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Self-assembly of TiO,/polypyrrole nanocomposite ultrathin
films and application for an NH; gas sensor

HUILING TAIL YADONG JIANG*, GUANGZHONG XIE, JUNSHENG YU*
and MINGJING ZHAO

State Key Laboratory of Electronic Thin Films and Integrated Devices, School of
Optoelectronic Information, University of Electronic Science and Technology of China
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TiO,/polypyrrole (PPy) nanocomposite ultrathin films for NH;3 gas detection were fabricated
by the in situ self-assembly technique. The films were characterized by UV-Vis absorption, FT—
IR spectroscopy, and atomic force microscopy (AFM). The electrical properties of TiO,/PPy
ultrathin film NH; gas sensors, such as sensitivity, selectivity, reproducibility, and stability were
investigated at room temperature in air as well as in N,. The results showed that the optimum
gas-sensing characteristics of TiO,/PPy ultrathin film were obtained in the presence of 0.1 wt%
colloidal TiO, for 20-min deposition. Compared with pure PPy thin-film sensors, the TiO,/PPy
film gas sensor has a shorter response/recovery time. It was also found that both humidity and
temperature had an effect on the operation of the TiO,/PPy film gas sensor at low NH;j
concentrations.

Keywords: TiO,/PPy; Nanocomposite; Ultrathin films; Self-assembly; NHj; Gas sensor

1. Introduction

NHj is a poisonous, colourless gas with a pungent smell and fairly low odour threshold
of approximately 5 ppm. Therefore, the monitoring and detection of NHj3 are of interest
in many technological fields such as industrial processes, clinical diagnosis, and
environmental monitoring. It is well known that gas sensors based on metal-oxide
sensitive layers (SnO,, TiO,, WOs, etc.) are widely used for NH; detection. However,
such sensors have disadvantages such as a lack of selectivity and sensitivity as well as
higher temperatures required for use (300-500°C) [1-3].

To meet the requirements for analysing NH3 and other poisoning species, to improve
the stability and selectivity, and to lower fabrication costs, conducting polymers in the
form of thin films, blends, or nanocomposites have been developed and have shown
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great potential as sensitive components for air-borne volatiles, in which the
nanocomposite film composed of nanosized metal oxides and conducting polymer
has the potential to enhance its sensitive characteristics [4]. It has been pointed out that
such sensors exhibit a fast, reversible response at room temperature [5].

On the other hand, ultrathin self-assembly films are currently receiving interest in
many areas such as integrated optics, biosensors, chemical sensors, friction-reducing
coatings, surface orientation layers, and molecular electronics [6]. Recent advances in
molecular-level processing of conducting polymers have made it possible to fabricate a
thin or ultrathin film with an unprecedented level of control over the type and thickness
of the deposited layer. Since this new deposition process was carried out with dilute
aqueous solutions of charged polymers, it is an extremely simple and effective way to
obtain thin-film structures that are controllable at the molecular level without the need
for expensive apparatus. In addition, there would be no limitation in the size and shape
of substrates with a water-based and environmentally friendly process [7]. So far, there
have been a few reports about gas sensors consisting of a nanocomposite thin film using
layer-by-layer and in situ self-assembly techniques [1-4].

Among the conducting polymers, polypyrrole (PPy), which was conventionally
synthesized by electrochemical and chemical oxidative polymerization methods [8],
is one of the most extensively studied electronic materials and thus has received
considerable attention because of its various technological applications. Accordingly,
in this work, TiO,/PPy nanocomposite ultrathin films for NH; detection were prepared
using an electrostatic self-assembly combined with an in situ chemical oxidation
polymerization technique. Our approach focuses on the fabrication, characterization
and application of TiO,/PPy nanocomposite film for NH; gas sensing. The films were
characterized by various techniques, and the effects of concentration of colloidal TiO,
and depositing time on the characteristics of TiO,/PPy ultrathin film gas sensor were
investigated. For comparison, a PPy ultrathin film sensor was fabricated. The
temperature and humidity sensitivities of such sensors were also examined.

2. Experimental

2.1 Preparation of substrates

The substrate preparation for ultrathin-film deposition is a crucial procedure for
obtaining the desired number of layers [3]. The quartz substrates were first immersed
into a hot solution of H>,SO4/H-O (7:3 in volume ratio) bath for 30 min and then in
a H,O/H-,O,/NHj5 (5:1:1) bath for 30 min. The substrates were thoroughly rinsed with
deionized (DI) water after each step. This process made the glass slides hydrophilic [6].
Prior to the deposition of self-assembly films, the treated substrates were stored in DI
water. The positive surface on quartz substrate or interdigitated electrodes was created
via the deposition of polydialyldimethyldiammonium chloride (PDDA) solution for
15min, and then the positively charged substrates were dipped into poly(sodium-
p-styrenesulfonate (PSS, M, =70,000) solution for 15min to obtain a negatively
charged surface. The polyanion PSS layer on the substrates plays an important role in
the formation of the TiO,/PPy ultrathin film, which provides charges for the adsorption
of the first polycation layer [3].
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2.2 TiO,/PPy nanocomposite material synthesis

TiO,/PPy nanocomposite material was synthesized by in situ chemical polymerization
at ambient temperature in air. Colloidal TiO, (5wt%, particle size <40 nm, Aldrich)
was diluted with DI water to yield a transparent solution with various concentrations
and the pH value of 1.0 adjusted with HCI, then sonicated for 10 min.

The active solution contained pyrrole (Py) monomer, TiO, solution, and p-toluene
sulfonic acid (p-TSA). p-TSA was employed to enhance the conductivity. Then,
oxidizing agent (FeCl; for PPy) was added drop by drop with moderate manual stirring
for Smin. In the presence of FeCls, the polymerization reaction of Py proceeds as
shown in Figure 1 [6].

The optimum TiO,/PPy nanocomposite was achieved with an aqueous solution
containing 0.09 M FeCls-6H-,O, 0.03M p-TSA and 0.03M pyrrole. To ensure the
controlled deposition, the solution was typically used for 3—5h.

2.3 Fabrication of TiO,| PPy nanocomposite ultrathin film

TiO,/PPy ultrathin film was deposited over the PDDA/PSS layers. For the negatively
charged surface, the TiO,/PPy monolayer begins to grow because of the electrostatic
attraction between SPS™ polyanion and delocalized positive charges (polarons and/or
bipolarons) along the backbone of the PPy chain [6]. At the same time, the Py
monomers are deposited on the surface of TiO, nanoparticles, and the polymer chains
grow on the surface of these oxide particles. This leads to the adhesion between polymer
and TiO, particles which constrained the infinite growth of PPy around these particles.
Such a reaction continued for several minutes, and TiO,/PPy ultrathin films were
deposited on quartz substrate and interdigitated electrodes. The films were fabricated
with a dip-coater (KSV Co., Finland). Figure 1 shows the schematic of nanocomposite
deposition of TiO,/PPy films.

PPy ultrathin film was synthesized under the same conditions as those for the TiO,/
PPy ultrathin film without the presence of colloidal TiO,.

3. Results and discussion

3.1 Film characterization

3.1.1 UV-Vis absorption spectra. The fabrication process of TiO,/PPy film was
monitored by UV—Vis absorption spectroscopy. Figure 2(a) shows the UV—Vis spectra
of TiO,/PPy films (0.1 wt% colloidal TiO,) deposited on PDDA/PSS quartz substrates
with various deposition times. Since PSS does not absorb in the spectral region of
concern [3], the absorption is due to TiO,/PPy nanocomposite film only. It is well
known that the TiO, nanoparticle absorbs the light at the peak of 326 nm [9], and the
pure PPy shows the band at 450 nm due to the 7—7* transition [1]; therefore, the peak
that appeared at 370 nm was a new absorption band, suggesting a possible interaction
between PPy and TiO,. In addition, the film thickness was measured with an
ellipsometer at different deposition times, i.e. 51, 62, and 74 nm thick corresponding
to 20, 40, and 60 min of deposition, respectively. The thickness increase of ~11nm is
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Figure 1. TiO,/PPy ultrathin film fabrication by the in situ self-assembly process.

proportional to the deposition time, which also implies that the TiO,/PPy self-assembly
ultrathin film was developed with a regular sequence.

Figure 2(b) depicts the UV-Vis absorption spectra of the TiO,/PPy self-assembly film
(0.1 wt% colloidal TiO,) deposited on PDDA/PSS quartz substrate for 40 min before
and after NHj treatment (100 ppm for 12h). It can be seen that exposure to NHj
resulted in changes of several bands at 405, 443, 473, 500, 533, and 596 nm (curve 2),
and the 473 and 533 nm bands seem to indicate a structural change in the polymer
film [1]. However, to the best of our knowledge, this is the first attempt to study the
TiO,/PPy nanocomposite film for NH; gas-sensing applications, so the real
mechanisms are not really understood and need to be investigated further.

3.1.2 FT-IR spectroscopy. Figure 3 shows the FT-IR spectra of pure PPy film (a) and
TiO,/PPy nanocomposite film (b). The FT-IR spectra of pure PPy film exhibited the
characteristic peaks of PPy at 3417.9cm™' (N-H vibration of pyrrole rings),
1643.0cm™"' (N-H in plane deformation absorption), 1598cm™' (C=0O vibration),
1191.0, 1126.0, and 1039.0cm™" (=C—H in plane vibration), and 812.9cm~' (=C-H
out-of-plane vibration) [10]. Compared with pure PPy film, pyrrole bands were evident
in the TiO,/PPy nanocomposite resulting from the presence of PPy in the composites
[11], but the N—H in plane absoption at about 1643 cm ™' disappeared in the composites,
and an additional peak appeared at 1153.4cm ™" with the transmittance change in other
peaks, which further highlights the fact that some kind of interaction does take place
between PPy and TiO, nanoparticles [5, 10].

3.1.3 Atomic force microscopy (AFM) characteristics. Surface morphologies of PPy
and TiO,/PPy (60min deposition) films fabricated on quartz substrates were
investigated with an atomic force microscope (AFM) working in tapping mode in
air. From the AFM technique, the uniformity in the deposition process and the surface
topography of films were characterized.

Figure 4(a) shows the surface morphology of seclf-assembly PPy films, and
figure 4(b—d) is representative of TiO,/PPy films with 0.1, 0.5, and 1.0wt%
colloidal TiO,, respectively. The scale of each image is 1000 nm x 1000 nm. Data
obtained from figure 4 are summarized in table 1, which shows the AFM
parameters of self-assembly PPy and TiO,/PPy ultrathin films. It is obvious that the
sphere size increases with increasing concentration of colloidal TiO,, and Rgrms
(root mean square roughness) and the particle size of PPy film are larger
than those of TiO,/PPy (0.1 and 0.5wt% colloidal TiO,), indicating that the latter
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Figure 2. (a) UV-Vis absorption spectra of TiO,/PPy films (0.1 wt% colloidal TiO,) with various deposition

times. (b) UV—Vis spectra of TiO,/PPy (0.1 wt% colloidal TiO,, 40 min) films before and after 100 ppm NHj;
treatment for 12h.

has a higher uniformity due to the involvement of TiO, nanoparticles in the
composite film.

3.2 Gas detection via resistance measurement in TiO,| PPy ultrathin films

TiO,/PPy and PPy films were deposited on interdigitated electrodes, which were made
of gold on a SiO,-coated silicon wafer to fabricate the gas sensor. The electrodes were
spaced to 50 um between any two pairs. The resistance changes of two sensors were
characterized at room temperature. The sensitivity (S) is defined as (R, — R,)/R, % 100
[12], where R, is the initial resistance of the sensor in air or N, circumstance, and R, is
the steady resistance of the sensor exposed to the tested gases. The response/recovery
time is defined as the time of 63.2% gross resistance change.

The standard NH; and CO gases with 500 ppm concentration were used for the
investigation here and were purchased from Sichuan Tianyi Science & Technology Co.
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A certain concentration of test gases was obtained in an airtight test chamber by
injecting a known volume of gas via a syringe. Also, the gas injected in the chamber
passed directly over the sensor surface, and the desorption cycle was performed with
pure N, or clean air. The gas sensor in the test chamber was linked to a computer-
controlled Keithley 2700 data-acquisition meter, and the real-time resistance changes of
the sensors exposed to the tested gases were monitored.

3.2.1 Effect of colloidal TiO, concentration. TiO,/PPy ultrathin film gas sensors
fabricated from various concentrations of colloidal TiO, (20 min deposition) were
exposed to 60 ppm NHj in air, and the sensitivity, response time, and recovery time are
listed in table 2. The results suggest that the highest sensitivity is obtained with the
TiO,/PPy (0.1 wt%) ultrathin-film gas sensor, while the response/recovery time of the
TiO,/PPy (0.05wt%) ultrathin-film gas sensor is faster than that of the others.

3.2.2 Effect of deposition time. In order to study the effect of deposition time on the
characteristics of gas sensors, the activated interdigitated electrodes were dipped in
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(d)

Figure 4. AFM images of self-assembly PPy and TiO,/PPy films. (a) PPy, (b) TiO,/PPy (0.1 wt% colloidal
TiO,), (¢) TiO,/PPy (0.5wt% colloidal TiO,), and (d) TiO,/PPy (1 wt% colloidal TiO5).

Table 1. AFM parameters of self-assembly TiO,/PPy ultrathin films.

Samples Rgrms (nm) Size (circular granular ®) nm
PPy 4.511 5715

TiO,/PPy (0.1 wt%) 4.297 33+8

TiO,/PPy (0.5wt%) 3.102 47+10

TiO,/PPy (1 wt%) 4.908 67420

TiO,/PPy (0.1 wt% colloidal TiO,) solution for 20, 40, and 60 min, respectively, and the
results of each sensor to 30 ppm NHj in air are shown in table 3. This shows that the
sensor with 20 min deposition has the highest performance. We speculate that the TiO,/
PPy ultrathin film with 20 min may be the most uniform due to electrostatic attraction
at the beginning of the deposition process, which leads to the rapid adsorption/

desorption of NHj gas.
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Table 2. Effect of concentration of colloidal TiO, on NHj (60 ppm) sensitive
characteristics of TiO,/PPy ultrathin-film sensors.

Samples Sensitivity Response time (s) Recovery time (s)
TiO,/PPy (0.05wt%) 2.4 13 52
TiO,/PPy (0.1 wt%) 5.8 18 64
TiO,/PPy (0.5wt%) 2.6 22 71

Table 3. Influence of deposition time on NHj; (30 ppm) sensitive characteristics of
TiO,/PPy ultrathin-film sensors.

Depositing time (min) Sensitivity Response time (s) Recovery time (s)
20 3.52 17 66
40 2.24 14 78
60 1.50 24 73

3.2.3 Sensitive performance of TiO,/PPy ultrathin film gas sensor. The response-
recovery properties of TiO,/PPy ultrathin film gas sensor (0.1 wt% colloidal TiO,,
20 min) were investigated with the increase in NHj concentration in the air and N,
atmosphere, which showed that the resistance of the TiO,/PPy ultrathin film sensor
increased dramatically when exposed to NH; and then gradually decreased when NH3
was replaced by air or N,. The sensitivity of the TiO,/PPy ultrathin film sensor is
depicted in figure 5. This shows that the sensitivity of the sensor increases with the
increase in NHj3 concentration, while the sensitivity in air is higher than that in N,. In
addition, the response/recovery time in air is shorter than that in N,, which may be
attributed to the moisture and O, in air.

CO is also one of the pollutants in air, which is likely to show cross-sensitivity in the
detection system. Thus, the sensitivity of the TiO,/PPy film sensor to CO was
investigated, and the results are shown in figure 5. Figure 6 shows the distinct difference
in sensitivity and response rate to 23 ppm NHjz and CO gases with the air or N, as
matrix gas. [t can be seen that, at a CO concentration as high as 141 ppm, the sensitivity
of the sensor was very low. In addition, when the TiO,/PPy nanocomposite ultrathin
film gas sensor was exposed to 20 ppm NO,, there was no obvious change in its
resistance with increasing exposure time.

It is worth pointing out that the difference in gas sensitivity to NH; and CO under
identical experimental conditions should be attributed to the different interactions
between sensitive film and adsorbed gas [13]. When the TiO,/PPy ultrathin film
interacts with NH3, NH3; molecules take protons from PPy, energetically forming more
favourable ammonium-NH; . However, in ambient air, ammonium decomposes into
ammonia and protons which, being added to PPy, restore the initial level of doping. In
such a way, reversibility of the ammonia effect occurs. In comparison, the ability of
electron donor of CO atom is different from NH;, which results in the variation of
sensitivity and response/recovery rate.

In order to compare with a TiO,/PPy nanocomposite ultrathin film sensor, a pure
PPy (20min deposition) ultrathin film sensor was also prepared, and its response
behaviour was measured. The sensitivity, response time, and recovery time of both
sensors in air are presented in table 4. It is evident that the response time and recovery
time of TiO,/PPy sensor are much shorter than those of the PPy sensor. Based on the
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Figure 5. Sensitivity of the TiO,/PPy ultrathin-film gas sensor (0.1wt% colloidal TiO,, 20 min) with
increasing NHj3 and CO concentrations.
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Figure 6. Response-recovery properties of the TiO,/PPy ultrathin-film gas sensor to 23 ppm NH; and CO
with air or N, as matrix gas.

AFM analysis, we believed that the TiO,/PPy nanocomposite thin film has a higher film
quality, which maybe contributes to the improvement of response/recovery rate.
However, it was observed in the experiment that the sensitivity of the TiO,/PPy
nanocomposite film was slightly lower than that of the pure PPy film. The real gas-
sensing mechanism of the TiO,/PPy nanocomposite film is currently not clear, so
further work is needed to clarify the mechanism and improve the sensitivity of the TiO»/
PPy composite film.

The reproducibility of the TiO,/PPy ultrathin film gas sensor in air and N, was
investigated for several cyclic tests. Figure 7 shows the sensitivity curves of sensors,
while 23 ppm NH; was injected or removed. It is found that the TiO,/PPy ultrathin film
gas sensor showed a much higher resistance than the original value when NH; was
almost desorbed from the surface in N, indicating an incomplete reversibility to NHj,
which cannot be found in air.
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Table 4. Sensitivity (S), response time, and recovery time of TiO,/PPy and PPy ultrathin-film gas sensors
exposed to various NHj concentrations at room temperature in air.

Sensitivity Response time (s) Recovery time (s)
Concentration of NH; (ppm) TiO,/PPy PPy TiO,/PPy PPy TiO,/PPy PPy
23 2.73 3.67 17 46 60 126
47 4.5 6.15 16 37 70 151
70 6.16 8.26 18 41 60 134
94 6.65 8.94 12 28 61 136
117 7.43 9.96 19 39 75 163
141 7.95 10.77 19 44 85 165

Figure 8 shows the long-term stability of TiO,/PPy ultrathin film sensors for 23 ppm
NH; for one week, which was measured in air once a day under identical experimental
conditions. The results demonstrate that the initial resistance of TiO,/PPy ultrathin film
slightly increased during seven cyclic tests, and the sensitivity exhibited a slight decrease
to NHj first, and then remained almost constant, indicating the good stability of TiO,/
PPy ultrathin film sensor.

3.3 Temperature and humidity influence

For practical applications, humidity and temperature factors to affect the sensor should
be taken into consideration, so the effects of humidity and temperature on the TiO,/PPy
and PPy ultrathin film gas sensors were investigated. The humidity and temperature
sensitivities of sensors are shown in figures 9 and 10, respectively, in which R, is the
resistance of the sensor at 22.9% relative humidity/20%, and R is the resistance of the
sensor at different relative humidities/temperatures. It can be seen that both humidity
and temperature have a significant effect on the TiO,/PPy ultrathin-film gas sensor
when detecting the low-concentration NHj3. In addition, the sensitivities of the TiO,/
PPy and PPy ultrathin-film sensors increased with increasing relative humidity (from
5.9% to 92.8% RH), which may be due to a combination of the conductivity change of
PPy layer or the adsorbed water molecules on the surface of the nanocomposite [4, 12].
In addition, the influence of humidity on the PPy film sensor is more serious than on the
TiO,/PPy film sensor, which is assumed that the links between PPy grains are improved
and coupling through the grain boundary is stronger in the TiO,/PPy composite film.

TiO,/PPy and PPy ultrathin film gas sensors show the opposite response to increasing
temperature, as shown in figure 10. The increase in resistance of the TiO,/PPy films was
observed probably because of the reconfiguration of nanocomposite film [3], and it is
assumed that the interaction between PPy and TiO, particles was reduced at high
temperature. However, the decrease in resistance of the PPy film with increasing
temperature may be a ‘thermal activated behaviour’ [14]. Further work needs to be done
to illuminate this change clearly.

4. Conclusions

The fabrication of TiO,/PPy ultrathin film on quartz substrate and interdigitated
electrodes at room temperature has been succeeded. The structural and morphological
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characterizations of TiO,/PPy ultrathin films have been carried out with various
techniques. The gas-sensing properties of TiO,/PPy ultrathin films with NH3, CO, and
NO, have been studied. The effects of humidity and temperature on the sensor
sensitivity were systematically tested.

The effects of various concentrations of colloidal TiO, and depositing time on TiO,/
PPy ultrathin-film sensors were studied in order to optimize the film preparation.
Colloidal TiO, (0.1 wt%) and 20 min deposition time were used to obtain TiO,/PPy
ultrathin films for gas-sensor applications. This shows that the sensor could detect NHj3
with a high sensitivity, whereas CO and NO; almost do not interfere with the detection.
The sensor in air showed a shorter response and recovery time, and a higher sensitivity
to NHj3 than in N5, and had a higher reproducibility and stability in air. Humidity and
temperature have a significant influence on the TiO,/PPy ultrathin film gas sensor when
detecting the low concentration NHj;. Compared with PPy sensors, the TiO,/PPy
ultrathin-film gas sensor has a faster response/recovery rate, thus suggesting the TiO,/
PPy nanocomposite ultrathin film as a potential candidate for the recognition and
detection of NHj gas.
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