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The influence of ammonia on the optical absorption spectra of thin films of polyaniline (PANI), poly-3,4-ethylenedioxythiophene
(PEDOT), mixtures thereof, and the bilayer film structures based on PANI and PEDOT obtained by electrochemical method were
studied. The kinetics of changes in the optical absorption of these structures under the action of ammonia was explored in the spec-
tral range of 350 ... 900 nm. We proved that the thin-film structure of PANI / PEDOT significantly extends the spectral range of
sensitivity to ammonia of individual PANI n PEDOT films by superposition of high gas sensitivity of PANI and PEDOT films in the
range of wavelength of 500 ... 700 nm and 350... 550 nm respectively. It was shown that the area under the spectra of change of the
optical absorption of thin-film structure of PANI / PEDOT is in 1.45 times larger than the area of the same for individual compo-
nents of the layers, which is the key to increasing the sensitivity of the gas sensors. The results can be used to optimize ammonia gas
sensors for monitoring biotechnological processes in food industry and the environment.

Keywords: gas sensor, polyaniline, poly-3,4-ethylenedioxythiophene, ammonia, optical absorption, sensitive element, thin film.

IHoiMepHi YyT/IMBI eJIEeMEHTH ISl TA30BMX CEHCOPIB aMiaKy

B.P. Lix"% O.I Akcimentsesa’, M.I. Yoxanb”
tsizhb@ukw.edu.pl

'Kazimierz Wielki University in Bydgoszcz,
Chodkiewicza, 30, Bydgoszcz, 85-064, Poland;

*Jvsigcuruil nayionanbuuii yrisepcumem eemepunapHoi MeouyuH ma
biomexnonoziu imeni C.3. Iocuyvroeo, eyn. Ilexapcora, 50, m. Jlveis, 79010, Vkpaina,
3 Tvsiscoruii HayionanvHuu yHigepcumem imeni leana @panka,
eyn. Kupuna-Meghoois, 6, m. Jlvsie, 79005, Yrpaina

Jlocniooceno 6naue amiaky Ha CHeKmMpuU ONMUYHO20 NOSAUHAHHA MOHKUX NAieoKk noaianininy (PANI), noni-3,4-
emuaenoiokcimiogpeny (PEDOT), ix cymiweil, a makodc niigKogux cmpykmyp Ha ix OCHO8I, OMPUMAHUX e/IeKIMPOXIMIYHUM Memo-
oom. Bueueno KiHemuxy 3MiH ONMUYHO2O NOSTUHAHHA OOCTIONCY8AHUX CIMPYKMYP N0 Oi€r0 aMiaky 6 CHeKmpalbHOMY Oianda3zoHi
350...900 um. Hoxazano, wo mouxonnisxogi cmpykmypu PANI/PEDOT cymmeso po3uupioioms cheKmpanbHy 001acmy 4ymausoc-
mi 00 amiaKy oKpemo 63mux NaiGoK 3a PaAXyHoK cynepnosuyii eucoxoi ecazouymausocmi niieok PANI i PEDOT ¢ o6nacmsx 0oeacun
xeunv 500...700 um i 350...550 um sionosiono. Ilokazano, wo niowa nio cnekmpamu 3MiH ORMUYHO20 NOIUHAKHSL OJisL MOHKONIG-
xoeoi cmpyxmypu PANI/PEDOT ¢ 1,45 pa3 6invua 3a anano2iyuny niowsy oKpemux cKiaoosux wiapis, wo € 3anopykoro 30iibuenns
yymaugocmi 2azosux cencopie. Ompumani pe3y1bmamu MOXCyms OYmu 6UKOPUCMAHT Ol ONMUMI3AYIT 2A308UX CEHCOPI8 amiaky Ons
MOHIMOPpUHZY 6IOMEXHON02IUHUX NPOYECi8 XAPU060i NPOMUCIOB0CHT MA CMAHY O0BKILIA.

Knruoei cnosa: zazosuil cencop, nonianinin, noni-3,4-emunenodioxcimioghen, amiax, onmuure NOGIUHAHHA, YYMAUBUL efle-
MeHM, MOHKA NIGKd.
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Uccnedosano enusnue ammuaka HA CREKMPbl ORMUYECKO20 NO2Noujenuss MoHKux nieHox noauanununa (PANI), noau-3,4-
emunenouokcumuopena (PEDOT), ux cmeceil, a maxoce NieHOUYHbIX CIPYKMYP HA UX OCHOB8E, NONYYEHHbIX IJIEKMPOXUMUUECKUM
Memooom. M3yuena KuHemuKa usMeHeHull Onmuyecko2o no2noweHUs uUccie0yemvlx CIMpyKmyp noo oeticmseuem amMmuaka 6 cnekm-
panvrom ouanazone 350 ... 900 um. [Joxazano, umo moukonnenounvie cmpykmypwvi PANI / PEDOT cywecmeenno pacuwupsiiom
CHEeKMPANbHYI0 001aCmb YY8CMBUMENbHOCU K AMMUAKY OMOEIbHO 835MblX NIEHOK 3d Cuem CYNepno3uyull 8blCOKOL 2a304ymaueo-
cmu naenox PANI u PEDOT 6 obnacmsx onun éonn 500 ... 700 um u 350 ... 550 um coomeememeenno. Ilokazano, umo niowads noo
cnekmpamu usmMeHeHutli ONMuYecKo2o no2noujeHus oas morxonnenounoi cmpykmypoi PANI / PEDOT 6 1,45 pa3 6invuwe 3a ananozu-
UHYIO NI0WAOb OMOENbHBIX COCMABNAIOWUX CLOE8, UMO AGIAEMC 3A1020M YVEEIUUCHUs YYECMEUMENbHOCMU 2A306bIX CEHCOPOS.
Tonyuennvle pesyrbmamol mo2ym 6blmb UCHOIb306AHbL OJisl ONMUMU3AYUY 2A306bIX CEHCOPO8 AMMUAKA 0I5l MOHUMOPUH2a Ouomex-
HONO2UYECKUX NPOYECCcO8 NUWEBOU NPOMBIUIEHHOCU U COCMOSIHUSL OKPYJICaloweti cpeobi.

Knrouesnvie cnosa: 2azoevlii cencop, nonuanunun, noau-3,4-emuneHOuoKcumuopen, ammuax, onmudeckoe no2iowenue, 4yecm-

Bumeﬂbﬂblﬁ ojlemeHnm, moHKdsA NnieHKd.
Introduction

To date, a wide variety of sensor devices and systems
for controlling gas environments have been developed.
The films of oxides, as well as various inorganic and
organic semiconductors have been exploited as sensitive
elements in these sensors. In recent years, an interest in
the use of polymer films (Reemts et al., 2004; McGovern
et al., 2005; Sandberg et al., 2005; Kukla et al., 2005;
Ameer and Adeloju, 2005; Ram et al., 2005; Xu et al.,
2006; Nohria et al., 2006; Athawale et al., 2006; Bai and
Shi, 2007; Tsizh and Aksimentyeva, 2016; Tsizh et al.,
2016; Olenych et al., 2016) sensitive to different gases
increased due to the better adaptability, easiness of syn-
thesis and use, lower cost, and in some cases better per-
formance for the polymer films. Alternatively, despite of
successful development and use of «artificial nose» sys-
tems and other gas-sensitive devices, there is high need of
cheap portable sensors for operational observation of
environmental and industrial processes, monitoring of
gaseous media in food, especially, control of freshness for
food (meat, fish, dairy and other products) in the process
of the storage and other purposes. In particular, the loss of
freshness (putrefaction damage) in protein containing
food results in detachment of volatile substances, espe-
cially ammonia, due to a degradation of proteins and other
nitrogenous compounds. The intensity of detached am-
monia corresponds to a level of degradation for proteins,
polypeptides and free amino-acids, and thus, the ammonia
concentration is the most accurate reliable criterion of
freshness for protein contained food at different stages of
the storage (Tsizh et al., 2009). In this regard, there is an
urgent need for simple, reliable, cheap and accessible
sensors of ammonia, and their development is extremely
important.

Typical trends of evolution of modern gaseous sensors
can be seen in the development of ammonia sensor,

among which chemical, electrochemical, biological, sem-
iconductor and other types are present. Ones of the most
perspective of them are optical gas sensors, and as a gas-
sensitive material are well-proven thin films of conjugat-
ed polymers, in particular, layers of polyaniline (PANI)
and poly-3,4-ethylenedioxythiophene (PEDOT) (Reemts
et al., 2004; McGovern et al., 2005; Ram et al., 2005;
Nohria et al., 2006; Xu et al., 2006; Bai and Shi, 2007).
To date, the mechanisms of interaction of ammonia mole-
cules with the organic polymer films PANI, PEDOT and
their derivatives is proposed, the features of changes of
their properties, including optical, under the action of
ammonia are studied, the ways of their usage in industrial
manufacturing devices are suggested and working model
of optical ammonia sensors based on them are made (Bai
and Shi, 2007; Tsizh et al., 2009; Tsizh et al., 2014; Tsizh
and Aksimentyeva, 2016; Tsizh et al., 2016). However,
the needs of modern processing industries and other fields
of human activity require constant improvement of opera-
tional parameters of gas sensors. This article presents
ways to improve and optimize the thin film gas sensitive
elements of ammonia for using in optical gas sensors.

Materials and methods

Among the numerous methods of obtaining thin pol-
ymer films, the most widespread are thermal evaporation,
electrochemical deposition, dip-, drop- and spin-coating,
Langmuir-Blodgett and layer-by-layer technique, vapor
deposition polymerization and other (Reemts et al., 2004;
Athawale et al., 2006; Nohria et al., 2006; Bai and Shi,
2007; Tsizh and Aksimentyeva, 2016). For obtaining
layers of PANI and PEDOT on the transparent surface we
used method of electrochemical polymerization. This
deposition technique has allowed us to vary in high extent
the composition, topology, thickness and other parameters
of the synthesized layers and to optimize them effectively
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towards achieving high stability and reproducibility for
different batches of samples.

Deposition of PANI films was performed at room
temperature in a glass electrochemical cell in which as a
working electrode served glass plates (10 x 20 x 0.3 mm)
with a transparent conductive coating (SnQO,). Counter
electrode was a platinum mesh. Thin PANI films was
deposited by electrochemical polymerization of a 0.1M
aniline (Aldrich) in 0.5M aqueous sulfuric acid at con-
stant current density 0.05 — 0.20 mA-cm™ during 2 — 10
minutes as described early.

The polymer films of PEDOT on the SnO, surface
were obtained by the electrochemical polymerization of a
0.1M solution of monomer (3,4-cthylendioxythiophene
/EDOT/, Aldrich) in acetonitrile — 0,5M sulfuric acid
mixture (1:1) under the potential cycling between 0 and
1.5 V at the sweep rate v = 20 mV/s. The sweep cycle
number regulated the film thickness. The glass plates
(10 x 20 x 0.3 mm) coated by SnO, were used as a work-
ing electrode. The counter electrode acted as a platinum
mesh, whereas Ag/AgCl (in saturated KCI) was used as a
reference electrode. The PEDOT films of a controlled
thickness (280 — 320 nm) were electrodeposited on the
electrode surface as a result of 15 — 20 cycles of the po-
tential scanning between — 0.2 and +1.2 V. The chemical

structure of PEDOT and PANI films is presented in Fig.
1.

A hybrid film structure PANI/PEDOT was obtained
by electrochemical polymerization of EDOT on the elec-
trode coated with PANI film near 120 — 150 nm thick-
ness. Polymerization of EDOT on the PANI modified
electrode proceeds in the interval of potentials corre-
sponding to PANI electrochemical activity. In this poten-
tial range, a polymer is in a highly conductive polaron-
bipolaron state and serves as a mediator of the electron
transfer between electrode surface and EDOT monomer
molecules. An electrocatalytic action of polyaniline layer
leads to a reduced oxidative potential of EDOT and flow-
ing the polymerization in the potential range from 0.5 to
1.0 V. It may be suggested that, as a result of the EDOT
chemisorption on a PANI layer and the electron transfer
between the electrode surface with the conductive PANI
layer and EDOT monomer molecules, the graft copoly-
merization is leading to the formation of a PANI/PEDOT
bilayer structure (Bai and Shi, 2007). As alternative way
to obtain PANI/PEDOT composition film a simultaneous
electrochemical polymerization of 0.05M aniline and
0.05M EDOT mixture solution was carried out at constant
current density 0.20 mA-cm™during 10 minutes.

Fig. 1. Chemical structure of PEDOT (a) and PANI (b) films

Optical absorption spectra of PANI, PEDOT and
PANI/PEDOT films were obtained using the modified
two-beam optical spectrometer Specord M400 applying
the following measurement parameters: spectral range —
200 — 900 nm, slit width — 1 nm, integration time — 1 s,
scan step — 1 nm, scan speed — 10 nm/s. To measure the
optical spectra of the films in ammonia atmosphere, a
sealed quartz chamber with volume of 50 cm® was used,
in which the necessary volume of gas (ammonia) was
supplied. All measurements were performed at the tem-
perature of 293 + 1 K. Analysis of the results was per-
formed using standard correlation program, in which the
relative error did not exceed 1.5% in entire range of
measurements.

Recovery of gas sensing in the films has been
achieved by short time exposure in 0.5M aqueous solution

of sulfuric acid, rinsing with distilled water and drying in
a stream of dry air for 3 — 5 min. Process of relaxation of
gas sensitive films also was carried out by exposition
these films in air under normal conditions, or by blowing
with air in temperature scale 293...423 K.

Results and discussion

During the electrochemical deposition of PANI films
from solutions of monomers in proton acids a series of
physical and chemical processes are occurring. In results
of electron transfer at the electrode/solution interface is
occurs an oxidation of the monomer with the formation of
cation radicals of aniline. Follow isomerization of cation-
radicals and oxidative coupling reactions leading to a
formation conjugated polymer chains and deposition of
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conductive polymer layer. Formation of the polymer is
bimolecular reaction complicated by heterogeneous con-
ditions of the chain growth, when the reaction product
formed near the electrode is not soluble in the reaction
medium and forms a film on the electrode surface. A high
conductivity of polyaniline permits to synthesize the film
with various thickness. The obtained polymer layer has a
bright green color being a feature of acid-doped form of
PANI, emeraldine salt. The surface morphology of the
films is shown in Fig. 2.

Fig.2. ACM image of surface of PANI film (d = 0,3p),
made on SnO, electrode with electrodeposition meth-
od from 0.1M aniline solution in 0.5M sulfuric
acid solution

In previous publications (Tsizh et al., 2009; Tsizh et
al., 2014; Tsizh and Aksimentyeva, 2016; Tsizh et al.,
2016; Olenych et al., 2016) we have already reported
about the change of optical absorption of PANI films
under ammonia influence, in particular, about the fact that
the most significant changes occur in the optical absorp-
tion spectral range 500 ... 700 nm and gas sensitivity of
film is defined exactly by this spectral range. It is logical
to predict that the expansion of the spectral sensitivity
region will lead to an increase of performance of gas
Sensors.

For expansion of the spectral sensitivity region we
proposed to use films, which are characterized by maxi-
mal gas sensitivity to ammonia in another spectral region
compared to PANI films. For this it was used thin
PEDOT films, for which maximal changes of optical
absorption under ammonia influence are observed in
spectral range of 350...550 nm . In order to create an
optimal gas sensitive element we investigated thin film
structure with alternately deposited layers of PEDOT and
PANI (PANI / PEDOT) and the thin films deposited from
solution of monomer mixture (PANI + PEDOT, 1:1). It
was studied the effect of ammonia on the optical absorp-
tion of mentioned films. These spectra show that the
bilayer film structure of PANI / PEDOT, and the films
based on mixtures of PANI + PEDOT are sensitive to
ammonia in a wide spectral range. Changes of optical
absorption under influence of ammonia for
PANI/PEDOT structure are more significant, especially
for spectral range of A > 500 nm. This fact may be ex-
plained by the superposition of sensitivity to ammonia of
individual films: PANI film in the 470 ... 700 nm and of
PEDOT films in the 350 ... 550 nm which occurs in the
bilayer structure PANI/ PEDOT. In the films obtained

from a mixture of PANI + PEDOT are likely to form a
complex with low gas sensitivity in the long-wave region
of spectrum and therefore, integrated optical absorption
changes for them are smaller, than for PANI / PEDOT
structures.

Spectral dependence of optical absorption presented in
Fig. 3 allows doing more detailed comparative analysis of
different types of gas sensitive elements. It can be seen
from Fig. 3 the change in optical absorption under the
action of ammonia for film structure PANI / PEDOT
(curve 2) is much larger than similar changes in individu-
al PANI films (curve 1).

AD, a.u.

AN 0
1 300 400 500 600 700 \@0 900
TRty

-0.10- A, nm

Fig. 3. Spectra of absolute change of optical ab-
sorption of polyaniline film (1) and of thin-film struc-
ture PANI/ PEDOT (2) under influence of ammonia
during 2 min, P NH;=6.2 Pa.

For quantitative estimation integral spectral changes
of optical absorption we evaluate and compare area under
the corresponding spectra. Since changes in the optical
absorption of optical gas sensor is the main indicator of
sensitivity, the area under the curve of the spectral de-
pendence AD(A) is kind of coefficient spectral sensitivity.
From spectra presented in Fig. 3 in spectral region
400...750 nm it was evaluated with numerical integration
that values of these areas are equal to S; = 26,07 a.u. and
S, = 37.74 a.u. respectively, and their relation is S»/S; =
1,45. This gives reason to believe that using film struc-
tures PANI / PEDOT as gas sensitive elements increases
the sensitivity of ammonia gas sensors up to 1.45.

Conclusions

We proved that the thin-film structure of PANI / PE-
DOT significantly extends the spectral range of sensitivity
to ammonia of individual PANI n PEDOT films by su-
perposition of high gas sensitivity of PANI and PEDOT
films in the range of wavelength of 500 ... 700 nm and
350... 550 nm respectively. It was shown that the area
under the spectra of change of the optical absorption of
thin-film structure of PANI / PEDOT is in 1.45 times
larger than the area of the same for individual components
of the layers, which is the key to increasing the sensitivity
of the gas sensors.

This work was supported by the project of Ministry of
Education and Science of Ukraine «Development of new
sensory environments for gas analysis in food and pro-
cessing  industry»  (state  registration = number
0116U004740).
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