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Abstract CeO,, Ce; x(\Mx0O,, {M=Ru, In} compounds
with sensing properties were fabricated using the sol-gel
route. The main purpose was to compare the efficiency of
CeO, vs. Ce(.xMx0O, doped compounds as gas sensors for
NO, detection. Characterization was performed by means of
X-ray diffraction (XRD), scanning electron microscopy
(SEM) and surface area determination (BET). Measure-
ments of electrical resistance under different conditions of
time, concentration and temperature in the presence of NO,
were carried out. Ruthenium inclusion increased the CeO,
sensor response in a great extent, gas response (S)=1.8 for
CeO, vs. gas response (S)=350 for Ce( 95Ru( 950, and gas
response (S)=35 for Ceg.95Ing 0s0O,. This behavior is
reported by the first time. Our results demonstrate that
ruthenium or indium inclusion has been beneficial for
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Ce0,. Conclusively the materials herein described could
be applied as NO, gas sensors.
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1 Introduction

Design, application and development of new gas sensors
have drawn great technological interest in recent years.
Their justification is held in areas such as medicine, auto-
motive industry (detectors for CO,, NO,, SO, gases), in-
dustrial waste gases, volatile organic compounds (VOC),
hydrocarbons, and ozone detection, to name a few. Currently,
there is a large number of materials that exhibit suitable
properties for gas sensor applications, mostly based on
Sn0O,, SnO,-Sb, ZnO, CuO, Cu0,, Ga,03, GaN, WO; and
mixtures thereof [1-3]. Their sensorial response is a function
of large number of variables such as size, shape, growth
conditions; and mainly chemical composition, which makes
their study very complex. On that context cerium oxide
(Ce0,) is a promising new candidate as a gas sensor com-
pound [3, 4] and the reasons are discussed below.

The mechanism followed by CeO, during gas detection
is different to that common semiconductor sensors are usu-
ally based on. For semiconducting materials, the detection
process is based mostly on reactions occurring at the sur-
face. Usually, the available oxygen is adsorbed on the sur-
face dangling bonds. Thus, an electron of the conduction
band is transferred and the electrical conductance of the
material experiences a reduction [5]. In contrast, CeO,
exhibits relatively high oxygen mobility on its surface and
also inside the lattice (bulk level) at elevated temperature.
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Ceria has been recognized as a key material of the three-way
catalysts in automobiles since it can release and uptake
oxygen accordingly to the general reversible expression [6]:

CeO, = CeO,_, —|—x/202 (1)

The amount of oxygen released (left-to-right) or stored
(right-to-left) is generally referred to as oxygen storage
capacity (OSC).

Cerium oxide (IV) has a face centered cubic fluorite-type
cell in which each cerium ion is coordinated by eight oxy-
gen neighbors. These extremely open structures tolerate a
high level of atomic disorder, which can be induced by
doping [7, 8]. An important effect of the cation doping is
to increase the formation of defects like oxygen vacancies
that lead to a higher oxygen storage capacity (OSC) according
to the Eq. 1. Thus, the incorporation of aliovalent elements
into the CeO, lattice produces lattice oxygen anion vacancies
by a charge-compensating effect of foreign cations as follows:

XMO + (1 — x) CeOy < xM, +aVes + (1 —x) Cece + (2 —x)00
(2)

Where M in Eq. 2 might be a divalent (M>") or trivalent (M*")
cation, (for instance La*", In*" or Ru*"), Vs is an oxygen anion
vacancy. Therefore when reduction occurs, both vacancies
and electrons can be observed [9].

1 /

In this context, lanthanum [7], indium [10—-14] and
ruthenium [15, 16], are elements that have been successfully
tested as oxides for some applications like gas-sensor materials
and in the present work, are added to ceria.

Based on these analyses, the present work proposes the
application of ceria mixed compounds, doped either with Ru
or In as gas sensor materials. The main purpose is to compare
the efficiency of CeO, vs. Ce(;x\MxO, doped materials for
NO, detection. Our hypothesis is that partial substitution of
cerium by Ru or In to produce Ce(;_xRuxO, and Ce(;_xInO,
solid solutions can lead to a defective lattice, increasing oxy-
gen conductivity with possible additional electronic states
which may be positive for their development as gas sensors.

We expect to contribute to the development of new sensor
structures that can be produced with adequate reproducibility,
stability and operability in a wide range of temperatures.

2 Experimental
2.1 Sample preparation

Samples were prepared by the sol-gel method by means of
the citric acid route, starting with CsHoOglIn, Ru3(CO);, and

Ce(C,H50,)5 * 1.5H,0 compounds, dissolved in water or
isopropyl alcohol and stirred for 4 h at constant temperature
(80°C) to obtain the sol and later, the mixture was evapo-
rated slowly to form the gel (110°C for 12 h). Finally, when
a fluffy solid was obtained, it was burned at 600°C for 4 h
with a heating ramp of 5°C/min. After that, the system was
left to slow cool.

2.2 Characterization

The systems under study were characterized by X-ray dif-
fraction method using a Siemens D-5,000 model, operating
at 30 kV and 20 mA, Cu K, radiation with a step size of
0.02 ° (deg)/min from 10 to 70 ° (20). Microscope images
were obtained in an SEM JSM-6400 JEOL Noran Instru-
ment, at 20 kV and 107 Torr. BET surface was measured in
Micrometrics Gemini 2060 RIG-100 model with nitrogen
adsorption at 77 K. Thermal Gravimetric Analysis (TGA)
was performed using a Universal TA instrument, model
SDT Q600 under N, flow.

2.3 Sensing films preparation

The gas sensors were fabricated by spin coating the slurry of
synthesized CeO, and Ce(;.x,\MxO, doped compounds on
the cleaned alumina substrates, which were attached to a
pair of interdigitated Pt electrodes with a thickness of
100 nm. (see Fig. 1(b)). The electrodes were deposited using
RF magnetron sputtering method. The coating slurry was
prepared by ultrasonically dispersing CeO,, Ceg_gs5Ing ¢50,,
Ceg.95Rug 950, powders in mixed organic solvents of ter-
pineol and ethanol with 2:1 volume ratio for 1 h. To avoid
the presence of slurry at the end of the substrate a physical
mask was used during spin coating. The coated sensing
films were dried in air for 30 min and subsequently annealed
at 200°C for 1 h at ambient atmosphere in order to burn out
the organic solvent used in preparation of coating paste and
to enhance the adherence of the sensing film to the sensor
substrates. Afterwards the temperature was raised to 300°C
using a slow ramp of 1°C/min in order to avoid the eventual
appearance of cracks in the films.

2.4 Experimental setup

The NO, gas sensing measurements were carried out in a
computer-controlled static gas sensing characterization system
provided with an array of data acquisition.

The electrical resistance of CeO, was measured as a func-
tion of time according to the experimental setup of Fig. 1.
Resistance was measured under a flow of 1 to 10 ppm using
NO, as testing gas (see Fig. 2). The gas concentration was
controlled adjusting the flow rates. Synthetic air was used as
carrier gas to ensure constant total flow rate of 100 mL/min.

@ Springer
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Fig. 1 (a) Work gas testing
station system, (b) Schematic
layout of alumina substrates
and experimental setup. On
the top right: back side of the
substrate with the platinum
heater and front side of the
substrate with the interdigitate
electrodes

Fig. 2 Schematic drawing of
electrical resistance response as a
function of temperature and gas
concentration of 1, 3, 5, 7, and
10 ppm using NO, as a testing
gas for Ceg 9sRug 0502+/-5
compound. Working
temperatures T;=200, 250,

300, 350 and 400°C
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Different samples were exposed to nitrogen dioxide (NO,) at
several concentrations and temperatures according to the gen-
eral diagram shown on Figs. 1(a,b) and 2. NO, gas was tested
at fixed temperature under steady state and transient modes
between 150°C and 450°C using a flow-type measurement
cell. The gas response for every sample is defined as the R,/
R,;; ratio for NO,, where R,; represents the electrical resis-
tance for every material measured under synthetic air while
Rgas Tepresents the resistance during gas exposure. The re-
sponse time is defined as the time required for the resistance to
rise up to 90% of the equilibrium value since the test gas is
injected. The gas was tested at five different temperatures and
five concentrations.

3 Results and discussion

The crystal phase and crystallite size were established by
means of X-ray diffraction analysis as shown in Fig. 3. From
this analysis it is observed that Ce(;.,Ru,O5 and Ce;_4)In,O,
solid solutions are monophasic and isostructural to CeO, as
observed in the diffraction pattern indexed in accordance with
JCPDS 34-0394 card. From diffraction graphs, it is possible
to observe peak broadening of the (111), (200), (220) and
(311) reflections. This broadening indicates a decrease in
crystallite size due to the added dopant. In order to verify this
assumption, the crystal size was calculated for every system

through the Scherrer equation [17]:
KA
L=—— 4
W cos ® “)

Here K is a constant which depends on the particle morphol-
ogy, usually K=1.0; A is the Cu, K, radiation (nm); W is the
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Fig. 3 XRD of CeOZ, CeOAgsh’lolosoz and CeolgsRUOA()SOz COmpOundS
synthesized at 700°C

full width at half-maximum (rad); © is the diffraction angle
(deg). The (111) reflection index was used to perform the
calculations using the Eq. 4. The calculated crystal sizes
were 0.048, 0.018 and 0.016 pum for CeO,, Ce(;_Ru,O, and
Ce(1-InO,, respectively. From these values it is possible to
establish that the inclusion of ruthenium and indium in the
FCC lattice determines the decrease in the average crystal size
in comparison with the one of CeO,. The presence of second-
ary phases was not observed (for example RuO, or In,O;
oxides).

In addition to crystal size determination it was performed
the calculation of the cell parameter, a for the FCC CeO,
structure and also for CegosRug 050, and Ceg 9sIng ¢50,
compounds. By combining the Bragg law with the plane
spacing equation for the FCC cubic system, the following
relation is readily obtained:

4sin*0 W+ + P
22 = 2

(5)

In this way, is possible to calculate for a specific plane of
reference, eg (111) of CeO, the a parameter value. The values
obtained by using the Eq. 5 are as follows CeO,=5.40,
C60.951n0_0502:5.42 and CCO.gsRuO‘0502:5.43 A In such a
case it is pertinent to conclude that crystal size and cell
parameter are consistently affected by the doping process.

In order to compare real and stoichiometric composition,
EDS microanalysis was carried out, finding good agreement
with respect to the theoretical calculations within an error of
2%.

SEM analysis, included in Fig. 4, shows lengthened fibers.
The apparent width is about 0.1 pm, with length ranging from
2 to 4 um. The basic form of cerium oxide is uniform and the
appearance of secondary phases does not seem evident in
Fig. 4(b) and (c). This could indicate that the solubility limit
of the Ce;_ MO, compound was not exceeded since the
occurrence of In,O3 (cubic) or RuO, (thombohedral) is not
observed. The fiber-like shape observed for all the samples is
an additional positive factor related to the gas sensor proper-
ties Because they show a very large available surface area
which could facilitate the sensing mechanism. As discussed
previously by other authors crystal size and shape are proper-
ties directly related with the sensorial response [1-4].

Surface area was measured by means of BET method;
from these measurements, a meaningful increase in the
surface area of Ce(j_x)InO, (10.2 mz/g) and Ce(j_RuO,
(13.4 m*/g) was detected in comparison to CeO, (4.1 m?/g).
This result is remarkable, since the three compounds were
prepared under the same experimental method. Thus, a
correlation between surface area and sensorial response
can be expected based on the fact that a larger value of
surface area would exhibit more active sites anchored to the
NO, molecule.

@ Springer



38

J Electroceram (2012) 28:34-44

Fig. 4 SEM micrograph of (a)
Ce0,, (b) Ce g.9sIn 050 > and
(¢) Ce g.95Ru (950, samples.
Notice that the three images
have the same magnification,
5,000 X

To reinforce our previous observations of the analysis
by X-ray diffraction and scanning electron microscopy,
thermo-gravimetric analyses were performed as shown
in Fig. 5. The main objective was to identify whether the
proposed systems formed RuO, or In,Oj in addition to
Ceo.95Ru0.0502 or CCO.951H0_0502 solid solutions.

The measurement range was from 50 to 1000°C for
Ceg.95Ing 95O, system while for Cejg9sRug 5O, compound
it was 50 to 1600°C. Both under N, atmosphere as previ-
ously discussed. The sample weight was 37.17 mg for
Ce()_gsRuOA()502 and 84.70 mg for CC()_95III()A0502. Welght
loss of the order of 1% to 2% was observed for each system,
mainly due to the oxygen content variation or bound water.

In the case of indium or ruthenium oxide existed separately
from the Cej 95Rug o050, or Ceg9sIng o050, solid solutions, to
react with N, had occurred the formation of metallic rutheni-
um or indium. In this case, there would be an endothermic
peak observed as a result of the transition from ruthenium
oxide to metallic ruthenium (250°C). Simultaneously, we
would have observed a decrease in the weight diagram, and
this was not appreciated. Similar arguments can be explained
for the case of indium oxide, for which the transition occurs at
219°C. Allowing the use of these solid solutions in the range
of work considered as gas sensors in the present work.

@ Springer

Also the observations are consistent with the XRD anal-
ysis. Due to the range of work that we want to apply these
sensor materials is not considered determinant if they are
stable beyond 500°C, however important is that it was not
observed any decomposition even above this temperature.
Thus the results indicate that these compounds are stable
and can be functional in the range of application of solid
state-gas sensors.

4 Evaluation of sensor properties

A typical response transient of CeO, sample toward NO,
gas balanced with air is shown in Fig. 6, and established as a
reference material. The compound was exposed to NO,
concentrations of 1, 3, 5, 7 and 10 ppm at 200, 250 and
300°C, as mentioned in the previous experimental section,
(see Fig. 2 for definition of gas concentration and tempera-
ture steps). Upon injecting the NO2 gas, the resistance
increased rapidly exhibiting the n-type semiconductor be-
havior, see Fig. 6(a). The experiment performed at 200°C
for 300 min on CeO, showed that resistance values as a
function of time are quite stable. It is observed that the value
of resistance is located close to 1x10° ohms for all the
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Fig. 5 Thermo-gravimetric analysis for Ce( 9sRug 0505+/—5 (top), Cep.95Ing 050245 (bottom) solid solutions

concentrations. After completing the cycle of study at several
concentrations, we started a new sequence for 300 min at a
different temperature. It was found that following each cycle
of measurements the resistance value diminishes by a factor of
about 10 for the next cycle. The graph of gas response vs.

concentration, Fig. 6(b), shows a linear behavior with small
variations within the studied range. Regarding gas response
(S) vs. temperature, see Fig. 6(c), the values range between 1.4
and 1.7 at 200°C; S decreases to 0.95 near to 250°C and then
increases to S=1.1 at 300°C. The response time ranges
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Fig. 6 CeO, graphs for (a) Resistance vs time, (b) Sensor response vs concentration, (¢) Sensor response vs temperature, (e) Response time vs

temperature

between 200 and 800 s at 200°C depending on the concentra-
tion under study, see Fig. 6(¢). However, at higher tempera-
ture, close to 300°C, the response time ranges between 200
and 400 s, demonstrating that the sensor is more stable at
higher temperatures. In general, a decrease in the response
time at higher NO, concentrations was observed.
Concerning the recovery time as a function of tempera-
ture, it was observed that the time was shorter at working
temperatures between 250°C and 300°C, whereas at low
temperatures, near 200°C, the recovery time was longer.
Somewhat surprising is that at 250°C the recovery time
remains unchanged with a value of 300 s for all the concen-
tration levels. The explanation can be as follows. Nearby
250°C, under O, flow the reaction 2Ce0, < Ce,03 + 30,
takes place and CeO, is in equilibrium with Ce,O3 O,
decomposes and the surface is rich in monatomic O and

@ Springer

NO,. Consequently, thermal stability predominates and O
and NO, adsorption are stable on the surface. As tempera-
ture increases, the surface becomes unstable, the frequency
of vibration of dangling bonds at the surface also increases
and NO, is desorbed.

Under NO, exposure the CegosRug 950, solid solution
showed higher resistance values when compared to CeO,
(1x10" ohms vs. 1x10° ohms, see Fig. 7). The resistance
increases linearly as a function of gas concentration for the
Ceg.95Rug 050, compound. After four cycles, the sample
showed an adequate response with a good stability and
sensorial properties. Gas response (S) tests performed at
lower concentrations (1-5 ppm) show the Rg,s/Ry ratio
ranging from 10 to 75. The greater response value was
detected for temperature between 200°C and 250°C, which
is consistent with values obtained for cerium oxide. These
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Fig. 7 Cej9sRug ¢s0, graphs for (a) Resistance vs time, (b) Sensor response vs concentation, (¢) Sensor response vs temperature, (e) Response

time vs temperature

results evidence that ruthenium inclusion increased the CeO,
gas response to a great extent, S=1.8 for CeO, vs. S=350 for
Ceg.95Ru 050,. To our knowledge, no other work regarding
this behavior has been reported at the present time.

Concerning the response time, values among 150 and
280 s at concentrations of 1-3 ppm at 200°C were found.
In the range of 250 to 350°C, the response time decreases to
values as small as 25 s. On the other hand, the recovery time
registered values among 150 and 450 s at low temperatures.
Save for some minor deviations, the recovery times are
within a narrow range among 200 and 300 s.

For the solid Ce 95Ing 05O, compound (see Fig. 8), their
resistance values showed good sensorial response as a func-
tion of time, under different concentrations. The material was
tested for five cycles, exceeding 300 h without meaningful

saturation. This material shows gas response values ranging
from 1 to 10 at low concentrations (1-5 ppm). However, for
higher concentrations (7-10 ppm) and temperatures of 300
and 350°C, S reaches values of 30 and 15, respectively.
Conversely, at 400°C, the gas response is significantly lower,
not higher than S=5 momentarily. This fact is consistent with
our previous observations regarding the competition for sites
at the surface level. Apparently surface oxygen is depleted at
that temperature; however above 400°C, oxygen mobility
inside the bulk is increased and gas response and recovery
time increase their values. Our discussion is in agreement with
the work performed by other authors and will be discussed
further.

Therefore, we can establish that Ceg 95Ing 50O, solid solu-
tion behaves well in a broad range of working temperatures
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lower than 400°C for concentration values from 1 to 10 ppm.
Response time values are located among 150 and 190 s at the
low temperature of 300°C. Between 340°C and 400°C their
values are as low as 60 s.

At this point it is pertinent to draw a comparison with
published work regarding the development of gas sensors
for NO,. Most reports found in recent literature on gas
sensors for NO,, focus mainly on the study of WO;5 [18],
ZnO [19] and SnO, [20, 21] compounds, whether in the
form of thin films or nanostructures prepared by various
methods; and a smaller amount of work addressed to study
other sensor compounds, such as In,O3 [22]. With respect to
cerium oxide as gas sensor there are few studies available in
the literature; mostly using ceria as additive. Some of them

@ Springer

relate to the study of CeO, as a CO sensor, which seems
logical since this compound is currently used in car converters
[5-7]. Table 1 shows some results obtained for these com-
pounds relative to NO, sensing. As can be seen, the values
obtained for our compounds are competitive with those shown
by the other authors. Nevertheless, we consider that the values
for CeO,, Ce 95Ruy 950, and Ceg 95Ing 950, compounds, can
be improved once they are tested in the form of thin films.
That work is currently under development.

According to the results observed it is possible to estab-
lish two working stages of this type of compounds. The
explanation is as follows.

At lower temperatures the gas sensing mechanism of cerium
oxide belongs to the surface-controlled type in which the
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Table 1 Results reported in re-

cent literature for NO, gas Material Shape T, (°C) of maximum  Sensor Gas concentration ~ Reference

sensors sensor response response  (ppm) No.
WO, Nanowires 100-150 1,100 2 17
ZnO Flowerlike 190 12 0.463 18
Zn0O Tubelike 190 120 0.463 18
SnO, Hollowspheres 160 2,031 20 19
SnO, Nanowires 200 180 5 20
In,O5 Microspheres 150 100 100 21
CeO, Micro fibers 200 1.7 10 This work
Ceg9sRug 050,  Micro fibers 200-250 350 10 This work
Ce.95Ing 050, Micro fibers 300, 450 35 10 This work

surface states and oxygen adsorption play an important role.
Atmospheric oxygen adsorbs electrons from the conduction
band of the sensing metal oxide and occurs on the surface in
the form of O, O, and O,. The reaction between NO, and the
surface adsorbed species (O, , O- and O, ) induces the for-
mation of electron-depleted space-charge layers at the cerium
oxide surface and thus the increase in the resistance.

In a second stage, at higher temperature, oxygen increases
its mobility within the network of the cerium oxide, rises
toward the surface and in this way renews the surface oxygen.
Both events are evident in Figs. 6 and 8 and occurring at
temperatures of 250 and 400°C, respectively. In this case,
indium and ruthenium ions are located in interstitial sites and
serve as electron donors as well as oxygen vacancy promoters.

Ceria can be classified as a mixed conductor showing
both electronic and ionic conduction. Its electrical properties
are strongly dependent upon temperature, oxygen partial
pressures and the presence of impurities or dopants [6]. By
adding ruthenium or indium to ceria, oxygen vacancies
(ionic defects) are promoted since those are related to the
appearance of Ce”" ion.

Ce*t + Rt — C + Ru*t

Ce4+ +[n3+ PN Ce3+ +Il’l4+

So the formation of Ce; (RuO,., and Ce; 4In O,y
occurs via Ce*" reduction and Ru®* (In*") oxidation and
the corresponding compounds are:

4t 3t p 3

Ce/”. Ce;"Ru;" O,
At 3 3

Cei™, Ce;"In." O,

In that case x indicate that the Ru®" addition and Ce*"
appearance are closely related and are largely responsible
for the significant response found in our materials. However
our view is that ruthenium or indium addition are not only
stimulating creation of vacancies, but also Ru or In are
filling intermediate electronic states between the valence
and conduction bands and this allows electron transport

occur more easily. XPS studies are in progress in order to
elucidate this assertion.

From the results discussed above, it was demonstrated
that the behavior of the Ceg9sRug 050, and Ceg 95Ing 50,
solid solutions is quite different from CeO,. The gas re-
sponse (S), resistance and recovery time show best values
for solid solutions, which evidences that the inclusion of Ru
and In has been beneficial. Due to their properties, the
CCOQ, Ceo_95Ru0_0502 and Ceo_951n0.0502 systems mlght be
considered in the design of new sensor materials based on
oxidation reactions, mainly because the oxidation/reduction
process (based on releasing or receiving oxygen), takes
place not only at surface level but also inside the lattice.

Further studies are needed, for instance techniques using
tagged oxygen; to elucidate the way in which lattice oxygen
interacts with NO, and could be compared to those found by
A. Bueno-Lopez et al. [23] using radiotracers. Their studies
of the reaction with coal show that oxygen which partici-
pates in the oxidation process at temperatures higher than
400°C always comes from the crystallographic network; and
although the surface is saturated with labeled oxygen, it
does not reacts directly with carbon, demonstrating that the
oxygen diffuses from the bulk to the surface to react.

In a recent publication [24] we have addressed the appli-
cability to other gaseous systems, such as carbon monoxide
and in addition we are exploring other potential applications
as thin films.

5 Conclusions

Significant differences were found by correlating the CeO,
transport properties to the Ceg 9sRug 05O, or Ceg gslng 950,
solid solutions. Ruthenium inclusion increased the CeO, gas
response in a great extent, S=1.8 for CeO, vs. S=350 for
C60.95RU0.0502 and S=35 for Ceo_gslno_osoz. This behavior
is reported by the first time. The results demonstrate the
direct relationship between morphology, crystal size and cell
expansion with the doping material. Ceg 9sRug 5O, and
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Ceg.95Ing 95O, form solid solutions without secondary
phases (for instance RuO, or In,03). Ruthenium or indium
doping into CeO, keeps the structural framework of the
FCC structure. The surface area in mixed oxides is superior
to CeO,, which is attributable to the introduction of dopant.
Our findings demonstrate that electronic states added by the
inclusion of Ru or In can improve the transport properties of
CeO,. In addition the significant response shown by the
solid solutions Ceg 9sRug 05O, and Ceg 95Ing 95O, open up
the possibilities of application to other gaseous systems like
NO, CO and ozone to mention a few.
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