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a b s t r a c t

A series of nanostructred La1−xCexCoO3 perovskite-type (x ranging from 0 to 0.2), with a crystallite size
of around 10 nm and a specific surface area of up to 55 m2/g were prepared using the activated reactive
grinding method. XRD results showed that Ce segregates as CeO2 when the addition level exceeds 10 at%.
CO was chosen as a typical reducing gas and its interaction with surface oxygen was investigated. TPD-
O2 was used to investigate the effect of Ce-doping on total surface oxygen. The experimental results
confirmed a positive effect of Ce-doping of up to 10 at% on total surface oxygen (�-O2). TPD-CO and XPS
analyses were performed to find the total carbon adsorption (i.e. related to the adsorption of CO) on the
surface of the synthesized samples. Both methods confirmed that more carbon adsorbs on the surface
O sensor
erium
igh energy ball milling
aCoO3

of doped formulations compared to the pure LaCoO3. Ce-doping increases the surface oxygen, thereby
facilitating the adsorption and oxidation processes. CO gas sensing properties of thick La1−xCexCoO3 films
were performed. La0.9Ce0.1CoO3 showed the highest conductivity and the lowest activation energy. The
optimum CO sensing temperature for doped formulation was found to be 100 ◦C compared to 130 ◦C for
pure perovskite. Ce-doped samples showed a maximum response ratio of 240% with respect to 100 ppm
CO in air compared to 60% obtained with pure LaCoO3.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Recently, a number of mixed-metal oxides with a perovskite-
ype structure and the overall formulation of ABO3 have received
onsiderable attentions as catalyst and gas sensor materials
ecause of their thermal and chemical stability [1–4]. The activity of
erovskites is practically determined by the nature of their cations,
hich play an important role in adsorption of gas species and their

atalytic activities. The electronic properties and catalytic activity
f the perovskite-type oxides can be modified by substitution of
ons into the A or B sites [5].

Most of the published reports on gas sensing properties of per-
vskites have been reviewed by Fergus [6]. As a CO gas sensor, a
ariety of undoped perovskites including titanates [7], ferrites [8],
obaltates [9] and doped formulations [9–11] have been reported.

artial substation of A or B site cations in some cases resulted
n a positive effect on the gas sensing performance. For example,
n LaFeO3 system substitution of Pb on the La site [12] and/or of
o on the Fe site [13] increased the sensing performance while

∗ Corresponding author. Tel.: +1 418 656 7666; fax: +1 418 656 5343.
E-mail address: Houshang.alamdari@gmn.ulaval.ca (H. Alamdari).

925-4005/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.04.003
substitution of Sr on the La site [14] or of Mg on the Fe site
[14] did not result in a significant improvement in gas sensing
properties. On the other hand, the response of LaCoO3 to CO was
improved by doping Sr on the La site and Cu or Ni on the Co site
[15].

Cerium doping (up to 10 at%) on the A site in cobalt or
manganese-based perovskites usually leads to an increase in oxida-
tion catalytic activity [16–21]. Oxidation of CO on perovskite-type
materials is a superficial reaction where the gas species react with
the surface oxygen. The availability of more oxygen on the sur-
face may result in higher catalytic activity. The consequences of
partial substitution of Ce(IV) on the La(III) site are the reduction
of a fraction of Co(III) to Co(II) and/or a change in oxygen sto-
ichiometry to ensure the charge compensation. Oxygen can be
adsorbed and reduced on the Co(II) sites to produce Co(III)/O′

2
species [34] An increase in the Ce doping on the structure is
expected to increase the number of surface oxygen, thus facili-
tating the oxidation reaction. However, the solubility limitation
of Ce doping on the La1−xCexCoO3 structure results in a satura-
tion point in the structure. More Ce doping after the saturation

point may increase the level of impurities and decrease the overall
activity.

In addition to the chemical composition, the structural fea-
tures of perovskite materials have a significant influence on their

dx.doi.org/10.1016/j.snb.2011.04.003
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:Houshang.alamdari@gmn.ulaval.ca
dx.doi.org/10.1016/j.snb.2011.04.003
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data acquisition unit. For each gas testing procedure, coated sam-
ples were heated up to 350 ◦C under dry air to remove any adsorbed
48 M. Ghasdi et al. / Sensors and

esponse with respect to gas species. Nanostructured metal oxides
ith a higher surface area and a smaller crystallite size offer

he potential for a substantial increase in the performance of gas
ensors as compared to that offered by conventional microcrys-
alline materials [22]. In the synthesis of nanocrystaline perovskite
xides, a number of techniques have been used to reduce par-
icle size to the extent possible [23–25]. However, in order to
orm a perovskite structure and to remove the organic precur-
ors, high calcination temperatures (typically above 600 ◦C) are
sually required. A high calcination temperature enhances solid-
tate diffusion, reducing the specific surface area and increasing the
ean crystallite size which grows with calcinations temperature

nd time. Some researchers have reduced the calcination temper-
ture to reach higher SSA and lower particle size by using complex
r expensive methods. For example, spray-freezing/freeze-drying
26] and Schiff base complex sol–gel [27] have been used to pre-
are LaCoO3 with an average crystallite size of 20 nm and SSAs of
4 and 11.7–18.6 m2/g, respectively, with the calcinations temper-
ture kept as low as 500 ◦C. Both traditional and new methods of
ynthesis of nanostructured perovskites have considerable manu-
acturing issues basically due to low production rates, high costs,
nd expensive waste treatment.

Activated reactive synthesis is an alternative method to syn-
hesize nanocrystalline metal oxide at quasi room temperature
28,29]. This method is essentially a combination of high energy
nd low energy ball milling steps. The former reduces the parti-
le size while the latter enhances deagglomeration and increases
he specific surface area. A wide variety of perovskites including
imple perovskites and the doped ones with a crystallite size down
o 10 nm and a SSA up to 100 m2/g have been synthesized by this
echnique [29,30]. Royer et al. [31] showed the effect of high energy
all milling (HEBM) on bulk and grain boundary of perovskite
xides and their relation with oxidation reaction. HEBM creates
anostructured materials with a high density of grain boundaries,
hich can accelerate the diffusion of oxygen. Perovskites with a
igher theoretical specific surface area have shown a higher grain
oundary volume and subsequently a higher oxygen mobility and
atalytic activity [31]. In our previous work [32], we used the
ctivated reactive grinding method to synthesize nanostructured
aCoO3 perovskite, which resulted in a surface area of 70 m2/g and a
mall crystallite size (10 nm) accompanied by an improved CO sens-
ng performance. LaCoO3 synthesized using this method showed a
etter CO gas sensing behavior (lower temperature and higher sen-
itivity) as compared to the samples prepared using other methods
uch as the sol–gel and the solid-state reaction. The improved sens-
ng performance was attributed to the higher oxygen mobility of
he sensor.

In the study reported here, the effect of cerium doping on
as sensing behavior of La1−xCexCoO3 prepared by activated reac-
ive grinding method was investigated. The aim was to exploit
he effects of both structural features and chemical composition
n order to increase the oxygen mobility and consequently the
as sensing performance of LaCo-based perovskites. Five formula-
ions with nominal compositions of La1−xCexCoO3 (x = 0–0.2) were
repared. The principal objective of the study was therefore to
rovide new information on the mechanism through which the
ensing properties of LaCo-based perovskite are influenced with
espect to a typical reducing gas. CO was chosen as a typical
educing gas and its interaction with sensing material was inves-
igated. Physicochemical characteristics of the sensing material
ere used to interpret the influence of Ce-doping on the sam-
les’ sensing behavior with respect to CO. Although the selectivity
spect was not addressed in this study, the behavior of the mate-
ial under other reducing gas species was expected to follow the

ame trend, except for the maximum response temperature and
mplitude.
ators B 156 (2011) 147–155

2. Experimental details

La1−xCexCoO3 (x = 0, 0.05, 0.1, 0.15, 0.2) nanostructured per-
ovskites, labelled as Cex (x = mol fraction of doping in La-site),
were prepared by the activated reactive synthesis method. La2O3,
CeO2 and Co3O4 with a purity of 99.8% were dehydrated at 550 ◦C
to remove any hydrate from the oxides. They were subsequently
weighed at the required molar ratio for each formulation and mixed
together. This was followed by a heat treatment at 1000 ◦C for 2 h.
Five grams of pre-mixed materials were introduced into a tungsten
carbide (WC) crucible containing WC balls, and milled for 2 h. In
order to deagglomerate the synthesized material, a second milling
step was performed with a lower milling energy for 1 h. In this
step, a laboratory attritor containing 4.5-mm hardened steel balls
was used. Both milling times were the optimized times as reported
earlier [32].

Powder X-ray diffraction (XRD) patterns were recorded
using a diffractometer (SIEMENS D5000) with Cu/K� radiation
(� = 0.154 nm) and a 0.05◦ step scan from 15◦ to 80◦ in 2� angles.
The average crystallite size (D) was calculated by means of the
Debye–Scherrer equation D = K�/(ˇ cos �) after doing the Warner’s
correction for instrumental broadening. Phase identification was
performed using the JCPDS data bank.

BET specific surface area of the powders was determined by
adsorption/desorption isotherms of N2 at −196 ◦C using Chem-
BET Pulsar TPR/TPD/BET (Quantachrome). Before each BET test, the
powders were degassed at 200 ◦C for 6 h under helium. Tempera-
ture programmed desorption of oxygen (TPD-O2) was performed
using the same equipment. A hundred and fifty mg of powder was
placed in a quartz cell and calcined at 200 ◦C for 6 h. The sample
was then pre-treated at a flow of 5% O2 in He (20 ml/min) at 300 ◦C
for 2 h, followed by cooling down to room temperature at the same
flow. The gas flow was switched to pure He with a flow rate of
100 ml/min and the TPD-O2 was carried by increasing the tem-
perature. The temperature was increased from 25 to 900 ◦C with a
heating rate of 5 ◦C/min, and kept at 900 ◦C for 15 min to obtain the
complete desorption process. Desorption of oxygen was monitored
and quantified using a thermal conductivity detector (TCD).

To obtain a thick sensing film on alumina rod substrates, the
wash coating method was used. Ten percent of the perovskite pow-
der was dispersed in DI water using an ultrasonic bath. The pH of
the slurry was adjusted at 3. This pH value, one that allowed for
a smooth and even coating, was achieved through trial and error.
Some drops of prepared slurry were instilled on the alumina rod
substrate (25.4 mm in length and 4.7 mm in diameter). Coated sam-
ples were dried overnight at room temperature and annealed at
400 ◦C for 2 h with a heating and a cooling rate of 10 ◦C/min. Metal-
lic electrodes were then connected to the coated samples for gas
testing.

CO gas testing was performed in a homemade system consist-
ing of a stainless chamber with a capacity of 800 ml in which three
samples can be hung up via a high temperature feed-through. This
chamber was placed in the adjustable and programmable furnace
with a precision better than 1 ◦C. The temperature of the cham-
ber was monitored with a K-type thermocouple, which was placed
close to the samples surface. A gas mixing system with a precision
of 0.2% of the full scale provided the required CO concentration and
flow rate. The gas flow was entering the chamber at the bottom
and was exiting it from the top. For this experiment, resistance
variations were recorded as a function of time, temperature and
gas compositions. All resistances, temperature, gas flow and con-
centration were recorded every second using an Agilent 34970A
gases and humidity from the sensing film. They were then cooled
down to, and maintained at, the desired temperature to stabilize the
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esistance. A mixture of CO and dry air was then introduced into
he chamber for 30 min with a flow rate of 100 ml/min. This proce-
ure was repeated four times to compare the obtained results and
o verify the repeatability of the response. The response ratio at the
onstant temperature was calculated using the following equation:

esponse ratio = (Rgas − Rair)
Rair

× 100

here Rgas is the resistance at a given temperature and under a
iven CO concentration, and Rair is the base resistance at the same
emperature under dry air.

Temperature programmed desorption of carbon monoxide
TPD-CO) was performed by means of the same equipment as used
or TPD-O2. A hundred and fifty mg of powder was degassed and
xidized under the same conditions as those of the TPD-O2, which
as then exposed to 100 ppm CO in dry air at 100 ◦C for 1 h. The

ample was subsequently cooled down to room temperature under
he same gas flow. The desorption process was performed under
elium with a heating rate of 5 ◦C/min. CO and CO2 concentrations
ere monitored using an FTIR gas analyzer (ABB EL3020 CO, CO2

nalyser).
An analysis of the samples’ surface composition was run using an

-ray photoelectron spectroscopy (XPS) using a mono-chromatized
l K� X-ray radiation source at 20 mA and 15 kV. To reveal the
ffect of gas on the surface oxidation state, a variety of treatments
ere performed. First, in order to eliminate the surface contami-
ation due to any carbonate groups, the samples were kept under
ure air flow at 100 ◦C for 10 h. The samples were then heated to
00 ◦C, maintained at this temperature for 2 h and cooled down to
oom temperature. These treatments simulated the pre-treatments
pplied prior to any gas sensing tests. XPS analyses were performed
o reveal the surface state of the samples, that is their state before
njecting the target gas. In the second step, after degreening at
00 ◦C under pure air, the samples were cooled down to 100 ◦C.
his was followed by injecting100 ppm CO into the flow gas for 1 h.
he treated samples were then passed onto the XPS’s testing cham-
er to undergo surface analyses for the investigation of the effects
f their exposure to CO.

. Results and discussion

The X-ray diffraction patterns of Ce-doped LaxCe1−xCoO3 (x = 0,
.05, 0.1, 0.15, 0.2) powders are shown in Fig. 1. The XRD patterns
onfirmed the perovskite structure of the synthesized material. A
mall quantity of unreacted CeO2 appeared in all doped formula-
ions while the intensity of CeO2 peak rose when increasing the Ce
oping level. In general, a perovskite structure is formed when the
olerance factor is in the range of 0.8–1 [5]. The tolerance factor “t”,
s influenced by the ionic radius of the perovskite’s constituents as
xpressed by the following equation:

r + r
= A B√
2(rB + rO)

here rA and rB are the ionic radii of the cations in A and B sites
espectively, and rO is the ionic radius of oxygen. Replacing La3+

able 1
pecific surface area, crystallite size and synthesized phases.

Sample Target composition Crystalline phase Mean crystalli

Ce0 LaCoO3 P 11
Ce05 La0.95Ce0.05CoO3 P, Ce 12
Ce10 La0.9Ce0.1CoO3 P, Ce 12
Ce15 La0.85Ce0.15CoO3 P, Ce, Co 13
Ce20 La0.8Ce0.2CoO3 P, Ce, Co 13

: perovskite, Ce: cerium oxide, Co: cobalt oxide.
Fig. 1. XRD-patterns of La1−xCexCoO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) synthesized
powders.

with Ce4+ of a lower cation radius would decrease the tolerance
factor, resulting in the aberration of the perovskite structure. This
could, moreover, influence the tolerance factor by changing the
radius of Co ions. In essence, the consequence of partially replac-
ing La3+ with Ce4+ of a higher oxidation state results in either a
partial transformation of Co3+ to Co2+ or in a change in the oxy-
gen stoichiometry. This is because the electrical neutrality of the
crystal should be maintained. The ionic radius of Co2+ is larger than
that of Co3+, which could in turn decrease the tolerance factor. By
replacing La with Ce, the tolerance factor will decrease as far as
its lower limit at which point the A-site is considered saturated as
no more substitution would be possible. Further Ce addition may,
therefore, result in the segregation of Ce-oxide impurities. The sat-
uration point for Ce-doping has been variously reported in other
studies to be between 5 and 10 at% [33,34].

The XRD patterns reveal that a small amount of cobalt oxide also
appears in the synthesized material when the addition level of Ce
exceeds 10 at%. This phenomenon is related to the decrease of the
La/Co atomic ratio as well as to the fact that extra CeO2 cannot react
with the Co3O4 to form a perovskite structure. Since Ce is added to
the formulation at the expense of La, increasing the quantity of the
unreacted CeO2, would decrease the La level, leading to a lack of
the La necessary for the formation of a perovskite structure. Thus, a
further increase in the unreacted CeO2 will also cause the formation
of Co-oxide impurities.

Table 1 summarizes the mean crystallite size, as calculated with
the Debby-Scherer equation, as well as the specific surface area of
all samples both after the first milling step and following the acti-
vation step (the second milling step). The mean crystallite size of
all the doped samples is around 10 nm, falling in the same range
as that of the pure LaCoO3. This confirms that the HEBM is capable
of producing the same crystallite size for different Ce addition lev-
els. N2 adsorption/desorption measurements for the samples after

the first milling step showed that the BET specific surface area of
all samples was in the same range (typically less than 4 m2/g).
The activation process managed to increase the surface area to

te size (nm) SSA (m2/g) milling step SSA (m2/g) activation step

3.8 66
3.5 54
3.6 56
3.4 52
3.3 50
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grain interior would make them a source of early oxygen desorption
ig. 2. TPD-O2 of La1−xCexCoO3 (x = 0, 0.05, 0.1, 0.15 and 0.2) synthesized powders.

round 50–55 m2/g. This is slightly lower than that obtained for
ure LaCoO3 samples. The difference could be accounted for by
he agglomeration state of the unreacted precursors of CeO2 and
o3O4. We have already reported the efficiency of the activation
rocess in increasing the specific surface area of LaCoO3 perovskite
amples, and have demonstrated the effect of the process on the
xygen desorption and sensing properties of these materials [32].

Fig. 2 shows the normalized TPD-O results of the synthesized
2
owders with different Ce addition levels. Two types of oxygen
ave usually been reported in the literature. The first, denoted as
-O2, is desorbed from the surface of the solid, and the second one,

Fig. 4. SEM images of coated samples: (a) La0.95Ce0.05CoO3, (b) L
Fig. 3. TPD-O2 of pure and milled CeO2 and Co3O4 oxides.

denoted as �-O2, is desorbed from the bulk. �-O2 desorbs at tem-
peratures lower than 700 ◦C, with its quantity being approximately
equal to one monolayer of adsorbed oxygen on the available surface
area [10]. However, researchers have shown highly agglomerated
nanocrystalline perovskite with a large number of grain boundaries
to be capable of desorbing more than one monolayer oxygen [31].
This extra oxygen comes from the grain boundaries, which act as
an extra source of oxygen. In our previous work, we reported that
high diffusion rates in grain boundaries compared to that of the
[32].
Comparing the TPD-O2 results clearly reveals the effect of Ce

doping on �-O2 desorption. The maximum desorption tempera-

a0.9Ce0.1CoO3, (c) La0.85Ce0.15CoO3 and (d) La0.80Ce0.2CoO3.
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Fig. 5. SEM images of coated samples with higher magnification: (a) La0

ure was decreased slightly for all Ce-doped samples compared
o that of the undoped one. Table 2 shows the amount of des-
rbed �-O2 calculated by integrating the corresponding peaks
or each sample. The total quantity of desorbed �-O2 increased
rom 514 �mol/g for the undoped sample to 1259 �mol/g for
0 at% Ce-added sample. The amount of desorbed �-O2 decreased
ubstantially to 417 �mol/g by further addition of cerium. �-O2
esorption, however, showed a monotonic behavior as a result of
he cerium addition. The undoped sample exhibited a very small
eak at 850 ◦C while it monotonically increased following the Ce
ddition.

According to the XRD patterns, the synthesized samples are the
ixture of doped perovskite, and unreacted CeO2 and Co3O4 while

he mole fraction of the constituents varies according to the doping
evel. It is therefore difficult to decide which constituent is mainly
esponsible for the variations in �-O2 and �-O2 desorptions. In

rder to find out the possible effects of unreacted Ce and Co oxides
n oxygen desorption profile, pure CeO2 and Co3O4 samples were
illed using the same procedure and subjecting them to the TPD-

2 analysis. As shown in Fig. 3, the oxygen desorption of Co3O4 and

able 2
-O2 results for synthesized samples.

Samples �-O2 (theoretical),
�mol/g

�-O2 (TPD-O2),
�mol/g

Ratio of �-O2:TPD-
O2/theoretical

Ce0 264 514 1.94
Ce05 216 1076 4.98
Ce10 224 1259 5.62
Ce15 208 779 3.74
Ce20 200 417 2.08
.05CoO3, (b) La0.9Ce0.1CoO3, (c) La0.85Ce0.15CoO3 and (d) La0.80Ce0.2CoO3.

CeO2 started at 350 and 800 ◦C, respectively. The maximum height
of Co3O4 was 20 times higher than that of CeO2. These results sug-
gest that the �-O2 variation could not be attributed to the unreacted
CeO2 or Co3O4, since they do not desorb so much at this tempera-
ture range. The �-O2 desorption could, however, be related to the
presence of the unreacted Co3O4, since its desorption temperature
corresponds to that of the pure Co3O4. By increasing the Ce addi-
tion level, the amount of unreacted Co3O4 increases leading to an
increase in the �-O2 desorption.

The TPD-O2 results confirmed that cerium oxide alone does not
desorb large amounts of oxygen at low temperature, but when
added to the perovskite formulation, it promotes the �-O2 des-
orption. This observation indirectly suggests that a part of Ce is
introduced into the perovskite structure and modifies its oxygen
mobility. The variation observed in the �-O2 desorption as a func-
tion of Ce addition could therefore be explained by considering two
competing phenomena. On the one hand, the addition of Ce keeps
enhancing the �-O2 of the perovskite until a saturation point is
reached, after which no more Ce enters the perovskite structure. On
the other hand, since CeO2 does not react with Co3O4, further addi-
tion of Ce (at the expense of La) leads to an increase in the amounts
of unreacted Co3O4 and CeO2, and decreases the amount of the per-
ovskite phase. Consequently, the amount of �-O2 decreases due to
the decrease in the amount of the perovskite phase. This is most
likely the reason why the amount of �-O2 increases with Ce addi-
tion and then decreases when the addition level exceeds a critical

level. This critical level was found to be 10 at% Ce for the LaCeCo
system.

SEM micrographs of the coated samples are shown in Fig. 4.
These images show that the coating method was successful as
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Fig. 6. Conductivity of coated samples as a function of temperature under pure air,
Cex (x = mole fraction of doping in La-site fraction).
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ig. 7. Activation energy of coated samples under pure air, Cex (x = mole fraction of
oping in La-site fraction).

continuous and crack-free film on the alumina substrate was
btained. The morphology of the coated samples was, however,
lightly different. By increasing the quantity of Ce, adhesion on the
ubstrate improved and a smoother film was obtained. Higher mag-
ifications showed quite similar degrees of agglomeration for all
he samples (Fig. 5).

Fig. 6 shows the variation of conductivity as a function of

emperature for the synthesized formulations in pure air at a tem-
erature range of 100–300 ◦C. It can be seen that the conductivity of
ll the samples increased over the whole temperature range. How-
ver, the slope of the curves varies for different Ce addition levels.

ig. 8. Response ratio of coated samples under 100 ppm CO in air at 100 ◦C, Cex
x = mole fraction of doping in La-site fraction).
Fig. 9. Response ratio of coated samples vs. temperature, Cex (x = mole fraction of
doping in La-site fraction).

The conductivity of the sensing films increased by Ce addition up
to 10 at%, and decreased significantly by further increase in the Ce
level. This variation is in perfect correlation with the �-O2 desorp-
tion behavior of the samples as recorded by TPD-O2. It seems that Ce
addition increases the conductivity of the LaCoO3 perovskite until
the saturation point is attained. As discussed earlier, increasing Ce
further (at the expense of La) would lead to an increase in the quan-
tity of unreacted CeO2 and of Co3O4 in the formulation. Since CeO2
and Co3O4 are more resistant than perovskite, they decrease the
overall conductivity of the sensing film.

The conductivity of all doped samples decreased by introducing
CO into the testing atmosphere, confirming that the La1−xCexCoO3
films behave as a p-type gas sensor, and that the conductivity
should be governed by the hole density and mobility. The mobile
holes are the electrical carriers in p-type semiconductors whose
electrical conductivity can be expressed as [35]:

�T = A exp
(−Ea

kT

)

where � stands for the conductivity, T for the absolute tempera-
ture (K), k for the Boltzmann constant, and Ea for the activation
energy the charge carriers in the presence of pure air with
Ea = �Hm + (Eg/2). �Hm is the motional enthalpy of holes and Eg

is the band gap energy. Activation energy in the ambient air can
be therefore obtained by plotting ln(�T) as a function of (1/T). Acti-
vation energy of all the samples were thus calculated and shown
in Fig. 7. Again, the activation energy was found to be in perfect
correlation with �-O2 desorption behavior. It decreased first by
increasing the Ce level reaching a minimum at 10 at% Ce addition
and then decreased by further increase of Ce content.

The response ratios of doped materials with respect to the intro-
duction of 100 ppm of CO into the testing atmosphere at 100 ◦C are
shown in Fig. 8. The response ratio of all the doped formulations
increased compared to that of the pure LaCoO3. The optimum dop-
ing level of Ce was found to be 10 at% for this temperature, which
resulted in a substantial increase in the response ratio by 5 times
compared to that of the undoped perovskite.

In order to reveal the effect of temperature on gas testing prop-
erties and find the temperature of the maximum response ratio,
all samples were tested in the presence of 100 ppm CO at different
temperatures varying from 80 to 200 ◦C. The response ratios have
been plotted as a function of temperature in Fig. 9. It can clearly
be seen that Ce doping decreases the temperature of maximum

◦ ◦
response ratio from 130 C for the pure LaCoO3 to 100 C for the
doped samples. The variation of the maximum response ratio as
a function of Ce doping level (Fig. 10) shows that the maximum
response ratio also follows the same trend as that of the activation
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Fig. 11. XPS results showing binding energy of C 1s for Ce0 (LaCoO3), Ce10
(La0.9Ce0.1CoO3) and Ce20 (La0.80Ce0.2CoO3) after two different gas-treatments: sam-

◦ ◦ ◦

groups (monodentate or bidentate), CO bonds to the lattice oxy-
gen [36]. Bonding the CO to Co decreases the conductivity due to
the donor dopant effect on the surface, and bonding to O2− releases

Table 3
Quantitative amounts of different C 1s carbon species obtained by deconvolution of
C 1s spectra of Fig. 11.

Sample Treatment condition %Atomic concentrations

Ca Cb Cc Total C

Ce0 300 ◦C-under pure air 0.4 0.2 0.5 1.1
100 ◦C-under 100 ppm CO 0.6 0.2 0.7 1.5
ig. 10. Maximum response ratio of coated samples, Cex (x = mole fraction of doping
n La-site fraction).

nergy; i.e. a sharp increase following the Ce addition up to 10 at%
nd a decrease after further increase in the Ce level.

In our previous work [32], we reported the effect of process-
ng parameters on gas testing performance, where a significant
mprovement in the response ratio was obtained for samples
repared by the activated reactive synthesis method. The improve-
ent was attributed to the high specific surface area and large

mounts of grain boundaries and, consequently, to the substantial
ncrease in the �-O2 desorption. The effect of �-O2 on gas sens-
ng properties was discussed using Rhee and Lee [36] observations
hat higher concentrations of surface oxygen could lead to a higher
robability of finding two lattice oxygen ions with an appropriate
istance, hence increasing the CO adsorption. The adsorption of
O and formation of stable monodentate carbonate on the surface
ay result in the creation of a stable depletion layer. CO adsorption

n the lattice oxygen may also cause the migration of oxygen ions
oward the particle surface through the grain boundaries, which
esults in the extension of the space charge layer inside the agglom-
rates. It was concluded that the oxygen mobility should play an
mportant role in determining the sample response ratio.

Since the Ce doping showed a considerable influence on �-O2
esorption, its effect on CO adsorption was also investigated. The
O storage capacity of the samples was therefore evaluated using
emperature programmed desorption of CO. The samples were
egreened at 300 ◦C and were subsequently cooled to 100 ◦C (simi-

ar to the XPS procedure). CO (100 ppm) was then injected into the
tmosphere for 2 h before cooling the samples to room tempera-
ure under the same CO concentration. The samples were then put
nder the He flow and the temperature was increased at a rate of
◦C/min. The outgoing gas was analyzed using a Fourier Transform

nfra Red (FTIR) spectrometer. This procedure was chosen in order
o simulate the gas sensing test procedure. Only CO2, with no trace
f CO, was detected in the outgoing gas. The CO2 concentration has
een plotted as a function of time in Fig. 11. Two major desorption
eaks could be distinguished for Ce10 and Ce20 samples; the first
ne at the temperature range of 300–600 ◦C with the maximum at
75 ◦C, and the second at the range of 520–750 ◦C with the maxi-
um at 620 ◦C. Different desorption temperature ranges indicate

hat the desorbed species have different bonding energies. The Ce20
ample exhibited a small additional peak at 730 ◦C. Considering a
arger amount of unreacted Ce and Co oxides in this sample, this
eak could be attributed to the decomposition of more stable Co or
e carbonates.
Fig. 11 clearly shows the considerable effect of Ce doping on
he CO storage capacity of the samples. The amounts of desorbed
O2 calculated for each sample were 183, 562, and 376 �mol/g for
ndoped, Ce10 and Ce20 samples, respectively. Both CO2 major
ple 300 C-air: calcined at 300 C under pure air; sample 100 C-CO: calcined at
300 ◦C under pure air followed by cooling to 100 ◦C and be exposed to 100 ppm
CO for 1 h and cooled to room temperature under the same atmosphere.

desorption peaks follow the same trend as do the �-O2 desorption
curves presented in Fig. 2. This result strongly suggests that the
�-O2 on this type of perovskites is a dominant factor in the deter-
mination of the CO adsorption rate and of the CO storage capacity
of the samples.

The surface composition of the samples was also examined using
XPS. The samples were treated with the same procedure as that
used for TPD-CO. The peaks related to C 1s species are shown in
Fig. 12, and the normalized quantity of total carbon of each sample
is presented in Table 3. Comparing the total surface carbon of the
samples both before and after CO exposure reveals that the total
amount of the surface carbon is relatively low for the undoped
sample. For Ce10 sample, in contrast, the figure is at its highest,
though showing a decreasing trend with further addition of Ce.
This observation suggests that the Ce10 sample keeps the high-
est level of surface carbon even after degreening at 300 ◦C under
pure air. Due to the CO exposure, the surface carbon of all sam-
ples increased but at different rates. The total amount of carbon
increased by 0.4, 1.8 and 0.6 at% for undoped, C10 and C20 sam-
ples, respectively. These results are in agreement with the TPD-CO
results presented in Fig. 11, and confirm that the CO adsorption
increases by Ce addition while it decreases when Ce level exceeds
10 at%.

Deconvolution of the C 1s peaks resulted in three main photo
lines at 285.6, 287.5 and 289.5 eV. The normalized quantity of each
species is summarized in Table 3. C 1s photo line with lower (Ca),
middle (Cb) and higher (Cc) energy are assigned to the monodentate
carbonate, carbonyl and bidentate carbonate groups, respectively
[36]. It has been reported that in the carbonyl group, carbon can
bond to Co3+ by electron back-donation, but that in the carbonate
Ce10 300 ◦C-under pure air 0.3 0.2 3.3 3.8
100 ◦C-under 100 ppm CO 1.4 0.3 3.9 5.6

Ce20 300 ◦C-under pure air 0.3 0.4 2.6 3.3
100 ◦C-under 100 ppm CO 0.8 0.4 2.7 3.9
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Fig. 12. TPD-CO spectra of Ce0 (LaCoO3), C

lectron which has the same effect on the conductivity. By introduc-
ng CO, the peak related to carbonyl (Cb) remains almost unchanged

hile the peaks related to Ca and Cc increase. The variation in Ca

arbon is higher than that in the Cc carbon for both samples. The
ighest variation is related to the monodentate carbon (Ca), with a
.1% increase for the Ce10 sample. Although the amounts of both
a and Cc species follow the same trend as that of the total carbon,
he Ca carbon is systematically higher than Cc for the Ce-doped
amples suggesting that CO preferentially adsorbs on the lattice
xygen. These results are in agreement with the hypothesis which
ssumes the adsorption of CO on two neighbouring lattice oxygen
ons followed by the formation of stable monodentate carbonate.

Fig. 13 shows the dependence of the response ratio of our best
ample (Ce10) to CO concentration in the range of 20–500 ppm at
00 ◦C. The change in resistivity as a function of CO concentration
an be expressed as:

≈ AC˛
CO

here R is the resistance of Ce10, CCO is the concentration of CO in
ir, and A and ˛ are constants. Higher values of ˛ signifies higher
ensitivity of the sensor to gas concentration. In SnO2-based sen-
ors, ˛ lies in the range of 1/6 to 1/2 [37,38]. When the resistance
f Ce10 was sent, ˛ was found to be 0.6 for Ce10 in the range of
0–500 ppm of CO in air.

To sum up, the results of the experiments clearly showed that
e has a significant effect on the �-O2 desorption of LaCo-based

erovskites, with the maximum occurring at 10 at% addition level.
-O2, in turn, influences the conductivity, activation energy, CO
dsorption, and response ratio of the material. All these properties
ollow the same trend showing an optimum at 10 at% Ce addi-

ig. 13. Maximum response ratio of Ce10 (La0.9Ce0.1CoO3) sample at different CO
oncentrations.
a0.9Ce0.1CoO3) and Ce20 (La0.80Ce0.2CoO3).

tion level. Considering the structural evolution of the samples as
well as the �-O2 desorption of pure CeO2 and Co3O4, the behav-
ior of these materials cannot be attributed to the simple mixing of
CeO2 with perovskite since otherwise the �-O2 desorption would
increase monotonically following Ce addition. This suggests that
Ce4+ to some extent enters the perovskite structure and affects its
electronic and ionic behavior. In such a case, in order to achieve
an electro-neutrality state in the structure of La1−xCexCoO3, Co3+

should change into Co2+ and/or the structure should contain extra
oxygen. Based on the broadening of XRD peaks, Forni et al. [33]
concluded that Ce substitutes in the LaCo-based perovskite struc-
ture. The solubility limit of Ce in La1−xCexCoO3 structure, however,
prevents unlimited substitution of Ce in the perovskite structure
and a saturation point is reached. A saturation point of 5–10 at% Ce
has been reported in the literature [33]. The samples synthesized
using activated reactive synthesis exhibit additional broadening
of XRD peaks due to the internal stress and crystallite size effect.
In this way, the results did not allow for the confirmation of Ce
substitution in the perovskite structure. However, the results of
parallel characterizations suggest that Ce enters the perovskite
structure although it is not possible to determine its exact sub-
stitution level. The effect of Ce addition is thus accounted for by
two phenomena that simultaneously influence the sensing behav-
ior of these materials. First, Ce substitutes for La, thereby increasing
the �-O2, and consequently the conductivity, CO adsorption rate
and response ratio, and low intrinsic activation energy. Further
addition of Ce, at the expense of La, will result in a saturation
point while unreacted precursors (CeO2 and Co3O4) appear and the
total amount of perovskite is reduced. The unreacted precursors
with a low �-O2 desorption, higher resistivity, and no response to
CO decrease the overall conductivity, CO adsorption and response
ratio.

4. Conclusion

Nanostructured La1−xCexCoO3 (0 ≤ x ≤ 0.2) with a crystallite size
of 12–13 nm and a high specific surface area of 55 m2/g were pre-
pared using activated reactive synthesis method. TPD-O2 results
revealed that cerium provides more �-oxygen on the surface which
bonds to the adsorbed CO and increases the response ratio of the
sensing layer. The amount of �-O2 was found to be the most sig-
nificant parameter influencing the sensing properties of this type
of perovskite. This oxygen is the weakly bonded oxygen which
is desorbed at a temperature range between 300 and 650 ◦C. The

physico-chemical properties of the sensing layer such as conduc-
tivity, activation energy, maximum CO adsorption and maximum
response ratio of the sensing materials were found to be influenced
by the amount of �-O2. XRD results of the samples with different
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sité Laval, Canada in 1972 and 1977, respectively. He was working as development
engineer in surface analysis instrumentations at Rueil (France) until 1981, and as
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e doping levels showed that there is a limitation on cerium doping
n the perovskite structure. Extra cerium could no longer enter the
tructure when the cerium content is increased which results in
he formation of unreacted Ce and Co oxides. Increasing unreacted

aterials caused the negative effect of cobalt oxide to overshadow
he positive effect of cerium doping, allowing for the observation
f the optimum overall effect on the samples’ sensing properties.
he optimum amount of Ce doping was found to be 10 at% where a
aximum value was obtained for �-oxygen desorption, conductiv-

ty, response ratio, and CO adsorption. Partial substitution of 10 at%
f Ce on La site showed an approximately four-time increase in the
esponse ratio (240%) with respect to 100 ppm CO at 100 ◦C. The
ample with an optimum Ce level showed a good sensitivity with
espect to CO presenting a response ratio of 90% for 20 ppm CO at
00 ◦C.
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