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a  b  s  t  r  a  c  t

Resistive-type  carbon  monoxide  sensors  were  fabricated  using  zirconia-doped  ceria,  and  their  sensing
properties  were  evaluated  and  compared  with  equivalent  devices  based  on  non-doped  ceria.  The  response
of both  sensor  types  was found  to  increase  with decreasing  temperature,  while  the  response  at  450 ◦C  of  a
sensor fired  at 950 ◦C was  greater  than  that  of a sensor  fired  at 1100 ◦C. When  fired  at  950 ◦C,  however,  the
response  at  450 ◦C  of  a sensor  created  using zirconia-doped  ceria was  slightly  less  than  that  of a  sensor
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constructed  from  non-doped  ceria.  Multivariate  analysis  confirmed  that  the response  of  both  sensor
types  is proportional  to  the  resistance  raised  to the  power  of  about  0.5,  and  inversely  proportional  to the
particle  size  raised  to a power  of  about  0.8.  The  sensor  response  time  can  be  considered  almost  the  same
regardless  of  whether  zirconia  doping  is  used  or  not.

©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/
. Introduction

Although there have been various reports of resistive-type oxy-
en gas sensors [1–5] and carbon monoxide sensors [6–8] being
abricated from cerium oxide (ceria), their mechanism is very dif-
erent to that of more conventional gas sensors based on tin dioxide
9]. Specifically, it is the resistance of the total bulk that changes
hen ceria comes into contact with CO, whereas the resistance of

in dioxide only changes at the surface. As a result of this, ceria-
ased gas sensors are considered to have an advantage in terms of
tability and reliability [9].

It has been reported that resistive-type oxygen gas [10] sensors
ased on ceria have a fast response. The use of zirconia-doped ceria
an improve the response time even further to about ∼10 ms  at
00 ◦C, as doping helps to reduce the resistance of ceria [11]. Sim-

larly, the fast response of ceria-based carbon monoxide sensors
12] can be improved by adding gold nanoparticles and/or cluster-
ng ceria nanoparticles [6]. However, there have been no reports
f resistive-type carbon monoxide sensors using zirconia-doped
eria, just a single report [13] outlining the electrical conductivity
f zirconia-doped ceria films in air and/or CO + CO2 for the detection
f oxygen levels. To address this shortcoming, resistive-type carbon
∗ Corresponding author. Tel.: +81 52 736 7108; fax: +81 52 736 7234.
E-mail address: n-izu@aist.go.jp (N. Izu).
Peer review under responsibility of The Ceramic Society of Japan and the Korean

eramic Society.

ttp://dx.doi.org/10.1016/j.jascer.2016.04.001
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti

icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
licenses/by-nc-nd/4.0/).

monoxide sensors were fabricated using zirconia-doped ceria, the
sensing properties of which are herein discussed through compar-
ison with the performance of sensors based on non-doped ceria.

2. Experimental

2.1. Sensor fabrication

Ce(NO3)3·xH2O and ZrO(NO3)2·xH2O were first dissolved in dis-
tilled water to give a Zr:Ce molar ratio of 1:9 or 0:10 and a total
cation concentration of 0.10 mol/L. After stirring for several min-
utes, this solution was mixed with 25% aqueous ammonia and the
resulting precipitate was  filtered to obtain a white gel. This white
gel was  mixed with commercial carbon powder using a hybrid
mixer, dried in air at 70 ◦C for several hours, and then calcined in air
at 900 ◦C for 4 h to obtain fine zirconia-doped ceria (Ce0.9Zr0.1O2)
and non-doped ceria (CeO2) powders.

In oxygen sensors using cerium oxide, there are large differences
in the sensing properties between any zirconia-doped ceria and
completely non-doped ceria [14]. On the other hand, the sensing
properties change only slightly as a function of zirconia concen-
tration in the range from 5 to 40 mol% [14]. With this in mind, the
present study, as a first trial, focuses on Ce0.9Zr0.1O2 to facilitate a

basic comparison between zirconia-doped and non-doped ceria.

The fine zirconia-doped ceria and non-doped ceria powders
were mixed with an organic binder containing terpineol and ethyl
cellulose to produce pastes that were then screen printed onto
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1100, (c) CeZr10-950 and (d) CeZr10-1100 thick films.
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Table 1
Particle size of thick films, as obtained from SEM images.

Particle size (nm)

Firing temperature 950 ◦C Firing temperature 1100 ◦C

to 1%CO + air, but becomes stable within a few minutes. When the
atmosphere is changed back, the resistance increases dramatically
to the initial value.
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 500oC
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Fig. 1. SEM images of (a) Ce100-950, (b) Ce100-

nterdigital structured Pt electrodes with Al2O3 substrates. These
creen-printed thick films were calcined in air at 500 ◦C for 5 h, and
hen fired at 950 ◦C or 1100 ◦C for 2 h in air. The zirconia-doped ceria
Ce0.9Zr0.1O2) and non-doped ceria (CeO2) samples were labeled
s CeZr10-X and Ce100-X, respectively, where, X represents the
ring temperature (e.g., CeZr10-1100 is a zirconia-doped ceria
Ce0.9Zr0.1O2) sensor obtained by firing at 1100 ◦C).

Each of the thick films was characterized by X-ray diffraction
XRD) using Cu K� radiation (RINT2100V/PC, Rigaku Corporation),
s well as by scanning electron microscopy (SEM: JSM-6335F, JEOL).

.2. Evaluation of sensing properties

Each sensor element was set in a quartz glass tube in a furnace,
hich was then heated to a predetermined temperature. Air, fol-

owed by air containing CO, was then introduced into the quartz
ube and the resistance of the thick film was measured as a func-
ion of time at various CO concentrations. The resistance ratio was
efined as Ra/Rg, where Ra and Rg represent the resistances of the
hick film in air and air/CO mixtures of various concentrations.

The response time of the sensor to CO was measured using a pre-
iously described [12] method. For this, the sensor was first set in a
mall container and sealed inside by placing a thin rubber film over
he opening. This small container was then placed inside a larger
ontainer, into which CO was introduced. The thin rubber film was
hen torn to create a sudden change in the CO concentration inside
he small container and the change in resistance of the sensor was
ecorded.

. Results and discussion

The XRD patterns of the ceria and zirconia-doped ceria thick
lms prepared in this study revealed them to be a single phase
ith a fluorite structure. The SEM images in Fig. 1 show the thick

lms fired at 950 and 1100 ◦C, while Table 1 provides a summary of
he particle size calculated from these SEM images. Note that for a
iven firing temperature the particle size of CeZr10 is smaller than
hat of Ce100, which is consistent with previously reported results
Ce100 64 170
CeZr10 34 126

[11,15] and confirms that zirconia prevents an increase in particle
size during firing. The thickness of all films was  4–6 �m.

Fig. 2 shows the response curves of a CeZr10 sensor when
exposed to 1%CO + air at various operating temperatures. We  see
from this that although the resistance is stable when in air, there
is a dramatic decrease in resistance when the atmosphere changed
Time / min

Fig. 2. Response curves of a CeZr10-950 sensor toward 1%CO + air at various oper-
ating temperatures.
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Fig. 4. Relationship between sensor response and CO concentration at an operating
◦

T
R

ig. 3. Resistance and response values obtained from the response curves of CeZr10-
50 (Fig. 2) and other sensors.

Fig. 3 provides a summary of the data obtained from the
esponse curves of CeZr10-950 (Fig. 2) and other sensors. Note
hat when the firing temperature is the same, the resistance of
eZr10 in air is lower than that of Ce100, which is consistent with a
eported decrease in resistance by doping with 20–30 mol% zirconia
16]. That study found that the resistance decreased with increas-
ng zirconia concentration, up to 30 mol% zirconia. However, the
esistance then increased with increasing zirconia concentration
n the range from 30 mol% to 50 mol%. In ceria, the following defect
eaction has been reported [16–21]:

CeX
Ce + OX

O = 2Ce′
Ce + V..

O + 1/2O2 (1)

ere, Ce′
Ce represents a quasi-free electron localized on a cerium

on, because conduction in ceria is known to proceed via a hopping
ype mechanism [17]. Since the Zr ion is tetravalent, point defects
o not form in ceria as a direct result of Zr ion doping. However,

t has been reported that doping zirconium causes the equilibrium
f the defect reaction (1) to shift to the right [22]. This may  be the
eason for the decreasing resistance that occurs at moderate levels
f zirconia doping.

For a given zirconia concentration, the resistance of the sen-
or obtained by firing at 950 ◦C is smaller than that of the sensor
btained by firing at 1100 ◦C. This means that the resistance of a
ensor is reduced by having a smaller particle size, which is also
onsistent with the results of a previous study [23] in which the
quilibrium of the defect reaction (1) shifted to the right, and
he bulk resistance decreased when the particle size decreased.

hen the particle size is decreased, the surface area and the vol-
me  occupied by grain boundaries both increase as a percentage
f the bulk volume. These features (including surface area, grain

oundaries and bulk properties) may  all be affected by the right-
ard equilibrium shift of the defect reaction (1). The resistances

f the sensors produced in this study therefore follow an order
CeZr10-950 < CeZr10-1100 < Ce100-950 � Ce100-1100) that can

able 2
esponse time (t90) of sensors when changing from air to air with CO.

Sample Operating temperature (◦C) 

Ce100-950 450 

Ce100-950 450 

Ce100-950 500 

Ce100-950 500 

CeZr10-950 450 

CeZr10-950 450 

CeZr10-950 500 

CeZr10-950 500 
temperature of 450 C.

be attributed to the effects of both particle size and zirconia-doping
levels.

The response of Ce100-950 and CeZr10-950 can be seen in
Fig. 3 to largely increase with decreasing operating tempera-
ture, although Ce100-1100 and CeZr10-1100 both show a smaller
dependence on operating temperature with regards to their
response.

Table 2 presents a summary of the response time of the various
sensors, in which we  see that zirconia doping has very little effect. A
previous report [12] has suggested that the rate-limiting step could
be the permeation of gas into the thick film, meaning that the pore
size (which would be the same for CeZr10-950 and Ce100-950)
determines the response time. However, it is also possible that a
response time of less than 2 s may  not be evaluated precisely by
the apparatus used in this instance given the time (∼2 s) taken to
change atmospheres, which may explain why the response times
of CeZr10-950 and Ce100-950 are almost the same. Consequently,
more detailed experiments and analysis are needed to fully explain
the reason for the similarity between these two sensor types.

Fig. 4 shows the relationship between the sensor response
and CO concentration at an operating temperature of 450 ◦C,
which gave the maximum response value. Note that the response
of Ce100-1100 at this temperature is much greater than that
of CeZr10-1100, while the response of Ce100-950 is slightly
larger than that of CeZr10-950. The order of response at
450 ◦C can therefore be written as follows: CeZr10-1100 < Ce100-
1100 < CeZr10-950 ∼ Ce100-950 (for CO concentrations on the
order of 5000 ppm).

Having qualitatively established that the response of non-doped
and zirconia-doped ceria sensors increases with decreasing parti-

cle size and/or increasing resistance, a multivariate analysis was
carried to quantitatively determine the effect of particle size and

CO concentration (ppm) Response time, t90 (s)

1000 2.5 ± 0.3
5000 2.0 ± 0.7
1000 2.6 ± 0.7
5000 3.0 ± 1.8
1000 2.5 ± 0.5
5000 3.4 ± 0.5
1000 4.0 ± 1.7
5000 3.4 ± 0.7
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ig. 5. Relationship between particle size, resistance and response for Ce100-950,
e100-1100, CeZr10-950, and CeZr10-1100.

esistance. Here, it was assumed that the response value of the
ensors is only dependent on particle size and resistance, and that:

 ̨ − 1) = ARn
a

Sm
(2)

here,  ̨ = Ra/Rg; A, n, and m are constants; and S is the particle
ize. Thus, when either n or m is 0, the resistance or the particle
ize, respectively, cannot influence the response. However, when n
s greater than 0, the response will be dependent on the resistance;
nd when m is greater than 0, the response will be dependent on
he particle size. Eq. (2) can therefore be changed to:

og(  ̨ − 1) = log A + n log Ra − m log S (3)

Through multivariate analysis using Eq. (3), the following equa-
ion was obtained:

 ̨ − 1) ∝ Rn
a

Sm
, n = 0.543 ± 0.05, m = 0.780 ± 0.08 (4)

Fig. 5 shows the linear relationship between particle size, resis-
ance and response when vertical and horizontal axes of (  ̨ − 1)
nd Ra

0.543/S0.780 are used. This reveals that response is propor-
ional to the resistance raised to the power of ∼0.5 and inversely
roportional to the particle size raised to the power of ∼0.8. In
ther words, the effect of particle size is greater than that of resis-
ance in the case of the sensors obtained in this study. It is believed
hat the number of points on the surface of the particles where CO

olecules can react chemically increases when the particle size
s decreased; this would be due to the increase of surface area.

oreover, as mentioned above, the number of point defects such
s oxygen vacancies and trivalent cerium ions also increase due
o the rightward equilibrium shift of the defect reaction (1) that
esults from decreasing particle size. These increases in the num-
er of reaction points and point defects may  activate the adsorption
nd/or oxidation reactions involving CO. On the other hand, the
atio of resistances with and without CO will increase in the case of

 device with a high resistance in air even if the change of carrier
oncentration (Ce′

Ce) is small, because the carrier concentration of
 high-resistance device in air is closer to zero compared with that
f a low-resistance device in air. Thus, the relative response value
ncreases. However, the increase of resistance in air must cause a
eftward equilibrium shift in the defect reaction (1), which causes

 decrease in the number of point defects, and negatively influ-

nces the adsorption and/or oxidation reactions of CO. This causes

 partial cancelation—or offset—of the effects of high resistance.
his partial offset may  be attributed to the smaller resistance effect
n ≈ 0.5) compared with the particle size effect (m ≈ 0.8). It is the

[

[

ic Societies 4 (2016) 205–208

doping with 10 mol% zirconia that is responsible for the decrease in
particle size and subsequent increase in response, but this also has
the effect of reducing the resistance and therefore also the response.

Considering the practical uses of CO sensors, a low resistance is
just as important as a good response. This is because the electrical
circuitry needed for high-resistance sensors is very complicated
and expensive. The results obtained in this study indicated that
Ce100-950 is most suitable for practical use considering response
sensitivity, resistance and response time.

4. Conclusions

The response of four different kinds of ceria-based CO sensor
has been shown to increase with decreasing temperature. At the
lowest operating temperature tested (450 ◦C), the response of a
sensor fired at 950 ◦C was greater than that of the sensor fired at
1100 ◦C, but a sensor using zirconia-doped ceria fired at 950 ◦C had
a slightly smaller response at this temperature than a sensor using
non-doped ceria. This is attributed to the fact that zirconia doping
not only reduces the particle size, thereby increasing the response,
but also reduces the response through a decrease in resistance. Con-
sequently, the response times of sensors with and without zirconia
doping are almost the same; however, multivariate analysis has
revealed that response is proportional to the resistance raised to
the power of ∼0.5, and inversely proportional to the particle size
raised to the power of ∼0.8.
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