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Hybrid poly(3-hexyl thiophene)–TiO2 nanorod
oxygen sensor†

Che-Pu Hsu,‡a Tsung-Wei Zeng,‡a Ming-Chung Wu,b Yu-Chieh Tu,a

Hsueh-Chung Liaoa and Wei-Fang Su*a

Conjugated polymers are promising materials for oxygen sensing owing to their specific interaction with

oxygen molecules and also advantages of low cost, easy processing and room temperature operation.

The present work for the first time demonstrates an oxygen sensing material of poly(3-hexylethiophene)

(P3HT)–TiO2 nanorod hybrid thin film which reveals considerable improvement of sensing response as

compared to the pristine P3HT film. The effects of hybrid composition and film thickness on sensing

performance were systematically investigated. Kelvin probe force microscopy (KPFM) was employed to

understand the mechanism of oxygen sensing including the control of surface morphologies and

electronic properties by TiO2 incorporation. The hybrid material developed in this study is helpful in the

advancement of room temperature oxygen sensing technology.
Introduction

Oxygen sensing devices are extremely important in daily life,
manufacturing, research and development. Most of the
commercial available oxygen sensors are made from metal-
oxide material such as ZrO2, TiO2, Ga2O3, etc. which are high
cost and have to operate at high temperature.1–3 Conjugated
polymers are promising materials for gas sensing since they
provide many advantages such as low cost, solution processing,
room temperature operation, etc. Previous literatures have
demonstrated their capability in gas sensing through tracing
the variation of gas-sensitive properties, e.g. conductivity, work
function and optical absorption spectra.4 The variation of
conductivity can be easily detected and employed in electronic
devices which is ideal for gas sensing device. Among the
conjugated polymers, polythiophene and its derivatives have
attracted considerable attention due to their good environ-
mental and thermal stability.5 Polythiophenes have been used
as sensing materials for different gases and vapors such as
oxygen,6,7 NOx

8,9 and other volatile compounds.5,10–12 The study
of reaction mechanism between P3HT and oxygen revealed that
oxygen is physically absorbed on P3HT as dopant which is
reversible.6,7,13

In order to improve the sensing performance of conjugated
polymer, adding inorganics into polymers, so called organic–
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inorganic hybrid materials, have been investigated recently for
gas sensor applications.14,15 By combing distinct properties of
two materials, the sensitivity and selectivity for various gases
have shown enhancement. Nanostructured inorganic materials
have been fabricated into ultrasensitive sensors.16–19 In this
work, inorganic TiO2 nanocrystals were incorporated into the
conjugated polymer of poly(3-hexylthiophene) (P3HT). Such
composites have been extensively applied in a variety of appli-
cations,20–23 however, this is the rst time we show that such
composites can be employed in a room temperature operated
oxygen sensing device. By controlling the nano- and micro-
morphology of hybrid lms, so the sensing response toward
oxygen has been improved. The conductivity variation of the
lm was used as indication for detecting oxygen. The sensing
performances were investigated with respect to different P3HT–
TiO2 hybrid ratios and lm thickness. KPFM technique was
utilized to understand the mechanism of improved sensing
response by TiO2 incorporation. Our study demonstrates a
newly developed hybrid material for enhancing the perfor-
mance of oxygen sensing at room temperature.
Experimental details

The conducting polymer P3HT with molecular weight of 62 kDa
was synthesized in our laboratory according to the literature.24

The precursor of P3HT is 2,5-dibromo-3-hexylthiophene, and
the addictions are tert-butylmagnesium chloride and Ni(dppp)
Cl2. The anatase TiO2 nanorods (�5 nm � 30 nm) were
synthesized via a low-temperature (�70 �C) sol–gel method.25,26

The precursor of TiO2 is titanium isopropoxide and the
surfactant is oleic acid. The as synthesized TiO2 nanorods were
then modied by small molecules pyridine to partially remove
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) The photo of accomplished oxygen sensor device and (b)
SEM image of bar structure Au electrodes.

Fig. 2 Sensing response (R0/R) of drop casted P3HT film and P3HT–
TiO2 hybrid films with different TiO2 loading concentrations (i.e. 0 wt%,
25 wt%, 50 wt%, and 75 wt%) during sensing procedure.

Fig. 3 Cross-sectional SEM images of hybrid film containing 50 wt%
TiO2 nanorods show (a) the film thickness and (b) the morphology of
hybrid film with several tens of nanometer nano-domain.
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the insulating surface ligand oleic acid.27,28 The SiO2 nano-
crystals were purchased from Nissan Chemical (20–30 nm, MA-
ST-M, 40 wt% solid content) and used as received. The
P3HT was dissolved in chloroform with a concentration of
30 mg ml�1, and the TiO2 solution with a concentration of
10 mg ml�1 were prepared by using co-solvents of pyridine–
dichloromethane–chloroform with volume ratio of 1 : 2 : 3.
Lastly, the P3HT–TiO2 nanorods hybrid solutions with different
TiO2 concentration were stirred at 40 �C overnight in the glove
box. We use oxidized silicon wafer as substrate. The thickness of
surface silicon oxide is around 1000 nm, and the thickness of
silicon wafer base is around 1 mm. The pristine P3HT thin lm
and hybrid lms of P3HT–TiO2 were deposited on the
substrates, with an Au electrode of which interdigitated width of
15 mm and interval of 10 mm, by drop casting or spin casting
process at 4000 r.p.m. for 1 min in the glove box (Fig. 1). The
thickness of the drop casted lms and spin casted lms were
around 10 mm and 200 nm respectively. The sensor devices were
placed in a sealed chamber with controlled feed of oxygen gas
and nitrogen gas and the I–V curves were recorded by picoam-
meter (Keithley, model 6487) at room temperature. During the
sensing procedure, the oxygen gas was fed into the chamber for
4 minutes then followed by nitrogen feeding for 36 minutes.
Such procedure was repeated for 4 times with simultaneous
record of I–V curves for obtaining resistance R (i.e. I/V). The
surface topography and surface potential of sample lms were
mapped by Kelvin probe force microscope (Veeco instruments
Multimode AFM with an extender electronics module). Scan-
ning was performed in the li mode with height of 20 nm by
silicon cantilevers with Pt/Ir surface coating.29 The SEM cross-
sectional images were obtained by utilizing JOEL JSM-6700F
eld emission scanning electron microscope at acceleration
voltage of 10.0 kV.

Results and discussion

We used a simple expression of R0/R for clearly presenting the
sensing responses of our devices, where R is the resistance of
thin lm device aer oxygen exposure and R0 is the initial
resistance before oxygen exposure. Such simple denition was
also employed in other literatures of sensor research, e.g. Rd/Rh,
Rair/Rgas, Rgas/Rair, Vg/Va, I/I0, I0/I, etc.30–35 The denition takes the
advantage of easier signal processing for the further on indus-
trial applications. Fig. 2 shows the sensing response of drop
This journal is © The Royal Society of Chemistry 2014
casted pristine P3HT lm and P3HT–TiO2 hybrid lms with
different TiO2 loading concentration. The R0 values of P3HT–
TiO2 hybrid lms with different TiO2 loading concentration, i.e.
0 wt%, 25 wt%, 50 wt% and 75 wt% are 4.0� 106 U, 5.6� 107 U,
1.9 � 108 U and 9.2 � 108 U respectively. All the sample lms
showed an instant response upon oxygen exposure (jump of R0/
R values), which indicates the enhanced conductivity of the
sample lms. This can be attributed to the increasing carriers
concentration resulted from oxygen doping.6,13 Namely, the
weakly chemical bounded donor–acceptor complexes or charge
transfer complexes are formed by the interaction between P3HT
and oxygen molecule. Namely, the interaction between a
molecule with low ionization potential (an electron donor,
P3HT) and a molecule with relatively high electron affinity
(an electron acceptor, oxygen molecule) can lead to a weakly
bound donor–acceptor complex or charge transfer complex
(CTC). Evidences for this reversible process (adsorption and
desorption) have been shown in the literature by using UV-vis
absorption and electron paramagnetic resonance (EPR) spec-
troscopic analyses6,7 Additionally, introducing TiO2 nanorods
into P3HT led to signicantly increased sensing response by
around 2 times as shown in Fig. 2. Among the hybrid lms, the
loading concentration of 50 wt% reveals the highest sensing
response as compared with other blending ratios.
RSC Adv., 2014, 4, 22926–22930 | 22927
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The cross-sectional SEM images of hybrid lm with 50 wt%
TiO2 nanorods are shown in Fig. 3. The hybrid lm thickness is
about 15 mm (Fig. 3(a)), and the blended P3HT : –TiO2 nanorods
hybrid material in spherical shape in the size of several tens of
nanometer is observed (Fig. 3(b)).

For clarifying the effect of TiO2 nanorods in oxygen sensing,
we compared the sensing response of three types of devices
fabricated from three different lms sandwiched between glass
substrates and interdigitated Au electrodes. They are (1) a single
layer of pristine P3HT lm with thickness of 100 nm, (2) bi-
layers of pristine P3HT (�100 nm) lm on top of a TiO2 lm
(�100 nm, deposited from TiO2 nanorods solution), and (3) bi-
layers of pristine P3HT (�100 nm) lm on top of a SiO2 lm
(�100 nm). All the layers were deposited by spin coating. The
sensitivities of the three devices are shown in Fig. 4. As
compared with single layer P3HT, including the TiO2 layer
considerably improves the sensing response, while the P3HT–
SiO2 bilayer in contrast reveals slightly decreased sensing
response. The P3HT acts as the dominant charge transfer
Fig. 4 Sensitivities of devices fabricated from the single layer P3HT
film, the bilayer of P3HT–TiO2 films and the bilayer of P3HT–SiO2

films.

Fig. 5 KPFM images of pristine P3HT film (a and b) and P3HT–TiO2 hybr
50.0 wt%, and (g and h) 75.0 wt%. The (a, c, e and g) are topographic ima

22928 | RSC Adv., 2014, 4, 22926–22930
material in the P3HT–TiO2 bilayer because it is much more
conductive than TiO2. The increase in sensing response of the
device with an additional underlying TiO2 nanorods layer
suggests the TiO2 layer might alter the surface properties and
electronic properties of P3HT.

Thus, Kelvin probe force microscopy (KPFM) was utilized to
in-depth investigate the oxygen sensing mechanism of P3HT–
TiO2 hybrid lms. Fig. 5 shows the topographic images and
surface potential images of pristine P3HT lm and P3HT–TiO2

hybrid lms with various TiO2 loading concentrations, 25 wt%,
50 wt% and 75 wt%. All the lms were deposited by drop
coating. The surface potential was found to decrease with
increasing concentration of TiO2 nanorods (Fig. 5). According to
the work function difference between TiO2 (�4.2 eV),36,37 and
P3HT (�5.0 eV, cf. Fig. 5(b)), the darker regions on the hybrid
lms (with smaller surface potential) are TiO2-rich regions
while the brighter regions are P3HT-rich region. Lower surface
potential implies that electrons are easier to transfer to oxygen
molecules and form the charge transfer complex, which results
in higher sensing response. However, for the P3HT–TiO2 hybrid
lm with 75 wt% TiO2, larger P3HT and TiO2 domain sizes can
be observed in the surface potential mapping (Fig. 5(h)) as
compared to that of 25% TiO2 (Fig. 5(d)) and 50% TiO2

(Fig. 5(f)). The pronounced phase separation would reduce the
interface area and thus the electron donation between P3HT
and TiO2 which account for the decreased sensing responses.

The sensing response of the device is also dependent on the
lm thickness as shown in Fig. 6. Devices with different hybrid
lm thickness, i.e. 5.8 mm, 10.1 mm, and 13.4 mm, were made
and evaluated for the oxygen sensing properties. The sensing
response increases with the increase of hybrid lm thickness
(50 wt% TiO2). The variation of the sensing response for the
devices is believed due to the differences in morphology of the
hybrid lm. The thicker the lm is, the more sites can be bound
by oxygen molecule.

Furthermore, we made the device of hybrid lm with 50 wt%
TiO2 nanorods annealed at 150 �C for 30, 60 and 120 minutes in
id films with different TiO2 concentrations (c and d) 25.0 wt%, (e and f)
ges and the (b, d, f and h) are corresponding surface potential images.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (a) The sensitivities of 50 wt% TiO2 nanorods hybrid films with
different anneal time at 150 �C, and (b) the sensitivities of 50 wt% TiO2

nanorods hybrid films at different testing temperature.

Fig. 6 Oxygen sensing response curve of drop cast P3HT–TiO2

nanorods (1 : 1 composition) hybrid films of different thickness.
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inert atmosphere (Fig. 7(a)). The sensing response is slightly
increased with the increase of anneal time, which has been
attributed to the removal of adsorbed oxygen molecules within
the hybrid lm. The characteristic of the oxygen sensing prop-
erties is not signicantly changed for device annealed at 150 �C.
This journal is © The Royal Society of Chemistry 2014
Nevertheless, if the device of 50 wt% TiO2 nanorods hybrid lm
which is annealed at 150 �C for 120 min is tested at 60 �C rather
than room temperature, its sensing response can be increased
by 3 times (Fig. 7(b)). Actually we have performed the oxygen
sensing at higher temperature (over 100 �C). However, the
devices as well as the testing chamber caught re because of the
high temperature and high concentration of oxygen. Therefore,
in this study we only compared sensing performance between
room temperature and heating at 40 �C and 60 �C (Fig. 7(b))
respectively. The sensing response increases with increasing
testing temperature due to the accelerated adsorption and
desorption of oxygen molecules.

Therefore, the employment of our sensor is expected to show
good selectivity in ambient condition because of the inert
characteristics of other components, e.g. N2, Ar, etc. However,
when being applied in other spaces such as factory or labora-
tory, it should be careful to the interruption resulted from other
kinds of gases or organic vapors.
Conclusions

In this study, we demonstrate, by using the hybrid materials
based on poly(3-hexyl thiophene) (P3HT) in combination with
TiO2 nanorods, improved oxygen sensing properties is obtained
as compared to pristine P3HT. The result is attributed to the
change of surface morphology and surface electronic properties
of the hybrid lm mandated by TiO2. Moreover, we optimized
the parameters of lm thickness, annealing temperature and
operating temperature. The results suggest that hybrid P3HT–
TiO2 nanorods is promising for resistive oxygen sensing at room
temperature.
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