of carbonate was detected (not shown). We hence deduced

that the O1s signal at BE = ca. 531.4–531.9 eV detected

over the single-crystalline catalysts is not due to CO2�
3

species. It is difficult to differentiate adsorbed oxygen

(O-, O2� or O2�
2 ) from OH- species based solely on BE

values. Nevertheless, most authors believed that the oxy-

gen adspecies on perovskite-type oxides are located at

oxygen vacancies mainly in the form of O-, O2� or O2�
2 .

We hence ascribe the O1s component of our single-crys-

talline catalysts at BE = ca. 531.4–531.9 eV to adsorbed

oxygen species (O-, O2�, O2�
2 or OH-) [15, 20, 21]. Based

on the results of Fig. 3A, we found that the surface

Oads=O2�
lattice ratios of LSCO-650, LSCO-800, LSCO-900,

and LSCO-950-Citrate are 1.6, 1.8, 2.2, and 1.2, respec-

tively. It is apparent that higher in calcination temperature

would result in larger portion of oxygen adspecies, and the

single-crystalline catalysts are more capable of activating

O2 than the polycrystalline one. It is known that oxygen

adspecies dwell preferentially at oxygen vacancies of

ABO3 materials. Hence, an increase in amount of oxygen

adspecies would suggest enhancement in density of oxygen

vacancies. We deduce that with rise of calcination tem-

perature, there is promoted generation of oxygen

vacancies. The enlarged presence of oxygen vacancies

favors the adsorption and activation of O2.

In XPS investigation over oxidic compounds containing

Co2+ and Co3+ ions, Fierro et al. observed an inverse

shift of main peak positions of Co2+ and Co3+ [23]. After

deconvolution of the Co 2p3/2 profile of cobalt–zinc

hydroxycarbonates, Baird et al. [24] assigned the signal at
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Fig. 3 (A) O1s and (B) Co2p3/2 XPS spectra of (a) LSCO-650, (b)

LSCO-800, (c) LSCO-900, and (d) LSCO-950-Citrate
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BE = 780.1 and 782.1 eV to Co3+ and Co2+, respectively.

Working over La0.8Sr0.2CoO3, Gunasekaran et al. sug-

gested that the signal at BE = 779.4 eV was due to Co3+

[25]. We found that the separation of Co2p3/2 and Co2p1/2

peaks due to spin-orbit splitting over La0.6Sr0.4CoO3-d (not

shown here) was 15.2 eV, coinciding with that observed

over La0.8Sr0.2CoO3 by Gunasekaran et al. From Fig. 3B,

one can observe signals at BE = ca. 780.5 and 782.5 eV

with a satellite peak at ca. 787.5 eV (characteristic of Co2+).

According to the aforementioned viewpoints [23–26], we

believe that it is reasonable to ascribe the signal at BE =

780.5 eV to Co3+ and that at BE = 782.5 eV to Co2+. One

can also observe that with a rise in calcination temperature,

the intensity of Co2+ satellite signal decreased, indicating a

drop of Co2+ concentration. The surface Co3+/Co2+ ratio

was estimated to be 1.3, 2.0, and 2.5 for LSCO-650, LSCO-

800, and LSCO-900, respectively. It is apparent that a rise

in calcination temperature promotes the generation of

cobalt ions of trivalency.

3.1.3 O2-TPD

The O2-TPD profiles of La0.6Sr0.4CoO3-d samples are

shown in Fig. 4. There is a weak broad desorption peak at

390 �C and a sharp peak at 875 �C over the LSCO-650

sample. Over the LSCO-800 sample, there are three peaks

at 225, 515, and 794 �C. In the case of LSCO-900, two

peaks were recorded, one at 340 �C and the other at

831 �C. As for the LSCO-950-Citrate sample, three peaks

at 280, 540, and 830 �C were observed. The total amount

of oxygen desorption below 650 �C (inset of Fig. 4) is

estimated to be 31.2, 46.0, 69.3, and 13.2 lmol/gcat for the

LSCO-650, LSCO-800, LSCO-900, and LSCO-950-Citrate

samples, respectively. According to Seiyama [13], the

broad desorption peaks below 650 �C can be ascribed to a
desorption originated from oxygen species adsorbed at

oxygen vacancies. Thus, the extent of a desorption can be

used to provide a rough estimation of the amount of oxygen

vacancies on the surface of each sample. Accordingly, we

deduced that the surface oxygen vacancy density of the

three samples decreases in the order of LSCO-

900 [ LSCO-800 [ LSCO-650 [ LSCO-950-Citrate, in

concord with the sequence of catalytic performance as

shown in the next section.

3.2 Catalytic Performance

In the low-temperature oxidation of hydrocarbons, oxygen

adspecies have an important role to play [12, 13]. Figure 5

shows the catalytic activities of the three La0.6Sr0.4CoO3-d

samples for the oxidation of toluene under the conditions of

toluene concentration = 1,000 ppm, toluene/O2 molar

ratio = 1/400, and space velocity = 20,000 h-1. The tol-

uene conversion increases with increasing reaction

temperature, and the LSCO-900 catalyst performs the best.

The light-off temperature T50% (conversion = 50%) and
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the temperature for complete toluene removal T100%

(conversion = 100%) are, respectively, 235 and 245 �C

over LSCO-900, 255, and 270 �C over LSCO-800, and 292

and 300 �C over LSCO-650. Obviously, the enhancement

in catalytic activity of the samples can be related to the rise

in calcination temperature. The variation of surface area

seems to have no direct effect on the catalytic performance.

That is to say, the catalysis of the target reaction is deter-

mined by the oxygen deficiency of the materials. The

single-crystalline La0.6Sr0.4CoO3-d materials show cata-

lytic activities much better than the polycrystalline

LaMnO3 and La0.8Sr0.2MnO3 samples (T100% [ 340 �C

even at a rather low space velocity of 184 h-1) [14]. From

Fig. 5, one can also observe that the T50% and T100% value

over LSCO-950-Citrate was 306 and 339 �C, respectively.

Clearly, the polycrystalline catalyst is much inferior to its

single-crystalline counterparts. The discrepancy in activity

can be related to the difference in oxygen nonstoichiome-

try. As expected, with an increase in space velocity (i.e.,

shortening contact time), the T50% and T100% value over the

LSCO-650 sample increase (Fig. 6). It is worth pointing

out that the products detected over the single-crystalline

ABO3 nanowires and nanorods in the oxidation of toluene

are entirely CO2 and H2O, as confirmed by an estimated

carbon balance of 99.5%.

4 Conclusion

In summary, single-crystalline La0.6Sr0.4CoO3-d nanowires

and nanorods with a cubic perovskite structure have been

fabricated by a simple hydrothermal method. The calci-

nation temperature has a significant influence on the

morphology of the La0.6Sr0.4CoO3-d materials. The sur-

face area of La0.6Sr0.4CoO3-d nanowires is much higher

than that of La0.6Sr0.4CoO3-d nanorods. The single-crys-

talline perovskites exhibit excellent catalytic perfor-

mance for the complete oxidation of toluene, with the

La0.6Sr0.4CoO3-d nanorods performing the best. We

deduced that the excellent performance is attributable to

the oxygen vacancy density and the unique single-crys-

talline structures rather than to the specific surface area.

The synthesis strategy presented here can be adopted as

an effective means for the generation of ABO3 of similar

kind.
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