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Abstract The mixed-conductive ceramic oxide Gdg,
Ce30,_5 (GCO) particles with 40-50 nm were synthe-
sized by using a combined citrate and EDTA complexation
method. The material was characterized with powder X-ray
diffraction, transmission electron microscopy, energy dis-
persive spectrometry, and X-ray photoelectron spectros-
copy. A humidity sensor was fabricated by screening GCO
onto a ceramic substrate with a pair of interdigitated
electrodes. The sensor shows a linear relationship between
logarithm impedance and relative humidity in the range of
33-98% when the measurement frequency range is 20 Hz—
1 kHz. Typical response and recovery times of the sensor
are 40 and 210 s, respectively, indicating that desorption
rate of water molecule inside the GCO material is slower
than the adsorption rate. The humidity sensing mechanism
was discussed.

Introduction

The humidity sensor has been widely used in many auto-
mation systems. It is well known that a good humidity
sensor should be focus on the improvement of following
requirements, such as linear response, high sensitivity,
short response time, and long-term stability.

Materials with these qualities, such as polymers,
ceramics, and composites, have been studied and some of
them showed their advantages in humidity applications [1—
3]. Particularly, ceramic humidity sensors based on porous
and sintered oxides have attracted much attention due to
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their chemical and physical stability [4, 5], high mechan-
ical strength, and wide range of operation temperature. The
previous reports on ceramic materials for humidity sensors
mainly involved TiO, [6-8], ZrO, [9], ZnO [10, 11],
perovskite oxides [12, 13], and so on.

Recently, more and more researchers pay their attention
to exploitation of new nano-sized materials so as to obtain
humidity sensors with excellent characteristics [14—16].
Gd-doped CeO, ceramic material with nano-size, which
was proven to be the mixed ionic/electronic conductors,
has drawn increasing attention in the field of electro-
chemistry due to its superior ionic conductivities being
higher than those of the stabilized zirconia [17, 18] and the
stability at reducing atmosphere being better than those of
the perovskite-related oxides [19]. As we know, Gd-doped
CeO, ceramic material has been used almost exclusively as
the anode and electrolyte materials for solid oxide fuel
cells [20, 21].

It was reported that the humidity sensing property
improved with the increase of ionic and/or electronic
conducting ability of the materials [22]. In this report,
nano-sized Gdg,Ceyg0,_s (GCO) material was used to
fabricate humidity sensor. The preparation, characteriza-
tion, and humidity sensing properties of GCO material
were investigated in detail. The sensing mechanism of
GCO material was briefly discussed.

Experimental

Preparation and characterization of Gdg,Ceg0,_s
ceramic powders

Gdy,Ce 30,_s ceramic powders were synthesized by a
combined citrate and ethylene diamine tetraacetic acid
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(EDTA) complexation method. In this method, stoichi-
ometric amount of metal nitrate salts of Gd(NO3)3-6H,O
(>99.0%) and Ce(NO3);:6H,0O (>99.0%) by 1:4 molar
ratio were dissolved in an EDTA-citric acid aqueous
solution with stirring at 70 °C. The molar ratio of metal
ions:EDTA:citric acid was 1:1:1 in this batch. Ammonia
was added to the mixture. Gelation occurred while the
solution was concentrated at approximately 70 °C. The
resulting metal-organic gels underwent pyrolysis and
finally combustion, leaving metal oxide powders. The
powder was calcined under air at 800 °C for 3 h in a fur-
nace. The sample obtained in this way was denoted as
GCO.

Powder X-ray diffraction (XRD) pattern was recorded
with a Rigaku D/Max-2500 diffractometer (Japan) employ-
ing Cu K, radiation (4 = 0.1542 nm) in the 20 range of
5-70° with a scanning step of 5°/min at 40 kV and 200 mA.
X-ray photoelectron spectroscopy (XPS) measurement
was carried out on a VG ESCALAB MK?2 spectrometer
(England) by using an Al K, (hv = 1486.6 ¢V) radioac-
tivity source and operating at 12.5 kV and 250 W. The
binding energy was calibrated against the Cls signal
(284.6 eV) as a reference. The morphology of the sample
was determined by a transmission electron microscopy
(TEM) using a Philips Fei Tecnai Sprit apparatus operated
at 120 kV. Energy dispersive X-ray spectroscopy (EDS)
analysis of the sample was obtained on a Quanta 200F field-
emission scanning electron microanalyser (Netherlands),
employing the accelerating voltage of 120 kV. Sample was
placed on the copper grid using highly conductive carbon
paint as adhesive to fix the sample.

Sensor fabrication

The GCO power was ground with deionized water to form
a paste, which was then screened onto the ceramic sub-
strate with interdigitated electrodes. The thickness of the
GCO film was 0.5 mm, and the area of the films was
8 mm x 4 mm. The humidity sensing film of the GCO
material was dried at 200 °C in air for about 1 h.

Sensor measurement

Impedance measurements were carried out in a frequency
range of 20 to 10° Hz at various relative humidities (RH).
The equipment for the measurement is a ZL5 intelligent
LCR test meter (Shanghai, China). The measurement of
humidity was done at room temperature and RH levels
were obtained by the saturated salt solution. The response
and recovery times were determined over saturated salt
solution of K,SO, for 98% RH and MgCl,-6H,0 for 33%
RH in their equilibrium states [23], in which the gas was
switched by manual within 0.5s. The large round-
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bottomed chamber and narrow necked cap prevented the
momentary perturbation of the humidity equilibrium.

Results and discussions
Structure characterization of GCO sample

Figure 1 shows XRD pattern of GCO sample. The XRD
pattern clearly shows that the sample is single phase and all
the reflection can be attributed to the cubic fluorite type
structure. According to XRD data, the lattice parameter
was calculated to be 0.5431 nm, which is higher than a
lattice parameter of 0.54134 nm for pure CeO, (JCPDS
43-1002). This indicates that some places of Ce in the
lattice are substituted by Gd atoms and a solid solution of
Gd and Ce is formed. And the increase of the lattice
parameter is believed to be caused by a larger atomic
radius of Gd. In addition, according to Scherrer’s semi-
empirical formula, the crystallite size of GCO was calcu-
lated to be approximately 40 nm.

A typical TEM image of GCO sample is shown in
Fig. 2, from which the average grain size of particles is
measured to be approximately 40-50 nm. This is in good
agreement with the XRD results. And it is obvious that the
aggregation of the particles can be observed.

Figure 3 shows the spectrum of EDS analysis for the
GCO. EDS analysis confirms that GCO composite material
only consists Gd, Ce, and oxygen, and the atomic ratio of
Gd/Ce is very close to the stoichiometry of based on the
calculation of peak areas (see inserted Table). The strong
Cu and C peak should be attributed to sample holder. Apart
from that no other element peaks could be detected.

The results of XPS analysis of GCO sample are shown
in Fig. 4, and Fig. 4a and b are for Ce 3d and Gd 4d,
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Fig. 1 XRD pattern of Cdy,Ce30,_s sample
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Fig. 2 TEM image of nanometer GCO material
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Fig. 3 EDS spectrum of Gdy,Ceng0,_5

respectively. Typically, the XPS spectrum of Ce 3d
exhibits three distinct regions of envelopes, which is in
good agreement with the reported results from the literature
[24] (around 880-890 eV, 895-910eV, and about
916 eV). The peak at approximately 916 eV is normally
used as the spectroscopic marker to detect the presence of
the Ce** state. According to the literature [25], it can be
found that the peaks at 887.2 and 899.4 eV are assigned to
Ce*" state, indicating that Ce*™ and Ce** are co-existed on
the surface of GCO sample. In addition, Gd 4ds3,, and Gd
4ds/, peaks can be identified in Fig. 4b, which are located
at 146.9 and 141.6 eV, respectively [26], indicating that Gd
is present in Gd*" of its characteristic chemical state. The
existence of Ce*" and Gd>" in the surface region of GCO
sample shows that the formation of oxygen vacancies is
possible during the preparation of GCO material.
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Fig. 4 XPS spectrum of Ce 3d (a) and Gd 4d (b) from surface region
of GCO sample

Humidity sensing properties of GCO sample

Figure 5 shows the plot of impedance of the sensor versus
RH as function of measurement frequency at a voltage of
1 V. It can be found that the frequency obviously influence
the humidity dependence of the impedance of the GCO
sensor. Good logarithmic linearity in 30-98% RH range is
obtained in the low frequency region such as 20 Hz—1 kHz.
The impedance changes five orders of magnitude when RH
varies from 30 to 98% RH. At low RH, the impedance
decreased remarkably with increasing frequency, and the
impedance difference between two measurement frequen-
cies became progressively smaller with increasing RH.
The response and recovery behavior is an important
property for the humidity sensors. Figure 6 shows the
response and recovery characteristic of the GCO humidity
sensor, measured at room temperature and 20 Hz. The
response and recovery times are defined as the time
required to reach the 90% of the final equilibrium signal.
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Fig. 5 Impedance versus relative humidity plot of GCO sensor at
various frequencies
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Fig. 6 Response and recovery properties of the GCO sample

The response time (as humidity changes from 33 to 98%
RH) is about 40 s. The recovery time (from 98 to 33% RH)
is about 210 s, which is longer than the response time. This
phenomenon could be due to the slow desorption rate of
water molecule inside the GCO material.

Figure 7 represents reversibility of resistance with
variations in RH. Curve ‘a’ represents the change of
resistance when the humidity increases, and curve ‘b’ for
the decrease of the humidity. It is obvious that GCO
material exhibits a narrow hysteresis, indicating that
adsorption and desorption of GCO material are similar and
the rate of desiccation of the adsorbed water is the same as
that of the humidification.

Conductivity of ceramic and nanometer sensing mate-
rials varies with the amount of water adsorbed on the
surface of them [27]. Unlike SiO, [28] and other porous
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Fig. 7 Hysteresis property of GCO humidity sensor

oxides, for GCO material calcined at 800 °C for 3 h,
hydroxyl groups on the surface are scarce and difficult to
be originated. However, according to the literature [29], it
was known that the presence of surface defect and oxygen
vacancies could originate the proton when the water mol-
ecule was absorbed on the surface. The XPS data showed
that the existence of Ce*™ and Gd>" in the surface region
of the GCO sample could imply the presence of oxygen
vacancies. At low RH range, H,O molecular was chemi-
sorbed on the surface of GCO material. And the adsorption
of vapor H,O molecular on oxygen vacancies (Vo) and
lattice oxygen (Op) can lead to the formation of an inter-
stitial proton (OHJ) associating strongly with a neighbor
05 according to the following equation:

H,0(g) + Vi + O} < 20H:.

The interstitial proton (OH;) may hop around the
oxygen vacancies (V). Thus, at low RH, dominating
conduction process is proton hopping. As RH increases,
liquid water molecular is abundant on the surface of GCO
material, and a large amount of H' ions dissociated from
the adsorbed water become the dominant charged carries
[30], for which the transport mechanism is assured by H*
transfer between adjacent water molecules [31]. As a
superior ionic conductor, the ionic conductivity of GCO is
significantly enhanced at higher RH because H* transport
is more energetically favorable than the proton hopping.
This may explain the reason that the resistance decreases
rapidly with increasing RH as shown in Fig. 5.

Conclusion

Nano-sized GCO powders were synthesized via citrate and
EDTA complexation method. The sensor prepared with
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GCO powders showed that electrical impedance behavior
dependent on the RH. And the sensor exhibited a loga-
rithmic linear response of RH over the range of 33-98% in
the range of 20 Hz—1 kHz. Typical response and recovery
times of the sensor are 40 and 210 s, respectively. From the
results, it could be proposed that, at low RH, the interstitial
proton (OH;) hopping around the oxygen vacancies is
dominant conduction process. At high RH, the transport
mechanism is assured by H' transfer between adjacent
adsorbed water molecules.
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