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The method of sol-gel synthesis of ion-conducting organic-inorganic polymeric nano-
composites modified with carbon nanotubes in amount of 0.1-1.0 wt. % . was developed.
The obtained materials were used for fabrication of humidity sensors which were investi-
gated for their sensor properties. It was established that sensor characteristics of the
developed materials are significantly dependent on carbon nanotubes content that caused
by percolation processes. The optimum characteristics were shown by the material based
on organic-inorganic matrix filled with 0.1 % carbon nanotubes.
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PaspaGoran MeTOn 30/Ib-rejlb CUHTE3a MOH-IPOBOLAIINX OPraHO-HEOPraHUYECKHUX IIOJU-
MEPHBIX HAHOKOMIIOSUTOB, MOLU(MUIINPOBAHHBIX YIAePOIHBIMUA HAHOTPYOKAMH B KOJIHYECTBE
0.1-1 %. IlosyueHHBIEe MATEPHAJLI HCIIOJIb30BAJINCH MJA HM3MOTOBJIEHHUS TATIYNKOB BJIAKHOCTHU,
CEHCODHBIE CBOMCTBA KOTOPBIX TAKIKE MCCJIELOBAHLI. ¥ CTAHOBIEHO, UTO CEHCOPHBIE XAPAKTEPHC-
TUKHU PaspabdoTaHHBIX MATEPUAJIOB 3HAYUTEIHHO 3aBUCAT OT COAEPIKAHUS YIVIEPOIHBIX HAHOTPY-
00K, UTO BBI3BAHO IIpolleccamMy HeproJsamuiu. Hamboisiee onTuMalibHbIE XapaKTEPUCTUKN U3 BCEX
WCCJIEAOBAHHBIX [IapaMEeTPOB IIOKAsajl CEeHCOPHBIM MATePHas, OCHOBAHHBLIA HA OPraHO-HEOPTaHW-
JyecKoil marpune, HanoaHennoir 0.1 % yriaepomHBIX HAHOTPYOOK.

Bnuaus ByrieneBMxX HAHOTPYOOK HAa YYTJAUBICTH CEHCOPIB BOJIOrOCTI HA OCHOBiI opraHo-
Heopramivamx moaimepuux wmarepiaxnis. E.A.JTucenrxos, O.B.Cmprouvruil, FK.II.I'omsa,
B.B.Raenko.

Pospobieno meron 30J-rejib CHHTE3y iOH-IPOBIIHMX OPraHO-HEOPraHIUHMX IIOJiMepHUX
HAHOKOMIIOBUTIBE, MOAM(MIKOBAHNX ByIJIelleBUMHK HaHoTpyOKamu y Kiabkocri 0,1-1 % . Orpu-
MaHl MaTepiaju BUKOPUCTAHO [IJS BUI'OTOBJEHHS JATYMKIB BOJOrocTi, CEHCOPHI BJIACTUBOCTL
AKMX TAKOX [IOCJimg:KeHO. BcraHoBjeHO, 1[0 CEHCOPHI XapaKTepPUCTUKK PO3PO0JIeHUX MaTe-
piaxiB 3HauHO 3aJjexaTb Big BMicTy ByrJeleBUX HAHOTPYOOK, I[0 BUKJIMKAHO IIPOIleCcaMU
neproaanii. Haiibinpm onruManpHi XxapakKTepUCTHKHU i3 JOCIiIKEeHMX HapaMeTpiB IIOKa3aB
CEHCOPHUM MaTepiaJ, OCHOBAHWM Ha OpraHo-Heopramiuxiii marpuni, mamosmeniit 0,1 % Byr-
JeIleBUX HAHOTPYOOK.

1. Introduction mestic and production apartments, vacuum
chambers, pharmaceutical compositions,

The level of relative humidity (RH) is medical establishments and others). There-

one of the major characteristics of any mi- fore, creation of new sensors and improve-
croclimate-related development objects (do- ment of their measuring characteristics in-
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tended for determination and control of hu-
midity in gas environments is an important
direction of scientific reseatch [1].

A whole set of important requirements
such as high sensitivity and selectivity, fast
response time and recovery time, low ana-
lyst consumption, independence or low de-
pendence on temperature, stability in per-
formances [1] is put to the sensors that
must provide high-quality control of humid-
ity in gas environments. In general, there
requirements are satisfied in sensors cre-
ated on the basis of polymeric materials.

The polymeric composite materials filled
with carbon nanotubes (CNT) attract great
attention [2]. These materials demonstrate
excellent physical properties and functional
characteristics. In particular, introduction
of a very small quantity of CNT in a poly-
meric material may significantly affect its
electrical conductivity [3], mechanical prop-
erties [4], thermal stability [5], etc. The
main obstacle to good functionality of such
materials is connected with poor dispersibil-
ity of CNT in most of liquid mediums (sol-
vents, polymers, liquid crystals) and low
stability of their dispersions caused by
strong van der Waals attraction between
different CNT [6, 7]. This obstacle can be
avoided by functionalization of CNT, intro-
duction of surface active chemical additives
[8] or other nanoparticles [9] and using or-
ganic-inorganic polymeric materials as ma-
trix [10].

Capacitive-resistive polymeric composite
sensors of humidity have been widely inves-
tigated by the different groups of authors
[11-13]. For instance, Tang et al. [11] de-
veloped film composite humidity sensors
based on polyimide and CNT, which were
characterized by fast response and recovery
on changing of environment humidity. Li et
al. [12] investigated the properties of sen-
sors based on poly(4-vinypyridine) and carb-
on black in the wide range of humidity and
noted for the developed sensors low time of
recovery during the fall-off of humidity. Yu
et al. [13] developed and investigated the
sensitive characteristics of humidity sensors
based on polyethyleneimine and CNT. All
above mentioned sensors were characterized
by a linear recovery in the wide range of
humidity.

One of the most promising materials for
sensor technologies are hybrid organic-inor-
ganic materials synthesized by the sol-gel
method. Wide possibilities of varying their
physical, chemical and different functional
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properties are thus provided by changes in
the synthesis conditions [14].

Sensors based on ion-conducting organic-
inorganic materials are widely utilized in
world practice for detection of aromatic
compounds [15], oxygen [16], carbon diox-
ide [17] and humidity level [18]. Previous
investigations were concentrated on the pos-
sibilities of modifications of ion-conducting
organic-inorganic sol-gel materials based on
silicon-phosphate inorganic components
which possessed high conductivity levels
[19] for their adaptation to the conditions
of performance of capacitive-resistive and
electrochemical gas sensors. It was estab-
lished that the feature of silicon-phosphate
materials is the presence of silicate inor-
ganic network which contains the system of
micropores and mesopores filled with pro-
ton-conducting electrolyte, in particular,
phosphoric acid [20]. The levels of proton
conductivity of such material essentially de-
pend on sizes and features of spatial organi-
zation of the micropores, and these materi-
als are not stable because of the presence of
phosphoric acid. Successful functioning of
such proton-conducting films as sensory en-
vironments needs the combination of a few
contradictory characteristics, such as high
levels of conductivity, mechanical strength
and long-term stability, especially during
work in the conditions of high temperature
and high humidity.

For creation of humidity sensors, which
would satisfy the foregoing conditions, the
hybrid sensory materials of our develop-
ment obtained via incorporation of CNT
into the ion-conducting organic-inorganic
nanocomposite sol-gel matrix based on poly-
ethylene oxide have been used in this study.
The modification of the hybrid matrix poly-
mer with CNT was carried out with a pur-
pose to increase the level of ionic conductiv-
ity, linearity and speed of recovery of the
sensors based on them [11]. The effects of
CNT on sensitive properties of the devel-
oped materials as a part of humidity sensors
was investigated.

2. Experimental

Organic-inorganic ion-conducting poly-
ethylene oxide matrix modified with CNT
during sol-gel synthesis was utilized for re-
search of conductivity of nanocomposite
sensory materials.

The initial for sol-gel process o,w-dialk-
oxysilyl polyethyleneoxide urethaneurea
precursor PEG-Si based on PEG M, = 1000
and alkoxysilyl lithiumsulfonate urea pre-
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Fig. 1. The scheme of synthesis of matrix ion-conducting organic-inorganic nanocomposite.

cursor P-Li were synthesized according to
the procedure as described earlier [21]. The
investigated organic-inorganic nanocompo-
site matrix was obtained via joint hydro-
lytic condensation of PEG-Si and P-Li at a
weight ratio of 60:40, respectively, under
acidic catalysis (0.1N HCI) in 30 % solution
in DMFA according to [21].

The multi-walled carbon nanotubes were
prepared from ethylene using the chemical
vapor deposition (CVD) method (TM
Spetsmash Ltd., Kyiv, Ukraine) with
FeAlMo as a catalyst [22]. They were fur-
ther treated by alkaline and acidic solu-
tions and washed by distilled water until
reaching the distilled water pH values in the
filtrate. The typical outer diameter d of
CNT was 20—40 nm, their length L ranged
from 5 to 10 um, and the mean aspect ratio
was a = L/d=250.

The specific surface area S of the
powders determined by N, adsorption
was S = 130+5 m2/g. The specific electric
conductivity o of the powder of CNT com-
pressed at 15 TPa was about 10 S/cm along
the axis of compression. The density of the
CNT was assumed to be the same as the
density of pure graphite, p, = 2045 kg/m3.

The composites were obtained by adding
the appropriate weights of CNT to the poly-
mer matrix with subsequent 5 min sonica-
tion of the mixture using a UZDN-2T ultra-
sonic disperser at frequency of 22 kHz and
the output power of 150 W. The series of
samples with content of CNT within 0.1-
1 wt. % (in further %) were investigated.

The experimental samples of sensors
were fabricated as follows. The mixture of
precursors PEG—-Si and P-Li in DMFA con-
taining required amount of CNT and cata-
lyst was applied to lining with interdigital
electrodes and aged for 24 h at room tem-
perature with further thermal treatment
during 4 h at 60°C, 2 h at 80°C, 1 h at
100°C and 1 h at 120°C.
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For research of the sensory charac-
teristics in the controlled atmosphere, the
developed sensors were placed above the
surface of supersaturated salts solutions
which supported the set levels of RH in a
range from 0 % to 96.5 % at the set tem-
peratures. The dependences of ac-electrical
conductivity 6 on RH and temperature were
estimated by the method of impedance spec-
troscopy using a instrument Z-2000 instru-
ment in the frequency range 100 Hz-—
100 kHz. The real (Z') and imaginary (Z”)
parts of the sample impedance were meas-
ured using plate geometry cell with steel
electrodes. Following the technique de-
scribed in [23], the ac conductivity was de-
termined from the complex impedance de-
pendence using the formula

_d
ac — SZ/’

(o)

where S is the specimen area, and d is its
thickness.

3. Results and discussion

The matrix ion-conducting organic-inor-
ganic nanocomposite developed in this work
(Fig. 1) is characterized by the presence of
lithium sulphonate groups in its composi-
tion, which is the source of lithium ions for
realization of ionic transfer process, and
polyethylene oxide component (A, 1000),
which performs the role of ion-conducting
environment and provides flexibility of the
material [21].

In the process of sol-gel synthesis of this
matrix the nanosize silsesquioxane areas,
which provide suppressing of possible crys-
tallization of foregoing ethyleneoxide frag-
ments [24] and an increase in the mechani-
cal strength and thermal stability of the
material, are being formed in this composi-
tion [25]. Thus the amorphisation of the
polyethyleneoxide part leads to growth of
its ionic conductivity level [24].

Functional materials, 22, 1, 2015
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Fig. 2. Frequency dependences of alternating current conductivity on RH at 293 K for capacitive-
resistive sensors based on initial organic-inorganic matrix (a) and nanocomposites with content of

CNT: 0.1 % (b), 0.5 % (c) and 1 % (d).

To improve the sensory properties of the
matrix composite, such as conductivity,
linearity and speeds of recovery, CNT was
additionally introduced to its composition
(see experimental part) [1].

Fig. 2 shows the frequency dependences
of conductivity with different RH for ex-
perimental samples of sensory materials
made from probed ion-conducting organic-
inorganic systems. It is shown that for all
investigated systems there is a tendency to
growth of conductivity with the increase of
humidity level of the system. Such behavior
of sensory materials is caused by the in-
crease of amount of adsorbed moisture from
the probed atmosphere with increase of its
humidity, which contributes to dissociation
of ionogenic group, performs the role of
ion-conducting environment and promotes
mobility of polyethyleneoxide component ca-
pable of ionic transfer [25]. For the initial
neat organic-inorganic matrix at humidity of
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environment equal to 96.5 %, the value of
conductivity is of the order of 1073 S/cm.
Conductivity at the maximal probed humid-
ity grows by an order and makes 1072 S/cm
when 0.1 % CNT was introduced to the sys-
tem. With the subsequent adding of nanotu-
bes to the system in an amount of 0.5 and
1 %, conductivity at maximal humidity de-
creases to 1073 and 1075 S/cm, respectively.

Fig. 3 shows dependences of conductivity
on RH of the environment for the experi-
mental samples of sensory materials. It was
established that conductivity for the probed
systems depends not only on humidity of
environment but also on measuring fre-
quency. For an initial organic-inorganic ma-
trix, the increase of frequency from 100 Hz
to 100 kHz leads to the growth of conduc-
tivity approximately by a half of order in
the whole range of humidity. The conduc-
tivity weakly depends on frequency when
0.1 % CNT is introducted to the system.
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Fig. 3. Dependences of alternating current conductivity on RH at the fixed values of frequencies
for capacitive-resistive sensors based on initial organic-inorganic matrix (a) and nanocomposites

with content of CNT: 0,1 % (b), 0,5 % (c) and 1

Such characteristics of this sensory material
provide measuring of humidity values of en-
vironment with the use of practically any of
the fixed frequencies in a range from 0.1 to
100 kHz. With growth of CNT content in
the system, conductivity again begins to de-
pend considerably on frequency, which re-
sults in worsening of sensory characteristics
of the investigated materials.

In Fig. 4 the dependence of conductivity
on RH for the probed systems with differ-
ent filling of CNT is presented. It is shown
that for all of the probed systems the de-
pendence 6(RH) is linear in semilogarithmic
coordinates, which enables the use of such
materials as sensor devices for control of
environment humidity. Slope of linear de-
pendences o(RH) can come forward as char-
acteristic of the sensor reacting speed on
changes in the environment humidity. It is
shown in Fig. 4 that the most rapid re-
sponse is noted for the material containing
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% (d).

0.1 % CNT, and with the increase of rela-
tive humidity from 0 to 96.5 % the conduc-
tivity grows more than by four orders.
These results indicate very high sensitivity
of sensors based on this material.

The nonlinear dependence of sensory
characteristics with increase of CNT content
in the system is related to the percolation
processes. For the investigated materials, a
percolation behavior is manifested in forma-
tion of “continuous” percolation clusters
from nanotubes, which contact between
themselves and cardinally change the sys-
tem properties. According to the literature
information, the percolation threshold (the
nanotubes content at which takes place for-
mation of a percolation cluster) is equal to
0.42 % for the systems based on PEG-1000
and CNT [26]. Consequently, taking into ac-
count that the basic organic component of
the probed systems are fragments of PEG-
1000, at the CNT concentration in nanocom-
posite equal to 0.1 % (which is less than

Functional materials, 22, 1, 2015
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Fig. 4. Conductivity dependences on RH for
capacitive-resistive sensor based on initial or-
ganic-inorganic matrix and nanocomposites
with different content of CNT at frequency
of 100 kHz.

the percolation threshold), the nanotubes,
probably, do not contact between them-
selves. Such system is characterized by the
absence of electronic type of conductivity,
which can considerably worsen sensory char-
acteristics of this material. An increase in
conductivity of this system is provided by
some structure formation by carbon nanotu-
bes in the matrix material. The specific
transitional (interphase) layers are formed
around nanotubes. For this system, transi-
tional layers are the solvating layers of
PEG, which appear on the surface of CNT.
Such layers are characterized by higher con-
ductivity in comparison to the polymer ma-
trix [27]. The schematic model of structure
of the nanofilled systems is presented at
Fig. 5.

The subsequent increase of CNT content
in the system leads to the decrease of con-
ductivity levels. This effect is explained by
the reaching of percolation threshold by the
system. At CNT content equal to 0.5 and
1 %, nanotubes contact between themselves
through forming direct contacts or tunnel-
ing which results in growth of electronic
conductivity contribution in general conduc-
tivity of the system. Another negative fac-
tor of greater content of nanotubes intro-
ducted to the system is considerable proc-
esses of aggregation, which take place
because of powerful Van-der-Vaals forces
operating between CNT [6, 7].

The next stage of our work was studying
the characteristics of long duration exploi-
tation of capacitive-resistive sensors based
on the developed materials. The essence of
the research consisted in measuring the con-

Functional materials, 22, 1, 2015

e
Sas

Fig. 5. Schematic image of structure model
of organic-inorganic matrix filled with
CNT. I — bulk phase of matrix, 2 — CNT,
3 — a transitional layer between a matrix
and CNT.

ductivity of sensory materials when they
were moved from the medium with zero hu-
midity to a medium corresponding to
96.5 % RH. The response time (time of
achievement of a stable level of the re-
corded signal) when using the dry sensor
based on initial organic-inorganic matrix
was equal to 10—15 min. The recovery time
(at transferring from an environment where
the level of humidity was 96.5 % to the
absolutely dry atmosphere) is equal to 30—
60 min. Introduction of CNT with a hydro-
phobic surface decreased the recovery time
of materials to 10—15 min.

4. Conclusions

The method of obtaining the organic-in-
organic ion-conduecting composition using
sol-gel method was developed and the modi-
fication of it with CNT was performed. The
synthesized materials are marked by high
adhesion to the surfaces of metallic elec-
trodes and dielectric lining of capacitive-re-
sistive sensors, and by high sensory charac-
teristics. In particular, the levels of its ionic
conductivity depending on CNT content and
environment humidity are 10~7-1073 S/cm.

Sensory characteristics of the developed
materials in composition of experimental
samples of capacitive-resistive gas sensors
were investigated. It was established that
conductivity of the probed systems depends
on the environment humidity, measuring
frequency and CNT content in the system.
For the system filled with 0.1 % CNT, the
measured conductivity weakly depends on
frequency, allowing measurements of the
environment humidity values with the use
of practically any of the fixed frequencies
in the range from 0.1 to 100 kHz. It has
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been shown that sensors containing 0.1 %
CNT, demonstrate the highest speed of re-
acting and sensitiveness. It has been found
that in these systems the processes of CNT
percolation, which considerably affect the
sensory characteristics of such materials,
play an important role. The response time
and the recovery time of sensors based on
organic-inorganic matrix considerably de-
crease with CNT introduction to the system.
Thus, the most optimum characteristics
for all parameters under investigation were
shown by a material based on organic-inor-
ganic matrix filled with 0.1 % CNT. This
material is very promising for creation of
capacitance-resistance gas sensors for moni-
toring of the environment humidity level.
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