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Abstract

The application of composite membranes for high temperature polymer electrolyte membrane fuel cell has attracted interests.
Nafion-metal dioxide composite membranes are considered“among the research niche. In this study, Nafion membranes and
Nafion-zirconia composite membranes with 1, 3 and 5 wt. % of hydrous zirconia were prepared accordingly. All membranes
were characterized by quantitative analysis techniques such as thermogravimetry analyse, diffraction scanning calorimetry and
Fourier transform infrared. All composite membranes showed high glass transition temperatures and improved water retention
properties, compared to the Nafion membrane. The composite membrane with 3 wt. % of zirconia showed the highest thermal
resistance at 90°C.
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Abstrak

Penggunaan membran komposit. dalam operasi sel bahanapi membran penukar proton pada suhu tinggi semakin mendapat
perhatian pengkaji. Membran komposit Nafion-logam dioksida adalah antara bidang kajian dalam kumpulan ini. Bagi kajian ini,
membran Nafion dan membran komposit Nafion-zirkonia dengan 1, 3, dan 5 wt. % telah disediakan. Kesemua membran
dicirikan menggunakan teknik analisis kuantitatif seperti analisis termogravimetri, kalorimetri imbasan kerbedaan dan Fourier
inframerah. Kesemua membran komposit mempunyai suhu peralihan kaca yang tinggi dan keupayaan penahanan air yang lebih
baik berbanding membran Nafion. Membran komposit dengan 3 wt. % zirkonia menunjukkan ketahanan suhu tinggi pada suhu
operasi 90°C.

Kata kunci:»PEM suhu tinggi, suhu peralihan kaca, konduktiviti, membran komposit, Nafion-zirkonia

Introduction

Fuel cells are electrochemical devices which convert the energy from the reaction of fuel and oxygen into electric
energy continuously with water and CO, as the byproducts [1]. Polymer electrolyte membrane fuel cell (PEMFC) is
one of the fuel cell types, for temperature ranging from 60 - 100 °C. Nafion membranes are the most commonly
used polymer electrolytes in PEMFC application as it has excellent chemical, mechanical and electrochemical
properties as well as high proton conductivity at ambient temperature and high humidity condition. This water-
based electrolyte needs to be kept in a hydrated condition for the best performance and a maximum conductivity of
0.083 S/cm at 100% relative humidity (RH) [2].
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However, the membrane tends to shrink at low humidity and swells under excess water conditions due to its
molecular structure. The ionic groups form clusters of 2 — 4 nm in diameter, which are connected by narrow
channels; the size of these clusters is proportional to the water level in the membrane, which can explain the shrink-
swell behavior of the polymer [3]. Therefore, developing membranes with good stability for both thermal and
mechanical properties is desirable. Many methods have been developed to produce composite membranes,
including incorporating hygroscopic metal oxides such as SiO, [4], TiO, [5] and ZrO, [6] into the Nafion polymer
structure. Incorporating a hydrophilic, inorganic material into the perfluorinated polymer is an alternative way to
increase the binding energy of water [7]. The membrane strength and performance increased, as the organic polymer
formed strong interaction with the inorganic component having large specific area [8].

In this study, a series of Nafion-ZrO, composite membranes with 1, 3 and 5 wt. % of hydrous zirconia loading were
prepared with the purpose of increasing the thermal resistance of membrane, thus increasing the proton conductivity
of the membrane. The hygroscopic property of zirconia was expected to improve the thermal strength of the
membrane by increasing the glass transition temperature.

Materials and Methods
Materials
The 5 wt. % Nafion solution (EW 1100) and Nafion 115 were purchased from DuPont, USA. Zirconium (1V)
oxychloride octahydrate (ZrOCl,.8H,0), ammonium solution (NH;OH), dimethylformamide (DMF), sulfuric acid
(H,S0,, 98 %) and hydrogen peroxide (H,0,, 30 %) were all purchased from-Aldrich. Deionized water was used as
the solvent in all experiments.

Preparation of the Nafion-ZrO, composite membrane

Nafion solution was evaporated at room temperature to obtain solid Nafion. The solid Nafion was then dissolved in
DMF and stirred for two hours. Meanwhile, the hydrous zirconia‘was prepared via film casting process according to
the method proposed by Chuah et al [9]. ZrOCI,.8H,0 was dissolved in distilled water. Dilute aqueous ammonia
was added drop-wise to the solution with vigorous stirring until the pH of the solution reached 10. The obtained
precipitate was washed with distilled water several times to remove the chloride ions before being oven-dried at
100°C for 12 hours. Matrices of 1, 3 and 5 wt% of Nafion-ZrO, were mixed in a DMF solution. Subsequently, the
mixture was casted onto a container and heated at 80'C for 2 hours, before the temperature was increased to 110°C
for six hours to enhance the polymer strength-and remove excess solvent. After that, the recast composite membrane
was detached from the container and. washed with a 3 wt % H,0, and 0.5 M H,SO, solution. These samples were
labeled as NZ01, NZ03 and NZO05 according to the loading of 1 wt%, 3 wt% and 5 wt% of hydrous zirconia,
respectively. A similar method was. used to prepare the recast Nafion.

Characterization of the Nafion-ZrO, composite membrane

The infra-red spectra of the.composite membranes (NZ01, NZ03 and NZ05) were recorded to detect the functional
groups chemical change.in the-polymer as compared to pure Nafion membrane. A Thermo Fisher Scientific FTIR
(Nicolet 6700) spectrophotometer was used in the analyses.

The DSC spectra of the prepared composite membranes were obtained using a DSC 1 Star System (Mettler Toledo).
Membrane samples were cut and weighed to 0.25 g in an aluminum crucible. Measurements were performed over
the temperature range of 30 — 300 °C with a heating rate of 20 °C /min under nitrogen gas.

The ionic conductivity of the membranes was measured with a potentiostat (Autolab, PGSTAT 128N) in the
frequency range between 1 mHz and 100 kHz. The membrane samples were immersed for 30 minutes in de-ionized
water at the desired temperature before being placed on electrode cells for measurements. The measurement was
carried out at room temperature and at 90 °C in order to study the effect of operating temperature and compositions
of the inorganic compound embedded in the polymer matrix towards conductivity at 90 °C. The graph of the
negative imaginary impedance versus the real impedance was plotted for each set of data. The bulk impedance R, of
the samples was determined from the curve and thus, the ionic conductivity, o, was calculated using Equation 1.

o=t/(Ry * A) @
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where, t is the sample thickness (cm), A is the effective contact area of the film and the electrode (cm?) and R, is the
bulk resistance (Q).

Results and Discussion

Structure analysis

Figure 1 shows the FTIR spectra of recast Nafion; NZ01, NZ03, NZ05 composite membranes; and hydrous
zirconia. The peaks at 3455.03 — 3428 cm™ are assigned to the bending vibrations of water molecules and the OH
stretching mode of the adsorbed water [10]. It is observed that the broad peak of the -OH peak increases with the
addition of the zirconia composition. The peaks at 1198.28 cm™, 1198.25 cm™ and 1198.32 cm™ are attributed to the
-CF,-CF,- vibration, as reported by Zhai et al. [11]. The —SO;- peaks appear at 1059.26 cm™, 2058.19.cm™ and
1055.21 cm™. The IR spectra of NZ01, NZ03 and NZ05 are similar to that of recast Nafion; except for the
appearance of a small peak near 1500 cm™, indicating the existence of hydrous zirconia molecules in.the composite
membranes. The peak that appears around 1530.49 — 1520.22 cm™ indicates the Zr-OH bending vibrations. Peaks at
514.28 cm™ and 513.72 cm™ show the Zr-O vibrations, which are overlapped by the transmittance peaks of the
Nafion [12]. As mentioned by Pan et al., the overlapping peaks suggest that the addition of zirconia does not affect
the crystallinity or the molecular structure of the Nafion membrane [6].
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Figure 1. FTIR spectra of Nafion and Nafion-ZrO, composite membranes

Thermal properties

The results obtained from thermal gravimetric analysis (TGA) is shown in Figure 2. The TGA curves show a three
step degradation, which is the loss of physically and chemically bound water (below 200 °C), the decomposition of
sulfonic acid groups or desulfonation (250 — 400 °C) and main chain degradation (400 —800°C) [13]. As expected,
recast Nafion degrades faster than the composite membranes in all three degradation steps.

The magnified portion of the graph shows the first part of the degradation. Low of mass loss (<6 %) is shown for
the composite membranes at this temperature range. The degradation of the Nafion membrane was caused by the
breakage of the perfluorinated backbone and the side-chains in the membrane. The desulfonation of the membrane
starts at approximately 280 °C for the recast Nafion membrane, whereas it begins higher for the composite
membranes, at the temperatures of 300 °C for NZ01 and NZ03, 280 °C for NZ05, which indicates the breaking of
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C-S bonds. NZ05 has the lowest desulfonation temperature among the composite membranes, which is similar to
the recast Nafion.

For the third step of the degradation, it is clearly seen that the Nafion decomposes at a lower temperature than the
composite membranes. Iwai and Yamanishi [14] have reported that cations with larger ionic radii show higher
thermal stability when reacted with Nafion and Zirconia is a metal oxide with large molecular radius. Therefore, the
composite membranes have higher thermal retention as a higher temperature is needed to activate the energy barrier
and break the bond.
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Figure 2. TGA curves for Nafion and composite membranes. T1: Water loss, T2: desulfonation, T3: main chain
degradation.

Figure 3 shows that an endothermic peak appears at approximately 70 — 90 °C, which increases up to 3 wt. % of
hydrous zirconia content,/indicating the enhanced water retention. These broad peaks (ranging from 50 — 140 °C)
caused by the structural change in the membrane cluster as shown in the FTIR spectrum. The composite membranes
show different behavior-than“Nafion membrane as temperature increases. This observation is consistent with the
report by Sacca et.al [2]; where zirconia functions well as a hygroscopic compound in improving the water content
in the membrane, although the pattern shows a decrease for NZ05. At the desulfonation phase, the recast Nafion
degraded slower than the Nafion membrane, as they have amorphous zirconia to resist the degradation. A broad
exothermic peak appears at approximately 350 °C for all composite membranes, which is attributed to the
dehydroxylation of the hydrous zirconia with increasing temperature. The exothermic event is then followed by
another weight loss due to main chain degradation. The exothermic peak with weight change is assigned to the
releasing of hydroxyl groups at a high temperature, resulting in the formation and crystallization of the amorphous
zirconia [15]. Another two peaks of crystallization appear at approximately 450 °C and 550 °C, indicating another
phase change in the hydrous zirconia.

From Figure 3, it is seen that Nafion had loss almost 10 % of mass at 300 °C but the NZ01 and NZ03 composite
membranes had retain more than 95 % of their weight while NZ05 had 8 % mass loss at the same temperature.
Above 300 °C, all membranes decompose rapidly as the membranes starts losing their sulfonyl chain in the Nafion
matrix. However, the temperature shifted for the composite membranes, due to the nature of the hygroscopic
inorganic component; increasing water content in the composite membrane [16]. Thermal degradation of Nafion
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membrane occurs at 308 °C; whereas the degradation temperature shifted to 333 °C for both NZ01 and NZ03, and
at 317 °C for NZ05. Shao has reported that the increment of degradation temperature is due to the addition of metal

oxide (such as SiO,, TiO,, ZrO,) into the Nafion matrix as the inorganic compound is temperature tolerant filler
[17].
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Figure 3. TG and DSC curves of composite:-membranes, taken at 120°C/min, under N, for (a) Nafion, (b) NZ01,
(c) NZ03, (d) NZ05.

As for the glass transition-temperature (Tg), another test was conducted using differential scanning calorimetry
(DSC). The related results are'shown in Table 1, increased in the sequence of: Recast Nafion < NZ05 < NZ01 <
NZ03. It is seen that the/T, value of Nafion membrane is observed at 117.73 °C, which is lower than the T, of the
composite membranes. Whilst, NZ03 has the highest T, = 171.50 °C, indicating the strength of the membrane to
resist high temperature is improved. Incorporation of the amorphous zirconia particles into Nafion polymer matrix
would improve the thermal stability and increase the T [18]. The occupied inorganic particles resulting on more
energy needed-for starting segmental motions, which would increase the T, value. However, the T, value decreases
for NZ05, despite having the same thickness with NZ03 composite membrane. Probably, the presence of excessive
inorganic particles has weakened its structure by forming a brittle membrane [2].

Membrane conductivity

Figure 4 shows the typical impedance curves of four different membranes. Fundamentally, all depicted spectra
consist of two arcs, one each for low and high frequency. The basic circuit of a circle is R(RQ), as depicted below
the plotted graph. The graph shows the increasing diameter of the arcs within the composition, except for NZ05
which represent increase conductivity.
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Table 1. Thermal properties of recast Nafion and composite membranes

Thickness Residue Glass transition temperature
Membrane

(um) (%) (To)
Nafion 127.00 3.64 117.73
NZ01 107.07 6.01 139.62
NZ03 121.47 6.02 145.28
NZ05 122.97 5.89 141.33
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Figure 4. Impedance curves of Nafion and the composite membranes (a) room temperature and (b) at 90°C

The equivalent circuit that is presented in Figure 4 provides a good fitting for these responses. Each circuit consists
of two sets of resistor-capacitor pairs. The calculated conductivity of the Nafion membrane at room temperature is
8.32x107 S/cm. From the obtained data, the ionic conductivity of the composite membranes ranges from 1.41 x 10
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S/cm to 1.62 x 107 S/em. These values increase proportionally with the zirconia composition, which is consistent to
the results reported by Uma [19].

Impedance curves for the Nafion and the composite membranes at 90 °C were shown in Figure 4b. The circle
diameters for NZ01 and NZ03 are smaller than the Nafion membrane and the NZ05 composite membrane. A
decreased diameter results in higher conductivity. Compared to the value for room temperature measurements,
NZ01 and NZ03 at 90°C have circles in smaller diameter, indicating good conduction of the membranes. As the
temperature increases, the conductivity is also increases [20]. The calculated conductivity increases from 0.014 to
0.042 S/cm for NZ03 and increased from 0.014 to 0.022 S/cm for NZO1. On the contrary, the conductivity is
decreased for the Nafion and the NZ05 composite membrane. For the commercial Nafion, the plotted-arcs have the
same equivalent circuit (two arcs) as at room temperature but with larger diameter, resulting in a lower conductivity.
This effect is caused by the weak thermal resistance of Nafion, as a result of which the membrane starts to shrink at
a temperature near 100 °C [21].

Conclusion

In this study, Nafion-ZrO, composite membranes were prepared through film castingprocess and characterized for
their structure, morphology, thermal stability and conductivity. The Nafion membrane exhibited lower conductivity
than the composite membranes at room temperature under fully hydrated conditions. Despite an increase in
temperature, the conductivity of the composite membranes improves. This effect is due to the hygroscopic
properties of hydrous zirconia, which has an optimal content of 3 wt. %. Whenever excess hydrous zirconia is used,
the conductivity decreases and it affects the in situ performance of the membrane in the membrane electrode
assembly (MEA) due to the increase in the particle size. Through understanding that the composite membrane has
an improved water uptake and conductivity at room temperature and at 90 °C, further investigation will be
conducted in the future to explore the effect of hydrous zirconia.on the performance at moderate temperature
(100 °C).
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