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We present a simple test system for membrane through-plane conductivity measurements. In this
design the catalyst layer is detached from the membrane and added to the gas diffusion electrode.
Moreover, the humidifying gas is recycled after exiting the test cell making it more cost effective. To
prove the test system applicability, electrochemical impedance spectroscopy (EIS) is used to determine
the ionic conductivity of a model Nafion membrane at two different temperatures. Nyquist plots are
used to analyze the impedance spectra. Equivalent circuit modeling of the EIS data is used to extract
the Ohmic membrane resistance, which is in turn used to calculate the membrane ionic conductivity
using self-developed fitting routines.

Keywords: lonic conductivity, through-plane, fuel cell, bare proton exchange membrane, EIS, Nyquist
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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are one of the most promising clean energy
technologies. They have certain potential advantages such as portable applications, power generation,
and high efficiency [1-3]. One of the key components of a PEMFC is the proton exchange membrane
(PEM), which is responsible for proton transportation from the anode to the cathode [4]. The current
state-of-the-art PEM is a perfluorocarbon based polymer (Nafion) [5,6]. Major drawbacks of Nafion
membranes include: low conductivity, poor performance under low humidification, drying at elevated
temperatures (above 90 °C), and high methanol permeability. These factors together with the high cost
of Nafion have triggered an extensive research for alternative PEM materials [7-15]. The primary
demand on any potential PEM replacement is a high ionic (proton) conductivity. Systematic testing of


http://www.electrochemsci.org/
mailto:m.alhussein@ju.edu.jo
mailto:m.alhussein@ju.edu.jo

Int. J. Electrochem. Sci., Vol. 10, 2015 6466

the membrane ionic conductivity under a wide range of conditions is essential in the process of
developing new membranes to replace Nafion [16]. Therefore, it is desirable to have a simple and cost
effective test system that allows conductivity measurements without using much of the costly platinum
catalyst.

Proton conductivity is widely measured in the in-plane direction of the membrane because it is
easily implemented [17, 18]. However, conductivity in the through-plane direction, along the
membrane thickness, is more relevant for fuel cell applications, especially for membranes exhibiting
morphological anisotropy [4]. In this respect, various apparatus for the through-plane conductivity
measurement have been reported [19-28]. However, detailed information about the cell configuration
and the data extraction methods are sparse. Recently, however, Cooper reported on an easily-
implemented test system for evaluating the membrane through-plane conductivity over a broad range
of temperature and humidity conditions [29]. On the basis of Cooper’s work, Scribner Associates Inc.
introduced a commercial membrane test system (MTS) that provides advanced testing features for
electrochemical research [30].

In this article, we report a simple test system that has been designed and manufactured to
measure through-plane ionic conductivity of bare (non catalyzed) PEMs at different temperature and
humidity conditions. The design builds on Cooper’ work, whereby the nanostrucured Pt catalyst layer
is detached from the membrane and added to the gas diffusion electrode (GDE). Emphasis is placed on
recycling the humidifying gas after exiting the test cell making it more cost effective than Cooper’s
cell. To assess the manufactured cell’s applicability, we used it to determine the ionic conductivity of a
model Nafion membrane at different temperatures. Electrochemical impedance spectroscopy (EIS) was
applied using a frequency range of 10™ to 10° Hz. Nyquist plots were used to analyze the impedance
spectra. Equivalent circuit modeling of the EIS data was used to extract the Ohmic membrane
resistance which was in turn used to calculate the membrane ionic conductivity using self-developed
fitting routines.

2. EXPERIMENTAL

2.1. Instrumentation of the test cell

Figure 1 shows a schematic drawing of the test cell manufactured in this work. It comprises
five units:

M Gas feeding unit:

This unit consists of two gas cylinders; one for hydrogen and another for nitrogen. Each
cylinder is connected to a pressure regulator joint with a flashback arrestor. A traditional T-junction
matches the two cylinders with the humidification unit to act as gas supplier.

(i)  Humidification unit:

A three-port closed water-filled glass bottle is immersed in a digitally heat-controlled water
bath. The bottle has two inlets, one for N,/H; gas, and the other is connected with a pump to ensure a
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one-directional flow of the humidifying gas. The third port is an outlet that feeds the test chamber with
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Figure 1. Schematic drawing of the manufactured test system for membrane through-plane

conductivity measurements.
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Transportation of the humidified heated gas is realized through Teflon tubes. This results in a
closed circulated humidification system and in turn recycling of the humidifying gas. It is worth noting
that Cooper’s cell does not have such a closed system, and instead water is condensed and then
collected in a water trap.

(ili)  Test chamber:

A closed chamber is insulated by glass wool and can be heated by a digitally controlled
external heater. It has humidity, temperature, and pressure controllers. A Teflon holder is used to fix
the membrane electrode assembly (MEA) to be tested inside the chamber. The exit at the bottom of the
chamber is connected to a pump to ensure the one-directional flow of the humidified gas.

(iv)  Pressure control unit:

Using this unit, the chamber can be flushed by either N, gas or a mixture of N,/ H, gases with
an accurate percentage. It consists of a pressure gauge, stopcock, and safety pressure valve. Any excess
gas pressure is released by the safety pressure valve.

(v) Impedance measurement unit:

The impedance of the MEA is measured by an HP 4192A impedance analyzer with two-
terminal impedance spectroscopy over a range of frequency.

2.2. Operating procedure

The system is provided with a ground fault switch to prevent any electrical contact. The system
is checked to be free from any gas leakage. Non-catalyzed membrane is sandwiched between the two
sheets of the GDEs. The resulting MEA is then fixed inside the test chamber. The chamber is purged
with pure nitrogen and then allowed to equilibrate at the desired temperature and relative humidity for
30 minutes. Electrochemical impedance spectroscopy (EIS) impedance data is collected over a
frequency range of 10 to 10° Hz. The membrane ionic conductivity, o, is calculated using:

O_:ﬂ’ ........................................................................................... (1)

where L corresponds to the electrode separation, A is the area of the electrodes, and R is the
bulk membrane resistance. The reproducibility of the results is verified by repeating the measurements
three times for a given membrane sample.

2.3. Gass diffusion layer (GDL) preparation

2.3.1. Pt deposition

Commercial carbon cloth was used as the GDL substrate to precipitate Pt catalyst layer. The
carbon cloth sheet (5x5 cm?) was first immersed in ethanol for 6 min, and then rinsed with deionized
water three times. After that it was sonicated for 6 min in ethanol aqueous solutions (5 vol %
ethanol/water), and then immersed in an aqueous solution of H,PtCls and formic acid at room
temperature for 72 h. After completion of the Pt reduction reaction and the precipitation of Pt layer
onto the substrates, the samples were rinsed with deionized water followed by ethanol and finally by
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deionized water. Then the samples were dried using a stream of hot air for 30 seconds. The resulting
GDL was then characterized by field emission scanning electron microscope (SEM) to characterize the
Pt deposition.

2.3.2. Adding Nafion

In order to transform the GDL into a full GDE, Nafion was added. For every 0.9 g of solid
sample containing Pt, 0.1g of Nafion ionomer (5% Nafion solution) was added. Carbon cloth loaded
with Pt (4.0 x 2.0 cm®) was suspended on the top of two plastic edges and then 0.3 ml of Nafion
solution (5 wt% solution) was added. The solvent evaporated from all sides leaving an even
distribution of Nafion polymer on the carbon cloth.

2.4. Scanning electron microscopy (SEM)

SEM analysis of the prepared GDLs were performed using high resolution field emission
scanning electron microscope (Inspect F50/ FEG).

3. RESULTS AND DISCUSSION

3.1. The GDE morphology

As mentioned earlier, the platinum catalyst layer was detached from the PEM in the MEA and
added to the GDE. GDE is an electrode interface between solid, liquid and gaseous phases. It also has
an electrical conducting Pt catalyst that can support the electrochemical reaction without being part of
the MEA. Electrons can be conducted by the carbon cloth, whereas protons are conducted by Nafion
polymer.

To evaluate the Pt deposition on the carbon cloth, SEM images of the prepared GDLs were
recorder as shown in Figure 2. The gray area represents the precipitated Pt layer. As can be seen, a
nanostructured Pt layer is successfully precipitated and distributed evenly. At smaller scale, Figure 2
(c) and Figure 2(d), one can notice that the Pt nano particles form clusters. Nonetheless, the individual
form of each nano particle seems to be preserved to a large extent, and therefore the exposed surface
area of the catalyst per unit volume is increased. It is worth mentioning that the U.S. Department of
energy suggests that one method of increasing the performance of Pt catalysts is to optimize the size
and shape of the Pt particles. Decreasing the particle size increases the total surface area of the Pt nano
particles and thus less of the costly Pt catalyst will be used.
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Figure 2. Typical SEM images of the prepared GDL.

3.2. Nafion membrane

We chose Nafion 117 membrane as a model PEM to assess the applicibality of the
manufactured test system. EIS measurements were performed on a sample having an area of 0.54867
cm? and a thickness of 171.5 um at temperatures of 18, 36, and 42 °C and a relative humidity of 80%,
according to the procedure described earlier. The obtained impedence spectra are shown in Figure 3 as
Nyquist plots. As can be seen, all plots exhibit depressed single semicircle arcs.

3.3. EIS spectra analysis

Many studies determined the membrane resistance by simply taking the value of the impedance
when the imaginary part of the impedance is equal to zero in the Nyquist plot [31-34]. However, a
more accurate method is to fit the impedance data to equivalent circuit models. The equivalent circuit
presented in Figure 4 provides reasonably good fits for the data presented in Figure 3.
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Figure 3. Impedance spectra for a Nafion 117 membrane obtained at a relative humidity of 80% and

temperatures of (a) 18 °C, and (b) 42 °C. The solid lines represent the fit data using the model
shown in Figure 4.

It consists of a parallel connection of a resistor, R, and a generalized constant phase element

1
(iwC)

C corresponds to the polarization capacitance of the membrane. For n = 1, this model is known as

(CPE) with an impedance of

in series with another resistor, Ryr, where o is the frequency and
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Randles model, where R and Ryr represent the charge transfer resistance at the electrode-membrane
interface and the bulk resistance of the membrane, respectively.

Table 1. Summary of the results obtained by fitting the impedance data with the equivalent circuit
using a non-linear least square procedure.

Temperature (°C) | Rur (kQ) | Re (kQ) n C (uF) o (mS/cm)
18 0.247 0.670 0.993 785 0.126
42 0.234 0.650 0.989 785 0.133

Table 1 reports the data determined by fitting the impedance data to the equivalent circuit
model shown in Figure 4 at the indicated temperatures.

Rct

CPE

>>

Figure 4. Equivalent circuit model for analysis of the impedance spectra to determine the PEM ionic
conductivity.

The fit was performed using self-developed routines using a non-linear least square procedure.
The results reveal a slight decrease in the values of both R and Ry with increasing temperature. It is
known that upon increasing temperature, the proton mobility increases and thus higher membrane
conductivity is observed [33]. On other hand, increasing temperature speeds up the catalyst kinetics.
This accelerates the charge transfer at the electrode-membrane interface. Consequently, R gradually
decreases as temperature increases.

4. CONCLUSIONS

Systematic testing of the PEM ionic conductivity under a wide range of conditions is essential
in the process of developing new membranes to replace Nafion. Therefore, it is desirable to have a
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simple and cost effective test system that allows such measurements without using much of the costly
platinum catalyst. To this end, we have designed and manufactured a test cell that allows
measurements of PEM through-plane ionic conductivity at different humidity and temperature
conditions. In this design the catalyst layer is detached from the membrane and added to the gas
diffusion electrode. Moreover, the humidifying gas of the cell is recycled after exiting the test cell
making it more cost effective. The applicability of the manufactured test system has been demonstrated
using a model Nafion membrane at two different temperatures.

ACKNOWLEDGEMENTS

The financial support of The University of Jordan is gratefully acknowledged. We thank Mr. Waddah
Khanfar for his assistance in performing the SEM measurements and Eng. Mustafa Musleh for
providing helpful electrical technical support.

References

1. F. Barbir, T. Gomez, Int. J. Hydrogen Energy, 21 (1996) 891.

J. Zhang, Z. Xie, J. Zhang, Y. Tang, C. Song, T. Navessin, Z. Shi, D. Song, H. Wang, D. P.

Wilkinson, Z. S. Liu, S. Holdcroft, J. Power Sources, 160 (2006) 872.

3. S. Bosea, T. Kuilaa, T.X.H. Nguyenb, N.H. Kimc, K-T. Laua, J.H. Lee, Progress in Polymer
Science, 36 (2011) 813.

4. T.Y. Soboleva, Z. Xie, Z.Q. Shi, E. Tsang, T.C. Navessin, S. Holdcroft, J._Electroanal. Chem._622

(2008)145.

K.D. Kreuer, Solid State lonics, 97 (1997) 1.

M.C. Wintersgill, J.J. Fontanella, Electrochimica Acta, 43 (1998) 1533.

X. Guo, J. Fang, T. Watari, K. Tanaka, H. Kita, K-1. Okamoto, Macromolecules, 35 (2002) 6707.

A. Mokrini, M.A. Huneault, P. Gerard, J. Membrane Sci. 283(1-2) (2006) 74.

T.J. Peckham, S. Holdcroft, “Structure-Morphology-Property Relationships of Non-Perfl uorinated

Proton-Conducting Membranes”, WILEY-VCH, Canada ( 2010).

10. X. Ye, H. Bai, W.S. Winston Ho, J. Membrane Sci. 279(1-2) (2006) 570.

11. L. Zou, “Synthesis and Characterization of Nanostructured Sulfonated Polyimides for Proton
Exchange Membrane Fuel Cells”, University of Rochester, Rochester, New York (2009).

12. A. Kraytsberg, Y. Ein-Eli, Energy Fuels, 28 (2014) 7303.

13. G. Nawn, G. Pace, S. Lavina, K. Vezzu, E. Negro, F. Bertasi, S. Polizzi, V. Di Noto,
Macromolecules, 48 (2015) 15.

14. H. Beydaghi, M. Javanbakht, E. Kowsari, Ind. Eng. Chem. Res. 53 (2014) 16621.

15. X. Ren, S.C. Price, A.C. Jackson, N. Pomerantz, F.L. Beyer, ACS Appl. Mater. Interfaces, 6 (2014)
13330.

16. C.H. Lee, H.B. Park, Y.M. Lee, R.D. Lee, Ind. Eng. Chem. Res. 44 (2005) 7617.

17. T.A. Zawodzinski, M. Neeman, L.O. Sillerud, S. Gottesfeld, J. Phys. Chem. 95 (1991) 6040.

18. T.A. Zawodzinski, C. Derouin, S. Radzinski, R.J. Sherman, V.T. Smith, T.E. Springer, S.
Gottesfeld, J. Electrochem. Soc. 140 (1993) 1041.

19. C.L. Gardner, A.V. Anantaraman, J. Electroanal. Chem. 449 (1998) 209.

20. S. Ma, Z. Siroma, H. Tanaka, J. Electrochem. Soc. (2006)153 A2274.

21. Y.A. Elabd, C.W. Walker, F.L. Beyer, J. Membr. Sci. 231 (2004) 181.

22. A. Parthasarathy, B. Dave, S. Srinivasan, A.J. Appleby, C.R. Martin, J. Electrochem. Soc. 139
(1992) 1634.

23. G.M. Wu, S.J. Lin, C.C. Yang, J. Membr. Sci. 284 (2006) 120.

no

©CoNo O


http://www.google.jo/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCcQFjAA&url=http%3A%2F%2Fwww.journals.elsevier.com%2Fjournal-of-electroanalytical-chemistry%2F&ei=pUzCUNGSNoqb0QX2iICwAQ&usg=AFQjCNEN1LKPVo19PEMyGyntzupKfA_-zQ
http://www.sciencedirect.com/science/journal/03767388
http://www.sciencedirect.com/science/journal/03767388

Int. J. Electrochem. Sci., Vol. 10, 2015 6474

24. J.C. Wang, Electrochim. Acta, 38 (1993) 2111.

25. C.C. Yang, S.J. Lin, J. Power Sources, 112 (2002) 497.

26. G.M. Wu, SJ. Lin, C.C. Yang, J. Membr. Sci. 275 (2006) 127.

27. K. Ramya, G. Velayutham, C.K. Subramaniam, N. Rajalakshmi, K.S. Dhathathreyan, J. Power
Sources, 160 (2006) 10.

28. R.F. Silva, A. De Francesco, A. Pozio, J. Power Sources, 134 (2004) 18.

29. K.R. Cooper, J Electrochem. Soc. 157 (2010) B1731.

30. www.scribner.com

31. P.M. Gomadam, J.W. Weidnern, “Analysis of electrochemical impedance spectroscopy in proton
exchange membrane fuel cells”, Wiley, USA (2005).

32. F. Kremer, A. Schonhals, W. Luck, “Broadband dielectric spectroscopy”, Springer Velarg-Berlin,
Heidelberg, New York (2002).

33. X. Yuan, H. Wang, J.C Sun, J. Zhang, Int. J Hydrogen Energy, 32 (2007) 4365.

34. X-Z Yuan, C. Song, H. Wang, J. Zhang, “Electrochemical impedance spectroscopy in pem fuel
cells: Fundamentals and applications”, Springer, London (2010).

© 2015 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

