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Proton exchange membrane fuel cells (PEMFCs) are considered to be a promising technology for clean and efficient power
generation in the twenty-first century. In this study, high performance of poly(vinylidene fluoride) (PVDF) and proton conductivity
of poly(1-vinyl-1,2,4-triazole) (PVTri) were combined in a graft copolymer, PVDF-g-PVTri, by the polymerization of 1-vinyl-
1,2,4-triazole on a PVDF based matrix under UV light in one step. The polymers were doped with triflic acid (TA) at different
stoichiometric ratios with respect to triazole units and the anhydrous polymer electrolyte membranes were prepared. All samples
were characterized by FTIR and 1H-NMR spectroscopies. Their thermal properties were examined by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). TGA demonstrated that the PVDF-g-PVTri and PVDF-g-PVTri-(TA)x
membraneswere thermally stable up to 390∘Cand 330∘C, respectively.NMRand energy dispersiveX-ray spectroscopy (EDS) results
demonstrated that PVDF-g-PVTri was successfully synthesized with a degree of grafting of 21%. PVDF-g-PVTri-(TA)

3
showed a

maximum proton conductivity of 6 × 10−3 Scm−1 at 150∘C and anhydrous conditions. CV study illustrated that electrochemical
stability domain for PVDF-g-PVTri-(TA)

3
extended over 4.0V.

1. Introduction

Quite recently, proton exchange membrane fuel cells (PEM-
FCs), also referred to as polymer electrolyte membrane fuel
cells (PEMFCs), have garnered a great deal of attentionwhich
can be applied to a wide range of application areas such as
water purification, gas separation, and fuel cells [1–10]. Proton
exchange membranes (PEMs) are the key components in
fuel cell systems and serve as an electrolyte for transporting
protons from the anode to the cathode and as a separator to
prevent mixing of the fuel gases [1, 3, 4, 10]. Perfluorosulfonic
acid (PFSA)membranes, the best known example of which, is
DuPont Nafion, aremost widely used as the electrolyte in fuel
cell research. These membranes have high chemical stability
and excellent mechanical properties and provide high proton
conductivity in the fully hydrated state [3, 4, 8–10]. They
form proton transfer channels due to the presence of both

hydrophilic and hydrophobic regions. However, their high
price, low stability at high temperatures, low conductivity
at low humidity or high temperature, and high methanol
permeability restrict the extent of their application and
commercialization [4, 9, 10]. At high temperatures, the con-
ductivity tends to decrease due to humidity loss. Therefore,
the researchers have directed their efforts towards obtaining
alternate membranes that are also stable and efficient at
elevated temperatures [1–3, 6–9].

Engineering plastics have become the subject of many
studies of developing proton exchange membranes used in
fuel cells, which involve polytetrafluoroethylene (PTFE), pol-
y(tetrafluoroethylene-co-hexafluoropropylene) (FEP), pol-
y(tetrafluoroethylene-co-perfluoropropylvinylether) (PFA),
poly(ethylene-alt-tetrafluoroethylene) (ETFE), poly(ether
ether ketone) (PEEK), and poly(vinylidene fluoride) (PVDF)
films. In these studies, the base film was modified via
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grafting using UV-light, 𝛾-rays, electron beam, X-ray, and
gamma radiation techniques [3, 9, 11–29]. Previously, Asano
et al. reported on the development of proton-conducting
membranes generated by the 𝛾-ray radiation grafting of
styrene and its derivatives onto fluorine-containing base
films and subsequent sulfonation [12, 15, 22, 27]. However,
due to the poor mechanical properties caused by high
energy 𝛾-ray preirradiation, use of these membranes in
fuel cell applications would be limited [28]. To avoid deg-
radation of the precursor polymer, the same research group
used a novel UV-induced polymerization approach to
graft styrene onto partially fluorinated poly(ethylene-co-
tetrafluoroethylene) (ETFE) and PTFE films. They obtained
membranes with higher mechanical strength and similar
proton conductivities compared with 𝛾-ray radiation grafted
ones and Nafion [16, 21].

Quite recently, we employed the above-mentioned UV-
induced polymerization process in the grafting of styrene
and 4-(chloromethyl)styrene onto partially fluorinated poly
(vinylidene difluoride) (PVDF) [3, 9]. It was seen that the
degree of grafting increased with the grafting time, reaching
above 100% after 8 hours while Asano and his coworkers
reported about 10% increase in the degree of grafting of
styrene onPTFEfilms after 8 hours [13]. Chen et al. also found
that the degree of grafting for ETFE films reached up to 59%
after 6 h of UV irradiation [16].The high grafting efficiency in
our work was partly attributed to the fact that more initiating
radicals might have formed on the surface of PVDF due to
quantitative homolytic cleavage of C–H bonds rather than
sole C–F bonds of PTFE [3, 9].

Azole functional membranes have received great interest
in the fabrication of anhydrous PEMs, which are suitable for
high temperature fuel cell applications [10]. In azole side-
functional polymers, the aliphatic backbone chain improves
the fabrication property, and the azole side groups may
act as proton donors and acceptors. The proton transport
occurs between hydrogen bonds of neighboring heterocyclic
units through structure diffusion [1, 3, 6, 7, 10]. However,
studies on grafted films containing readily available N-
heterocyclic monomers are very rare [23–25, 29]. Recently,
Schmidt and Schmidt-Naake reported on the prepara-
tion of phosphoric acid (PA) doped 4-vinylpyridine (4VP)
grafted poly(ethylene-co-tetrafluoroethylene), ETFE-graft-
poly(4VP), by using radiation-induced grafting method [23].
Quite recently, Nasef et al. and Lepit et al. declared that the
preparation of phosphoric acid (PA) doped 4-vinylpyridine
(4VP) and 1-vinylimidazole (VIm) grafted ETFE and PVDF
based electrolyte membranes were prepared via radiation-
induced grafting method, respectively [24, 25, 29].Therefore,
it is remarkable that a graft copolymer consisting of 1-vinyl-
1,2,4-triazole (VTri) and a PVDF based matrix is prepared
under UV light in one step to achieve an anhydrous PEMs.

In this contribution, PVDF-g-PVTri membranes were
synthesized by UV-induced surface grafting of vinyl triazole
(VTri) onto PVDF in a single step. They were subsequently
doped with triflic acid to obtain anhydrous PEMs. All mem-
branes were characterized by 1H-NMR and FTIR spectro-
scopic analysis. Their thermal properties were examined by

thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements. The surface morphology
of the membranes was characterized by scanning electron
microscopy (SEM). The proton conductivity of the mem-
branes was investigated by dielectric-impedance analyzer for
anhydrous PVDF-g-PVTri-(TA)

𝑥
(𝑥 = 1.0, 2.0 and 3.0)

membranes.

2. Experimental

2.1. Materials. Polyvinylidene fluoride (PVDF, average Mw
∼534,000) was purchased from Fluka. Acetone (≥99.9%) was
purchased fromMerck.Dimethylformamide (DMF,≥99.9%),
benzophenone (BP, ≥99%), polyvinyl acetate (PVA, average
Mw ∼ 83,000), 1-vinyl-1,2,4-triazole (>97%), and trifluo-
romethanesulfonic acid were supplied from Aldrich. They
were all reagent grade and used as received.

2.2. Preparation of PVDF Membranes. The membranes were
prepared from 7% (w/w) PVDF polymer solutions in DMF
according to our previous works [3, 9]. The solution was cast
on PTFE petri dish to obtain thin film and dried at room
temperature for several hours before heating at 40∘C for 2 h
under vacuum. Finally, the polymer was recovered as a flat-
sheet membrane from the bottom of the PTFE petri dish.
The thickness of the received membranes is in the range of
25–100 𝜇m. All PVDF films were cut into 2 cm × 2 cm pieces
and stored in vacuum at 40∘C before use.

2.3. Synthesis of Vinyltriazole-Grafted PVDF Membranes
(PVDF-g-PVTri). TheUVsurface photografting ofVTri onto
the PVDF base film was performed as follows. First, a
50 𝜇m thick PVDF film was immersed in acetone solution
containing 0.5 wt% benzophenone, and 0.5 wt% poly(vinyl
acetate) (PVA) for 5–8 s at room temperature and then it was
dried under vacuum for 24 h at 40∘C before use. Then, for
photografting, 0.8mL of VTri, 10mL of distilled water, and
3mL of acetone were mixed in a Quartz tube and nitrogen
was bubbled through the solution for about 30min to remove
the oxygen before the irradiation. The photoinitiator coated
PVDFfilmwas reserved standing in aQuartz tube containing
the vinyltriazole solution and theQuartz tube was placed into
the photoreactor equipped with a 400W medium pressure
mercury lamp (254 nm) to induce grafting. The temperature
inside the UV reactor was kept at 60∘C for 2 h [3, 9]. The
grafted filmwas separated andwashedwith distilled water for
several hours to remove the unreacted monomer and PVTri
homopolymer. The obtained membrane was then dried in a
vacuum oven at 40∘C.

2.4. Doping of PVDF-g-PVTri Graft Copolymer Membranes
with Triflic Acid (TA). A stoichiometric amount of PVDF-g-
PVTri filmswas admixedwith TA inDMF, and homogeneous
solutions of PVDF-g-PVTri-(TA)

𝑥
were produced. Solutions

with (𝑥 = 1.0, 2.0 and 3.0) moles were prepared, where 𝑥
is the number of moles of –SO

3
H per mole of triazole units.

The solutions were cast in polished polytetrafluoroethylene
(PTFE) plates, and the solvent was evaporated and dried in
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vacuum oven for several days at 50∘C. The films were stored
in glove box for characterizations.

2.5. Characterizations. FTIR spectra were recorded using a
Bruker Alpha-P in ATR in the range of 4000–400 cm−1.1H-
NMR spectra were recorded using a 400MHz Bruker Avance
spectrometer. Chemical shifts are reported in ppm relative to
TMS as internal standard.

Thermal stabilities of the polymer electrolytes were exam-
ined by a Perkin Elmer STA 6000 Thermal Analyzer. The
samples (∼10mg) were heated from 30∘C to 750∘C under N

2

atmosphere at a scanning rate of 10∘C/min.
Perkin Elmer JADE Differential Scanning Calorimetry

(DSC) was used to explore the thermal transitions of the
samples. The samples (∼10mg) were filled into aluminum
pans and then heated to the desired temperature at a
rate of 10∘C/min under nitrogen atmosphere. In heat flux
instruments, the sample and reference are heated from the
same source and the temperature difference was measured.
During the measurements, firstly, the samples were heated
from −40∘C to 200∘C and then they were cooled from 200∘C
to 0∘C.Then, the second heating was performed from 0∘C to
250∘C at a rate of 10∘C/min under nitrogen atmosphere and
the second heating curves were evaluated.

Cyclic voltammograms were obtained with a potentio-
stat CHI instrument Model 842B. Voltammograms of all
membranes were recorded in a three-electrode CV sys-
tem, using a polymer electrolyte modified Pt working elec-
trode and a Pt counter electrode. The reference electrode
was silver/silver chloride (Ag/AgCl) calibrated by a fer-
rocene/ferricinium redox system. Cyclic voltammetry studies
were carried out in 0.1M tetraethylammonium tetrafluorob-
orate (TEATFB)/acetonitrile.

The bulk composition and the surface morphology of
graft copolymers were determined by the energy dispersive
X-ray spectrometry (EDS) method using a scanning electron
microscopy (SEM) type JEOL-7001 FESEM (Tokyo, Japan)
instrument. All of the samples were previously coated with
gold for 150 s in a sputtering device. The carbon, fluor, and
nitrogen were measured from six different regions in the
samples and the average value is used.

The proton conductivity studies of the samples were per-
formed using a Novocontrol dielectric-impedance analyzer.
The samples were sandwiched between platinum blocking
electrodes and the conductivities were measured in the
frequency range of 1Hz to 3MHz at 10∘C intervals. The
temperature was controlled with a Novocontrol cryosystem,
which is applicable between −150 and 250∘C.

3. Results and Discussions

PVTri grafted PVDF films were obtained via UV-induced
polymerization of VTri in the presence of BP sensitizer. The
films coated with BP were irradiated under a high pressure
400-W mercury lamp and presumably free radicals, formed
on the surface by abstraction of fluorines or hydrogens
with excited benzophenone, and initiated polymerization as
illustrated in Figure 1 [3, 9]. Finally, anhydrous PEMs were

successfully prepared upon doping the grafted films with
triflic acid at various ratios.

3.1. FTIR Studies. To provide evidences for grafting and TA
doping, FTIR analysis was performed on the membrane
in comparison with PVTri homopolymer, pristine PVDF
and VTri grafted films, and acid-doped proton conduct-
ing membranes as shown in the FTIR spectra revealed
in Figure 2. Medium strong peaks in the 1430–1650 cm−1
range belong to the triazole rings of the pristine PVTri
homopolymer and are due to the ring stretching (C–N,
C=N) vibrations. The broad peak centered at 3430 cm−1 and
the peak at 1270 cm−1 are caused by the O–H vibration of
molecular water interacting with the pristine PVTri [30] and
the N–N stretching, respectively. The spectrum of PVDF
film displayed a number of strong bands in the range of
1000–1370 cm−1 representing CF

2
groups, in addition to, a

small band between at 3024 cm−1 and 2982 cm−1 representing
stretching vibrations of –CH

2
groups [3, 9]. The grafted films

showed additional characteristic bands in the 1430–1650 cm−1
range due to ring stretching (C–N, C=N) vibrations [7, 30].
The bands at 2800–3600 cm−1 were assigned for N–H and
C–H of the grafted vinyltriazole rings, respectively, which
may be mostly involved in a network of hydrogen bonding
between triazole rings and moisture. These signs confirmed
that the VTri monomer was grafted onto PVDF base films.
After doping the PVDF-g-PVTri graft polymer, triflic acid
gives several absorptions between 1000 cm−1 and 1250 cm−1.
The strong bands at 1208 and 1269 cm−1 are attributed to SO

2
,

and a strong absorption peak at 1026 cm−1 most probably
belongs to –SO

3

−[H+]. The protonation of the triazole rings
is confirmed by the apparition of a peak at around 3170 cm−1
and the broad peaks around 3500 cm−1 [1, 6, 31, 32].

3.2. 1H-NMR Analysis. Figure 3 show the 1H-NMR spectra
of PVDF and PVDF-g-PVTri graft copolymer. For both
samples, the strong peaks at 2.51 and 3.40 ppm are due
to DMSO and water, respectively. The 1H-NMR spectrum
revealed two peaks at 2.9 and 2.3 ppm (a), assigned to the
head-to-tail (ht) and tail-to-tail (tt) bonding arrangements
of vinylidene fluoride units, respectively [3, 9]. The peaks
at around 8.77 and 8.06 ppm (b, c) that belong to –CH
protons of the triazole ring typically confirm the successful
completion of photoinduced grafting in PVDF-g-PVTri graft
copolymers [3, 7]. The integration ratio of the protons in
the 1H-NMR yielded a degree of grafting of 21% using the
following equation:

Degree of Grafting (GD) (%)

=

MW
(vinyltriazole) × 𝐴 (b, c)

MW
(PVDF) × 𝐴 (a)

× 100,

(1)

whereMWismolecularweight and𝐴(a) are the integral areas
of the characteristic peak (a) of the PVDF main chain (used
as reference peak) and –CH protons of the triazole ring (b, c)
of PVTri, respectively.
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Figure 1: Process for the synthesis of PVDF-g-PVTri-(TA)
𝑥
PEMs by UV surface photografting.

Table 1: Azole content of VTri found from EDS results.

Sample C (%) F (%) N (%)
PVDF-g-PVTri 40.76 49.85 7.29 Calculated
PVDF-g-PVTri 43.71 49.62 6.47 Found

The composition of PVDF-g-PVTri was determined by
EDS analysis and the results are summarized in Table 1, which
were well supported by C, F, and N content calculated in
conjunction with grafting degree (GD) obtained from 1H-
NMR.

3.3. Thermal Analysis. The DSC measurements were carried
out under inert atmosphere at a scan rate of 10∘C/min and
the second heating curves were evaluated. DSC thermograms

of the original PVDF, VTri grafted PVDF, TA-doped mem-
branes, and PVTri homopolymer are illustrated in Figure 4.
Previously, the Tg of pure PVTri homopolymer and PVDF
film were reported as 165∘C [30] and −50∘C [33], respectively.
The Tg of PVDF-g-PVTri was not observed. The melting
point (𝑇

𝑚
) of original PVDF was captured at 158∘C and

PVDF-g-PVTri exhibits a melting point at approximately
153∘C (Figure 4). Since the photografting was applied on
the membrane form of PVDF, the 𝑇

𝑚
was observed due

to the presence of ordered PVDF regions [3, 9]. Moreover,
the reduction in the melting point could be a considerable
decrease of the crystalline region of PVDF with the amor-
phous PVTri grafts.The Tg of TA-doped membranes can not
be observed, which may be due to ionic interaction of acid-
based units [3] (Table 2).

The thermal stability of the polymers was examined with
TGA in comparison with the pristine PVDF and PVTri
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Figure 2: FTIR spectra of PVTri, PVDF, PVDF-g-PVTri, and acid-doped PVDF-g-PVTri-(TA)
𝑥
(𝑥 = 1.0, 2.0 and 3.0) membranes.

homopolymers, PVTri grafted PVDF, TA-doped proton con-
ducting membranes, and the obtained TGA curves shown in
Figure 5. For the pristine PVTri homopolymer, the exponen-
tial weight decay until 200∘C can be attributed to absorbed
humidity. Above 350∘C, a remarkable weight loss is derived
from the thermal decomposition of the side groups and
polymer main chain [30]. The original PVDF film showed
a single-step degradation pattern with transition at about
450∘Cdue to the decomposition ofmolecular chains of PVDF
film [3, 9]. The PVDF-g-PVTri graft copolymer exhibited a
two-step degradation pattern at 390 and 460∘C due to the
decomposition of PVTri grafts and the PVDFmatrix, respec-
tively. After doping the PVDF-g-PVTri polymer membrane

with TA, the thermal stability of the membranes decreases.
TA-doped membranes demonstrated a single-step degrada-
tion patterns which are thermally stable up to approximately
330∘C.These results are in a good agreement with similar TA-
doped membranes obtained by grafting various basic vinylic
monomer onto fluorinated polymer films [3]. From the TGA
results, it can be suggested that the obtained membranes can
be used for testing in high temperature PEMFCs up to 300∘C.

3.4. Morphology. Surface morphologies of the membranes
were systematically examined using SEM analysis and the
images of pristine PVDF, both undoped andTA-doped PVTri
grafted PVDF membranes illustrated in Figure 6. There
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6
.

is formation of a smooth surface of the pristine PVDF
membrane as depicted in Figure 6(a). In addition, image (c)
showed formation of a smooth surface while in image (b), at
the nanometer scale, formation of a highly porous surfacewas
observed. This confirmed that VTri monomer was grafted
onto the virgin PVDF (Figure 6(b)). The images of both
PVDF (a) and acid-doped membrane (c) show some small
cracks due to solvent evaporation during the preparation of
membranes [3, 29].

3.5. Proton Conductivity. Proton conductivity is one of the
most important properties of polymer electrolytemembranes
(PEMs) for fuel cells. The AC conductivities, 𝜎ac(𝜔), of
the polymers were measured at several temperatures using
impedance spectroscopy. Frequency-dependent AC conduc-
tivities (𝜎ac(𝜔)) were measured using the following equation:

𝜎

(𝜔) = 𝜎ac (𝜔) = 𝜀


(𝜔) 𝜔𝜀

𝑜
, (2)

where 𝜎(𝜔) is the real part of conductivity, 𝜔 = 2𝜋𝑓 is
the angular frequency, 𝜀

𝑜
is the vacuum permittivity (𝜀

𝑜
=

8.852 × 10
−14 F/cm), and 𝜀 is the imaginary part of complex

dielectric permittivity (𝜀∗). The acid-doped membranes were
fixed between additional external parallel plate electrodes
(between platinum blocking electrodes) to form a sandwich

using the simple two-electrode method and impedance was
measured by varying the temperature from 20∘C to 150∘C.

Figure 7 shows the AC conductivity of PVDF-g-PVTri-
(TA)
3
versus frequency at several temperatures. As expected,

the proton conductivity increases as temperature increases.
There are several regions in the curves which are typical for
proton conducting polymers. At lower frequency regions, the
conductivity increases with log frequency and then leveled
off which is due to electrode polarizations. The irregularities
at the low frequency side correspond to polarization, block-
ing the electrode-electrolyte interface, and the conductivity
increase at low temperature and high frequencies results
from the regular dispersion in polymer electrolytes [3, 7,
9, 10, 34]. Maximum proton conductivities of the obtained
anhydrous PEMs are listed in Table 2. It can be seen that as
the amounts of triflic acid increase, the conductivity values
increase as expected since it has a direct contribution in the
conduction mechanism. In the anhydrous conditions, the
proton conductivity of PVDF-g-PVTri-(TA)

3
was measured

as 6 × 10−3 Scm−1 at 150∘C.
The DC conductivity (𝜎dc) of the samples was derived

from the plateaus of log 𝜎ac versus log F by linear fitting of the
data.TheDC conductivities of the samples were compared in
Figure 8. The conductivity isotherm illustrates that the DC
conductivity depends on the temperature and doping ratio
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Table 2: Doping ratio with TA and 𝑇
𝑔
and maximum proton conductivity values of PVDF based membranes.

Sample name Doping ratio with TA 𝑇
𝑔
(∘C) Max. proton conductivity (Scm−1)

PVDF — −50∘C —
PVTri — 165∘C 1.13 × 10−7 Scm−1 at 150∘C
PVDF-g-PVTri — a —
PVDF-g-PVTri-(TA)1 1 : 1 a 7 × 10−4 Scm−1 at 150∘C
PVDF-g-PVTri-(TA)2 1 : 2 a 3 × 10−3 Scm−1 at 150∘C
PVDF-g-PVTri-(TA)3 1 : 3 a 6 × 10−3 Scm−1 at 150∘C
a: 𝑇𝑔 was not observed due to ionic interactions that may result in the restriction of the segmental relaxations.
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Figure 4: DSC thermograms of PVDF, PVTri, PVDF-g-PVTri, and
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(𝑥 = 1.0, 2.0 and 3.0) membranes recorded

under N
2
atmosphere at a heating rate of 10∘C/min.

of triflic acid. The DC curves are closer to linear-type curves
which can be explained with the following equation:

ln𝜎 = ln𝜎
0
−
𝐸
𝑎

𝑘𝑇
, (3)

where 𝜎
0
is the preexponential terms, 𝐸

𝑎
is the activation

energy, and 𝑘 is the Boltzmann constant. Arrhenius behavior
is generally observed in the matrices where, during the
measurement temperature range, no 𝑇

𝑔
was observed and

there is no change in linearity of DC curve.
Recently, many researchers have tried to get very different

methods such as irradiation [2], photografting [3], UV-light
[9], or ATRP methods [11, 35–41] to prepare PEMs that
are composed of PVDF since it is cheaper than Nafion
while analogous in chemical nature to Nafion. The proton
conductivity in these studies is based on the humidity content
and not applicable at high temperatures.The grafted structure
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𝑥
(𝑥 = 1.0, 2.0 and 3.0)membranes at a heating

rate of 10∘C/min in inert atmosphere.

acid-doped PVTri was previously studied and high proton
conductivity was reported as 0.005 S/cm at 150∘C [30]. So far,
very few studies of PVDF and azole based anhydrous PEMs
designs were reported [3, 9, 29]. In these studies, a novel UV-
induced polymerization method was employed in the graft-
ing of styrene and 4-(chloromethyl)styrene onto partially flu-
orinated PVDF [3, 9]. Golcuk et al., reported the preparation
of TA-doped triazole-functional poly(chloromethyl styrene)
grafted PVDF, PVDF-g-PCMS-Tri-1TA, with a maximum
proton conductivity of 0.02 S/cm at 150∘C and anhydrous
conditions [3]. In another work reported by Golcuk et al., a
maximum proton conductivity of 5 × 10−5 S/cm at 150∘C was
found for triazole doped poly(styrenesulfonic acid) grafted
PVDF. Besides, Lepit et al. reported a maximum proton
conductivity of 1 × 10−3 S/cm at 100∘C for 1-vinylimidazole
(VIm) and PVDF based PEMs prepared via radiation-
induced grafting [29].

In the present study, PVDF provided good film formabil-
ity and high thermal and mechanically stable matrix in the
obtained graft copolymer membranes (PVDF-g-PVTri). The
proton conductivity is carried out between triazole and triflic
acid units in the grafted matrices. The highest maximum
proton conductivity of PVDF-g-PVTri-(TA)

3
was found as
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(a) (b)

(c)

Figure 6: SEM images of the surface of (a) virgin PVDF, (b) PVDF-g-PVTri, and (c) PVDF-g-PVTri-(TA)
3
membranes at 100 nm scale level

by 130,000x magnification, respectively.
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Figure 7: AC conductivity versus frequency of PVDF-g-PVTri-
(TA)
3
at several temperatures.

6 × 10−3 S/cm at 150∘C. Since the proton conductivity is
directly proportional to the amount of triflic acid in themem-
brane, the conductivity values of acid-doped PVDF-g-PVTri
increase as expected. Furthermore, the porousmorphology of
PVDF-g-PVTri graft copolymers participates in good proton
conduction because of strong interaction between –SO

3
H

groups of triflic acid and the triazole units of PVTri [34].This
continuous pathway may transmit proton transfer over the
sulfonic acid groups and triazole groups [3, 6, 10].

3.6. Cyclic Voltammetry. Cyclic voltammogram of PVDF-
g-PVTri-(TA)

3
was given in Figure 9. In fact, by using a

platinum work electrode, a platinum auxiliary electrode, and
an Ag/Ag+ reference electrode, the measurement was done
in a typical three-electrode cell that included 0.1mol dm−3
CH
3
CN solution of tetrabutylammonium hexafluorophos-

phate (TBAPF6). By showing that the PVDF-g-PVTri-(TA)
3

reveals no peakwithin in the anodic and cathodic sweep (−2.0
to 2.0V potential range), the voltammogram indicates that
the electrochemical stability window is about 4V. Therefore,
it can be said that the PVDF-g-PVTri-(TA)

3
membrane

had an adequate electrochemical stability under fuel cell
conditions.
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Figure 8: Variation of the DC proton conductivity of PVDF-g-
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𝑥
(𝑥 = 1.0, 2.0 and 3.0) membranes as a function of

reciprocal temperature.
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Figure 9: Cyclic voltammograms of PVDF-g-PVTri-(TA)
3
in 0.1M

TBATFB/acetonitrile. Curves were obtained with a scan rate of
50mV/s.

4. Conclusions

Proton exchange membranes (PEMs) were prepared by UV
photoinduced surface grafting of 1-vinyl-1,2,4-triazole (VTri)
monomer onto poly(vinylidene fluoride) (PVDF) followed
by doping with triflic acid to achieve PVDF-g-PVTri-(TA)

𝑥

(𝑥 = 1.0, 2.0 and 3.0) membranes where 𝑥 is the number
of moles of TA per mole of VTri. The success of grafting
was evidenced using 1H-NMR and FTIR.Thermal properties
were examined by TGA and DSC measurements. TGA
showed that the PVDF-g-PVTri and PVDF-g-PVTri-(TA)

𝑥

membranes were thermally stable up to 390∘C and 330∘C,

respectively. NMR showed a grafting efficiency of 21%, which
was, as well, supported by EDS analysis. CV study illustrated
that electrochemical stability domain for PVDF-g-PVTri-
(TA)
3
extended over 4.0 V. The proton conductivity of the

membranes was measured and PVDF-g-PVTri-(TA)
3
, with

a degree of grafting of 21%, showed a maximum proton
conductivity of approximately 6 × 10−3 Scm−1 at 150∘C under
anhydrous conditions. Therefore, this thermomechanically
stable conducting graft copolymer membrane may be a
suitable candidate to be employed in high temperature fuel
cells.
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