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Proton exchange membrane fuel cells (PEMFCs) are one of the
most attractive energy conversion technologies for many industrial
applications such as mobile telephones, distributed power genera-
tions, electric vehicles, and portable electronics.1–3 Perfluorinated
membranes such as Nafion are widely used in PEMFCs because of
their excellent mechanical and chemical stability, as well as their
good proton conductivity in sufficient-humidity conditions.4 How-
ever, the stability and proton conductivity of Nafion membranes
are decreased at elevated temperature and low humidity conditions
due to the evaporation of water molecules from the electrolyte
membrane. In addition, these materials are very expensive and pos-
sess high methanol permeability, and low operating temperature
(<80�C). All these drawbacks limit the large-scale commercial
application of the modern perfluorinated ionomers.

Recently, some research groups5,6 have reported on humidified
Nafion-silica composite membranes fabricated through sol-gel
method for their application in high temperature hydrogen/oxygen
proton-exchange membrane fuel cells. On the other hand, the fuel
cell operation in anhydrous and intermediate (100–200�C) tempera-
ture conditions provides several benefits such as higher efficiency of
energy conversion, higher CO-tolerance of PEMFC system, better
water and heat management, and increased rates of reaction and
diffusion. Therefore, the development of PEMFC membranes,
which have high proton conductivity in anhydrous (water-free) and
higher temperature conditions, has attracted much attention.7–11

In organosiloxane-based inorganic–organic hybrid membranes,
inorganic component of siloxane linkages increases the thermal and
chemical stabilities of the membrane, and the organic component
improves the flexibility.12 Hence, these hybrid membranes are
expected to possess suitable properties for PEMFCs at intermediate
temperatures. These hybrid materials can be fabricated by utilizing
the low temperature reaction of the sol-gel process. For the prepara-
tion of silicate materials, trimethoxysilane (TMOS) is one of the
most popular alkoxides. In this work, for the synthesis of organically
modified silicates, TMOS and trimethoxypropylsilane (TMPS) were
chosen because of their relatively rapid hydrolysis under acidic
conditions. The triethyl phosphate [PO(C2H5O)3] is considered as a
good proton carrier because of its efficient proton donor and acceptor
transport properties.13 Recently, triethyl phosphate PO (C2H5O)3 was
used as phosphorous dopant in phosphosilicate electrolyte mem-
branes14–16 and proton conduction was observed in these materials.

One of the various approaches used to develop anhydrous mem-
branes was realized by replacing water as the proton solvent by a
liquid that has a higher boiling point. Room temperature ionic

liquids (RTILs) have also shown much potential as a replacement
for water. RTILs are organic salts with a melting point below
100�C. The chemical and physical properties of ionic liquids can be
varied by carefully choosing the cation and anion from among
numerous possibilities. At least one ion has a delocalized charge,
and one component is organic, which prevents the formation of a
stable crystal lattice. Typical RTILs have unusual properties includ-
ing nonvolatility, nonflammability, wide electrochemical windows,
higher ionic conductivity, and excellent thermal and chemical stabil-
ity. Therefore, ionic liquids (ILs) are being investigated for a wide
range of applications. One field is their utilization as electrolyte
component in electrochemical devices. This includes lithium ion
batteries,17–19 fuel cells,20–22 dye-sensitive solar cells,23–25 etc. Fig-
ure 1a shows the chemical structures of all the selected silica precur-
sors, and triethyl phosphate including [BMIMBF4] ionic liquid.
Figure 1b presents the hydrolysis and condensation reactions of the
silica and triethyl phosphate chemical precursors. Generally, the
polymerization reactions are complex in nature due to the large
number of intermediate species generated. Hence it is difficult to
conclude a sol-gel reaction in a simplified manner. It is considered
that under anhydrous conditions, the doped IL should interact with
the phosphosilicate network, and protons can move along the inter-
face between [PO(C2H5O)3] and ionic liquid. To confirm the inter-
action between the doped ionic liquid and the phosphosilicate
inorganic network we performed the Fourier transform infrared
(FTIR), and 31P, 1H, and 13C MAS NMR measurements for all the
prepared hybrid membranes and we observed several spectral bands
shifting in the FTIR spectra, and several chemical shifts shifting in
31P, 1H, and 13C NMR spectra of these hybrid membranes with
respect to pure ionic liquid. These changes in the spectral bands and
chemical shifts unambiguously confirm the interaction between the
doped ionic liquid and phosphosilicate inorganic network. Previ-
ously, some other research groups26,27 also reported the interaction
of ionic liquid [BMIM][TFSI] with PWA based on the 31P and 1H
MAS NMR measurements only, for their prepared organic-
inorganic hybrid membrane electrolytes. We prepared the studied
membranes by sol-gel process which will allow to fabricate hybrid
membranes with high homogeneity at molecular scale, with the
selected chemical precursors.12 Further, in the studied hybrid mem-
branes, conductivity is due to both protons liberated from triethyl
phosphate and [BMIM]þ, [BF4]� ionic species. Thus, the conductiv-
ity is caused not only by ionic species such as BMIMþ and BF4

� of
doped [BMIMBF4] ionic liquid but also by intermolecular proton
transfer28 that exist in imidazolium based ionic liquids. The proton
conduction, therefore, follow a combination of Grotthuss- and
vehicle-type mechanisms which is confirmed by the conductivity
experimental results.z E-mail: nogami@nitech.ac.jp
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Experimental

Preparation of hybrid membranes.—The composite membranes
were prepared by using trimethoxysilane C3H10O3Si, TMOS (99%,
Aldrich Chem., Co.), TMPS (97%, Aldrich Chem., Co.), triethyl
phosphate [PO (C2H5O)3] (99.8%, Aldrich Chem., Co.), and
[1-butyl-3-methylimidazolium tetrafluoroborate] (BMIMBF4) (99%,
Aldrich Chem., Co.) ionic liquid as precursors. All the initial
solvents and materials were used as received. Water purified with a
Milli-Q system from Millipore (AQUARIUS/GS-20R, Japan) was
used for the experiments. All the hybrids including host phosphosili-
cate membrane were prepared at ambient temperature under normal
atmospheric pressure by sol-gel process. Several compositions of
TMOS-TMPS-PO (C2H5O)3-IL (i.e., 45TMOS-45TMPS-10 PO
(C2H5O)3-x [BMIMBF4] (x¼ 10, 20, 30, and 40 wt %) were
selected for the content optimization. Here, we added [BMIMBF4]
ionic liquid content in excess wt % to the host membrane 45TMOS-
45TMPS-10 PO (C2H5O)3 (mol %).

Initially, the calculated amount of TMOS was hydrolyzed with
water (as 0.15N-HCl aq) and ethanol under stirring for 60 min
at room temperature. The molar ratio of TMOS/EtOH/H2O/HCl was
1/8/4/0.01. After, TMPS which was prehydrolyzed with water (as
0.15N-HCl aq) and ethanol was added to TMOS solution under con-
stant stirring for 60 min. The amount of TMPS was taken in equal
mol ratio to TMOS. The value of Rw (molar ratio of H2O/alkoxide)
was fixed at 4 for preparation of sols. One hour later, when the
above mixed solution becomes transparent, triethyl phosphate dis-
solved in C2H5OH with five times moles of H2O was added drop-
wise under magnetic stirring for 1 h. Now, the 1-butyl-3-methylimi-
dazolium tetrafluoroborate [BMIMBF4] ionic liquid was added
dropwise to the hydrolyzed solution in argon atmosphere. Keeping
continuous stirring for 3 h, a homogeneous solution was formed.
Finally, (N-N-dimethylformamide) HCON (CH3)2 (1–3 ml) was
added in standard solution followed by 60 min stirring. Such
obtained clear transparent solution was called as sol. The sol was
cast onto Petri dishes and gelled at 50�C for 14 days. Gel films
obtained were then dried at 50�C for 6 h, and consecutively at
100�C for 6 h, 150�C for 6 h, and at 250�C for 6 h. Generally, pure
ionic liquids show thermal stability up to 400�C. Therefore, we
have selected the gel films heat-treatment temperature range from
50 to 250�C, in steps of 50�C increment, keeping the membranes for
6 h at each temperature. The sample thickness was varied from 0.1
to 0.5 mm. The host phosphosilicate membrane in the absence of
[BMIMBF4] ionic liquid was also prepared with the same procedure
as described above for comparison. The whole synthetic process is
shown in Fig. 2a. The typical photograph of the 40 wt %
[BMIMBF4] ionic liquid doped hybrid membrane is presented in
Fig. 2b. From this photograph it is very clear that the fabricated
hybrid membrane is highly transparent and mechanically stable and
also still keeps a casting morphology even after drying 14 days at
50�C. The thickness of the membrane is uniform and no macrocrack
and fat edge were found. Usually, in a sol-gel process, the evapora-
tion of solvent could cause an internal stress gradient in the gel and
when the stress is high enough, cracks would appear. Due to the
high flexibility and proccessibility to make large area membranes
with different thickness, these inorganic-organic membranes show
an advantage over inorganic phosphosilicate materials, which
require a long time to obtain thin film material by the sol-gel
process.

Characterization of membranes.—The optical transmission
spectra of all the prepared membranes were recorded by using
JASCO Ubest 570 UV-vis-NIR spectrophotometer with 1 nm
spectral resolution at ambient temperature within the spectral
range 200–800 nm. The FTIR spectra of the composite mem-
branes were recorded by with JASCO FTIR-460 Plus spectrome-
ter with spectral resolution about 4 cm�1. The FTIR spectra
were measured within the spectral range 4000–400 cm�1 by
using the KBr pellet for reference. The Brunauer–Emmett–Teller
(BET) specific surface areas of all the composite membranes
were determined from N2 adsorption-desorption isotherms at liq-
uid nitrogen temperature. Membranes of approximately 0.05 g
were degassed at 250�C for a minimum of 6 h under vacuum
before the measurement. The pore size distributions were ana-
lyzed with a Quantochrome-NOVA-1000 nitrogen gas sorption
analyzer. The thermal degradation process and stability of the
composites were investigated by thermogravimetric analysis, and
differential thermal analysis (DTA) (Thermoplus 2, TG- 8120,
Rigaku). The measurements were carried out under dry air with
a heating rate of 5�C/min. The 31P magic angle spinning (MAS)
NMR spectra were measured with a Varian Unity Inova 300
spectrometer at 121.42 MHz with a sample spinning rate of 5000
Hz, and chemical shifts were measured with reference to 85%
aqueous H3PO4. The solid state high-resolution 1H and 13C MAS
NMR spectra were obtained by using a Varion UNITY-400 plus
spectrometer at the resonance frequency of 400 MHz, respec-
tively. The 1H and 13C spectra were measured by a single-pulse

Figure 1. (a) Chemical structures of all the silica precursors and triethyl
phosphate including [BMIMBF4] ionic liquid. (b) Hydrolysis and condensa-
tion reactions of silica precursors including trimethyl phosphate.
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sequence, and the 31P spectra were traced by a single-pulse
sequence with high power 1H decoupling. All the NMR measure-
ments were performed at 25�C. The conductivity of the mem-
branes was measured by an ac method using Solartron SI-1260
impedance analyzer. Gold was evaporated on both sides of the
membranes as electrodes, and conductivity was determined from
the impedance data obtained within the frequency range from 1
to 107 Hz with signal amplitude of 10 mV. The temperature was
raised stepwise and the measurements were carried out after
keeping the membrane at each temperature for 1 h under dry
nitrogen. Conductivities were measured within the temperature
range �30–150�C. The conductivity (r) was calculated from the
electrolyte resistance (R) obtained from the intercept of the
Cole–Cole plot with the real axis, the thickness (l) and the elec-
trode area (A) according to the equation r¼ l/AR. Hydrogen per-
meability of the membranes (0.5 mm thick) was measured by
using a forced convection drying oven (DO-600FA), under dry
conditions, consisting of two compartments with a capacity of
approximately 50 cm3, separated by a vertical membrane with an
effective area of 20 cm2. The contents of the compartments were
under constant agitation. Gas concentrations were measured by
Varian CP-4900 Micro GC gas chromatography with relative
standard deviation (RSD) of 0.13%.

Results and Discussion

Figure 3 presents the UV-visible optical transmission spectra of
all the prepared composite membranes. From this figure, it is found
that with ionic liquid content increment, the transmittance decreased
from 89 to 82% in the prepared membranes, respectively. However,
these spectra exhibit high optical transmittance value for all the
membranes, i.e., above 80% at the wavelength of 800 nm. Chemical
stability of electrolyte membranes is of much concern to the lifetime
of PEMFCs. Figures 4a and 4b show the FTIR spectra of 45TMOS-
45TMPS-10[PO(C2H5O)3] host membrane and Figs. 4c and 4d
show ionic liquid doped hybrid membranes. For host matrix, spec-
tral peaks at 456, 545, 578, 640, 795, 836, 854, 873, 1051, 1634,
2963, 3419, and 3652 cm�1 are identified. It is generally known that
fourfold coordinated silicon is the basic building block of the silica
based glasses. Similarly, in pure P2O5 glass the basic building block
is the P(Q3) tetrahedron, possessing three bridging oxygens and one
terminal double-bonded oxygen.29 In pure SiO2 glass, an increase in
the coordination number of Si was observed only under high pres-
sures above 10 GPa.30 However, in phosphosilicate systems there
exists a possibility of formation of sixfold coordinated silicon.29

The broad absorption band centered at 1051 cm�1 is assigned to
masSi–O–Si (TO mode) vibrations. Generally, in silica matrices the
spectral bands within the 1960–1640 cm�1 wavenumber range
correspond to combination of vibrations of the SiO2 network
(1640 cm�1 band should often hidden by molecular water band).
Dried gels obtained with dimethylformamide also present a shoulder
around 1690 cm�1 that is characteristic of a C¼O band. Spectral
bands within the wavenumber range 2800–3000 cm�1corresponds
to the symmetric and asymmetric fundamental stretching vibrations
of CH2 and CH3 groups belonging to alkoxide and solvent residues.
Further, within the wavenumber range 4000–3000 cm�1, the spec-
tral bands should occur mainly due to overtones or combinations of
vibrations of Si–O–H or H2O. A broad OH stretching band with
weak intensity has also found within the spectral range 3500–3750
cm�1. The small spectral band appeared around 3419 cm�1, is
assigned to silanol groups linked to molecular water through hydro-
gen bonds. The spectral bands within the wavenumber range
400–880 cm�1 are attributed to the Si–O–Si bond bending vibra-
tions and symmetric stretching vibrations of Si–O–Si bonds,
respectively.12,31,32 In the selected phosphosilicate matrix, the IR
absorption band appeared at 873 cm�1 is assigned to P–O–P asym-
metric stretching mode. Spectral band centered at 795 cm�1 is due
to the symmetric stretching of the P–O–P and Si–O–Si (bridging ox-
ygen atoms between the tetrahedral) bonds. Within the wavenumber
range 400–4000 cm�1 several spectral bands are identified for

Figure 3. (Color online) UV-visible transmission spectra of 45TMOS-
45TMPS-10[PO(C2H5O)3]-x [BMIMBF4] (x¼ 0, 10, 20, 30, and 40 wt %)
membranes.

Figure 2. (Color online) (a) Synthetic procedure for obtaining the 45TMOS-
45TMPS-10[PO (C2H5O)3]-x [BMIMBF4] (x¼ 10, 20, 30, and 40 wt %)
hybrid membranes. (b) Photograph of the 40 wt % [BMIMBF4] ionic liquid
doped hybrid membrane.
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45TMOS-45TMPS-10 PO (C2H5O)3 (mol %)membranes doped
with 10–40 wt % [BMIMBF4] ionic liquid. All these observed bands
correlate well with the pure [BMIMBF4] ionic liquid spectral
bands.31,32 It should be emphasized that all the phosphosilicate mat-
rices related spectral bands within the wavenumber range 400–1200
cm�1 are overlapped well with ionic liquid related spectral bands.
According to previous study, multiple hydrogen bonds should
be formed between the alkyl C–H and ring C–H of BMIMþ and
BF4

� anions.33 The alkyl C–H and ring C–H stretching modes
supply valuable spectroscopic information for the study of hydrogen
bond interactions in ILs.34 The intensity of asymmetric stretching
vibrations BF4

� (1084 cm�1) becomes stronger in the hybrid
membranes with the ionic liquid weight ratio increment.

NMR spectroscopic techniques can be used to study ionic inter-
actions and ionic states. Figure 5 shows (a) 31P, (b) 1H, and (c) 13C
MAS NMR spectra of all the prepared hybrid membranes, respec-
tively. From the 31P MAS NMR spectra (Fig. 5a), a peak at 2.5 ppm
is found for host phosphosilicate matrix which is assigned to the
isolated phosphorus content (Q0 unit). For 10–40 wt % [BMIMBF4]
ionic liquid doped hybrid membranes, this peak (Q0 unit) is
observed at 2.4, 2.3, 2.1, and 2.0 ppm, respectively. For all the IL
doped hybrid membranes, the shifting of Q0 unit compared with

host phosphosilicate membrane indicates the interaction of ionic
liquid with phosphosilicate network. From Fig. 5b, 1H chemical
shifts at 8.8, 7.6, 4.3, 3.9, 3.3, 1.9, 1.3, and 1.0 ppm are observed for
10 wt % ionic liquid doped hybrid membrane, while for 40 wt % IL
doped hybrid, signals at 8.6, 7.5, 4.2, 3.8, 3.1, 1.7, 1.2, and 0.7 ppm
are identified. In IL doped hybrids, several 1H chemical shifts are
shifted compared with pure ionic liquid [8.4 (s, 1H, NCHN), 7.4
(s, 1H,CH3NCHCHN), 7.3 (s, 1H, CH3NCHCHN), 4.0 (t, 2H,
J¼ 7.3 Hz, NCH2(CH2)2CH3), 3.7 (s, 3H, NCH3), 1.6 (quintet, 2H,
J¼ 7.4 Hz, NCH2CH2CH2CH3), 1.0 [sextet, 2H, J¼ 7.3 Hz,
N(CH2)2CH2CH3], and 0.6 [t, 3H, J¼ 7.3 Hz, N(CH2)3CH3]32 due
to the interaction between phosphosilicate content and doped ionic
liquid. The chemical shifts in NMR spectra can be used to investi-
gate the interaction between anions and cations, because they are
affected by electron cloud density. The interaction between anions
and cations in ionic liquid should be changed when phosphosilicate
content is added to BMIMBF4 through the sol-gel process. In pure
BMIMBF4 ionic liquid, anion and cation attract with each other by
coulombic interactions. Further, H2(NCHN), H4(CH3NCHCHN),
and H5(CH3NCHCHN) of ionic liquid cation should form weak
hydrogen bonds with the fluorine atoms of ionic liquid anion. The
chemical shifts of NCHN, CH3NCHCHN, and CH3NCHCHN from

Figure 4. (Color online) FTIR spectra of (a), (b) 45TMOS-45TMPS-10[PO(C2H5O)3] host membrane and (c), (d) ionic liquid doped hybrid membranes.
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cations undergo the influence between anion and inorganic phospho-
silicate content. Among these hydrogen atoms, H2 is highly sensi-
tive due to its location between two highly electronegative nitrogen
atoms. The electron cloud density around H2 is small, and the

acidity is large. Inorganic phosphosilicate content may also establish
hydrogen bonds with tetrafluoroborate anion, and hence BF4

� may
far away or approach to BMIMþ cation. Further, from the 13C NMR
spectra, for 10 and 40 wt % IL doped hybrid membranes (Fig. 5c),
chemical shifts at [137.4, 124.4, 122.8, 120.5, 73.4, 72.2, 55.0, 51.2,
49.7, 47.6, 44.3, 36.1, 32.2, 23.6, 16.9, and 9.0 ppm]; and [136.9,
124.1, 122.5, 73.2, 72.2, 51.2, 49.4, 43.8, 36.1, 32.2, 23.3,16.7, and
8.7 ppm] are found, respectively. With ionic liquid content incre-
ment the chemical shifts intensity within the range 75–40 ppm is
decreased gradually while the signal intensity at 32 ppm is
increased. Compared with pure ionic liquid 13C NMR signals
{136.5(NCHN), 123.3(CH3NCHCHN), 122.0(CH3NCHCHN),
48.9[NCH2(CH2)2CH3], 35.3(NCH3), 31.5(NCH2CH2CH2CH3),
18.8 [N(CH2)2CH2CH3], and 12.6[N(CH2)3CH3] ppm}32 the shift-
ing of 13C NMR signals suggests the interaction of ionic liquid with
inorganic phosphosilicate content.

For all the prepared membranes, specific surface areas and pore-
size distributions are determined from nitrogen adsorption/desorp-
tion isotherms (see figure provided in the supplemental data47).
Table I shows the pore size and surface area features of all the mem-
branes. The BET surface areas of the membranes along with their
average pore diameters were evaluated following the BET method
and reported in the Table I. The pore size distribution was calculated
as a function of volume or specific surface area of the pores. Follow-
ing Table I, it is confirmed that all such fabricated ionic liquid doped
hybrid membranes do not possess a porous structure and surface
areas are calculated to be lower than 0.5 m2/g. This result suggests
that the IL doped hybrids were dense in structure. This should be
due to a fact that the doped ionic liquid has filled in the porous
structure of the inorganic phosphosilicate network.32 This was also
confirmed by the conductivity measurements, discussed later. The
enhancement in the conductivity of ionic liquid doped phosphosili-
cate membranes occur by ionic liquid absorption into the existing
pores. Here the ionic liquid molecules provide a bulk transport
mechanism for the charge carrying protons within the membrane.

It is necessary to investigate the thermal stability of PEMs
because a medium temperature operation (<100�C) is aimed for the
prepared hybrid membranes. Thermal properties of all the prepared
membranes are investigated by both thermogravimetry (TG) and
DTA, respectively. Figures 6a and 6b show the TG and DTA pro-
files of all the prepared membranes. An initial loss, 3 wt % was
found at 80�C for host matrix. This first weight loss region below
100�C is due to the evaporation of physical weakly and chemically
strongly bound water molecules. 7 and 10 wt % losses were
observed around at 400 and 460�C due to the condensation of struc-
tural hydroxyl groups, respectively. Generally, glasses fabricated by
sol-gel processes contain a certain amount of water molecules in
them. These H2O molecules in the gel exist such as physically
adsorbed water molecules in the pores, bound in the pore surface
SiOH groups, surface OH groups bonded to Si ions, OH bonds sur-
rounded with SiO4 tetrahedral silica networks,12 etc. The observed
weight loss of all the IL doped membranes below 100�C was 2.0 wt
% only due to the high amount of added ionic liquid. The hybrid
membranes studied in the present work are found to be thermally

Figure 5. (Color online) (a) 31P, (b) 1H, and (c) 13C MAS NMR spectra for
45TMOS-45TMPS-10[PO(C2H5O)3]-x [BMIMBF4] (x¼ 0, 10, 20, 30, and
40 wt %) composite membranes.

Table I. Textural properties of 45TMOS-45TMPS-10[PO

(C2H5O)3]-x [BMIMBF4] (x 5 0, 10, 20, 30, and 40 wt %)

membranes.

Sample

Composition of
TMOS-TMPS-
[PO(C2H5O)3]-

[BMIMBF4]

Average
pore

size (nm)

Average pore
volume
(cm3/g)

Specific
surface area

(m2/g)

A1 (45-45-10)-0 wt % 2.613 0.093 142

A2 (45-45-10)-10 wt% No pores �0 < 0.5

A3 (45-45-10)-20 wt% No pores �0 <0.5

A4 (45-45-10)-30 wt% No pores �0 <0.5

A5 (45-45-10)-40 wt% No pores �0 <0.5
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stable up to temperatures of 250�C and can be used at temperatures
within the 100–200�C range for PEMFCs. Following the host matrix
DTA profile, exothermic peaks at 260, 426, and 553�C are identi-
fied, including one endothermic peak at 74�C. All these exothermic
peaks indicates the decomposition or burning of the residual organic
groups in the phosphosilicate matrix. For 10–40 wt % IL doped
membranes, exothermic peaks at 312, 362, 413, 445, and 487�C;
317, 418, 432, 440, and 490�C; 311, 382, 413, 466, and 504�C; and
313, 388, 417, 450, 467, and 528�C are found. These peaks suggest
the decomposition of the doped IL. Also, from the all IL doped
membranes one endothermic peak at 43�C was observed.

Figure 7 presents the Cole-Cole representation of impedance
data (80–150�C) measured for 40 wt % [BMIMBF4] ionic liquid
based hybrid membrane. For more clarity about resistance of the
membranes, we have provided an inset to Fig. 7 considering the
high frequency region of the impedance curves. Under anhydrous
conditions, the Cole-Cole plots showed the semicircle component at
high frequencies. The semicircle at high frequency was explained
with the capacitive behavior of the interface between electrodes and
electrolyte. However, this component has decreased with the
increase of membrane conductivity. The high frequency arc corre-
sponds to the bulk component and low frequency arc to electrode
response. The impedance spectra can be fitted with a series of three

electrical circuits, having resistance and constant phase element
coupled in parallel. Because of depression of the arcs in some cases,
the use of simple capacitor is not sufficient to model the electrical
response of the materials so more complex equivalent circuit with
frequency-dependent elements such as constant phase elements can
be used to fit results. In the impedance spectra showing just one arc,
it may be considered that the intercept on the real axis (Z1) corre-
sponds to the bulk resistance and the arc diameter, the interfacial
resistance. Therefore, the resistances of the composite materials can
be estimated from the intersection of the real axis and the linear part
of the impedance spectra.12

In PEMFCs or direct methanol fuel cell (DMFCs), proton con-
ductivity of membranes is a crucial parameter because the cell per-
formance is strongly dependent on this property. Figure 8 shows the
anhydrous conductivity of all the IL doped membranes, measured
within the temperature range �30 to 150�C. For comparison, anhy-
drous conductivity of host phosphosilicate matrix from 20–80�C is
also shown. The thickness of all the prepared hybrid membranes for
the conductivity measurements was about 0.2 mm. In literature, it
was reported that for Nafion membrane conductivity and permeabil-
ity are in principle, thickness-independent transport parameters,
although a parallel, thickness-dependent pathway is utilized in the
case of facilitated transport of alkenes in silver-exchanged Nafion.35

Figure 6. (Color online) (a) TG and (b) DTA profiles of 45TMOS-
45TMPS-10[PO(C2H5O)3]-x [BMIMBF4] (x¼ 0,10, 20, 30, and 40 wt %)
membranes.

Figure 7. (Color online) Cole-Cole representation of impedance data
(80–150�C) measured for 40 wt % [BMIMBF4] ionic liquid based hybrid
membrane. Inset: high frequency region of the membrane.

Figure 8. (Color online) Conductivity of 45TMOS-45TMPS-
10[PO(C2H5O)3]-x [BMIMBF4] (x¼ 0, 10, 20, 30, and 40 wt %)
membranes.
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In addition, Nafion conductivity was reported to be the same for all
thicknesses.36 Further, recently some research groups37,38 were also
reported that the conductivity of the Nafion membrane was
decreases with membrane thickness decrement. The measured anhy-
drous conductivity of host matrix at 80�C was 1.82� 10�5 S/cm.
This low value should be due to the loss of water molecules that
exist within the membrane. On the other hand, for all the IL doped
hybrid membranes the conductivity values were enhanced propor-
tionally with 10–40 wt % IL addition. Anhydrous conductivity of
6.4� 10�3 S/cm at 150�C was achieved for 40 wt % IL doped
membrane. At 80�C, the 40 wt % IL doped membrane has shown
conductivity value of 2.2� 10�3 S/cm which is two orders of mag-
nitude higher than that of host matrix conductivity. Generally, in
PEMFCs the conductivity increment by ionic liquid doping can be
explained as r¼ nqm, where n is the number of free charge carriers,
q is the coulombic charge, and m is the mobility. Further, the change
in conductivity (r) is governed by changing either n or m, respec-
tively. Also, the mobility (m) can be expressed as m¼ q/6pgr, where
g is viscosity. This clearly indicates that a decrease in viscosity
leads to an increase in the mobility or ionic conductivity.39,40,41 In
our present study, for the tetrafluoroborate anion, the highly electro-
negative fluorine atom should be caused to the distribution of the
anionic charge of borate. Also, the effect of the surface covering of
the anion backbone by these fluorine atoms could be a considerable
reason for weak interaction with the [BMIM]þ cation. Also, in ionic
liquids like BMIMBF4 the C–H bonds of imidazolium cations are
highly sensitive to the chemical environment, which induces strong
acidity, ion-pair formation and decomposition.32,42 Further,
[BMIm]þ should change its shape more easily than BF�4 due to its
bigger ion radius. Following Fig. 8, one can see that the plots of
anhydrous conductivity (r) versus reciprocal temperature (T�1) are
not linear within the temperature range �30–150�C for the
IL doped membranes, indicating both Arrhenius-type and Vogel–
Tamman–Fulcher (VTF) type behavior, respectively.

The temperature dependence of the conductivity in PEMFC can
be taken as an indication for a particular type of conduction mecha-
nism. Previously, it was reported that log r versus 1/T plots obey
one of the following types of behavior: (1) VTF behavior throughout
the studied temperature range. (2) Arrhenius behavior at low tem-
peratures and VTF behavior at high temperature. (3) Arrhenius
behavior with two activation energies. (4) VTF at low temperatures
and Arrhenius behavior at high temperatures. (5) behavior which
cannot be explained by either VTF nor Arrhenius.43,44 The activa-
tion energy Ea which is the minimum energy required for charge
transfer from one free-site to another, can be obtained for each
membrane from the slope of log r vs T�1 plots obeying the
relationship

r ¼ r0e� Ea=RTð Þ [1]

In Eq. (1), r is the conductivity (in S/cm), r0 is the preexponential
factor, Ea is the activation energy (in kJ/mol), R is the universal gas
constant (¼8.314 J/mol K), and T is the absolute temperature (K).
The calculated activation energies (in eV) for 10–40 wt % ionic
liquid doped membranes are 0.387, 0.372, 0.360, and 0.327, respec-
tively. The calculated value for host membrane (Ea¼ 0.093 eV) is
not really reliable as the conductivity is measured for a limited tem-
perature range. In general, activation energy decreases with an
increase in conductivity which is also observed in our present study.
Gas permeability of a PEM and its impact on fuel cell operation is
an important parameter that needs to be characterized under differ-
ent, realistic conditions for use in the development and advancement
of PEM fuel cells. When different concentrations of hydrogen or
oxygen gas exist across a gas permeable membrane, the gases per-
meate through the membrane due to the partial pressure gradient.
Figure 9 presents the measured hydrogen permeability values for 40
wt % IL doped membrane within the temperature range 20–150�C
(thickness¼ 0.5 mm). The hydrogen permeability value was
decreased from 1.65� 10�11 to 0.8� 10�12 mol/cm s Pa with the

temperature increment from 20 to 150�C. Previously, it is reported
that surface diffusion plays only a minor role (<2%) on the total
transport mechanism in phosphosilicate materials.45 Surface diffu-
sion usually occurs simultaneously with other transport mechanisms
such as Knudsen diffusion. Knudsen diffusion is prevailing when
the mean free path of the gas molecules is greater than the pore size.
Generally, in phosphosilicate matrices Knudsen diffusion process is
responsible for the H2 gas permeation decrement as the temperature
increases.46 However, from the BET data (Table I) of the ionic liq-
uid doped hybrid membranes, no porous structure was observed for
all these membranes confirming their relatively dense structure. The
possible influence of solubility of H2 gas in the ionic liquid medium
would be one of the more probable causes for the observed transport
behavior of hybrid membrane. The decrease of permeability with
increasing temperature could be related to a decrease of the H2 solu-
bility. However the hydrogen permeability feature of ionic liquids
doped inorganic-organic hybrid membranes required deeper investi-
gations and will a subject of our future work. It is well known that
the permeability coefficient of any pure gas through a membrane is
directly related to the dimensions (size and thickness etc.) of the
membrane including applied gas pressure. In the present work, it is
possible by the selected sol-gel method to fabricate thin membranes
with desired thickness just by varying the volume of sol solutions of
the studied membranes, in the Petri dishes. To increase the power
density, decrease of the membrane resistance by means of reduction
of the thickness of the electrolyte membrane is required without loss
of mechanical strength.

Conclusions

By sol-gel synthesis, novel 1-butyl-3 methylimidazolium tetra-
fluoroborate ionic liquid based membrane electrolytes were pre-
pared using trimethoxysilane, trimethoxypropylsilane, and triethyl
phosphate. For all the prepared hybrid membranes, the interaction
between the doped “hydrophilic” [BMIMBF4] ionic liquid and the
inorganic phosphosilicate network was investigated by Fourier
transform infrared spectroscopy and 31P, 1H, and 13C MAS NMR
measurements. Several spectral bands shifting in FTIR spectra, and
chemical shifts shifting in 31P, 1H, and 13C NMR spectra of these
hybrid membranes compared with pure ionic liquid confirmed the
interaction of doped ionic liquid and inorganic phosphosilicate net-
work at molecular scale. The textural properties were investigated
from nitrogen adsorption-desorption analysis. No pore structure was
found for ionic liquid based hybrid membranes by Barrett–Joyner–
Halenda desorption method that confirmed the dense structure of
fabricated hybrids. The IL doped membranes show good chemical

Figure 9. (Color online) Hydrogen permeation rate as a function of temperature
for 40 wt % [BMIMBF4] doped 45TMOS-45TMPS-10[PO (C2H5O)3] (mol %)
hybrid membrane (thickness¼ 0.5 mm). The permeability measurements were
performed under hydrogen feed in the temperature range 20–150�C.
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stability and are thermally stable up to 250�C in air due to inorganic
phosphosilicate network and stable tetrafluoroborate anion. The fab-
ricated flexible, transparent, and homogenous hybrid membranes
have shown good conductivity under nonhumidified conditions.
Maximum anhydrous conductivity of 6.4� 10�3 S/cm at 150�C was
achieved for 40 wt % ionic liquid doped hybrid membrane. The con-
ductivity of the ionic liquid doped hybrid membranes was remained
stable up to 10 h during the measurements. The hydrogen perme-
ability values were decreased from 1.65� 10�11 to 0.8� 10�12 mol/
cm s Pa for 40 wt % IL based hybrid membrane, as the temperature
increases from 20 to 150�C. These hybrid membranes can be prom-
ising materials for medium temperature (100–200�C) fuel cell elec-
trolytes and show good processibility for large area membrane.
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