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ABSTRACT: Nickel oxide (NiO) doped polypyrrole
(PPy) was encapsulated in mesoporous SBA-15. All of
the synthesized samples were characterized by infrared
spectroscopy, X-ray diffraction, and scanning electron
microscopy. They were investigated as humidity-sensor
materials at room temperature. The sensor showed excel-
lent humidity sensitivity in the relative humidity range
11–95%. The humidity-sensing properties were very
much improved by encapsulation of the NiO-doped PPy
into mesoporous silica SBA-15. Finally, the sensitivity
mechanism was investigated by direct-current (dc) and

alternating-current (ac) analysis. The dc circuit with the
instantaneous polarity reversion method was designed
by us to study the dc response in different humidity
environments. The conductive mechanism was estab-
lished through the dc and ac investigation, and the
conductive particles were identified as ions and elec-
trons. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115:
3474–3480, 2010
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INTRODUCTION

With the development of the society, demands for a
better living environment become greater. Because
humidity is a component in our environment, the
measurement and control of humidity are important
not only for living conditions but also for a broad
spectrum of industries and technologies. The exploi-
tation of sensing materials is one of the most impor-
tant orientations in studies of sensors today. In
recent years, conducting polymer/inorganic compo-
sites have attracted considerable attention for their
novel physical and chemical properties and potential
applications,1–5 hence, the idea of exploring them as
sensing materials.

Conducting polymers, such as polyaniline,
polypyrrole (PPy) and polythiophene have been
extensively studied because of their remarkable
mechanical and electrical properties. Among con-

ducting polymers, PPy has attracted considerable
attention because it has a relatively good environ-
mental stability, it is easily synthesized, and its sur-
face charge characteristics can easily be modified
during synthesis. Many reports have been published
on PPy for the fabrication of humidity sensors.6,7 We
chose PPy as the organic part in the synthesis of hu-
midity-sensing materials. Metal oxides as inorganic
materials usually have good stability, and some
reports have been published on the use of metal
oxides to fabricate humidity sensors.8–14 So we chose
metal oxide as the inorganic part in our study. In
our previous study, we found that mesoporous SBA-
15 contributed to the improvement of humidity-sens-
ing properties15,16 because the ordered pores in SBA-
15 were propitious to H2O molecules traveling
freely. When sensing materials were encapsulated in
the ordered pores of SBA-15, they were protected
from pollution. Although there are lots of articles
about PPy/inorganic composites, no study dealing
with nickel oxide (NiO) doped PPy composites
encapsulated in SBA-15 has been reported so far. In
this article, we doped NiO into PPy and encapsu-
lated it in mesoporous silica SBA-15 to improve the
humidity-sensing properties. Samples of SBA-15,
NiO–PPy, and NiO–PPy/SBA-15 were prepared,
and their sensing properties were studied. Finally,
the sensing mechanism was investigated by direct-
current (dc) and alternating-current (ac) analysis.
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EXPERIMENTAL

Preparation of SBA-15

The block copolymer surfactant P123 (EO20PO70EO20;
2.4 g) was mixed with 75 mL of distilled water by
stirring. Subsequently, 11 mL of concentrated HCl
(37.5%) was added. After the mixture was stirred for
30 min, 5.1 mL of tetraethoxysilane was added drop-
wise under vigorous stirring at 45�C for 4 h. Then,
the mixture was transferred into a stainless reactive
kettle and crystallized at 100�C for 24 h. The product
was filtered and washed with distilled water, and
the surfactant was removed by heat treatment in air
at 550�C for 8 h.

Preparation of NiO-doped PPy

Hydrated ferric chloride (FeCl3�6H2O) was used
without any purification as an oxidant for the chemi-
cal polymerization of pyrrole. Pyrrole (3.4 mL) was
dissolved in 25 mL of ethanol, and the mixture was
stirred for 10 min. A FeCl3�6H2O ethanol solution
(20 mL, 0.36 mol/L) was added dropwise to the
ethanol solution of pyrrole. Then, NiO powder
(1.0 g) was added to the solution with strong stir-
ring. Instantaneously, a black precipitate was
observed. The mixture was magnetically stirred for
24 h at room temperature. The resulting solution
was filtered and washed three times with ethanol
and then dried in a vacuum box overnight.

Encapsulation of NiO-doped PPy in mesoporous
silica SBA-15

The calcined SBA-15 was vacuumed to 10 Pa at 573
K for 24 h to remove air and water in the channel.
Pyrrole (3.4 mL) and NiO powder (1.0 g) were
added to 25 mL of ethanol under strong stirring to
form a suspension. Subsequently, 1.0 g of this SBA-
15 was immersed in the suspension and kept for 24
h without stirring. Then, 25 mL of the ethanol solu-
tion of FeCl3�6H2O was added at room temperature
under magnetic stirring for 24 h. Finally, the product
was washed with ethanol and dried in vacuo.

Methods of characterization

X-ray powder diffraction (XRD) patterns were col-
lected on a D8 Tools XRD instrument with Cu Ka
radiation at 40 kV and 30 mA. Infrared (IR) spectra
were taken on a PerkinElmer series with a resolution
of 4 cm�1, and the samples were prepared in the
form of KBr pellets with a thickness of about 1.3
mm. Each spectrum was collected at room tempera-
ture under atmospheric pressure. The morphology
of the PPy products was characterized by a JEOL
JSM-6700F field emission scanning electron micro-

scope. The characteristic curves of humidity sensitiv-
ity were measured on a ZL-5 model LCR analyzer
(Shanghai, China) at room temperature. The con-
trolled humidity environments were achieved with
supersaturation aqueous solutions of different salts
of LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and KNO3 in
a closed glass vessel at room temperature, which
yielded 11, 33, 54, 75, 85, and 95% relative humid-
ities (RHs), respectively. A ceramic substrate (10 � 5
� 1 mm3) made of Al2O3 was chosen to fabricate the
humidity sensors. Ag–Pd interdigital electrodes
were printed on the ceramic substrate by a screen-
printing technique to form a resistive humidity sen-
sor substrate. The sample powder was ground into a
paste with deionized water, then coated on the sub-
strate, and finally baked under IR light. To make the
samples surface resistant to pollution, the protective
film solution was spin-coated on the surface of the
humidity-sensing film.

RESULTS AND DISCUSSION

Structure and morphology

Figure 1 shows the IR spectra of the SBA-15, NiO–
PPy/SBA-15, and NiO–PPy. As shown in Figure 1,
for the mesoporous silica SBA-15, the peaks at 1089
and 803 cm�1 were attributed to the asymmetric
stretching and symmetric modes of SiAOASi lattice
vibrations, respectively. Characteristic peaks of
SiAOH were observed at 1632 cm�1. All the bands
were similar to results in the literature.17,18 For NiO–
PPy, the typical peaks of PPy were observed. The
peak at 786 cm�1 was characteristic of the CAH out-
of-plane bending mode. The band assigned to the
CAH in-plane deformation vibration of the pyrrole
rings appeared at 1050 cm�1.19 The bands observed

Figure 1 IR spectra of (a) SBA-15, (b) NiO–PPy/SBA-15,
and (c) NiO–PPy.
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at 1474 and 1189 cm�1 represented the CAN stretch-
ing vibration, and this was in agreement with the lit-
erature.20 The peak appearing at 1550 cm�1 came
from the C¼¼C stretching vibration. The bands at
1305 and 917 cm�1 were characteristic peaks of the
pyrrole ring. From the IR curve, we did not observe
any typical peak of NiO. After the encapsulation of
NiO–PPy into the channel of mesoporous SBA-15, as
shown in the curve, the peaks at 1305, 1185, and
1085 cm�1 belonging to PPy disappeared, and the in-
tensity of the peaks at 1550, 1474, and 917 cm�1

became weaker. This phenomenon indicated the suc-
cessful encapsulation of NiO–PPy into SBA-15.In
addition, we did not observe any evident peaks of
NiO.

The lower angle and wide-angle XRD patterns of
SBA-15 and NiO–PPy/SBA-15 are shown in Figure
2. From the low-angle XRD curves [Fig. 2(a)], three
peaks attributed to (100), (110), and (200) of SBA-15
were observed, which indicated the mesoporous
structure of SBA-15. After the encapsulation of NiO–

PPy, peaks belonging to (110) and (200) disappeared,
and the intensity of (100) became weaker compared
to that of SBA-15; this indicated the encapsulation of
NiO–PPy into the channel of SBA-15. As shown in
the wide-angle XRD curves [Fig. 2(b)], a broad peak
centered at 22.2� (2y) was observed for SBA-15. After
the encapsulation of NiO–PPy into SBA-15, three
peaks at 2y values of 37.4, 43.3, and 62.8�were
observed, which corresponded to (201), (200) and
(311) planes of NiO and demonstrated the successful
doping of NiO.
Scanning electron microscopy images of SBA-15

and NiO–PPy/SBA-15 are shown in Figure 3. For
the pure SBA-15, the morphology consisted of some
short rods, and this was in agreement with the liter-
ature.15 The diameter of these rods was about 300
nm. However, when the PPy was encapsulated into
SBA-15, it obtained the morphology of a bunch of
rods. This morphology was similar to the morphol-
ogy of pure SBA-15. These results demonstrated
indirectly the successful encapsulation of NiO–PPy

Figure 2 (a) Low-angle and (b) wide-angle XRD patterns of SBA-15 and NiO–PPy/SBA-15.

Figure 3 Scanning electron microscopy images of (a) SBA-15 and (b) NiO–PPy/SBA-15.
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into the channel of SBA-15. This was consistent with
the results of IR and low-angle XRD.

To further investigate the mesoporous structure of
NiO–PPy/SBA-15, the N2 adsorption–desorption iso-
therm is shown in Figure 4. A type IV isotherm,
which is the typical isotherm of mesoporous mate-
rial, was observed. N2 adsorption–desorption mea-
surement exhibited that it possessed a Brunauer–
Emmett–Teller surface area of 155.5 m2/g and a total
pore volume of 0.342 cm3/g. The Brunauer–Emmett–
Teller surface area and pore volume decreased
greatly compared to that of pure SBA-15.21 These
results confirm the successful encapsulation of NiO/
PPy into SBA-15.

Figure 5 shows the differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) curves
of NiO–PPy/SBA-15. The TGA curve exhibited a
distinct weight loss stage in the temperature range
500–600�C. The DTA curve exhibited a sharp exo-
thermic peak at 557�C. This weight loss step from
500 to 600�C associated with the DTA peak was

ascribed to the decomposition of the PPy. The peaks
from 100 to 200�C referred to the removal of the re-
sidual water in the materials.

Humidity-sensing properties

The impedance measurements as varied with RH at
room temperature are shown in Figure 6. The mea-
surement voltage was 1 V (ac), and the frequency
was 100 Hz. For sample SBA-15, the impedance did
not have any obvious decrease until the RH reached
75%. This result indicates that pure SBA-15 did not
have good humidity-sensing properties. For the
PPy–NiO sample, the impedance changed with RH
variation, but the change was very small in the low
humidity range (from 11 to 33% RH). From the
curve of NiO–PPy/SBA-15, we observed that the im-
pedance decreased rapidly with increasing RH. The
humidity sensor based on NiO-doped PPy/SBA-15
had the best linearity; this indicated that NiO doping
and encapsulation contributed to the improvement
of the humidity-sensing properties. To evaluate the
reproducibility, the impedance measured between
different sensors was all in the same order of magni-
tude. The picture inset in Figure 6 is the impedance
versus RH of the three sensors constructed in the
same way and measured under the same

Figure 4 Nitrogen adsorption–desorption isotherms of
NiO–PPy/SBA-15. p, pressure; po, original pressure.

Figure 5 DTA/TGA curves of NiO–PPy/SBA-15.

Figure 6 Humidity-sensing property curves of SBA-15,
NiO–PPy, and NiO–PPy/SBA-15. The inset presents the
impedance measured between different sensors.
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environmental conditions. The results for different
sensors constructed in the same way were satisfying.

To determine the optimal relationship of NiO–
PPy/SBA-15, we measured the impedance at differ-
ent frequencies, and the results are shown in
Figure 7. When we chose 100 Hz as the operating
frequency, the curve had the best linearity. When a
lower frequency (50 Hz) was applied, the response
of impedance was rather unsteady. The impedance
result was lower than that when 100 Hz was applied
in an 11% RH environment. After this phenomenon

was evaluated, we chose 100 Hz as the operating
frequency. It was more suitable for the humidity
sensor’s application. That is why we confirmed the
operational conditions at 1 V (ac) and 100 Hz.
Figure 8 shows the response and recovery curve

of NiO–PPy/SBA-15 corresponding to the water
adsorption and desorption processes. According to
the literature,22 the time taken by a sensor to achieve
90% of the total impedance change is defined as the
response time. The response time was about 45 s,
and the recovery time was about 90 s as the humid-
ity changed between 11 and 95% RH.
To evaluate the stability of the humidity sensor,

we measured the humidity sensor’s impedance once
every week for 42 days. The supplemented data is
shown in the inset in Figure 8. As shown in the
curves, the impedance measured between different
days was all in the same order of magnitude. The
sample exhibited excellent stability, and there was

Figure 7 Relationship of the impedance and RH at differ-
ent frequencies based on NiO–PPy/SBA-15.

Figure 8 Response and recovery properties of the humid-
ity sensor based on NiO–PPy/SBA-15. The inset shows the
stability of the humidity sensor.

Figure 9 Results of the dc circuit test: (a) low-humidity conditions and (b) high-humidity conditions I, direct current.
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no significant change in the impedance during this
period.

Sensitive mechanism

First, we investigated the humidity sensor by dc
analysis. To identify the conducting carriers, a dc
circuit of instantaneous polarity reversion was
designed by our group. The operation principle was
that when the humidity sensor stabilized in one of
the humidity environments, the direction of the elec-
trical current was changed. Because the different car-
riers had different transmitting speeds, the current
variation embodied the conducting carrier change.
The operation voltage was 1 V, and the current var-
iations at different humidity ranges are shown in
Figure 9.

In low-humidity environments, the current
decreased linearly with increasing time [Fig. 9(a)].
This indicated that only one type of carrier domi-
nated the conduction in low-humidity environments.
We concluded that this carrier was the electron.
When the humidity became high, another peak was
obtained on the curve. [Fig. 9(b)] The peak became
higher when the humidity increased. This phenom-
enon indicated that another kind of carrier took part
in conduction and its function strengthened with

increasing humidity. Because this kind of carrier’s
transmission speed was slower than the electron’s
transmission speed, another peak was obtained on
the current curve. We concluded that the principal
conductive particle in high humidity was the ion.
The transmission speed of the ion was lower than
that of the electron.
We used an ac test method to investigate the hu-

midity sensor. Figure 10 displays the typical com-
plex impedance spectra under different RH condi-
tions. We selected 20 Hz as the initial operation
frequency, and the operation frequency was
increased 1 by 1 until it reached 100 Hz. There were
as many as 20 frequency points that we selected
between 20 and 100 Hz. At very low humidity, only
part of a semicircle was observed in the plot (11%
RH); with increasing RH, an intact semicircle was
observed. A straight line was observed in the low-
frequency part (33–54% RH). Up to this stage, the
vapor pressure was still low, so that the intrinsic
electrons were the main contributors to the conduc-
tion. When the humidity reached a higher value, the
semicircle at high frequency disappears, and only
the straight line was left at low frequency (75–95%
RH). This straight line was considered to be mainly
due to the ion conduction. As the humidity
increased, the principal conductive carriers also

Figure 10 Complex impedance plots of the humidity sensor measured in the indicated humidity environments. ImZ,
imaginary part; ReZ, real part.
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changed. Although the ac and dc testing methods
differed, we found that both of them showed the
same result: electron and then ion conduction domi-
nated as the humidity increased. So the sensitivity
mechanism was established through the dc and ac
investigation.

CONCLUSIONS

A humidity sensor made by the encapsulation of
NiO-doped PPy into mesoporous silica SBA-15, and
the humidity-sensing properties were tested. The
results show that the encapsulation of NiO-doped
PPy into mesoporous silica SBA-15 modified its hu-
midity-sensing properties. We used dc and ac testing
to study the sensitivity properties of the sensor and
concluded that the conductive particles were differ-
ent at different humidities.
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