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LaCoyFe;_xO3; nanoparticles (x=0, 0.1, 0.2, and 0.3) are prepared by a sol-gel method, and the effects
of calcination temperature, Co-doping, and carbon nanotube (CNT)-treatment on their ethanol sensing
properties are investigated. The highest response is found based on the LaCog;Feo903 nanoparticles
calcined at 600°C, and the sensing properties of this sample can be further improved by adding CNT in
the precursor. The responses of un-treated and CNT-treated LaCog 1 Feg9O3 nanoparticles are about 120.1

and 137.3-500 ppm ethanol at 140°C, respectively. Simultaneously, by CNT -treatment, the response
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time is decreased from 56 to 10's, and the recovery time is decreased from 95 to 35 s. The results not only
make LaCog 1 Fep 903 nanoparticles good candidates for fabricating practical gas sensors, but also provide
a possible route for employing CNTs as a pore-forming agent.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to their variable structure and chemical composition, per-
ovskite type oxides with general formula ABO3 have so far attracted
great interest in many applications such as fuel cells, catalysts, and
chemical sensors [1-5]. Sensors based on the ABO3-type compos-
ite oxides have an advantage of high stability, and their response
and selectivity can be effectively controlled by selecting suitable
A and B atoms or chemical dopant as AjA;_xB;B1_xO3 materials
[6,7]. The perovskite type LaFeOs is one of the most valuable ABO5-
type functional materials, especially in gas sensor field [8-10].
LaFeOj3 is a p-type semiconducting oxide, and its resistance will
increase when it is exposed to a reducing gas. Usually, pure LaFeO3
can not be used as the sensing material directly because its resis-
tance is too large to match the amplifying circuits. Thus many
metals are chosen and doped in LaFeO3 to decrease its resistance
[11,12]. Co has been proved to be an efficient dopant for decreasing
the resistance of LaFeO3, and many LaCoxFe;_xO3 related mate-
rials have been proved to own excellent sensing properties, such
as high response and good selectivity [13-17]. Hitherto, prepara-
tion of LaCoxFe;_,O3 and related compounds has been achieved
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by many methods, including sol-gel, combustion synthesis, and
hydrothermal synthesis. And the optimal doping rate (x) is found to
strongly depend on the synthesis method, sensor structure, micro-
morphology and crystal structure [13-17].

In recent ten years, inspired by their exceptional sensing prop-
erties, many one dimensional (1D) semiconducting oxides have
been studied as gas sensing materials [18-21]. 1D nanostructure
materials are strong candidates for gas sensing because their large
surface-to-volume ratio and the congruence of the carrier screen-
ing length with their lateral dimensions will make them highly
sensitive and efficient transducers of surface chemical processes
into electrical signals [22]. Carbon nanotube (CNT) is one of the
most important 1D sensing materials with high yield and low
price [23-25]. Since it was discovered in 1991, over 30,000 scien-
tific reports have been published on their gas sensor applications
[25]. For majority investigations, CNTs with different morphologies
and structures are studied as the sensing materials directly. Some
groups also use them to control the resistance or surface area of the
sensing materials [26]. However, with an eye to its uniform nano-
structure and low oxidation temperature (500-700°C) [27], CNTs
may also be used as an efficient pore-forming agent.

In this paper, we synthesize LaCoxFe;_yO3 nanocrystalline
materials (x=0,0.1,0.2,and 0.3) and investigate their ethanol sens-
ing properties. The optimal calcination temperature and doping
rate are provided. Most importantly, we believe that our method
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Fig. 1. Schematic image of LaCoyFe;_xOs3 sensor (a) and sensing measuring equip-
ment (b).

can offer a possible platform to understand and employ CNTs as the
pore-forming agent in sensing materials.

2. Experimental
2.1. Preparation of materials

La(NO3)3-6H,0, Fe(NO3)3-9H, 0, Co(NO3),-6H,0, and citric acid
(analytical grade reagents) were purchased from Beijing Chemicals
Co., Ltd. CNTs (LMWNT S-10 d<10nm, L=5-15um) were pur-
chased from Shenzhen Nanotech Port Co., Ltd. The deionized water
with a resistivity of 18.0 M cm~! was used in all experiments.

LaCoxFe;_40O3 (x=0, 0.1, 0.2, and 0.3) nanoparticles were pre-
pared by a sol-gel method. Typically, La(NO3)3-6H,0 (12.99 g),
Fe(NOs3)3-9H,0 (12.12, 10.91, 9.7, and 8.48 g), and Co(NO3),-6H,0
(0, 0.87, 1.75, and 2.62 g) were weighed and dissolved in deion-
ized water, then the three solutions were mixed together,
and citric acid was added into the mixed solution at a ratio
of m(la3* +Fe3* +Co%*):m(citric)=1:1.2. The solutions were then
heated at 80°C with constantly stirring to evaporate deionized
water until a sol was obtained. The sol was firstly dried into a gel,
and then dried into pieces under an infrared lamp. After that, the
pieces were ground to form fine powders by a hand-mill. Finally the
powders were calcined at 400, 500, 600, 700, and 800 °C for 2 h to
obtain perovskite-type nanoparticles. CNT-treated sample was pre-
pared by adding 5wt.% CNT in the LaCog 1 Feg 903 precursor pieces
and then ground and calcined at 600°C.

2.2. Measurement

The as-synthesized sample was mixed with deionized waterin a
weightratio of 100:25 and ground in a mortar for 3 h to form a paste.
The paste was then coated on a ceramic tube to form a sensing film
(with a thickness of about 300 wm) on which a pair of Au electrodes
was previously printed. Pt lead wires attaching to these electrodes
were used as electrical contacts. After the ceramic tube was calcined
at 300°C for 2 h, a Ni-Cr heating wire was inserted in the tube as a
heater for controlling the operating temperature [28]. The structure
of the sensor is shown in Fig. 1(a).
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Fig. 2. DTA and TGA curves of LaCog ; Feg9O3 precursor.

Gas sensing properties were measured by a CGS-8 (Chemical
gas sensor-8) intelligent gas sensing analysis system (Beijing Elite
Tech Co., Ltd., China) (Fig. 1(b)) [29]. The sensors were pre-heated
at different operating temperatures for about 30 min. When the
resistances of all the sensors were stable, saturated target gas was
injected into the test chamber (20L in volume) by a microinjector
through a rubber plug. The saturated target gas was mixed with air
(relative humidity was about 25%) by two fans in the analysis sys-
tem. After the sensor resistances reached a new constant value, the
test chamber was opened to recover the sensors in air. All the mea-
surements were performed in a laboratory fume hood. The sensor
resistance and response values were acquired by the analysis sys-
tem automatically. The response value (R) was defined as R=Rg/Ra,
where Ra and Rg denoted the sensor’s resistance in the absence and
in the presence of the target gases. The time taken by the sensor
to achieve 90% of the total resistance change was defined as the
response time in the case of response (target gas adsorption) or the
recovery time in the case of recovery (target gas desorption).

The thermal decomposition behaviors of the LaCoyFe;_O3 pre-
cursors were examined by means of differential thermal analysis
(DTA) and thermal gravimetric analysis (TGA), using a Melttler
Toledo 825¢ thermal analyzer. The precursors were heated up
to 900°C in air at a scan rate of 10°C/min. The crystal struc-
ture of the samples was examined by X-ray diffraction (XRD)
on a Shimadzu XRD-6000 diffractometer with Cu Ko radia-
tion. The current and voltage during the measurements were
30mA and 40kV, respectively. The morphology of the sam-
ples was observed using a scanning electron microscope (SEM)
(XL30 ESEM FEG). Brunauer-Emmett-Teller (BET) surface area and
pore size distribution of the samples were measured by a nitro-
genadsorption-desorption analyzer (Quantachrome Autosorb-1C).
We calculated specific surface area Sggr by using the BET
method, and determined pore size distribution by applying the
Barrett-Joyner-Halenda (BJH) model.

3. Results and discussion
3.1. Effect of calcination temperature

Fig. 2 shows the DTA and TGA curves of LaCog 1 Feg 903 precur-
sor (before calcination). The DTA curve exhibits three exothermic
peaks at 150.8, 248.5, 432.7°C, and a weak exothermic peak
at 602 °C, respectively. The first exothermic peak at 150.8°C is
attributed to the decomposition of the dissociative citric acid in the
LaCog 1Feg 903 precursor. The second exothermic peak at 248.5°C
refers to the combustion of the citric acid. The third exother-
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Fig. 3. XRD patterns of LaCog 1 Feo 903 nanoparticles calcined at different tempera-
tures.

mic peak at 432.7°C can be ascribed to the decomposition of the
nitrates [30]. Each peak corresponds to an appreciable mass loss in
the temperature range of 120-480°C in the TGA curve. The weak
exothermic peak at 602 °C may be due to the crystallization because
no obvious mass loss is shown in the TGA curve, which is consistent
with the following XRD data.

The XRD patterns of LaCogFep90O3 nanoparticles calcined at
different temperatures are shown in Fig. 3. After being calcined
at 400°C, the sample still remains amorphous. When the calcina-
tion temperature is increased to 600 °C, the amorphous metal oxide
completely transformed to stable perovskite nanocrystallite, which
isin good agreement with the DTA-TGA data above. For the samples
calcined at 600, 700, and 800 °C, all the diffraction peaks correspond
to the orthorhombic LaFeOs structure (JCPDC card no. 37-1493)
[31]. It can be also observed that with an increase in the calcination
temperature, the intensity of the peak increase significantly along
with the reduction in the peak half width, indicating the growth
of LaCog 1Feg 903 nanoparticles with the calcination temperature.
The crystallite sizes determined by the Scherrer equation are about
13, 15.1, 22, and 30 nm for the samples calcined at 500, 600, 700,
and 800 °C, respectively [32].

The dependence of the response of the LaCoq 1 Feg 9O3 nanopar-
ticles calcined at different temperatures to 500 ppm ethanol on the
operating temperature is shown in Fig. 4. The samples calcined at
500 and 600°C exhibit the maximum response values at 140°C.
At this operating temperature, the response increases from 11.4 to
120.1 as the calcination temperature is raised from 500 to 600 °C,
and then decreases with further increase in the calcination tem-
perature. The samples calcined at 700 and 800°C are almost not
response to ethanol at all the tests. The calcination in air renders
more oxygen vacancy generation, which enhances the gas response
[33-35]. However, when the calcination temperature is higher than
600°C, the crystallite size of LaCog 1 Feg 903 nanoparticles becomes
larger due to agglomeration and therefore the specific surface area
decreases, which will lead to the decrease of the gas response [22].
Accordingly, 600 °C is found to be the optimal calcination temper-
ature for LaCog 1 Feg 903 nanoparticles, and all the samples used in
the following experiments are calcined at this temperature.

3.2. Effect of Co-doping
The XRD patterns of LaCoxFe;_xO3 (x=0, 0.1, 0.2, and 0.3)

nanoparticles calcined at 600°C for 2 h is shown in Fig. 5. All the
diffraction peaks correspond to the orthorhombic LaFeOs struc-
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Fig. 4. Responses of LaCog 1 Feg 903 nanoparticles calcined at different temperatures
to 500 ppm ethanol.

ture (JCPDC card no. 37-1493) [31], suggesting doping Co does
not change the crystalline structure at these low doping rates.
The Co concentration in LaCoxFe;_,O3 has remarkable effects on
the crystallite size. The crystallite sizes determined by the Scher-
rer equation are about 16.2, 15.1, 14.2, and 13.4nm for LaFeOs,
LaCog 1Feg 903, LaCog,Fegg03, and LaCogsFeg703 nanoparticles,
respectively [32]. The results suggest that the Co doping acts as
a crystallite growth inhibitor for the LaCoxFe;_4O3 material [36].
This is because the valence of dopant Co2* is lower than that of
Fe3*. When the trivalent Fe3* ions in LaFeOj3 are replaced by diva-
lent Co2* to form LaCoxFe;_,O3, the charge neutrality is maintained
by the formation of oxygen vacancies or the valence change of tran-
sition metal ions (like Fe**/Fe3* or Co3*/Co2*), and these effects will
restrain the growth of grains eventually [16,36-39]. In addition, the
position of the orthorhombic structure peaks can be found to shift
to higher angles with increasing the Co doping rate. This shift can be
explained by the transformation from the orthorhombic perovskite
structure of LaFeO5; to the rhombohedral perovskite structure of
LaCoOs3 (JCPDS 48-0123), resulting from the alignment distortion
of the octahedral coordination by the gradual substitution of Fe by
Co [17,36-39].
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Fig. 5. XRD patterns of LaFeOs, LaCog 1Feo 903, LaCog,Fegg03, and LaCog3Feq 703
nanoparticles.
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Fig. 6. Responses of LaFeOs;, LaCogFeq903, LaCog,FepsO3, and LaCogsFep703
nanoparticles to 500 ppm ethanol at different temperatures.

The resistances of LaFeOs, LaCog 1Fep 903, LaCog,Feqg03, and
LaCog3Feg703 nanoparticles at 140°C in air is about 60.2 M2,
144 k<2, 5.4k, and 4.7 k<2, respectively. The results reveal that
doping Co can effectively reduce the resistance of LaCoxFe;_xO3
nanoparticles. Using Kroger-Vink defect notations [40-42], when
Fe3* is replaced by Co2*, the hole will be produced by the ionization
of Cof,:

Cof, — Cof,+he (1)

In this formula, Cof, means the point defect, which is produced
when Co?* occupies the sites of Fe3* in the crystal. It indicates that
doping Co2* can increase the hole concentration in LaFeOs. Since
LaCoxFe;_xO3 nanoparticles are p-type semiconducting materials,
anincrease of hole concentration results in a decrease of resistance.

The response of LaFeO3; nanoparticles to 500 ppm ethanol can
not be measured by our analysis system due to its very large resis-
tance (over 500 M2) in ethanol ambience. The responses of other
samples shown in Fig. 6 indicate that the near-optimal doping
rate is 0.1. The corresponding sample (LaCog 1 Feg903) exhibits the
highest response value of about 120.1, which is 13.2 times larger
than that of LaCog,Fepg03 (9.1) and 52.2 times larger than that of
LaCog3Feq703 (2.3). The highest response value of LaCog 1Feg 903
nanoparticles can be explained by the suitable Co doping rate
and appropriate resistance, which are discussed in the gas sensing
mechanism part.

3.3. Effect of CNT-treatment

The XRD patterns of untreated LaCog;FepgO3; nanoparticles
and CNT-treated LaCog 1 Feg 903 nanoparticles are shown Fig. 7. No
diffraction peaks from any other impurities are detected, indicating
all the CNTs have been removed during the calcination in 600°C
for 2h. By employing the CNT-treatment, the crystallite sizes of
the LaCog 1Feg 903 are increased from 15.1 to 16.2 nm (determined
by the Scherrer equation) [32], which is consistent with the SEM
results shown below.

Fig. 8(a) and (b) shows the SEM micrographs of un-treated
LaCog 1Fegg0O3 nanoparticles and CNT-treated LaCogiFegg0O3
nanoparticles, respectively. Compared with un-treated sample,
CNT-treated LaCogFepgO3 nanoparticles exhibit much larger
crystallite size. The results indicate that CNT can promote the
crystallite growth of LaCog1FeggO3, which can be explained by
the exothermic oxidation reaction of CNTs. Moreover, for un-
treated LaCog1Fep 903 nanoparticles, aggregation growth among
the nanoparticles is clearly observed, and this aggregation struc-
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Fig. 7. XRD patterns of untreated and C nanotube-treated LaCog 1Fe 903 nanopar-
ticles.

ture will lead to a degradation of sensing response [43]. On the
other hand, CNT-treated LaCog 1 Feg.9O3 nanoparticles exhibit obvi-
ous nanoporous structure, which thereby can be considered as the
ideal morphology to show good sensing properties [44].

The average pore diameter, and BET surface area of the un-
treated and CNT-treated LaCog 1Feg 903 nanoparticles are listed in
Table 1. After CNT-treatment, the average pore diameter increases,
but the BET surface area decreases instead. These results are in good
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Fig. 8. SEM images of un-treated LaCog 1 Feo 903 nanoparticles (a) and C nanotube-
treated LaCog 1 Fep 903 nanoparticles (b).
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Table 1
Average pore diameter and BET surface area of the LaCog 1 Feg 903 nanoparticles with
and without C nanotube-treatment.

Sample Average pore diameter (A)  BET (m?/g)
Un-treated LaCog 1Fep903 163.0 53.1
C nanotube-treated LaCop1Fep903  204.9 35.5

agreement with the SEM characterization. The CNT-treatment will
increase the crystallite growth, leading to a large particle size and
resulting in a lower BET surface area. The increased pore diameter
is related to the removed CNT in the LaCoq 1 Feg 9O3 precursor.

The response and recovery curves of un-treated and CNT-
treated LaCog1Fegg9O3; nanoparticles are shown in Fig. 9. CNT
treatment can effectively accelerate the reaction of LaCog 1 Feg 903
and gas molecules. The response and recovery times of un-treated
LaCog.1Feg903 nanoparticles are about 56 and 95s, respectively.
While treated LaCog 1Fegg9O3 nanoparticles exhibit much shorter
response time (10s) and recovery time (35s). Moreover, CNT-
treatment can also increase the response of LaCog1Fegg0O3. The
response values of un-treated and treated LaCog 1 Feg 9O3 are about
120.1 and 137.3, respectively.

It is widely accepted that smaller sizes will lead to larger
surface-to-volume rates, which will make the sensing materials
absorb more target gases, and exhibit higher responses. However,
the experimental results based on un-treated and CNT-treated
LaCog 1Feg903 nanoparticles are not consisted with this rule.
Besides the nanoporous structure mentioned above, the aggrega-
tion growth is more imaginable to happen among the un-treated
LaCog 1Feg903 nanoparticles with smaller particle size. And this
aggregation growth will restrict the sensing properties markedly
[22].

Fig. 10 shows the response versus ethanol concentration of CNT-
treated LaCog 1Feg 903 nanoparticles at 140°C. It can be seen that
the response increases with increasing the ethanol concentration:
in the low concentration range (from 50 to 400 ppm), the increase
in the response depends near linearly on the concentration, while
the response increases slowly in the range of 400-1000 ppm, and
is gradually saturated at above 1000 ppm. The response values are
about 10.1, 23.2, 56.5, 84.7, 120, 137.3, 150, 159, 165, 171, and 176
to 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 ppm
ethanol, respectively.

In fact, the response of the semiconducting oxide gas sensor can
usually be empirically represented as R=A[C]N+B, where A and
B are constants and [C] is the concentration of the target gas. N

140 + C nanotube-treated Lalcho_lFeugO3

120

100

Response
=N
=)
1

LaCo_Fe O3

0- .

& T N T ol T X X
0 50 100 150 200
Time (s)

[Se]
h
(=]

Fig. 9. Response and recovery curves of LaCog1Feg903; nanoparticles (with and
without C nanotube-treatment) to 500 ppm ethanol at 140°C.
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Fig. 10. Response of C nanotube-treated LaCog1Fep903; nanoparticles vs ethanol
concentration at 140°C.

depends on the charge of the surface species and the stoichiometry
of the elementary reactions on the surface [45]. For the CNT-treated
LaCog.1Feg903 nanoparticles, Nis calculated to be 1.24, meaning the
change of response is strongly affected by the increase in ethanol
concentration [2].

The CNT-treated LaCog1Fepg9O3 nanoparticles show different
response values to different gases as the temperature varied
(Fig. 11), which can be explained from the kinetics and mechanics
of gas adsorption and desorption on the surface of LaCog Feg 903
or similar semiconducting oxides [28]. At 140°C, CNT-treated
LaCog 1Feg 903 nanoparticles show very low response to CH30H,
CH53COCH3, and HCHO, and totally insensitive to petrol, CsHg, and
C,H,, indicating its good selectivity.

3.4. Gas sensing mechanism

LaCoxFe;_,O3 nanoparticles are p-type semiconducting materi-
als in air. The resistances of these materials are related to oxygen
[1].In air ambient, LaCoyxFe;_xO3 nanoparticles will adsorb the oxy-
gen molecule on the surface. The adsorbed oxygen is changed into
various chemical absorptive states by trapping electrons from the
bulk. Among those surface adsorptive states, there are following

140 4 —a— CHH5OH
1 —e— HCHO
120 4 —a— Petrol
1 v— CH,COCH
100 M 3
] —+— CH;0H
% 80 —+—CgHg
% 60 ==k
e
40
20 4
04 S . —

T 4 T ' T b T k: T 2
100 120 140 160 180 200
Temperature (°C)

Fig. 11. Responses of C nanotube-treated LaCog Fep9O3 nanoparticles to 500 ppm
different gases.
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equilibria [46-48]:

0, + e~ < 0y (ads.) (2)
0,” +e” < 20" (ads.) (3)
0 +e « 0> (ads.) (4)

This will decrease the barrier height for a hole to transport and
thus LaCoxFe;_x03 nanoparticles will show a low resistance. When
the LaCoxFe;_,0O3 nanoparticles are exposed to a reducing gas (such
as ethanol) atamoderate temperature, the gas molecule reacts with
the chemisorbed oxygen (O~ is believed to be the main reactant
[43]), and the electrons will release back to the valence band with an
increase inresistance. The overall reaction of ethanol molecule with
chemisorbed oxygen in this case may take place as below [46-48]:

CyHsOH + O~ <> COy +H0 + e~ (5)

The content and activation of the chemisorbed oxygen are
affected by the temperature, and the energy needed for the
reaction between oxygen and gas molecules are also different,
thus LaCoxFe;_,O3 nanoparticles exhibit good selectivity at 140°C
(Fig. 11).

CNT is a 1D nanomaterial and can be totally removed in the
calcination process [27]. Thus doping some CNT in precursors may
create some 1D nanoporous structures with large pore diameter
and high length to diameter rate. The sensing improvement by CNT-
treatment is mainly observed in the response and recovery speeds,
the much shorter response and recovery times brought by the CNT-
treatment are attributed to the increased pore diameter, which is a
base for gas molecule traveling through the sensing material [29].
The larger pore diameter will also enhance the response value, but
this effect is limited by the lower BET surface area, which is caused
by the increased particle size [22].

4. Conclusion

In summary, LaCoyFe;_4O3 nanoparticles are prepared by a
sol-gel method and their ethanol sensing properties are investi-
gated. The optimal calcination temperature is found to be 600°C,
and the optimal doping rate (x) is found to be 0.1. It is also observed
that adding CNTs in precursor of LaCog 1Feg 903 nanoparticles can
create some nanopores, thus enhance the response, and decrease
the response and recovery times effectively. The results suggest
that LaCog 1 Feg O3 nanoparticles are very promising materials for
fabricating ethanol sensors. Meanwhile, the potential application
of CNTs for pore-forming agent has also been demonstrated.
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