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Abstract — Proton exchange membranes (PEMs) consisting of polyimide (PI) and polyrotaxane (PR) were developed
for direct methanol fuel cell applications under 100% relative humidity (RH). PEMs were prepared by the solution
casting technique. The morphology, thermal and mechanical properties of the membranes was investigated by SEM,
TGA, and tensile strength test, respectively. Also, the prepared membranes were systematically characterized in terms of
ion exchange capacity, water uptake, methanol uptake, swelling behavior and proton conductivity. Besides X-ray
diffraction (XRD) analysis, Fourier transform infrared spectroscopy (FTIR) was used to confirm the structural
modifications of polymer electrolyte membranes. With the addition of PR into PI polymer, the blend membrane exhibits a
conductivity value in the order of 10* Scm™ at 70 °C temperature and at 100% relative humidity. This developed
membrane shows good prospect as a proton exchange membrane in fuel cell applications.
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. INTRODUCTION

Direct methanol fuel cell (DMFC) is a promising candidate for high-energy-density portable power sources [1].
However, the major problem encountered by DMFC is its low performance and high cost. Nafion, a commercially
available polymer electrolyte membrane (PEM) developed by DuPont, has been used in fuel cell, because this
perfluorinated ionomer membrane has a high chemical and electrochemical resistance as well as high proton
conductivity, but they suffer from the issues of high methanol permeability, high cost and environmental inadaptability[2,
3]. Therefore, extensive research efforts have mainly been focused on developing an alternative low-cost membrane that
decreases the crossover of methanol through PEMs while maintaining good proton conductivity.

Different methods are being explored in improving the proton conductivity without sacrificing mechanical
strength or vice versa. Various attempts like copolymerization, grafting, polymer blending or crosslinking are considered
as efficient approaches in developing PEMs in DMFCs. The most current development strategies use modified PFSA
polymers, acid-functionalized aromatic hydrocarbon-based polymers or a number of sulfonated aromatic polymers [4].
The selection of polymers for PEMs of DMFCs is very important because proton conductivity and methanol permeability
properties largely depend on the polymers.

In the present study, we have adopted blending technique, because of its ease in preparation and easy control of
physical properties within the compositional regime. Polyimides have been investigated as potential PEM materials by
several groups [5, 6] and have shown promising attributes in terms of their low methanol crossover and sufficient
conductivity due to their excellent mechanical and thermal properties. Polyrotaxanes - poly (ethylene glycol) (PEG)
mechanically interlocked into a-CD cavities, have become increasingly interesting nowadays due to their numerous
practical applications [7]. We selected polyimide (PI) as a matrix polymer and polyrotaxane as a blending or doping
polymer network. The membranes were prepared by a solution casting method from Pl and PR solutions, and the
characteristics of the resulting solution-cast PI/PR blend membranes as PEMs for DMFCs were investigated.

11. EXPERIMENTAL

A. Membrane Preparation

Polyimide (PI) (Otto Chemi), Poly (ethylene glycol) (PEG) (SRL Industries), a- Cyclodextrin (a- CD) hydrate
(Alfa Aesar), m-Cresol (Loba), N, N — Dimethyl sulfoxide (DMSO) (Merck) were the chemicals (AR grade) used
without further purification in this study. The polyrotaxane composed of a-cyclodextrin and poly(ethylene glycol), was
prepared according to a work reported previously [3]. The polymer electrolyte membranes were prepared by solution
casting technique. Appropriate weight ratio of Pl and PR polymer were dissolved in m-Cresol and DMSO respectively
and the solutions were mixed together and casted in Petri dish and then dried to form a blend membrane.
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B. Membrane Characterization

XRD patterns of Pl blend membranes were obtained with a PANalytical X Pert diffractometer and Fourier
transform infrared (FT-IR) spectra was recorded using a Bruker spectrometer. A typical SEM image was obtained from
FEI Quanta 200 electron microscope for analyzing the morphology of surfaces. Mechanical strength of membranes was
measured with a Uniaxial tensile testing machine, Instron 3345, UK. The samples were measured at a strain rate of 2
mm/min. Thermal analysis was performed by means of a NETZCH Germany & STA 449 F3 Jupiter instrument (nitrogen
flux; temperature interval: 30 °C to 600 °C; heating rate: 10 °C/min). The AC impedance spectra were recorded using CH
Instruments 600D series electrochemical analyzer at frequencies between 1 kHz and 1 MHz and temperatures from 30 °C
to 70 °C with the applied amplitude of 10 mV from 1 KHz to 10 MHz. The ion exchange capacity (IEC), liquid uptake
and swelling ratio were performed in accordance with our previous reports [8].

1. RESULTS AND ANALYSIS

A. Structural and morphological analysis
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Figure 1. FTIR spectra of pure Pl and PI/PR blend membranes

Fig. 1 shows the FTIR spectra of pure Pl and Pl with 10 wt % PR blend membranes. Typical absorption bands
for polyimide are found at 1721cm™ (C=0, symmetric) 1345cm* (C-N, asymmetric) [9]. The absorption band assigned
to the O-H stretching vibration was observed in the range of 3600-3200 cm™’. The PI/PR spectrum shows the
characteristic bands of the a-CD macrocycle at 2921 cm ™ (C-H stretching vibration) 1152-1030 cm™'(C-O-C stretching),
1240-1041 cm™ (C-O-C stretching) and 2865 cm™* (C-H stretching vibration of PEG) [10]. The amide 1l band (N-H
vibration) emerges at 1547 and the methyl groups at 1362 cm-1 [11].
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Figure 2. X-ray diffraction (XRD) spectrum of the polyimide and blend films

In the diagrams for the polyrotaxanes (Fig. 2), the characteristic reflection of the structure clearly appears. The
results indicate that the polyrotaxanes contained crystalline inclusion complex domains that were isomorphous with the
channel-type structure formed by the o-CD-PEG inclusion complex [12]. The patterns of the polyrotaxanes are
broadened, indicating that the polyrotaxanes had low crystallinity due to the macromolecular nature and the presence of
amorphous PEG segments in the polyrotaxanes. The pattern of the polyrotaxane exhibit a strong peak at 26 = 20.11. This
is the characteristic diffraction peak that form a channel-type crystalline structure of polyrotaxane or inclusion complex
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[11]. It can be seen that the main broad diffraction peaks of all the membranes appeared at 20 (22.52°, 21.26° and
19.26°). Besides, the diffraction peaks appeared at 23.26° in PR2 blend film [13].

The scanning electron micrograph of the Pl with 10% PR blend membranes is shown in Fig. 3. with different
magnifications (200x and 5,000x%). The micrograph depicted simple flakes morphology with randomly dispersed regions.
As can be seen in the figures, the distribution of polyrotaxane particles is relatively uniform in the polymer matrix. This
means that the membranes were successfully prepared.
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Figure 3. SEM images for PR 10% sample at (200x & 5,000x) magnifications
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B. Thermal and Mechanical Analysis

Table 1. TGA results for different PEMs

Residual
Membrane T100 (CC) Ts006 (CC)  Thax (CC) Weight (mg)
at 600°C
PO 419 462 483 3.80
PR1 414 460 484 6.64
PR2 367 454 490 3.70

The thermal stability of the prepared samples was measured using thermo-gravimetric analyzer (TGA). In this
technique, the weight loss of the material due to the formation of volatile compounds under degradation due to heating
and rise in temperature is monitored. The data available from TGA is tabulated in Table 1 and graphed in Figure 4, this
includes Ty (Onset temperature), the temperature at which 10% degradation from the sample occurs, Tsoy, the
temperature at which 50% degradation occurs, T.x, the temperature at which maximum degradation occurs, and residual
loss at 600°C.

According to TGA results as shown in Figure 4, the incorporation of PR to Pl improved the thermal stability at
higher degradation temperature ranges compared to pure Pl. The temperature of the 10% degradation of PR 10% and PR
20% has been shifted to lower temperatures relative to PR 0%. The maximum degradation temperatures have been
shifted to higher temperatures compared to PR 0%. This means that, thermal stability has been occurred with increase in
the concentration of PR compared to Pl. The residual weight of the samples at 600°C decreased with increasing the
concentration of PR blend to PI. Thus, thermal stability of PI/PR has been improved slightly compared to pure PI.
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Figure 4. TGA curves for pure Pl and PI/PR blend membranes
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Figure 5. Curves of tensile strength vs. strain

The tensile property improvements of PI/PR blendes are plotted in Fig. 5. The typical stress-strain curves of
PI1/PR blendes which exhibit superior mechanical properties compared to that of pure PI films are shown in Fig. 5. The
tensile strength of the PI/PR film containing 10 wt% of PR loading is 0.29225 MPa which is higher than that of pure PI
film. Meanwhile, the elongation at break of PI/PR film containing 10 wt% PR loading is 3.66026 mm, which is about
33.2% greater than that of pure PI film. The data in Fig. 5 indicates that the slight mixing of PR (10 wt%) into Pl matrix
can greatly improve the mechanical properties of the PI/PR blend. More importantly, small amount of PR mixing exhibits
improved mechanical property of Pl, thereby reducing cost in practical applications.

C. lon Exchange Capacity, Liquid Uptake and Swelling of membrane

Table 2. The IEC, liquid uptake, swelling ratio and proton conductivity of the polymer electrolyte membranes

IEC Water swelling Methanol  proton conductivity (Scm™)
Membrane uptake ; uptake
(mea/g) o ratio (%) o
(%0) (%0) 30°C  50°C  70°C
PO 0.79 7.71 8.3 26.33 0.011 0.033 0.034
PR1 1.85 11.8 9.8 18.2 0.026 0.036 0.044
PR2 0.96 14.3 10.7 12.5 0.014 0.021 0.030

The IEC, water uptake, methanol uptake and swelling ratio of the prepared blend polymer electrolyte
membranes are tabulated in Table 2. The IEC of the PI membrane is 0.79 meq. g and this value increases with the
amount of PR inside the membrane. Both of the swelling and water uptake showed a similar trend with IEC values. The
higher water uptake and swelling ratio exhibited by the PR2 membrane were 14.3 % and 10.7 % respectively. An
increased swelling of the membrane increases the free volume for diffusion across it for hydrated protons, which
therefore affect the proton conductivity [14]. The methanol uptake of the PI/PR blend membranes decreased with
increasing amounts of PR. The membrane PR1 shows a favorable methanol uptake value of 12.5 %.

D. Proton Conductivity

The proton conductivity values of the blend membranes are tabulated in Table 2 and shown in Fig. 6. The
performance and the efficiency of the fuel cell depend on the proton conductivity. Generally, the proton conductivity and
the water uptake of the membrane directly depend on the IEC of the polymer. The proton conductivity of PI/PR
membranes increased for up to 10 wt% PR, and then decreased for larger amounts of PR. The addition of PR
significantly increases the hydrophilicity of the membrane, and thus the presence of water keeps it hydrated and
maintains the proton conductivity. The crystallinity decreased with the addition of PR, implying improved water
transport and swelling [3, 15, 16]. Obviously the enhanced water uptakes of the membranes contribute to proton mobility
through the membrane. The conductivity was maximal for a membrane containing 10 wt% PR with 90 wt% polyimide.
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Figure 6. Proton conductivity of Pl and the blend membranes as a function of temperature

V. CONCLUSIONS

A series of polyimide and polyrotaxane blend membranes have been prepared by solution casting method and

characterized. The effects of varied weight ratios of polyrotaxane on polyimide ion exchange capacity, water uptake,
methanol uptake, proton conductivity were studied at various temperatures. The synthesized PI/PR blend membrane
shows better mechanical properties. Relatively high proton conductivity values were achieved and it was shown that they
were dependent on ion exchange capacity and temperature. The introduction of polyrotaxane into the polymer blend may
have assisted in the proton transfer mechanism. At 70 °C, the proton conductivity of the PR1 membrane exhibited 0.044
S cm™ under 100% RH condition. Therefore, considering these results, it is expected that these blend membranes will
deliver excellent performance in fuel cell systems in near future.
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