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Abstract

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) incorporated with
nanocrystalline TiO, powder (PEDOT:PSS+nc-Ti0,) films were prepared by
spin-coating technique. SEM surface morphology, UV-Vis spectra and NH;
gas sensing of were studied. Results showed that the PEDOT:PSS+nc-TiO,
film with a content of 9.0 wt% of TiO, is most suitable for both the hole
transport layer and the NH; sensing. The responding time of the sensor made
from this composite film reached a value as fast as 20 s. The rapid respon-
siveness to NH; gas was attributed to the efficient movement of holes as the
major charge carriers in PEDOT:PSS+nc-TiO, composite films. Useful appli-
cations in organic electronic devices like light emitting diodes and gas thin
film sensors can be envisaged.

Keywords
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1. Introduction

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a con-

jugate polymer that can be easily prepared in thin film form. PEDOT:PSS films

have a high transmission in the visible region, a high conductivity of 80 S/cm [1]
[2] [3], and a particularly good thermal stability [4] that is why PEDOT:PSS is
used as the hole transport layer in many optoelectronic devices such as organic

light emitting diodes (OLED), organic solar cell (OSC), electrochromic windows,
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etc. [5] [6] [7] [8]. PEDOT:PSS possesses also a highly valuable property: when
adsorbed by various gases, its electrical conductivity changes considerably. Thus
PEDOT:PSS can be used for the functional materials in the gases sensors [9].
Recently, Olenych et al [10] used hybrid composites based on PEDOT: PSS-
porous silicon-CNT for preparation and characterization of humidity sensors.
Various nanocomposite films consisting of conducting polymers mixed with
carbon nanotubes (CNTs) as an active material have been prepared for applica-
tion in gas thin film sensors for detecting the adsorption of gas molecules such
as CO [11], NH; [12] and vapors of organic solvents or water [13] [14]. Xing et
al. [15] reported that the formation of a nanometer-scale chemically responsive
junction (CRJ) within a silver nanowire (AgNW) strongly affected the sensing
properties of nanocomposites. The proposed mechanism of the resistance re-
sponse for a CRJ, supported by temperature-dependent measurements of the
conductivity for CRJs and density functional theory calculations, is that semi-
conducting p-type Ag,O is formed within the CRJ and the binding of molecules
to this Ag,O modulates its electrical resistance. We have shown by our expe-
rients that with embedding nanocrystalline TiO, (nc-TiO,) particles in
PEDOT:PSS, the performance parameters of some electronic devices like OLED
and OSC were considerably improved [16]. The improvement was attributed to
the presence of the heterojunctions of PEDOT:PSS/MEH-PPV (for OLEDs) and
PEDOT:PSS/P3HT (for P3HT) in the devices.

Thus in the hope to enhance the sensitivity of the NH; sensor, PEDOT:PSS +
nc-TiO, composite films were prepared and characterized using UV-Vis and
current-voltage measurements. The NH; gas sensing vs. nc-TiO, concentration
embedded in PEDOT:PSS has been also studied.

2. Experiment

For preparing an initial solution of PEDOT:PSS, the pure PEDOT powder was
dissolved in a largely diluted PSS by a volume ratio of PEDOT:PSS equal to 1:10.
To get nanocomposite of PEDOT:PSS with nanocrystalline TiO, (nc-TiO,), TiO,
nanopowder with average size of 5 nm was embedded in this solution according
to a weight ratio TiO,/PEDOT-PSS of 0.05 to 0.07, 0.09 and 0.11 (or 5.0 to 7.0,
9.0 and 11.0 wt%), further referred to as PECT-1, PECT-2, PECT-3 and PECT-4
sample, respectively. To obtain a homogenous dispersion of nc-TiO; in polymer,
the solutions were mixed for 8 hours by using magnetic stirring. These liquid
composites were then used for spin-coating. The conditions for spin-coating
were as follows: a delay time of 90 s, a rest time of 20 s, a spin speed of 1500 rpm,
an acceleration of 500 rpm and finally a drying time of 3 min. The Corning-247
glass pieces with 2 cm x 3 cm in size was used as substrates for optical characte-
rization, and ITO-coated glass substrates were used for the anode in OLEDs.
Both the glass and ITO-coated glass substrates used for spincoating nanocompo-
site films were ultrasonically cleaned in distilled water, followed by cleaning in

ethanol and acetone. Preparation of OLEDs for density current-voltage (J-V)
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measurements was carried-out following the process that was described in [16],
herein the conjugate polymer of poly [2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV) was used as the electroluminescent layer,
PECT films—as the hole transport layer (HTL) and aluminum coating—as the
cathode. For preparing thin film sensors, the PEDOT:PSS+nc-TiO, solutions
were spin-coated onto glass substrates which were coated by two silver planar
electrode arrays with a square of 5 x 5 mm in size. The two electrodes were se-
parated from each other by a distance of 5 mm. To dry the films, the samples
were put in a flow of dried gaseous nitrogen for 8 hours. For the solidification
without involving solvents, the film samples were annealed at 120°C for 8h in a
“SPT-200” vacuum drier. The thickness of the PECT films was controlled at an
average value of 450 nm. All the samples were put in a fore vacuum box until the
measurements.

The surface morphology of samples was characterized by using a NT-MDT
Atomic Force Microscope operating in a tunnel current mode. The composi-
tional characterization of the PEDOT-PSS films was done through Fourier
Transform Infrared Spectroscopy (FTIR) on a BRUKER TENSOR-27 spectro-
meter. Ultraviolet-Visible absorption spectra (UV-Vis) were carried-out by us-
ing a JASCO V570 spectrophotometer and J-V characteristics were measured on
an Auto-Lab Potentiostat PGS-30.

3. Results and Discussion

The surface of nanocomposite samples was examined by AFM techniques. Fig-
ure 1 shows AFM images of a pure PEDOT:PSS and a PECT with an embedding
of 9.0 wt% nc-TiO,. In the PEDOT:PSS sample there is a lot nanopores, whereas
in the composite sample considered, a distribution of completely dispersive TiO,
nanoparticles can be seen. Moreover, in the composite film the nanopores did
not appear, instead nc-TiO, particles were formed (as seen in Figure 1 for ex-
amples, pores 1 and 2 (Figure 1(a)) were replaced by particles 1’ and 2’ (Figure
1(b))). This AFM micrograph also shows that the PEDOT:PSS+nc-TiO, compo-
site film contained numerous TiO,/PEDOT-PSS nano-heterojunctions.

Figure 2 shows the FTIR spectra obtained for a PEDOT:PSS film sample. Sig-
nals from 1527 to 1368 cm™ are associated with the C=C bonds, peaks at 985,
844, and 688 cm™ can be attributed to the C-S interaction in the thiophene ring,
and peaks 1228 through 1051 cm™ correspond to the ethylenedioxy group.
There are 10 characteristic peaks signed with a red star belong to PEDOT:PSS as
reported in [17]. Figure 3 shows the optical absorption spectra (UV-Vis) of the
PEDOT:PSS and PECT films. The absorbance of the films decreased with in-
creasing TiO, content embedded in the polymer. The decrease in absorption
spectra can be explained due to i) a large bandgap of nc-TiO, and ii) a stronger
scattering effect of the light illuminating to the composite films.

The UV-Vis data in Figure 3 can be used to estimate the energy band gap, £,

of the samples by using the following expression [18].
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(a) (b)

Figure 1. AFM images of a pure PEDOT:PSS (a) and a PEDOT:PSS+nc-TiO: (9.0 wt%)
composite film (b).
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Figure 2. FTIR spectrum of a PEDOT:PSS film.
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Figure 3. UV-Vis absorption spectra of the PECT thin films incorporated with nc-TiO2:
5.0 wt% (curve “17), 7.0 wt% (curve “2”), 9.0 wt% (curve “3”) and 11.0 wt% (curve “4”) of
nc-TiO..
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ahv = A(hv—E, )’ (1)

where 4 is Planck’s constant, v is the frequency of the incident UV-Vis radiation,
A is a constant and n is 1/2 for direct band semiconductors and 2 for indirect
band gap semiconductors. As expected, best fits were obtained for n = 2 (indirect
band).

A graph is plotted between the square of (aAv) and Av (as abscissa), and a
straight line is obtained. From the extrapolation of the straight line to (aAv)'? =
0 axis, one can determine the bandgap of the investigated sample. Thus from our
experiments, the energy gap (£y) of two samples (namely PECT-1 and PECT-3)
were found to be of approximately 2.50 eV and 2.57 eV, respectively (Figure 4).
For PECT-2 and PECT-4 similar results were obtained, and their E, values were
found to be of 2.52 and 2.54 eV, respectively. The value of the bandgap of nano-
composites is a little larger than that for the pure PEDOT-PSS film prepared by
electrochemical polymerization [19]. In addition, the effect of widening in the
bandgap (or blue shift) of PEDOT-PSS vs. nc-TiO, content was demonstrated as
shown in Table 1. This is quite similar to the reported blue shift that was ob-
served for MEH-PPV+nc-TiO, [20] or for PPV+nc-SiO,, where the blue shift
was explained by a reduction in the polymer conjugation chain length due to the

presence of inorganic nanoparticles in polymers [21].
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Figure 4. Plots of (ahv)'? dependence on photon energy (4v) for determining F; of the
PECT-1 and PECT-3 samples.

Table 1. The widening in E; of conjugate polymer (PEDOT:PSS) vs. TiO: content.

Samples TiO: content (wt%) E;(eV)
PECT-1 5.0 2.50
PECT-2 7.0 2.52
PECT-3 9.0 2.54
PECT-4 11.0 2.57
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It is known that PEDOT:PSS can be considered as a p-type organic semicon-
ductor [22], where holes play the role of major charge carriers. This is why
PEDOT:PSS thin film is often used for hole transport layer (HTL) in OLEDs [23]
[24] [25] [26]. To better understand the effect of hole transport in nanocompo-
site films, we measured the J-V characteristics of the devices made from different
layers, such as ITO/MEH-PPV/PECT-1/Al, ITO/MEH-PPV/PECT-2/Al, ITO/
MEH-PPV/PECT-3/Al and ITO/MEH-PPV/PECT-4/Al, abbreviated as DMP-1,
DMP-2, DMP-3 and DMP-4, respectively. The measurement data for J-V cha-
racteristics of these devices were plotted as shown in Figure 5.

From Figure 5 one can notice the following: i) TiO, nanoparticles embedded
in PEDOT:PSS used as HTL favors the hole injection from ITO into the organic
layer deposited on the HTL, resulting in an enhancement of the J-V characteris-
tics. Thus the turn-on voltage decreased from 1.80 to 1.42, 1.32 and 1.10 V, re-
spectively for devices DMP-1, DMP-2, DMP-4 and DMP-3, where J-V characte-
ristic of DMP-3 device (with nc-TiO, content of 9.0 wt%) exhibits the best one;
ii) The effect of the HTL on the enhancement of the J-V characteristics was well
demonstrated, associated with the equalization process of injection rates of holes
and electrons [27]. The reason why the nanoparticles can improve the device
performance was recently discussed, when we reported the role of the surface
morphology of the HTL layer in the composites [23]. With spinning process in
the spin-coating technique, the nanopores can be filled-up by strong electrostatic

forces, consequently eliminating the pores acting as big traps for charge carriers

in polymers, thus more charge carriers (ie. holes and electrons) can reach the
anode and the cathode of the devices.
To test the gas sensitivity of the sensors made from PECT composites, the

samples were placed in a chamber and device electrodes were connected to elec-
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Figure 5. J-V characteristics of the PECT samples with different contents
of nc-TiO:2 from 5.0 wt% (curve “a”) to 7.0 wt% (curve “b”), 9.0 wt%
(curve “c”) and 11.0 wt% (curve “d”).

DOI: 10.4236/msa.2017.89047

668 Materials Sciences and Applications


https://doi.org/10.4236/msa.2017.89047

Author, Author

trical feedthroughs. For example, for monitoring NH; gas, the best hole trans-
port film (namely sample PECT-3) was put in a testing chamber of 10 dm® in
volume. By using “EPA-2TH” profilometer (USA) al00 ppm (in concentration)
NHsgas value was chosen for monitoring. The adsorption process was controlled
by insertion of measuring NH; gas and the desorption process was done by ex-
traction of the gas followed by insertion of dry gaseous Ar. To characterize the
sensing performance of the PECT composite films used for the sensors, a sensi-

tivity (n) of the devices was introduced. It is determined by following equation:
_R-R,

n (%) )

(0]

where R, is the initial resistance of the sensor, and R - the resistance of the sen-
sor after theNHj gas adsorption.

Typical NHj; gas sensing data for two sensors, namely PEC-1 and PECT-3 are
plotted in Figure 6. The sensing curves of the PECT-2 and PECT-4 lay between
PEC-1 and PECT-3 curves, but for clear observation they were not inserted in
Figure 6. From Figure 6, it is seen that with adsorption of NH; gas the resis-
tance of the PECT-3 sample increased. The sensitivity of the sensors increased
from about 6% (for PECT-1) to 10% (for PECT-3). The responding time of the
sensing shortened from 40 s to 32 s, 26 s and 20 s, respectively for PECT-1,
PECT-2, PECT-4 and PECT-3 sensors (see gray-marked parts in Figure 6). For
the PECT-3 sensor, the resistance of the PECT-3 film quickly recovered to base-
line when exposed to air (Ze. desorption of the gas). Indeed, the recovery time of
the sensor was estimated as 80s. This would imply that the electrons generated
from the NH; adsorption process in the sensor surface eliminated a part of holes
in PEDOT:PSS with results similar to those reported in [9].

The fast responding time of the sensing can be attributed to the efficient

movement of the holes in the nanocomposite-based hole transport layer, which
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Figure 6. The sensitivity of the PECT-1 and PECT-3 sensor responding
to NH; gas.
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is demonstrated in the J-V characteristics in Figure 5. The PECT-3 sensor
showed a quick response and a fast recovery time to NH; gas. The response is
considerably better than the one that was reported as 30 s in [28] and 32 s in [29]
where the NH; gas sensors were made from Ag/PEDOT:PSS and Ag/polypyrrole

nano-composites, respectively.

4. Conclusions

Using spin-coating technique, films of PEDOT-PSS embedded with TiO;-na-
noparticles were prepared. The surface morphology, UV-Vis spectra and gas
sensing of NH; were characterized. The results obtained showed that 9.0 wt% of
nc-TiO, was the most suitable concentration that was embedded in PEDOT:PSS
for hole transport layer as well as for NH; sensing. The responding time of the
sensor made from PEDOT:PSS+nc-TiO, (with 9.0 wt%) possessed a value as fast
as 20s that is much better than the response of the NH; gas sensor made from
Ag/polypyrrole nano-composites. The rapid responsiveness to NH; gas was at-
tributed to the efficient movement of the holes as major charge carriers in
PEDOT:PSS+nc-TiO, composite films.

The obtained results suggest a useful application in monitoring NH; gas in a
polluted environment with a concentration of less than 100 ppm. For further
works, to enhance both the sensitivity and selectivity of the gases in a range of
few parts per million, PEDOT:PSS films incorporated with other additives like

carbon nanotubes and graphene quantum dots will be synthesised.
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