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A proton conducting poly(vinylidene fluoride) (PVDF) supported zirconium phosphate (ZrP)
ion-exchange membrane (ZrP/PVDF) was synthesized for potential application in DMFC by
filling the pores of a PVDF film with in-situ grown ZrP particles. Presence of labile protons
attached to P=O group was confirmed from 'H NMR and FT-IR characterizations. SEM
micrographs showed defect-free top surface. The thermal stability and mechanical
strength of the ZrP/PVDF membrane was better than Nafion-117. Water to methanol uptake
ratio was higher while methanol cross-over for ZRP/PVDF membrane was lower than
Nafion-117. Membrane possessed fair electrochemical properties; 0.85 static counter-ion
transport number, 0.76 meqg " ion exchange capacity and 1.25 mScm " proton conduc-
tivity at 30 °C. DMFC performance of the synthesized membrane at 35 °C was compared

PVDF with the Nafion-117. DMFC studies were also done at different operating conditions and the
Methanol crossover maximum peak power density was 32.3 mWcm 2 at 60 °C, 1 M methanol concentration and
DMFC 60% relative humidity.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
and deterioration in performance at elevated temperature
Introduction

(>80 °C) has led to the search for alternative membranes.
Inorganic-organic ion-exchange membranes composed of

In the recent past, interest in advanced functional materials,
like membranes, electro-catalysts, and bipolar plates, has
gained much attention due to emergence of various energy
devices like fuel cell, batteries, sensors etc. Among all these
devices, fuel cell particularly the direct methanol fuel cell
(DMFC) has unique features of easy operation, higher energy
density with low emission [1]. Membrane's properties
considerably affect the DMFC performance. At present, poly-
meric membranes have been found to be the most appropriate
for DMFC applications; however their poor thermal stability
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organic support with distributed inorganic phase having
functional (ionic) groups possess enhanced physical and
chemical properties compared to both organic and purely
inorganic membranes and have potential to be used in DMFC.
The inorganic phase is selected on the basis of its ion ex-
change capacity (IEC) and proton conductivity. A type of
inorganic ion-exchangers, called fast proton conductors have
gained interest in recent times. These materials are acid salts
of tetravalent metal and their general chemical formula is [M
(IV) HPO4, nH,0] where, M is the tetravalent metal e.g., Sn, Zr,
Ti. Protons (H*) of the hydroxyl group (—OH) structurally
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mailto:anupam@chemical.iitd.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2015.05.117&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.05.117
http://dx.doi.org/10.1016/j.ijhydene.2015.05.117
http://dx.doi.org/10.1016/j.ijhydene.2015.05.117

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (2015) 9410—9421

9411

bound to the metal M acts as ion-exchangeable sites [2,3] and
enable proton conduction. A number of small cations (Li*,
Na™, Ca®' etc.) can be exchanged with H' providing high IEC
[4]. Protons can easily move on surface containing hydrated
—OH groups [5]. Zirconium phosphate (ZrP) is one of the most
widely studied fast proton conductors because it has high IEC
(6.64 meqg™?) [3]. Also, ZrP is thermally stabile up to 450 °C.
However, it has very low proton conductivity, in the range of
107°-10"% Sem ! [5].

Recent literature reported synthesis of inorganic-organic
composite membranes by impregnation of porous support,
of polymeric materials such as poly(vinylidene fluoride)
(PVDF), poly(tetrafluoro ethylene) (PTFE), poly(propylene) (PP),
poly(ethersulfone) (PES), with a colloidal suspension of inor-
ganic ion exchangers [6]. It was pointed out by Alberti et al. [7]
that the transfer of the colloidal dispersion of ZrP particles
into a polymeric matrix enables proper dispersion of the
inorganic particles due to their small particle size (ranging
from nano to micrometers). The advantages of such com-
posite inorganic-organic membranes include low cost, good
mechanical strength in both wet as well as dry state, and good
thermal stability. In addition, it is possible to obtain mem-
branes much thinner than Nafion-117 (175 pm) yet maintain-
ing comparable mechanical strength and methanol cross-
over. Thinner dimensions leads to lower areal resistance of
the membrane. ZrP based membranes have been reported in
literature [8—10]. Some of them have shown that hybridization
of Nafion membrane with inorganic ZrP reduces methanol
crossover of the membrane.

In this work, synthesis of ZrP based proton conducting
membrane is described. Synthesis was carried out by
impregnating porous polymeric PVDF film of sub-micron pore
size with in-situ grown ZrP particles. Synthesized ZrP/PVDF
membrane was characterized using various physico-chemical
(*H NMR, XRD, FT-IR, SEM, stability test, water uptake) and
electrochemical characterization techniques (Transport
number, IEC, proton conductivity). Methanol crossover was
measured and the membrane's performance in DMFC was
compared with that of Nafion-117.

Experimental
Materials

Porous PVDF film (pore size 0.22 pm, thickness 50 pm) was
procured from Rankem Pvt. Ltd., India. Zirconyl oxycholoride
(ZrOCl, 8H,0) and ortho-phosphoric acid (H3PO,4) were pur-
chased from Central Drug House (CDH), India. Other chem-
icals like methanol, sodium chloride, acetone, ethanol,
hydrogen peroxide, hydrogen chloride and sulfuric acid were
purchased from Merck Ltd., India. All the chemicals were of
AR grade and triple de-ionized water was used for all the
experiments.

Synthesis
ZrP ion-exchanger

ZrP powder was prepared by adding 10 ml of 5 wt.% zirconyl
oxychloride (salt precursor of zirconium ion (Zr*")) to 10 ml of

0.5 M H3PO, solution while stirring. A few drops of HCI acid
were also added to the solution to maintain the pH between 2
and 3. The prepared solution was stirred for 2 h at room
temperature during which it turned milky. It was then filtered
(using Whatman filter, Grade 1) to obtain white precipitate.
The obtained white precipitate was washed multiple times
with water to remove excess acid followed by heating at 120°C
for 12 h to get the ZrP powder. The prepared ZrP powder was
characterised using FT-IR, particle size analyzer (PSA) and
XRD.

ZrP/PVDF membrane

Membrane was synthesized in two steps. First a porous PVDF
film was immersed in 5 wt.% ZrOCl, aqueous solution at 80 °C
for 6 h. In the second step, after removing excess solution
from the surface, the ZrOCl, impregnated PVDF film was
immersed in 0.5 M H3PO, solution containing few drops of HCl
for 48 h for the in-situ formation of ZrP inside the pores of the
PVDF film. This was followed by heat treatment at 120 °C for
12 h.

Characterization

Characterization of ZrP

TH-MAS NMR spectroscopy of the synthesized ZrP sol was
done on a Bruker Electrospin machine (make: Bruker USA,
model: 300 MHz) to determine the state of protons (H") pre-
sent in the sol. For this DMSO-d¢ (di-methyl sulphoxide dis-
solved in deuterated water) was used as an NMR solvent. The
chemical shifts (up-fields and down-fields) and peaks were
referenced to tetramethoxysilane (TMS) used as an external
standard. The particle size distribution (PSD) and zeta poten-
tial of ZrP particles of the sol was measured at 30 °C and 60%
RH on a particle size analyzer (make: Malvern Instruments UK,
model: S90). The FT-IR of the ZrP powder, obtained by drying
the ZrP sol, was measured on a spectrometer (make: Thermo
Nicolet USA, model: 6700) in transmittance mode over wave-
number range of 500—4000 cm™*. For this purpose, a pellet was
made by mixing the powered sol with KBr and then it was heat
treated at 100 °C for 2 h to remove the moisture. XRD of the
powdered form of the sol was done on an X-ray diffractometer
(make: Philips Pro Xpert The Netherlands, model: PW 3040)
operated at 45 kV and 40 mA with monochromatic Cu K, ra-
diation. The two theta (20) range was kept between 10 and 60°
with step size of 0.02°. Both XRD and FT-IR test were per-
formed at 30 °C and 60% RH.

Characterization of ZrP/PVDF membrane
XRD. XRD of the membrane was done in a way similar to that
of the powdered sol described above.

Scanning electron microscopy-enerqgy dispersive X-ray
spectroscopy (SEM-EDS)

SEM (make: ZEISS Germany, model: EVO-50) was used to study
the surface morphology of PVDF film and ZrP/PVDF mem-
brane. Samples were dried at 150 °C for 2 h to remove the
moisture and then coated with gold under vacuum before
performing the SEM experiment. Elemental composition of
the synthesized membrane was determined using EDS.
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Thermo-gravimetric analysis/differential scanning calorimetry
(TGA/DSC)

Loss in weight of the membrane and heat flow with rising
temperature was measured using TGA/DSC analyzer (make:
TA Instruments USA, model: TA-Q600). 10 mg of membrane
sample was used and experiment was carried out with air flow
rate of 200 ml min~*. Temperature was increased up to 800 °C
at the rate of 10 °C min~". Heat involved and released (endo-
thermic and exothermic reactions) was measured using DSC.
TGA was also carried out for Nafion-117 membrane under
identical conditions.

Tensile test

Tensile strength of the membrane was measured at room
temperature (30 °C) and 60% RH on an Instron Tester (make:
Instron Microtensile Tester Singapore, Model: 5848) as per
ASTM standard D4595 (at the crosshead speed of 5 mm min ™"
under test load of 10 N). Size of the specimen was
15 mm x 5 mm. The tensile strength was measured in dry
state. Three measurements were made and the average value
is reported.

Oxidative stability test

Oxidative stability of membrane sample was determined by
immersing it in hot Fenton's reagent (3% H,0, aqueous solu-
tion containing 2 ppm FeSO,) at 80 °C. Weight loss of the
membrane in hot Fenton's reagent was measured every 1 h
and till the sample started to break or dissolve in solution.

Water and methanol uptake

Membrane sample was immersed in de-ionized water for 24 h
after which it was taken out from the water. The water on the
surface of the sample was removed by wiping with tissue
paper and the sample was weighed immediately. Water up-
take was calculated as,

_ (Wwet - Wdry) %

Water uptake(%) = 100 (1)

dry
where, Wyt and Wy,y are the weights of membrane sample in
wet and dry states.

Identical procedure was used for methanol uptake. Instead
of water, membrane was immersed in methanol. All the
measurements were carried out at room temperature (30 °C)
and 60% RH.

Transport number

Transport number of the membrane was calculated from
membrane potential measurement done using the diffusion
cell technique. The diffusion cell comprised of two compart-
ments of volume 27 cm? each, separated by the membrane of
circular shape with an exposed area of 12.56 cm? Ag/AgCl
electrodes were placed inside each compartment of the
diffusion cell. Aqueous NacCl solutions of two different con-
centrations were used for the experiments. Membrane was
equilibrated with NaCl solution of lower concentration for
24 h and then mounted on the cell. Lower concentration NaCl
solution (0.01 M) was filled in the compartment on the support
side of the membrane while the higher concentration solution
(0.1 M) was filled in the compartment on the active side of the

membrane. Potential difference between the bulk of liquids in
the two compartments was measured using Ag/AgCl elec-
trodes and a multimeter (make: Mastech Inc. India, model:
3900). Transport number for the cation (Na') inside the
membrane was calculated using Plank-Henderson equation
given below [11],

&
- nF

(2, - Ding! )

Em
where, E;, is the membrane potential (V), t, is the transport
number for Na* ion, C; is the higher concentration (0.1 M) and
C, is the lower concentration (0.01 M) of NaCl. R is the uni-
versal gas constant (8.314 Jmol~*K™?), F is the Faraday's con-
stant (96,485 Cmol ) and T is temperature (K).

IEC

IEC was determined using acid-base titration method using
method reported in literature [12]. The synthesized mem-
brane was kept in 100 ml of 0.1 M NaCl solution for 24 h to
allow the exchange of H* ions with Na*. The solution was
then back-titrated with 0.5 M NaOH using phenolphthalein as
an indicator. IEC (meqg~?) was calculated as,

IEC _ VNaOHMNaOH (3)
Wary

where, Vyaon and Myaon is volume and molarity of NaOH,
Wary is the weight of dry membrane (g). The membrane
sample was regenerated using aqueous 0.5 M HCI solution.
Three cycles of ion-exchanging and regeneration were carried
out and the reported values are for the third cycle.

Proton conductivity

Proton conductivity of the membrane at 30 °C and 60% RH was
calculated from measured values of resistance and thickness.
Resistance of the two-compartment cell (described above for
membrane potential measurement) with and without mem-
brane was measured on a Potentiostat/Galvanostat with fre-
quency response analyzer (make: Gamry Instrument Inc. USA,
model: Reference-600) using two-probe impedance method.
Membrane was equilibrated with 0.5 M HCI solution for 12 h
before measurement. Both the compartments were filled with
0.5 M solution of HCl. 10 mV amplitude ac signal was scanned
from 1 mHz to 1 MHz. Impedance value at zero phase angle
was taken as the resistance of the cell. Membrane resistance
(Rm) was obtained from difference of resistance values of cell,
with and without membrane. The specific conductivity (c) and
areal resistance (R) of the membrane was calculated as,

L
o= A )
L
Rareal = g (5)

where, Ry, is resistance (Q), L is the thickness (cm), A is the
exposed area (cm?) and Ryyeq1 is the areal resistance (Q—cm?) of
the membrane.

Methanol crossover
A two-compartment diffusion cell was used to measure the
permeation of methanol through synthesized membrane.
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Both compartments, of capacity of 20 cm? each, had provision
for stirring. Initially, one compartment (A) contained an
aqueous solution of methanol (1 M) while the other (B) con-
tained de-ionized water. Liquids in both the compartment
were continuously stirred during the experiments in order to
maintain uniform concentration throughout the compart-
ment. The concentration of methanol in compartment B was
determined at different times using a gas chromatograph
(Make: Nucon Gas Chromatograph India, Model: 5765) equip-
ped with flame ion detector (FID). Methanol permeability (P) at
30 °C and 60% RH was calculated by the below given formula
reported in literature [13],

W)
At

C3 —Ca

P t
CL—Ca

(6)

where C§ is the initial methanol concentration in compart-
ment B, Cj is the methanol concentration in compartment B at
a particular time t, Co the methanol concentration in
compartment A and Vj the volume of compartment B, A is the
exposed area of the membrane and 1 is the thickness of the
membrane.

Single cell DMFC test

MEA was prepared by the hot pressing, at 60 °C and 10 MPa
pressure for 5 min, the membrane between two commercially
available (Johnson Matthey catalysts, Alfa Aesar India Ltd.,
Hyderabad) catalyst layers. Anode catalyst (Pt/C) loading was
2 mgem 2 and cathode catalyst (Pt—Ru/C) loading was
2 mgcm™2 Polarization curve were measured on a 25 cm?
DMEFC single cell (Electrochem Inc. USA) with 1 M methanol
flow rate of 3 ml min~? on anode side and air flow rate of
300 ml min~! on cathode side. Temperature was kept 35 °C,
and relative humidity of air was maintained at 60%.

Results and discussion

Impregnation technique was used for the synthesis of ZrP/
PVDF membrane. In-situ formation of the inorganic ZrP in the
pores of PVDF polymeric matrix resulted into final inorganic-
organic membrane.

Characterization of ZrP

'H-NMR-MAS

Liquid H-NMR-MAS for the ZrP, shown in Fig. 1, was carried
out to determine change in state of protons. This change in
proton state is an indication of presence labile protons asso-
ciated with ZrP. The sharp peak at ppm value of 2.04 was due
to water present in ZrP and peak at ppm value of 4.57 was due
to DMSO solvent. The peak at ppm value of 1.07 was due to
TMS used as standard component. Small peaks at ppm values
of 2.49 and 3.43 were due to presence of protons attached to
the P=0 group forming POH group [14].

Particle size distribution
Fig. 2 shows a monodispersed particle size distribution (vol-
ume %) of ZrP particles. The average size of the ZrP particles,

determined from dynamic light scattering (DLS) technique,
was 134.1 nm. Zeta potential of the particles was —18 mV.

FT-IR analysis

FT-IR was used to see the presence of characteristic peaks
associated with functional groups of ZrP (to confirm formation
of ZrP) and also to see the shift in the positions of some of
these peaks due to hydrogen bonds formation at the P=0
group. FT-IR spectrum of the ZrP powder is shown in Fig. 3.
The peak at 1635 cm ™ was due the H—O—H stretching. The
other two peaks at 530 cm™~* and 1035 cm~* were due to —PO3~
and P=0 groups respectively. The peak obtained at wave-
number 1400 cm ™~ * was due to the P—OH bond which confirms
the formation of a-zirconium phosphate (Zr(HPO,4), H,0) [15].
The broad peak at the 3400 cm ™" was due to —OH stretching
and it indicated presence of structurally bound water in ZrP.

ZrP structure from XRD

XRD pattern of the powdered ZrP is shown in the Fig. 4. The
XRD pattern was compared with the ICDD patterns and all the
peaks matched with those of a-ZrP. The shar peaks for the
synthesized ZrP indicated crystalline nature of the synthe-
sized ZrP.

Thermal stability analysis using TGA/DSC

The TGA and DSC curves for the synthesized ZrP powder are
shown in Fig. 5. The TGA curve showed initial weight loss
(10%) up to 100 °C due to the loss of unbound moisture or
surface water and corresponding endothermic peak was
observed. On the other hand, small endothermic peak at
250 °C was due to loss of structurally bound water present in
ZrP [16] and corresponding weight loss of 5% was observed
between 120 °C and 250 °C. The weight loss at 300 °C is
attributed to the condensation of mono-hydrogen phosphate
to pyrophosphate. Little loss in weight was observed after
600 °C. The analysis showed that the ZrP particles are stable
up to 450 °C and showed high residual weight even at a very
high temperature.

ZrP/PVDF membrane characterization

Phase analysis using XRD

XRD patterns of the PVDF film and ZrP/PVDF membrane are
shown in the Fig. 6. PVDF film did not show any sharp peaks
indicating its amorphous nature. On the other hand the
membrane showed sharp peaks indicating the presence of
impregnated ZrP particles in the porous PVDF film. The pres-
ence of the ZrP particles in the membrane introduces the ion-
exchange phase and imparts ion selective permeation prop-
erty to the membrane.

SEM-EDS

SEM images of the PVDF film and the membranes (ZrP/PVDF)
obtained at different impregnation (in-situ synthesis) times
are shown in Fig. 7(a), (b) and (c) respectively. Fig. 7(a), the top
view of PVDF film, shows distribution of the pores with sur-
face pore size about 0.22 ym. SEM images of the membranes
with impregnation times of 12 h and 48 h (Fig. 7(b) and (c)
respectively) shows ZrP particles embedded on PVDF film.
The heat treated membrane has no pores of micron size
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Fig. 1 — "H NMR for the synthesized ZrP showing the brgnsted acidity behavior of hydroxyl groups present in the ZrP.
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Fig. 5 — TGA/DSC curve for the synthesized ZrP powder.

throughout the surface which indicates proper impregnation
of the ZrP particles on the PVDF support. The membrane was
also crack free and no defects were found for all the magni-
fications used. Fig. 7(d) shows cross view of the membrane and
the thickness of the membrane was measured to be 60 pm.

The SEM-EDS image and spectrum for the top surface and
cross-section of the ZrP/PVDF membrane are shown in Fig. 8
(a) and (b) respectively. Large peaks for C and F were due to
the PVDF support and the presence of Zr and P elements
indicated the presence of ZrP in the membrane. Table 1
summarizes the atomic percentages of all the elements pre-
sent in the top surface and cross-section of the synthesized
membrane. The results show that the atomic percentage of
the Zr and P are higher in the cross-section of the membrane
compared to the top surface of the membrane. This confirms
that the formation of ZrP is inside the pores of the PVDF
support.

TGA

High thermal stability of the membrane is desirable for DMFC
operation at elevated temperatures. Water retention capacity
at elevated temperature is even more desired because the
proton conductivity is strongly correlated to the water content

of the membrane. TGA curves of ZrP/PVDF membrane and
Nafion-117 are shown in Fig. 9. Initial weight loss up to 100 °C,
aregion associated with loss of surface water and volatiles, for
the synthesized membrane was around 2-3% and it was
slightly lower than Nafion-117. However, ZrP/PVDF mem-
brane showed appreciable weight loss (8%) up to 200 °C while
there was practically no weight loss for Nafion-117. The
weight loss for ZrP/PVDF membrane was due to the loss of
structurally bound water associated with ZrP particles. TGA
result indirectly shows the moisture retention capacity for the
ZrP/PVDF membranes at temperatures higher than Nafion-
117. The higher water retention for the membrane is in
agreement with results mentioned in Fig. 5 where ZrP parti-
cles showed excellent thermal stability and good water hold-
ing capacity even at elevated temperatures. For ZrP/PVDF
membrane, major weight loss occurred at 420 °C, which can be
attributed to the decomposition of polymeric chain of the
PVDF support [17]. On the other hand, Nafion-117 showed
almost same decomposition temperature with negligible re-
sidual weight in comparison to the synthesized membrane
(60%). The membrane is thermally stable up to 380 °C.
Compared to this, Nafion-117 has thermal stability only up to
350 °C.

Tensile test

The stress—strain curves of ZrP/PVDF and Nafion-117 mem-
branes in dry state are shown in Fig. 10. Compared to Nafion-
117 (34 MPa), the synthesized membrane ZrP/PVDF showed
higher tensile strength (41 MPa). The higher tensile strength is
due to PVDF backbone of the membrane.

Oxidative stability test

Fenton's reagent test is an accelerated oxidative stability test
that measures resistance of membrane to the attack of the
radical species (OH* and OOH<) which are known to get
generated at the electrodes of DMFC. Fig. 11 shows the per-
centage retained weight of the membrane at different im-
mersion times. Loss in weight of the ZrP/PVDF membrane
after 24 h was only 5.1% compared to 6.1% weight loss shown
by Nafion-117 under identical conditions. The oxidative

5000 -
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~
=
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; ZrP/PVDF membrane
‘#2000 -
3
— 1000 -

0 1 PVDF film
5 10 15 20 25 30 35 40 45 S0 55
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Fig. 6 — XRD patterns of PVDF film and ZrP/PVDF membrane measured at 30 °C and 60% RH.
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Fig. 7 — SEM images of (a) PVDF film, ZrP/PVDF membrane obtained after impregnation times of (b) 12 h, (c) 48 h and (d)

cross-sectional view.

stability of the membrane is superior to Nafion-117. It is re-
ported [18] that the oxidative degradation of the membrane
starts from the sulfonic acid function groups of the membrane
that provide ion exchanging capacity to the membrane. It is
for this reason that the oxidative stability of non-fluorine
hydrocarbon backbone types of membrane is even lower
than Nafion-117. Increase in density of ion-exchanging func-
tional groups is desired for improving ion-selectivity and
proton conductivity of membrane, but it also leads to lowering
of the oxidative stability of the membrane. The synthesized
membrane consists of inorganic ion exchangers which are not
affected by Fenton's reagent. The loss in weight of the syn-
thesized membrane is primarily due to attack on the PVDF
support. Inorganic-organic ion exchange membrane therefore
provides an alternative way of ion exchange membrane syn-
thesis where increase in density ion-exchanging groups does
not affect the oxidative stability of membrane adversely.
During the entire test the membrane sample did not break
which shows the superior chemical stability of the synthe-
sized membrane.

Water and methanol uptake

Water uptake, a measure of water holding capacity of a
membrane, is essential for protonic conductivity of the
membrane. Water uptake was 28.7% for ZrP/PVDF membrane.
For Nafion-117, the water uptake (29.6%) was slightly higher
compared to the ZrP/PVDF membrane.

Methanol uptake of the ZrP/PVDF membrane (8.5%) was
much lower than the Nafion-117 membrane (16.5%). Lower
methanol uptake for the membrane was due to presence of
inorganic ZrP phase in the membrane. In fact, it has been re-
ported in literature [19] that methanol permeability of Nafion-
117 could be reduced by doping it with ZrP.

Transport number and IEC

Membrane potential, the potential difference between elec-
trolyte solutions of different concentrations separated by an
ion-exchange membrane, develops due to difference in
counter-ion and co-ion concentration in the membrane
phase. Its magnitude is determined by co-ion exclusion which
in turn is determined by surface charge density of the
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Impregnated ZrP Particles

Fig. 8 — The SEM-EDS image and spectrum for (a) top surface and (b) cross-section of ZrP/PVDF membrane.

Table 1 — EDS elemental analysis of the top surface and
cross section of ZrP/PVDF membrane.

Element Atomic percentage
Top surface Cross-section
C 44.79 26.72
F 36.69 43.22
o 15.66 17.14
P 2.00 8.17
Zr 0.86 4.75
120 -
Nafion-117
== 7tP/PVDF
100 4 e
&
é 80
2]
S
— 60
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)
g 404
204
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0 100 200 300 400 500 600
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Fig. 9 — TGA curves for ZrP/PVDF membrane and Nafion-
117.

membrane [11]. Membrane potential can also be used to
calculate transport number of counter-ion. Na™ transport
number was 0.85 for ZrP/PVDF membrane and the value is low
comparable with 0.96 value for the Nafion-117 membrane.
IEC measures the total number of ion exchangeable sites
present in the membrane and is another electrochemical
method for estimating the surface charge of the membrane.

48-

40 - —m— ZrP/PVDF
—m=— Nafion-117

321

Stress (MPa)
> 3 ¥

O 3 6 9 12 15 18
Strain (mm/mm)

Fig. 10 — Stress—strain curve for (a) ZrP/PVDF and (b)
Nafion-117 membrane measured in the dry state at 30 °C
and 60% RH.
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Fig. 11 — Oxidative stability for the synthesized membrane
and Nafion-117 under Fenton's test.

IEC of the ZrP/PVDF membrane was 0.76 meqg * which is
lower than Nafion-117 (0.9 meqg™?).

Proton conductivity
Proton conductivity of the synthesized ZrP/PVDF membrane
calculated from the impedance measurement and thickness
of the membrane (60 pm), was 1.25 mScm ™. This correlates
well with the lower water uptake of the membrane and it is
well known that water plays an important role in proton
conductivity. Although the proton conductivity of ZrP/PVDF
membrane was much lower than that of Nafion-117
(13 mScm™Y) but the difference in the areal resistances of
the two membrane was less (1.35 Q-cm? for Nafion-117 and
4.8 Q-cm? for ZrP/PVDF membrane). Fig. 12 (a) compares pro-
ton conductivity and areal resistance for ZrP/PVDF mem-
brane, Nafion-115 and Nafion-117. Though the Proton
conductivity of the ZrP/PVDF membrane was low at 30 °C, but,
as shown in Fig. 12 (b), it increased nearly four-fold to
5.2mS cm ™t at 60 °C. This indicated, that while the membrane
may perform poorly in DMFC at low temperature (around
room temperature) compared to Nafion membrane, the per-
formance at high temperature may be comparable.
Compared to polymeric membranes like Nafion, SPEEK, s-
PBI etc., the reported proton conductivity for the synthesized
ZrP/PVDF membrane is considerably lower but was higher
than other ZrP based composite membranes used in DMFC.
Peighambardoust et al. [19] reported proton conductivity of
3—4 mScm ! at 60 °C for the ZrP based composite membrane
measured. Helen et al. [20] have also reported the proton
conductivity of the ZrP based composite membrane in the
range of 2.2—2.7 mScm ™! between 70 °C and 90 °C.

Methanol permeability

Methanol permeability for the ZrP/PVDF and Nafion mem-
branes, measured at room temperature (30 °C), is shown in
Fig. 13. Methanol permeability of ZrP/PVDF membrane
(41 x 1077 cm? s') was lower than both Nafion-115
(11.8 x 1077 cm? s7%) and Nafion-117 (12.8 x 107 cm? s7)
[21,22] and this correlates well with the lower methanol up-
take of ZrP/PVDF compared to Nafion-117. A lower methanol

14 -
[ Areal resistance (Q-cm?)

I Proton conductivity (mS/cm)

124

ZrP/PVDF

Nafion-115

Membrane
(a)

Nafion-117

Proton conductivity (mS/cm)

30 35 40 45 50 55 60
Temperature ("C)

(b)

Fig. 12 — (a) Proton conductivity and areal resistance for the
ZrP/PVDF and Nafion membranes measured at 30 °C and
60% RH and (b) effect of cell temperature on the proton
conductivity of the membrane.

permeability/crossover increases the DMFC's EMF and thereby
improves the performance of the DMFC. Moreover, it also
improves the fuel efficiency of the DMFC by reducing loss of
methanol fuel from anode side to cathode side of the cell.

DMFC performance

Single cell DMFC test

OCYV for cell with ZrP/PVDF membrane was 0.700 V which was
higher than OCV obtained for the cell with Nafion-117 (0.665 V)
at identical conditions (35 °C and 60% RH). This was due to
lower methanol permeation through ZrP/PVDF membrane.
Polarization curve for the single cell DMFCs with the two
membranes is shown in Fig. 14. For cell with ZrP/PVDF
membrane, activation overpotential dominated region was
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Fig. 13 — Methanol crossover for the ZrP/PVDF and Nafion
membranes measured at 30 °C and 60% RH

restricted to lower current densities (up to 20 mAcm~2). Ohmic
overpotential dominated region, characterized by linear drop
in cell potential with current density, was obtained up to
42 mAcm~2. At higher current densities, sharp fall in cell po-
tential indicated concentration overpotential dominated
regime [23]. Maximum power density of 23.7 mWcm 2 was
obtained at 50 mAcm ™2 and 0.475 V. Maximum current density
for cell with ZrP/PVDF membrane was 70 mAcm 2 Higher
OCV and power density was achieved compared to the other
ZrP based composite membranes reported in literature. Helen
el al. [24] reported only 6 mWcm ™2 peak power density and
16 mAcm 2 maximum current density at room temperature.

DMFC with Nafion-117 membrane achieved peak power
density of 30.5 mWcm ™2 at 70 mAcm 2 and 0.436 V. Also the
maximum current density was higher for Nafion-117
(83 mAcm™3).

0.7-:h ~ -32
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% .// \ 203
?gﬂ 0.4+ \ \ -16 5»
S 03- . o123
“B— ZrP/PVDF membrane |\ -8 §
0.2 —@— Nafion-117 [ ] o
' L4 B,
N
0.1

0 10 20 30 40 50 60 70 80
Current density (mA/cm’)

Fig. 14 — DMFC performance for the ZrP/PVDF and Nafion-
117 membranes measured at 35 °C and 60% relative
humidity.

Effect of operating parameters

Effect of temperature, methanol concentration and relative
humidity on DMFC performance was determined by inde-
pendently varying values of these parameters.

Effect of temperature

The cell temperature was varied from 30 °C to 60 °C keeping
the methanol concentration fixed at 1 M with 60% relative
humidity of air. Fig. 15 shows the performance of DMFC with
ZrP/PVDF membrane at different temperatures (30—60 °C).
OCV increased from 0.680 V to 0.739 V, with increase in tem-
perature from 30 °C to 60 °C due to enhanced electrode ki-
netics at elevated temperature [25]. Peak power density
increased substantially from 18.5 mWcm 2 (at cell voltage of
0.403 V) at 30 °C to 32.3 mWcm 2 (at the cell voltage of 0.539 V)
at 60 °C. Similarly, maximum current density increased from
61 mAcm ™ at 30 °C to 72 mAcm ™ at 60 °C.

Effect of methanol concentration

Methanol concentration was varied from 0.5 M to 2 M keeping
the cell temperature fixed at 30 °C with 60% relative humidity
of air. Fig. 16 shows the DMFC polarization curves for
different concentrations of methanol in the anode feed so-
lution. OCV of the cell increased from 0.615 V to 0.680 V as
the methanol concentration was increased from 0.5 M to 1 M.
This indicated that the methanol crossover was not promi-
nent even at higher methanol concentration. However, OCV
decreased slightly with further increase in the methanol
concentration to 2 M. Peak power density increased from
17.6 mWcm 2 (at cell voltage 0.411 V) to 18.5 mWcm 2 (at a
cell voltage of 0.403 V) as methanol concentration was
increased from 0.5 to 1 M and then decreased to
17.5 mWem™2 (at cell voltage of 0.429 V) as methanol con-
centration was further increased to 2 M. However, the
maximum achieved current density was same for 0.5 M
(60 mAcm?) and 2 M (61 mAcm ?) methanol concentration.
In contrast, for DMFC with Nafion-117 membrane, perfor-
mance deterioration is reported as methanol concentration is
increased to 1 M [26].
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Fig. 15 — Effect of temperature on the DMFC performance
measured at 60% RH and 1 M methanol concentration.
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Fig. 16 — Effect of methanol concentration on the DMFC
performance measured at 30 °C and 60% RH.

Effect of relative humidity

The relative humidity of the air was varied from 40 to 60%
keeping the cell temperature fixed at 30 °C with methanol
concentration 1 M. Fig. 17 shows the polarization curves of
DMFC with ZrP/PVDF membrane at different relative hu-
midities (40—60%) of air flowing through the cathode. OCV
increased from 0.615 V for 40% relative humidity to 0.68 V
for air with 60% relative humidity. However, there was a
slight drop in OCV (0.676 V) with further increase in the
relative humidity to 90%. Peak power density was
17 mWem ? (at cell voltage of 0.405 V) for 40% relative hu-
midity and it increased to 18.5 mWcm™2 (at a cell voltage of
0.403 V) for 60% relative humidity while it was 18.2 mWcm 2
(at a cell voltage of 0.444 V) for 90% relative humidity. The
maximum achieved current density at 40% relative humid-
ity was 61 mAcm™2, almost same as 60 mAcm 2 at 90%
relative humidity.
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Fig. 17 — Effect of relative humidity on the DMFC
performance measured at 30 °C and 1 M methanol
concentration.

Conclusion

A proton conducting ZrP/PVDF ion exchange membrane was
synthesized for DMFC. Presence of protons attached to P=0
group was confirmed by 'H NMR and the shifts in the FT-IR
peaks of the characteristic functional groups. SEM micro-
graphs of the membrane showed defect-free top surface with
pores of support completely filled with sized particles of ZrP.
XRD pattern indicated the presence of crystalline phase in the
membrane. The thermal stability of the membrane was su-
perior to Nafion-117 with higher mechanical strength in the
dry state. Water to methanol uptake ratio was higher due to
PVDF support which has low selectivity for methanol. Mem-
brane possessed fair electrochemical properties, 0.85 static
counter-ion transport number, 0.76 meqg ' IEC and
1.25 mScm ™ * proton conductivity at 30 °C. Methanol crossover
through the membrane was much lower than Nafion-117 due
to lower methanol uptake. The DMFC performance at 35 °C
was much better than the reported values of ZrP based
membranes. However, it was inferior to Nafion-117 because of
poor proton conductivity but better DMFC performance at
elevated temperature is expected due to the enhanced proton
conductivity. The best DMFC performance was obtained at
60 °C cell temperature, 1 M methanol concentration and 60%
relative humidity.
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