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A B S T R A C T

Ce1-(3/4)xEuxO2 (x=0.00 and x= 0.08) thick films were prepared from nanoparticles synthesized by the mi-
crowave-assisted hydrothermal route, aiming their application as a carbon monoxide sensing material to prevent
deaths caused by this highly toxic gas. XRD analysis revealed that the nanopowders are free from secondary
phases and crystallize in the fluorite cubic structure, which is confirmed by Raman spectroscopy. The Eu-doped
ceria film presented much higher response (S) values than pure ceria, demonstrating the higher sensitivity of the
doped system to carbon monoxide, especially at 400 °C. Electrical measurements under different atmospheres
revealed a remarkably fast carbon monoxide response time for the Eu-doped film when compared with the pure
sample, proving that the introduction of europium cations in the ceria lattice as dopants has a positive effect on
the carbon monoxide sensing properties.

1. Introduction

Cerium dioxide (CeO2), also known as ceria, is a non-stoichiometric
type-n semiconductor of great technological interest, which has been
widely applied in multiple fields due to its remarkable properties [1–8].
Among the several methods to synthesize CeO2 nanostructures that
have been reported [9–20], the hydrothermal synthesis [10] stands out
as a practical and useful technique to obtain high quality nanos-
tructures of metal oxides, since it provides good control over homo-
geneity, particle size, chemical composition, phase formation and
morphology of the resultant products [21]. The use of microwaves as
the heating mechanism in the hydrothermal technique, opposed to the
conventional method [21–26], has been described as a more en-
vironmentally friendly technique to synthesize ceramic nanostructures
with lower temperature, lower power consumption and significant
shorter time [8,22,27–29].

Ceria crystallizes in a fluorite structure with space group Fm3m and
lattice parameter of 5.411 Å [30], where the cerium atoms are packed
in a face centered cubic cell with oxygen atoms occupying tetrahedral
sites. Alongside other rare-earth elements, cerium has unique properties
due to an unfilled 4f orbital. Most applications are related to its Oxygen
Storage Capacity (OSC), i.e. the ability to absorb or release oxygen,
which is a result of cerium easy transition between oxidation states
(Ce4+/Ce3+). During CeO2 reduction, an oxygen vacancy is created
together with the localization of an electron in a Ce 4f orbital [31]. This

process is explained by the Kröger-Vink notation as follows:

Oo
x+ 2 CeCex↔Vo¨ + 2 CeCe′ + ½ O2(g) (1)

In order to maintain charge neutrality, a positive charged oxygen
vacancy (Vo¨) is created to compensate the negative effective charge
generated after cerium reduction (2CeCe′), resulting in a non-stoichio-
metric compound (CeO2-x). Therefore, an increase in oxygen vacancy
concentration is expected when doping ceria with lower oxidation state
cations. Accordingly, rare-earth elements (mostly trivalent cations, such
as La3+, Gd3+, Eu3+/2+ and Sm3+) have been extensively applied as
ceria dopants due to their property similarity and the possibility of
forming solid solutions, improving its activity, selectivity and thermal
stability [32]. Also, the higher number of oxygen vacancies in the lat-
tice promoted by rare-earth doping increases the conductivity and OSC,
making it particularly interesting for gas sensing applications.

Carbon monoxide (CO) is a colorless, odorless and extremely toxic
life-threating gas known as the “Silent Killer”, due to its undetectable
presence in the environment by humans. Therefore, a reliable and ef-
ficient CO sensor is needed to alert and protect potential victims from
this threat. Gas sensor devices must not only have high sensitivity,
stability, reversibility and selectivity, but also low cost and low energy
consumption [33]. Fast response, reduced dimensions, portability and
real time detection are other important parameters that must be con-
sidered [34]. Control over particle size and morphology plays a
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significant role when it comes to improving sensitivity. Particles with
reduced size distribution lead to a higher surface-CO interaction and
also allow the sensor to operate at lower temperatures and consume less
energy [21,26]. Other important parameters that affect sensitivity are
composition, surface modification, temperature, humidity and micro-
structure [26].

The sensing mechanism in polycrystalline semiconductors is related
to chemical reactions on the surface of the semiconductor when ex-
posed to the target gas (e.g. carbon monoxide). The oxygen present in
the atmosphere adsorbs on the surface and forms anionic oxygen (O−)
by capturing electrons from the conduction band [35,36]. These elec-
trons are then trapped by the oxygen species at the surface, creating an
electron-depleted region and consequently decreasing the conductivity
of the sensor. Subsequently, the exposure to the target gas promotes the
oxidation of CO molecules by the adsorbed O− to form carbon dioxide
(CO2). The previously trapped electron then returns to the conduction
band, which is followed by an increase in the conductivity [26,34,37].
Thus, the response of the sensor is measured by means of the electrical
signal associated with variations in the conductivity during semi-
conductor-target gas interaction.

In previous work, we put great effort into characterizing and opti-
mizing the preparation of pure and doped CeO2 thick films with na-
nostructures synthesized by the MAH method [27,29,38–40]. In this
paper, we discuss the preparation and characterization of pure and
europium-doped CeO2 thick films from the nanoparticles synthesized
by the microwave-assisted hydrothermal method. The main goal is to
evaluate their response as a CO sensing material and link this response
to the microstructural modifications induced by europium doping.

2. Experimental procedure

2.1. Synthesis of the ceramic nanopowder

Nanopowders of Ce1-(3/4)xEuxO2 (x= 0.00 and x= 0.08) were
synthesized via microwave-assisted hydrothermal route. Ammonium
cerium(IV) nitrate (Ce(NH4)2(NO3)6) and europium(III) oxide (Eu2O3)
were used as precursors, both provided by Sigma-Aldrich with 99.0 and
99.9% purity, respectively. The cerium precursor was dissolved in
aqueous media at 80 °C under constant magnetic stirring. In parallel,
the europium oxide was dissolved under the same conditions, except for
the addition of nitric acid (HNO3 65%, Synth) to assist with the dis-
solution process, and then added to the cerium solution. A 2mol·L−1

potassium hydroxide solution (KOH 99.5%, Synth) was slowly added to
the mixture at room temperature to adjust the pH to a value of 10.
Subsequently, the mixture was transferred to a sealed Teflon autoclave
and placed in a hydrothermal microwave oven (2.45 GHz, 800W). The
reactional system was heat treated at 100 °C for 8min, with a heating
rate of 10 °C/min, which are optimized parameters [38]. The resultant
solution was transferred to centrifuge tubes, being then submitted to
three cycles of washing with deionized water at 2000 rpm for 10min
each. Afterwards, the obtained Ce0.94Eu0.08O2 nanoparticles were dried
at 100 °C for 48 h in an oven.

The obtained nanostructures were characterized by X-ray powder
diffraction (XRD) using a Rigaku-DMax/2500PC with Cu-Kα radiation
(λ = 1.5406 Å) in the 2 θ range from 20 to 80° with 0.2°/min. The
Rietveld refinement was made with the software Topas 4.2. The Raman
spectroscopy characterization was obtained by a LabRAM iHR550
Horiba Jobin Yvon spectrometer with a 514 nm wavelength laser as
excitation source and spectral resolution of 1 cm−1, with 40 scans in the
range of 100–1500 cm−1, coupled to a CCD detector. The procedure
was made with an Argon-ion laser, whose wavelength is 514.5 nm and
with a power of 8 mW. Ultraviolet–visible (UV–vis) spectroscopy for the
optical absorbance spectra was taken using a Cary 5G (Varian, USA)
spectrophotometer in diffuse reflection mode and the band gap energy
was obtained by means of the Tauc’s method, which is based on the
relationship between diffuse reflectance and band gap given by the

following equation:

= −hνα A hν E( ) ( )n
g

1/ (2)

where α is the absorption coeficiente, hν is the photon energy, A is a
constant and Eg is the band gap. The n value depends on the nature of
the electronic transitions: direct allowed (n=1/2), direct forbidden
(n= 3/2), indirect allowed (n= 2) and indirect forbidden (n=3).
Therefore, considering direct allowed transition, the equation is:

= −hνα A hν E( ) ( )g
2 (3)

The plot of (hνα)2 in function of hν is known as the Tauc plot. The
extrapolation of the linear portions of the curves until it intersects the
axis where absorption is zero gives the band gap energy. The high re-
solution transmission electron microscopy (HRTEM) images were taken
at room temperature by dispersing the nanoparticles obtained by the
MAH method in ethanol and, after drying, adding them to a 300 mesh
copper grade, followed by ultrasonic vibration for 5min. The micro-
scope used was a FEI TECNAI F20.

2.2. Preparation of the films

A paste, based on a mixture of the nanopowder obtained from the
MAH synthesis and an organic binder (glycerol), was used to prepare
thick porous films by the screen-printing technique onto 96% dense
insulating alumina substrates, on which a 25 nm titanium (Ti) adhesion
layer and a 200 nm platinum layer had been deposited by RF-
Sputtering. The interdigitated platinum (Pt) electrodes were delineated
by a home-built micromachining laser. The substrate dimensions are
20× 10mm (length×width) and the Pt electrodes have a resistance of
10Ω. The powder/binder ratio used was 1.6 g/ml. After deposition, the
films were heat treated in dry air atmosphere with 1 °C/min steps up to
380 °C and maintained in this temperature for 2 h, in order to evaporate
the binder. An illustration of the deposited film is shown in Fig. 1.

The surface morphology of the film was observed using a high-re-
solution field-emission gun scanning electron microscope (FEG-SEM)
Supra 35-VP (Carl Zeiss, Germany). The film thickness was measured
with a Surtronic 3+ (Taylor Hobson) profilometer with a diamond
stylus (radius: 1 μm) and the cross section was analyzed using SEM
microscopy. The electrical resistance measurements were carried out in
function of time (at 400 °C) and temperature, in vacuum, dry air and CO
atmospheres at a constant pressure of 100mmHg. The electrical mea-
surements were made in a optoelectronic device (Patent INPI Argentina
201501039539/INPI Brazil 10 2016 028383 3 [41,42]) consisting of a
closed chamber in which three cycles of heating in vacuum up to 380 °C
were made before measuring the resistance values, assuring the vola-
tilization of any humidity. The measurements were made when the
samples got to a steady state and no changes in resistance over time
were observed, with an applied magnitude of excitation current of
1mA, obtained using the two-wire technique with a DC-type mea-
surement. An Agilent 3440A multimeter was used for the electrical
resistance measurements.

3. Results and discussion

3.1. Characterization of the nanoparticles

In order to confirm the formation of a Ce-Eu solid solution, X-Ray
Diffraction (XRD) analysis of the crystalline phases was carried out
(Fig. 2). The XRD patterns for both pure and europium doped ceria
show all the characteristic peaks of the CeO2 fluorite structure (JCPDS
34-0390) [27] and no peaks of any other phase were detected. The
absence of diffraction peaks belonging to Eu2O3 phase indicates the
isomorphic substitution of cerium by europium cations in the lattice
and/or that it might be present in a highly dispersed state [32]. A small
shift of diffraction peaks towards lower angles can be observed in the
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europium doped sample when compared to pure ceria, a fact explained
by the replacement of cerium with europium cations in the lattice. Since
Eu3+ (1.066 Å) cations are larger than Ce4+ (0.97 Å), it causes an en-
largement of octahedral sites in the fluorite structure, resulting in the
shift of the peaks [43]. The lattice parameter for the pure sample was
5.412 Å, which is compatible with the theoretical value for CeO2 found
in the literature [27]. The addition of Eu3+ produces a small increase in
the lattice parameter and it is also a consequence of the difference
between the ionic radii of the cerium and europium cations [44]. The
Rietveld refinement shows that the europium cations enter in the Ce4+

and Ce3+ sites, due to the ceria non-stoichiometry. A close inspection of
the refinement parameters (Rwp, Re, GoF) presented in Table 1 indicates
that the refinement is coherent.

Fig. 3 shows the Raman spectra of the samples. Five modes (M1-M5)
can be seen in the plot. The M1 mode, close to 260 cm−1, is associated
to disorders in the system and it is evident for both samples. The M2

mode at 465 cm−1 is assigned to the F2g symmetric vibration mode
associated to the cubic fluorite structure of ceria [43]. This triply de-
generate Raman mode is related to the [CeO8] unit and can be seen as a
symmetric breathing mode of oxygen atoms around the cerium cation
[45–47]. The M3 and M5 modes are attributed to the higher con-
centration of oxygen vacancies and the expansion-contraction of the
oxide lattice as a consequence of the introduction of europium cations
[27], which can also be noted with the M4 mode. The absence of Raman
modes of the doping oxide Eu2O3 is another evidence of the formation

Fig. 1. Illustration of the deposited ceria film on alumina substrates with interdigitated Pt electrodes.
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Fig. 2. XRD pattern of pure and europium doped cerium dioxide nanoparticles
synthesized at 100 °C for 8min by the MAH method under KOH mineralizer.

Table 1
Rietveld refinement data for the pure and europium doped samples.

Sample Lattice parameter (a= b= c) Å Rexp Rp Rwp GoF R-Bragg Stoichiometry

CeO2 5.412 10.49 7.47 11.52 1.10 1.56 CeO2

Ce1-(3/4)xEuxO2 in Ce3+ 5.418 11.31 8.13 12.43 1.10 1.25 Ce0.97Eu0.03O2

Ce1-(3/4)xEuxO2 in Ce4+ 5.417 11.31 8.15 12.44 1.10 1.36 Ce0.95Eu0.05O3

Ce1-(3/4)xEuxO2
 x = 0.08
 x = 0.00

Fig. 3. Raman spectra of pure and europium doped cerium dioxide nano-
particles synthesized at 100 °C for 8 min by the MAH method under KOH mi-
neralizer.
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of a solid solution, as shown by XRD analysis.
Fig. 4 illustrates the images obtained by high resolution transmis-

sion electronic microscopy (HRTEM) of the nanoparticles synthesized
by MAH. The nanoparticles are homogenously distributed and have a
rounded shape, with an average size of 4 nm. At the beginning of the
synthesis, multiple nucleation sites are formed in the solution. As the
reaction goes on in a highly diluted solution, there are not enough re-
actants left for the crystal growth. Therefore, the nanoparticles have an
extremely fine size distribution [27]. Also, a strong tendency to form
agglomerates was observed, which can be explained by the influence of
Van der Waals forces on the nanoparticles. The interplanar spacing of
0.31 nm is related to the crystallographic plane (1 1 1) of the ceria

structure, in agreement with the JCPDS 34–0390 file and the XRD data.
Fig. 5 shows the Tauc plots for the samples and their respective

energy gaps. Cerium dioxide is a poor ionic conductor with a wide band
gap (Eg) of 6 eV [48], with oxygen vacancies (VO¨) as the predominant
ionic defect. This is the theoretical value and it is associated with
electronic transitions between oxygen 2p and cerium 5d states.

Fig. 4. HRTEM images of the pure (a) and europium doped (b) cerium dioxide
nanoparticles synthesized at 100 °C for 8 min by the MAH method under KOH
mineralizer.
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Egap = 3.26 eV

Ce1-(3/4)xEuxO2
 x = 0.08
 Extrapolation of linear fit

(b) 

(c)  
Fig. 5. UV–Vis analysis of pure (a) and europium doped (b) cerium dioxide
nanoparticles synthesized at 100 °C for 8min by the MAH method under KOH
mineralizer and (c) band gap diagram of ceria showing the EF movement after
Eu doping and the energy gap.
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However, the experimental band gap values are lower than 6 eV, as
shown in Fig. 5. The band gap represents the energy required for the
excitation of one electron from the highest energetic level of the va-
lence band to the lowest energetic level of the conduction band, thereby
increasing its conductivity. In ceria, the electrons are localized in the 4f
states instead of the conduction band, therefore we shall call energy gap
the energy required for the excitation of one electron from the highest
energetic level of the valence band to the 4f states. The Eg of 3.36 eV
(Fig. 5a) is close to what has been reported in the literature for pure
ceria [49]. Such energy gap value is due to the existence of intermediate
transitions between oxygen 2p states and cerium empty 4f states.
Cerium reduction from Ce4+ to Ce3+ and the consequent formation of
oxygen vacancies create an intermediate state within the band gap
(near the conduction band, represented with dots in Fig. 5c). During
reduction, an electron is localized in cerium 4f state, previously empty,
making it easier the transition between cerium 4f and 5d states
[49–50]. Therefore, the introduction of a trivalent cation (Eu3+) in the
lattice is expected to promote a higher number of oxygen vacancies and
also have a narrowing effect on the band gap. As can be seen in Fig. 5b,
Eu-doped ceria presented a slightly lower energy gap value of 3.26 eV.
The band gap diagram showing the EF movement after Eu doping is
shown in Fig. 5c. In this band diagram, a reduction in the number of
states available for 4f1 electrons is shown. This EF movement (decrease,
in 0.1 eV) increases the Eu-doped films resistance.

3.2. Characterization of the thick films

The images of the films prepared from the pure and Eu-doped na-
noparticles obtained by the MAH route are shown in Fig. 6a and 6b,
respectively, along with the cross-section view. The FEG-SEM image
shows that the nanoparticles have a tendency to form large agglomer-
ates, probably due to the Van der Waals forces arising from O-H groups
present in both the precursor solution and the binder (glycerol) [27,40].
In the hydrothermal process, the presence of alkaline medium is es-
sential. The “dissolution and crystallization” process can be utilized to
describe the reactions [51]. During the hydrothermal treatment, Ce3+

and Eu3+ hydroxides undergo an attack of KOH to dissolve and react at
high temperatures and pressures, and then precipitate as insoluble
ceramic oxide nanoparticles from the supersaturated hydrothermal
fluid. Therefore, the dissolution and crystallization process continues in
the supersaturated fluid in such a way that the system is self-stabilizing.
To reduce the surface energy, the primary particles have a tendency to
form nearly spherical agglomerates, in a minimum surface to volume
ratio and hence reducing surface free energy. The cross-section view of
the pure and doped thick films shows an average thickness of 45 and
55 μm, respectively.

In order to explain the electrical behavior of our samples, these
previously reported results were taken into account:

I. 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 me-
chanism [52].

II. The mechanism of conduction in these oxides can be understood in
terms of the hopping model and the small polaron theory. Fully
ionized oxygen vacancies seem to be the predominant defect con-
tributing to the defect structure in our samples [53].

III. Small polaron is a defect created when an electronic carrier be-
comes trapped at a given site as a consequence of the displacement
of adjacent atoms or ions. The entire defect (carrier plus distortion)
then migrates by an activated hopping mechanism. Small polaron
formation can take place in materials whose conduction electrons
belong to incomplete inner (d or f) shells which, due to small
electron overlap, tend to form extremely narrow bands [52].

To analyze the electrical behavior of the doped and undoped thick

films, their responses under CO and dry air atmospheres were evaluated
by means of the response time (tresp) and recovery time (trec), which are
two of the most important characteristics of a sensor material. The re-
sponse time is defined as the period of time the material takes to reduce
its resistance by 90% of the initial value when exposed to the target gas.
The recovery time, on the other hand, is the amount of time necessary
to recover 90% of the initial resistance after the gas exposure [54].

The interaction between gaseous species and the sensor film can be
separated in two steps. The first is related to the adsorption of oxygen
onto the surface of the film, resulting in the formation of three adsorbed
species that depend on the work temperature: O2

− (T < 100 °C), O−

(100 °C < T < 300 °C) or O2− (T > 300 °C) [36,55]. The second step
consists in the reaction between the adsorbed oxygen species and the
target gas (CO). This process is explained by the following equations
[56]:

2CO+O2
−→ 2CO2+ e− (T < 100 °C) (4)

CO+O−→ CO2+ e− (100 °C < T < 300 °C) (5)

CO+O2−→ CO2+ 2e− (T > 300 °C) (6)

Eqs. (4)–(6) show that one or two electrons are released as a product
of the reaction between CO and oxygen and then they return to the
conduction band of the typical semiconductor. In our samples, we must
take into account the minor energy unoccupied 4f0 states that are the

Fig. 6. FEG-SEM image of the pure (a) and europium doped (b) film surface
(cross section as index) prepared from the nanoparticles synthesized at 100 °C
for 8min by the MAH method under KOH mineralizer.
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responsible of the hopping conduction. As result of the increase in the
number of electrons in 4f0 to 4f1 states, the resistance decreases during
the exposure to a reducing gas.

To gain confidence on the optimum Eu-doped film work tempera-
ture, a study of the response as function of temperature was carried out.
For reducing gases (such as CO), the sensor response (S) is defined as
ΔR/RCO×100, where ΔR= (Rair− RCO), being Rair the resistance of
the film in air and RCO the resistance of the film when exposed to
carbon monoxide [57]. Fig. 7 illustrates the response of the films as
function of temperature. The response increases dramatically for tem-
peratures above 200 °C for both pure and Eu-doped films, which can be
explained by a decrease in Rco values (at this temperature range) as
consequence of surface and bulk reduction from CO exposure and
consequently an increase in the number of thermalized electrons in the
4f1 states. The doped system (Fig. 7b) presented much higher response
values than pure ceria (Fig. 7a), proving to be more sensitive to carbon
monoxide. This behavior is in good agreement with the results obtained
at 380 °C (Fig. 8), in which the exposure to CO causes a fast and sharp
decrease in the resistance, in contrast to the oxygen atmosphere, that
has the opposite effect. The sensor response to CO for the Eu-doped film
reaches a maximum value around 400 °C, which can be considered as
the best temperature for the sensor film to operate.

Therefore, in order to assess the Eu-doped CeO2 sensor film response
to CO gas, and considering the working temperature from Fig. 7b, the

resistance was monitored in function of time under oxygen, carbon
monoxide, and vacuum atmospheres at 380 °C (Fig. 8). A tresp of 56 s
was calculated for the pure ceria film when exposed to CO, while the
Eu-doped sample presented a tresp of 0.9 s. The recovery time was 3.8
and 0.5 s for pure and Eu-doped ceria, respectively. The resistance of
the films increases after the exposure to oxygen. This is associated with
the oxygen diffusion into the lattice, which annihilates the oxygen va-
cancies, reducing their concentration and the electron density. Both
tresp and trec obtained for the Eu-doped system are remarkable results
when compared to previously reported values [57–61], proving that
europium doped ceria can significantly improve the sensing properties
of ceria to carbon monoxide.

Finally, in order to better understand the resistance changes with
gas exposure, a band diagram, which corresponds to the electric con-
duction mechanism observed for pure and Eu doped samples, is shown
in Fig. 9. As a consequence of the gases adsorption onto the surface, the
energy difference between the Fermi level (EF) and the 4f state (E4f–EF)
changes, reducing (oxidant gases) or increasing (reductive gases) the
number of electrons available for conduction. If we also consider the
possible Ce4+ reduction to Ce3+ when samples are exposed to CO and
the oxidation when samples are exposed to oxygen, then the number of
electrons in 4f states changes drastically. Also, it can be noted that after
the Eu addition into the CeO2 lattice, the sample conductivity decreased
as a consequence of the EF decreasing in 0.1 eV, as shown by the Tauc
plots in Fig. 5.

4. Conclusions

Thick films were prepared from the Ce1-(3/4)xEuxO2 (x= 0.00 and
x=0.08) nanoparticles synthesized by the microwave-assisted hydro-
thermal route. XRD analysis of the samples revealed the formation of a
Ce-Eu solid solution with a fluorite cubic structure and no phase seg-
regation. Raman spectroscopy did not present any mode related to
impurities from the precursors or synthesis method. UV–Vis measure-
ments show smaller band gap energies than the predicted by theoretical
values, mainly due to the presence of Eu3+ cations along with the Ce4+

reduction in the lattice. The doped film presented much higher response
(S) values than pure ceria, which demonstrates the higher sensitivity of
the doped system to CO. The electrical measurements under different
atmospheres revealed a remarkably fast CO response time of 0.9 s for
the Eu-doped sample, against 56 s for the pure film, which proves that
the introduction of europium cations in the ceria lattice as dopants has
a positive effect on the carbon monoxide sensing properties.
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Fig. 7. Response versus temperature for the films synthesized from the nano-
particles synthesized at 100 °C for 8min by the MAH method under KOH mi-
neralizer.
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