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Abstract

YCoO; perovskite powder was prepared by the classical sol-gel methadh was extended to
the preparation also of non stoichiometric materials or sangaetaining platinum or palladium,
incorporated either during synthesis or a posteriori through impiegnd@he prepared powders
were characterized in terms of composition and structuiag us-ray diffraction (XRD) and
Rietveld refinement. The compounds show a tunnel structure etsthedral framework.

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

The responses to both oxidizing and reducing gases such as GON@QOand CH were
evaluated and discussed both in an inert environment (nitrogen) #grepresence of oxygen (air).
All the YCoO; based sensors show p-type semiconducting properties in the tesiethraents
within the temperature range of 100-380°C. All the studied matergct to CO in the high
temperature range with a limited response but a large resppesé. The response to NOXx is
optimum in the low temperature range between 160°C and 200°C;owveoreven at these
temperatures both the response and the recovery time afacsatis The response towards £H
results much lower. Finally, the gas sensor propertieth@fproposed 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 theéD4Berovskite structure provided that
the A (typically an alkaline earth or a rare-earth 8-12 coordinatetal ion) and B (usually a
transition metal in octahedral coordination) cations have dilmens agreement with the limits of
the so-called “tolerance factor'(0.8 <t < 1.0) defined by Goldschmidt [3] ds= (ra + ro) / V2(rg +
ro), Whereru, rg, andrg are the ionic radii for A, B, and O, respectively, and 90 pm rg > 51
pm.

As an addition to the variability of composition, perovskite nialercan tolerate significant
isomorphic substitutions and non-stoichiometry while still mainigirthe perovskite structure.
Perovskite-type oxide materials have therefore attractedeat gnterest in many applied and
fundamental areas of solid state chemistry, physics, advantedaisaand catalysis.

The effects on redox, electrical and catalytic propertiesclwban be obtained by tuning the
perovskite structure, i.e. selecting the chemical composititioige of metals A and B),
introducing some vacancies and/or partially substituting metalelBe the object of many studies,
in particular as far as catalytic properties are concerttedlas seen that many of the material
properties can be effectively tuned to the application exploitivey rhaterial flexibility. For
instance, partial substitution of either one or both the A andiBnsaby other metals with similar
or different oxidation states was used to increase the tiatabtivity, and to promote the creation
of structural defects, e.g. anionic or cationic vacanclass modifying the electrical properties
(conductivity) of the material.

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

For instance, studying perovskites of the type Afeiere A indicates different rare earths, the
effect of substitutions at the A site was proved to be cortelaiin structural and redox properties
by Porta et al. [2], who discussed how the variation of &attanstants, due to the ionic radii of the
A cations, (LaFe@> NdFeQ > SmFe@), may increase bond strengths.

Perovskitic materials were also deeply studied for ‘high teatpes’ gas sensing applications -
based on ionic conduction - due to their high melting and/or decompogtgretatures, and to
their structural and morphological stabilj8].

More recently many perovskitic materials have been proposéddviotemperature’ gas sensing
applications, in which the variation of the electronic conductimuced by gas ionosorption is
exploited as the basis of sensing mecharfigsd?]. In this context, LaCofs the most intensively
studied compositiofiL3], especially for CO sensing. This application should grdaglyefit from
the above mentioned mechanisms to adapt and tune the electmmcitiret and gas sensing
properties to the target applications.

Here we present a study of novel perovskite materials baseuearomposition YCo© The
substitution of La (ionic radius" = 136 pm, [14]) with the much smaller ¥{' = 102 pm) gives
rise to considerably shorter A-O bonds which cause bond energrese¢ase. The rationale for this
choice was founded on the following observation: for ‘low temperatche'moresistors, the
relevant chemical reactions are those which cause the trappielgasing of carriers at the surface.
Large and stable responses of conductometric metal oxide sergans seirface ionosorption and
exploit materials showing a very low bulk oxygen mobility [15]. Teppsed materials could
therefore behave as more stable material in a wider @rmgerating 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 vaesmaaid substitutions in the chemical
behavior of the products. Starting from the ideal composition :Gelkdch was produced by a
citrate sol-gel method and subsequent calcination, it wakttriprovoke such modifications either
varying the stoichiometry (to create A or B vacancies) opdhicing, in the reaction mixture, an
additional metal element to be incorporated on the octahedyait® Pd and Pt dopants were
selected in the attempt to enhance gas response as migimeloted on the basis of results obtained
for other metal oxides and recently elucidated by Hibner [16jarAalternative, Pd and Pt were
also added by impregnation of the pure ceramic which should favorddwpsion of highly
reactive ionized oxygen and play a fundamental role in surfadatom reactions [17].

Crystal structure, phase identification, chemical compositmhsaructure of the powders were
assessed using X-ray diffraction and Rietveld refinement.sliHace properties were investigated
through the study of the catalytic activity in CO oxidation anthefoxygen adsorption and redox
behavior in temperature programmed desorption (TPD) and reductioR) (€Rperiments,
respectively.

Finally, in order to derive the gas sensing properties of tifierelift developed materials and to
compare their performance, conductometric sensors basednmen diitained from the proposed
powders were prepared, and the responses to CQ@, N® andCH, were measured, evaluated,
discussed and interpreted with a particular attention to thereliff mechanisms at the basis of the
sensor behavior. The obtained results were correlated witke thiogined by the different
characterization techniques. A particular attention was pattieéccorrelation of the gas sensor
responses with the possible presence of pre-adsorbed oxygen subgdbtedPD results, or to the
red-ox activity of the surface pointed out by the CO converssults.

2. Experimental

YCoO; based powders were prepared by means of the classigglsaute (all reagents are
Aldrich, purity > 99.9%) [1]. An aqueous solution of Y(B)@6H,0, Co(NQ),:-6H,O and citric
acid in molar ratio 1:1:2 was heated keeping the temperatoend 100 °C and stirring
continuously for about 30 min. The solution, once heated, becarsiea &ol, which then leads to
the formation of a gel, gray coloured, which was dried and decompbd4&@°C, and subsequently
calcined at increasing temperature (with a heatingafe°C/min, and with an isothermal step of
24 hours at 350°C) up to 900°C, and maintained at this temperatur®iferthan 48 hours. Using
the same method, LaCe@erovskite was also prepared in order to have a refereatzial whose
properties are known in the literature.

With the aim to prepare defective perovskite, Yo or Y14xC0Q0;s, the molar ratio in the
reaction mixture was varied within the range 0.01-0.1. The doped compositions %2d.0; and
YCo1«PtO3 were prepared by adding small quantities=(0.03 to 0.1) of Pd(Il) nitrate or acetate
and Pt(ll) acetylacetonate to the mixture of Y and Co nitrabdlewled by the heating and
calcination steps as above.

Impregnated products were prepared by soaking CQw@efective perovskites in an aqueous
solution of Pd(NG@),, Pd(CHCOO), or Pt(acag) The salts of the metals, kept dried under vacuum,
were dissolved in distilled water or acetone, the solution addéwg: tpoerovskite powder in a mass
ratio varying between 0.005 and 0.01, and the mixture was thesh idree muffle in a temperature
range between 500°C and 650°C for a time ranging from 6 to 18 hdwse Pproducts are hereafter
indicated with the name of the starting material followedH#¥yx wt%’, where Y can be Pd or Pt,
and x is the mass ratio between the Y salt in thetisol and the perovskite.
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For X-ray diffraction experiments, the powders were gently gronrahiagate mortar to break
agglomerates. Further grinding was not necessary consideringntile ggain size (<lym see
section 3.1) resulting from the synthesis procedure. A Philips PWRWBXY 10 powder diffraction
goniometer with Bragg-Brentano geometry was used, operatitigGuKg radiation (long fine
focus, A1=154.0598,,2=154.4418 pm), a secondary beam graphite monochromator and a
proportional counter. Patterns were obtained for diffraction anglasr®jing from 4° to 70° for
routine work and from 4° to 132° for samples intended for more quarditaiructural
characterization using Rietveld refinement.

Full pattern Rietveld refinements were performed using théSsSoftware package [18]
combined with the EXPGUI graphical user interface [19]. Reffimecrall parameters comprised 15
to 21 background coefficients, a linear correction term to accoudidplacement of the origin of
the diffraction pattern, a global, angle independent Gaussian bingderm [20], and two
Lorentzian broadening terms which are specific for each phase pratlact mixture and give an
estimate of their grain sizeX( Scherrer broadening) and lattice distortions Kfnicrostrain
broadening).

Bragg intensities of the calculated pattern contain a set tf fEors which were refined for
each phase composing the mixture and then converted to abundancessioftenass fractions.
Unit cell and atom positions were taken from literature forgémvskite phase YCaCand the
identified impurities yttria ¥O; Co-spinel CgO4, Pd and PdO [21-29]. During least-squares
refinement, the unit cell parameters were allowed to edfin all phases in the mixtures, while the
atom parameters of the minority componentgQyy Ca;04, Pd, PdO) were kept at their original
values throughouit.

The catalytic activity, surface reduction and oxygen desorpticdheoprepared materials have
been studied by means of a continuous flow tubular reactor where-@Qb g a of perovskite
powder was placed and the temperature could be controlled in thel@dfge— 800°C. Test gases
were passed over the catalyst at a controlled and constanati®wfr24 mL/min, and the outlet gas
was analyzed by means of a Perkin Elmer Autosystem gas diogmagzh equipped with hot wire
detector and capillary columns.

The catalytic activity was investigated in the range 86°@50°C according to the type of
catalyst, increasing the temperature stepwise. For CO ®onaneasurements, the samples were
pretreated by heating at 450°C in He ¥+ Q0% Q) and subsequently cooled to the reaction
temperature; the reaction was performed by injecting a mixtutde + CO (2 % CO) and O
(20%).

TPD measurements were performed by pretreating the samglefiow of He + Q@ (20% Q)
for 1 h at 450°C and subsequently cooling them to room temperah@&saimple was kept at room
temperature under the same gas flow for 1 h, after thisdift@wv of pure helium was fed in the
reactor and the measurement started while the temperatutiee catalyst was progressively
increased at 8°C/min.

For TPR measurements the samples were pretreated inntleevéay as in TPD experiments.
Once at room temperature, the samples were kept in thegsanflew for 1 h, after this time a flow
of He + K (10% H) was fed into the reactor and the measurement started tivhitemperature 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 prepatedals, prototype gas sensors
were realized by the screen printing technique depositing a filitlobtained from the different
perovskite powders. A printable ink was obtained by mixing the metdkeoxowders with an
organic vehicle (dimethylphtalate), and by adding some percegtass frit. The ink was deposited
between Ag electrodes on an alumina substrate hosting alstemptrature sensor and a heater
(Figure 1). After film deposition the devices were fired tgp 600°C for some hours. The
morphology of the oxide powders and the thick films was analyzed amnswg electron
microscopy (SEM).

Resistance measurements were performed in a steel chand®sra constant gas flow of 200
mL/min. The characterization of the gas sensor response isaibta terms of both temperature
and concentration dependence through a fully automated measurentemt B6]. Sensors were
tested under a constant gas flow with CO mixtures in dryhamaid air and nitrogen as carrier
gases. Some tests with interfering gases were alsorped. In particular Cil NO and NQ
mixtures were used. In this work the sensor responseiigededs follows:

Resp=(R-Ro)/Ry (1)

whereRy is the baseline resistance value obtained at the corsbittergerature in a carrier gas,
whereasR is the value of the sensor resistance after an exposureedfduration 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 synthesizdldcdses, a mixture was
obtained and the predominant phase was a perovskite where coomposidis modified
systematically to be either stoichiometric (YCGOOdefective ((Y,))CoO; or Y(Co[))O3),
substituted (Y(Co,Pd)$or Y(Co,Pt)Q) or impregnated (perovskite + Pd or perovskite + Pt).

For our purpose it was important to fully characterize the sgisib@ ceramics with respect to
phase composition, crystallite size and crystal structuteofAhem were therefore submitted to X-
ray powder diffraction to identify the crystalline phasesmrixture, and Rietveld refinement was
undertaken for representative products with a high (>80%) contehe gferovskite phase (Table

).

3.1.1. Crystal structurerefinement of YCoO3 perovskite

The reference perovskite phase YGpQorresponding to stoichiometric Y:Co=1:1 batch
compositions, was reproducibly obtained if calcination was seffiq900°C/2d, 8 out of 16 trials).
The perovskite content of these products varies from 93 to 98% amdampanied by small
amounts of yttria ¥O5; (0-6%) and spinel GO, (0-5%).

In order to get precise information about the structural and rvicobgral details of this series

of products, Rietveld refinement was conducted using four sampleh @k, Tables | and II).
The first two (#1 and #2) were taken from an early stageeofynthesis procedure (850°C/5h for
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#2) and show high contents of the binary oxidg®sYand CgO, (~10 wt% each as compared with
less than ~4 wt% of total impurities for the mature couitspt3 and #4, Table ).

Regarding the perovskite phase itself, there were no sgstedifferences between the four
samples as is nicely demonstrated by the unit cell volume 08.%°, Table I1) which would be
very sensitive to structural changes. With regard tonth&ostructural parametees (Scherrer
broadening) an® (microstrain broadeningX lies within 23 andY within 50 of the corresponding
values for samples #3 and #4 and differences are possibly duestwtier B interval (4-70°) used
for samples #1 and #2 which is insufficient for a proper detaton ofY.

Figure 2 about here

For products #3 and #4, high quality diffraction patterns (see Experimsatéion 2) were
recorded to be used in the refinement of the reference Y@o@tal structure. Refinement
converged with a very low residual error of Bragg intensifRf2(YC0(;)=0.027) which reflects
the excellent agreement between the calculated and observechgatported in Figure 2 and
warrants a high accuracy of the structural results.

Tablel about here

Tablell about here

The most important parameters for the present work are resarfi@dbles | and Il and will be
discussed together with the remaining samples. The structueeyisimilar to the one found from
neutron powder diffraction at 300 K (Knizek et al., [25]). In particullae average Co-O bond
length is, in both studies, 193.3(2) pm as expected from ionic radii§&4fbr six-coordinate low-
spin Cd" and 138 pm for 4-coordinate’Q[14]). Table Il reports the dispersion (1.2 pm) of the
individual Co-O distances contributing to the average. Thisediggn (1.6 pm in [25]) is
considerably larger than the uncertainties (0.2 pm) ofirtdevidual contributing distances and
means a slight shortening of the octahedra along #pas. The distortion does not change up to
900 K so that no Jahn-Teller effect was inferred although above @@dfsition to intermediate
and high spin states of the TBd® ion has been observed in thermal expansion and magnetic
susceptibility data [25]. These facts should be considered foataperof our sensors at high
temperatures.

An interesting result, qualitatively new, which could not be okthim earlier work based on
neutron diffraction [23,25], refers to microstructure. The Schdoreadening ofX=2.3 cdeg
(sample #3, Table 1) is at the lower end of what can be auaon laboratory diffraction
equipments, even using highly crystalline standard materials. cdiresponds to an estimated
average domain size of ~400 nm. Note that a grain is usually o@adé several coherently
diffracting domains, therefore this data should be considerad astimate of a lower limit which

is compatible with the grain size observed in SEM imagess ffsg. 3 where grains smaller than ~1
um can be seen), and will be useful as a reference vahgecdnsequence on gas sensing of the
presence of such small grains will be discussed in the falthwihere 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 microstrammedter ¥=9.4 cdeg, Table I)
which is about twice the value for a silicon standard and cannottiiteued to instrumental
broadening. One reason for microstrain may be the presenaeariores or extended defects.

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

Figure 3 about here

3.1.2. Defective and substituted Y CoOg perovskites

Starting from the above results about the stoichiometric produetgnalyse the evolution of
crystal and microstructure of the materials where vaeanand cation substitutions are inferred
from the synthesis procedure.

Both vacancies and substitutions at the Co or Y site can, iniglenbe recognized from the
site occupation factdBOF. Inspection of the corresponding values in Table Il shows that ohost
them lie near the expected value for the ideal stoichions&R(Co)= SOF(Y)= 1, and there is no
systematic deviation which would indicate the presence ofd@ancies inferred from the batch
compositions. The only, very clear, exception is the Pt-containimygidte whereSBOF=1.15is &
away from unity and indicates the presence of a heavieremmatht the Co site. A simple
conversion using the number of electrons gives an estimate detnee of substitutiok= (1.15-
1)27/(78-27)= 0.08(1) which comes closet00.05 as expected from synthesis.

Similarly, the unit cell volume of the Pt-substituted pekites(V= 207.74 &) is much larger
(by >10@) than the others which cluster around a meanvof=<205.48(8) &, as a consequence
of the size of the Pt ion (62.5 pm f8P{"") which is 8.0 pm larger thafiCo®*. Takingx=0.1, we
would expect an increase of 0.8 pm in the octahedral Co-O distand indeed, we find 194.4(2)
pm, which is 0.9 pm larger than the mean of the remaining @st@nces (193.5(2) pm, Table II).
This model, with Pt at the B-site, is in accordance withGlédschmidt criterion (see above) and
previous results for Pt-containing perovskites [31-34] whefe@obctahedral distances of 200-203
pm have been found. Furthermore, substitution with Pt4+ corresponds ppe pédping, 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 peaesvskintain all Pt at the
octahedral position where it substitutes abei@.1 Co ions as inferred from the above. Assuming
random Co-Pt distribution, the size difference should cause cord&ldadtice strain. A high
microstrain broadeningr€26 cdeg as compared to ~10 cdeg for the remaining perovskatesl|)T
confirms this hypothesis, i.e. Pt substitution might trigger raarotfactor, beside electron
configuration, which should be considered when discussing materagsrpes in catalysis and
chemical sensing.
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Palladium is similar in size to Pt, having an ionic radii§105 pm for"'Pd*, and contributes
with 46 electrons to scattering. However, none of the relevaateders (unit cell volume, Co-O
distance SOF, see Table Il) indicates a significant deviation from thkeies for the non-substituted
perovskites. On the contrary, the result of quantitative phaalysis (Table I) shows that Pd
appears in the separate phases Pd and PdO. Mass percentyese gfhases increase with Pd
doping during synthesis, and correspond to about 0.050 and 0.026 Pd for sahZphasd #28,
respectively, i.e. half of the molar amount expected (L and 0.05) from batch composition. The
errors at these low levels of concentration are relativeli ligge Table 1), and we prefer to
conclude that most, if not all, Pd is probably outside the petevakiere it adopts a more reduced
state (+2 in PdO and 0 in Pd). Nonetheless it will be showreifottowing that Pd doped materials
have a specific redox and electric behaviour, which could be didnlepwith a certain degree of
incorporation of'Pd* or V'Pd* in the perovskite.

There is much ongoing discussion about the incorporation of Pd in the lperastsucture,
especially after the discovery [35] that Pd uptake and deconguositithe LaCo@Pd system is
reversible at ~800°C depending on the redox conditions, with importaritatns for exhaust
gas catalysis. Kim et al. [36] resolved the crystalicdtire of a stoichiometric LaPdQvhere
palladium occurs in the trivalent state with an interatdaaieO distance of 208(2) pm, 15 pm larger
than Co-O. In most other cases (e.g. [35-38]), Pd was found aldhgFe, Co etc as a solid
solution at the B site so that, even if EXAFS/XANES data estggl a somewhat higher oxidation
complying with a shorter Pd-O distance, substitution should causedemise strain. Together
with the strong tendency of Pd for other coordinations, this sugagaits that Pd-doped perovskite
is unstable (a hypothetical YPd@ould have the Goldschmidt factiz0.81 at its lower limit), and
it is possible that our material has initially formed asl&dssolution and then decomposed during
calcination at higher temperatures, similar to the observal8ijsfor Pd-doped LaCo$ During
decomposition, the grain size would have been reduced, and thisleisdi supported by the
significantly higher Scherrer broadenin¢=@.8 instead of 2.3 cdeg for the other samples, Table I).

Regarding the defective compositions()GoO; and Y(Co,)Os, no particular trend can be
recognized except that the binary oxides in excess seenféo forening separate phases instead of
a defective perovskite (Table ), with the only exceptiosasfiple #F63. The composition.YCo.-
xOz of the resulting perovskites, if the loss of Y and Co to tharlgioxides is considered, can be
calculated to tend towards a small deficiency in e (0.03, considerably less than0.1 inferred
from batch), except for (Y)CoO; wherex = 0. In Table | we therefore refer to these materials
using the general expressions (¥ and (Ca,)), while in the remainder of this study, we use the
nominal composition from batch merely for the purpose to idetitd sample.

3.2. CO conversion

The catalytic activity in terms of CO oxidation of the prepanederials is shown in Figure 4. It
can be seen that CO conversion increases slowly and rdagieesalues in the temperature range
100°C - 200°C for all the tested materials.

In the following we choose the parameteg.J(temperature at which the catalytic activity reaches
the 50% conversion) as a parameter capable of summarizingtigtic activity of a sample, and
get the following results.
YCoOs has a Ty, of about 180°C. The Co-defective materials, such as, Y0 show a similar
behavior but a 4y, Slightly higher and a larger conversion at 200°C. Also thepkesndoped with
Pd, YCa.xPdO3, show a behavior similar to cobalt defective materials aiohdar Tsge, as long as
the content of Pd is below 5%. With larger contents of Rgefaamounts are on the surface as
8
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metallic Pd or PdO (see Table I) and the behavior becomgsingilar to the samples impregnated
on the surface with 1 wt% of Pd or Pt. These samples shoffeeedi behavior, in particular the
samples containing Pd pass from a conversion of about 20% to a comwaéralmost 100% over a
15°C temperature range between 150°C and 165°C (a similar belasoobserved for LaGo
xPdO3 in [39] and the references therein), while the samples camgaiftishow 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 H-TPR can provide some information, such as the oxidability of thalhe ions, the
activity of the surface and lattice oxygen ions, and the dtabfiithe material. The TPD-{profiles

of perovskite-type oxides usually exhibit two oxygen desorption peaSdQ, [40]): a first one
located at low temperatures due to adsorbed oxygewpg), and a second one placed at high
temperatures associated to lattice oxydetype). In particular, for similar materials, a desorption
peak at T<350°C was attributed to @nd a desorption peak at 3581750°C to peroxide ion
0,2/0” whereas, as already said, the desorption peakZ80FC is attributed to lattice oxygen ion
O?". The presence of peaks related to oxygen chemisorption canybényartant since, in the
literature, classically the low temperature chemoresidiehavior is completely explained by the
presence of highly reactive surface peroxide ions. Recémtlys pointed out that in many cases the
sensor response is partially or completely due to direct chetimorof the target gas on the
surface [41-46]. So the presence/absence of low temperaturedoeskisot completely describe the
gas sensing properties of the material under study. In anyitdaseery important to use the TPD
analysis to evaluate, for instance, the material stabil

As shown in Figure 5, YCof)(and, as expected from structural characterization, thenadigniy -
defective material) only display the high temperature desorptiak @eype oxygen). It should be
noted, in any case, that weakly adsorbed species could have dmwbed at low temperature
during the pretreatment.

Samples with free Pt/Pd (including the Pd-doped perovskites,cas be seen in Figure 5), show
large desorption peaks at relatively low temperaturesgpxXor the lowest concentrations of Pd
which seems less effective anyway. This indicates the mpres# surface adsorbed oxygen species
(possibly chemisorbed and reactive). Some smaller peaks aetoperatures appear also when
analyzing the defective powder¥he lowest Pd-doped perovskite, Y@ o3, behaves
similarly to the Co-defective material, exhibiting the htgmperature peak at somewhat lower
temperature (~700°C), in agreement with the conclusions dranwnRietveld refinement (section
3.1.2).

From these results all the prepared materials seem good dasdlathe realization of gas sensors
because they don’t lose lattice oxygen in the working temperatoge r moreover the addition of
Pd and Pt could improve the operation at lower temperature becmusxpected, the metals
promote the formation of adsorbed oxygen species.

Figure 5 about here
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During H-TPR analysis, the metal ions with high valence are reductgetions with low valence
or metal atoms by ¥ both the surface oxygen ions and the lattice oxygen ions parmtidipahe
reduction reaction. Therefore, the reduction peaks reflect nptlomloxidizability of the metal ions
but also the activity of oxygen species.

In Figure 6 the results of TPR for some prepared powders are shswrtan be seen in the lowest
plots, YCoQ perovskite shows two overlapping reduction peaks with maxima at abou@ 400°
550°C, respectively. Similarly to what happens for Lagd@7], these can be attributed
respectively to the reduction of £do Cd* and C8* to Cd (remember that at these temperatures
Co°* undergoes transition from the low to a higher spin state). Aewtyat lower position of the
high temperature peak is observed in Co-defective powders and powtide?t/Pd metal on the
surface (see Figure 6 lower and middle plots). The position dfi¢ietemperature peaks indicates
that the reduction of the surface by reaction \@ithpecies 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 peakdttsw temperatures with
respect to pure YCof)see upper plots in Figure 6); this improved reducibility canlleeto the
presence of palladium or platinum atoms or ions, or to theHattpalladium or platinum as such,
as discussed in section 3.1.2, provoke a smaller grain size @duoé distortions of the lattice
causing a decrease of the lattice energy and thereforgafany the surface reduction (as already
discussed for LaCoPd(39] and the references therein).

All the powders modified by Pd (and somewhat less those witlsit)v some peaks at low
temperatures (200°C-300°C), and this probably corresponds to thiemeaith a-oxygen species
[47] (revealed also in TPD experiments by low temperaturergiésn peaks, see Fig.5). This
behavior is shown by the materials that act as CO oxidatioryststalt the lowest temperatures (see
section 3.2). These peaks for impregnated powders are very limdaxhting that the oxygen
released at low temperatures is adsorbed on severakdiffates of the catalyst surface [39].

As already stated, the mechanism of reduction, which doesolvénthe lattice oxygen, is the most
useful for 'low temperature' chemoresistive sensor developriremt this point of view TPR
results enforce the idea that doped and Co defective ¥Co@d behave better for the sensing of
reducing gases.

Figure 6 about here

3.4. Gas sensing proper ties assessment

Sensors based on the perovskite powders were tested; the mituostiof the sensing films is
shown in Figure 3. In what follows the experimental results coimge samples of defective, Pd/Pt
doped, and Pd/Pt impregnated materials and the reference;¥tm@ported. For each material at
least three sensors were tested; the results obtainedcfosetof sensors from the same material
are repeatable within the tolerance related to the pramfugtiocess (20%). Hereafter, for each
material the data of only one sensor are reported.

All the materials behave as p-type semiconductors, thisgpouttthe prevalence of intrinsic bulk
acceptor defects such as metal vacancies (probably Co)cass#id in section 3.1.2 and found for
similar perovskitic materials [47].

To test and understand the performance of the developed sehsdrastline value of resistance in
the carrier gases at different temperatures is studied.

The baseline values of the resistance in air are showrgune=v for the different materials. It can
be seen that the presence of defects causes a reduction egisi@nce baseline value with respect
to the one of the stoichiometric material: this indicakes it actually introduces extrinsic acceptor
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energy level and enhances the free carrier density. The batmvior was found for Pt doped
materials, and this reinforces what already suggestelebgrtalysis in section 3.2.1: Pt enters the
lattice probably as Pt in connection with oxygen excess or’Cexcess. This corresponds to p-
type doping, because*Rtan pass to Pttaking two electrons. Note that if Pt is in the crystaP85
this corresponds to introduce n type defects, in connectiomsiance with oxygen vacancies.

In figure 7 it can be seen that the baseline resistanBel oioped material is much larger than the
one of the stoichiometric material. This fact can be jastiby the introduction of donor impurities,
so even if no evidence of Pd entering the lattice comes frerartalysis in section 3.2.1, there is an
indication of n-type doping, hence a part of Pd could enter theelai®d or Pd** while a larger
amount segregates on the surface as metal or PdO [35]. iNten tthe lattice we can have in
principle Pd*, P&* or Pd*, and these oxidation numbers can be accompanied, respechyely
oxygen vacancies, stretching of M-O bonds, ané’ @ooxygen excess. The first and the second
ions behave as n-type defects.

Usually the relationship between temperature and resistancedtal oxides can be written as
follows:

aVs
R=Re« :In(ijzln[&]+qu 2)
1Q 1Q) KT
Whereq is the electron chargg,is the Boltzmann constantk,is the absolute temperature whereas
R is a pre-exponential factor weakly depending on temperature aatbédrelo the sensor
structure/geometry. The activation eneqy¥ is interpreted as a potential barrier established at the
grain surface due to localized charged species, which can be ieittvesic surface defects or
ionized adsorbates [41]. This relationship is usually adopted teaildesc situation where all the
bulk impurities are ionized. On the other hand it must be considiigdthe exponential
relationship with temperature can also describe the incomiplaitgation of the extrinsic impurities
(acceptors), being in this cag¥s interpreted as the energy gap between the valence band tbp leve
and the acceptor level. Some experiments performed by the agimoitar to those presented in
[48], seem to point out that the bulk acceptors are completelyeidrabove 150°C and that the
most probable interpretation gi/s 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/¥nthetic air, highlighting an almost
linear behavior in the temperature range used for measurement€{2B0°C). This corresponds
to an almost constant value fq¥s (eV) in the considered conditions showing that the surface
barrier and the charge trapped at the surface do not sigrificaary in the different tested
environmental conditions.
This is an unexpected fact, since usually for gas sensingriaiat and especially for other
perovskite materials, the potential barrier height in igimi§cantly varies in the range 200°C and
300°C due to the variation of chemisorbed oxygen density [49]. aflticplar, above 200°C the
presence of oxygen should decrease the barrier height duenttifor of adsorbed O

The estimated values of the activation energy for the differeterials are very close with the
exception of the value found for Pd doped materials, whickigndicantly larger.

The value of the activation energy for both the base matandlithe defective oneB.= qVs, is
close to 0.55 eV. This value is much lower than the energy gagoOythat was estimated to be
1.84 eV [50]. It is instead more similar to the vakye0.3 eV found by Liu in [51], which in that
paper was attributed to an extrinsic acceptor level (dopant C

In detail, as a comment to Figure 7, tijé; value for defective and stoichiometric materials is
similar. On the other hand, as already stated, the Pd dopedatsatshow an activation energy
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higher than the stoichiometric material, especially at teghperature. This fact could be related to
the introduction of a donor level that up shifts the bulk Fermilléaed this strengthens the
hypothesis of some Pd incorporated in the structure), but more probadtyincreased density of
intrinsic acceptor surface defects. The materials impregnatgd Pd and Pt have activation
energies similar to the defective material, in thisescaglifferent 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 resistaraie and in nitrogen are quite close. A
similar result was found also for LaCe¢(D [46].

The closeness of the resistance value in air and in nitr@geshown in Figure 8, points out that
only a very small amount of ionized species is formed on the sutlfse to the presence of air. The
low or negligible presence of ionized adsorbed oxygen species aotiselered temperature range
is in accordance with data both from TPD and TPR as far ahstmietric material is concerned,
where no desorption of oxygen was seen up to high temperatures (over 806°69 reduction
peaks at low temperature are observed. On the other hand, foPdhasd Pt containing materials,
in TPR experiments reduction of the surface was observed talswer temperatures, i.e. in the
temperature range used for gas sensing characterizatianoXygen was interpreted as adsorbed
oxygen, possibly chemisorbed, that in principle could strongly contributee sensing mechanism.
Instead also for Pd and Pt containing materials the basesigtance values in air and nitrogen are
close, showing little effect of oxygen on sensor conductivity. €bidd indicate that the largest
part of the adsorbed oxygen is neutral and doesn’'t contribute to seasirtat the sensing
properties of these doped material are only marginally modifidd nespect to those of the base
material.

Figure 8 about here

3.4.1 Influence of film microstructure on gas sensing

For metal oxide sensors tlg/s value in eq.(2) is considered [41] proportional to the square of
adsorbate surface density, thus explaining the sensing mechanismel@tionships comes from
the assumption of large grains. For the developed materialg,can be observed in Figure 3, the
grain diameter can be lower thanufin. This size can't be considered large with respect to the
Debye length.

It is worth recalling that the Debye length is a paramegeciibing the scale of the depleted region
in the material. Generally speaking, this quantity is defiretha length in which mobile charge
carriers screen out an external electric field; some Bédygths away from the surface the bulk
density of carriers can be found again. So if the radius ofrdie  much larger than the Debye
length, we can assume to have a core maintaining the bulk arestécd, and a depleted region
surrounding it. If the core is very large a Poisson equation irdionension can well describe the
electric field caused by the surface charge, otherwiseqalr@ady discussed, the microstructure
geometry has to be taken into account. The Debye lengthi§ not a characteristic of the
considered intrinsic semiconductor, but of the 'doped' matetialis given by the following
expression:
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A = i
"\ dp,-n| (3)

In eq (3) £is the dielectric constant wherepsiy| is the net bulk density of carriers, bemghe
density of holes and, the density of free electrons. These densities, espefoallgrge band gap
materials, are mainly determined by the density of ionimekl defects.

According to this relationshiplp grows with increasing temperature, but it decreases incgeak
the bulk defect density. That means that the ratio betweemdpletion region width and the
crystallite geometric dimension depends on the bulk defect gebsiterently from what happens
in microelectronics semiconductor manufacturing, where dopantstargionally introduced in a
very regular lattice with a known and designed concentrationn weheparing metal oxides for
sensors development the defect density is not a priory known moraitdesign parameter. For
instance, the values of the density of donors given in thetliter for Sn@range from 18 up to
10°° cm®, so the Debye length values can be very different dependitigegreparation route, and
vary from about Jum down to less than 1 nm at 250 °C (more typical values dhe irange from
tens to hundreds of nanometers).

If we use the value of defect density found in the literatorer CoO; prepared by sol gel with a
route analog to the one used in this work [51,52], that is a density af 10* cmi® (at 25 °C), we
get that the Debye lengtty is 0.50um at 300°C and 0.4@m at 200°C. Also considering a higher
value of carrier density, more reasonable for the used tatnperange, such ast@m? A is
0.13pum at 300°C and 0.1m at 200°C. For this reason we have to consider the hypothesis of
small grains, and we expect a behavior different from gibesvskitic material [53].
As discussed above when the grain dimension goes below a cert@ial climension [54] the
influence of the grain geometry becomes important and strongly me#sehe sensor response. In a
previous work the case of nanowire was treated by the authorslijddhat follows the case of
spherical grains will be briefly discussed in order to point outttlereduction of the sensing film
grain size dramatically changes the behavior, not alwaysgyav better performance in terms of
response with respect to large grained films.
Let’s consider a spherical particle of homogeneous material,cefl Ry the sphere radius: if we
consider to have a certain amount of charge localized autfece due to the presence either of
intrinsic ionizable defects and of chemisorbed molecules withiah tsurface densitis, than we
expect, when the equilibrium is reached, that an electrid festablishes in the grain to
counterbalance the diffusion of free carriers which araa#d or rejected from the bulk toward the
surface or vice versa. Let’s consider a p-type semicondudtere the bulk hole density is and
the free electron density is negligible. Let’s consider i@lmdepleted surface, that means to have
a positive charge trapped at the surface, sogiiatthe charge density, is positive and uniform on
the surface. In these hypotheses the trapped charge causésnifigon of a depleted negative
charged layer below the surface extending to the inner of the gndirof an electric field that
hinders the movement of holes from the inner to the surfacenddgeive charge density, in the
grain at the thermal equilibrium can be found by balancing the wiffusurrent related to the
charge density gradient and the hole drift current driven by thérieléield. Considering an
homogeneous grain and a uniform charge density at the surfacaraitigs expressed in spherical
coordinates depend only by the distance from the sphere center rchaithe density can be found
from the following equations:

op(r) _

Jiot (r) =0pE(r) —aDy o ; (4)
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WherelJ is the current densityg the electric field,g, = qp(r)/4 is the hole conductivity ang, is
the hole mobility, D, is the diffusion coefficient of holes amah=¢4 KT/g, andp(r) is the hole
density.

Moreover the following relations can be written:

() = Py +p;)-p 'pf;)| ©)
= p(r) Hpd = Hpd(Po = Lo é )| (6)
E(nea?= j o(u)udu; (7)

Wheree is the electric permittivity.

Substituting the expression in edS-7) in eq. (4)we obtain the following integral-differential
equation:

29p(r)]

up(qpb—|p(r>|)j|p(u)| udu = eDpr 225

©)

Where 0s|o(r)|sgp, and p(0) assumes a value that grants the following elewtutrality
condition:

Ry
4njp(u)u2du = 47R *oN,. 0)

These two equations can be solved numerically amdies results are shown in Figure 9. For
numerical evaluation the bulk density of holesdasidered 1§ cm®, and the electrical parameters
of YCoGQ; are taken from [51].

Eq. (8) can be rewritten as follows:

eDyr? 0 o(r
—F La )|:qpb

ppj|p(u)|u2du
0

lo(r )|+ (10)

It could be noted that singg(r)| is always a growing function with its local slope is determined
by the length:

‘por2
A(r)=

r

ypj|p(u)|u2du ¢
0

Which takes the minimum value given by the follogvinequality:
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3eDyr® _ 3KeT _ 3keT
Hot°ap, O R Q' PR, (12)
So if the radiusy of the sphere is not much larger than the minimatae ofA which is:

Ar) =

_ 3keT

c qubRg 03
|or)| slowly grows inside the grain and its behaviowvésy far from the ‘fully depleted layer
aproximation’ i.e. |o(r)| =0 in the bulk ando(r)| =gpy in the superficial depleted layer. On the
other hand if Ris more than 100 times the critical value in &§.(we find, from numerical
simulation results, that the usual approximationfudif depletion of the layer under the surface
holds. It can be seen in Figure 9 that if the coowlis met we have approximately a depleted layer
with charge densitygp,, and with a deptiv given by the following:

1/3
_ _ _ 3 _3Ns 2
W—Rg RW—Rg_(Rg p—bjo

()
In this case the potential barrier is given bg #xpression:
K op R
V, =V (R) =V (R,)|= [E(r)dr :—b(Rg -3R%+ 2-}
AW 6¢c Rg (15)

moreover if3NyRypy <<1, i.e. far from full depletion of the graingtipotential barrier height can be
approximated by the usual value found for largéngraiNe/(2&pp).

If the value ofNs =Ry pu/3 the grain is completely depleted, the chargeitleissalmost constant
o) =3 dNJ/Ry, =gy the grain conductance becomes negligible and dhgien of eq.g) gives
again results that are very close to the fully digal layer approximation, so for high valuesNef
the two treatment give similar results.

Note that the inequality:

R, >1001, =100§ki
a" PRy (L6)
is equivalent to the following:
R, >10 /z‘j‘:) =10J34, a7

As expected, the condition we found is relatetthéoDebye lengtip.
If the charge on the surface is negative instegplositive the field is reversed with respect to the
previous case, the surface density of free carrdeemnhanced [41], the charge density is positive,
gp» < 0(0) =3 gNJ/Ry and eq.§) becomes:

r

0/o(r)
4Py ot )= D2 2T a8

0
Once found the charge density in the grain, tovdetine conductance of the grain it is not easy
unless the large grain approximation holds.
In Figure 10 (lower plots) an approximate valuetfae grain conductance is plotted and compared
with the one obtained under fully depleted layeragimation.
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To obtain this plots the approximate conductarateeris obtained as follows:
_dVs
Ggrain = }'f_)( r )e KT (]9)
Where P(") is the hole density averaged in the grain, whene&s a geometrical parameter
proportional to the depleted region width.

Note that if the grain is close to full depletioml@crease of gas response is expected, because the
sensing mechanism is close to the saturation. FBtype oxide this can reduce the response to
reducing gases and a better performance with orgigases is expected. When reducing gases are
the target, since the Debye length depends botieraperature and on bulk defect density it is of
the utmost importance to tune the material in otdenave a low operating temperature and high
bulk hole density (defective and p-type doped niat©r

Figure 9 about here

Figure 10 about here

3.4.2 Gassensing properties assessment.

In this section the gas sensing properties wilabsessed by means of both oxidizing and reducing
gases, and will be correlated with the resulthefgrevious analyses in order to gain an insight to
the sensing mechanisms that can be consideretbaldifferent metal oxides.

The concentration range for each test gas is seleict accordance to the limits set by EU
regulations for environmental monitoring.

The tests were performed using at least 3 sefisoesach material. Each measurement cycle was
repeated at least three times. The reproducibilitghe results is satisfactory, characterized by
differences lower than 20% among the individualices; the short time stability (hours) is about
2% whereas the medium time stability (days/monttighe baseline resistance value is close to
5%.

Responseto areducing gas: CO.

The plots in Figure 11 show the response of themint materials to 500 ppm of CO in air and in
nitrogen, respectively, as a function of temperatirom the discussion in the previous sections it
is expected that the sensing mechanism can beyratstibuted to a direct bond of CO to the
perovskite surface according to the following resac{52]:

(CO)gas + Sco — (CO-So)
(20)
(CO-So) +h* - (CO-So)*

where S, indicates a surface adsorption site for CO hhds a hole (hereafte®y is a surface
adsorption site for X). The reactiofi(j is divided into two steps: adsorption of a ndusfzecies
and ionization of the adsorbate with the transfearo electron to the materialhis electron can
occupy a hole and subtract a carrier from the blitle charge localized at the surface modifies the
electric field at the surface (irrespective ofgign) so as to increase the sensor resistantarge
variation of conductivity in presence of CO in Aasvobserved also for LaCe[a6].
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The results in Figure 11 confirm that the presesicexygen doesn’t affect much the response to
CO, indicating that the reaction with ionized pdsarbed oxygen in air is not a relevant
phenomenon, at least for the stoichiometric mdtdnageneral for YCo®@the response to CO in

air is larger than the one in nitrogen at high terafures, whereas at lower temperature the opposite
is true. This can be related to the presence érdifit oxygen adsorbed species: molecular or not
very reactive at lower temperatures, hence novaeleto the sensing mechanism, and ionized, e.g.
O, above 250°C, relevant to the sensing mechanisit happens for the adsorption of other metal
oxides [55]. Defective materials have in generaétier response in nitrogen (where they present an
increased response with respect to the stoichicmetaterial) than in air (where they have a
response to CO comparable or worse with respetttetstoichiometric material). Doping with Pd
increases the material response both in nitrogdnraair and, in general, also the response speed.
On the other hand, Pt doped perovskites have aewmegformance than those realized with the
stoichiometric material. The different behaviorRd doped perovskites with respect to Pt doped
perovskites is probably due to the presence of s&ftegated on the surface or a reduced grain size
(section 3.1.2 and [37]). Materials with Pt anddAdhe surface have a performance comparable or
worse than the stoichiometric material.

Figure 11 about here

A further comment concerns the connection of theseéfising capability of a material with its CO
conversion catalytic activity. As already pointad,dhere is a link between this two properties but
no direct correspondence [15]. In particularsitvell known that the heterogeneous catalysis can
be related to two types of adsorption: physisorptamd chemisorption. Only in the latter type the
adsorbate is strongly perturbed resulting in therialy of electrons between the adsorbate and the
adsorbent, and this is the mechanism relevanasosgnsing. Since it may require a very high
temperature, and the materials under study areeaa8 catalysts at a relatively low temperature
(see figure 4), the catalytic oxidation of CO mag imostly related to physisorbed oxygen.
Moreover, in terms of surface reactions involvimgmisorbed species there could be at least two
well known mechanisms related to catalysis (Langtinshelwood and Rideal-Eley). In the first
case a reaction involved both in catalysis aneéirsig could be:

(O2)gas + 25 2 (O-So) +21"
(CO-S0) +h" - (CO-S0)*
(CO-Sc0) +(0-So) — (CO2)gas +So + Sco (21)

Whereas in the second case the reaction could be:

(O2)gas +250 — 2 (O-So) +2h'
(CO)gas +(O-So) +h* = (COgas +So (22

Only in reaction paths of the second type thera idear beneficial effect of the pre-adsorbed
oxygen on the magnitude of the sensor respons©to C

In fact in this case when working in air a certamount of pre-adsorbed ionized oxygen will be

present on the surface (first reaction in (22)ysirag the baseline resistance value to be smaller
than the one measured when operating in inert @mvient. As already discussed we recall that for
the tested material this effect is absent or sifealen for Pd doped materials where it can be
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observed at high temperature). If some ionized emrys on the surface, when the CO gas is
injected two effects contribute to the sensor raspothe CO direct adsorption and ionization,
responsible for a resistance increase also whekimgpin N, (see reactions 20), and the removal of
ionized atomic oxygen given by CO oxidation, whishsupposed to free a trapped electron
modifying the charge on the surface (as shown eyétond reaction in (22)).

In reactions of the first type a lot of G@an be produced with no net variation of the oharg
trapped on the surface.

The analysis of the transients confirms the aboeatimned marginal contribution of oxygen in
response to CO of these materials: the effect efrédaction in eq.2@) on the sensor response
shows up only in a limited increase both in theeektand the speed of the response at high
temperature. These comments apply in general étasted materials, including those doped with
Pd which show, as already mentioned, the mostfgigni response to CO (Figure 12).

Figure 12 about here

As a last consideration, at the optimum temperattoethe response to CO the response tQ NO
quite small (as it will be shown later) and the emeCH;, is negligible. The above considerations
can be better understood analyzing the resultgtexpin Figures 13-14, where the responses to the
different test gases of a sample sensor of thegeegirming materials are shown. The lower plots
in figures 13-14 show the response of these semagdesnperatures where the response tq NO
small, whereas the response to CO is still closes tmaximum value.

It can be noted that the CO response is highlyetaterd with the behavior of tlgp/sassessed when
analyzing the resistance baseline value in the sammeonment, with the exception of the Pt doped
materials. It can be seen that the response toClarger if the potential barrier is higher, as
expected from [41]. In the figures also typicals@mormalized resistance behaviors versus time at
the optimum operating temperature are reportedetreral, the developed materials show a modest
response toward CO, when compared to some n-typs mades, nevertheless they operate fast, in
fact it can be seen that complete recovery is nbthin some minutes. Note that responses tp CH
are not reported, because no measurable resposseee@ded up to concentration of 20000 ppm
in air.

Figure 13 about here

Figure 14 about here

Responseto NOXx.

At temperatures lower than 200°C, where no appoézi@sponse to CO is seen, a large response to
NOx is recorded: in this temperature range these aseg oxidize the sensor surface reversibly, as
it can be seen in figures 15 and 16, and the regpisrfast. Actually, the response times depend not
only on temperature but also on the target gas esuration, in particular the response time
increases when concentration decreases.
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At higher temperatures the surface is reduced Iy N® and N@, and a larger response is given
by the same material that better responds als®toNevertheless, the optimum temperature for the
oxidation of NQ is lower than the one of CO: above 300°C the nespdo NQ can be neglected
as can be seen in figure 15.

The observed data, see also the typical respossadumction of time shown in figure 16, can be
explained by the simultaneous presence of two réiffie chemical reaction®ne implying the
oxidation of the surface, which is faster and fadbat low temperatures, the other one reducing the
surface, which is slower and favored at higher tenajpres. A similar behavior is seen for NO.
From the literature the following possible routas e assumed for gas reduction [56-59]:

(No)gas+SNO o (NO__SNO)+ h* 23)
(NO,) s + Sno (NOZ_—SN02)+ h* low T

As can it be seen the target gases oxidize thadnd lowers the resistance because adsorbed
NOy enhances the surface density of carriers. Thedargsponse is seen around 180°C.

A possible route for the oxidation of the gas 6-89]:

(N +(0" ~So) +h° - (NOy)y +5, s
(NOy)ype +(0 = Sp)+h" = (NO ) +(0s)us+So  highT

Related to these reactions an increase in thdapsesis expected. This is a weaker effiectact a

low amount of adsorbed oxygen on the grain suraegpected, as discussed above; only Pd doped
sensors show an appreciable response relatedtbethavior between 200°C and 300°C.

In figure 16 the response in air are compared thidse in nitrogen; from the reactions above it is
expected that in the absence of oxygen there wmelilab reduction of the surface, being this latter a
reaction which requires a pre-adsorbed ionized enygs a reagent. So the slow increase of the
resistance during the gas injection phase, thateal200°C is present also in nitrogen (even if
smaller than the one seen in air), can't be exgthiby the reaction$24). To explain this
phenomenon another mechanism of resistance incte@seo play a role: this could be, for
instance, a re-equilibrium of the ionized intrinacceptor surface defects, that is related to tiojec

of holes due to the gas reduction (eg$). This seems to be the dominant mechanism from
experimental observations especially for the stoidletric material. A similar shape of the
response is seen for an n-type material interastitig a reducing gas in the absence of oxygen
[48].

The response to N(at low temperature where it behaves as an oxgliges is reduced by the
presence of Pd, as expected, whereas it is erdhémtige defective material.

Figure 15 and Figure 16 about here

3.4.3 Effect of humidity

As in other perovskite materials the presence ofitiity does not affect the conductivity in air very
much [49]. Resistances measured in air and in hamidre very close and the difference results
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smaller than measurement uncertainty. In the foligwiigure (Figure 17) results obtained with
YCo:xPdOs are shown, it can be seen that both baselinetaeses and gas response are not
affected by the presence of humidity.

Figure 17 about here

Conclusions

In this work the preparation and the subsequenackexization of different toxic gas sensors based
on yttrium cobalt perovskite (YCa are presented: the tested sensors are basedeon th
stoichiometric material, on non-stoichiometric metls and on materials containing platinum or
palladium.

Experimental results show that catalytic and sebstwavior strongly depend on composition and
structure of the perovskite ceramic.

Pd doped materials show the best response to @@ i@mperature range around 300°C, where the
responses towards NQesult very low. The improved response of thesderas is mainly
correlated with the presence of PdO segregatetleoaurface. A similar behavior was reported for
LaCo(s[8] that shows a significant improvement of COp@sse with the addition of PdO. On the
other hand, the responses of all the tested misteéodNQ, are satisfactory at temperatures below
200 °C, where the sensor surface is reversiblyipa@ The best results are found for defective
powders (up to ~2.5%/ppm @12 ppm for N@nd up to ~1.8%/ppm @12 ppm for NO) with fast
response/recovery k4 Treo): for defective materials we have at 180°Gs,F 0.6 min and < 2

min @12 ppm for both No and N} On the other hand, all the prepared sensorsotishrow an
appreciable response to £t concentrations up to 10000 ppm, and, more@ethese materials
have proved to be insensitive to ambient humidity.

The tested materials show responses similar tontbst perovskite sensors described in the
literature [8]. The gas sensing properties of tiffer@nt materials were discussed at the lighthef t
different material compositions, structure and atef properties. It was shown that the materials
that behave best as catalysts for CO conversiomla@ys show the best performance as CO gas
sensors. Low temperature CO conversion seems tootrelated to weakly adsorbed oxygen,
whereas conductivity variations seem to be to betiyjoelated to a direct bond with the surface.
Whereas the introduction of defects seems in getwimprove the direct adsorption especially of
oxidizing gases.
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Table(s)

Tables

Caption list

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 Il. 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 x?, the
intensity weighted Bragg residual for the sole perovskite phase R(F?), and the overall powder
residual Rp. CuKa radiation (A= 154.098 pm), space group Pbnm §Pnma§, T= 295 K.
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batch mass fraction (%) peak width (cdeg)
sample X # perov. yttria spinel Pd PdO X Y
LaCoOs3 La3 98 - 2 - - ~16" -
Lad 99 - 1 - - ~16 -
LaB 99.5 - 5 - - ~16" -
YCoOs5 1 7781) | 902 | 13.2(3) - - 0.6(7) 23(2)
2 83.4(1) | 7.6(2) 9.0(3) - - 0.8(5) 18(2)
3 96.5(1) | 0.4(1) 3.1(1) - - 2.3(1) 9.4(2)
4 95.01) | 0.30(4) | 4.7(0) - - 2.2(1) 10.4(2)
(Y,2)CoO,4 32 93 1 6 - - ~16" -
34 94 1 5 - g ~16t )
Y(Co,)O4 10 96 4 0 - - ~15" -
30 90 8 2 - - ~15 -
31 93 7 0 4 - ~15¢ ]
S8 94 5 1 - - ~10" -
F63 | 93.6(2) | 1.4(Q1) 5.0(2) - - 2.4(2) 9.1(4)
S9 88 12 0 - - ~10* ]
Y(Co,Pd)0; |01 |12 92.4(2) | 2.3(1) 2.7(6) 1.5(1) 1.1(1) 3.7(1) 11.5(4)
« S10 88 10 0 2 0 ~10* -
o7 |13 94 1 4 1 0 ~16" -
05 |16 85 8 6 1 0 ~15 -
« 28 82.7(6) | 7.9(2 8.1(3) | 0.64(6) 0.63(9) 3.9(2) 8.3(4)
« s11 95 5 0 0 0 ~g! -
. S12 98 1 1 0 0 ~10* -
14 94 3 2 0.5 0 ~16 -

.03
Y(Co.4Pt)0O; [0.05 |33 98.61(4) | 0.9(1) 0.5(1) - - ~2? 267
YCoO;+Pd [0.02 |11 95 2 3 0 0 ~15 -
27 81 9 10 0 <1 ~15 -

1- estimated FWHM at 206=27°, not corrected for instrumental broadening as are X and Y.

2- equivalent isotropic values.
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Table 1. 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 I1). See
text for explanations.
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unit cell SOF interatomic distances fit criteria

sample # V (A% Co Y Co-0 (6) Y-0@8) |RF)| x° Rp
LaCoO;, * 223.9(1) 1 1 193.2 271(22) 0.079
YCoOs 1 205.72(4) 0.037 | 1.54 | 0.095

2 205.39(3) 0.040 | 1.55 0.094

3 205.490(3) 0.947(9) | 0.954(8) 193.3(1.2) 238(13) |0.027 | 1.97 | 0.060

4 | 2054744) | gosg9) | 0.9638) | 1937(L7) | 238(14) |[0.029 | 200 | 0.062
Y(Co,[1)O3 F63| 205.375(6) 0.98(2) 0.97(2) 193.5(1.2) 238(15) 0.055 | 1.24 0.104
Y(CopoPdo1)Os |12 | 205.455(3) | 1.02(1) 1.01(1) 193.6(1.2) 238(15) | 0.04 | 2.43 | 0.087
Y(C0ogsPdoos)Os 28 | 205.601(8) | 1.03(2) 1.00(2) 193.4(1.5) 237(15) |0.054 | 1.29 | 0.106
Y(CoossPloos)Os  [33 | 207.74(2) | 1.152) | 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 LaCoOQ3 is R-3c with Z=2
for the rhombohedral setting.

Table Il. 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 x?, the
intensity weighted Bragg residual for the sole perovskite phase R(F?), and the overall powder
residual Rp. CuKa radiation (A= 154.098 pm), space group Pbnm §Pnma§, T= 295 K.
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Figure(s)

Figure 1

Figure 2

Figure 3

Figure 4
Figure 5
Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Caption List

Sensor structure: (a) heater; (b,) temperature sensor, (b,) chemical sensor.

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 YCo0O;, Y,03 and Co3;04. CuKa radiation.

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

Catalytic activity of the prepared perovskite powders in CO oxidation.
O, TPD of different perovskite materials derived from YCoO;,
H, TPR results for different YCoO; perovskite materials.

(al), (a2): baseline value of resistance (Ry) in synthetic air for different materials. (bl), (b2):
potential barrier heights (¢V;), estimated for the same materials from the slopes of the log (R)
versus 1/T curves.

(al), (a2): baseline value of resistance (Ry) for different materials. Red dashed lines: nitrogen;
blue solid lines: air.

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

Upper plots: surface potential barrier for a material similar to those proposed in this work.
‘Large grain’ (R>>Ap) case (al) and ‘small grain’ case (a2). Lower plots: normalized
conductance. ‘Large grain’ (R;>>4p) case (bl) and ‘small grain’ case (b2). Red lines: fully
depleted layer approximation. Blue lines: proposed model.

(al), (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.

Sensor responses to CO in Air (blue lines) and N, (red lines) versus time @ T= 300 °C for: (a)
YCo0s3; (b) YCog9:1Pdj090;. 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.

YCoOs: (a) sensor responses to CO and NOy versus temperature (carrier gas: air; target gas
concentrations listed in the legend); (b) sensor responses to CO and NO, 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 14 Y Co¢91Pd0905: (a) sensor responses to CO and NO, versus temperature (carrier gas: air; target
gas concentrations listed in the legend); (b) sensor responses to CO and NOy versus target gas

concentration at the optimum temperature for CO detection (temperature shown in the legend);
(c) sensor resistance versus time.

Figure 15 (al), (a2): responses of different materials to a mixture of air and CO (500 ppm — blue lines) or
air and NO, (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 NOy. (a), (b): Y;;CoO; sensor responses versus time for
different temperatures (between 160°C and 280°C) and for different carrier gases (air or
nitrogen) to different NO, and NO concentrations, respectively; (c): response of the tested
materials versus NOy 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 NO,, respectively. Sensor exposure time to
target gas is 4 minutes. Total flow is 200 mL/min.

Figure 17 Upper plots: baseline resistance of YCog91Pdy 09Oz (al) and YCoO; (a2). Lower plots: estimated
activation energy, in air and humid air (37% RH @ 25°C) for YCo0¢¢1Pd09O; (bl) and YCoO;
(b2).
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Figures

e (b)

Figure 1. Sensor structure: (a) heater; (b;) temperature sensor, (by) chemical sensor.
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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 YCo00O3, Y,03; and Co304. CuKa radiation.
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Figure 3. SEM images of the perovskite-based sensing films: (a), (b) perovskite powders at different
magnifications; (c) perovskite sensing film on the substrate.

Page 34 of 50



CO conversion (%)

Figure 4.

09 —— YCOO.9 O3 + 1 wt% Pd ”,’7
S — YCOO_9 03 +1wt% Pt
0.8 —o— YCOO.QSPdO.0503 -
_
—0 YCOO.QPdO_‘]OS
0.7+ —+— YCo, 40, B
—<— YCOO3 + 1 wt% Pd
0.6 4 YCoO,4 + 1 wt% Pt 7
0.5 _|
0.4 -
0.3 _|
0.2 -
0.1+ 7 —
e
0 | | | | |
80 100 120 140 160 180

Catalytic activity of the prepared perovskite powders in CO oxidation.

Temperature (°C)

200

Page 35 of 50



50

ACCEPTED MANUSCRIPT

Detector response (mV)

25

e

-~ o

- - -

; \

' . B A
*‘%%—%**%1% R e i + * * \t‘

e A K

YCoO3
— =~ YCoy g5
—— YCo, s0,4

— YO_QCOO3

- = = YCoq g;Pdy 0503

- — - YCoO,4 + 1 wt% Pd
—t YCOO3 + 1 wt% Pt

—— YCo; oOg + 1 Wt% Pt

Pd0.0503

0

Figure 5.

100

[
200 300 400 500 600
Temperature (°C)

I
700

O, TPD of different perovskite materials derived from YCoOs,

900

Page 36 of 50




3
1000 YCOO3
YCo0 9O3
_— YCOO3 + 1 wt% Pt
500 YCoO, + 1 wt% Pd
Y00 65Pt) 0503
o YC0; 95Pd5 0503

s 0 — — —~YCo, 4O, + 1 Wt% Pt
©
2
@]
S 500
o
S
©
[0]
ko)
0O o0

500

0 |

0 100 200 300 400 500 600 700 800
Temperature (°C)
Figure 6. H, TPR results for different YCoO; perovskite materials.

Page 37 of 50



(a2)

—0— YCo,, 4,Pd; 14O

0.91" 70.0973

YC04,65Pd5.0503

O YC0; 65Pt,0505

—%— YCoO4 + 1 wt% Pt
— YCoO3 +1wt% Pd

In(Ry/2)
In(Ry/)

x 10°
1 T T T T T T T T YCo O 0.9 T T T
—— 0,
b1 0973 b2
OQL e Y, CoO, 0.8¢ ©2)
+YC003
‘A*Yo_gcoos
—ﬁ—YCoO_QOS + 1 wt% Pd
+YCOO_903 +1 wt% Pt
ool opb
1.7 18 19 2 21 22 23 24 25 1.7 1.8 1.9 2 2.1 2.2 23 2.4 25
T (1/K) « 10° T (1/K) « 10°
Figure 7. (al), (a2): baseline value of resistance (Ry) in synthetic air for different materials. (b1),

(b2): potential barrier heights (¢V5), estimated for the same materials from the slopes of
the log (R) versus 1/T curves.

Page 38 of 50



solid line = Air + 500 ppm CO; dashed line= N, + 500 ppm CO
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solid line = Air + 500 ppm CO; dashed line = N2 + 500 ppm CO
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Figure 11. (al), (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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Y Co0;3; (b) YCo0¢91Pdy.0903. 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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in the legend); (c) sensor resistance versus time.
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exposure time to target gas is 4 minutes. Total flow is 200 mL/min.
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Figure 16. Response of the tested materials to NOx. (a), (b): Y1.1C0oO3 sensor responses versus time for
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nitrogen) to different NO, and NO concentrations, respectively; (c): response of the tested
materials versus NOy 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
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Sensor exposure time to target gas is 4 minutes. Total flow is 200 mL/min.
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