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In this work, nanostructured GdCoO3 powders were prepared by an aqueous solution-polymerization
method using cobalt and gadolinium nitrates, and a mixture of polyvinyl alcohol and polyvinyl pyrroli-
done. By X-ray powder diffraction GdCoO3 was obtained at 650 °C in air. The microstructure of the powders
calcined from 610 to 650°C was analyzed by SEM and TEM; from these results, the typical morphology
corresponds to nanostructured laminas. An increase in the inner porosity while increasing the calcina-
tion temperature was also observed. The gas sensing characterization was performed at 400 °C, revealing
times of response of approximately 10 s in both oxygen and carbon dioxide. The resistance variations were
26 and 4 2, respectively. The ability of nanostructured GdCoOs; to detect changes in the concentration of
03 and CO, was studied. In CO,, unique curves were obtained for each gas concentration; however, the
results registered in O, revealed a lower performance.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the impact of the global warming on the cli-
mate change has been of particular concern worldwide [1-3]. As
it is well known the global warming is caused by the emission of
large amounts of carbon dioxide, methane and other greenhouse
gases to the atmosphere. For the detection and monitoring of these
gases, reliable solid-state sensor materials are of great importance.
In this field, binary oxides such as SnO,, ZnO and TiO, have been
intensively studied. However, ternary and quaternary oxides, pos-
sessing a variety of crystal structures, are also of interest because
of their notable gas sensing performance [4].

Particularly, Gd;_xAxCoO3 (where A=alkali-earth metal), pos-
sessing the perovskite-type structure, has interesting properties
and applications such as magnetotransport, thermoelectricity,
mixed ionic-electronic conductivity for electrodes in solid oxide
fuel cells, photocatalytic activity for the decomposition of dyes,
phenols and substituted phenols, as well as gas sensors [5-9].

Moreover, although numerous studies can be found in the lit-
erature about the crystal structure, oxygen diffusion, electrical and
electrochemical properties of LnMeO5 (where Ln=rare earth and
Me = transition metal), considerable less information is found about
their gas sensing properties [10-13].
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In a research made by Dutta et al. it was found that the per-
ovskites LaMeO3; (Me=Mn, Co, Ni, Fe) show a small sensitivity to
oxygen. However, high sensitivity to C3Hg was observed in these
compounds [ 14]. According to these authors, the sensitivity to C3Hg
for lanthanum perovskites was increased in the following sequence:
LaMnOj3 >LaCoO3 > LaNiO3 > LaFeO3 > PrCo0Os. This was explained
by the high activity for oxygen reduction to oxide ion in LaCoOs;
however, in PrCoO3; mainly the opposite behavior was observed
(high activity for the oxidation reaction). Even though LaCoO3 and
PrCo0j3 are p-type semiconductors, the different electron transfer
behaviors measured during their exposition to a hydrocarbon atmo-
sphere is related to the larger amount of high-spin Co3* in LaCoOs.
Moreover, for strontium-doped LaCoOs3 (La;_,SrxCo0O3), the sur-
face activity for oxygen reduction was increased by increasing the
amount of strontium, which produced a larger amount of high-
spin Co®* [15]. Besides, the partial substitution of lanthanum by
strontium produced an increase in the oxygen non-stoichiometry
in La;_,SrxCoOs.

Recently, the electric and magnetic properties of GdCoOs,
Gdg gSrg1Co03 and Gdg gBag;Co0s3, at low temperature, were stud-
ied by Ivanova et al. [16,17]. They identified the presence of Co3",
which below room temperature was in a fixed low-spin state. Since
the extent of Co3* in LaCoOj is strongly related to the detection of
C3Hg, the presence of Co3* in GdCoO3 suggests a gas response to
reducing or electron donating gases such as CO,. Therefore, in a
first approach, the gas sensing properties of GdCoO3 are worth to
study in CO,.

On the other hand, nanostructured materials, exhibiting exten-
sive nanoporosity, are of special relevance in gas sensing and
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heterogeneous catalysis, because of their high surface to vol-
ume values. Therefore, a large number of chemical methods have
been investigated to develop this kind of materials. One of the
most simple and cost-effective routes to synthesize nanostruc-
tured and nanoporous materials is the solution-polymerization
method. This method involves the use of a polymer precursor
like polyvinyl alcohol (PVA) or polyethylene glycol (PEG), which
promotes the homogeneous distribution of the ions throughout a
polymer network. After the removal of organic matter by thermal
decomposition, a nanostructured and nanoporous inorganic mate-
rial is produced [18,19]. On the other hand, polyvinyl pyrrolidone
(PVP), as well as PVA, have been successfully used for the prepara-
tion of metal nanoparticles and bimetallic nanoclusters [20-24]. In
these syntheses, PVP and PVA act as polymer-type protective agents
against oxidation and prevent nanoparticle agglomeration caused
by to electrostatic forces.

Since few is known about the gas sensing properties of an impor-
tant class of inorganic oxides, like cobalt perovskites, in this work,
the synthesis of GdCoO3; by an aqueous solution-polymerization
route using a combination of PVA and PVP was explored. The pur-
pose of using these polymers was to avoid particle agglomeration
in solution, and to obtain a nanostructured material. Due to carbon
dioxide plays a key role in the global climate change, its detection
and monitoring is of great relevance; therefore, the DC electrical
characterization of GdCoOs thick films was investigated in a first
approach in carbon dioxide, oxygen and air. Oxygen was chosen
because it has the opposite behavior than carbon dioxide, in the
sense that this gas can donate electrons instead of taken them from
the material. The use of oxygen would give also information about
the gas selectivity of GdCoOs. The air was used as a reference gas
in order to reproduce the actual environment of the sensor.

2. Experimental

Polycrystalline GdCoO3; was prepared by an aqueous solution-polymerization
route: in a typical synthesis 3.16g of Gd(NOs);-6H,0 (Alfa Aesar) and 2.9g of
Co(NOs )2-6H,0 (J.T. Baker) were dissolved in 30 ml of deionized water. In another
beaker, 0.22 gof PVA (Sigma)and 0.22 g of PVP (Sigma-Aldrich) were dissolved under
strong stirring in hot deionized water (80°C). Then, the solutions were mixed and
stirred for 5h without presence of precipitation. The evaporation of the resulting
solution was made by microwave radiation producing a fluffy brown powder, which
was pre-heated at 200 °C for 4 h. Further calcination was made from 500 to 650°C
in air, using a heating rate of 100 °C/h. The calcined powders were analyzed by X-ray
powder diffraction (XRD) at room temperature, using a Rigaku Miniflex appara-
tus (Cu Ko radiation). The morphology of the samples was observed by scanning
electron microscopy (SEM), using a Jeol JSM 5400LV microscope. Transmission elec-
tron microscopy (TEM), using a Jeol JEM1010 microscope was used for nanoparticle
characterization.

In order to test nanostructured GdCoOs as a gas sensor material, thick films were
prepared by the screen printing technique. By this method, 0.1 g of the powder was
placed into a plastic vial containing 1 ml ethyl alcohol absolute; then, the suspension
was sonicated for 5 min. Circular thick films, with 5 mm of diameter, and thickness
of 300 wm were formed after depositing the suspension inside a ceramic ring. Sil-
ver wires fixed to the ceramic disc were used as electrical contacts. Fig. 1 shows
the scheme of the sensor device. Prior to the electrical characterization, the films
were sintered at 600°C for 2 h. The measurements were performed in DC by the
two-point probe method, using a data acquisition system (Agilent 34970A) and a
digital voltmeter (Agilent 34401A). The polarization curves were carried out using
a Solartron 1285A potentiostat/galvanostat. The test gases used in this work were
synthetic air, CO, and O, which were supplied through a tubular furnace at a flow
rate of 0.22 sccm. The gases were delivered by a multichannel mass flow controller,
MKS Instruments 647C.

3. Results and discussion
3.1. X-ray powder diffraction

XRD was used to investigate the temperature of formation of
GdCoOj3; with this purpose, the powders annealed at 200°C were
calcined from 500 to 650°C; Fig. 2 shows the corresponding XRD
patterns. The calcination at 500 °C produced an amorphous mate-
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Fig. 1. Diagram of the sensor device used in the gas sensing characterization.

rial; however, at 600°C an incipient formation of GdCoO3 can be
noticed by the presence of the main peak placed at 26 =33.8°. The
calcination from 610 to 640°C produced an improvement in the
crystallization of the powder; however, the presence of Gd,03 and
Co304 can be noticed in these patterns. Firing at 650 °C permitted
the identification of the all the peaks of GdCoO3 by using the JCPDF
File No. 25-1057. Besides, a significant reduction of the secondary
phases was achieved at this temperature. It is worth to mention that
the JCPDF file corresponds to a GACoO3 sample obtained under high
oxygen pressure.

The XRD pattern of the sample annealed at 650°C was also
compared with that reported by Mahata et al., for a GdCoO3 sam-
ple calcined at 700°C [9]. For the preparation of this perovskite,
these authors employed a hydrothermal method, using gadolinium
nitrate, cobalt acetate and pyridine-2,3-dicarboxylic acid as start-
ing materials. Significant differences between these results were
not observed. Besides, even though some authors report the prepa-

Intensity (a.u.)

20 ()

Fig. 2. XRD patterns of precursor powders of GdCoOj3 calcined from 500 to 650°C
in air.
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Fig. 3. SEM images of GdCoOs3 calcined at: (A) 600°C, (B) 625°C and (C) 650°C.

ration GdCoOs, they do not provide XRD results, or these contain a
mixture of crystalline phases, preventing their comparison with the
present results [25,26]. In summary, the solution-polymerization
method provides a cost-effective and simple alternative route to
obtain GdCoO03, at a relative low temperature.

3.2. Electron microscopy

The surface morphology of samples fired at 600, 625 and 650 °C
was observed by SEM. Fig. 3(A-C) shows typical images of these

powders, respectively. From these results, an extensive porosity can
be observed in the three samples; however, a significant change
in the microstructure cannot be established. The pores of these
powders are attributed to the gases released during the thermal
decomposition of organic matter, which are mainly CO,, water
vapor and NOy.

The formation of nanoparticles and nanopores was identified
by TEM, Fig. 4(A-C) shows images of the samples fired at 600,
625 and 650 °C, respectively. The morphology of the powder pro-
duced at 600°C (Fig. 4A) corresponds to nanostructured laminas,
which are formed by a compact network of nanoparticles of irregu-
lar shape. The average particle size, measured from several images,
was 12nm; its particle size distribution histogram is shown in
Fig. 5A. When the annealing was made at 625°C, porosity was
developed as a consequence of nanoparticle coalescence (Fig. 4B);
the average particle size was 21 nm, with the particle size distri-
bution shown in Fig. 5B. In this case a bimodal size distribution
can be observed due to the formation of larger particles. On the
other hand, the calcination at 650 °C mainly produced a continu-
ous phase, which made difficult the determination of the size of
individual particles. However, the microstructure of this powder
suggests the easier transport of charge carriers, due to a smaller
amount of grain boundaries was identified.

3.3. Electrical and gas sensing characterization

Due to the powder calcined at 650°C had the lowest amount
of secondary phases, as well as the larger pores, the electrical and
gas sensing characterization was carried out on this material. Fig. 6
shows the variation of electrical conductivity with T-! (Arrhenius-
type plots) recorded in dry air, CO, and O,. Clearly, a semiconductor
behavior can be noticed in these graphs. In CO; a quasi-linear trend
can be observed; the calculated activation energy for the mobil-
ity of charge carriers (Ea) was 0.47 eV. On the other hand, in dry
air and oxygen is possible to identify two branches, with a metal-
to-semiconductor transition temperature placed at ~280 °C. Below
this temperature, E5, was 0.38 eV; whereas above 280°C, E5 was
0.49eV.

The plots of o vs. T-1 obtained in this work were compared with
those reported by Thornton et al., and Takeda et al. for the same per-
ovskite [25,26]. Significant differences in the preparation of GACoO3
must be mentioned. For instance, Thornton et al. reported a syn-
thesis method based in the thermal decomposition of gadolinium
chloride and potassium cobalticyanide. Further calcination in air
was made by these authors at 927 °C. On the other hand, Takeda et
al. used the solid-state reaction method with Gd,03 and Co304 as
starting materials. As it is the usual in this method, the reagents
were mixed, pressed into pellets, and fired at high temperature
(1200°C). Although, different methods to synthesize GACoO3 were
used, the resulting Arrhenius-type graphs show similar general
characteristics compared to those shown in Fig. 6. These graphs also
display metal-to-semiconductor transition temperatures around
290°C. The small differences may be attributed to factors such as
sample microstructure and oxygen vacancy concentration, among
others.

Also from Fig. 6, the conductivity measured in oxygen was the
largest in the entire temperature range. However, in carbon diox-
ide the smallest values were recorded. The explanation of these
results will be provided later in this paper, on the basis of changes
in the amount of charge carriers, when GdCoOs is in contact with
an oxidizing or an electron donating gas.

On the other hand, in order to evaluate the dynamic response of
resistance of GdCoOs thick films, dry air was supplied at 0.22 sccm
for about 10 min, until a stable resistance was registered. Then, CO,
or O, with the same gas flow rate was delivered for 1 min. During
this time the air was shut off. Fig. 7 shows typical graphs recorded
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Fig. 4. TEM photos of GdCoOs fired at: (A) 600°C, (B) 625°C and (C) 650°C.
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Fig. 5. Particle size distributions of GdCoOj calci

ned at: (A) 600°C and (B) 625°C.

in CO, (A) and O, (B) at 400°C; at this temperature, the most
satisfactory results were obtained in both gases. In CO,, an aver-
age increase of resistance of 26 2 was systematically registered,
whereas in O,, an average variation of approximately —4 Q2 was
obtained. The smaller variation of the resistant in O, can be asso-
ciated to a smaller variation in the concentration of this gas, since
synthetic air contains 21% of oxygen. About the times of response,
in CO,, the 50% of the full resistance variation occurs in ~10s. In
0,, the 90% of the total variation takes place in ~10s, indicating
a faster response to oxygen. Moreover, upon the shift to air, the
time to recover the 80% of the initial resistance was 7.8 s in oxygen;
whereas in carbon dioxide was 5.3 s.

Temperature (°C)
442 353 283 228 182 144
T T T T T

logo (Q'lcm'l)

1000/T (K™

Fig. 6. Arrhenius plots for GdCoOs; thick films measured in air, O, and CO,.
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Fig. 7. Dynamic response of resistance plots for GdCoOs3 thick films in (A) CO, and
(B) O, (400°C).

In order to test the ability of GACoO3 to detect variations in the
type of gas, air, CO, and O, were alternatively introduced; Fig. 8
shows a typical graph recorded at 400 °C. Clearly, a distinctive resis-
tance behavior is displayed for each gas type, along with a full
recovery of the original resistance after each gas dose. After the
introduction of carbon dioxide an increase of resistance of 24 2 was
measured; whereas in oxygen, the decrease was 4 Q2. These results
are in agreement with those shown in Fig. 7, revealing a confident
response of GdCoOs to the detection of these gases.

On the other hand, according to Moseley et al., GdCoOs3 is a p-
type semiconductor material because its resistance decreases in

290
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Fig. 8. Gas response of a GdCoOs thick film in air, CO, and O,.
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Fig. 9. Scheme of the CO, adsorption in GdCoOs.

presence of oxygen, whereas in carbon dioxide occur the opposite
behavior [4]. The mechanism of oxygen sensing in oxide semi-
conductors has been studied time ago by several authors. This is
based on changes in electrical resistance (or conductance), caused
by the electron transfer during chemisorption [27]. Specifically, the
oxygen adsorbed at the surface of the oxide removes electrons pro-
ducing a depletion layer, which increase the number of holes. Then,
since holes are the charge carriers, the conductance is increased.
The mechanism of oxygen adsorption is highly dependent on
the temperature, and may occur by one of the following reactions:

0a(gas) + e~ — Opads)~ (1)
Oz(gas) + 2e” — Zo(ads)_ (2)
05(gas) + 4e~ — 20(y45)>~ (3)

where suffix (ads) means the adsorbed species.

On the other hand, the mechanism of detection of CO, can
be explained in terms of the adsorption of this gas on the sur-
face of a material. This phenomenon has been greatly studied in
zirconia, and in some rare earth and alkali-earth metal oxides
[28-32]. Several techniques such as temperature-programmed des-
orption (TPD), microcalorimetry and Fourier transform infrared
spectroscopy (FTIR) have been used for this purpose. In the case of
zirconia, Bachiller-Baeza et al., found that different surface species
such as bicarbonate, monodentate, and bidentate carbonates were
formed upon the adsorption of CO,, involving acid-base pair sites:
Zr**-0%~ [30]. These authors also found that the formation of a spe-
cific kind of carbon compound depends on the crystal structure of
the zirconia.

The adsorption of CO, in complex oxides has been less studied in
our knowledge. According to Ishihara et al., the formation of a thin
carbonation layer on the surface of CuO-BaTiO3 and CuO-SrTiO3
sensors can be involved in the detection of this gas [33]. However,
for other oxide perovskites little information is available about this
topic.

From Fig. 7A, the contact of GdCoO3; with CO, produced a
decrease in the number of charge carriers, increasing its resis-
tance. This suggests that electrons from CO, molecules combine
with holes of the conduction band of the perovskite, reducing the
conductivity. A possible mechanism involved in this process may
be:

COy(gas) —2e~ — COy(ads)®” (4)

Fig. 9 shows a simplified scheme of the suggested CO, adsorption
mechanism in GdCoOs. The lower shadow portion of this figure rep-
resents planes containing cobalt and oxygen ions of the perovskite,
where the oxygen ions occupy octahedral sites. Since gadolinium
ions occupy the center positions of the unit cell, these were not
included in this view, and their activity in CO, adsorption may be
considerably smaller.
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Fig. 10. Variation of resistance measured using different air:CO, and air:0, gas
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With the purpose of investigating a quantitative response pro-
duced by a change in the gas concentration, the variation of
resistance with time was measured in several mixtures of air and
carbon dioxide (air:CO;), and air and oxygen (air:0;). In these
experiments multiples of 0.22sccm gas flows were supplied at
400°C. Fig. 10 shows the corresponding graphs obtained in car-
bon dioxide (A) and oxygen (B). From these results is clear that
increasing the concentration of the test gases, a proportional vari-
ation of the resistance was measured. These results are consistent
with those shown in Fig. 7, because the combination of the test gas
with air implies a reduction of the total resistance change.
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Fig. 11. Polarization curves of GdCoO; obtained using mixtures of air and CO,
(air:CO;), measured at 400 °C.
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Fig.12. [-V curves of GdCoO3; measured using several air:0; gas flow ratios at 400 °C.

The measurement of the polarization response was another
characterization technique to test the detection of GdCoOs to dif-
ferent gas concentrations. The I-V curves were registered from
-5 to 5V, using the same air:CO, and air:0, mixtures than
before, Figs. 11 and 12 show the corresponding results (400°C).
In CO,, Fig. 11 shows that an increase in the CO, concentra-
tion from 1:0 to 1:3 produced an increase in current from 7.8
to 12mA. Well defined curves for each CO, concentration can
be observed. In the figure, at negative voltages, the opposite
behavior was obtained as expected; with current values slightly
smaller in magnitude. Moreover, a nearly linear behavior can
be observed in each curve, at both positive and negative volt-
ages.

Fig. 12 shows the polarization curves recorded in oxygen. Even
though, larger current values were obtained in this gas, compared
with those registered in CO5, a clear overlapping of the four curves is
observed. This overlapping is more evident when positive voltages
were applied. These results are consistent with those obtained in
dynamic response (Fig. 7B), because a reduction of resistance of
GdCoOs in oxygen causes an increase in the current. Moreover, the
graphs of Fig. 12 indicate that if air is used as the reference gas,
GdCoO3 will have a lower performance.

4. Conclusions

In this work, GdCoO3; was prepared by an aqueous solution-
polymerization method using a combination of PVA and PVP. The
use of these inexpensive polymer precursors resulted in an effec-
tive method to obtain nanostructured GdCoOs. The calcination of
precursor powders from 610 to 650 °C permitted to control the par-
ticle size and porosity. The annealing at 650 °C produced GdCoO3
powder.

From the results of the gas sensing characterization is possible
to conclude that although the variation of resistance in CO, and O,
were not as large as other materials, very reproducible patterns can
be obtained. Evidently the performance in carbon dioxide is bet-
ter than in oxygen; even though the carbon dioxide is considered
as a stable molecule. Besides, the dynamic response of resistance
tests performed in different gas mixtures, were used to demonstrate
that nanostructured GdCoOs3 can detect variations in gas concentra-
tion. The polarization graphs display well differentiable curves for
each gas mixture, except in oxygen at positive voltages. From these
results GdCoO3 can be considered as a suitable carbon dioxide gas
sensor material.
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