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In this work, a lanthanum (La) doped ceria (CeO,) film, which depicted a dual gas sensing response
(electric and optical) for CO) detection, was obtained by the microwave-assisted hydrothermal (HAM)
synthesis and deposited by the screen-printing technique, in order to prevent deaths by intoxication with
this life-threatening gas. An electric response under CO) exposure was obtained, along with an ex-
tremely fast optical response for a temperature of 380 °C, associated with Ce** reduction and vacancy
generation. A direct optical gap was found to be around 2.31 eV from UV-Vis results, which corresponds
to a transition from valence band to 4f states. Due to the anomalous electron configuration of cerium
atoms with 4f electrons in its reduced state, they are likely to present an electric conduction based on the
small polaron theory with a hopping mechanism responsible for its dual sensing response with a
complete reversible behaviour.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ceria (CeO,) has been considered an important nanomaterial for
applications in catalysis [1,2], fuel cells [3], ultraviolet absorbers [4],
hydrogen storage materials [5], oxygen sensors [6], optical devices
[7], polishing materials [8], and for which the use of nanocrystalline
powders is an important factor [9]. Several methods have been de-
veloped to prepare ultra-fine CeO, powder, including hydrothermal
[10], precipitation (for oxalate [11], carbonate [12,13], peroxide [9],
hydroxide [14], polymeric precursor [15,16], complexion with citric
acid [15], the flow method [17], organometallic decomposition [18]
and microwave-assisted heating technique [19-21]. Among the
various methods, the hydrothermal crystallization is an interesting
process to directly prepare pure fine oxide powders with reduced
contamination and low synthesis temperature. The conventional
hydrothermal method requires longer soaking times at a low tem-
perature (below 200 °C) to obtain the ceria powders. For this reason,
the introduction of microwave heating to the conventional hydro-
thermal method is advantageous for the synthesis of various ceramic
powders because the microwave heating permits a reduction of
processing time and energy cost. Particles with desired size and
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shape can be produced if parameters such as solution pH, reaction
temperature, reaction time, solute concentration and the type of
solvent are carefully monitored [22]. A modification of the hydro-
thermal method developed by Komarneni et al. [23-25] involves the
introduction of microwaves during the hydrothermal synthesis to
increase the kinetics of crystallization by one to two orders of
magnitude compared to the conventional hydrothermal. The mi-
crowave-assisted hydrothermal (MAH) method shows advantages
such as rapidity, convenience, and cost-effectiveness. Ceria systems
with nanosized particles were successfully synthesized by the MAH
method utilizing a relatively low temperature and short reaction
time [26]. In this present work, the authors describe the conditions
of formation of the ceria via MAH, introduce the advantages of mi-
crowave irradiation method and also report in details the method
used. In previous work, our group worked on the preparation of
Ce0, films coming from nanostructures obtained by the microwave-
hydrothermal methods and its gas sensing measurements have been
carried out to rationalize the type and number of surface adsorbed
groups and overall nanostructure. Variations of electrical con-
ductance, as a consequence of gases adsorption onto semiconductor
oxide film surfaces, were observed [27]. In polycrystalline materials,
it is widely accepted that barriers formed between particles or grains
have a Schottky-type nature and that they govern the electrical
behaviour. Adsorption of gaseous species at the grain boundaries can
induce changes in the barrier heights and in the donor
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Fig. 1. Substrate with the interdigitated electrodes deposited by a home-built micromachining laser along with the 8% La-doped film deposited.

concentrations. Most researchers in the field consider that many
oxide semiconductors have a large number of oxygen vacancies,
conferring their n-character, with cerium oxide being a potential
candidate [28,29]. It is known that oxygen is chemisorbed on the
surface of the oxide, increasing the barrier height and width of
surface barriers. In this fast process, the equilibrium with atmo-
spheric oxygen would be reached rapidly. Subsequently, in a second
process, we found for metal oxide semiconductors that oxygen dif-
fuses slowly into the grains (at temperatures above 200 °C), anni-
hilating vacancies and reducing the donor concentration. Besides, as
was proposed by Tuller et al. and Wuilloud et al. [30,31], rare-earth
oxides with 4f-shells of the lanthanide ions are likely to present
narrow bands and then the electrical conduction would involve 4f
electrons that migrate by an activated hopping mechanism.

The pure CeO, is a poor ionic conductor with a band gap of 6 eV
[31] adopting the fluorite structure (space group Fm3m) with
singly or doubly ionized oxygen vacancies (Vo.Vg) as the pre-
dominant ionic defect. Ceria-based electrolytes have been ex-
tensively studied and made much progress. In particular, some
singly doped-electrolytes can be obtained by doping the ceria host
structure with other cations, such as Ce;_,GdyO,_s5, Ce;_x
Sm,0,_s, Ceq_xY«x02_s, showing high oxide ion conductivity at
intermediate temperatures (500-700 °C) [32-36]. Various rare-
earth doped ceria systems (La, Sm, Pr) have successfully been
prepared by hydrothermal treatment, providing low-temperature
preparation and morphological control of ultrafine particles of
uniform crystallite dimension [37-39]. Replacement of Ce** with
divalent or trivalent ions results in the creation of oxygen va-
cancies [40], and the choice of the dopant is usually advocated by
the ability of the dopant to minimize the internal strain of the
lattice [41-43]. Therefore, we show, in the present study the role of
lanthanum (La) doping on the structure and chemistry of ceria
thin films and the resultant variation in the resistance under COg)
atmosphere. The main goal of lanthanum addition, with a lower
valence state of La*>* (r = 0.110 nm) than Ce** (r = 0.097 nm),
was to reduce the conductivity, along with a lattice expansion,
resulting in an improvement of the CO sensing properties.

2. Experimental procedure

Lanthanum doped CeO, nanopowder was synthesized by the
microwave-assisted hydrothermal method. The experimental

procedure was based on the dissolution of cerium (III) nitrate
hexahydrate [Ce(NO)s - 6H,0; 99%-Sigma] in an aqueous medium,
under constant magnetic stirring. Separately, lanthanum oxide
(Laz03) (99% purity - Aldrich) was dissolved in a nitric acid med-
ium and added to the solution. The resulting mixture was heated
at 70 °C under stirring and its pH adjusted through the addition of
basic aqueous solution 2 mol L~! of KOH (99.5% purity - Synth)
until a pH~10. The resulted solution was transferred into a sealed
Teflon autoclave and placed in a hydrothermal microwave
(2.45 GHz, 800 W). The reaction system was heat-treated at 100 °C
for 8 min with a heating rate fixed at 10 °C/min and then allowed
to cool naturally. The nanopowders were centrifuged and washed
with deionized water and then dried in a laboratory oven at 100 °C
for 2 days. The obtained nanostructures were characterized by
X-ray powder diffraction (XRD) using a (Rigaku-DMax/2500PC,
Japan) with Cu-Ka radiation (A = 1.5406 E) in the 20 range from
20 to 80° with 0.2 °/min. The crystallite size d was calculated using
Scherrer equation d=% , where A is the wavelength of X-rays, 3
is the full width at half maximum (FWHM) for (1 1 1) reflection,
and O is the diffraction angle of the main peak. The obtained
powder was used to prepare a film through the screen-printing
technique based on a paste composed of an organic binder (gly-
cerol) using a solid/organic binder ratio of 0.6 g/mL. The used
substrates were composed of 96% dense insulating alumina
(Al;03), on which electrodes with an interdigitated shape had
been delineated by sputtering. An adhesion layer consisting of
25 nm titanium (Ti) was deposited and, without breaking the va-
cuum, a platinum (Pt) 200 nm film was deposited over the Ti layer.
For defining the interdigitated electrodes, the substrates with the
metal films were placed in a home-built micromachining laser,
producing the substrate seen in Fig. 1. Later, films were thermally
treated in dry air atmosphere up to 380 °C and maintained at this
temperature for 2 h, using a heating rate of 1 °C/min in order to
evaporate the binder. The FI-IR spectra were recorded with a
Rayleigh — WQF-510A model spectrometer in transmittance mode.
Infrared spectroscopy was used for monitoring some of the
structural modifications occurring during the synthesis process
with the KBr pellet technique. Ultraviolet-visible (UV-vis) spec-
troscopy for the optical absorbance spectra was taken using a Cary
5G (Varian, USA) spectrophotometer in diffuse reflection mode.
The morphology of film surface was observed using a high-re-
solution field-emission gun scanning electron microscope (FEG-
SEM) Supra 35-VP (Carl Zeiss, Germany). The electrical resistance
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Fig. 2. (a) XRD pattern of the La-doped CeO, nanostructures synthesized at 100 °C in the MAH method under KOH mineralizer. Inset shows the lanthanum substituted CeOg
clusters and (b) FT-IR spectroscopy of the La-doped CeO, nanostructures synthesized at 100 °C in the MAH method under KOH mineralizer.

characterization of films were measured during a temperature
variation as well as with time variation in a temperature of 400 °C,
to be close to that observed for the optical response (~380 °C) and
to the working temperature, achieved at a rate of ~2 °C/min in
vacuum, dry air and in CO atmosphere, with a constant pressure of
50 mmHg, during the entire cycling. Worth to mention that the
electrical measurements were done in a device for the optoelec-
tronic characterization of materials (Patent INPI Argentina
201501039539/INPI Brazil 10 2016 028383 3 [44,45]) which con-
sists of a closed chamber and that three cycles of heating in va-
cuum, up to 380 °C were made before measuring the resistance
values, assuring the volatilization of any humidity. Measurements
were done when samples get to steady state and no changes in
resistance over time were observed, with an applied magnitude of
excitation current of 1 mA, obtained using the two-wire technique
with a DC-type measurement. As we previously mention, the
alumina substrates were electrically measured and showed an

insulating behaviour with no influence on the film total electrical
response. An Agilent 3440A multimeter was used for the electrical
resistance measurements. For the specific surface area measure-
ments, samples were treated in a conventional oven at 350 °C for

24 h in order to remove all humidity followed by calculations on a
Micromeritics ASAP 2010 using the BET method.

3. Results and discussion

Fig. 2a illustrates the XRD of La-doped ceria nanostructures
obtained by the MAH route at 100° C for 8 min prepared with KOH
(2 M). To provide the formation of solid solution we have carried
out the partial replacement of Ce ions with trivalent lanthanum
ion in an 8% mol concentration. It is known that rare earth doped
ceria could create a corresponding number of anion vacancies and
result in a solid solution with high ionic conductivity, producing a
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defective surface which may enhance their sensing properties, and
also that lanthanum can avoid the ceria crystallite to grow in se-
vere oxidizing environments, acting as stabilizer [46]. Analyzing
the pattern of the crystalline sample, it is found that upon inser-
tion of La, all of the peaks could be well-indexed to a pure cubic
structure of CeO, (space group: Fm3m) with lattice constant
a = 5.411 A, which is in good agreement with the JCPDS file for
CeO, (JCPDS 34-394). The average crystallite size calculated by
Scherrer method was 4.20 nm. The insertion of lanthanum leads to
a redistribution of charge density, which can be associated with its
greater radial stabilizing effect of oxygen vacancies [27]. The inset
depicts the [CeOg] clusters being modified by the insertion of
lanthanum, which substitutes the cerium ions generating lattice
distortions. A clear evidence that CeO, is formed instead Ce(OH)y
come from the fact that nitrate salts of ceria were preferably used
since these salts were easily dissociable in few milliliters of water
and the formed species (Ce**), after treating with acid, reacted
spontaneously with the mineralizer to produce a highly exother-
mic reaction. When cerium nitrate is used as the precursor salt
and reacted with an acid to dissolve it, the Ce*>* ion is oxidized to
Ce** jon and them acidic mass reacts exothermically with the
mineralizer, forming a by-product salt (KNOs) that surrounds the
hydroxide product avoiding its overrated growth. In the oxidizing
atmosphere, dehydration occurs, converting the hydroxide inter-
mediate to oxide. In the MAH methods, the conversion to oxide is
more rapid due to the effect of energetic radiations assisting the
transformation to CeO, instead Ce(OH)y.

The FT-IR spectra in the range 4000-400 cm~! of as-synthe-
sized samples are shown in Fig. 2b. The bands at 3400 cm~' and
1600 cm~! can be attributed to the O-H vibration in absorbed
water molecules on the sample surface [47-50]. The band at
2300 cm~! can be attributed to the C=0 vibration in CO, present
in the air, as well as those observed in the region around
1000 cm~!. The FT-IR bands at about 1500, 1350, 1000 and
900 cm ™!, are similar to those of commercial CeO, powders [51]
and CeO, nanoparticles [52]. The strong broadband below
700 cm~ ! which is due to the envelope of the phonon band of the

metal oxide network [51]. In hydrothermal-microwave processing,
the high-frequency electromagnetic radiation interacts with the
permanent dipole of the liquid (H,O) which initiates rapid heating
from the resultant molecular rotation. Also, permanent or induced
dipoles in the dispersed phase cause rapid heating of the particles
which results in a reaction temperature in excess of the sur-
rounding liquid-localized superheating. Following the literature,
hydrolysis refers to those reactions of metallic ions with water that
liberate protons and produce hydroxide or oxide solids. Ce** ions,
which have a low basicity and high charge, undergo strong hy-
dration. Firstly, Ce** ions are hydrolyzed and form complexes
with water molecules or OH™ to give [Ce(OH)x(H,0),]“* %,
where x + y is the coordination number of Ce**. Further poly-
merization is likely, and both species can serve as the precursors
for the final ceria nanoparticles. In an aqueous solution, H,0, being
a polar molecule, tends to take protons away from coordinated
hydroxide, leading to the formation of CeO,-nH,0. This process
can be described by the following equations [41]:

Ce**™ 4+ xOH + yH,0 — [Ce(OH)(H,0),]* 0+ (1)

[Ce(OH),(H20),]* ¥+ 4+ Hy0 — Ce0,nH,0 + nH,0 + H30%(2)

Fig. 3 illustrates the UV-Vis spectrum of the La-doped CeO,
nanostructures synthesized at 100 °C for 8 min in the MAH
method under KOH mineralizer. The optical band gap energy (Egap)
was calculated by the method proposed by Kubelka and Munk
[40]. This methodology is based on the transformation of diffuse
reflectance measurements to estimate Eg,, values with good ac-
curacy within the limits of assumptions when modelled in three
dimensions [46]. Particularly, it is useful in limited cases of an
infinitely thick sample layer. The Kubelka-Munk equation for any
wavelength is described by Eq. (3):

F(Ry) = (1 — RP[2R = K/s (3)

where F(R,,) is the Kubelka-Munk function or absolute reflectance
of the sample. In our case, magnesium oxide (MgO) was the

——F8 - 100°C - 8 min
Linear fit
—— Extrapolation of Linear fit

[FR)VT (. u)
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Fig. 3. UV-Vis spectra of La-doped CeO, nanostructures synthesized at 100 °C for 8 min in the MAH method.
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standard sample in reflectance measurements. R., = Rsampie/Rmgo
(Rw is the reflectance when the sample is infinitely thick), k is the
molar absorption coefficient and s is the scattering coefficient. In a
parabolic band structure, the optical band gap and absorption
coefficient of semiconductor oxides [47] can be calculated by
Eq. (4):

ahv = G(hv — Eggp)" )

where « is the linear absorption coefficient of the material, hv is
the photon energy, C; is a proportionality constant, Eg,, is the
optical band gap and n is a constant associated with different
kinds of electronic transitions (n = 0,5 for a direct allowed, n = 2
for an indirect allowed, n = 1,5 for a direct forbidden and n = 3 for
an indirect forbidden). According to the literature [48], the CeO,
nanoparticles exhibit an optical absorption spectrum governed by
direct electronic transitions. In this phenomenon, after the elec-
tronic absorption process, the electrons located in the maximum-
energy states in the valence band revert to minimum-energy
states in the conduction band at the same point in the Brillouin
zone [49]. Based on this information, Eg,, values were calculated
using n = 0.5 in Eq. (4). Finally, using the remission function
described in Eq. (3) and with the term k = 2, we obtain the
modified Kubelka-Munk equation indicated in Eq. (5):

FROWVF = G(hv — Eyp) (5)

Therefore, finding the F(R..) value from Eq. (5), and plotting a
graph of [F(R,.)hv]? against hv, the extrapolation of the linear
portions of the curves towards absorption equal to zero (y = 0)
gives Eg,p, for direct transitions. The estimated direct Eg,p, of the
sample is shown in the figure. The uncertainty of these values was
estimated at 0.05 eV. The band gap of CeO, reported in this work is
lower than that reported in the literature. Phokha et al. [50] re-
ported direct band gap values ranging from 3.00 to 3.10 eV for

5.0kV SEI SEM

(b)

monodisperse CeO, nanospheres synthesized by PVP-assisted hy-
drothermal method and Palard et al. [51] reported estimated band
gaps ranging between 3.56 and 3.76 eV for undoped and doped
cerium oxide nanoparticles with the following chemical formula:
Ce1xMyxO2_(xj2) (M = Y or Gd and x = 0 or 0.15) by different co-
precipitation protocols at room temperature.

Fig. 4 (a) shows the SEM image of the film, obtained from the
La-doped nanopowder synthesized under MAH conditions on KOH
(2 M) mineralizer agent with a soaking time of 8 min, which de-
picted a specific surface area of 86 m?/g against 120 m?/g for the
pure sample. Due to the extremely reduced particles size, within
the nanometer range, along with the usage of a ligand solution to
deposit the film, these tend to form a high degree of agglomera-
tion caused by Van der Waal's force derived for the hydroxyl
groups (—OH) from the glycerol. Micrometric and anisotropic ag-
glomerates obtained in this study are quite similar to the lantha-
num-doped ceria samples obtained by K. Singh et al. [52] with a
co-precipitation method, calcined at 1350 °C for 2 h, depicting
formations with more than 2 pm length and a distinct trapezoid-
type morphology. Worth to mention that the average thicknesses
of the pure sample, manually deposited by a screen-printing
technique was close to 58 pm whilst the 8% La doped sample
presented an average thickness of 56 pm, as seen in Fig. 4 (b) and
(c). Particle analysis by means of the Image] software was per-
formed on Fig. 4 (a), showing an average porosity of up to 33.59%
and an average pore size of 0.613 pm.

In Fig. 5 (a) and (b), relative responses under 50 mmHg of
oxygen or CO were measured for different temperatures as Rg,s/Ry,
where Rg,s corresponds to the resistance of films when they reach
equilibrium after oxygen Rg, or CO Rco exposition respectively, at
different temperatures, and R, is the resistance of films in vacuum.
As temperature rises, the films presented an increasing response
when exposed to air. This can be associated with oxygen adsorp-
tion at the particle surfaces producing a decrease in the sample

1pm IQ-UNESP 3/31/2016
WD 7.6mm 9:57:04

(©)

Fig. 4. (a) FEG-SEM of the La-doped film obtained from the nanostructures synthesized at 100 °C for 8 min in the MAH method under KOH mineralizer along with a cross-

sectional view for the pure (b) and doped (c) films.
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(b) atmospheres.

conductivity as oxygen ionizes. Also, for temperatures greater than
300 °C, oxygen diffusion into the grain is facilitated and then
oxygen vacancies in the bulk are annihilated. Interestingly, sam-
ples having La are less sensitive to oxygen. When the atmosphere
is changed from vacuum to CO, a remarkable decrease of the
electrical resistance is observed, especially on the La-sample. In
Fig. 4b, we present the relative responses for CO exposure for
doped and undoped samples. This is a consequence of the CO
adsorption and reaction with superficial oxygen, indicating that CO
is very efficient in increasing the film conductivity. The highest
relative response for the La-doped film occurs between 350 °C and
400 °C.

Fig. 6 evidences the temporal electrical response of the samples
after changing the atmosphere from vacuum to 50 mmHg of CO
and then oxygen at 400 °C and later returning to vacuum. Re-
sistance versus time curves can be understood by considering that
acceptor levels at the intergrains are responsible for the observed
electrical response. The increase of the resistance, when samples
are exposed to oxygen, indicates that equilibrium at the surface is
quickly reached. The interaction of oxygen with grain surfaces
produces the transfer of electrons from the bulk to the surface
moving also the difference of energy between the Fermi level and
the 4f state at the band gap (E4r-Er). From this process, the density
of carriers decreases and, as a consequence, the sample resistance
increases. In previous work we have proposed that at
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Fig. 6. Relative resistance x Time (s) for the film after exposure to Air or CO at-
mospheres, without vacuum, along with its response time.

temperatures high enough (greater than ~ 200 °C) the adsorbed
oxygen onto the surface (charged oxygen species such O~) can
diffuse into the grains, annihilating oxygen vacancies and thus
reducing the donor concentration [27]. Conversely, if oxygen dif-
fuses out of the grains, vacancies are formed. The relevant reac-
tions for oxygen from the gas phase to the bulk of the grain are
[53]:

- 2 )
OZ(gas) hnd OZ(ads) And Oads < UVads < Oint hnd Olatt (6)

where Oy, refers to oxygen in the environment, Ozqq4ss) to an
oxygen molecule adsorbed at the grain surfaces, Oggs and Ogf to
singly and doubly ionized monatomic oxygen at the grain surface,
OizZ to interstitial oxygen, and Oj# to oxygen at the lattice. In the
last part of Eq. (6), if surfaces are treated with a reducing reagent
as CO, interstitial oxygen within the lattice migrates to the surface
generating oxygen vacancies, V%, i.e.:

Ope < Vo™ + Oizn; (7)

Thus, after CO treatment at 400 °C, an increase in the oxygen
vacancy concentration [V, *] can be expected. At this point, it is
necessary to remark that before performing the electrical mea-
surements, the samples were previously inserted in air atmo-
sphere due to their storage in ambient conditions, and probably
had a high amount of oxygen adsorbed onto the surface and into
the grains. Therefore, when samples are exposed to CO, the pos-
sible following processes can take place:

1) CO adsorption. Carbon monoxide adsorption on a clean surface
produces an increasing of the barrier height and a diminution in
the sample conductivity as shallow acceptors levels are
generated.

2) Reactions with CO. At temperatures greater than 180 °C, carbon
monoxide reacts with adsorbed oxygen on the CeO, surface
according to following equations proposed by Ref. [54]:

2C0 + 0,~— 2CO, + e (T < 100 °C), (8)
CO + 0~ = CO, + e~ (100 °C < T < 300 °C), (9)
CO + 0, — CO, + 2 e~ (T > 300 °C), (10)

Worth to say that in order to minimize the content of oxygen
species adsorbed at the surface, three cycles of heating up to
380 °C are made before each measurement itself. Therefore, the
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electrical response is likely to be assigned to effects of CO exposure
into the film surface, minimally related to oxygen desorption. After
oxygen exposure, the oxygen diffusion into the grain takes place
and the oxygen vacancy concentration is reduced. Then, due to a
lower electron density, the sample conductivity decreases. At
400 °C, the oxygen diffusion into the grains is significant and the
film responds immediately. Indeed, a relatively fast response time
can be observed after both, oxygen and CO exposures, along with a
resistance change. After that, a slight change can be observed,
indicating that vacancies are created or annihilated as a con-
sequence of the oxygen diffusion out or into the grains,
respectively.

A band diagram, which corresponds to the electric conduction
mechanism observed for pure and doped La samples is shown in

Fig. 7. If we consider that the hopping mechanism is responsible
for electrical conduction, then as a consequence of the oxygen
absorption onto the surface along with oxygen diffusion into the
grain (when samples are exposed to oxygen atmosphere) as well
as oxygen reaction with CO (when samples are exposed to CO
atmosphere), the energy difference between the Fermi level (Eg)
and the 4f state (E4~Er) moves in order to change the number of
electrons available for conduction. At this point, we also need to
consider the possible Ce** reduction to Ce*> when samples are
exposed to CO and the oxidation when samples are exposed to
oxygen. Also, it can be noted that after La addition into the CeO,
lattice, the sample conductivity (see resistance att = 0 s, in Fig. 6)
decreases. This could be explained as a reducing of electrons si-
tuated at 4f state responsible for electrical conduction.
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Fig. 8 illustrates the semiconductor thick film exposure to CO
atmosphere whereas is noted a change of colour in the visible
spectrum as a function of temperature, around 380 °C. We believe
that the behaviour of this physical property is related to the in-
fluence of microwave radiation on the [CeOg] octahedron groups
generated under a rapid heating and leads to a vibration on the
charged particles. These factors probably result in a distortion
process on the [CeOg] and [LaOg] octahedron groups, favouring the
formation of intermediary energy levels within the band gap of
this material. These energy levels are composed of oxygen 2p
states (near the valence band) and lanthanum 3d states (below the
conduction band). During the exposure to CO gas, some electrons
are promoted from the oxygen 2p states to lanthanum 3d states
through the absorption of heat. This mechanism results in the
formation of self-trapped excitons (STEs), i.e., trapping of electrons
(e—) by holes (h-). The emission process of photons (hv) occurs
when an electron localized in a lanthanum 3d states decays into an
empty oxygen 2p state. Consequently, the proposed mechanism
for colour changes is based on the distortion process of [CeOg] and
[LaOg] octahedron groups after CO exposure into the thick films.
Also, this behaviour can be associated with the formation of su-
perficial defects caused by the modifications on the morphology of
these powders [55].

4. Conclusions

XRD results confirmed that the doped CeO, powder exhibited
similar behaviour to the pure material already reported and could
be well-indexed to a pure cubic structure of CeO, (space group:
Fm3m) and point group symmetry O with lattice constant
a = 5.411 A. The film presented a fast decrease of the resistance
(for CO exposure) which is an indication of a rapid surface reac-
tion. After that, a slow oxygen migration, from the lattice to the
surface, creates oxygen vacancies that finally produce an increase
in the sample conductivity as a consequence of a higher occupa-
tion of the 4f levels. The La-doped CeO, film sensor response
originates from intrinsic defects and charge transfer after a certain
degree of structural disorder. The dual sensor response is arising
from the contribution of different intermediary energy levels
within the band gap, likely associated with some electrons that are
promoted from the oxygen 2p states to lanthanum 3d states
through the absorption of energy (hv) along with a facile reduc-
tion of the Ce** atoms to Ce™> due to an itinerant 4f electron. This
mechanism results in the formation of self-trapped excitons
(STEs), i.e., trapping of electrons (e—) by holes (h-). The emission
process of photons (hv) occurs when an electron localized in a
more energetic state, like lanthanum 3d, decays into a less en-
ergetic state, such as an empty oxygen 2p state. Consequently, the
proposed mechanism for colour changes is based on the distortion
process of [CeOg] and [LaOg] octahedron groups after CO exposure
into the thick films.
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