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Nanosized CeO, powders were synthesized via hydrothermal method with different types of surfactants (polyethylene glycol
(PEG), cetyltrimethylammonium bromide (CTAB), and sodium dodecylbenzenesulfonate (SDBS)). X-ray diffraction, Raman
spectroscopy, and transmission electron microscopy were utilized to characterize the phase structures and morphologies of the
products. The sample with CTAB as surfactant (CeO,-C) has the largest specific surface area and the smallest particle size among
these three samples. The humidity sensor fabricated by CeO,-C shows higher performance than those used CeO,-P and CeO,-S.
The impedance of the CeO,-C sensor decreases by about five orders of magnitude with relative humidity (RH) changing from 15.7
to 95%. The response and recovery time are 7 and 7 s, respectively. These results indicate that the performance of CeO, humidity

sensors can be improved effectively by the addition of cationic surfactant.

1. Introduction

In recent decades, humidity sensors have received intense
interests for their wide applications in environment pro-
tection, agriculture, and industrial production driven by
the recognized importance of vapor concentration [1-4].
The materials for humidity sensors are generally including
organic polymer films and porous ceramic films [5, 6]. The
main disadvantages of humidity sensors based on the former
are the weak mechanical strength, poor physical and chemical
stability, and low operation temperature. For the latter, the
dull response and recovery time are the main challenge. In
recent years, many efforts have been carried out to explore the
materials of humidity sensors, such as SnO,, TiO,, ZnO, and
BaTiO; [7-10]. As one of the candidate materials of sensor,
cerium oxide shows large diffusion coefficient for oxygen
vacancy and good corrosion resistance to corrosive gases
(Cl,, SO, and NO) [11]. Based on the merit mentioned above,
CeO, becomes heatedly discussed topic in recent years.

In the past few years, several methods have been proposed
to prepare fine nanopowders. Hydrothermal method is con-
sidered as one of the most promising techniques for the room

temperature manufacture of nanopowders, which can be
attributed to the advantages related to the homogeneous
nucleation processes and fine grain size. However, due to the
high surface energy, nanoparticles are easy to coagulate and
difficult to disperse. It is well known that serious agglom-
eration has an adverse effect on the properties of sensors
during the filming process. Kinds of surfactants have been
introduced to improve the performance of the materials [12,
13]. Nevertheless, to the best of our knowledge, the systematic
investigation of the effects of different types of surfactants
(nonionic, cationic, and anionic) on the performance of CeO,
as humidity sensor has not been reported. To improve the
performance of sensing materials, it is essential to make
insight into the characteristics with different surfactants.

In this paper, three different kinds of surfactants, that
is, PEG (nonionic), CTAB (cationic), and SDBS (anionic),
were used as surfactants to prepare CeO, nanopowders
via hydrothermal process, and the effects of surfactants on
the structures and the humidity sensing properties of the
corresponding sensors were investigated in detail. The main
purpose of this study is to clarify the influence of surfactants
on the performance of the CeO, humidity sensor.



2. Experimental Details

Based on the conventional hydrothermal method, CeO,
nanopowders with different surfactants were synthesized as
follows: Ce(NO;);-6H,0 (99.99%, Chenghai Chemical of
Guangdong), CTAB, PEG, and SDBS (Shanghai Chemicals
Ltd.) were used as starting material and surfactants. A certain
amount of surfactants (2 wt.%) was added into 50 mL of
Ce(NO;); solution (0.1 M) under magnetic stirring. The pH
value of the solution was adjusted to 7 by adding sodium
hydroxide solution (2M). Then, CeO, nanopowders were
obtained by hydrothermal treatment for the mixed solution
at 180°C for 24 h in a Teflon autoclave. The precipitates were
filtered and washed with distilled water and ethanol for
several times and dried at 70°C for 12 h. The same procedure
was followed for the preparation of CeO, nanocrystalline
powders by using CTAB, PEG, and SDBS as surfactants,
respectively. In this paper, three produced CeO, nanopow-
ders were designated as CeO,-P, CeO,-C, and CeO,-S,
respectively.

The crystalline phases of CeO, nanocrystalline powders
were examined by means of powder X-ray diffraction (XRD,
Bruker D8 Focus powder X-ray diffractometer) using Cu K«
radiation (A =1.5406 A) with a scanning rate of 5°.min"'. The
operation current and voltage were maintained at 40 mA and
40kV, respectively. The lattice parameters were calculated
based on these XRD patterns. The average particle size of
nanopowders (D) was determined by Scherrer’s equation [14]:

K

D=A—,
PBcosO

)

where A is the wavelength of the X-ray radiation, 0 is the
diffraction angle, K is a constant (0.89), and 3 is the corrected
full-width half maximum (FWHM). The Gaussian-Gaussian
relationship [14] was also used for the instrument correction:

ﬁZ — BZ _ bZ’ (2)

where FWHM of the sample and the standard width of refer-
ence silicon sample are represented by B and b, respectively.

FT-Raman spectra were recorded on a Thermo Nicolet
960 instrument with an excitation wavelength of 1064 nm,
and the measured wave number range is from 100 to
900 cm ™. The specific surface area (Sgpy) was determined
by applying Brunauer-Emmet-Teller (BET) equation [15, 16]
with a Micromeritics ASAP2020 instrument. The microstruc-
tures, morphologies, and particle sizes of the three samples
were examined by a Philips TF-F20 electron transmission
microscope.

In order to fabricate the humidity sensors, the CeO,
nanopowders were dispersed in ethanol by magnetic stirring
(30 min). The mixed solution was dropped onto a ceramic
substrate (6cm X 3cm, 0.5cm in thick) with a pair of
Ag-Pd interdigital electrodes to form a CeQO, film with
a thickness of 10 ym. Furthermore, the humidity sensors
were annealed at 180°C for 1h. The characteristic curves of
humidity sensitivity were measured on a ZL-5 model LCR
analyzer (Shanghai, China). In our study, the voltage was
fixed at 1V. The humidity environments were obtained by
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FIGURE I: Schematic diagram of the sensor structure.

using MgCl,, Mg(NO;);, NaCl, KCl, and KNO, saturated
salt solutions, and the corresponding RH values were 33,
54, 75, 85, and 95%, respectively. The humidity of laboratory
atmosphere was 15.7% RH controlled by an automatic drier.
Figure 1 shows the schematic diagram of the sensor structure.

3. Results and Discussion

The crystal structures of the as-prepared products were
examined by XRD, and the corresponding results are shown
in Figure 2(a). The XRD patterns of three samples show a
face-centered cubic structure of ceria [JCPDS 43-1002]. As
shown in Figure 2(a), the peaks at round 20 = 29.8°, 34.6°,
49.6°, 59.2°, and 72.8° are assigned to the (111), (200), (220),
(311), and (400) reflections, respectively. It is worth noting
that the diffraction peak width of CeO,-C is wider than
those of CeO,-P and CeO,-S, implying that the grain size of
Ce0,-C is the smallest among the three samples. In addition,
the composition of the as-synthesized products was further
examined using an energy dispersive X-ray spectrometer
(EDS). Figure 2(b) shows the EDS spectrum of CeO,-C, and
only three elements (Ce, O and Si) can be identified in this
spectrum. The chemical composition of CeO,-C is very close
to the stoichiometric composition of CeO,. The presence of Si
in the spectrum can be attributed to the Si substrate. Further-
more, the average crystallite sizes, specific surface areas, and
lattice parameters of three samples were also investigated, as
shown in Table 1. The crystal size was calculated by Scherrer’s
equation as mentioned in experimental section. For CeO,-
C, the average crystallite size is 17.34 nm, while those of
CeO,-P and CeO,-S are 19.27 and 21.42 nm, respectively. The
lattice parameters are calculated from the XRD patterns using
software JADE 5.0, and the determined value of each lattice
parameter is the average value of 5 samples. For CeQO,-C,
the calculated value is 5.3945 + 0.0002 nm, which is higher
than those of CeO,-P (5.3726 + 0.0002nm) and CeO,-S
(5.3544 + 0.0003 nm). In the case of specific surface area, the
values for CeO,-C, CeO,-P, and CeO,-S are 143.45, 116.87,
and 99.36 m>-g ', respectively. For nanomaterials, the crystal
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FIGURE 2: XRD patterns of the as-synthesized samples (a) and EDS pattern of as-prepared CeO,-C (b).

TaBLE 1: The specific surface areas, crystalline sizes, and lattice
parameters for three samples.

S Specific surface  Crystallite size  Lattice parameter
amples S 1

area (m™-g ) (nm) (nm)
CeO,-P 116.87 19.27 5.3726 + 0.0002
CeO,-C 143.45 17.34 5.3945 £ 0.0002
CeO,-S 99.36 21.42 5.3544 + 0.0003

size is closely related to the specific surface area. The smaller
the crystal size is, the higher the specific surface area will be.
From the data of average particle sizes mentioned above, the
specific surface areas of these three samples should decrease
in the following order: CeO,-C > CeO,-P > CeO,-S. This
trend is coincident with the measurement values in this
study. As is well known, the structure, surface area, crystallite
size could be influenced by the different elective adsorption
processes and the interactions between the surfactant and
inorganic precursor molecules during the nucleation process.
However, the related mechanism is more complicated and
needs to be further investigated.

In order to confirm the phase structure, the as-prepared
samples were further examined by Raman spectroscopy in
the wave number range of 100~900cm™', as represented
in Figure 3. Careful investigation of the spectra revealed a
detailed structure of cubic type. It can be noted from Figure 3
that the main band at 469 cm™ can be attributed to the
F,, vibration mode from the space group Fm3m of cubic
structure [17, 18]. This further confirms that the structures of
three samples are cubic phase as mentioned in XRD analysis.
Moreover, it can be seen that a small shoulder appeared at
about 600 cm ™', which should be assigned as the longitudinal
optical mode [19]. In the present case, the intensity of the
band at 469 cm™" for CeO,-C is higher than those for the
other two samples.

469
CeO,-P
Ce0,-C
1 " 1 " 1 " 1
200 400 600 800

Raman shift (cm™!)

FIGURE 3: Raman spectra of CeO,-P, CeO,-C, and CeO,-S
nanopowders.

The morphologies and particle sizes of three samples were
investigated by TEM, as shown in Figure 4. All of these three
samples show a monodispersed square shape, and the particle
size of CeO,-C is more uniform than those of CeO,-P and
CeO,-S. The average particle sizes of three samples were also
calculated, and the determined particle size was the averaged
value of 40 particles selected randomly in the figure. For
Ce0,-P, Ce0,-C, and CeO,-S, the calculated average particle
sizes are 19.76, 17.88, and 21.77 nm, respectively. These results
are consistent with earlier data in XRD analysis mentioned
above.

Figure 5 shows the characteristics of resistance versus
relative humidity (RH) of three samples with different surfac-
tants measured at room temperature in the relative humidity
range from 15.7 to 95%. In this study, the surfactants obviously
have an important influence on the humidity dependence of
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FIGURE 5: Resistance versus RH plots of CeO, sensor with different
surfactants.

the impedance of sensors. As a comparison among these three
samples, the decrease of impedance for CeO,-C is greater
than those for CeO,-P and CeO,-S. The high humidity
sensitivity and the best linearity of the impedance versus RH
curve appeared in CeO,-C. By contrast, in the case of CeO,-
S, the situation is just the reverse compared with CeO,-C. For
CeO,-C, moreover, the impedance change is more than five
orders of magnitude.

Response and recovery behaviors are the significant
characteristics for estimating the performance of humidity
sensor. Response time for adsorption process and recovery
time in the case of desorption are defined as the time taken
by the sensor to achieve 90% variable quantity. Based on
the results mentioned above, the response and recovery
behaviors of three samples were investigated. The sensor
is transferred from initial atmosphere (33% RH) to target
atmosphere (95% RH) and transferred back to investigate
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FIGURE 6: Response and recovery characteristics of CeO, sensors
with different surfactants.

the response and recovery time, respectively. As shown in
Figure 6, the humidity sensor fabricated from CeO,-C shows
rapid response-recovery characteristics. The response time
(humidification from 33 to 95% RH) and the recovery time
(desiccation from 95 to 33% RH) are about 7s and 7s,
respectively. In the cases of CeO,-P and CeO,-S, however,
the corresponding response and recovery time are 10, 9s
and 12, 11s, respectively. Such facts indicate that the cationic
surfactant (CTAB) has a significant effect on improving the
performance of CeO, humidity sensors.

It is well known that the humidity sensing is closely
related to the adsorption process of water molecules on the
surface of the nanoparticles. The number of water molecules
adsorbed on the powders has an important effect on electrical
response. In the case of low humidity, only a few water
molecules can be adsorbed on the surface of the film by
the chemisorption mechanism [20-22]. The discontinuous
layer of water molecules on the surface of the film leads
to the difficulty of electrolytic conduction. According to
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Schaub et al. studies [23-25], the high local charge density
and a strong electrostatic field result from the tip, defects, and
contracts of the powders can promote water dissociation to
provide charge carriers. For high humidity, however, more
and more water layers can be formed on the surface of
nanoparticles by physisorption mechanism. As the dominant
charged carriers, H" decomposed from water molecules can
further decrease the impedance. On the other hand, in our
study, the nanosized grains and the high specific surface
area also play an important role in the sensor performance.
The nanoscale grain size shows much more grain boundaries
which produce large amount of active sites available for water
molecules to react. Also, the CeO,-C nanoparticles have the
largest specific surface area among the three samples. The
large surface of the nanomaterials makes the water molecules
absorbed on the surface of the sensor easily, which can
improve the response and recovery characteristics. So the
response and recovery time of CeO,-C are faster compared
with CeO,-P and CeO,-S. In accordance with the results of
the study, a conclusion can be drawn that cationic surfactant
(CTAB) has a significant effect on improving the sensibility
of CeO, humidity sensor compared with nonionic surfactant
(PEG) and anionic surfactant (SDBS).

4. Conclusions

CeO, nanoparticles with three different types of surfactants
were synthesized via hydrothermal method. The CeO,-C
has the largest specific surface area and the smallest particle
size. The performances of the corresponding sensors were
also investigated in detail. By comparison, cationic surfactant
(CTAB) has a significant effect on improving the performance
of humidity sensor compared with the other two surfactants
(nonionic (PEG) and anionic (SDBS)). The CeO,-C humidity
sensor shows a high sensitivity, fast response (7 s), and rapid
recovery (7 s) characteristics in the humidity range of 33~95%
RH, while the response and recovery time for CeO,-P and
CeO,-S are 10, 9 s and 12, 11 s, respectively.
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