
23 April 2024

Addabbo, T., Bertocci, F., Fort, A., Gregorkiewitz, M., Mugnaini, M., Spinicci, R., et al. (2015). Gas sensing
properties and modeling of YCoO3 based perovskite materials. SENSORS AND ACTUATORS. B, CHEMICAL,
221, 1137-1155 [10.1016/j.snb.2015.07.079].

Gas sensing properties and modeling of YCoO3 based perovskite materials.

Published:

DOI:10.1016/j.snb.2015.07.079

Terms of use:

Open Access

(Article begins on next page)

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. Works made available under a Creative Commons license can be used according to the terms and
conditions of said license.
For all terms of use and more information see the publisher's website.

Availability:

This version is availablehttp://hdl.handle.net/11365/980505 since 2016-11-10T11:28:45Z

Original:

This is the peer reviewed version of the following article:



Page 1 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

1 

 

Gas sensing properties and modeling of YCoO3 
based perovskite materials 

Tommaso Addabbo1, Francesco Bertocci1, Ada Fort1, Michele Gregorkiewitz2, Marco 
Mugnaini1, Roberto Spinicci3,Valerio Vignoli1. 

 
1Dip. di Ingegneria dell'Informazione e Scienze Matematiche, University of Siena, 

via Roma 56, I-53100 Siena, Italy 
e-mail  ada@dii.unisi.it 

2Dip of Industrial Engineering 
University of Florence, via Santa Marta 3, 50139 Florence, Italy 

3Dip di Scienze Fisiche, della Terra e dell'Ambiente, University of Siena, 
via Laterina 8, I-53100 Siena, Italy 

 
 
 
 
Abstract 
 

 
 
 
YCoO3 perovskite powder was prepared by the classical sol–gel method, which was extended to 

the preparation also of non stoichiometric materials or samples containing platinum or palladium, 
incorporated either during synthesis or a posteriori through impregnation. The prepared powders 
were characterized in terms of composition and structure, using X-ray diffraction (XRD) and 
Rietveld refinement. The compounds show a tunnel structure with octahedral framework. 

The surface properties of these powders were investigated studying their catalytic activity in CO 
oxidation, as well as their adsorptive features towards oxygen and their redox behavior by means of 
TPD and TPR respectively. Sensing films of the prepared powders were realized by a screen-
printing technique. The electrical properties and response to various gases were studied and found 
to be correlated to composition and structure of the different materials. Moreover the influence of 
the mictrostructure was analyzed and a model was developed. 

The responses to both oxidizing and reducing  gases such as CO, NO2, NO, and CH4 were 
evaluated and discussed both in an inert environment (nitrogen) and in the presence of oxygen (air). 
All the YCoO3 based sensors show p-type semiconducting properties in the tested environments 
within the temperature range of 100–380°C. All the studied materials react to CO in the high 
temperature range with a limited  response but a large response speed. The response to NOx is 
optimum in the low temperature range between 160°C and 200°C; moreover even at these 
temperatures both the response and the recovery time are satisfactory. The response towards CH4  
results much lower. Finally, the gas sensor properties of the proposed materials proved to be 
insensitive to ambient humidity.  
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1. Introduction 
 

It is well known [1,2] that many metals are stable in the ABO3 perovskite structure provided that 
the A (typically an alkaline earth or a rare-earth 8-12 coordinated metal ion) and B (usually a 
transition metal in octahedral coordination) cations have dimensions in agreement with the limits of 
the so-called “tolerance factor” t (0.8 <t < 1.0) defined by Goldschmidt [3] as t = (rA + rO) / √2(rB + 
rO), where rA, rB, and rO are the ionic radii for A, B, and O, respectively, and rA > 90 pm, rB > 51 
pm.  

As an addition to the variability of composition, perovskite materials can tolerate significant 
isomorphic substitutions and non-stoichiometry while still maintaining the perovskite structure. 

Perovskite-type oxide materials have therefore attracted a great interest in many applied and 
fundamental areas of solid state chemistry, physics, advanced materials, and catalysis. 

The effects on redox, electrical and catalytic properties, which can be obtained by tuning the 
perovskite structure, i.e. selecting the chemical composition (choice of metals A and B),  
introducing some vacancies and/or partially substituting metal B, were the object of many studies, 
in particular as far as catalytic properties are concerned. It was seen that many of the material 
properties can be effectively tuned to the application exploiting the material flexibility. For 
instance, partial substitution of either one or both the A and B cations by other metals with similar 
or different oxidation states was used to increase the catalytic activity, and to promote the creation 
of structural defects, e.g. anionic or cationic vacancies, thus modifying the electrical properties 
(conductivity) of the material.  

In particular, partial substitution of the A and/or B cation with a lower valence cation can force 
the (remaining) B-element to higher oxidation states or can stimulate the formation of oxygen 
vacancies. On the other hand, substitution with a cation of the same valence should not lead in 
principle to the above mentioned modifications, but it can  induce a weakening of the M–O bond 
strength [4-7] with both transition and non-transition metal ions. 

For instance, studying perovskites of the type AFeO3, where A indicates different rare earths, the 
effect of substitutions at the A site was proved to be correlated with structural and redox properties 
by Porta et al. [2], who discussed how the variation of lattice constants, due to the ionic radii of the 
A cations, (LaFeO3 > NdFeO3 > SmFeO3), may increase bond strengths. 

Perovskitic materials were also deeply studied for ‘high temperature’ gas sensing applications - 
based on ionic conduction - due to their high melting and/or decomposition temperatures, and to 
their structural and morphological stability [8].  

More recently  many perovskitic materials have been proposed for ‘low temperature’ gas sensing 
applications, in which the variation of the electronic conduction induced by gas ionosorption is 
exploited as the basis of sensing mechanism [9-12]. In this context, LaCoO3 is the most intensively 
studied composition [13], especially for CO sensing. This application should greatly benefit from 
the above mentioned mechanisms to adapt and tune the electronic structure and gas sensing 
properties to the target applications.  

Here we present a study of novel perovskite materials based on the composition YCoO3. The 
substitution of La (ionic radius rXII  = 136 pm, [14]) with the much smaller Y (rVIII  = 102 pm) gives 
rise to considerably shorter A-O bonds which cause bond energies to increase. The rationale for this 
choice was founded on the following observation: for ‘low temperature’ chemoresistors, the  
relevant chemical reactions are those which cause the trapping or releasing of carriers at the surface. 
Large and stable responses of conductometric metal oxide sensors rely on surface ionosorption and 
exploit materials showing a very low bulk oxygen mobility [15]. The proposed materials could 
therefore behave as more stable material in a wider range of operating temperatures with no adverse 
effect on the magnitude of the gas response. 
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In addition, we were interested to address the role of vacancies and substitutions in the chemical 
behavior of the products. Starting from the ideal composition YCoO3 which was produced by a 
citrate sol-gel method and subsequent calcination, it was tried to provoke such modifications either 
varying the stoichiometry (to create A or B vacancies) or introducing, in the reaction mixture, an 
additional metal element to be incorporated on the octahedral (B) site. Pd and Pt dopants were 
selected in the attempt to enhance gas response as might be expected on the basis of results obtained 
for other metal oxides and recently elucidated by Hübner [16]. As an alternative, Pd and Pt were 
also added by impregnation of the pure ceramic which should favor the adsorption of highly 
reactive ionized oxygen and play a fundamental role in surface oxidation reactions [17]. 

Crystal structure, phase identification, chemical composition and structure of the powders were 
assessed using X-ray diffraction and Rietveld refinement. The surface properties were investigated 
through the study of the catalytic activity in CO oxidation and of the oxygen adsorption and redox 
behavior in temperature programmed desorption (TPD) and reduction (TPR) experiments, 
respectively. 

Finally, in order to derive the gas sensing properties of the different developed materials and to 
compare their performance, conductometric sensors based on films obtained from the proposed 
powders were prepared, and the responses to CO, NO2, NO and CH4 were measured, evaluated, 
discussed and interpreted with a particular attention to the different mechanisms at the basis of the 
sensor behavior. The obtained results were correlated  with those obtained by the different 
characterization techniques. A particular attention was paid to the correlation of the gas sensor 
responses with the possible presence of pre-adsorbed oxygen suggested by the TPD results, or to the 
red-ox activity of the surface pointed out by the CO conversion results. 

  
 
2. Experimental 
 

YCoO3 based powders were prepared by means of the classical sol-gel route (all reagents are 
Aldrich, purity > 99.9%) [1]. An aqueous solution of Y(NO3)3·6H2O, Co(NO3)2·6H2O and citric 
acid in molar ratio 1:1:2 was heated keeping the temperature around 100 °C and stirring 
continuously for about 30 min. The solution, once heated, becomes first a sol, which then leads to 
the formation of a gel, gray coloured, which was dried and decomposed at 150°C, and subsequently 
calcined at increasing temperature (with a heating rate of 5 °C/min, and with an isothermal step of 
24 hours at 350°C) up to 900°C, and maintained at this temperature for more than 48 hours. Using 
the same method, LaCoO3 perovskite was also prepared in order to have a reference material whose 
properties are known in the literature. 

With the aim to prepare defective perovskite, YCo1-xO3 or Y1-xCoO3, the molar ratio in the 
reaction mixture was varied with x in the range 0.01-0.1. The doped compositions YCo1-xPdxO3 and 
YCo1-xPtxO3 were prepared by adding small quantities (x = 0.03 to 0.1) of Pd(II) nitrate or acetate 
and Pt(II) acetylacetonate to the mixture of Y and Co nitrates followed by the heating and 
calcination steps as above. 

Impregnated products were prepared by soaking YCoO3 or defective perovskites in an aqueous 
solution of Pd(NO3)2, Pd(CH3COO)2 or Pt(acac)2. The salts of the metals, kept dried under vacuum, 
were dissolved in distilled water or acetone, the solution added to the perovskite powder in a mass 
ratio varying between 0.005 and 0.01, and the mixture was then dried in a muffle in a temperature 
range between 500°C and 650°C for a time ranging from 6 to 18 hours. These products are hereafter 
indicated with the name of the starting material followed by ‘+Y x wt%’, where Y can be Pd or Pt, 
and x is the mass ratio between the Y salt in the solution and the perovskite. 
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For X-ray diffraction experiments, the powders were gently ground in an agate mortar to break 
agglomerates. Further grinding was not necessary considering the small grain size (<1 µm see 
section 3.1) resulting from the synthesis procedure. A Philips PW1050/PW1710 powder diffraction 
goniometer with Bragg-Brentano geometry was used, operating with CuKα radiation (long fine 
focus, λ1=154.0598, λ2=154.4418 pm), a secondary beam graphite monochromator and a 
proportional counter. Patterns were obtained for diffraction angles 2θ ranging from 4° to 70° for 
routine work and from 4° to 132° for samples intended for more quantitative structural 
characterization using Rietveld refinement.  

Full pattern Rietveld refinements were performed using the GSAS software package [18] 
combined with the EXPGUI graphical user interface [19]. Refined overall parameters comprised 15 
to 21 background coefficients, a linear correction term to account for displacement of the origin of 
the diffraction pattern, a global, angle independent Gaussian broadening term [20], and two 
Lorentzian broadening terms which are specific for each phase in the product mixture and give an 
estimate of their grain size (X, Scherrer broadening) and lattice distortions (Y, microstrain 
broadening). 

Bragg intensities of the calculated pattern contain a set of scale factors which were refined for 
each phase composing the mixture and then converted to abundances in terms of mass fractions. 
Unit cell and atom positions were taken from literature for the perovskite phase YCoO3 and the 
identified impurities yttria Y2O3,  Co-spinel Co3O4, Pd and PdO [21-29]. During least-squares 
refinement, the unit cell parameters were allowed to refine for all phases in the mixtures, while the 
atom parameters of the minority components (Y2O3, Co3O4, Pd, PdO) were kept at their original 
values throughout.  

The catalytic activity, surface reduction and oxygen desorption of the prepared materials have 
been studied by means of a continuous flow tubular reactor where 0.05 – 0.1 g a of perovskite 
powder was placed and the temperature could be controlled in the range 100°C – 800°C. Test gases 
were passed over the catalyst at a controlled and constant flow rate of 24 mL/min, and the outlet gas 
was analyzed by means of a Perkin Elmer Autosystem gas chromatograph equipped with hot wire 
detector and capillary columns.  

The catalytic activity was investigated in the range 80°C – 250°C according to the type of 
catalyst, increasing the temperature stepwise. For CO conversion measurements, the samples were  
pretreated by heating at 450°C in He + O2 (20% O2) and subsequently cooled to the reaction 
temperature; the reaction was performed by injecting a mixture of He + CO (2 % CO) and O2 
(20%). 

TPD measurements were performed by pretreating the samples in a  flow of  He + O2  (20% O2) 
for 1 h at 450°C and  subsequently cooling them to room temperature. The sample was kept at room 
temperature under the same gas flow for 1 h, after this time a flow of pure helium was fed in the 
reactor and the measurement started while the temperature of the catalyst was progressively 
increased at 8°C/min. 

For TPR measurements the samples were pretreated in the same way as in TPD experiments. 
Once at room temperature, the samples were kept in the same gas flow for 1 h, after this time a flow 
of He + H2 (10% H2) was fed into the reactor and the measurement started while the temperature of 
the catalyst was progressively increased at 8°C/min. 

 

Figure 1 about here 
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In order to assess the gas sensing properties of the prepared materials, prototype gas sensors  
were realized by the screen printing technique depositing a thick film obtained from the different 
perovskite powders. A printable ink was obtained by mixing the metal oxide powders with an 
organic vehicle (dimethylphtalate), and by adding some percents of glass frit. The ink was deposited 
between Ag electrodes on an alumina substrate hosting also a Pt temperature sensor and a heater 
(Figure 1). After film deposition the devices were fired up to 600°C for some hours. The 
morphology of the oxide powders and the thick films was analyzed by scanning electron 
microscopy (SEM). 

 
Resistance measurements were performed in a steel chamber under a constant gas flow of 200 

mL/min. The characterization of the gas sensor response is obtained in terms of both temperature 
and concentration dependence through a fully automated measurement system [30]. Sensors were 
tested under a constant gas flow with CO mixtures in dry and humid air and nitrogen as carrier 
gases. Some tests with interfering  gases were also performed. In particular CH4, NO and NO2 
mixtures were used. In this work the sensor response is defined as follows:  

 
   Resp=(R-R0)/R0       (1) 

 
where R0 is the baseline resistance value obtained at the considered temperature in a carrier gas, 
whereas R is the value of the sensor resistance after an exposure of fixed duration to the test gas 
mixture. 
 
 
3. Results and discussion 

 
3.1. Product identification and structural characterization 

A total of 45 products covering 14 compositions have been synthesized. In all cases, a mixture was 
obtained and the predominant phase was a perovskite where composition was modified 
systematically to be either stoichiometric (YCoO3), defective ((Y,�)CoO3 or Y(Co,�)O3), 
substituted (Y(Co,Pd)O3 or Y(Co,Pt)O3) or impregnated (perovskite + Pd or perovskite + Pt). 

For our purpose it was important to fully characterize the synthesized ceramics with respect to 
phase composition, crystallite size and crystal structure. All of them were therefore submitted to X-
ray powder diffraction to identify the crystalline phases in the mixture, and Rietveld refinement was 
undertaken for representative products with a high (>80%) content of the perovskite phase (Table 
I). 

 
3.1.1. Crystal structure refinement of YCoO3 perovskite 

The reference perovskite phase YCoO3, corresponding to stoichiometric Y:Co=1:1 batch 
compositions, was reproducibly obtained if calcination was sufficient (900ºC/2d, 8 out of 16 trials). 
The perovskite content of these products varies from 93 to 98% and is accompanied by small 
amounts of yttria Y2O3 (0-6%) and spinel Co3O4 (0-5%). 

In order to get precise information about the structural and microstructural details of this series 
of products, Rietveld refinement was conducted using four samples (batch #1-4, Tables I and II). 
The first two (#1 and #2) were taken from an early stage of the synthesis procedure (850ºC/5h for 
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#2) and show high contents of the binary oxides Y2O3 and Co3O4 (~10 wt% each as compared with 
less than ~4 wt% of total impurities for the mature counterparts #3 and #4, Table I).  

Regarding the perovskite phase itself, there were no systematic differences between the four 
samples as is nicely demonstrated by the unit cell volume (205.5±0.1 Å3, Table II) which would be 
very sensitive to structural changes. With regard to the microstructural parameters X (Scherrer 
broadening) and Y (microstrain broadening), X lies within 2σ and Y within 5σ  of the corresponding 
values for samples #3 and #4 and differences are possibly due to the shorter 2θ interval (4-70º) used 
for samples #1 and #2 which is insufficient for a proper determination of Y. 

 
Figure 2 about here 

For products #3 and #4, high quality diffraction patterns (see Experimental, section 2) were 
recorded to be used in the refinement of the reference YCoO3 crystal structure. Refinement 
converged with a very low residual error of Bragg intensities (RF2(YCoO3)=0.027) which reflects 
the excellent agreement between the calculated and observed patterns reported in Figure 2 and 
warrants a high accuracy of the structural results. 

 
Table I about here 

 
Table II about here 

 

The most important parameters for the present work are resumed in Tables I and II and will be 
discussed together with the remaining samples. The structure is very similar to the one found from 
neutron powder diffraction at 300 K (Knížek et al., [25]). In particular, the average Co-O bond 
length is, in both studies, 193.3(2) pm as expected from ionic radii (54.5 pm for six-coordinate low-
spin Co3+ and 138 pm for 4-coordinate O2-, [14]). Table II reports the dispersion (1.2 pm) of the 
individual Co-O distances contributing to the average. This dispersion (1.6 pm in [25]) is 
considerably larger than the uncertainties (0.2 pm) of the individual contributing distances and 
means a slight shortening of the octahedra along the c axis. The distortion does not change up to 
900 K so that no Jahn-Teller effect was inferred although above 600 K a transition to intermediate 
and high spin states of the Co3+ 3d6 ion has been observed in thermal expansion and magnetic 
susceptibility data [25]. These facts should be considered for operation of our sensors at high 
temperatures. 

An interesting result, qualitatively new, which could not be obtained in earlier work based on 
neutron diffraction [23,25], refers to microstructure. The Scherrer broadening of X=2.3 cdeg 
(sample #3, Table I) is at the lower end of what can be obtained on laboratory diffraction 
equipments, even using highly crystalline standard materials. This corresponds to an estimated 
average domain size of  ~400 nm. Note that a grain is usually made up of several coherently 
diffracting domains, therefore this data should be considered as an estimate of a lower limit which 
is compatible with the grain size observed in SEM images (see Fig. 3 where grains smaller than ~1 
µm can be seen), and will be useful as a reference value. The consequence on gas sensing of the 
presence of such small grains will be discussed in the following, where the impact on the sensor 
behavior of the presence of nanoparticles will be demonstrated. 
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More important, in absolute terms, appears the microstrain parameter (Y=9.4 cdeg, Table I) 
which is about twice the value for a silicon standard and cannot be attributed to instrumental 
broadening. One reason for microstrain may be the presence of vacancies or extended defects. 

It should also be mentioned that in no case, neither in the stoichiometric perovskites (#1 to #4, 
this section) nor in the samples of the following section, was there an appreciable content of 
amorphous components. 

 
Figure 3 about here 

 

 

3.1.2. Defective and substituted YCoO3 perovskites 

Starting from the above results about the stoichiometric products, we analyse the evolution of 
crystal and microstructure of the materials where vacancies and cation substitutions are inferred 
from the synthesis procedure.  

Both vacancies and substitutions at the Co or Y site can, in principle, be recognized from the 
site occupation factor SOF. Inspection of the corresponding values in Table II shows that most of 
them lie near the expected value for the ideal stoichiometry SOF(Co)= SOF(Y)= 1, and there is no 
systematic deviation which would indicate the presence of Co vacancies inferred from the batch 
compositions. The only, very clear, exception is the Pt-containing perovskite where SOF=1.15 is 8σ 
away from unity and indicates the presence of a heavier scatterer at the Co site. A simple 
conversion using the number of electrons gives an estimate of the degree of substitution x= (1.15-
1)27/(78-27)= 0.08(1) which comes close to x= 0.05 as expected from synthesis. 

Similarly, the unit cell volume of the Pt-substituted perovskite (V= 207.74 Å3) is much larger  
(by >100σ) than the others  which cluster around a mean of <V>= 205.48(8) Å3, as a consequence 
of the size of the Pt ion (62.5 pm for VIPt4+) which is 8.0 pm larger than VICo3+. Taking x=0.1, we 
would expect an increase of 0.8 pm in the octahedral Co-O distance, and indeed, we find 194.4(2) 
pm, which is 0.9 pm larger than the mean of the remaining Co-O distances (193.5(2) pm, Table II). 
This model, with Pt at the B-site, is in accordance with the Goldschmidt criterion (see above) and 
previous results for Pt-containing perovskites [31-34] where Pt4+-O octahedral distances of 200-203 
pm have been found. Furthermore, substitution with Pt4+ corresponds to p-type doping, again in 
accordance with experiment (see section 3.4 of this study). 

 

In view of these results, there is no doubt that the Pt doped perovskites contain all Pt at the 
octahedral position where it substitutes about x=0.1 Co ions as inferred from the above. Assuming 
random Co-Pt distribution, the size difference should cause considerable lattice strain. A high 
microstrain broadening (Y=26 cdeg as compared to ~10 cdeg for the remaining perovskites, Tab. II) 
confirms this hypothesis, i.e. Pt substitution might trigger another factor, beside electron 
configuration, which should be considered when discussing materials properties in catalysis and 
chemical sensing. 
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Palladium is similar in size to Pt, having an ionic radius of 61.5 pm for VIPd4+, and contributes 
with 46 electrons to scattering. However, none of the relevant parameters (unit cell volume, Co-O 
distance, SOF, see Table II) indicates a significant deviation from the values for the non-substituted 
perovskites. On the contrary, the result of quantitative phase analysis (Table I) shows that Pd 
appears in the separate phases Pd and PdO. Mass percentages of these phases increase with Pd 
doping during synthesis, and correspond to about 0.050 and 0.026 Pd for samples #12 and #28, 
respectively, i.e. half of the molar amount expected (x=0.1 and 0.05) from batch composition. The 
errors at these low levels of concentration are relatively high (see Table 1), and we prefer to 
conclude that most, if not all, Pd is probably outside the perovskite where it adopts a more reduced 
state (+2 in PdO and 0 in Pd). Nonetheless it will be shown in the following that Pd doped materials 
have a specific redox and electric behaviour, which could be compatible with a certain degree of 
incorporation of VIPd2+ or VIPd3+ in the perovskite. 

There is much ongoing discussion about the incorporation of Pd in the perovskite structure, 
especially after the discovery [35] that Pd uptake and decomposition in the LaCoO3:Pd system is 
reversible at ~800ºC depending on the redox conditions, with important implications for exhaust 
gas catalysis. Kim et al. [36] resolved the crystal structure of a stoichiometric LaPdO3 where 
palladium occurs in the trivalent state with an interatomic Pd-O distance of 208(2) pm, 15 pm larger 
than Co-O. In most other cases (e.g. [35-38]), Pd was found along with Fe, Co etc as a solid 
solution at the B site so that, even if EXAFS/XANES data suggested a somewhat higher oxidation 
complying with a shorter Pd-O distance, substitution should cause considerable strain. Together 
with the strong tendency of Pd for other coordinations, this suggests again that Pd-doped perovskite 
is unstable (a hypothetical YPdO3 would have the Goldschmidt factor t=0.81 at its lower limit), and 
it is possible that our material has initially formed as a solid solution and then decomposed during 
calcination at higher temperatures, similar to the observations [37] for Pd-doped LaCoO3. During 
decomposition, the grain size would have been reduced, and this is indeed supported by the 
significantly higher Scherrer broadening (X=3.8 instead of 2.3 cdeg for the other samples, Table I). 

 Regarding the defective compositions (Y,�)CoO3 and Y(Co,�)O3, no particular trend can be 
recognized except that the binary oxides in excess seem to prefer forming separate phases instead of 
a defective perovskite (Table I), with the only exception of sample #F63. The composition Y1+xCo1-

xO3 of the resulting perovskites, if the loss of Y and Co to the binary oxides is considered, can be 
calculated to tend towards a small deficiency in Co (x ≈ 0.03, considerably less than x=0.1 inferred 
from batch), except for (Y,�)CoO3 where x ≈ 0. In Table I we therefore refer to these materials 
using the general expressions (Y,�) and (Co,�), while in the remainder of this study, we use the 
nominal composition from batch merely for the purpose to identify the sample. 

 

3.2. CO conversion 
 

The catalytic activity in terms of CO oxidation of the prepared materials is shown in Figure 4. It 
can be seen that CO conversion increases slowly and reaches large values in the temperature range 
100°C - 200°C for all the tested materials. 
In the following we choose the parameter T50% (temperature at which the catalytic activity reaches 
the 50% conversion) as a parameter capable of summarizing the catalytic activity of a sample, and 
get the following results. 
YCoO3 has a T50% of about 180°C.  The Co-defective materials, such as YCo1-xO3, show a similar 
behavior but a T50%  slightly higher and a larger conversion at 200°C. Also the samples doped with 
Pd, YCo1-xPdxO3, show a behavior similar to cobalt defective materials and a similar T50% as long as 
the content of Pd is below 5%. With larger contents of Pd larger amounts are on the surface as 
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metallic Pd or PdO (see Table I) and the behavior becomes very similar to the samples impregnated  
on the surface with 1 wt% of Pd or Pt. These samples show a different behavior, in particular the 
samples containing Pd pass from a conversion of about 20% to a conversion of almost 100% over a 
15°C temperature range between 150°C and 165°C (a similar behavior was observed for LaCo1-

xPdxO3 in [39] and the references therein), while the samples containing Pt show the same behavior 
in the range between 125°C and 140°C. 
 
 

Figure 4 about here 
 

 
3.3. Temperature programmed desorption (TPD) and temperature programmed 

reduction (TPR) experiments.  
 

TPD and H2-TPR can provide some information, such as the oxidability of the metallic ions, the 
activity of the surface and lattice oxygen ions, and the stability of the material. The TPD-O2 profiles 
of perovskite-type oxides usually exhibit two oxygen desorption peaks (LaCoO3, [40]): a first one 
located at low temperatures due to adsorbed oxygen (α-type), and a second one placed at high 
temperatures associated to lattice oxygen (β type). In particular, for similar materials, a desorption 
peak at T<350°C was attributed to O2

− and a desorption peak at 350°C≤T≤750°C to peroxide ion 
O2

2−/O− whereas, as already said, the desorption peak at T≥750°C is attributed to lattice oxygen ion 
O2−. The presence of peaks related to oxygen chemisorption can be very important since, in the 
literature, classically the low temperature chemoresistive behavior is completely explained by the 
presence of highly reactive surface peroxide ions. Recently it was pointed out that in many cases the 
sensor response is partially or completely due to direct chemisorption of the target gas on the 
surface [41-46]. So the presence/absence of low temperature peaks does not completely describe the 
gas sensing properties of the material under study. In any case it is very important to use the TPD 
analysis to evaluate, for instance, the material stability. 

As shown in Figure 5, YCoO3 (and, as expected from structural characterization, the nominally Y-
defective material) only display the high temperature desorption peak (β type oxygen). It should be 
noted, in any case, that weakly adsorbed species could have been desorbed at low temperature 
during the pretreatment. 

Samples with free Pt/Pd (including the Pd-doped perovskites, as it can be seen in Figure 5), show 
large desorption peaks at relatively low temperatures, except for the lowest concentrations of Pd 
which seems less effective anyway. This indicates the presence of surface adsorbed oxygen species 
(possibly chemisorbed and reactive). Some smaller peaks at low temperatures appear also when 
analyzing the defective powders. The lowest Pd-doped perovskite, YCo0.97Pd0.03O3, behaves 
similarly to the Co-defective material, exhibiting the high-temperature peak at somewhat lower 
temperature (~700ºC), in agreement with the conclusions drawn from Rietveld refinement (section 
3.1.2). 
From these results all the prepared materials seem good candidates for the realization of gas sensors 
because they don’t lose lattice oxygen in the working temperature range, moreover the addition of 
Pd and Pt could improve the operation at lower temperature because, as expected, the metals 
promote the formation of  adsorbed oxygen species.  

 
 

Figure 5 about here 
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During H2-TPR analysis, the metal ions with high valence are reduced to the ions with low valence 
or metal atoms by H2; both the surface oxygen ions and the lattice oxygen ions participate in the 
reduction reaction. Therefore, the reduction peaks reflect not only the oxidizability of the metal ions 
but also the activity of oxygen species.  
In Figure 6 the results of TPR for some prepared powders are shown. As it can be seen in the lowest 
plots, YCoO3 perovskite shows two overlapping reduction peaks with maxima at about 400°C and 
550°C, respectively. Similarly to what happens for LaCoO3 [47], these can be attributed 
respectively to the reduction of Co3+ to Co2+ and Co2+ to Co0 (remember that at these temperatures 
Co3+ undergoes transition from the low to a higher spin state). A somewhat lower position of the 
high temperature peak is observed in Co-defective powders and powder with Pt/Pd metal on the 
surface (see Figure 6 lower and middle plots). The position of the high temperature peaks indicates 
that the reduction of the surface by reaction with β species occurs below 600°C but above 350°C, 
this sets the operating range for conductometric gas sensors.   
Pd/Pt doped perovskites show a shift of the high temperature peak toward low temperatures with 
respect to pure YCoO3 (see upper plots in Figure 6); this improved reducibility can be due to the 
presence of palladium or platinum atoms or ions, or to the fact that palladium or platinum as such, 
as discussed in section 3.1.2, provoke a smaller grain size or introduce distortions of the lattice 
causing a decrease of the lattice energy and therefore facilitating the surface reduction (as already 
discussed for LaCoPdO3: [39] and the references therein).  
All the powders modified by Pd (and somewhat less those with Pt) show some peaks at low 
temperatures (200°C-300°C), and this probably corresponds to the reaction with α-oxygen species 
[47] (revealed also in TPD experiments by low temperature desorption peaks, see Fig.5). This 
behavior is shown by the materials that act as CO oxidation catalysts at the lowest temperatures (see 
section 3.2). These peaks for impregnated powders are very broad, indicating that the oxygen 
released at low temperatures is adsorbed on several different sites of the catalyst surface [39]. 
As already stated, the mechanism of reduction, which doesn't involve the lattice oxygen, is the most 
useful for 'low temperature' chemoresistive sensor development. From this point of view TPR 
results enforce the idea that doped and Co defective YCoO3 could behave better for the sensing of 
reducing gases. 
 
 

Figure 6 about here 
 
 

3.4. Gas sensing properties assessment 
 

Sensors based on the perovskite powders were tested; the microstructure of the sensing films is 
shown in Figure 3. In what follows the experimental results concerning samples of defective, Pd/Pt 
doped, and Pd/Pt impregnated materials and the reference YCoO3 are reported. For each material at 
least three sensors were tested; the results obtained for each set of sensors from the same material 
are repeatable within the tolerance related to the production process (20%). Hereafter, for each 
material the data of only one sensor are reported. 
All the materials behave as p-type semiconductors, this points out the prevalence of intrinsic bulk 
acceptor defects such as metal vacancies (probably Co) as discussed in section 3.1.2 and found for 
similar perovskitic materials [47]. 
To test and understand the performance of the developed sensors, the baseline value of resistance in 
the carrier gases at different temperatures is studied. 

The baseline values of the resistance in air are shown in Figure 7 for the different materials. It can 
be seen that the presence of defects causes a reduction of the resistance baseline value with respect 
to the one of the stoichiometric material: this indicates that it actually introduces extrinsic acceptor 
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energy level and enhances the free carrier density. The same behavior was found for Pt doped 
materials, and this reinforces what already suggested by the analysis in section 3.2.1: Pt  enters the 
lattice probably as Pt4+,  in connection with oxygen excess or Co2+ excess. This corresponds to p-
type doping, because Pt4+can pass to Pt2+ taking two electrons. Note that if Pt is in the crystal as Pt2+ 
this corresponds to introduce n type defects, in connection  for instance  with oxygen vacancies. 

In figure 7 it can be seen that the baseline resistance of Pd doped material is much larger than the 
one of the stoichiometric material. This fact can be justified by the introduction of donor impurities, 
so even if no evidence of Pd entering the lattice comes from the analysis in section 3.2.1, there is an 
indication of n-type doping, hence a part of Pd could enter the lattice as Pd2+  or Pd 3+ while a larger 
amount segregates on the surface as metal or PdO [35]. Note that in the lattice we can have in 
principle Pd2+, Pd3+ or Pd4+, and these oxidation numbers can be accompanied, respectively, by 
oxygen vacancies, stretching  of M-O bonds, and Co2+ or oxygen excess. The first and the second 
ions  behave as n-type defects.  

Usually the relationship between temperature and resistance for metal oxides can be written as 
follows: 
 

kT

qVR
ln

R
lneRR sfkT

qV

f

s

+








Ω
=









Ω
⇒=

11
     (2) 

Where q is the electron charge, k is the Boltzmann constant, T is the absolute temperature whereas 
Rf is a pre-exponential factor weakly depending on temperature and related to the sensor 
structure/geometry.  The activation energy qVs is interpreted as a potential barrier established at the 
grain surface due to localized charged species, which can be either intrinsic surface defects or 
ionized adsorbates [41]. This relationship is usually adopted to describe a situation where all the 
bulk impurities are ionized. On the other hand it must be considered that the exponential 
relationship with temperature can also describe the incomplete ionization of the extrinsic impurities 
(acceptors), being in this case qVs interpreted as the energy gap between the valence band top level 
and the acceptor level. Some experiments performed by the authors, similar to those presented in 
[48], seem to point out that the bulk acceptors are completely ionized above 150°C and that the 
most probable interpretation of qVs is an intrinsic potential barrier originated by a population of 
surface defects acting as acceptors.  
Figure 7 shows  the resistance log as a function of  1/T in synthetic air,  highlighting an almost 
linear behavior in the temperature range used for measurements (200°C-320°C).  This corresponds 
to an almost constant value for qVs (eV) in the considered conditions showing  that the surface 
barrier and the charge trapped at the surface do not significantly vary in the different tested 
environmental conditions.  
This is an unexpected fact, since usually for gas sensing materials, and especially for other 
perovskite materials, the potential barrier height in air significantly varies in the range 200°C and 
300°C due to the variation of chemisorbed oxygen density [49].  In particular, above 200°C the 
presence of oxygen should decrease the barrier height due to formation of  adsorbed O-. 
 
The estimated values of the activation energy for the different materials are very close with the 
exception of the value found for Pd doped materials, which are significantly larger. 
The value of the activation energy for both the base material and the defective ones, Ea= qVs,  is 
close to 0.55 eV. This value is much lower than the energy gap of YCoO3 that was estimated to be 
1.84 eV [50]. It is instead more similar to the value Ea=0.3 eV found by Liu in [51], which in that 
paper was attributed to an extrinsic acceptor level (dopant Ca). 
In detail, as a comment to Figure 7, the qVs value for defective and stoichiometric materials is 
similar. On the other hand, as already stated, the Pd doped materials  show an activation energy 
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higher than the stoichiometric material, especially at high temperature. This fact could be related to 
the introduction of a donor level that up shifts the bulk Fermi level (and this strengthens the 
hypothesis of some Pd incorporated in the structure), but more probably to an increased density of 
intrinsic acceptor surface defects. The materials impregnated with Pd and Pt have activation 
energies similar to the defective material, in this case a different  behavior as a sensor will be due 
only to the promotion of chemisorption on the surface.  

 
 

Figure 7 about here 
 
 

It can also be noted that the value of baseline resistance in air and in nitrogen are quite close. A 
similar result was found also for LaCoO3 in [46]. 
 
The closeness of the resistance value in air and in nitrogen, as shown in Figure 8, points out that 
only a very small amount of ionized species is formed on the surface due to the presence of air. The 
low or negligible presence of ionized adsorbed oxygen species in the considered temperature range 
is in accordance with data both from TPD and TPR as far as stoichiometric material is concerned, 
where no desorption of oxygen was seen up to high temperatures (over 500°C) and no reduction 
peaks at low temperature are observed. On the other hand, for most Pd and Pt containing materials, 
in TPR experiments reduction of the surface was observed also at lower temperatures, i.e. in the 
temperature range used for gas sensing characterization. This oxygen was interpreted as adsorbed 
oxygen, possibly chemisorbed, that in principle could strongly contribute to the sensing mechanism. 
Instead also for Pd and Pt containing materials the base line resistance values in air and nitrogen are 
close, showing little effect of oxygen on sensor conductivity. This could indicate that the largest 
part of the adsorbed oxygen is neutral and doesn’t contribute to sensing, so that the sensing 
properties of these doped material are only marginally modified with respect to those of the base 
material.  
 

 
Figure 8 about here 

 
 

3.4.1 Influence of film microstructure on gas sensing 
 
For metal oxide sensors the qVs value in eq.(2) is considered [41] proportional to the square of 
adsorbate surface density, thus explaining the sensing mechanism. This relationships comes from 
the assumption of large grains. For the developed materials,  as it can be observed in Figure 3, the 
grain diameter can be lower than 1 µm. This size can’t be considered large with respect to the 
Debye length.  
It is worth recalling that the Debye length is a parameter describing the scale of the depleted region 
in the material. Generally speaking, this quantity is defined as the length in which mobile charge 
carriers screen out an external electric field; some Debye lengths away from the surface the bulk 
density of carriers can be found again. So if the radius of the grain is much larger than the Debye 
length, we can assume to have a core maintaining the bulk characteristics, and a depleted region 
surrounding it. If the core is very large a Poisson equation in one dimension can well describe the 
electric field caused by the surface charge, otherwise, as already discussed, the microstructure 
geometry has to be taken into account. The Debye length (λD) is not a characteristic of the 
considered intrinsic semiconductor, but of the 'doped' material; λD is given by the following 
expression: 
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In eq. (3) ε is the dielectric constant whereas |pb-nb| is the net bulk density of carriers, being pb the 
density of holes and nb the density of free electrons. These densities, especially for large band gap 
materials, are mainly determined by the density of ionized bulk defects. 
According to this relationship, λD grows with increasing temperature, but it decreases increasing of 
the bulk defect density.  That means that the ratio between the depletion region width and the 
crystallite geometric dimension depends on the bulk defect density. Differently from what happens 
in microelectronics semiconductor manufacturing, where dopants are intentionally introduced in a 
very regular lattice with a known and designed concentration, when preparing metal oxides for 
sensors development the defect density is not a priory known nor it is a design parameter. For 
instance, the values of the density of donors given in the literature for SnO2 range from 1013 up to 
1020 cm-3, so the Debye length values can be very different depending on the preparation route, and 
vary from about 1 µm down to less than 1 nm at 250 °C (more typical values are in the range from 
tens to hundreds of nanometers).  
  
If we use the value of defect density found in the literature for YCoO3 prepared by sol gel with a 
route analog to the one used in this work [51,52], that is a density of 6.1 x 10 14 cm-3 (at 25 °C), we 
get that the Debye length λD is 0.50 µm at 300°C and 0.46 µm at 200°C. Also considering a higher 
value of  carrier density, more reasonable for the used temperature range, such as 1016 cm-3 λD is 
0.13 µm at 300°C and 0.11 µm at 200°C.  For this reason we have to consider the hypothesis of 
small grains, and we expect a behavior different from other perovskitic material [53]. 
As discussed above when the grain dimension goes below a certain critical dimension [54] the 
influence of the grain geometry becomes important and strongly influences the sensor response. In a 
previous work the case of nanowire was treated by the authors [44]. In what follows the case of 
spherical grains will be briefly discussed in order to point out that the reduction of the sensing film 
grain size dramatically changes the behavior, not always giving a better performance in terms of 
response with respect to large grained films. 
Let’s consider a spherical particle of homogeneous material, let’s call Rg the sphere radius: if we 
consider to have a certain amount of charge localized at the surface due to the presence either of 
intrinsic ionizable defects and of chemisorbed molecules with a total  surface density Ns, than we 
expect, when the equilibrium is reached, that an electric field establishes in the grain to 
counterbalance the diffusion of free carriers which are attracted or rejected from the bulk toward the 
surface or vice versa. Let’s consider a p-type semiconductor where the bulk hole density is pb and 
the free electron density is negligible. Let’s consider to have a depleted surface, that means to have 
a positive charge trapped at the surface, so that qNs, the charge density, is positive and uniform on 
the surface. In these hypotheses the trapped charge causes  the formation of a depleted negative 
charged layer below the surface extending to the inner of the grain and of an electric field that 
hinders the movement of holes from the inner to the surface. The negative charge density, ρ,  in the 
grain at the thermal equilibrium can be found by balancing the diffusion current related to the 
charge density gradient and the hole drift current driven by the electric field.  Considering an 
homogeneous grain and a uniform charge density at the surface all quantities expressed in spherical 
coordinates depend only by the distance from the sphere center r, so the charge density can be found 
from the following equations: 

;0
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)()( =
∂
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rp
qDrErJ pptot σ      (4) 
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Where J is the current density, E the electric field, σp = qp(r)µp is the hole conductivity and µp is 
the hole mobility,  Dp is the diffusion coefficient of holes and Dp=µp kT/q,  and p(r)  is the hole  
density. 
Moreover the following relations can be written:
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Where ε is the electric permittivity.  
Substituting the expression in eqs. (5-7) in eq. (4) we obtain the following integral-differential 
equation: 
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Where  0≤|ρ(r)|≤qpb and ρ(0) assumes a value that  grants the following  electro-neutrality 
condition:  
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These two equations can be solved numerically and some  results are shown in Figure 9. For 
numerical evaluation the bulk density of holes  is considered 1016 cm-3, and the electrical parameters 
of YCoO3 are taken from [51]. 
 
Eq. (8) can be rewritten as follows: 
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It could be noted that since |ρ(r)| is always a growing function with r, its local slope is determined  
by the length: 
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Which takes the minimum value given by the following inequality: 
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So if the radius Rg of the sphere is not much larger than the minimum value of λ which is: 
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|ρ(r)| slowly grows inside the grain and its behavior is very far from the ‘fully depleted layer 
aproximation’ i.e. , |ρ(r)| =0 in the bulk  and |ρ(r)| =qpb in the superficial  depleted layer. On the 
other hand if Rg is more than 100 times the critical value in eq.(13) we find, from numerical 
simulation results, that the usual approximation of full depletion of the layer under the surface 
holds. It can be seen in Figure 9 that if the condition is met we have approximately a depleted layer 
with charge density -qpb, and with a depth w given by the following: 
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In this case the  potential barrier is given by this expression: 
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moreover if 3Ns/Rgpb <<1, i.e. far from full depletion of the grain, the potential barrier height can be 
approximated by the usual value found for large grains qNs

2/(2εpb). 
If the value of Ns  ≈ Rg pb/3  the grain is completely depleted, the charge density is almost constant  
ρ(r) ≈ 3 qNs/Rg, ≈ qpb the grain conductance becomes negligible and the solution of eq.(8) gives 
again results that are very close to the fully depleted layer approximation, so for high values of Ns 
the two treatment give similar results. 
 
Note that the inequality: 
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is equivalent to the following: 
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As expected, the condition we found is related to the Debye length λD. 
If the charge on the surface is negative instead of positive the field is reversed with respect to the 
previous case, the surface density of free carriers is enhanced  [41], the charge density is positive, 
qpb ≤ ρ(0) ≤ 3 qNs/Rg and eq.(8) becomes: 
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Once found the charge density in the grain, to derive the conductance of the grain it is not easy 
unless the large grain approximation holds.  
In Figure 10 (lower plots) an approximate value for the grain conductance is plotted and compared 
with the one obtained under fully depleted layer approximation. 
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To obtain this  plots the approximate conductance value is obtained as follows: 
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      (19) 

Where )r(p  is the hole density averaged in the grain, whereas γ is a geometrical parameter 
proportional to the depleted region width.  

Note that if the grain is close to full depletion a decrease of gas response is expected, because the 
sensing mechanism is close to the saturation. For a p-type oxide this can reduce the response to 
reducing gases and a better performance with oxidizing gases is expected. When reducing gases are 
the target, since the Debye length depends both on temperature and on bulk defect density it is of 
the utmost importance to tune the material in order to have a low operating temperature and high 
bulk hole density (defective and p-type doped materials). 
 
 

Figure 9 about here 
 

Figure 10 about here 
 
 

3.4.2 Gas sensing properties assessment. 
In this section the gas sensing properties will be assessed by means of both oxidizing and reducing 
gases, and will be correlated with the results of the previous analyses in order to gain an insight to 
the sensing mechanisms that can be considered also for different  metal oxides. 
The concentration range for each test gas is selected in accordance to the limits set by EU 
regulations for environmental monitoring. 
The tests were performed  using at least 3 sensors for each  material. Each measurement cycle was 
repeated at least three times. The reproducibility of the results is satisfactory, characterized by  
differences lower than 20% among the individual devices, the short time stability (hours) is about 
2% whereas the  medium time stability (days/months) of the baseline resistance value is close to 
5%. 
 

Response to a reducing gas: CO. 
 
The plots in Figure 11 show the response of the different materials to 500 ppm of CO in air and in 
nitrogen, respectively, as a function of temperature. From the discussion in the previous sections it 
is expected that the sensing mechanism can be mostly attributed to a direct bond of CO to the 
perovskite surface according to the following reaction [52]: 
 
 
 (CO)gas + SCO→ (CO-SCO) 

             (20) 
(CO-SCO) +h+→ (CO-SCO)+          

 
where SCO indicates a surface adsorption site for CO and h+ is a hole (hereafter SX is a surface 
adsorption site for X). The reaction (20) is divided into two steps: adsorption of a neutral species 
and ionization of the adsorbate with the transfer of an electron to the material. This electron can 
occupy a hole and subtract a carrier from the bulk. The charge localized at the surface modifies the 
electric field at the surface (irrespective of its sign) so as to increase the sensor resistance. A large 
variation of conductivity in presence of CO in Ar was observed also for LaCoO3 [46]. 
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The results in Figure 11 confirm that the presence of oxygen doesn’t affect much the response to 
CO, indicating that the reaction with ionized pre-adsorbed oxygen in air is not a relevant 
phenomenon, at least for the stoichiometric material. In general for YCoO3 the response to CO in 
air is larger than the one in nitrogen at high temperatures, whereas at lower temperature the opposite 
is true. This can be related to the presence of different oxygen adsorbed species: molecular or not 
very reactive at lower temperatures, hence not relevant to the sensing mechanism, and ionized, e.g. 
O-, above 250°C, relevant to the sensing mechanism, as it happens for the adsorption of other metal 
oxides [55]. Defective materials have in general a better response in nitrogen (where they present an 
increased response with respect to the stoichiometric material) than in air (where they have a 
response to CO comparable or worse with respect to the stoichiometric material). Doping with Pd 
increases the material response both in nitrogen and in air and, in general, also the response speed. 
On the other hand, Pt doped perovskites have a worse performance than those realized with the 
stoichiometric material. The different behavior of Pd doped perovskites with respect to Pt  doped 
perovskites is probably due to the presence of PdO segregated on the surface or a reduced grain size 
(section 3.1.2 and [37]). Materials with Pt and Pd on the surface have a performance comparable or 
worse than the stoichiometric material. 
 

 
Figure 11 about here 

 
A further comment concerns the connection of the CO sensing capability of a material with its CO 
conversion catalytic activity. As already pointed out, there is a link between this two properties but 
no direct correspondence [15].  In particular, it is well known that the heterogeneous catalysis  can 
be related to two types of adsorption: physisorption  and  chemisorption.  Only in the latter type the 
adsorbate is strongly perturbed resulting in the sharing of electrons between the adsorbate and the 
adsorbent, and this is the mechanism  relevant to gas sensing. Since it may require a very high 
temperature, and the materials under study are active as catalysts  at a relatively low temperature 
(see figure 4), the catalytic oxidation of CO may be mostly related to physisorbed oxygen. 
Moreover, in terms of surface reactions involving chemisorbed species there could be at least  two 
well known mechanisms related to catalysis (Langmuir-Hinshelwood and Rideal-Eley). In the first 
case a reaction involved both in catalysis and in sensing could be: 
 

(O2)gas +2SO→2 (O-SO)- +2h+  
             (CO-SCO) +h+ → (CO-SCO)+ 

(CO-SCO)++(O-SO)- → (CO2)gas +SO + SCO      (21) 
 

Whereas in the second case the reaction could be:  

(O2)gas +2SO → 2 (O-SO)- +2h+ 
(CO)gas +(O-SO)- +h+→ (CO2)gas +SO

      (22) 

 

Only in reaction paths of the second type there is a clear beneficial effect of the pre-adsorbed 
oxygen on the magnitude of the sensor response to CO. 

In fact in this case when working in air a certain amount of pre-adsorbed ionized oxygen will be 
present on the surface (first reaction in (22)), causing the baseline resistance value to be smaller 
than the one measured when operating in inert environment. As already discussed we recall that for 
the tested material this effect is absent or small (even for Pd doped materials where it can be 
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observed at high temperature). If some ionized oxygen is on the surface, when the CO gas is 
injected two effects contribute to the sensor response: the CO direct adsorption and ionization, 
responsible for a resistance increase also when working in N2 (see reactions 20), and the removal of 
ionized atomic oxygen given by CO oxidation, which is supposed to free a trapped electron 
modifying the charge on the surface (as shown by the second reaction in (22)). 

In reactions of the first type a lot of CO2 can be produced with no net variation of the charge 
trapped on the surface.  

The analysis of the transients confirms the above mentioned marginal contribution of oxygen in 
response to CO of these materials: the effect of the reaction in eq. (22) on the sensor response 
shows up only in a limited increase both in the extent and the speed of the response at high 
temperature. These comments apply in general for the tested materials, including those doped with 
Pd which show, as already mentioned, the most significant response to CO (Figure 12). 

Figure 12 about here 
 
As a last consideration, at the optimum temperatures for the response to CO the response to NOx is 
quite small (as it will be shown later) and the one to CH4 is negligible.  The above considerations 
can be better understood analyzing the results reported in Figures 13-14, where the responses to the 
different test gases of a sample sensor of the best performing materials are shown. The lower plots 
in figures 13-14 show the response of these sensors at temperatures where the response to NOx is 
small, whereas the response to CO is still close to its maximum value. 
 
It can be noted that the CO response is highly correlated with the behavior of the qVs assessed when 
analyzing the resistance baseline value in the same environment, with the exception of the Pt doped 
materials. It can be seen that the response to CO is larger if the potential barrier is higher, as 
expected from [41]. In the figures also typical sensor normalized resistance behaviors versus time at 
the optimum operating temperature are reported. In general, the developed materials show a modest 
response toward CO, when compared to some n-type metal oxides, nevertheless they operate fast, in 
fact it can be seen that complete recovery is obtained in some minutes. Note that responses to CH4 
are not reported, because no measurable response was recorded up to concentration of 10000 ppm 
in air.  
 
 

Figure 13 about here 
 

Figure 14 about here 
 

 
 
 
Response to  NOx. 

 
 
At temperatures lower than 200°C, where no appreciable response to CO is seen, a large response to 
NOx is recorded: in this temperature range these two gases oxidize the sensor surface reversibly, as 
it can be seen in figures 15 and 16, and the response is fast. Actually, the response times depend not 
only on temperature but also on the target gas concentration, in particular the response time 
increases when concentration decreases. 



Page 19 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

19 

 

At higher temperatures the surface is reduced by both NO and NOx, and a larger response is given 
by the same material that better responds also to CO. Nevertheless, the optimum temperature for the 
oxidation of NOx is lower than the one of CO: above 300°C the response to NOx can be neglected 
as can be seen in figure 15. 
The observed data, see also the typical responses as a function of time shown in figure 16, can be 
explained by the simultaneous presence of two different chemical reactions: one implying the 
oxidation of the surface, which is faster and favored at low temperatures, the other one reducing the 
surface, which is slower and favored at higher temperatures. A similar behavior is seen for NO. 
From the literature the following possible routes can be assumed for gas reduction [56-59]: 
 

( ) ( )
( ) ( ) T low             

222
+−

+−

+−↔+

+−↔+

hSNOSNO

hSNOSNO

NONOgas

NONOgas
     (23) 

As can it be seen the target gases oxidize the surface and lowers the resistance because adsorbed 
NOx

-  enhances the surface density of carriers. The largest response is seen around 180°C.  

A possible route for the oxidation of the gas is [56-59]: 

( ) ( )
( ) ( ) ( ) Thigh         )(

)(

22

2

OgasgasOgas

OgasOgas

SONOhSONO

SNOhSONO

++↔+−+

+↔+−+
+−

+−

    (24) 

Related to these reactions an increase in the resistance is expected. This is a weaker effect, in fact a 
low amount of adsorbed oxygen on the grain surface is expected, as discussed above; only Pd doped 
sensors show an appreciable response related to this behavior between 200°C and 300°C.  

In figure 16 the response in air are compared with those in nitrogen; from the reactions above it is 
expected that in the absence of oxygen there would be no reduction of the surface, being this latter a 
reaction which requires a pre-adsorbed ionized oxygen as a reagent. So the slow increase of the 
resistance during the gas injection phase, that above 200°C is present also in nitrogen (even if 
smaller than the one seen in air), can't be explained by the reactions (24). To explain this 
phenomenon another mechanism of resistance increase has to play a role: this could be, for 
instance, a re-equilibrium of the ionized intrinsic acceptor surface defects, that is related to injection 
of holes due to the gas reduction (eqs. 24). This seems to be the dominant mechanism from 
experimental observations especially for the stoichiometric material.  A similar shape of the 
response is seen for an n-type material interacting with a reducing gas in the absence of oxygen 
[48].  

The response to NOx at low temperature where it behaves as an oxidizing gas is reduced by the 
presence of Pd,  as expected, whereas it is enhanced in the defective material. 

 
Figure 15 and Figure 16 about here  

 
 

3.4.3 Effect of humidity 
 
As in other perovskite materials the presence of humidity does not affect the conductivity in air very 
much [49]. Resistances measured in air and in humid air are very close and  the difference results 
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smaller than measurement uncertainty. In the following figure (Figure 17) results obtained with 
YCo1-xPdxO3 are shown, it can be seen that both baseline resistance and gas response are not 
affected by the presence of humidity.  
 

Figure 17 about here 
 

  
Conclusions 

 
In this work the preparation and the subsequent characterization of different toxic gas sensors based 
on yttrium cobalt perovskite (YCoO3) are presented: the tested sensors are based on the 
stoichiometric material, on non-stoichiometric materials and on materials containing platinum or 
palladium. 
Experimental results show that catalytic and sensor behavior strongly depend on composition and 
structure of the perovskite ceramic.  
Pd doped materials show the best response to CO in the temperature range around 300°C, where the 
responses towards NOx result very low. The improved response of these materials is mainly 
correlated with the presence of PdO segregated on the surface. A similar behavior was  reported for 
LaCoO3 [8] that shows a significant  improvement of CO response with the addition of PdO. On the 
other hand, the responses of all the tested materials to NOx are satisfactory at temperatures below 
200 °C, where the sensor surface is reversibly oxidized. The best results are found for defective 
powders (up to ~2.5%/ppm @12 ppm for NO2, and up to ~1.8%/ppm @12 ppm for NO) with fast 
response/recovery (Tresp/ Trec): for defective materials we have at 180°C Tresp ~ 0.6 min and Trec ≤ 2 
min @12 ppm for both No and NO2). On the other hand, all the prepared sensors do not show an 
appreciable response to CH4 at concentrations up to 10000 ppm, and, moreover, all these materials 
have proved to be insensitive to ambient humidity. 
The tested materials show responses similar to the most perovskite sensors described in the 
literature [8]. The gas sensing properties of the different materials were discussed at the light of the 
different material compositions, structure and surface properties. It was shown that the materials 
that behave best as catalysts for CO conversion not always show the best performance as CO gas 
sensors. Low temperature CO conversion seems to be correlated to weakly adsorbed oxygen, 
whereas conductivity variations seem to be to be mostly related to a direct bond with the surface. 
Whereas the introduction of defects seems in general to improve the direct adsorption especially of 
oxidizing gases. 
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Table I. Phase composition and crystallinity parameters of representative products as obtained from 

X-ray powder diffraction. Values with estimated standard deviations (in parentheses and referring 

to the last digits) were obtained from Rietveld refinement (for reliability indices see Table II). See 

text for explanations. 

Table II. Unit cell volumes, site occupation factors SOF and average interatomic distances (pm) 

obtained from Rietveld refinement for a representative selection of the perovskite structures 

synthesized in this study. The reliability of refinement is indicated by the reduced chi-square χ2, the 

intensity weighted Bragg residual for the sole perovskite phase R(F
2
), and the overall powder 

residual Rp. CuKα radiation (λ= 154.098 pm), space group Pbnm §Pnma§, T= 295 K. 

  

Table(s)
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 batch mass fraction (%) peak width (cdeg) 

sample x # perov. yttria spinel Pd PdO X Y 

LaCoO3   La3 

La4 

LaB 

98 

99 

99.5 

- 

- 

- 

2 

1 

.5 

- 

- 

- 

- 

- 

- 

~16
1
  

~16
1
  

~16
1
  

- 

- 

- 

YCoO3   1 

2 

3 

4 

77.8(1) 

83.4(1) 

96.5(1) 

95.0(1) 

9.0(2) 

7.6(2) 

0.4(1) 

0.30(4) 

13.2(3) 

9.0(3) 

3.1(1) 

4.7(1) 

- 

- 

- 

- 

- 

- 

- 

- 

0.6(7) 

0.8(5) 

2.3(1) 

2.2(1) 

23(2) 

18(2) 

9.4(2) 

10.4(2) 

(Y,)CoO3   32 

34 

93 

94 

1 

1 

6 

5 

- 

- 

- 

- 

~16
1
  

~16
1
  

- 

- 

Y(Co,)O3   10 

30 

31 

S8 

F63 

S9 

96 

90 

93 

94 

93.6(2) 

88 

4 

8 

7 

5 

1.4(1) 

12 

0 

2 

0 

1 

5.0(2) 

0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

~15
1
  

~15
1
  

~15
1
  

~10
1
  

2.4(2) 

~10
1
  

- 

- 

- 

- 

9.1(4) 

- 

Y(Co1-xPdx)O3  0.1 

“ 

.07 

.05 

“ 

“ 

“ 

.03 

12 

S10 

13 

16 

28 

S11 

S12 

14 

92.4(2) 

88 

94 

85 

82.7(6) 

95 

98 

94 

2.3(1) 

10 

1 

8 

7.9(2) 

5 

1 

3 

2.7(6) 

0 

4 

6 

8.1(3) 

0 

1 

2 

1.5(1) 

2 

1 

1 

0.64(6) 

0 

0 

0.5 

1.1(1) 

0 

0 

0 

0.63(9) 

0 

0 

0 

3.7(1) 

~10
1
  

~16
1
  

~15
1
  

3.9(2) 

~8
1
  

~10
1
  

~16
1
  

11.5(4) 

- 

- 

- 

8.3(4) 

- 

- 

- 

Y(Co1-xPtx)O3  0.05 33 98.61(4) 0.9(1) 0.5(1) - - ~2
2
  26

2
  

YCoO3 + Pd 0.02 11 

27 

95 

81 

2 

9 

3 

10 

0 

0 

0 

<1 

~15
1
  

~15
1
  

- 

- 

1- estimated FWHM at 2=27º, not corrected for instrumental broadening as are X and Y.  

2- equivalent isotropic values. 
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Table I. Phase composition and crystallinity parameters of representative products as obtained from 

X-ray powder diffraction. Values with estimated standard deviations (in parentheses and referring 

to the last digits) were obtained from Rietveld refinement (for reliability indices see Table II). See 

text for explanations. 

  



Page 29 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

 

  unit cell  SOF interatomic distances fit criteria 

sample # V (Å
3
) Co Y Co-O (6) Y-O (8) R(F

2
) χ2

  Rp 

LaCoO3  * 223.9(1) 1 1 193.2 271(22) - - 0.079 

YCoO3  1 

2 

3 

4 

205.72(4) 

205.39(3) 

205.490(3) 

205.474(4) 

 

 

0.947(9) 

0.958(9) 

 

 

0.954(8) 

0.963(8) 

- 

- 

193.3(1.2) 

193.7(1.7) 

- 

- 

238(13) 

238(14) 

0.037 

0.040 

0.027 

0.029 

1.54 

1.55 

1.97 

2.00 

0.095 

0.094 

0.060 

0.062 

Y(Co,)O3  F63 205.375(6) 0.98(2) 0.97(2) 193.5(1.2) 238(15) 0.055 1.24 0.104 

Y(Co0.9Pd0.1)O3  

Y(Co0.95Pd0.05)O3  

12 

28 

205.455(3) 

205.601(8) 

1.02(1) 

1.03(2) 

1.01(1) 

1.00(2) 

193.6(1.2) 

193.4(1.5) 

238(15) 

237(15) 

0.04 

0.054 

2.43 

1.29 

0.087 

0.106 

Y(Co0.95Pt0.05)O3  33 207.74(2) 1.15(2) 1.02(2) 194.4(1.3) 238(14) 0.057 1.19 0.112 

* values from Thornton et al [31], volume adapted to account for a unit cell containing 4 formula 

units, La for Y, and coordination number CN(La)=12. The space group of LaCoO3 is R-3c with Z=2 

for the rhombohedral setting. 

 

Table II. Unit cell volumes, site occupation factors SOF and average interatomic distances (pm) 

obtained from Rietveld refinement for a representative selection of the perovskite structures 

synthesized in this study. The reliability of refinement is indicated by the reduced chi-square χ2, the 

intensity weighted Bragg residual for the sole perovskite phase R(F
2
), and the overall powder 

residual Rp. CuKα radiation (λ= 154.098 pm), space group Pbnm §Pnma§, T= 295 K. 
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Caption List 
 

Figure 1 Sensor structure: (a) heater; (b1) temperature sensor, (b2) chemical sensor. 

Figure 2 Calculated (line), observed (dots) and difference (below) X-ray powder diffraction pattern for 
sample #3, as obtained after Rietveld refinement. Ticks give, from bottom to top,  reflection 
positions for YCoO3, Y2O3 and Co3O4. CuKα radiation. 

Figure 3 SEM images of the perovskite-based sensing films: (a), (b) perovskite powders at different 
magnifications; (c) perovskite sensing film on the substrate. 

Figure 4 Catalytic activity of the prepared perovskite powders in CO oxidation. 

Figure 5 O2 TPD of different perovskite materials derived from YCoO3. 

Figure 6 H2 TPR  results for different YCoO3 perovskite materials. 

Figure 7 (a1), (a2): baseline value of resistance (R0) in synthetic air for different materials. (b1), (b2): 
potential barrier heights (qVs), estimated for the same materials  from the slopes of the log (R) 
versus 1/T curves. 

Figure 8 (a1), (a2): baseline value of resistance (R0) for different materials. Red dashed lines: nitrogen; 
blue solid lines: air.  

Figure 9 Upper plots: charge density in the grain for a material similar to those proposed in this work. 
‘Large grain’ (Rg>>λD) case (a) and ‘small grain’ case (b). Lower plots: gray-level coded charge 
density for different values of NS. ‘Large grain’ (Rg>>λD) case (c1)-(c4) and ‘small grain’ case  
(d1)-(d4). The parameters for the numerical calculation are taken from [47]. 

Figure 10 Upper plots: surface potential barrier for a material similar to those proposed in this work. 
‘Large grain’ (Rg>>λD) case (a1) and ‘small grain’ case  (a2).  Lower plots: normalized 
conductance. ‘Large grain’ (Rg>>λD) case (b1) and ‘small grain’ case  (b2).  Red lines: fully 
depleted layer approximation. Blue lines: proposed model. 

Figure 11 (a1), (a2): responses of different materials to a mixture of CO (500 ppm) and air or nitrogen as a 
function of temperature. Sensor exposure time to CO is 4 minutes. Total flow is 200 mL/min. 

Figure 12 Sensor responses to CO in Air (blue lines) and N2 (red lines) versus time @ T= 300 °C for: (a) 
YCoO3; (b) YCo0.91Pd0.09O3. Sensor exposure time to target gas is 4 minutes. Total flow is 200 
mL/min. CO concentrations from left to right are: 1000, 500 and 250 ppm, respectively.  

Figure 13 YCoO3: (a) sensor responses to CO and NOx versus temperature (carrier gas: air; target gas 
concentrations listed in the legend); (b)  sensor responses to CO and NOx versus target gas 
concentration at the optimum temperature for CO detection (temperature shown in the legend); 
(c) sensor resistance versus time. 

Figure(s)
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Figure 14 YCo0.91Pd0.09O3: (a) sensor responses to CO and NOx versus temperature (carrier gas: air; target 

gas concentrations listed in the legend); (b)  sensor responses to CO and NOx versus target gas 
concentration at the optimum temperature for CO detection (temperature shown in the legend); 
(c) sensor resistance versus time. 

Figure 15 (a1), (a2): responses of different materials to a mixture of air and CO (500 ppm – blue lines) or 
air and NO2 (24 ppm – black lines) as a function of temperature. Sensor exposure time to target 
gas is 4 minutes. Total flow is 200 mL/min.  

Figure 16 Response of the tested materials to NOx. (a), (b): Y1.1CoO3 sensor responses versus time for 
different temperatures (between 160°C and 280°C) and for different carrier gases (air or 
nitrogen) to different NO2 and NO concentrations, respectively; (c): response of the tested 
materials versus NOx concentration at the optimum temperature (that is, the temperature where 
the response is maximum); (d), (e): responses of the tested materials as a function of temperature 
to a mixture of air/nitrogen and 12 ppm of NO and NO2, respectively. Sensor exposure time to 
target gas is 4 minutes. Total flow is 200 mL/min. 

Figure 17 Upper plots: baseline resistance of YCo0.91Pd0.09O3  (a1) and YCoO3 (a2). Lower plots: estimated 
activation energy, in air and humid air (37% RH @ 25°C) for YCo0.91Pd0.09O3  (b1) and YCoO3 

(b2). 
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Figure 4.  Catalytic activity of the prepared perovskite powders in CO oxidation. 
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Figure 5.  O2 TPD of different perovskite materials derived from YCoO3. 
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Figure 6.  H2 TPR  results for different YCoO3 perovskite materials. 
 
  

0 100 200 300 400 500 600 700 800
0   

500 

0   

500 

0   

500 

1000

Temperature (°C)

D
et

ec
to

r 
re

sp
on

se
 (

m
V

)

 

 

LaCoO3

YCoO3

YCo0.9O3

YCoO3 + 1 wt% Pt

YCoO3 + 1 wt% Pd

YCo0.95Pt0.05O3
YCo0.95Pd0.05O3

YCo0.9O3 + 1 wt% Pt



Page 38 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

 

9 
 

 
 

  
 
Figure 7.  (a1), (a2): baseline value of resistance (R0) in synthetic air for different materials. (b1), 

(b2): potential barrier heights (qVs), estimated for the same materials  from the slopes of 
the log (R) versus 1/T curves. 
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Figure 8.  (a1), (a2): baseline value of resistance (R0) for different materials. Red dashed lines: 

nitrogen; blue solid lines: air. 
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Figure 9.  Upper plots: charge density in the grain for a material similar to those proposed in this 

work. ‘Large grain’ (Rg>>λD) case (a) and ‘small grain’ case  (b). Lower plots: gray-
level coded charge density for different values of NS. ‘Large grain’ (Rg>>λD) case (c1)-
(c4) and ‘small grain’ case  (d1)-(d4). The parameters for the numerical calculation are 
taken from [47]. 
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Figure 10.  Upper plots: surface potential barrier for a material similar to those proposed in this 

work. ‘Large grain’ (Rg>>λD) case (a1) and ‘small grain’ case  (a2).  Lower plots: 
normalized conductance. ‘Large grain’ (Rg>>λD) case (b1) and ‘small grain’ case  (b2). 
Red lines: fully depleted layer approximation. Blue lines: proposed model. 
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Figure 11.  (a1), (a2): responses of different materials to a mixture of CO (500 ppm) and air or 

nitrogen as a function of temperature. Sensor exposure time to CO is 4 minutes. Total 
flow is 200 mL/min. 
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Figure 12.  Sensor responses to CO in Air (blue lines) and N2 (red lines) versus time @ T= 300 °C for: (a) 
YCoO3; (b) YCo0.91Pd0.09O3. Sensor exposure time to target gas is 4 minutes. Total flow is 200 
mL/min. CO concentrations from left to right are: 1000, 500 and 250 ppm, respectively.  
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Figure 13.  YCoO3: (a) sensor responses to CO and NOx versus temperature (carrier gas: air; target 

gas concentrations listed in the legend); (b)  sensor responses to CO and NOx versus 
target gas concentration at the optimum temperature for CO detection (temperature shown 
in the legend); (c) sensor resistance versus time. 

  

200 220 240 260 280 300 320
-8

-6

-4

-2

0

2

4

6

8

10

(R
-R

0)/
R

0 x
 1

00
 

 

 

Temperature (°C)
6 12 24 60 100 200 300 500 1,000

0

1

2

3

4

5

6

7

8

9

10

Concentration (ppm)

(R
-R

0)/R
0 x

 1
00

 

 

Air + 500 ppm CO
Air + 24 ppm NO2

Air + 24 ppm NO

Air + CO @ 300°C
Air + NO2 @ 300°C

Air + NO @ 300°C

0 5 10 15 20 25 30 35
4.85

4.9

4.95

5

5.05

5.1

5.15

5.2
x 10

4

Time (min)

R
(t

) 
 (
Ω

)

(b)(a)

(c)

  60 ppm CO

23 ppm NO2

200 ppm CO

47 ppm NO2

35 ppm NO2

100 ppm CO

47 ppm NO

35 ppm NO
23 ppm NO



Page 45 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

 

16 
 
 
 
 

 
Figure 14.  YCo0.91Pd0.09O3: (a) sensor responses to CO and NOx versus temperature (carrier gas: air; target 

gas concentrations listed in the legend); (b)  sensor responses to CO and NOx versus target gas 
concentration at the optimum temperature for CO detection (temperature shown in the legend); 
(c) sensor resistance versus time. 
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Figure 15.  (a1), (a2): responses of different materials to a mixture of air and CO (500 ppm – blue 

lines) or air and NO2 (24 ppm – black lines) as a function of temperature. Sensor 
exposure time to target gas is 4 minutes. Total flow is 200 mL/min.  

150 200 250 300 350
-35

-30

-25

-20

-15

-10

-5

0

5

10

Temperature (°C)

(R
-R

0)/
R

0 x
 1

00
 

 

 

150 200 250 300 350
-15

-10

-5

0

5

10

15

Temperature (°C)

(R
-R

0)/
R

0 x
 1

00
 

black-Air + NO2 23 ppm; blue- air Air + CO 500 ppm

 

 

YCo0.91Pd0.09O3

YCo0.95Pt0.05O3

YCo0.95Pd0.05O3

YCoO3 + 1 wt% Pt

YCoO3 + 1 wt% Pd

YCo0.9O3 + 1 wt% Pd

YCo0.9O3 + 1 wt% Pt

YCo0.9O3

Y1.1CoO3

Y0.9CoO3

YCoO3

(a2)(a1)



Page 47 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

 

18 

 
 
 
 

Figure 16.  Response of the tested materials to NOx. (a), (b): Y1.1CoO3 sensor responses versus time for 
different temperatures (between 160°C and 280°C) and for different carrier gases (air or 
nitrogen) to different NO2 and NO concentrations, respectively; (c): response of the tested 
materials versus NOx concentration at the optimum temperature (that is, the temperature where 
the response is maximum); (d), (e): responses of the tested materials as a function of 
temperature to a mixture of air/nitrogen and 12 ppm of NO and NO2, respectively. 
Sensor exposure time to target gas is 4 minutes. Total flow is 200 mL/min. 
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Figure 17.  Upper plots: baseline resistance of YCo0.91Pd0.09O3  (a1) and YCoO3 (a2). Lower plots: 

estimated activation energy, in air and humid air (37% RH @ 25°C) for YCo0.91Pd0.09O3  
(b1) and YCoO3 (b2). 
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