
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 5 4 3 5e5 4 4 1
Avai lab le a t www.sc iencedi rec t .com

journa l homepage : www.e lsev ier . com/ loca te /he
Effects of chlorides on the performance of proton exchange
membrane fuel cells
Wei-Mon Yan a, Hsin-Sen Chu b, You-Lun Liu b, Falin Chen c, Jer-Huan Jang d,*
aDepartment of Greenergy, National University of Tainan, Tainan 700, Taiwan, ROC
bDepartment of Mechanical Engineering, National Chiao Tung University, Hsin-Chu 300, Taiwan, ROC
c Institute of Applied Mechanics, National Taiwan University, Taipei 106, Taiwan, ROC
dDepartment of Mechanical Engineering, Ming Chi University of Technology, Taishan 243, Taipei, Taiwan, ROC
a r t i c l e i n f o

Article history:

Received 16 December 2009

Received in revised form

7 January 2011

Accepted 28 January 2011

Available online 2 March 2011

Keywords:

Proton exchange membrane fuel cell

Cell performance

Chlorides
* Corresponding author. Tel.: þ886 2 2908989
E-mail address: jhjang@mail.mcut.edu.tw

0360-3199/$ e see front matter Copyright ª
doi:10.1016/j.ijhydene.2011.01.158
a b s t r a c t

This paper investigates the effects of cathode gases containing chloride ions on the proton

exchange membrane fuel cell (PEMFC) performance. Chloride solutions are vaporized using

an ultrasonic oscillator and mixed with oxygen/air. The salt concentration of the mixed gas

in the cathode is set by varying the concentration of the chloride solution. Five-hour tests

show that an increase in the concentration of sodium chloride did not significantly affect

the cell performance of the PEMFC. It is found that variations in the concentration of

chloride do not show significant influence on the cell performance at low current density

operating condition. However, for high current density operating conditions and high

calcium chloride concentrations, the chloride ion appears to have a considerable effect on

cell performance. Experimental results of 108-h tests indicate that the fuel cell operating

with air containing calcium chloride has a performance decay rate of 3.446 mV h�1 under

the operating condition of current density at 1 A/cm2. From the measurements of the IeV

polarization curves, it appears that the presence of calcium chloride in the cathode fuel gas

affects the cell performance more than sodium chloride does.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction inexpensive and durable. Durability of the fuel cell targets
Fuel cells, which convert the chemical energy of the fuel

directly to electricity with high efficiency, are considered to be

the ultimate technology for the clean generation of power.

Proton exchange membrane fuel cells (PEMFCs) are promising

power sources for electrically powered vehicles and distrib-

uted power generation in the near future [1e3]. However, one

of themain technological issues of the PEMFC is the limitation

of lifetime under typical operating conditions, even under the

operation with pure hydrogen. For automotive, portable, and

residential applications, fuel cells are required to be reliable,
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exceed 5000 h for automotive applications and 40 000 h for

stationary applications [4,5].

Taiwan is an island on the west Pacific Ocean with the

coastline of 1137 km.When an ocean wave breaks, droplets of

salt water interact locally with air and diffuse into the air.

Eventually theywould be blown inland by offshorewinds. The

salt (sodium chlorideeNaCl; and potassium chlorideeKCl)

content of the sea air and subsequently the soil is approxi-

mately 0.046e0.455%. This salt mist can be detected as far as

25e55 km inlandwith the influence of typhoons in summer or

north-eastern seasonal wind in winter. Consequently, the
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

m mass, g

T temperature, �C
t total operation time, h

V voltage, V

Subscripts

g for gas consumed per hour

s for sodium chloride in 1 L of chloride solution

C for chloride solution consumed per hour

w for 1 L of chloride solution
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cathode gases would contain significant levels of chloride, if

fuel cells are located near the coastline. With higher levels of

chloride concentration, the metal parts of the fuel cell would

corrode and produce additional free metal ions in the air after

a long period of operation. As a result, metal ions would enter

into the membrane of the cells through the fuel gases in the

cathode. This leads to the contamination of themembrane, in

turns, a considerable impact on the membrane conductivity

and the water transfer coefficient.

Mass transport is another important issue in cell perfor-

mance of PEMFC. The mass transport properties degrade as

a result of the accumulation of excess water. Furthermore,

various impurities canaffect the cell performance [6]. However,

the failure modes for PEM fuel cells have not yet been well

documented, and the causes and mechanisms of degradation

are not fully understood. The long-term fuel cell tests are often

performed in very specific conditions (in terms of temperature,

gas humidification, nature of the catalyst, gas pressure, etc.)

with precise and reliable comparison of the results reported in

literature [7e11] on different membranes lifetime. Some

studies suggest that degradation is induced at the anode [7,8]

whereas some others conclude that it occurs at the cathode

[9,10] or homogeneously through themembrane thickness [11].

Okada et al. [12] presented a one-dimensional model of

linear water transport in a membrane, and analyzed the water

concentration distribution, net water flux and the membrane

resistance. Their results showed that the current density,

humidification and membrane thickness were crucial param-

eters indetermining thewater concentrationof themembrane.

In addition, these results also showed that even if contamina-

tion was restricted to the membrane surface, severe dehydra-

tion of the membrane would occur. Their proposed one-

dimensional model for water transport in the membrane was

extended to consider contamination of either the anode [13] or

cathode side [14], analyzing the water concentration distribu-

tion in themembrane. The results indicate that themembrane

performance will decrease significantly due to contamination.

Xie and Okada [15] observed that the smaller ions would

increase the transference coefficients due to the larger

hydrological radii upon hydration. Zawodzinski et al. [16,17]

found that if there is more water in a membrane, the diffu-

sion effect will be more apparent. Chen et al. [18,19] numeri-

cally examined the water transport of proton exchange

membrane fuel cells (PEMFC) and showed that severe dehy-

dration occurs in themembrane as themembrane is fouled by

foreign ions. Also, the time requires for the system to reach

steady state will be prolonged.

The membrane maybe fouled during the manufacturing

process or during cell operation, as the input gas may contain

foreign ions, and hydrogen contaminated vapor. Okada et al.

[20] found that water transference coefficient, defined as the
number of moles of water transported per Faraday through

the membrane, is governed by two effects: an electrostatic

effect between ion and water dipoles, and an effect due to the

size of cations. Furthermore, Okada and his colleagues also

suggested that other cations, such as Ca [21], Na [22], Fe, Ni,

Cu, [23] Li, K, Rb, Cs [24], may have an influence on the char-

acteristics of the membrane. As long as the membrane is

contaminated, the water content, conductivity, and water

permeability of the membrane decline rapidly.

From the literatures cited above, it is noted that previous

researches have shown anions and cations in a membrane

would affect the characteristics of the membrane. However,

investigation of the effect of chloride content in cathode fuel

gas on PEM fuel cell performance has not been well examined.

This motivates the present study. In this work, the primary

objective was to study the influence of cathode gases con-

taining different chloride ions on cell performance of the PEM

fuel cells.
2. Experiment setup and methodology

2.1. Fuel cell

The materials of the proton exchange membrane fuel cell

used in these experiments are specified as below:

(1) Proton exchange membrane

The PEM is made of GORE, PRIMERA type 5621, with

a reaction area of 5 � 5 cm2.

(2) Catalyst layer

The catalyst layer is alsomade of GORE. The platinum alloy

content on the anode side is 0.45 mg/cm2 whilst the platinum

alloy content on the anode side is 0.6 mg/cm2. The combined

thickness of the catalyst layer and PEM is 35 mm.

(3) Gas diffusion layer

The gas diffusion layer is made of carbon cloth GORE-TEX

structures with a surface area of 5 � 5 cm2 and thickness of

0.4 mm.

(4) Flow field plate

The flow field plate is a graphite plate with a total surface

area of 10 � 10 cm2 with plate thickness of 1 cm. A serpentine

flow field was configured in both the anode and cathode sides.

Both width and depth of the flow channels were 1 mm.

http://dx.doi.org/10.1016/j.ijhydene.2011.01.158
http://dx.doi.org/10.1016/j.ijhydene.2011.01.158


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 5 4 3 5e5 4 4 1 5437
(5) Collector plate

The collector plate is made of copper. The copper surface is

gilded to reduce corrosion and contact resistance between the

plates. The collector plate has dimensions of 10 � 10 cm2 with

the thickness of 0.4 cm. The end plate is made from

Aluminum 7075, and has dimensions of 10 � 10 cm2 with the

thickness of 1 cm.
2.2. Experimental setup

Schematic viewof theexperiment test system is shown inFig. 1.

The test benchmainly includes five parts, which are gas supply

system, flow rate control system, temperature control system,

humidity system and electric load system. The gas supply

system supplies hydrogen, oxygen and air as the anode and

cathode reactant gas in the fuel cell, and supplies nitrogen for

removing the residual gas in the pipeline before and after

experiments. Theflow rate control systemcontrols the gas inlet

flow rate following stoichiometry andminimumflowmode. As

for the temperature control system, heating rod, T-type ther-

mocouple and CN760000 temperature controller are employed

to control the cell temperature. The humidity system forces the
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Fig. 1 e Schematic diagram of
gases through humidification bottles and regulates the

temperature of the humidified fuel gases. The electric load

system has the maximum power output of 600 W, the

maximum current of 120 A and the maximum voltage of 60 V.

The chloride salt solution is mixed with oxygen/air in

a sealed bottle using an ultrasonic oscillator andmixing vessel.

The chloride solution is sprayed to form water droplets in the

form of a fine mist, whichmixes with oxygen/air in the mixing

vessel. The final mixture is fed into the fuel cell as the fuel

reactant.

2.3. Analysis of gas chloride concentration

In order to investigate the effect of concentration of chloride

on PEMFC performance, the concentration of chloride in the

cathode gases is calculated by the following equation.

Chloride concentrationðppmÞ ¼
_mC � ms

mw

_mg þ _mC
� 106 (1)

Wheremw is themass of chloride solution, _mg is the consumed

mass of gas per h, _mC is the consumed mass of chloride

solution per h, ms is the mass of chloride in the chloride

solution. For clarity, all the measured and average values are
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the experimental setup.
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Table 1 e Experimental parameters for oxygen cathode gas and a volume flow rate of 8.33 cm3/s.

Chloride
concentration

Operating
current (A)

_mC (g/hr) _mg (g/hr) Concentration
(ppm)

Average
concentration (ppm)

0.1 M NaCl 20 13.4 42.87 1393 1409

35 13.7 42.87 1417

50 13.7 42.87 1417

1 M NaCl 20 10.8 42.87 11 353 11 323

35 11.2 42.87 11 686

50 10.3 42.87 10 929

2 M NaCl 20 10.1 42.87 20 770 20 546

35 10.1 42.87 20 770

50 9.7 42.87 20 099

0.1 M CaCl2 20 13.3 42.87 2619 2634

35 13.5 42.87 2649

50 13.4 42.87 2634

0.5 M CaCl2 20 11.1 42.87 11 013 10 960

35 11.2 42.87 11 091

50 10.8 42.87 10 775
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presented in Table 1, and hereafter all the concentration

mentioned refer to average concentration.
3. Results and discussion

In the present study, both effects of chloride salt concentra-

tion and the type of chloride salt on the PEM fuel cell perfor-

mance are under investigation. The fuel cell is maintained at

the temperature of 65 �C. The anode fuel gas was hydrogen,

with the volume flow rate of 8.33 cm3/s and humidification

temperature of 80 �C. The cathode gas was oxygen/air mixed

with various chlorides concentrations (shown in Table 1), with

the volume flow rate of 8.33 cm3/s and no humidification.

Fig. 2 shows the effect of NaCl concentrations on the

potential of PEM fuel cell with different current densities. It is

observed that the potential decreases as time increases during

the 5 h testing. It is noticed that the concentration of NaCl does

not show significant influence on the potential, especially for

lower current densities. Nevertheless, it does show that the
Fig. 2 e Effects of NaCl concentration on the cell

performance of PEMFC as a function of time in 5 h with

various current densities (a) 0.8 A/cm2； (b) 1.4 A/cm2；
(c) 2 A/cm2.
potential decreases as the concentration of NaCl increases.

Effect of CaCl2 concentrations on the PEM fuel cell perfor-

mance with different current densities is presented in Fig. 3.

The same trends as Fig. 2 can be observed in Fig. 3. However,

significant effect of CaCl2 concentrations on the potential of

PEM fuel cell is noticed in lower operation current densities.

A second test was carried out to evaluate the effect of NaCl

and CaCl2 concentration on the PEMFC performance in

a pattern of continuous operation. The fuel cell was operated

for 12 h with current density of 1 A/cm2 and then stop for 12 h

daily. The anode fuel gas was hydrogen with a volume flow

rate of 8.33 cm3/s and humidification temperature of 80 �C; the
cathode gas was air mixed with chloride salt with a volume

flow rate of 16.67 cm3/s and the humidification temperature at

room temperature. The fuel cell operating temperature was

65 �C. A control test using pure air was performed prior to the

experiment. Fig. 4 shows the voltage changes with operation

time for operation time up to 108 h using pure air as the

cathode gas. A suitable linear equation relating voltage to

operation time was obtained according to the experimental

data:
Fig. 3 e Effects of CaCl2 concentration on the cell

performance of PEMFC as a function of time in 5 h with

various current densities (a) 0.8 A/cm2；(b) 1.4 A/cm2；
(c) 2 A/cm2.
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Fig. 4 e Electric potential versus total time using pure air as

the cathode gas with current density of 1 A/cm2 and cell

operation for 12 h then stop for 12 h daily.
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Fig. 6 e Electric potential versus total time using 9391 ppm

CaCl2/air as the cathode gas with current density of

1 A/cm2 and cell operation for 12 h then stop for 12 h daily.
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V ¼ �7:954� 10�6tþ 0:541 (2)

Where V is voltage and t is the operation time. The decay rate

was found to be 7.954 mV h�1, a very low rate. After 108 h, the

cell performancewas stable. Extrapolating formula (2), we find

that the voltage will reach zero after w68 000 h.

Fig. 5 presents the same test as Fig. 4, while the cathode gas

was 10,043 ppm NaCl in the air. In Fig. 5, another linear rela-

tionship between voltage and operation time is established:

V ¼ �1:082� 10�3tþ 0:601 (3)

At t ¼ 0, V0 ¼ 0.601 V and the voltage is stable for about the first

20 h. After 20 h of operation, the voltage began to decrease

linearlywith time.After 108 h of operation, the voltage becomes

0.49V, corresponding toavoltagedropofapproximately0.111V.

The decay rate was calculated to be 1.082 mV h�1 using linear

regression. This indicates that the NaCl/Air gas mixture signif-

icantly affects the cell performance. It can be estimated that the

lifetime of a fuel cell using the NaCl/air mixture as the cathode

fuel gas, is about 555 h (i.e. the time is takes V to equal zero).

Furthermore, 9391 ppmCaCl2 in airwasusedas the cathode gas

for the same test, the voltageetime relationship variation is
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Fig. 5 e Electric potential versus total time using

10043 ppm NaCl/air as the cathode gas with current

density of 1 A/cm2 and cell operation for 12 h then stop for

12 h daily.
shown inFig. 6. The linear equation relatingvoltage tooperation

time is obtained:

V ¼ �3:446� 10�3tþ 0:553 (4)

The rate of decay is calculated as 3.446 mV h�1, suggesting

CaCl2 in air will affect the cell performance to a far greater

extent than NaCl in air does. In fact, by extrapolating the

linear equation the lifetime of the fuel cell was estimated to be

about 160 h, a significant reduction compared to that using

NaCl/Air gas.

After all the experimentswere completed, cupric oxidewas

found on the cathode bipolar and collector plates due to the

chloride salts. Therefore, the gaseous diffusion layer, (also

carbon cloth) was analyzed and screened using SEM. Fig. 7

shows the configuration of the carbon cloth with and

without chloride salt in the cathode fuel gas. It is observed that

the carbon fibers in the carbon cloth adhered with certain

material, and as such an EDS analysis was conducted to

understand the adsorption interaction. Results from EDS

analysis reveal thatmost of the cloth is consisted of carbon (C),

followed by fluorine (F), which was likely due to the manu-

facture method of carbon fiber inside the carbon cloth. The

experimental data show that the cell performance is affected

by varying the concentration of chloride salt. The activation

energy of the cathode catalyst layer at the interface between

the platinumcatalyst and themacromolecular polymer bodies

(membrane phase) is increased by the foreign ions as they

allow the ion and water molecular structure to change. The

macromolecular structurewill influence the transfer of charge

on the platinum surface. An increased overpotential is there-

fore required, which will also affect the performance.

The polarization curves can be used to establish the main

factors and the extent of cell performance that is affected. Fig. 8

presents the totaloperation timeof thepolarizationcurveusing

10043 ppm NaCl/Air in the cathode. It can be seen that an

increase in operating time at low densities does not have

a significant impactoncell performance.However, it does show

significant influence for higher current densities. The decrease

in cell performance may be explained by the fact that contact

resistancebetween thecathodebipolarplateandcollectorplate
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increases. The polarization curves using 9391 ppm CaCl2/air in

the cathode for several operation periods are shown in Fig. 9. It

depicts that the increase of operation period results in a signif-

icant drop in voltage for lower current densities. This indicates

that the activation energy of the cathode catalyst layer is

affected by CaCl2. Comparing Figs. 8 and 9, it is clearly observed

that the effect of CaCl2 concentration on PEM fuel cell
Fig. 7 e The structure of the gas diffusion layer observed

usingSEM(a)withoutchloride (b)withNaCland(c)withCaCl2.
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Fig. 8 e Polarization curves for various operating times

using 10043 ppm NaCl/Air as the cathode gas.
performance is more dramatic than that of NaCl. The calcium

ionhasavalencyof2þ,whereas thesodiumionhasavalencyof

1þ, so the bonding forceof a calciumion to themacromolecular

structure is stronger than that of a sodium ion. Stronger

bonding forces create greater polarization. While calcium

creates a greater polarization, the contact resistance is not

affected significantly. From the 72 and 108 h polarization

curves, it shouldbenoted that thegenerationof limitingcurrent

corresponds to greater contamination, agreeing with Okada’s

[21] findings that calcium ions have a greater effect on the cell

performance than sodium ions do.
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Fig. 9 e Polarization curves for various operating times

using 9391 ppm CaCl2/Air as the cathode gas.
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4. Conclusion

The effects of chloride ions on the PEM fuel cell performance

have been investigated in detail. Both sodium chloride and

calcium chloride are used in the experiment. Effect of chloride

concentration on the PEM fuel cell performance is also studied

for both short and long operation times. Summaries are given

below:

1. For a relatively short operation time, the increase in NaCl

concentrations in the cathode does not show significant

influence on the potential of the fuel cell. Furthermore,

variations in current density do not show significant

influence on the potential of fuel cell.

2. The increasing in CaCl2 concentrations in the cathode

depicts insignificant influence on the cell potential for

a relatively short operation time. However, as the current

density increases, the influence of CaCl2 concentration on

cell performance becomes significant. A dramatic reduc-

tion in cell performance is resulted with larger current

densities and chloride concentration.

3. In the presence of chloride ion, PEMFC performance

declines for a relatively long operation time. The declina-

tion rate is 1.082 mV h�1 for NaCl/air fuel gas mixture, and

3.446 mV h�1 for CaCl2/air fuel gas mixture, respectively.

4. For a relatively long operation time, the effect of CaCl2 on

cell performance is more severe than that of NaCl. In

addition, higher concentration of CaCl2 was found to

increase the decay rate of performance.
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