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Abstract

Poly(AAc-co-DMAPMA) membrane (PADMA) is synthesized by free radical aqueous copolymeriza-
tion of acrylic acid (AAc) and N-3-[dimethylamino)propyl]-methacrylamide (DMAPMA) to check
its stability and conductivity. The hydrogel membrane characterized physically to study mor-
phology by SEM, thermal stability by TGA and mechanical stability by measuring compressive
strength and ionic conductivity by electrochemical impedance spectroscopy in alkaline as well as
in acidic environment at different temperatures. The compression modulus of the hydrogel mem-
brane is 24 kPa at pH = 1.0 and 16 kPa at pH = 7.0, and stable (no fracture) till 72% deformation.
The PADMA hydrogel membrane ionic conductivity increased with the increase in temperature
and structurally stable up to 190°C. Improvement in ionic conductivity is observed after the heat
treatment of the membrane. Compared with ionic conductivity of Nafion® (SE512), the PADMA
membrane found to be inferior. However, the PADMA hydrogel membrane conductivity was greater
(~1 x 10-* S/cm) at low and high pH compared with neutral pH (~1 x 10-5 S/cm) indicating the
possibility of using the membrane as either a proton and hydroxyl ion conductor.
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1. Introduction

Fuel cell technology has been considered as a clean source of energy compared to conventional energy convert-
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ing device. Out of many types of fuel cells which are developed, proton exchange membrane fuel cell (PEMFC)
is most promising in terms of efficiency in energy conversion [1]. However, high cost of PEMFC compared to
conventional source of energy prohibiting it from commercialization. One of the high cost materials used in
PEMFC is proton exchange membrane (PEM). Recent cost analysis shows that 12% of the total cost of the
PEMFC stack is incurred by the PEM [2]. The most commonly used PEM is perfluorosulphonic acid membrane
(PFSA) such as Nafion® [1]. Apart from its high cost, use of the Nafion is restricted to 90°C. Nafion at tempera-
ture higher than 90°C dehydrates, which severely hampers the transport of proton in the form of hydronium ions.
In recent years, there has been effort to develop new cost effective polymer electrolyte membrane (proton ex-
change type) for the application in PEMFC, which can be operated at high temperature.

The development of high temperature polymer electrolyte membrane fuel cells is a recent research area. The
interest in the development is due to the numerous advantages of PEMFC technology operating above 100°C
[3]-[5]: 1) kinetics of both the electrode reactions are enhanced; 2) tolerance of the Pt electrodes to carbon mo-
noxide is increased; 3) non-noble metal catalysts may be used; 4) the integration of reformer technology is
simpler; and 5) the cooling system for facilitating heat dissipation can be simplified. However, the limitation of
the present commercial PEMs are not suitable for the temperature higher than 100°C. Therefore, three different
types of membranes have been, and are being investigated for the fuel cell at temperature higher than 100°C: 1)
modified perfluorosulphonated membranes, 2) alternative sulphonated polymers and their composite and finally
3) acid-base polymer membranes and their composites. However, Nafion is still the most commonly used me-
mebrane for low temperature PEMFC. It is necessary to develop low cost and high proton conductivity mem-
brane.

The present study is focused on the development of a novel and low cost polymer electrolyte membrane.
These are hydrogel types of membranes, and to date the hydrogel membrane is rarely applied as PEM for fuel
cell application. Nikolic et al. [6] prepared the polyvinyl alcohol (PVA) hydrogels using gamma ray irradiation
for the fuel cell use. The ionic conductivity of the PVA hydrogels was measured as a function of concentration
of KOH solution and temperature. The highest ionic conductivity of the swollen PVA membrane with 6M KOH
was found to be 10 mS-cm™* at 25°C. In another study, Kim et al. [7] used the hydrogel in methanol fuel car-
tridge for suppressing the methanol crossover in a direct methanol fuel cell. However, they have not used hy-
drogel as polymer electrolyte in membrane electrode assembly. Hydrogel membrane holds water and we are in-
terested to know whether it can be used without humidifying hydrogen in PEMFC.

The present study focuses on the synthesis of the poly(AAc-co-DMAPMA) membrane (PADMA), which is
cheap and easy to prepare from acrylic acid and N-3-[dimethylamino)propyl]-methacrylamide. The PADMA
hydrogel membrane is preliminary characterized by SEM, TGA, mechanical strength, and ionic conductivity at
different temperature and pH for the possible use as electrolyte in fuel cells.

2. Experimental
2.1. Materials

The membrane was synthesized using acrylic acid (AAc) (G.S. Chemicals, India), N-3-[dimethylamino) propyl]-
methacrylamide (DMAPMA) (Aldrich, USA), ammonium persulphate (APS) (Qualigens Fine Chemicals, India),
N,N,N’,N'-tetramethyl ethylene diamine (TEMED) (SRL Pvt. Ltd, India). AAc and DMAPMA were purified
before use by vacuum distillation. Other chemicals were used as received from the source.

2.2. Synthesis of Poly(AAc-co-DMAPMA) Membrane

The membrane was prepared by free radical aqueous copolymerization of AAc and DMAPMA; using APS and
TEMED as the initiator and accelerator, respectively. The reaction, as shown in the Figure 1, was carried out
with slight modification in the technique as described elsewhere [8]. Briefly, AAc and DMAPMA were mixed
in a round bottomed flask, placed over magnetic stirrer in cold condition. This was followed by the addition and
thorough mixing of distilled water. A typical feed composition consists of AAc, DMAPMA, and water in the ra-
tio of 25.8%, 4.2%, and 70% (mole). Nitrogen gas was purged into the flasks for 15 min. followed by the addi-
tion of TEMED (3 mol%) and concentrated aqueous solution of APS (amounting 0.50 mol% of total monomer)
with continuous stirring over magnetic stirrer. After 5 minutes, the reaction mixture was transferred into a rec-
tangular mold. The mold, 70 cm x 80 cm x 0.08 cm in dimension, was prepared using Teflon spacers along the
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Figure 1. Synthesis of poly(AAc-co-DMAPMA) hydrogel membrane.

three edges of a pair of glass plates. The open side along the remaining edge was partially closed by a smaller
spacer, leaving two orifices at the corners. Nitrogen gas was purged through one of the orifices, while the other
was used to inject the reaction mixture under gentle stream of nitrogen. The mold was then placed vertically in a
thermostated water bath at 41°C £ 1°C and dipped up to the height of reaction mixtures. Nitrogen purging was
stopped after 15 min and the orifices were closed using paraffin grease. After 24 h, the PADMA membrane was
removed from the mold, cut into pieces, washed in regularly changed distilled water for 3 days to remove the
unreacted monomers, and dried in vacuum. The thickness of the membrane was 830 um.

2.3. Characterization of the Membrane

2.3.1. Scanning Electron Microscopy (SEM)

ZEISS EVO Series scanning electron microscope (Model EVO 50) was used to investigate the morphology of
the membrane. To evaluate the morphology, the membrane was swollen in an appropriate solution. The swollen
sample was lyophilized to remove any solvent or water from the sample and kept in vacuum till silver sputtering
treatment.

2.3.2. Thermo Gravimetric Analysis
The thermal stability of the membrane was investigated using a PerkinElmer Pyris 6 TGA with a heating rate of
20°C/min from 25°C to 800°C.

2.3.3. Mechanical Strength

Uniaxial compression is a useful technique to evaluate the mechanical strength of the polymer electrolyte mem-
branes, especially hydrogels. TA-XT2i Texture Analyzer (Stable Micro Systems, UK), with a 5 kg load cell was
used to analyze the compressive strength of the hydrogel. The force measurements accuracy and the distance
resolution of the instruments were 0.0025% and 0.0025 mm, respectively. The membrane was separately equili-
brated in buffered solution of pH 1.0 and 7.0. Circular discs of 15 mm diameter were punched off with the help
of a sharp edged puncher. Uniaxial compression experiment was performed on the cut sample of the swollen
membrane at 25°C. Cylindrical aluminium probe with a diameter of 35 mm was used for compression. The pre-
test speed, test speed and post-test speed were set up at 2.00 mm/s, 1.00 mm/s and 1.00 mm/s respectively, with
an acquisition rate of 200 points/s. The force necessary for compressing the discs at 0.8 mm was recorded. The

stress values (o) were determined using Equation (1) [9].
F
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where, F is the force and A is the cross-sectional area of the strained specimen. The parameters generated by the
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instrument were force and time/displacement. Those information were then converted to elastic modulus, E, by
using following Equation (2).

o=E(1-27) )

E was determined from the slope of the stress-strain relationship. The macroscopic deformation ratio (1) was
calculated as A=L/L,. Here, L; and L, are the length of the deformed and undeformed specimen respectively.

2.3.4. Ionic Conductivity of the Membrane

lonic conductivity of the membrane was measured in a conductivity cell in which a strip of the membrane was
placed in between two pair of platinum strips separated by 0.5 cm. The bulk conductivity of the hydrogel and
Nafion® 512 membrane was measured using frequency response analyser (FRA). AC impedance measurements
were carried out between 100 Hz and 30 kHz. The thickness of the PADMA membrane was 625 um after press-
ing and that of Nafion® 512 was 133 um. The platinum strips acted as connector for resistance measurement.
The top and bottom cover of the conductivity cell is attached with plate heater to measure conductivity with the
variation of temperature. The hydrogel membrane was held in the conductivity cell at the desired temperature to
reach the steady state before every measurement. The details of the conductivity measurement cell and tech-
nique of measurement is given in [5] [10]. The conductivity of the membrane was measured at different temper-
atures after soaking the membranes in different pH buffer solutions (pH: 2.3/6/8/10.36). The membranes were
washed with de-ionized water before every measurement. The buffers of various pH values were prepared ac-
cording to the standard methods [11]. Depending on the type of reagents used, the buffers were divided in three
categories as listed in Table 1. The membrane conductivities were measured in dry condition (RH 39%). We
treated the situation of water starved anode as a limiting condition and tried to evaluate what happens when the
hydrogel and PEM do not have enough water at increased temperature. Thus the conductivity results are eva-
luated at the limiting condition and compared with the Nafion® in similar situation. The experimental measure-
ment using FRA was repeated and an average value is reported. The error in conductivity measurement is ~3%.

3. Results and Discussion
3.1. Morphology

SEM micrographs of the membrane are shown in Figure 2. Figure 2(a) reveals that the interior of the mem-
brane is macroporous and has enough space to accommodate water or suitable electrolyte. Interestingly the sur-
face, unlike interior, appears to be nonporous. Figure 2(b) gives a closure look of the surface. Here, the micro-
graph was captured at 40 kx magnification to observe the building blocks. It shows that the swollen membrane
surface is quite dense and is made up of closely packed nanogels of ~300 nm diameter. The morphology of the
membrane indicates that it may be useful for the fuel cell application as the dense surface may not allow the fuel
to pass through and at the same time the inner structure may help to improve the conductivity. The morphology
of PADMA hydrogel membrane indicates that its matrix may be used similar to polybenzimidazole membrane
soaked in phosphoric acid [10].

3.2. Thermal Stability

Figure 3 shows the TGA and DTA thermograms of the PADMA membrane. The DTA curve ensures that the
membrane undergoes two-step thermal degradation. The first degradation step starts at ~190°C and ranges up to

Table 1. Reagents used to prepare different buffer solutions. Buffer A: 50 mL 0.2 M KCI + vol of HCL as indicated in table
1; Buffer B: 100 mL 0.1 M KH,PO, + vol of NaOH as indicated in table; Buffer C: 100 mL 0.025 M Na,B,0;:10H,0
(borax) + vol of NaOH as indicated in Table 1.

Buffer A Buffer B Buffer C
0.2 M HCl 0.1 M NaOH 0.1 M NaOH
PH (mL) PH (mL) PH (mL)
2.00 13.0 6.00 11.2 10.00 36.6
8.00 93.4

)
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Figure 2. SEM micrographs of swollen PADMA membrane: (a) Shows the cross section as well as the surface of the mem-
brane; (b) Shows the surface of the membrane at higher magnification.
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Figure 3. Thermogravimetric and differential thermogravimetric curves for PADMA membrane.

380°C. This is most probably due to the degradative reactions involving the pendant groups in the polymer
chains, such as decarboxylation. The TGA thermogram indicates that the membrane loses ~50% of its weight at

this stage. The second step of weight loss, most probably due to back bone degradation, starts at ~400°C. There-
fore, PADMA membrane can be safely used up to 190°C.

3.3. Mechanical Strength

Compression experiment was done to determine the system hardness (Fax) and compressive elastic modulus (E).
Profiles obtained from a typical experiment with the swollen PADMA membrane at pH 1.0 and 7.0 are shown in
Figure 4. Each of the curves in Figure 4 has two halves. The ascending half is due to the stress applied onto the
membranes. The peak denotes the maximum stress applied (Fmax) at 0.8 mm compression. The descending half
in individual curves is due to the withdrawal of stress from the membranes. PADMA membrane of 0.8 mm
thickness under compression at pH 1.0 resulted in ~72% deformation. No fracture was observed in the experi-
mental range and the PADMA disc was found to revert back to its original shape and size on stress withdrawal.
Compressive strength (Fmax) of the swollen membrane at pH 1.0 and 7.0 was found to be ~85 kPa and 34 kPa,
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Figure 4. Typical stress-displacement curves of PADMA membrane equili-
brated in buffer of pH 7.0 (a) and pH 1.0 (b). Maximum deformation with
each sample being 0.8 mm. Inset: Respective stress-strain curves.

respectively at 0.8 mm compression.

Linear stress-strain relationship was observed at low strain, and is shown as inset. The elastic modulus (E) of
the membrane was found to be around 24 kPa and 16 kPa at pH 1.0 and pH 7.0, respectively. During the opera-
tion of a fuel cell, electrodes are pressed against the polymer electrolyte membrane, and this put the polymer
under compressive stress. The elastic modulus of the well known nafion membrane ranges from 0.5 MPa to 1.28
MPa for different testing conditions [12]. The lower elastic modulus of the prepared membrane seems to be in-
ferior in comparison to the nafion membrane. However, high compressibility of PADMA membrane due to its
viscoelastic nature may compensate the inferior modulus during application in fuel cell.

3.4. Ionic Conductivity

Figure 5 shows the ionic conductivity of the membrane measured as a function of pH and temperature. It is seen
in Figure 5 that the conductivity of the PADMA hydrogel membrane decreases with the increase in pH from 2.2
till pH 6 and then increases with the further increase in pH to 10.6. At 80°C, the conductivity of the PADMA
membrane decreases from 6.2 x 10°° to 2.8 x 10~ S/cm with the increase of pH from 2.2 to 6 and then increases
to 1 x 10™* S/cm with the further increase in pH to 10.6. The increase in ionic conductivity of PADMA mem-
brane at low (=2.2) and high (=10.6) pH indicates that the membrane may work both as proton and hydroxyl ion
conductor. Recently, Unlu et al. [13] and Hickner [14] reported studies on composite hybrid membrane with the
formation of water at the interface of AEM/PEM membranes and polymers functionalized with sulfonic acid and
quaternary ammonium hydroxide groups. PADMA hydrogel membrane prepared is not a hybrid membrane. The
reason for higher ionic conductivity at low and high pH may be because of the presence of carboxylic (anionic)
and ammonia (cationic) group in the polymeric structure of the membrane. The cationic and anionic functional
groups of PADMA membranes are shown in Figure 6. It is depicted how PADMA hydrogel membrane changes
from cationic to anionic with the change in pH. The ionic conductivity of the PADMA is compared with the
commercial Nafion® 512 membrane. In the similar experimental conditions, the ionic conductivity of the nafion
membrane decreases with the increase in the temperature beyond 100°C and no appreciable change in conduc-
tivity is observed with pH. The ionic conductivity of the PADMA membrane increases with temperature and it
is highest (~2 x 10 S/cm) at 80°C. To study the effect of the temperature, the PADMA membrane was heat
treated at around 150°C for few minutes and the membrane was again tested for the ionic conductivity using
similar procedure. Surprisingly, ionic conductivity of the heat treated membrane was improved as compared to
untreated membrane. The ionic conductivity of the heat treated membrane reaches as high as 2.17 x 10™* S/cm at
a pH of 10.4 as compared to 9.76 x 10> S/cm for untreated membrane at the same pH and temperature (80°C). It
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Figure 6. Predominant molecular composition of PADMA membrane in buffers of various pH values: (a) pH < 3.5; (b) pH =
3.5; (c) pH > 3.5.

has been shown that the hydrogel comprising DMAPMA units are temperature sensitive [15] and it would be
interesting to investigate further the effect of temperature on the hydrogel membrane morphology and mechan-
ism of ion transfer. As for Nafion and other PEM membrane, it is primarily the ion exchange procedure, which
protons exchange with the sulfonate groups and the transfer of ions takes place. In the case of PADMA hydrogel
membrane, it may be due to ion exchange and diffusion of ions through membrane by which ion transfer takes
place.

4. Conclusion

The PADMA hydrogel membrane is synthesized for the possible use in fuel cells as electrolyte. The morpho-
logical analysis shows that the membrane surface is composed of fused nanogels and the inner part of the mem-
brane has porous and spongy structures. The PAMDA membrane is thermally stable up to 190°C and possesses
excellent compressive strength. The ionic conductivity of PADMA membrane is measured as 9.76 x 10~ S/cm
at 80°C and pH 10.4. After heat treatment, the membrane conductivity increases to 2.17 x 10™* S/cm at the same
temperature (80°C) and pH (10.4). The ionic conductivity of the PADMA membrane increases with the increase
in temperature. The higher ionic conductivity at low (=2.2) and high pH (=10.6) indicates that the membrane
may be used both as proton and hydroxyl ion conductor.
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