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The synthesis of a series of hybrid polymer-inorganic membranes based on acrylic monomers

(acrylic acid, acrylonitrile and 3-sulfopropylacrylate potassium salt) and sol-gel system 3-

methacryloxypropyltrimethoxysilane–ethanol–water with various ratios organic/inorganic

is reported in this paper. The synthetic procedure includes UV-initiated polymerization of

monomers in the presence of photoinitiator and cross-linker and sol-gel process in situ. A

high content of gel fraction (>95%) indicates the successful synthesis and formation of

cross-linked polymer-inorganic structures insoluble in organic solvents and water.

Investigations performed by means of impedance spectroscopy showed high proton

conductivity of membranes (10–4–10–2 S cm–1) and its dependence on temperature and

material composition. The prepared membranes have relatively good chemical stability in

the time interval of testing and high ion-exchange capacity (1.12–1.68 meq g–1).

Thermogravimetric study showed the influence of the content of inorganic component on

the increase of thermal stability of the membranes. Consequently, taking into account the

complex of the characteristics, the synthesized organic-inorganic materials is a potential

candidate for DMFC application.
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Introduction

The widespread use of batteries has created
many environmental concerns, such as toxic metal
pollution. Battery manufacture consumes resources
and often involves hazardous chemicals. Used
batteries also contribute to electronic waste.
Environmental issues related with atmospheric
pollution, green house effects and global warming
have to be solved. Therefore, researchers are
challenged to develop new types of efficient
environmentally-benign energy devices [1].

Nowadays, the interest in the fuel cell
technology has increased significantly. In contrast
to the environmental and efficiency limitations
associated with thermal processes that are commonly
used for producing energy from fossil fuels, fuel cells
have potentially higher efficiencies with absence of
gaseous pollutants, such as sulfur dioxide and various

nitrogen oxides, along with striking simplicity, the
absence of moving parts and quick start up and shut
down time [2,3]. The possible applications of this
technology involve stationary power production,
transportation, portable systems to supply portable
electric equipment, such as notebooks, cellular phone
and video cameras [4].

Hydrogen is the best fuel in terms of energy
conversion; however, its production, storage and
distribution is connected with some problems. No
efficient and practical method of storing hydrogen
currently exists.

Recently direct alcohol fuel cells (DAFC) using
alcohol (usually methanol or ethanol) as a fuel are
considered as promising energy conversion devices
owing to their high energy efficiency, low emission,
stable and simple operating conditions at a relatively
low temperature, no requirement of fuel reforming
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process and environmentally friendly nature [5].
Alcohols are liquids at ambient conditions making
them easy to handle, store and transport. Moreover,
because alcohols are liquid, they also have higher
volumetric energy density than H2 fuel at room
temperature and pressure. Therefore, DAFCs are
more compact without the need for a heavy and
bulky external fuel reformer. In addition, some
alcohols are renewable and have low toxicity [6].

To improve the performance of DAFC,
especially to reduce methanol crossover, considerable
efforts have been devoted to modify Nafion (the
state-of-the-art membrane) or to develop alternative
new nonperfluorinated PEM materials. Other types
of membranes util ized in DAFCs include
polybenzimidazole (PBI), poly(vinyl alcohol) (PVA)
and sulfonated poly(ether ether ketone) (SPEEK)
membranes. Nevertheless, their proton conductivity
is lower as compared to Nafion.

Organic-inorganic composites constitute an
important research field due to their advantages in
improving mechanical and thermal properties as well
as proton conductivity. The formation of self-
crosslinked silica network (usually as a result of sol-
gel process of precursors) not only can suppress the
swelling and methanol diffusion but also can improve
the stability, water retention and mechanical strength
of PEM. Therefore, crosslinking techniques have
received extensive attention for PEMs used in
DAFCs. The authors [7] obtained a series of the
self-crosslinked organic-inorganic proton conductive
membranes by two-step process: first, silicon-
containing sulfonated polystyrene/acrylate
nanoparticle latex was prepared via emulsion
copolymerization of a variety of monomers: styrene
(St), butyl acrylate (BA), methacrylic acid,
triethylene glycol dimethacrylate and 2-hydroxyethyl
methacrylate with 4-styrene sulfonic acid sodium
salt hydrate (99%) at the presence of
vinyltriethoxysilicone; second, the synthesized latex
was poured onto a clean surface of glass and dried in
a vacuum oven to form a membrane. The hydrolysis
and condensation reactions of Si(OR)3 groups of
precursor (vinyltriethoxysilicone) lead to formation
of cross-linked silica network structure in the
membranes. The obtained membranes were found
to have good thermal stability up to 2600C, the
methanol diffusion coefficients of all Si-sPS/A
membranes were significantly lower meanwhile their
selectivity was higher than those of Nafion® 117
membrane. This is a significant advantage for
membrane materials used for DMFCs.

The synthesis of proton conducting composite
membranes from cross-linked poly(vinyl alcohol) and

poly(styrene sulfonic acid)-functionalized silica
nanoparticles (PSSA-Si) is described in [8]. Two-
step cross-linking process involving sulfosuccinic acid
(SSA) and glutaraldehyde as cross-linking agents was
conducted to provide additional proton source and
to enhance hydrolytic and mechanical stabilities.
PSSA-Si were synthesized from vinyltrimethoxysilane
via Stober method followed by radical polymerization
of sodium 4-vinylbensene sulfonate. Proton
conductivities of these composite membranes were
found to increase with PSSA loading and PSSA
content. Promising proton conductivities of 0.072
S/cm were obtained from PVA-8%PSSA-Si-10 and
PVA-12%PSSA-Si-10 membranes.

The aim of this work is to develop a new
approach to obtain cross-linked proto organic-
inorganic materials on the base of acrylic monomers
and silica precursors. The characterization of the
synthesized materials was conducted to estimate their
potential as proton conductive membranes in fuel
cell application.

Experimental

All reagents used (acrylonitrile (AN), acrylic
acid (AA), 3-sulfopropyl acrylate potassium salt
(SPAK), ethyleneglycole dimethacrylate (EGDMA),
3-methacryloxypropyltrimethoxysilane (MAPTMS))
were purchased from Sigma-Aldrich and used as
received (Table 1).

The series of membranes were prepared by UV
polymerization of acrylic monomers (at the presence
of photoinitiator, 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA), 2.0 wt.%) and simultaneous sol-
gel transformation of MAPTMS-based sol-gel system.
The feed compositions used for the preparation of
hybrid organic-inorganic membranes are summarized
in Table 2. Ethylene glycol dimethacrylate
(EGDMA) was used as a cross-linker. The polymeric
parts of the membranes were prepared similar to the
method described elsewhere [9]: aqueous solution
of water-soluble reagents (AA, SPAK and EGDMA)
was mixed with and appropriate amount of AN and
DMPA for 35 min at 500 rpm. After that, sol-gel
system of MAPTMS was added to polymerizing
system and the resulting formulation was stirred for
30 min at 500 rpm. The formulations were placed
into the glass mold (50 mm20 mm0.15 mm) and
UV-irradiated for 10 min, then the obtained
membranes were peeled from the glass substrate and
washed by distilled water. Finally, membrane samples
were dried in an oven at 500C until constant weight.

To determine the content of gel-fraction in the
synthesized membranes, they were extracted with
methanol for 1 day in a Soxhlet extraction apparatus.
Gel-fraction was determined using the following
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equation:

G=(m ex/m) 100%,  (1)

where mex and m are the sample masses after and
before extraction, respectively.

Table  2

Feed compositions for membrane preparation

Sample 
AN, 

wt.% 

AA, 

wt.% 

SPAK, 

wt.% 

EGDMA, 

wt.% 
MAPTMS, 

wt.% 

S1 40 20 25 15 – 

S2 40 20 25 15 3 

S3 40 20 25 15 5 

S4 40 20 25 15 7 

S5 40 20 25 15 10 

 
Proton conductivity measurements were

conducted using impedance spectroscopy
(AUTOLAB impedance spectrometer (EcoChem,
the Netherlands) with FRA software equipped by
thermostat). Before measurements, the samples were
immersed in 0.1 M HCl at room temperature to
convert the membranes to H+ ionic form. The
samples were placed between two Pt electrodes
followed by an application of voltage in a frequency
range of 10–105 Hz. Resistance values (R) were taken
at the minimum imaginary response in the Nyquist
plot (Z’ vs. Z’’). The membrane conductivity was
calculated from the membrane resistance using the
following expression:

= l/RS,  (2)

where  is the proton conductivity, S cm–1; l is the
membrane thickness, cm; S is the cross-sectional

area of the sample, cm2.
The ion-exchange capacity (IEC) value of the

synthesized membranes was measured by the classic
titration technique. First, the membranes were placed
into 0.1 M HCl, washed with distilled water, and
then converted to sodium form by immersing the
membranes in 2.0 M NaCl for 24 h to complete a
substitution of sulfogroups’ protons with sodium ions.
The released protons were titrated by 0.004 M NaOH
solution. The IEC value was calculated as a number
of mg-equiv. of sulfogroups per 1 g of dry polymer
from the equation:

IEC=C(NaOH)V(NaOH)/weight (polymer),                 (3)

where C is the concentration of NaOH solution (M)
and V is the volume of NaOH consumed (mL).

Thermogravimetric and differential thermal
analyses of the samples of polymer and polymer-
sil ica membranes were performed using
Derivatograph Q-1500D (Paulik-Paulik-Erdey)
within the temperature range of 20–6000C at a
heating rate of 50C min–1. Alumina was used as a
standard. The samples weight was 300 mg.

Oxidative stability of the prepared membranes
was examined by immersing them in Fenton reagent
(3% aqueous solution containing 2 ppm FeSO4) at
600C. The degradation of membranes was evaluated
by measuring weight loss and visual observation.

Results and discussion

A series of polyacrylate silica-containing
membranes were synthesized via in situ polyme-
rization method as a result of simultaneous formation
of organic and inorganic networks (Fig. 1).

The choice of acrylic monomers for polymer
membranes and polymer matrix of organic-inorganic
membranes allows applying UV technique for their

No Name Code Chemical structure 

1 Acrylonitrile AN CH2=CHCN 

2 Acrylic acid AA H2C=CH–COOH 

3 3-Sulfopropyl acrylate potassium salt SPAK 

 

4 Ethyleneglycole dimethacrylate EGDМA 

 

5 3-Methacryloxypropyl-trimethoxysilane MAPTMS 

 

 

Table  1

Names and structures of reagents
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curing, which is a high-speed and suitable method
of polymerization. The use of both hydrophilic and
partially water-soluble monomers provides desired
properties of the membranes. The role of acrylonitrile
is to maintain the structural and mechanical stability
and limit swelling ability of the membranes, whereas
hydrophilic monomers (AA, SPAK) are introduced
to ensure proton conductivity and retain water.
Incorporation of Si(OR)3 groups of MAPTMS into
polymer matrix offers two functions: first, silicon-
containing polymers present high thermal and
chemical stability; and second, the hydrolysis and
condensation reactions of Si(OR)3 groups lead to a
self-crosslinked silica network in membranes [10].

As a result of in situ polymerization, we obtain
elastic thin films with the thickness of ca. 150 mm.
Transparency of the obtained films is the evidence
of homogeneity of their morphology. Gel-fraction
yields were high (for the samples S1, S2, S3, S4 and
S5 gel-fraction yields were 98.7, 99.6, 99.7, 98.6 and
97.9 wt.%, respectively), confirming that photo-
initiated polymerization passed till high conversion
and the cross-linked composite structure was formed.

Proton conductivity is the most essential
characteristic determining the efficiency of material
use as proton conductive membrane in fuel cell.
Proton diffusion through membrane can be described
by the Grotthus mechanism [11]. It was found that
proton conductivity of membranes depended on their
composition and temperature. Temperature
dependence of real and imaginary resistance values
of the membrane S1 is presented in Fig. 2.

Proton conductivities of the samples were
measured from these plots and the data are
summarized in Table 3. For all samples, one can
observe the positive temperature-conductivity
dependence that suggests a thermally activated
process. Obviously, elevating temperature increased
structural reorientation, water uptake and mobility
of water and protons facilitating proton transport
and hence contributed to the improvement of proton

conductivity.
Table  3

Proton conductivity of membranes at different
temperatures

10–3, S cm–1 
t, 0C 

S1 S2 S3 S4 S5 

20 0.9 5.1 6.3 4.9 3.8 

40 1.5 7.6 9.8 7.5 5.2 

50 2.3 9.7 10.2 8.7 7.6 

60 3.0 10.6 11.2 10.0 9.4 

 
The proton conductivities of the synthesized

membranes were found to be promising: 10–4–10–2

S cm–1. The proton conductivity of the sample S3 at
600C (1.1210–2 S cm–1) was comparable to that of
Nafion-117 (1.5210–2 S cm–1).

Proton conductivities of the synthesized
membranes vs. MAPTMS weight fraction were also
determined and are shown in Fig. 3,a.

Considering the effect of the added MAPTMS

Fig. 1. Scheme of polymerization process
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content on proton conductivity, nanocomposite
membranes with larger added MAPTMS content (up
to 5 wt.%) provide higher proton conductivity. The
enhancement in proton conductivity of the sample
S2 compared to that of the sample S1 is almost 6-
fold. At the same time, a further increase in inorganic
part content leads to some decrease in proton
conductivity. These results correlate with the results
obtained by Yaroslavtsev et al. [12]. They explained
the changes in proton conductivity of hybrid
membranes by the influence of the dopant on the
ion transport in the channels. The introduction of
nanoparticles is accompanied by widening of pores
and corresponding enlargement of channels
connecting them. Since it is the channels that govern
the membrane conductivity, the proton conductivity
increases. The decrease in proton conductivity at
higher nanoparticle concentration was explained by
a decrease in pore space as a result of filling of the
channels by nanoparticles.

Dzyazko et al. [13] for the first time revealed
experimentally the influence of inorganic component
on the porous structure of hybrid organic-inorganic
composites synthesized by modification of strongly
acidic gel-like cation-exchange resin with zirconium
hydrophosphate using scanning and transmission
electron microscopy and standard contact
porosimetry. The inorganic component was found
to exist in the form of non-aggregated globular
nanoparticles and their aggregates. The aggregates
are located in the voids of gel fields and stretch the
polymer, while single nanoparticles are deposited in
clusters as well as in macropores. As a result, the
contribution of transport pores of the polymer to
total porosity decreases. The authors also showed
that the mobility of ions depends on the content of
bonded, boundary and free water that is on the size
of clusters. Bonded water occupies pores with a radius
of 1.5 nm, larger pores are filled with bonded and

boundary or bonded, boundary and free water. The
porosity caused by pores which contain only bonded
water increases. Hence, transport properties of
membrane are determined by the volume and size
of both clusters and channels.

It is known that proton conductivity increases
with increasing IEC and water uptake. It is because
protons are transferred along ionic clusters consisting
of polar groups such as –SO3H and the number of
ionic clusters is related to the number of –SO3H
groups and water content in the membrane. More
inorganic component and, accordingly, water
absorption make protons more mobile, therefore IEC
of membranes is significantly improved.

As one can see, the experimental values of IEC
of the investigated membranes range from 1.12 to
1.68 meq g–1, and it was also worth mentioning that
they are higher than that of Nafion 117 membrane.
Interestingly, that IEC of the samples S2 and S3
gradually increased compared to the sample S1,
whereas we observed decrease in the values of IEC
(Fig. 3,b) at MAPTMS content above 5 wt.%, which
coincides with decrease in proton conductivity of
the same membranes (Table 3 and Fig. 3,a).

The oxidative stability of the prepared organic-
inorganic membranes in Fenton reagent was
recognized as an important indication of the
durability of membranes in fuel cells. During fuel
cell operation possible degradation of the polymer
electrolyte is caused by oxygen diffusing through the
membrane and undergoing incomplete reduction at
the anode to form HO· and HO2

· radicals [14]. When
active radicals contact with membrane, the
irreversible degradation can occur.

Two phenomena are in competition during
immersion of the material in oxidizing solutions.
First, polymer chain is degraded leading to a weight
decrease, and in parallel the cross-links may be
cleaved leading to a decrease in cross-linking density

a                                                                                  b

Fig. 3. Transport properties of membranes as a function of MAPTMS content: a – proton conductivity; b – IEC
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and a subsequent increase in the swelling of the
material [15]. Thus, an initial weight increase followed
by a weight decrease may be observed (Fig. 4).
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Fig. 4. Oxidative stability of the membranes

Silica improves oxidative stability due to its
cross-linking effect, which renders the membrane
more compact. It should be mentioned that none of
the investigated membranes were broken into small

pieces, all of the samples remained in a good form
after the testing period.

To evaluate the thermal stability of polymer
and organic-inorganic membranes, complex
thermogravimetric and differential thermal analysis
of samples was conducted. The TGA curves of the
membranes are shown in Fig. 5.

All the membranes exhibited degradation curve
with several steps. The weight losses of the samples,
observed in the temperature range of 20–1900C, may
be attributed to evaporation of physically absorbed
and chemically bound water. The weight loss
occurring at the temperature interval of 190–3500C
was attributed to the splitting-off of sulfonic acid
groups, and weight losses at this temperature range
increased with the rise of IEC. Above 3500C, the
membranes underwent the degradation step, which
corresponded to the decomposition of the main chain
and crosslinking bridges.

The inspections of the thermograms suggested
that polymer and organic-inorganic membranes had
good thermal stability, which could be explained as
follows. First, the Si–O bond energy was higher than
that of C–C bond. Second, the hydrolysis and

c                                                                                       d

Fig. 5. Derivatograms of the samples: a) TG, DTG and DTA curves for the sample S1; b) TG, DTG and DTA curves for the

sample S5; c) TG curves for the samples S1–S5; d) DTG curves for the samples S1–S5
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condensation reactions of Si(OR)3 groups in
membrane led to the formation of cross-linked silica
network structure which made the membrane more
compact and hence improved the thermal stability.
So, the temperature of the beginning of sulfo-group
decomposition for the polymer membrane S1 was
336.80C whereas it was 340.80C for S5. The
temperature of the beginning of the membrane matrix
thermooxidation increased from 5130C for S1 till
5280C for S5.

Conclusions

Cross-linked sulfo-containing polyacrylate and
silica-polyacrylate membranes were successfully
synthesized via convenient method, polymerization
in situ. Their suitability as PEMs for DMFC was
invest igated by impedance spectroscopy,
thermogravimetric analysis and determining IEC. The
synthesized membranes were found to have good
thermal stability, oxidative stability, high proton
conductivity and IEC. Based on these results, it could
be concluded that the membranes had good potential
as PEMs for DMFC.
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ÎÄÅÐÆÀÍÍß ² ÄÎÑË²ÄÆÅÍÍß ÂËÀÑÒÈÂÎÑÒÅÉ
ÇØÈÒÈÕ ÌÅÒÎÄÎÌ ÓÔ-ÎÏÐÎÌ²ÍÅÍÍß ÎÐÃÀÍÎ-
ÍÅÎÐÃÀÍ²×ÍÈÕ ÌÅÌÁÐÀÍ

Ì.Ì. Æèãàéëî, Î.². Äåì÷èíà, ².Þ. ªâ÷óê, Á.². Ðà÷³é,
Â.Â. Êî÷óáåé

Ñèíòåçîâàíî ñåð³þ ã³áðèäíèõ ïîë³ìåð-íåîðãàí³÷íèõ ìåì-
áðàí íà îñíîâ³ àêðèëîâèõ ìîíîìåð³â (àêðèëîâî¿ êèñëîòè, àêðè-
ëîí³òðèëó òà êàë³ºâî¿ ñîë³ 3-ñóëüôîïðîï³ëàêðèëàòó) òà çîëü-
ãåëü ñèñòåìè 3-ìåòàêðèëîêñèïðîï³ëòðèìåòîêñèñèëàí–åòàíîë–
âîäà ç ð³çíèì ñï³ââ³äíîøåííÿì îðãàí³÷íîãî òà íåîðãàí³÷íîãî
êîìïîíåíò³â. Ìåòîä ñèíòåçó – ÓÔ-³í³ö³éîâàíà ïîë³ìåðèçàö³ÿ
ìîíîìåð³â ó ïðèñóòíîñò³ ôîòî³í³ö³àòîðà òà çøèâà÷à òà çîëü-
ãåëü ïðîöåñ in situ. Âèñîêèé âì³ñò ãåëü-ôðàêö³¿ (>95%) ñâ³ä÷èòü
ïðî óñï³øíèé ñèíòåç ³ îäåðæàííÿ çøèòèõ ïîë³ìåð-íåîðãàí³-
÷íèõ ñòðóêòóð, íåðîç÷èííèõ â îðãàí³÷íèõ ðîç÷èííèêàõ ³ âîä³.
Äîñë³äæåííÿ ìåòîäîì ³ìïåäàíñíî¿ ñïåêòðîñêîï³¿ âñòàíîâèëè
âèñîêó ïðîòîííó ïðîâ³äí³ñòü ìåìáðàí (10–4–10–2 Ñì/ñì) òà ¿¿
çàëåæí³ñòü â³ä òåìïåðàòóðè òà ñêëàäó ìàòåð³àëó. Äàí³ ìåì-
áðàíè õàðàêòåðèçóþòüñÿ â³äíîñíî äîáðîþ õ³ì³÷íîþ ñòàá³ëüí³-
ñòþ â ÷àñîâîìó ³íòåðâàë³ âèì³ðþâàíü ³ âèñîêîþ ³îíîîáì³ííîþ
ºìí³ñòþ (1,12–1,68 ìåêâ/ã). Òåðìîãðàâ³ìåòðè÷í³ äîñë³äæåííÿ
çàñâ³ä÷èëè âïëèâ íåîðãàí³÷íî¿ ñêëàäîâî¿ íà ï³äâèùåííÿ òåðì³-
÷íî¿ ñòàá³ëüíîñò³ ìåìáðàí. Îòæå, ñèíòåçîâàí³ îðãàíî-íåîð-
ãàí³÷í³ ìàòåð³àëè çà ñóìîþ õàðàêòåðèñòèê ìîæóòü áóòè çàñ-
òîñîâàí³ ÿê ïðîòîíîïðîâ³äí³ ìåìáðàíè ó ìåòàíîëüíèõ ïàëèâ-
íèõ êîì³ðêàõ.
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The synthesis of a series of hybrid polymer-inorganic
membranes based on acrylic monomers (acrylic acid, acrylonitrile
and 3-sulfopropylacrylate potassium salt) and sol-gel system 3-
methacryloxypropyltrimethoxysilane–ethanol–water with various
ratios organic/inorganic is reported in this paper. The synthetic
procedure includes UV-initiated polymerization of monomers in the
presence of photoinitiator and cross-linker and sol-gel process in
situ. A high content of gel fraction (>95%) indicates the successful
synthesis and formation of cross-linked polymer-inorganic structures
insoluble in organic solvents and water. Investigations performed by
means of impedance spectroscopy showed high proton conductivity
of membranes (10–4–10–2 S cm–1) and its dependence on temperature
and material composition. The prepared membranes have relatively
good chemical stability in the time interval of testing and high ion-
exchange capacity (1.12–1.68 meq g–1). Thermogravimetric study
showed the influence of the content of inorganic component on the
increase of thermal stability of the membranes. Consequently, taking
into account the complex of the characteristics, the synthesized
organic-inorganic materials is a potential candidate for DMFC
application.

Keywords: proton conductive membrane; organic-inorganic
material; UV curing; sol-gel process; acrylic acid; acrylonitrile;
3-sulfopropylacrylate potassium salt; 3-methacryloxypropyl-
trimethoxysilane.
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