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a b s t r a c t

MgO-SBA-15 has been successfully developed as a kind of humidity-sensitive material. The structure
of MgO-SBA-15 materials was characterized by XRD, IR spectroscopy, N2 adsorption–desorption, TEM
and XPS. The study proved that the MgO did not destroy the mesoporous structure of SBA-15 via the
characteristic results of XRD and N2 adsorption–desorption. Researchers built the thick film humidity
ccepted 12 December 2009
vailable online 22 December 2009

eywords:
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sensors on the Al2O3 ceramic substrate with two Ag–Pd interdigital electrodes with five fingers. The
sensor shows excellent humidity sensitivity from 11% to 95%RH, and it has very good response and
recovery property. The response time is about 10 s and the recovery time is about 20 s. We found that the
mesoporous structure of the sensing materials contributed to the humidity sensitivity. We discussed a
possible mechanism based on the humidity sensor produced by MgO-SBA-15.
omplex impedance
ensing mechanism

. Introduction

Humidity sensors have been used in an increasing number of
pplications in industrial processing and environmental control.
rowing demands for controlling water vapor have led to con-
iderable interest in the development of sensing materials [1–5].

variety of materials have been used to prepare humidity sen-
ors, such as ceramics [6–8], conductive polymers [9–14], and
etal oxide [15–20]. The techniques selected to fabricate sensors

nclude thin film techniques [21–22] and thick film techniques
23–25]. Using any of these materials and techniques, the operating
rinciples are based on the resistive, capacitive, or impedance con-
uctivity properties of the sensing materials. Ceramics have shown
esirable properties such as chemical and thermal stability, envi-
onmental adaptability, and applicability at high temperatures. But
eramics need to be heated to wash out moisture. Conductive poly-
ers can usually stay in good working order in humidity, but they

ave an undesirable water-resistant property under circumstances
nvolving high RH, and at high temperatures, they cannot work as
sual.

Since a family of novel mesoporous silica materials called M41S

as synthesized by the scientists from Mobil Oil Corporation,
esoporous silica materials have been receiving wide atten-

ion from both the scientific and industrial communities [26,27].
he large surface area created by mesoporous materials [28–31]
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enables an improvement in the water vapor adsorption proper-
ties of humidity devices. In our previous works, we have reported
the humidity-sensitive properties of LiCl doped SBA-15 [32,33] and
LiCl doped SBA-16 [34]. But the amount of LiCl is reduced when
dissolved into water, due to its water-solubility. Sometimes, LiCl
reacted with the mesoporous wall during the material preparing
process, and the mesoporous structure was destroyed [32]. In order
to resolve these problems, we selected metal oxide MgO and loaded
it into SBA-15 to develop the humidity sensor. MgO is usually used
as a functional component in different fields [19,35]. In this paper,
we synthesize MgO-SBA-15 composites in one-pot method and
investigate its humidity-sensitive property based on this material.
This method does not destroy the mesoporous structure, and the
obtained material has a very good response to variations in envi-
ronmental humidity.

2. Experimental

2.1. Preparations of SBA-15 and MgO-SBA-15

We prepared mesoporous silica SBA-15 according to the method
reported by Li and Zhao [36]. The detailed procedure was as fol-
lows: first, 2 g P123 (EO20PO20EO20) as a template was dissolved
in 60 ml HCl solution at room temperature. Then, 4.25 g tetraethyl

orthosilicate (TEOS) was added dropwise under stirring at 40 ◦C
for 24 h. Subsequently, the resulting mixture was aged at 40 ◦C
for 24 h without stirring. The final aqueous solution was trans-
ferred into a Teflon-lined stainless steel autoclave, sealed tightly,
and treated hydrothermally at 100 ◦C for 24 h. The autoclave was

ghts reserved.

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:zhangtong@jlu.edu.cn
mailto:heyuan@jlu.edu.cn
mailto:wangrui1215@163.com
dx.doi.org/10.1016/j.snb.2009.12.025


R. Wang et al. / Sensors and Actuators B 145 (2010) 386–393 387

and (b

c
d
p
s

m
s
m
s
a
s
c
t
a
T
S
a
1
r

2

w
s
w
d
t
c
p
d
h
A

2

A
4
m
a
F
P

Fig. 1. Photograph of (a) the blank device

ooled down naturally. The product was filtered and washed with
eionized water, then dried at 80 ◦C overnight. The surfactant tem-
late was removed at 550 ◦C for 5 h to obtain the pure mesoporous
ilica SBA-15.

We prepared the sensing materials of MgO-SBA-15 by the same
ethod. The detailed procedure was as follows: 2 g P123 was dis-

olved in 60 ml HCl solution at room temperature. Then, different
olar ratio Mg(NO3)2·6H2O was added to the former solution and

tirred for 0.5 h. Next, 4.25 g tetraethyl orthosilicate (TEOS) was
dded dropwise under stirring at 40 ◦C for 24 h. The final aqueous
olution was transferred into a Teflon-lined stainless steel auto-
lave, and treated hydrothermally at 100 ◦C for 24 h. Subsequently,
he autoclave was cooled down naturally. The product was filtered
nd washed with deionized water, then dried at 80 ◦C overnight.
he surfactant template was removed at 550 ◦C for 5 h. The MgO-
BA-15 samples were obtained and the products were designated
s MgO-SBA-15(R), where R was the molar ratio of MgO to SBA-
5. In our experiment, the value of R was 0.1, 0.3, 0.6, 1.0 and 1.5,
espectively, for five MgO-SBA-15.

.2. Sensor fabrications

The structure of the humidity sensor has been reported else-
here [32,33]. The main processes were as follows: a ceramic

ubstrate with two Ag–Pd interdigital electrodes with five fingers
as selected for fabricating the humidity sensor. First, the pow-
er sample was ground into paste with deionized water, and then
he paste was spin-coated on the substrate. A positive film was
oated on the sensing film to prevent the powder sample from being
olluted. Fig. 1 shows the photograph of the blank device and the
evice coated with sensing material. Finally, the impedance-type
umidity sensor was placed into 100%RH vapor aged with a voltage
C 1 V for 24 h.

.3. Method of characterization

The XRD patterns of powder were obtained with a Bruker D8
dvance X-ray diffractometer using Cu K� radiation at 40 kV and

0 mA. The nitrogen adsorption–desorption isotherm measure-
ent was performed on a Micromeritics ASAP 2010 volumetric

dsorption analyzer at the temperature of liquid nitrogen. The
ourier transform infrared (FTIR) spectra were recorded with
erkin-Elmer spectrometer, using KBr pellets whose thickness was
) the device coated with sensing material.

about 1.3 mm. Each spectrum was collected at room tempera-
ture under the atmospheric pressure with a resolution of 4 cm−1.
The photograph of these devices was obtained by MEIJI three-
dimensional microscope. The characteristic curves of humidity
sensitivity were measured with the ZL-5 model LCR analyzer. The
operation voltage was AC 1 V and the operation frequency was
alterable. The controlled-humidity environment was achieved by
releasing super-saturation aqueous solutions of different salts of
LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and KNO3 in a closed glass vessel
at room temperature (20 ◦C), which yielded 11%, 33%, 54%, 75%, 85%
and 95% relative humidity, respectively.

3. Results and discussion

3.1. Structure and morphology

Fig. 2 gives the low-angle XRD pattern and the wide-angle
XRD patterns of MgO-SBA-15(R). From the low-angle XRD pat-
terns (Fig. 2a), all the curves can be observed in the three peaks
attributed to (1 0 0), (1 1 0) and (2 0 0) of SBA-15. The intensity of
these peaks decreased as the ratio of MgO increased. That means
all the samples of MgO-SBA-15(R) have mesoporous structures, and
the introduction of MgO do not destroy the mesoporous structure
of SBA-15. The decrease of intensity indicated that the grade of
the mesoporous structure was decreased. This can be confirmed
by N2 adsorption–desorption characterization. Fig. 2b shows the
wide-angle XRD patterns of MgO-SBA-15(R). A broad peak cen-
tered at 22.2◦ of 2� was observed for all the samples, indicating
that the pore wall of SBA-15 and MgO-SBA-15(R) was amorphous.
This result was in accordance with the low-angle patterns. When
the ratio of MgO was low, we could not obtain the characteristic
peak of MgO. When the ratio was up to 1.0, the diffraction peaks
that appeared at 2� = 42.8◦ and 62.4◦ corresponded to the (2 0 0)
and (2 2 0) of MgO, respectively.

In order to investigate the mesoporous structure of SBA-15 and
MgO-SBA-15 further, the N2 adsorption–desorption isotherm of
pure SBA-15 and the representative isotherm curve of MgO-SBA-
15(R = 0.6, 1.0) are shown in Fig. 3. As shown in Fig. 3a, the curve

belongs to type IV, indicating the mesoporous structure of SBA-15.
When the MgO was assembled into mesoporous silica SBA-15, as
shown in Fig. 3, the shape of type IV was still retained, illuminating
the mesoporous structure preserved in the sample of MgO-SBA-15.
This was consistent with the result of low-angle XRD. The testing
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Fig. 2. XRD patterns MgO-SBA-15 samples: (a) low-angle XRD patterns and (b) wide-angle XRD patterns.
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Fig. 3. Nitrogen adsorption–desorption isotherms

esults show that the BET surface areas were decreased with the
ncrease in MgO concentration. The BET surface areas for pure SBA-
5, MgO-SBA-15(R = 0.6) and MgO-SBA-15(R = 1) are 728.99, 296.43
nd 211.63 cm2/g, respectively. The BJH pore diameter distribu-

ions that were calculated from desorption isotherms are shown
n Fig. 4. The average pore width decreased too. The average pore

idth for MgO-SBA-15(R = 0.6) and MgO-SBA-15(R = 1) are 7.45 and
.26 nm, respectively.

Fig. 4. Pore-size distribution of (a) MgO-SBA-
MgO-SBA-15(R = 0.6) and (b) MgO-SBA-15(R = 1).

The transmission electron microscope (TEM) image of the MgO-
SBA-15(R = 1) is shown in Fig. 5. TEM shows that the (1 0 0) direction
still retains a regular hexagonal array of uniform channel character-
istics (Fig. 5a). It suggested that MgO was formatted a smooth layer

on the surface of SBA-15 due to the method was one-pot synthesis.
The obtained result was similar to the reference result [37].

In order to confirm the element component, the sample
MgO-SBA-15(R = 1) was investigated by X-ray photoelectron spec-

15(R = 0.6) and (b) MgO-SBA-15(R = 1).
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Fig. 5. TEM image

roscopic (XPS). As shown in Fig. 6, the binding energies of Mg2p,
i2p and O1s are 50.7, 102.7 and 532.2 eV, respectively. These
esults indicate the existence of the Mg–O and Si–O bond [38]. So
he existence of MgO was confirmed by the XPS characterization.

IR spectra of SBA-15 and MgO-SBA-15(R) samples are shown
n Fig. 7. The curves corresponded to the samples of SBA-15,
gO-SBA-15(0.1), MgO-SBA-15(0.3), MgO-SBA-15(0.6), MgO-SBA-
5(1.0) and MgO-SBA-15(1.5), respectively. For mesoporous
BA-15, the peaks at 1093 and 808 cm−1 were attributed to the
symmetric stretching and symmetric modes of Si–O–Si lattice

Fig. 6. XPS spectra of MgO-SBA-15(R = 1)
gO-SBA-15(R = 1).

vibrations, respectively. The peaks at 1635 and 960 cm−1 were the
characteristic peaks of Si–OH. After the assembly of MgO, the peak
at 950 cm−1 became weak until it disappeared. But the character-
istic peak of Si–OH at 1635 cm−1 became stronger with increasing
MgO. This was due to the increasing of MgO content, and in increase
in the number of water molecules interacting with the Si–O–Si of

SBA-15 to form the surface hydroxyls. When the MgO ratio rose
to 1.0, this peak began to decrease. This phenomenon may be
caused by the surface hydroxyls beginning to release H+, resulting
in decreased amounts of the surface hydroxyls.

of Mg2p, Si2p and O1s, respectively.
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from 11 to 95%RH. This sample exhibits the best humidity-sensitive
Fig. 7. IR spectra of pure SBA-15 and MgO-SBA-15.

.2. Humidity-sensitive properties

The results of impedance measurements as a function of relative
umidity at room temperature are shown in Fig. 8. The operation
oltage was AC 1 V and the operation frequency was 100 Hz. At
ow humidity environment (11%RH), all the samples had very high
mpedance values. With the increasing of relative humidity, the
mpedance decreased rapidly. The greater the amount of MgO is,
he lower impedance is. But when the amount of MgO reached
= 1.5, the impedance was higher than the others’ in the indicated
umidity environments. In our opinions, the reason is that the BET

urface area and the inside pore was decreased by the excessive
oping of MgO. It can be proven by the low-angle XRD character-

zation and N2 adsorption. The results of Fig. 8 suggest that the
urve of MgO-SBA-15(R = 1) has the best linearity in the logarith-
ic scale. The impedance changes more than four magnitudes (104)

Fig. 8. Humidity-sensitive properties of MgO-SBA-15 samples.
Fig. 9. Humidity hysteresis characteristic of MgO-SBA-15(R = 1) sample.
properties, and therefore all the discussions below are focused on
this sample. We selected it to evaluate the hysteresis, the optimal
operation frequency, response-recovery time, and so on.

Fig. 10. Relationship of impedance and RH at different frequencies based on MgO-
SBA-15(R = 1) sample.
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Fig. 11. Response and recovery

Hysteresis is one of the most important characteristics. It is
efined as the maximum difference between the two outputs
adsorption and desorption cycle). Fig. 9 shows the humidity hys-
eresis curve. The solid line in the figure stands for the course from
ow to high relative humidity, corresponding to the adsorption
rocess. The dashed line stands for the opposite direction, corre-
ponding to the desorption process. The curve revealed that the
argest humidity hysteresis was about 2% at 35%RH.

In order to investigate the internal relationship of operation fre-
uency and impedance, we measured the impedance at different
peration frequencies, and the curves are shown in Fig. 10. When

he frequency was 100 Hz, the impedance decreased greatly with
he increasing of relative humidity. When a higher frequency was
sed (1, 10 and 100 kHz), the range of impedance change decreased.
amely, at low humidity conditions, the frequency influence of the

Fig. 12. Complex impedance plots of MgO-SBA-15(R = 1) samp
of MgO-SBA-15(R = 1) sample.

impedance was larger than when in the high humidity environ-
ment.

Fig. 11 shows the response and recovery curves measured in
different humidity conditions. Fig. 11a shows the humidity sensor
measured continuously in different humidity environments. We
selected 11%RH as the initial humid environment and 54, 75 and
95%RH as the final one. The response and recovery were rather
rapid. In order to investigate the response and recovery proper-
ties more clearly, Fig. 11b gave the humidity sensor measured in
five periods from 11 to 95%RH, corresponding to water adsorp-
tion and desorption processes, respectively. The time taken by

a sensor to reach 90% of the total impedance change is defined
as the response and recovery time [39]. The impedance changed
rapidly with the humidity environments’ change. We can establish
that this sensor has a very good response and recovery property.

le obtained from 20 Hz to 100 kHz, at room temperature.



3 Actua

T
2

3

p
s
l
c
c
D
t
i

t
g
m
e
l
H
fi
d
w
w
a
e
t

c
M
t
c
c
t
g
c
c
t
e
a
u
q
m
s
c
i

4

s
I
o
t
d
m

A

S
F
1

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

92 R. Wang et al. / Sensors and

he response time is about 10 s and the recovery time is about
0 s.

.3. Discussion on sensing mechanism

In this section, we tried to discuss a possible humidity-sensitive
rocess occurred on MgO-SBA-15 materials. The surface of the
ensing material is usually covered with chemisorbed water
ayer after preparation in laboratory atmosphere. That means
hemisorption already occurred even at 11%RH. Therefore, the ionic
onduction exists even at extremely low humidity environments.
ue to the low water vapor, the ionic conduction at room tempera-

ure is mainly due to the hopping of H+ on the surface. So the sensor
mpedance is extremely high.

When the level of relative humidity grows, water vapor grows
oo. Since water molecules are polar, the negatively charged oxy-
en is electrostatic attached to the cations (Mg2+, Si4+) of the sensor
aterials. When the chemisorbed process finished, subsequent lay-

rs of water molecules are physically adsorbed. The physisorbed
ayers change with the outside relative-humidity environments.

+ travels freely in the continuous water layers. Due of the electric
elds in the chemisorbed water layer, the physisorbed water was
issociated as 2H2O←→H3O+ + OH−. The charge transport occurs
hen H3O+ releases a proton to neighboring water molecules,
hich accept it while releasing another proton. This is known

s Grotthuss chain reaction [40,41]. At high relative-humidity
nvironments, liquid water condenses into the mesopores and elec-
rolytic conduction [42] takes place in addition to proton transport.

In order to demonstrate the above analysis, we investigated
omplex impedance plots about the humidity sensor, based on
gO-SBA-15. Fig. 12 shows the typical complex impedance form 11

o 95%RH at room temperature, measured from 20 Hz to 100 kHz. It
an be seen clearly from the figure that a semicircle was observed in
omplex impedance plot at low relative humidity, testified the exis-
ence of ionic conduction (H+ hopping). When the relative humidity
rows, the complex impedance plots consist of two parts: a semi-
ircle at high frequency and a straight line at low frequency. That is
aused by the H3O+ and H+ traveling via the exchange of the Grot-
huss chain mechanism. The appearance of a semicircle indicates an
quivalent circuit consisting of parallel combination of resistance
nd capacitance components. The semicircle became ignorable
nder rather high humidity conditions during the selected fre-
uency range. That is because the liquid water condensed into the
esopores and electrolytic conduction became active [42]. The sen-

or impedance decreased together with these processes. From the
omplex impedance plots analysis, we ascertained that the exper-
mental results were in accordance with the theorized model.

. Conclusions

MgO-SBA-15 was studied as a kind of humidity material. Its
tructure was characterized by low-angle XRD, wide-angle XRD,
R spectroscopy, N2 adsorption–desorption, TEM and XPS. Though
ur investigation, the best molar ratio of MgO-SBA-15 was R = 1, and
he impedance changed more than five orders of magnitude. We
iscussed a possible sensitive mechanism based on MgO-SBA-15
aterial, and complex impedance plots were also investigated.
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