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Abstract. LiCl-doped mesoporous silica MCM-48 with cubic mesostructure, using a
different doping concentration of LiCl, has been prepared.
materials were characterized employing XRD, FT-IR, SEM, and nitrogen adsorption-
desorption isotherm. We had the humidity sensors on a ceramic substrate with two Ag-Pd
interdigital electrodes with five fingers. The sample with 15 wt% LiCl-doped MCM-48
shows an excellent linearity in the whole humidity range of 11%-97%. It has very good
response and recovery time, about 22 and 30 sec, respectively.

The LiCI-MCM-48 type
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1. Introduction

Humidity sensors have gained increasing applications
in industrial processing and environmental control [1].
Many scientific and technological efforts have been
made to improve the overall properties of humidity sen-
sors in terms of wide operation range of temperature,
high sensitivity and selectivity towards water, short
response time, small hysteresis loop, easy processing,
and reproducibility [2].

The humidity sensors are relative humidity sen-
sors, which can be classified as ceramic, semiconduc-
tor, and polymer humidity sensors [3]. Commercial
ceramic humidity sensors have good properties such as
thermal and chemical stability, wide range of working
temperature, and environmental adaptability, but they
are usually needed to be heated up in order to wash
out moisture [3,4].

However, the sensing characteristics (e.g. response
time, recovery time, reproducibility, stability, and lin-
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earity) of ceramic sensors still need to be improved [5-
7).

In recent years, Mesoporous silicates with variable
pore structures and large specific surface and pore vol-
ume have been extensively investigated to achieve high
humidity sensitivity as well as potential appropriate-
ness for humidity sensors [8]. As an adsorbent, catalyst
[9], catalyst support, and the template for the synthesis
of advanced nanostructures [10-12], MCM-48 may be a
more potent candidate than MCM-41. Compared to
2D hexagonal MCM-41 in the M41S family, MCM-48
mesoporous silicas with 3-Dimensional (3D) cubic Ia3d
mesostructure have interesting mesostructure which
consists of two interpenetrating continuous networks of
chiral channels [13-16]. Therefore, it is expected that
this unique 3D mesoporous structure could provide
more favorable mass transfer, facilitating HoO motion
without pore blocking. H,O molecules loaded into 3D
cubic pore systems have more chances for escaping
from mesopore. Within our study, although MCM-
48 possessed larger particle size than MCM-41, the
motion rate of HoO from MCM-48 was obviously faster
than that from MCM-41, further demonstrating the
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advantage of the 3D interconnected pore networks of
MCM-48.

Like other humidity sensing ceramics, based on
proton-conducting mechanism, doping with alkali ions
facilitates formation of hydrated protons [17]. The
humidity sensitivity of MCM-48 can be enhanced by
adding electrolyte dopants, e.g. LiCl. Modification of
the MCM-48 material using hydrophilic Li* resulted
in change in impendence, causing it to be consid-
erably greater than that of the undoped MCM-48.
This change was attributed to the potential of the
LiT to dissociate into the adsorbed water, increasing
conductivity of the water layers [18,19]. Complex
impedance plots indicate the involvement of protons at
low Relative Humidity (RH) values while LiT becomes
dominant at higher RH values.

In this work, LiCl was used as a dopant to the
mesoporous silica MCM-48 to improve the sensitiv-
ity. Humidity sensing properties of LiCl-doped MCM-
48(X) are reported in comparison with those of pure
MCM-48 (where X is the mass fraction of LiClin 1 g
of MCM-48). It is found that the addition of LiCl is
very beneficial in the improvement of humidity sensing
features.

2. Experimental

2.1. Preparation of materials

Mesoporous silica MCM-48 was synthesized under hy-
drothermal conditions. The surfactant, Cetyltrimethy
Lammonium Bromide (CTAB), and sodium hydroxide
(NaOH) were dissolved in distilled water under stirring
at 323 K. The silica source, tetraethyl orthosilicate
(TEOS), was added to the abovementioned mixture
under stirring. The molar composition of the syn-
thesized mixture was Si05:0.5NaOH:0.5CTAB:55H50.
After stirring for 3 h, the synthetic mixture was
transferred to a Teflon-lined autoclave and heated at
405 K for 40 h. After the autoclave was cooled to
room temperature, the produced solid was filtered and
washed repeatedly with distilled water, dried at 353 K
for 12 h, and then calcined in air at 813 K for 6 h; then,
the MCM-48 product was obtained. Firstly, varying
amounts of LiCl (0, 0.05, 0.1, 0.15, 0.2 g) were dissolved
in 10 ml of ethanol in five beakers. Then, 1 g of
MCM-48 was soaked in each beaker and ultrasonically
oscillated for 2 h. They were placed in a vacuum oven
at 333 K for 20 h to be dried.

2.2. Fabrication and measurement of sensors

LiCI-MCM-48(X) powder and ethyl cellulose (protec-
tive layer) were mixed with isopropanol in a weight
ratio of 5:1:100 to form a dilute paste. The paste was
screen-printed on a ceramic substrate (6 mm, 3 mm
and 0.5 mm) with five pairs of Ag-Pd interdigital
electrodes (width and distance of electrodes: 0.2 mm)

Protective layer

Ag-Pd inter digital electrodes

Alumina substrate

Figure 1. A schematic diagram of the humidity sensor.

to form a film with a thickness of about 20 pum, and
then, the film was dried in vacuum oven at 80°C
for 5 h. Finally, the humidity sensor was obtained
after aging at RH of 97% and a voltage of 1 V and
100 Hz for 24 h. Figure 1 shows the structure of the
sensor. Characteristic curves of humidity sensing were
measured on a 821 model LCR analyzer (LCR analyzer
is a piece of electronic test equipment used to measure
the inductance (L), capacitance (C), and resistance
(R) of a component) [20] (Made in Taiwan) at room
temperature. The controlled humidity environments
with supersaturation aqueous solutions of different
salts of LiCl, MgCly, K;CO3, NaBr, KCl, SrCly, and
K2SO4, at room temperature, yielded 11, 33, 43, 57,
71, 84, and 97% relative humidity, respectively.

2.3. Method of characterization
LCR meter was used to measure the humidity sensi-
tivity characteristic curves for the sensors. Applied
voltage was AC 1 V and the frequency was 100 Hz.
The RH range of 11-97% was obtained using saturated
salt solutions as the humidity generation sources. The
seven different saturated salt solutions were LiCl,
MgCl,, K;COg3, NaBr, KCI, SrCly, and K350, and
their corresponding RH values were 11, 33, 43, 57,
71, 84, and 97% RH, respectively. The humidity and
temperature were calibrated by humidity temperature
digital instrument (HT-3015 type, Lutron, Taiwan).
X-Ray powder Diffraction (XRD) patterns were
obtained on a Philips X’PERT MPD diffractometer
using Cu-K radiation. Scanning Electron Microscopy
(SEM) images were observed using a Tescan VEGA
device (Czech) after gold-plating of the samples. The
nitrogen adsorption and desorption isotherms at 77 K
were measured using a Micromeritics ASAP 2020 in-
strument.

3. Results and discussion

3.1. Structure and morphology

The powder X-Ray Diffraction (XRD) patterns (Fig-
ure 2) of MCM-48 and Li-MCM-48(X) samples with
various LiCl mass fractions show the most intense
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Figure 2. Low-angle XRD spectra of pure MCM-48 (a),
LiC1-MCOM-48(0.05) (b), LiCI-MCM-48(0.1) (c),
LiC1-MCM-48(0.15) (d), and LiCL-MCM-48(0.20) (e).

diffraction peak (211) at 26 =~ 2.6° along with a
distinct shoulder peak (220) at 260 =~ 3.0°. Other
low intense diffraction peaks of higher order appear at
20 = 4° —6°, which belong to bicontinuous space group
(Ia3d) of a cubic system. However, the intensity of the
reflections decrease after adding LiCl. In Figure 2, the
LiCl-doped sample presents a few sharp peaks. With
the increase in the content of LiCl, the crystalline
feature of LiCl appears clear. It is reported, earlier,
that the doping of LiCl in the MCM-48 mesoporous
material causes a slight decrease in the intensity of
XRD patterns [21].

Figure 3 shows FT-IR spectra of the pure MCM-
48 and LiCl-MCM-48(X) with X = 0, 0.05, 0.1, 0.15,
and 0.20. A broad band around 3433 cm ™! is assignable
to OH stretching vibration of Si-OH on MCM-48 as well
as adsorbed water. The vibration absorption bands
at 1235 cm ™! and 1083 cm ™! are due to asymmetric
vibration v, (Si-O-Si) of silica framework. Two more
bands at 805 and 458 cm ™' are due to the symmetric
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Figure 3. FT-IR spectra of pure MCM-48 (a),
LiClI-MCM-48(0.05) (b), LiCI-MCM-48(0.1) (c),
LiCl-MCM-48(0.15) (d), and LiCl-MCM-48(0.20) (e).

Table 1. Structural and textual properties of mesoporous

silica MCM-48 and LiCI-MCM-48(0.15).
BET Pore Pore

Sample surface area volume diameter
(n®/g)  (em®/g) (nm)
Pure MCM-48 795 0.71 3.74
LiCl-MCM-48(15) 611 0.54 3.46

stretching and bending vibration of rocking mode of
Si-O-Si, respectively. Also, it can be observed that
the absorption band at about 966 cm—! was attributed
to the Si-O stretching vibration of Si-OH in MCM-48
samples.

SEM images of LiCl-MCM-48(0.15) are shown in
Figure 4. Consistent with the XRD observation, the
sample exhibits a long-range ordered cubic-type pure
structure of MCM-48. The doping of LiCl did not
influence the morphology and also did not damage the
silica framework of MCM-48. Similar microstructure
was observed for all the samples tested in this work.

The Ny adsorption/desorption isotherms and pore
size distribution of MCM-48 and LiCl-MCM-48(0.15)
are shown in Figure 5. The textural properties of the
corresponding samples are given in Table 1. A typical
reversible type IV adsorption isotherm was observed
for all the mesoporous samples.

The first step in a relative pressure range of 0.18-
0.3 is attributed to the nitrogen condensation that
took place at the internal mesopores, and the second
step above 0.95 in the adsorption branch is due to
interparticle voids, which indirectly reflects the size
of particles: the higher step shows a small particle
size and a relatively smaller surface area and average
pore size, which is due to the dispersion of LiCl in the
mesoporous channel.

3.2. Humadity sensing properties

Figure 6 shows the impedance and RH characteris-
tics of MCM-48 and LiCI-MCM-48(X) with different
amounts of LiCl. Compared to MCM-48, LiCl-MCM-
48(X) exhibits greatly improved sensitivity. The
impedance of the film decreases with the increase in
the dopant content in the whole RH range. Addition
of LiT leads to a distinct increase in RH-sensitivity. We
think that this is due to the direct participation of the
LiT ion in the humidity sensitive conduction. With the
increase in the Relative Humidity (RH), the impedance
is decreased. The results suggest that the sample
LiCl-MCM-48(0.15) has the best linearity (impedance
versus RH), and therefore, the following discussions are
focused on this sample.

In order to find the optimization relationship
between impedance and relative humidity of the LiCl-
MCM-48(0.15), we have measured the impedance at
different frequencies and the results are shown in
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Figure 4. SEM images of 15 wt% LiCl-doped MCM-48: (a) 300 nm; and (b) 10 pm.
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Figure 5. Nitrogen adsorption/desorption isotherms at
77 K and BJH pore size distributions (inset) determined
on the basis of the adsorption branches for pure MCM-48
and LiCI-MCM-48(0.15).

Figure 7. It is clear that at low RH, the frequency
influence on the impedance is greater than that at
high RH. Therefore, we kept the operation AC voltage
and frequency at 1 V and 100 Hz, respectively, in the
following experiments.

The adsorption/desorption RH hysteresis curves
of a LiCl-MCM-48(0.15) sensor are shown in Figure 8.
It can be noted that the sensing element exhibits a
narrow hysteresis loop during the cyclic humidity op-
eration (11%-97% RH). This indicates a good reliability
of the obtained sensors.

Figure 9 shows the response and recovery curve
of sample LiCl-MCM-48(0.15).

The time taken by the sensor to achieve 90% of
the total impedance change is defined as the response
time in the case of adsorption or the recovery time
in the case of desorption. The response time (as the
humidity changes from 11% to 97% RH) is 22 sec and
the recovery time (as the humidity changes from 97% to
11% RH) is 30 sec for the sample LiCl-MCM-48(0.15).

To test the stability of LiCl-MCM-48(0.15), the

100000 o
N
(a)
10000 - \\\
1000 A (b)
g ()
;1004
5
T 10 (d)
g
— 1 (e)
0.1
R? = 0.9957
0.01 — —_—

T
0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%RH)

Figure 6. The dependence of resistance on RH for pure
MCM-48 (a), LiCI-MCM-48(0.05) (b), LiCI-MCM-48(0.1)
(c), LiCI-MCM-48(0.15) (d), and LiCl-MCM-48(0.20) (e)
at the frequency of 100 Hz.

sensor was exposed to air for 56 days, followed by mea-
suring impedances at various RHs. As shown in Fig-
ure 10, there is acceptable change in the impedances,
proving the good stability of LiCl-MCM-48(0.15). It is
clear that our product shows good stability and there
are no obvious changes in impedance over this period.
The long-term stability of the LiCl-MCM-48(0.15)
sensor is also shown in Figure 10. The impedances of
the LiCl-MCM-48(0.15) sensor with time at different
RHs are shown. The measurement was repeated at
room temperature every 7 days. Slight variation in
impedance was observed over the time period. It can be
seen that a nearly constant relationship between signal
and humidity exists during the test, indicating that the
LiCl-MCM-48(0.15) sensor has prominent stability and
is quite promising for a practical application.

3.3. Sensing mechanism

The fundamental mechanism that enables ceramic
sensors to sense humidity is related to the adsorption
of water molecules on the film surface with large
surface area. At low relative humidity, only few water
molecules are adsorbed by chemisorption mechanism
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Figure 7. Relationship between impedance and RH at
different frequencies based on LiCl-MCM-48(0.15).
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Figure 8. Hysteresis of LiCI-MCM-48(0.15) sensor
measured at 100 Hz.
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Figure 9. Response and recovery properties of the
humidity sensor.
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Figure 10. Stability of the LiCI-MCM-48(0.15) sensor

measured at 100 Hz.

according to Kulwicki [22], and reduction in impedance
is due to proton hopping between hydroxyl ions on
this layer. But, due to the adsorption of few water
molecules, this layer is not continuous. Thin film
exhibits higher impedance at low relative humidity.
With increasing humidity levels, water is physisorbed
on top of the chemisorbed layer and protons hop
between physisorbed molecules in the continuous wa-
ter layers, with a charge transport by a Grotthuss
mechanism [23]. The presence of two interpenetrating
continuous networks of chiral channels in MCM-48 per-
mits the condensation of physisorbed water, resulting
in electrolytic conduction, which is added to protonic
conduction of physisorbed layers. So, the impedance
is further decreased by the presence of pores on the
sample surface [24-26]. The LiCl-doped nanoporous
MCM-48 thin film has nanosized grains and nanopores
and these nanopores lead to more active sites available
for condensed water to react. This succession of
mechanisms leads to a rapid decrease in impedance
with increasing RH.

4. Conclusions

MCM-48 and its blends with LiCl were synthesized
successfully. Its structure was characterized by X-ray
diffraction, IR spectroscopy, Ny adsorption/desorption,
and SEM. The results obtained show that MCM-48,
alone, has poor sensitivity to humidity, but the addi-
tion of LiCl enhances the humidity sensitive property
of MCM-48. In addition, the results show that the
sample LiCi-MCM-48(0.15) has excellent linearity be-
tween impedance and humidity in the whole humidity
range from 11% to 97%. The humidity hysteresis loop
was narrow, and the response and recovery time was
shorter than 30 sec. The LiCl-MCM-48(0.15) material
has very promising prospects in the field of humidity
sensor.
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