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Abstract. Nano-Ag/PEDOT-PSS films were prepared by spin-coating technique. SEM surface
morphology, Raman spectra and gas sensing of methanol, humidity and NH3 were studied. The
obtained results showed that the resistance of Ag/PEDOT:PSS sheets exposed to gases related
to the generation of electrons from the gases adsorption that eliminated holes as the major car-
riers in PEDOT:PSS. For NH3 gas the largest change of the resistance of Ag/PEDOT:PSS was
observed. The less sensitivity of humidity and ethanol sensing was explained due to less dedop-
ing reaction between HyO and ethanol vapor with Ag/PEDOT:PSS, respectively. This suggests a
potential application of the nano-Ag/PEDOT-PSS sensors for the selective monitoring NH3 gas in
environment.
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I. INTRODUCTION

Nanocomposites are known as materials mixing two or more different materials, where at
least one of these having a nano-dimensional phase, for example, conducting polymers embedded
with metallic, semiconducting, and dielectric nanoparticles. In comparison with devices made
from standard materials, the nanocomposites-based devices usually possess enhanced efficiency
and service life [1-4]. If metallic nanoparticles are embedded in the conducting polymer, new
active sites are generally created for in-situ trapping of electrons [5]. Polypyrrole (PPy)/Ag has
been shown to be an excellent ammonia gas sensor which can sense the gas down to 10 ppm [6].
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Similarly, noble metal nanoparticles with PPy have been reported to be an excellent candidate as
sensor materials for stable enzyme biosensors based on chemically synthesized Au-polypyrrole
nano-composites [7]. Monitoring of ammonia (NH3) and hydrogen sulphide (H,S) gas is of great
industrial importance as well as of social impact. Conducting PPy is a p-type semiconductor
and its doping and un-doping with gaseous molecules e.g., ammonia leads to reversible redox
reactions. It is reported that the interaction of NH3 with PPy results in formation of the neutral
polymer backbones due to decrease in the charge-carrier concentration which consequently results
in decrease and/or increase in conductivity of PPy reversibly [8]. The effects of film thickness,
annealing temperature and CNTs content on gas-sensing response of PPy-CNTs nanocomposite
for detection of NH3gas at room temperature were investigated in Ref. [9].

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has a high trans-
mission in the visible region, a high conductivity [10,11] and a particularly good thermal stability.
Thus PEDOT:PSS has received increasing interest in recent years. In PEDOT:PSS the conjugated
polymer PEDOT is positively doped; the charge is balanced by the sulfonate anionic group in the
PSS. The electrical conductivity of this conducting polymer blend reaches up to 80 S/cm [12],
making it useful as plastic electrodes in optoelectronic devices. With a change in the conductivity
when adsorbed by various gases, PEDOT:PSS can be used for the functional materials in the gases
sensors [13]. In the hope to enhance the selectivity of the NH3-gas sensor made from PEDOT-PSS,
Ag-nanoparticles were embedded into PEDOT:PSS films in the present work.

II. EXPERIMENTAL

We used ethylene glycol (C,HgO,) abbreviated to EG as a catalyst agent for synthesiz-
ing Ag nanoparticles. Basing on the fact that ethylene glycol (C;HgO,) is produced from ethy-
lene (ethene), via the intermediate ethylene oxide, ethylene oxide reacts with water to produce
ethylene glycol according to the chemical equation:

C2H4O + HQO — HO—CHz—CHz—OH (l)

20 ml of EG was filled in a glass, and magnetically stirred at 45°C for 15 min, then 17 mg
of NaCl was add to the EG solvent to get NaCI+EG mixture. Heating the last to 100°C, 20 mg of
AgNOs3 was put into the mixture. The reaction between NaCl and AgNO3 gave a product of an
AgCl opaque solution. While EG decomposed to its andehist and played a role of reducing agent
for forming AgCl served as nuclear in the Ag-nanoparticles growth. This process can be written
by following reactions:

HO - CH2— CH2 - HO —>CH3CHO + Hzo, (2)

NaCl + AgNO3 —AgClI + NaNOs, 3)

2HO - CH; - CH,; - HO + O, —2HO - CH,CHO + 2H,O0, “)
2CH3CHO + 2AgCl —CH3CO — COCH;3; + 2Ag + 2HCI. 5)

The last solution (namely the product of Eq. (5)) is called EGH and kept at maintained
value of pH = 6. Next, PEDOT:PSS solution (1-3 wt.%, Clevios Ltd.) was prepared by mixing
1 ml of PEDOT:PSS and 10 ml of distilled water, then stirred for 1.5 h by using ultrasonic ma-
chine. The EGH was dropped into the PEDOT:PSS solutions according a volume ration of 1:1 and
ultrasonically stirred for 1 h to get completely a homogenous EGH +PEDOT:PSS solution. Using
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spin-coating, this solution was deposited onto glass substrates which were coated by two silver
planar electrode arrays with a square of 5x5 mm? in size, as shown in Fig. 1. Two electrodes
are separated each from other in a distance (1) of 5 mm. In the spin-coating technique used for
preparing composite films, following parameters were chosen: a delay time of 120 s, a rest time
of 30s, a spin speed of 1200 — 1500 rpm, an acceleration of 600 rpm, and finally a drying time of
5 min. To dry the films, the last were put in a flow of dried gaseous nitrogen for 8 hours. For the
solidification with completely avoiding the solvents, the film samples were annealed at 120°C for
8h in a “SPT-200” vacuum drier. The obtained Ag/PEDOT:PSS composite films were abbreviated
to PEAC.

Ag electrode

W
—{ 1 Ag electrode

(a) (b)

Fig. 1. Image of a gas sensor made from the PEAC film (a) and the schematic drawing
of the device with the two planar electrodes (b). Resistance change is detected by the
change in the current with a constant Dc-bias applied to the two electrodes.

The thickness of the films was measured on a “Veeco Dektak 6M” stylus profilometer, for
all samples the film thickness was of about 3 um. The surface morphology of the films was char-
acterized by using Emission Scanning Electron Microscopy (FE-SEM). FTIR data were obtained
from measurements on a BRUKER TENSOR-27 spectrometer.

For monitoring gases, the prepared sensing samples were put in a testing chamber of 10dm?
in volume. The gases value can be fixed in a rage from 100 to 1000 ppm by use of an “EPA-2TH”
profilometer (USA). The adsorption process was controlled by insertion of measuring gases and
the desorption process was done by extraction of the gases followed by insertion of dry gaseous
Ar. The measurement system that was described in Ref. [14] consists of an Ar gas tank, gas/vapor
hoses and solenoids system, two flow-meters, a bubbler with vapor solution and an airtight test
chamber connected with collect-store data DAQ component. The Ar gas played a role as carrier
gas, dilution gas and purge gas.
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III. RESULTS AND DISCUSSION

The films created during electrodeposition were light blue in color, and would turn darker
as the electrodeposition continued in time. Figure 2 is a FE-SEM micrograph of the PEAC sample,
the presence of Ag nanoparticles made the sample surface rough, instead of smooth one as usually
observed for the pure PEDOT:PSS conjugate polymer film [15]. In this work, it was shown that in
the pure conjugate polymer nano-scale cracked spots were often created during the post-annealing,
whereas, for the composite film with embedded TiO, nanoparticles, no similar spots could be
observed. Similarly to this, for the as-prepared PEDOT-PSS film, some spots were formed. After
annealing at high temperatures these spots were considerably expanded, whereas in the PEAC
composite film no cracked spots were observed.

&
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Fig. 2. FE-SEM micrograph of the PEAC sample.

Characterization of the PEDOT-PSS films was done through Fourier Transform Infrared
Spectroscopy (FTIR). Figure 3 shows the FTIR spectra obtained for a PEAC 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. Besides, silver nanoparticles exhibited prominent
peaks signals from 1652 to 1051 cm~!. More detailed data of the FTIR are listed in Table 1.
From Table 1 it is seen that among 16 peaks observed there are 12 characteristic peaks belong
to PEDOT:PSS [16] and only 4 peaks belong to nanosilver as obtained for silver nanoparticles
synthesized from myxococcus virescens and their lethality on pathogenic bacterial cells [17].
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Fig. 3. A FTIR spectrum of the Ag/PEDOT:PSS (PEAC) sample.

Using four point probe technique, the resistivity (p) of the PEAC film was determined.
The measurement of bulk resistivity is similar to that of sheet resistivity except that a resistivity in
cm~ is reported using the wafer thickness (¢):

T (V Vv

where ¢ is the layer/wafer thickness in cm. The simple formula above works for when the wafer
thickness less than half the probe spacing [18]. From the results of measurements, V = 100 mV
and /= 5.03 mA, the resistivity determined by formula (6) was found to be of 0.027 Q.cm, thus the
conductivity (¢ ~ 1/p) is of ca. 37 S/cm. This value of the conductivity of the PEAC film can
be compatible to the one of a composite film made from graphene quantum dots, PEDOT:PSS and
carbon nanotubes as reported in [19] and much less than the pure PEDOT:PSS film [12]. Embed-
ding Ag nanoparticles into PEDOT-PSS have made the conductivity of PEDOT-PSS decreased,
leading to the expectation that the sensitivity of the PEAC composite films would be enhanced.
To clearer understand the sensing performance of the PEAC films used for the sensors, a
sensing response (1) of the devices was introduced. It is determined by following equation:
R—Ry

=% (%) (7)

where Ry is the initial resistance of the PEAC sensor, namely 23.10 kQ.

To characterize gas sensitivity of the samples, the devices were placed in a test chamber
and device electrodes were connected to electrical feedthroughs. The measurements included two
processes: adsorption and desorption. In the adsorption process, the gas (or vapor) flow consisting
of Ar carrier and measuring vapor from a bubbler was introduced into the test chamber for an
interval of time, following which the change in resistance of the sensors was recorded. In the
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Table 1. FTIR data of PEAC compared to Ag nanoparticles and PEDOT:PSS.

No. Ag/PEDOT:PSS PEDOT:PSS [16] Nano Ag [17]
[This work]
1 1648.717 1652
2 1535.27 1539
3 1523.43%7 1527
4 1421.70* 1425
5 1363.837 1368 1386
6 1223.54* 1228
7 1103.67* 1109
8 1091.637 1051
9 1047.38* 1051
10 983.52* 985
11 921.23* 923
12 848.65* 844
13 796.93* 798
14 683.91% 688
15 661.63* 667
16 590.057 582

[T

*” corresponds to PEDOT:PSS and “{”- to Ag nanoparticles.

desorption process, a dried Ar gas flow was inserted in the chamber in order to recover the initial
resistance of the sensors. Through the recovering time dependence of the resistance one can obtain
information on the desorption ability of the sensor in the desorption process.

The PEAC film sensors were exposed to methanol, humidity vapor and NHj3 gas with 300
ppm, 200 ppm and 100 ppm concentrations, respectively. Typical sensor response data are plotted
in Fig. 4.

The responding time of all the samples is about 30s and the resistances of the composite
films fast recovered to baseline when exposed to air. In the same of the period of time (namely
50 s), the sensing response to methanol, humidity and NHj attained a value of 0.5, 0.7 and 5.5,
respectively. In the subsequent cycles, the humidity desorption/adsorption process led respectively
to increase and decrease of the resistance of sensors, with results similar to those reported in [13].
However, through each cycle, the resistance of the sensors did not recover/restore to its initial
value, but increased in 0.10 to 0.20 kQ, to a final value of 25.40 kQ after 500s from 23.10 kQ2
(for NH3 gas). The largest increase in the initial resistance of Ag/PEDOT:PSS exposed to NH3
mainly related to the decrease of the major charge carriers in PEDOT:PSS [20]. This is due to the
elimination of holes (as the major carriers in PEDOT:PSS) by electrons that were generated from
the NH3 adsorption. The more desorption/adsorption cycles, the more holes were eliminated in
the deeper distances in the composite films. For Ag/PPy based sensors, the vapors of NH3 gas
will interact with the Ag/PPy nano-composite film causing a dedoping reaction thus increasing the
fraction of neutral polymer chains through electron-donating ability of ammonia, to the oxidized



LAM MINH LONG et al. 179

8
B NH,
S 4t
|
B 5l
@L : H_O vapor
0 Methanol
) | i ] i | g | i |
0 100 200 300 400 500

Time (s)

Fig. 4. Comparison of the sensitivities of the sensors responding to methanol, humidity
and NHj3.

(positively charged) polymer chains. This therefore will decrease the electrical conductivity due
to the decrement in charge carrier density [21]. As conducting polymer PEDOT:PSS is a p-type
organic semiconductor, with Ag/PEDOT:PSS composite thick films used for monitoring NHs,
the similar behavior in NH3 sensing was exhibited. The fact that the sensitivity of humidity and
ethanol sensing was much smaller than that of the NH3 sensing can be attributed to less dedoping
reaction between H,O and ethanol vapor with Ag/PEDOT:PSS.

IV. CONCLUSION

Using spin-coating technique the films of PEDOT-PSS embedded with Ag-nanoparticles
were prepared for NH3-gas sensors. The surface morphology, Raman spectra and gas sensing of
methanol, humidity and NH3 were characterized. The obtained results showed that the increase
in the initial resistance of Ag/PEDOT:PSS exposed to gases mainly related to the decrease of
the major charge carriers in PEDOT:PSS. With the NH3 gas the largest change of the resistance of
Ag/PEDOT:PSS was observed. The less sensitivity of humidity and ethanol sensing was explained
due to less dedoping reaction between H,O and ethanol vapor with Ag/PEDOT:PSS, respectively.
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