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cPontificia Universidad Católica Argentina de los Buenos Aires, C1107AAZ Capital Federal, Argentina
a r t i c l e i n f o

Article history:

Received 21 August 2013

Accepted 6 December 2013

Available online 13 January 2014

Keywords:

Nafion membrane

Fuel cell

Hydration

Conductivity
* Corresponding author. San Juan Bautista de
E-mail address: laura.napoli.ln@gmail.com

0360-3199/$ e see front matter Copyright ª
http://dx.doi.org/10.1016/j.ijhydene.2013.12.0
a b s t r a c t

The membrane electric transport (MC) directly influences the performance of the polymer

electrolyte fuel cells (PEMFC). The membrane conductivity is determined by a number of

parameters such as: hydration technique, graphite cell geometry and pressure applied

when the membrane electrode assembly (MEA) is joined. In addition, the membrane

conductivity might be influenced by the electrode position due to the possibility of

anisotropic electric conductivity.

This paper describes the technique used to measure the normal conductivity of Nafion�

117 applying direct current (DC). Themembrane was previously hydrated with two different

acid techniques. These two conditioning protocols have identical thermal treatments, the

only difference is the acid utilized in each technique. The first treatment involvedNitric Acid

while the second one was developed using Sulfuric Acid. The results obtained with the

different treatments allowedus to identify thedifference in the conductivity, issue that could

not be appreciated when we studied only the degree of hydration of the membrane because

the quantity of water molecules per sulfonic group was the same using both acids.

The conductivity was measured using directly carbon paper/membrane/carbon paper

samples fully immersed in deionized water. Carbon papers were previously painted with

different graphite inks that allowed us to analyze the results and select the best one.

The cell used for measuring conductivity was built with two graphite plates, copper

connectors and conductive silver epoxy glue that allowed us to form a device similar to the

one proposed in the literature. The results are reproducible and consistent with the pub-

lished data.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

The main purpose of any investigation related to the compo-

sition and operation of a fuel cell is to find the way to achieve
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high proton conductivity, low electronic conductivity, low

permeability to fuel, low electro osmotic drag coefficient, good

chemical/thermal stability, good mechanical properties and

low cost. When it comes tomembranes used for solid polymer

electrolyte fuel cells, many studies have been developed
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around perfluorinated, partially perfluorinated and non-

perfluorinated ones in order to enhance fuel cell perfor-

mance and decrease membrane cost [1e3].

The conditioning technique applied to perfluorinated

polymeric membranes has a major importance to get the

maximum hydration. Their physicochemical properties in-

fluence directly the hydration method. As known, the per-

fluorinated homogeneous membranes refer to uncrosslinked

polymers with cluster structure. The samples used in this

study were conditioned by a thermal acid treatment that

allowed us to reach up to 20 molecules of water per sulfonic

acid group. This technique was developed in a previous paper

where different acids were tested [4]. In this study, only Nitric

and Sulfuric Acids were used.

In agreement with other studies [5], irreversible alteration

of the cluster’s size occurs due to the thermal treatment. This

effect can be proved by rehydrating the membrane with

deionizedwater; it also depends on the drying temperature [6].

In particular, the hydration technique employed, the

graphite cell geometry and the pressure applied when the

membrane electrode assembly (MEA) is joined are important

properties that must be controlled when measuring the con-

ductivity. Also, an unfavorable cell temperature and humidi-

fication can affect the transport processes within the cell. The

conductivity of themembrane in a PEMFC is directly related to

its water content but, on the other hand, any liquid water

produced by the cell reaction has to be removed from the

cathode in order to improve oxygen transport to the catalyst

[7]. Despite the hydration is crucial, the presence of a layer of

water on the porewall can reduce the effectiveness of the pore

size leading to a dissolution and diffusion of the gas.

Conductivity measurements are influenced by the water

content of themembrane, particularly when themembrane is

in its acid form [8]. This situation happens when the mem-

brane dries out at low humidity condition, collapsing the

structure channels and difficulting the proton transport [9].

Many theories explain the proton transport within the mem-

brane; the most common approach [6] considers the mem-

brane as a homogeneous phase in which water is dissolved.

Reasonably, when a concentration gradient is present a

diffusion transport is expected. An alternative point of view is

to consider the membrane permeable, as a capillary network

medium [10]. A diffuse transport is developed when the

membrane is made of amorphous polymers but a convective

transport is expected when the pore diameter is over 5 nm.

Generally, when an interaction between the polymer and

outer species happens, the transport occurs both ways. Ac-

cording to other papers [6,10], this is expected for Nafion

membranes. The way to explain the transport is considering

that at high water content the channels and clusters get

connected, allowing the proton to pass through them. The

pore consists of eight CF3eCF3 and four CF3eSO3H entities

which are arranged on a single helix [11]. It has been experi-

mentally established that the transport through this narrow

channels requires an activation energy that increases when

the content of water gets lower [5]. Other authors [12e15]

studied the interactions between two side chains and the

dissociation of the sulfonic acid group. It was discovered that

the proton dissociates when themembrane is hydratedwith 3

molecules of water per sulfonic acid group.
In order to get an optimum cell performance, the mem-

brane must be hydrated assuring high proton conductivity.

The study was developed using a fully hydrated Nafion� 117

membrane with maximum number of water molecules per

sulfonic group of 20. Despite using a different hydration pro-

cedure, the conductivity results are comparable with other

works.

The conductivity was calculated at all times with the

electrode area resistance of Nafion� 117 and the hydrated

membrane thickness, 0.195 mm, which was measured by

SCHWYZ caliber.

The method applied to measure the normal direction

conductivity consists of pressing the Nafion� 117 membrane

directly between two electrodes. This technique seems to be

similar of a real fuel cell system.

According to other publication [16], the tangential and

normal conductivity should be in the same range when the

water content is similar. In this study, only the normal con-

ductivity was investigated.
2. Material and methods

2.1. Membrane hydration treatment

This procedure is as simple as possible and allows us to reach

maximumhydration following just three steps. First of all, the

membranes were boiled in 3% H2O2 for 1 h to eliminate

organic residues. To ensure the complete acid form of the

membrane, the samples were boiled in Nitric Acid and in a

second study they were boiled in Sulfuric Acid for 3 h using

three different concentrations, 0.05 M, 0.5 M and 1 M. In the

last step, the membranes were boiled in deionized water for

3 h. After each step the samples were placed in deionized

water at room temperature for 15 min.

2.2. Proton conductivity measurement

The conductivity measurements were performed in a cell

made with two graphite electrodes based on the model

developed in this paper [5]. The cell was built with two rect-

angular pieces of graphite (3.5 cm width � 5.5 cm

height � 0.5 cm thickness) where two copper connectors were

fixed with conductive silver epoxy glue at the top of the

graphite electrodes.

The conductivity was measured using directly carbon

paper/membrane/carbon paper samples, brought in contact

between two graphite electrodes using a press which was

adjusted manually. The active area of the electrodes was the

group CP/Membrane/CP with a dimension of 1.5 cm � 2 cm,

with the membrane exceeding this area. The system was

immersed in a container filled with deionized water, keeping

the connections outside (Fig. 1). This consideration allowed us

to ensure the hydration of the membrane. The conductivity

wasmeasured at room temperature and two samples per each

acid concentration were studied to ensure reproducibility.

Also, three measurements per sample were performed.

Carbon papers were previously painted with different

graphite inks that allowed us to analyze the results and select

the best one. The first ink tested contained Carbon Black

http://dx.doi.org/10.1016/j.ijhydene.2013.12.066
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Fig. 1 e Components of the conductivity cell for Nafion 117

membrane: (1) acrylic container, (2) water level, (3) press, (4)

set screws, (5) copper electric connections, (6) graphite

current collectors, (7) membrane and (8) carbon paper

electrodes.
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Vulcan XC-72. An unexpected electrolysis occurred at the

beginning of the experience when the cell was immersed in

water and connected. Due to this effect, this ink was dis-

carded. A second ink was tested; in this case the mix con-

tained 10% Platinum. The result was very satisfactory, the

conductivity could be measured and the system found the

expected equilibrium. In both cases, we worked with direct

current, 0.39 Amper and 4 V. The circuit was built like the

image described in Fig. 2.
Table 1 e Results obtained in the Nitric Acid treatment
with different concentrations.

Steps HNO3 0,05 M HNO3 0,5 M HNO3 1 M

la s la s la s

1 14.7081 0.15 15.2998 0.47 15.6527 0.4

2 18.2201 0.57 15.489 0.45 15.9843 0.11

3 18.5657 0.24 17.7482 0.01 19.1307 0.11
3. Theory/calculation

The conductivity of the membrane (s) was calculated ac-

cording to the Equation (1).

s ¼ k=Rm (1)

Where k is the cell constantwhichwas calculated according to

the Equation (2).

k ¼ membrane thickness=electrode active area (2)

Themembrane thickness wasmeasuredwith the SCHWYZ

caliber when it was hydrated.

The membrane resistance (Equation (3)), Rm, was calcu-

lated considering the difference between the cell resistance

obtainedwith the Equation (4) and the resistance of the empty

conductivity cell, Ri: 0.07 U.
Fig. 2 e (1) Source, Agilent Technologies NS 743 A, (2)

conductivity cell and (3) external resistance of 9.85 U.
Rm ¼ Rc � Ri (3)
Rc ¼ Vc=Vr � Rr (4)

Where Rc is the cell resistance, Vc is the cell potential, Vr is the

potential in the external resistance and Rr is the resistance of

the external one.

Two measurements were made with FLUKE 189 Multi-

meter. The first potential measured was the complete system

and then the second potential measured was the external

resistance. The difference is the potential in the cell, Vc.
4. Results and discussion

4.1. Membrane hydration treatment

The following tables contain the quantity of water molecules

obtained with different concentrations of the proposed acids

considering the average (la) value of two samples per acid

concentration and the standard deviation (s) of eachmeasure.

Each table details the quantity of water molecules per

sulfonic acid group obtained in the relevant steps of the pro-

cedure. These main steps are:

1. H202 3% þ deionized H2O

2. Studied acid in different concentrations þ deionized H2O

3. Boiled H2O þ deionized H2O

4.1.1. Nitric acid
Any difference between the three concentrations was not

noticed in Table 1. The results showed that the method is

appropriate considering that 19 molecules per sulfonic acid

group were obtained.

4.1.2. Sulfuric acid
The study did not show a difference after comparing these

results with the ones obtained from the Nitric Acid test. As it

can be seen in Table 2, a maximum hydration membrane was

also reached.
Table 2 e Results obtained in the Sulfuric Acid treatment
with different concentrations.

Steps H2SO4 0,05 M H2SO4 0,5 M H2SO4 1 M

la s la s la s

1 15.9599 0.89 15.157 0.36 15.4258 0.57

2 19.0842 0.41 15.0447 0.51 15.251 0.28

3 19.7837 1.19 18.1267 0.78 18.5164 0.04

http://dx.doi.org/10.1016/j.ijhydene.2013.12.066
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Table 3 e Conductivity results when the membrane is hydrated with Nitric Acid.

HNO3 0,05 M HNO3 0,5 M HNO3 1 M

Membrane 1 Membrane 2 Membrane 1 Membrane 2 Membrane 1 Membrane 2

Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1

1 0.032 0.203 0.0214 0.3031 0.0323 0.2014 0.0297 0.2185 0.0222 0.2929 0.0282 0.2302

2 0.0318 0.2046 0.0212 0.3067 0.0421 0.1543 0.0262 0.2479 0.0229 0.2832 0.0272 0.2387

3 0.0302 0.2149 0.0197 0.3302 0.0232 0.2801 0.0267 0.2433 0.0232 0.2802 0.0257 0.2527

Average 0.0313 0.2075 0.0208 0.3134 0.0325 0.2119 0.0276 0.2366 0.0228 0.2854 0.0271 0.2406

s 0.001 0.0064 0.001 0.0147 0.0095 0.0635 0.0019 0.0158 0.0005 0.0066 0.0013 0.0114

Table 4 e Conductivity results when the membrane is hydrated with Sulfuric Acid.

H2SO4 0,05 M H2SO4 0,5 M H2SO4 1 M

Membrane 1 Membrane 2 Membrane 1 Membrane 2 Membrane 1 Membrane 2

Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1 Rm ohm s S cm�1

1 0.0681 0.0955 0.0354 0.1836 0.0373 0.1743 0.1663 0.0391 0.1035 0.0628 0.1166 0.0557

2 0.0706 0.0921 0.0359 0.1811 0.0375 0.1732 0.1678 0.0387 0.0987 0.0659 0.1148 0.0566

3 0.0686 0.0948 0.0341 0.1904 0.0358 0.1817 0.1647 0.0395 0.0992 0.0655 0.1146 0.0567

Average 0.0691 0.0941 0.0351 0.185 0.0369 0.1764 0.1663 0.0391 0.1005 0.0647 0.1153 0.0564

s 0.0013 0.0018 0.0009 0.0048 0.001 0.0046 0.0016 0.0004 0.0027 0.0017 0.0011 0.0005
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4.2. Proton conductivity measurement

4.2.1. Nitric acid
Conductivity results when the membrane is hydrated with

Nitric Acid are shown in Table 3. Considering all the individual

results that are in the same range of analysis, its standard

deviation is 0.04 S cm�1. The average conductivity result when

the membrane is treated with Nitric Acid is 0.2492 S cm�1 ðsÞ.

4.2.2. Sulfuric acid
Conductivity results when the membrane is hydrated with

Sulfuric Acid are shown in Table 4. Considering all the indi-

vidual results that are in the same range of analysis, its

standard deviation is 0.06 S cm�1. The average conductivity

result when the membrane is treated with Sulfuric Acid is

0.1026 S cm�1 ðsÞ.
Comparing both results, the study performed with Nitric

Acid showed better membrane conductivity. This difference

could not be appreciated when the membrane hydration was

only studied.
5. Conclusions

Membrane conductivity values obtained from both acid hy-

dration treatments were higher than the expected results

using the cell built as it was described above.

Therefore, it can be stated that the treatment applied is

efficient to achieve enhancedmembrane hydration and a high

conductivity value, whether Nitric or Sulfuric Acid is being

used.

Besides this observation, the treatment with Nitric Acid

seems to be a better option to hydrate the membrane,

achieving a 0.2492 S cm�1 conductivity value.

More acids will be tested using the same hydration and

conductivity technique in order to find better results.
Abbreviations

s conductivity of the membrane.

k cell constant.

Rm membrane resistance.

Ri resistance of the empty conductivity cell.

Rc cell resistance.

Vc cell potential.

Vr potential in the external resistance.

Rr resistance of the external resistance.

la average value of water molecules per sulfonic acid

group.

s standard deviation.

s average conductivity of each acid.
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