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Abstract—A method based on Hall effect is applied to 

measure proton concentration in polymer electrolyte membrane. 

Although Hall effect is present in any kind of charge carriers, due 

to the fact that electrons are the charge carriers in any electronic 

device, only Hall voltage of electron systems can be measured. In 

this paper we show how Hall effect induces voltage on proton 

system in polymer electrolyte membrane of fuel cell of the same 

magnitude as in the electron system. In this way it is possible to 

determine essential microscopic properties of the proton system 

in the polymer electrolyte membrane, such as proton 

concentration and mobility. 
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I.  INTRODUCTION  

Polymer electrolyte membrane (PEM) fuel cells are 
becoming one of the most promising technologies for power 
generation in transportation and in energy supply of small 
independent systems alternative. As they use hydrogen as a 
fuel they have potential to contribute in reducing fossil fuels 
use. A polymer membrane represents the most important part 
of a PEM fuel cell system.  

Interactions between charge carriers in conductors and 
electrolytes are screened either by homogenous system of 
immobile (ionic lattices in metals) or mobile (electrolytes) 
opposite charges. In contrast to these systems, proton systems 
in PEM is screened by electrons in the adsorption layer of the 
electrode.  

The transport of protons through PEM is of the outermost 
importance for the proper PEM fuel cell operation. Proton 
concentration and their mobility are essential parameters that 
determine proton transport. 

Schalenbach et al [1] used the method proposed by Sone et 
all [2] in order to measure proton conductivity of PEM. They 
used the four-point method applied ex situ i.e., on the 
membrane outside the cell. The problem is that metals and 
semiconductors devices do not conduct protons but electrons 
and holes, so in this way they have measured electron rather 
than proton conductivity.  

Spry and Fayer [3] probed the water channels in Nafion 
using several pyrene derivate photoacids (HPTS, rhodoamine-
6G and HPTA). Using cluster-network model [4] they found 
that hydronium concentration near the water interface in 
Nafion is 1.4 M. 

Aside from the objection raised against former described 
method we add that both methods are applied to Nafion 
membrane outside the fuel cell. However, it is of the uppermost 
importance to determine concentration of charge carriers and 
their mobility in the membrane under working conditions. In 
order to measure properties of proton system one has to couple 
an electron system to the proton system and connect the 
properties of these systems. A well-known case is a 
measurement of the proton current in PEM. Due to the law of 
charge conservation, proton current in PEM is equal to the 
electron current in outer parts of the fuel cell (PEMFC) circuit.  

In this paper we exploit the Hall effect on proton current to 
produce Hall voltage in the fuel cell membrane, in working 
conditions. It is not possible to measure a voltage in the proton 
system directly. Like in the case of proton current measurement 
we have to relate voltage in proton and electron systems in 
order to find the former one. To do that we invoke the fact that 
electric field in metals (anode in this case) vanishes in 
electrostatic, or low frequency, conditions. In this way we 
establish the correspondence between Hall voltage in proton 
and electron systems in PEMFC and determine the 
concentration and mobility of protons that take a part in the 
electric current through PEMFC. 

The paper is organized in the following way: In next 
section a theory of Hall effect is briefly exposed. The problem 
of coupling proton and electron system is the theme of the third 
section. An experimental setup is described in the fourth 
section. The fifth section discusses ex-situ measurements and 
shows the results and their interpretation. Finally, in the last 
section we summarize the results and describe our plans work 
on this problem. 

II. HALL EFFECT 

An external electromotive force generates an electric field 
along a closed circuit. This field moves charge q in its 
directions as it is shown in Figure 1. A magnetic induction B 



perpendicular to charge carriers velocity v deflects them 
perpendicularly to its velocity accumulating in this way charge 
in the direction perpendicular to the drift velocity. In this way 
Hall field EH opposite to Lorentz force FM is induced, as it is 
depicted in Figure 1. 

 

Figure 1: Hall effect in a circuit with positive charge carriers. a, 
d, h are dimensions of a slab introduced in the circuit, FM is 
Lorentz force, EH is Hall field, B is magnetic field, I is the 
current and VH is Hall voltage. Equating Lorentz and electric 
force the Hall electric field is obtained (Eq. (1)),  

 EH=vB 

An electric current associated with charge carrier motion is 
given by Eq. (2): 

 I=Svqn 

where S is an area of the specimen cross section and  n is 
charge concentration. According to Curie’s principle [5] small 
perturbation, magnetic field in this case, induces the response, 
Hall field, of the same symmetry. Assuming homogenous 
magnetic field, the Hall voltage is VH=EHa, where a is the 
specimen dimension in the direction of magnetic field.  After 
elementary algebra, Eq. (3) is obtained: 

 VH=(IB) /(nqa). 

It comes out that the concentration is a function of a physical 
constant (q) and macroscopic measurable quantities (VH,I,B,a). 
This relation makes the Hall effect a standard method for the 
charge concentration determination. 

III. HALL VOLTAGE MEASUREMENT ON PROTON CURRENT 

The goal of this paper is to explore the Hall effect as a 
method to determine the proton concentration in the 
electrolytic membrane. Hall effect works equally well on 
electron and proton currents. However, one cannot measure 
directly the voltage set up by proton currents, since voltmeters 
are made of metals and semiconductors. Both of them conduct 
only electrons. In order to measure this voltage, one has to 

establish a connection between electron and proton voltage. 
Here we describe this connection in the PEM fuel cell where 
the protons move from the anode side, where hydrogen splits 
into protons and electrons, to the cathode side, where protons 
unite with electrons and oxygen and form water molecules.  
We introduce magnetic field perpendicular to proton current as 
shown in Figure 2.  Due to the appearance of the Lorentz force 
FM, protons will move along the h dimension.  

 

 

Figure 2: The schematic display of the surface charge density 
perturbation in the dipolar layer due to Lorentz force. 

 

No current can flow perpendicularly to PEM implying zero 
electric field within the metallic anode.  This can be met only 
by equal electron and proton surface concentrations in the 
formatted anode dipole layer (see Figure 2).  In other words, 
the Hall effect in proton system induces equal voltage in 
electron system on the anode, as it is suggested in Figure 2.  

PEM fuel cell current flowing through the anode produces 
small ohmic voltage due to the nonzero resistance of the anode 
(see Figure 3). Hall effect produces small voltage, too. It is 
comparable, or even smaller, than ohmic one.  

 

 

Figure 3: An origin of Hall and ohmic voltage on the anode. 
Protons and electrons are presented by blue and red spots, 
respectively. Cross within blue spot denotes the direction of 
proton velocity. 

The total voltage measured between Hall contacts (Figure 4) is 
a superposition of the ohmic and Hall voltage (Eq. (4)) 



 V1=Ie Ra+VH 

where Ra is the resistance between Hall contacts. Hall 
voltage depends on the relative orientation of current and 
magnetic field. In the case of opposite magnetic field voltage 
between Hall contacts becomes Eq. (5): 

 V1=Ie Ra-VH 

In this way we can eliminate parasitic ohmic voltage (Eq. (6)) 

 VH=(V1-V2)/2 

Note that electron current gives no contribution to the Hall 
voltage in the h direction (see Figure 3). 

IV. EXPERIMENTAL SETUP 

 A PEM used in this experiment was 3 x 3 cm Nafion 115 
membrane with lower ion exchange capacity than standard 
membrane. We have not treated membrane by any procedure, 
like immersing it in solutions or boiling it [1,2,3,7]. Reactant 
gases from electrolyser were not additionally humidified. In 
order to measure Hall voltage, we have added a copper frame, 
with two Hall contacts on the opposite sides of the anode. Hall 
contacts were connected to the nanovoltmeter (Agilent 
34420A) as it is shown in Figure 4. Vi is the measured 
voltage, where i=1,2 depending on the relative direction of 
magnetic field as shown in Eq. (4) and Eq. (5). Voltage on the 
fuel cell, Vcell, was measured by another voltmeter (Agilent 
34401A). 

 

 

 

 

 

Figure 4: Measuring setup for Hall effect in PEM fuel cell. 

 

We have produced the magnetic field by permanent 
neodymium magnets placed on the opposite sides of PEM fuel 
cell (see Figure 4).  An average magnetic induction of B≈120 
mT was found. A rotation of each magnets for 180° gives 
opposite magnetic field. The magnetic induction was measured 
by PHYWE Digital Teslameter. Fluctuations of voltage 
between the Hall contacts are higher than Hall voltage. Patterns 
of the voltage on fuel cell (cell voltage) and between the Hall 
contacts with zero magnetic field are presented in Figure 5 and 
Figure 6.  

 

 

Figure 5: Fluctuation of the cell voltage without magnetic field. 

 

Although both voltages fluctuate, the ratio between them 
shows a strong linear correlation. Since both of them are 
proportional to the current it comes out that current fluctuations 
are common cause of the fluctuations of both voltages.  

 

Figure 6: Voltage between Hall contacts in the case of the zero-
magnetic field. 

We check the linearity between voltages for each set of 
measurements and discarded ones with nonlinear correlation 
between them.  



V. ON THE EX SITU MEASUREMENTS WITH NAFION 

MEMBRANE    

 PEM membrane molecule make   hydrophobic 
polymer backbone with bound hydrophilic acid groups. SO3H 
is the acid group in Nafion. Due to hydrophilicity of SO3H , 
there is a water uptake in Nafion. A concentration of acid 
group can be quantitatively measured by titration. The titration 
measurement gives ion exchange capacity (IEC). For Nafion 
117 IEC = 0.01 mmol g-1.[8] and specific gravity 1.98 g/cm3 
[9] give concentration of  1.07∙1027 SO3- groups per m3.  It is 
widely accepted that high content of water in Nafiona a 
complete dissociation of SO3H into H+ and SO3

- [1,2].  
Peckham [7] et all however have pointed out that this is only 
assumption and have stressed that titration measurements of 
IEC gives only the concentration of SO3H groups, not 
dissociated protons.  Very nice definition of IEC is given by 
Chordin Khoiruddin [10]: “Ion exchange capacity (IEC) 
represents the total of active site or functional groups of the 
ion-exchange membrane.”   The concentration of active sites 
need not to be equal to the concentration of charge carriers. 
Our in situ measurement suggests that approximatively only 
0.01% of SO3H acid groups dissociate.  Ex situ measurements 
are often done in order to understand processes in operating 
PEMFC. However, Yuan et all [10] has pointed out that this 
could lead to different explanation of phenomena. We quote 
“In an ex situ measurement cell, it is very hard to apply a 
controlled activation process as can be done in a fuel cell. 
Different states of activation can result in different 
measurement results, which may lead to completely different 
explanations”.  

In short, measurements of IEC gives no reliable 
information on proton concentration in PEM. Even if one get 
reliable results, these need not to relevant for an operational 
mode. On the other hand, measurement based on Hall effect is 
a standard, theoretically well founded, method for in situ 
measurement of free charge concentration. 

Another problem with ex situ measurements using AC 
impedance technique comes from the interpretation of 
measuring results. Protons cannot flow through wire and 
electric ex situ measurement of Nafion conductivity is in fact 
its electronic, not protonic, conductivity, as we have already 
mentioned in the Introduction. 

VI. RESULTS AND DISCUSSION 

 

Once we have established a measuring procedure we placed 

the cell between the magnets, set cell current to I=30 mA and 

measured cell voltage and voltage between Hall contacts for 

opposite directions of magnetic field. Having in mind large 

voltage fluctuation we have taken an advantage of LabView 

that enables one to measure the mean value of voltage 

between Hall contacts. In this way we have succeeded to 

detect Hall voltage, although it is smaller than fluctuations. 

The values of these voltages, averaged over time interval 

∆t=200 s, are: 

Vcell1=16.86 mV, 

V1=-144.34  μV,  

Vcell2= 16.47 mV, 

V2=-142.93 μV. 

Different values of cell voltages indicate different values of 

current in these measurements. Due to the linear dependence 

between voltages and current we find that V2=-146.3 μV  for  

Vcell2=Vcell1=16.86 mV. Hall voltage is, according to Eq. (6), 

VH=0.98 μV. Using Eq. (3) we find the average concentration 

of proton in Nafion PEM membrane n=7.7∙1023 m-3. 

 

From Eqs. (2) and (3) we find drift proton velocity (Eq. (7)) 

 v=VH/aB=0.29mms-1 

Assuming that PEM fuel cell electromotive force is equal to 

the open circuit voltage Voc=0.19 V then (Eq. (8))           

 E=(Voc-Vcell)/d 

is the electric filed strength in membrane.  Proton drift 

velocity is proportional to the strength of the electric filed. The 

proportionality factor is proton mobility (Eq. (9)): 

 μ=v/E 

We found μ=1.9∙10-3cm2V-1 s-1, 

which is, as expected, somewhat less than mobility of proton 

in pure water [12]. It is widely accepted that this drop in 

proton mobility, or deviation [7], is mainly due to tortuous 

proton conducting pathways in Nafion [1].   

The dependence of Hall voltage on cell current and magnetic 

induction is shown in Figure 7 and Figure 8, respectively.  As 

it has been expected the proton concentration is practically 

independent of cell current and magnetic induction. 

 
 

Figure 7:  Hall voltage versus fuel cell current 

 

 



 
 

Figure 8:  Hall voltage versus magnetic induction 

VII. CONCLUSIONS 

 

Hall electric filed generated by displacement of protons, due 

to the Lorentz force, on one side of PEM induces the electric 

field of same intensity among electrons along the anode 

surface. In this way measuring voltage between Hall contacts 

we find Hall voltage of the protons in PEM.  Once we have 

determined Hall voltage we can find microscopic physical 

quantities like concentration, drift speed of protons and with 

some plausible assumption proton mobility. The good side of 

our method lies in fact that it is exact valid if proton free mean 

path is much shorter than Landau radius, or equivalently if a 

product of cyclotron frequency and relaxation time is much 

smaller than one. In the opposite case, circular motion of the 

proton in magnetic field should be taken into account. 

 

We are aware of the fact that permanent neodymium magnets 

should be replaced by an electromagnet that produces at least 

1T magnetic induction in order to get more reliable results, but 

we are confident that order of magnitude of the quantities 

reported in this paper would not be changed.  

From the practical point of view this method could be 

exploited as a non-invasive diagnostic of reactive and 

conductive power of the PEM membrane or the quality of 

electrodes.  

Above discussion makes a route for our further work. From 

the experimental point of view, we are going to refine our 

results using electromagnet that produces higher magnetic 

fields and a fuel cell specially designed to meet the 

requirements of the Hall voltage measurements on proton 

currents. In order to exploit this method as diagnostic, a fuel 

cell that enables the measurement of Hall voltages between 

higher number of Hall contacts should be designed.  

From the theoretical point of view the model that enables the 

mean free path calculations should be constructed. 
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