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EXECUTIVE SUMMARY 
 
Metallic bipolar plates are of increasing interest to manufacturers of polymer electrolyte 
membrane fuel cells (PEMFCs) due to their potential to facilitate significant reductions in 
stack weight, volume and permeability to reactant gas, but corrosion remains a key 
challenge. At present the standard ex situ method of assessing the corrosion resistance of 
metallic bipolar plates involves electrochemical polarisation testing of specimens fully 
immersed in sulphuric acid, which is not representative of the real environment experienced 
by a bipolar plate during fuel cell operation. A range of novel in situ measurement techniques 
has been developed by NPL to facilitate more accurate characterisation of this environment. 
One critical parameter is the fluoride ion concentration in the aqueous phase, arising from 
degradation of the polymer membrane, which may lead to a lowering of pH in localised 
regions of the flow-field. In this work, a miniature fluoride ion-selective electrode was 
developed and combined with a reference electrode that could be inserted through a small 
hole in the end-plates of a fuel cell, with the capability of measuring fluoride ion concentration 
in water droplets in a single channel of the flow-field. The results demonstrate the feasibility 
of such a technique, but further work will be required to calibrate the sensor to the operating 
conditions of the cell. It is unlikely that the concentration of fluoride at the measurement 
location will be above the detection limit of the ion selective electrode, but improvements to 
the design and development of more sensitive ionophores may in future enable such a 
measurement. 
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1 INTRODUCTION 
 
Polymer electrolyte membrane fuel cells (PEMFCs) are promising candidates for transport 
applications due to their high power density, fast start-up times, low emissions and high 
efficiency. The major barriers to commercialisation of PEMFCs are the relatively high cost of 
component materials and processing, limited durability under real world operating conditions 
and the lack of an established refuelling infrastructure. Significant progress has been made 
in addressing these barriers and the technology is already becoming established in niche 
applications such as uninterruptible power supply, back-up power and forklift trucks. 
However, major technological challenges remain for automotive applications, in which the 
internal combustion engine has the competitive advantage of more than a century of mass 
production, with continuous improvements to cost and durability. 
 
 
1.1 BIPOLAR PLATES 
 
The main components of a PEMFC are the membrane electrode assembly (MEA), the gas 
diffusion layer (GDL) and the bipolar plate. The MEA consists of two electrodes separated by 
a solid electrolyte membrane, e.g. Nafion, which conducts protons when hydrated but is 
electronically insulating. A typical PEMFC system consists of a stack of MEA repeating units, 
connected by bipolar plates. The bipolar plate is a critical component responsible for 
conduction of electric current to the terminals of the stack, supply and distribution of reactant 
and product gases to and from the MEA, and mechanical support of the MEA. Bipolar plates 
comprise approximately 80% of the weight and 25% of the cost of a typical fuel cell stack [1]. 
The requirements for an ideal bipolar plate material are therefore: 
 

- Low cost (both raw material and processing) 
- Low gas permeability to minimise crossover losses 
- High corrosion resistance in the fuel cell environment 
- Low resistivity (both bulk and contact) to minimise ohmic losses 
- High mechanical strength to facilitate thickness reduction 
- Ease of machining/high volume manufacturing  
- Sufficient hydrophobicity to promote removal of product water 
- High thermal conductivity to facilitate dissipation of waste heat 
- Low mass and density for transport applications 
- High impact resistance 

 
The 2020 US Department of Energy targets [2] for these properties are summarised in Table 
1. Impregnated graphite was the bipolar plate material of choice for early variants of the 
PEMFC due to its good corrosion performance and low contact resistance but its poor 
mechanical properties mean that it cannot meet many of the other targets in Table 1. On the 
other hand, metallic bipolar plates satisfy the DoE requirements related to mechanical 
properties but are more susceptible to corrosion in the PEMFC environment. This has three 
undesirable consequences. Firstly, the corrosion product formed at the surface increases the 
contact resistance between the bipolar plate and the GDL [3], reducing the available power 
from the fuel cell. Secondly, the presence of the corrosion product can alter the 
hydrophobicity of the bipolar plate surface, leading to local flooding and hindered transport of 
reactant gas. Finally, the metal cations leached from the bipolar plate can catalyse 
degradation of the membrane and lower its conductivity, leading to further loss of 
performance[4]. 
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Table 1: 2020 US DoE targets for bipolar plates[2]. 

Property Target Notes 
Cost < 3 $ kW-1 2002 dollars, 500,000 stacks per year 
Hydrogen permeability < 1.3.10-14 Std. cm3 

/(s cm2 Pa) 
ASTM D1434, 80 C, 3 atm, 100% RH 

Corrosion resistance < 1 µA cm-2 pH 3, 0.1 ppm F-, 80°C 
Electrical conductivity > 100 S cm-1 - 
Area specific resistance < 0.01  cm2 including contact resistance at 138 N cm-2 
Flexural strength > 25 MPa ASTM D790-10 
Forming elongation 40% ASTM E8M-01 
 
 
Stainless steels, particularly 316L, have been extensively investigated for use as bipolar 
plate materials. However, the challenge with these materials is that the passive film 
responsible for their excellent corrosion resistance often leads to unacceptably high contact 
resistance, a trend that is amplified by ageing of the film. A wide range of coatings and 
surface modification techniques has been developed to combat this problem. Here, the 
challenge is to produce a defect-free coating and/or stable passive film that is compatible 
with the forming process of the gas channels in the bipolar plate. A comprehensive literature 
review of approaches to improving corrosion resistance of bipolar plates was published by 
Antunes et al. [5] in 2010. 
 
In the vast majority of studies in the literature, corrosion resistance of metallic bipolar plate 
materials has been evaluated using electrochemical polarisation tests in 0.5 M or 1 M 
sulphuric acid solution, often with fluoride ions at the ppm level, which is widely accepted to 
be representative of the acidic environment of the Nafion membrane. Potentiostatic 
polarisation of candidate anode and cathode materials at 0.1 V (SHE) and 0.6 V (SHE) 
respectively in such an environment is a standard ex situ test to establish fitness for purpose. 
However, there is some doubt as to the validity of this approach. Firstly, in a PEMFC the 
bipolar plate is physically separated from the membrane by the GDL, except at points 
external to the active area of the cell where some designs allow (although this is increasingly 
rare). Secondly, the aqueous phase between the bipolar plate and the membrane is 
discontinuous, consisting of isolated droplets of water that move through the GDL and gas 
channels under the influence of the reactant gas flow. The relatively low ionic conductivity in 
this aqueous phase limits the ability of the bipolar plate to assume a mixed potential close to 
that of the nearest fuel cell electrode, an issue that does not seem to have been identified in 
the literature. This calls into question the choice of both environment and potential in 
conventional ex situ corrosion tests on bipolar plate materials. 
 
Regarding the aqueous environment at the bipolar plate surface, extensive measurements 
have shown that the pH of effluent water from PEMFCs is typically in the range 3 – 5 [6-8], 
depending on the extent of membrane degradation and hydrolysis of metal cations leached 
from the bipolar plate or from stainless steel tubing and fittings in the balance of plant of the 
stack. However, such measurements are remote from the location of interest and the extent 
to which they are affected by loss of ionic species during evaporation and subsequent 
condensation of water in the gas channels is unknown. There is a clear need for in situ 
measurements of the environment at the bipolar plate surface to provide a basis for selection 
of more representative test protocols. A compromise between full scale stack testing and ex 
situ screening was developed by Auvinen et al. [9] using a multi-single cell approach in which 
several unit cells are operated simultaneously under identical conditions. They compared the 
performance of CrN and Au coatings on 316L, 430 and 904L stainless steel with that of bare 
substrates and established a correlation between contact resistance measurements in the 
multi-single cell and those in a commercial stack. However, quantitative evaluation of 
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corrosion rate was limited to measurements of iron concentration in the exhaust water, which 
the authors acknowledged were compromised by accumulation of iron in the MEA and GDL. 
 
Selection of appropriate ex situ test conditions is critical to ensure good correlation with real 
PEMFC operating conditions. For example, Laedre et al. [10] showed that the passive film 
formed on stainless steel at the low pH typical of ex situ tests is thinner and more prone to 
corrosive attack than that formed at more elevated pH values. They also showed that 
addition of 2 ppm fluoride ions had no significant effect on the results of corrosion resistance 
and contact resistance measurements. Wang and Northwood [11] demonstrated using 
potentiodynamic polarisation curves that passivation of 316L stainless steel in 0.5 M H2SO4 
at 70 C is easier in an oxygen-rich environment (simulating the cathode) than in a hydrogen-
rich environment (simulating the anode). However, these results are inconsistent with the 
general observation that in an operating PEMFC more significant corrosion occurs at the 
cathode bipolar plate, which supports the view that 0.5 M H2SO4 is not a suitable test 
environment. 
 
Most BPP corrosion studies in the literature cite the ex situ test conditions recommended by 
Borup and Vandeborgh [6], specifically dilute H2SO4 at pH 3.60 with F- concentration of 
1.8 ppm for the anode side, and pH 4.02 with F- concentration of 1.1 ppm for the cathode 
side. The evidence supporting these conditions is largely based on pH measurements of 
water collected from the fuel cell exhaust and suppositions based on likely degradation 
products from the PEM membrane [4]. However, there is very little if any evidence from 
localised in situ measurements of pH or fluoride concentration. Recent work at NPL has 
measured pH values in the range 3 – 4 in the cathode flow-field and 5 – 7 in the anode flow-
field [12]. In order to sustain an acidic pH external to the membrane there must be a 
sufficient concentration of free anions to balance the charge. Healy et al. [4] found a strong 
correlation between pH and p[F-], suggesting that the acidic environment commonly 
assumed to exist inside the fuel cell is primarily caused by fluoride emission as a result of 
membrane degradation. In order to obtain an improved understanding of the environment in 
an operating fuel cell, an in situ measurement of fluoride concentration is highly desirable. To 
this end, the present study was carried out in order to assess the feasibility of such a 
measurement. 
 
 
1.2 FLUORIDE ION-SELECTIVE ELECTRODES 
 
A wide range of ion selective electrodes (ISEs) are commonly used to measure the activity of 
specific ions in aqueous solutions. They work by making use of an ion-selective membrane 
to measure a potential difference against a reference electrode, which is related to the 
activity of the analyte by the Nernst equation (Equation 1), where Q is the reaction quotient.  
 

௖௘௟௟ܧ  ൌ ௖௘௟௟ܧ
୭ െ

ோ்

௭ி
lnܳ	  (1) 

 
An example of an ISE that will be most familiar to electrochemists is the glass pH electrode, 
which uses a proton-selective glass membrane and a Ag/AgCl reference electrode, to give a 
voltage reading on a high-impedance millivoltmeter that is proportional to the pH with an 
ideal proportionality constant of -59 mV/pH unit.  
 
The conventional ISE used for measurements of fluoride concentration is based on a 
crystalline membrane of doped LaF3, which allows F- ions to migrate through the crystal 
structure and hence affect the electrode potential. A typical cell diagram for such an ISE 
would be: 
 
 Ag, AgCl | KCl | test solution | LaF3 | KF, KCl | AgCl, Ag  (2) 
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These are commercially available, and give a Nernstian response of approximately +59 mV 
per 10-fold increase in fluoride concentration. However, commercial ISEs of this type are at 
least 6 mm in diameter and would be very difficult to miniaturise. 
 
An alternative design for an ISE, which is widely used due to its availability for many different 
species, is based on an ion-exchange resin with a particular dopant, called an ionophore, 
which selectively allows the ion of interest to travel through a polymer matrix such as 
poly(vinylchoride) (PVC). Normally, ionophore membrane ISEs are constructed by fixing the 
polymer membrane to the end of a glass capillary, which is then filled with a reference 
solution, so that the cell setup would be very similar to the LaF3-type ISE, with the ionophore 
membrane in place of the LaF3. A fluoride ionophore based on the research of Perdikaki, 
Chaniotakis, et al. [13-15] is commercially available with a specified detection limit of 10-4.5 M 
[F-] [13], although F--selective ISE systems using different ionophores have also been 
reported in the recent literature [16]. 
 
 
 
2 OBJECTIVES 
 
Previous attempts have been made at NPL to measure the local pH in situ in an operating 
fuel cell, with a result between pH 3.4–4.0 on the cathode and between pH 4–7 on the 
anode. The objectives of this work were to assess the feasibility of developing an in situ 
measurement of fluoride ion concentration in an operating fuel cell to complement the 
previous measurement of pH. The work presented here involves the development of a 
miniaturised assembly making use of a commercially available ionophore, and eventually 
testing it in an operating fuel cell. Given the time restrictions on the project, development of a 
fully operational calibrated probe and an in-depth study of fluoride concentration were 
beyond the scope of the work; the objective was rather to demonstrate proof-of-concept and 
identify recommendations for further work. 
 
 
3 EXPERIMENTAL 

 
3.1 FABRICATION OF MINIATURISED ISE 
 
In order to construct an ISE capable of in situ measurement in a PEMFC, the ionophore 
design was modified to an all-solid-state construction which enables the probe to be flexible 
and miniaturised. A review by Bobacka [17] outlines the principles of such a design, with the 
various types described in Fig. 1. The design that was chosen for this project is based on 
Fig. 1(c), which uses a conducting polymer interlayer between a wire and the ISE membrane 
instead of the conventional filling solution. 
 
A similar design was used by Matusevich et al. [16], although their sensors were deposited 
on a planar gold electrode. The concept for this work was to use a fine silver wire as the 
substrate and to provide the electrically conducting phase, which could be inserted into a 
small hole through the end-plates of the fuel cell and used in conjunction with the existing in 
situ reference electrode design previously developed at NPL [18].  
 
The 0.25 mm PTFE-insulated silver wire (Goodfellow, UK) was first stripped of insulation at 
each end, and cleaned in dilute nitric acid. Based on a survey of the literature [16, 19, 20], a 
PEDOT:PSS copolymer layer was deposited on the end of the silver wire by 
electropolymerisation of 3,4-ethylenedioxythiophene (EDOT) from an aqueous solution 
containing 0.01 mol dm-3 EDOT, 0.1 mol dm-3 sodium perchlorate, 0.01 mol dm-3 hydrochloric 
acid and approx. 0.1 mol dm-3 (Na+-equivalent) poly(sodium styrene sulphonate) (~70000 
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g/mol, 30 wt% in H2O). Additionally, 0.05 mol dm-3 sodium dodecyl sulphate was added as a 
surfactant to help dissolve the EDOT. All chemicals were purchased from Sigma Aldrich 
(UK). 
 
 

 
 
 

Figure 1. Various designs of ion-selective electrode (ISE): a) conventional ISE with an 
internal reference electrode and internal filling solution, b) coated-wire ISE, c) ISE with a 
hydrogel contact, d) ISE with a conducting polymer contact, e) ISE with a conducting polymer 
dissolved in the ion-selective membrane, f) ISE with a (functionalized) conducting polymer as 
sensing membrane. 1) electronic conductor, 2) internal reference electrode, 3) inner filling 
solution, 4) ion-selective membrane, 5) hydrogel, 6) electronic conductor with a high work 
function, 7) conducting polymer, 8) ion-selective membrane containing a conducting polymer, 
9) conducting polymer containing ion-recognition sites (ionophores). Reproduced from [17]. 
 
 
The silver wire substrate was held at 1.10 V vs SCE for 30 s in order to form the conductive 
PEDOT/PSS copolymer layer on the surface. Silver wire was used due to its ready 
availability in the lab and lower cost; however, the oxidative potential required for 
electropolymerisation of EDOT had the detrimental effect of oxidising the silver wire 
substrate in some cases, which affected the repeatability of the preparation procedure. For 
future work it is recommended that gold wire be used instead. 
 
The coated wire was then dip-coated in a solution containing 1.5 mg of fluoride ionophore I, 
35 mg high molecular weight PVC and 65 mg bis(2-ethylhexyl) sebacate (DOS) as plasticizer 
in 2 mL tetrahydrofuran (THF) (all chemicals from Sigma Aldrich, UK). A few drops of the 
solution were allowed to evaporate slightly in a glass Petri dish until the viscosity increased 
enough to coat the wire. 
 
For in situ measurement, the coated wire ISE was combined with a reference electrode by 
threading the insulated silver wire inside a 25 cm length of Nafion tubing (Perma Pure, USA) 
with 0.64 mm ID and 0.84 mm OD, which was in turn sheathed inside a 20 cm length of 
PTFE tube of 1.01 mm ID and 1.27 mm OD. The insulated wire was a few centimetres longer 
than the Nafion tubing so that the exposed Nafion tube could be submerged in 0.5 M H2SO4 
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and the wire end was safely above the surface. A Hydroflex hydrogen reference electrode 
(Gaskatel GmbH, Germany) was placed in the acid solution. The Nafion tubing therefore 
acted as a salt bridge between the reference electrode and the sensitised tip of the wire. The 
construction is illustrated in Fig. 2.  
 

 

 
 

 
Figure 2. (top) schematic and (bottom) photograph of the ISE constructed for in situ 

measurement with Nafion tube salt bridge used to connect with reference electrode. 
 
 

3.2 ISE CALIBRATION PROCEDURE 
 
The fabricated ISE was calibrated in aqueous solutions of NaF made up in house at 
concentrations of 0.01 M, 1.0 × 10-3 M and 1.0 × 10-4 M. The electrode potential was 
measured first against a Ag/AgCl reference electrode and then against the hydrogen 
reference electrode using the assembly described previously. The calibration solutions were 
also checked with a conventional LaF3-type fluoride ISE (Fisher Scientific, UK) to make a 
comparison of the response. For all measurements a Jenway model 3520 pH meter (Fisher 
Scientific, UK) was used in voltage mode to measure the electrode potential and the data 
was logged by using the analogue output from the pH meter with a datalogger. 
 
 
3.3 IN SITU TESTING 
 
The ISE was tested in situ by inserting the assembled tube through a 1.3 mm hole in the end 
plates of a 49 cm2 single cell sealed with an O-ring between the flow-field plate and current 
collector plate, as described in previous work [18]. A cell with 316L stainless steel flow-plates 
was used with the ISE positioned mid-way along the outlet channel on the cathode. This was 
chosen as the position most likely to contain liquid water and to have the lowest pH 
according to the findings of Kumagai et al. [21]. The cell was operated at 50 °C, 100% 
relative humidity, and 3 bara pressure. Although it might be expected that a higher operating 
temperature would lead to more severe membrane degradation, and hence higher fluoride 

Ionophore in PVC 

Insulated Ag wire 

PTFE sheath 

PEDOT:PSS-coated Ag wire 
Nafion tubing 

1 mm
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concentration, an operating temperature of 50 °C was chosen to avoid damage to the ISE at 
higher temperatures. The cell was operated for around 2.5 hours in total and the electrode 
potential of the ISE recorded. The load on the cell was varied in such a way as to encourage 
liquid water formation, followed by holding at open circuit and load cycling which is thought to 
accelerate membrane degradation. The test ran as follows: (A) Current was initially 
increased stepwise to 0.5 A cm-2, which was held for 45 min (B) followed by approx. 1 h at 
open circuit (C). Then a current-cycling program was carried out for 20 min (D) followed by a 
further 25 min at open circuit. 

 

4 RESULTS 
 
4.1 EX SITU CALIBRATION 
 
The results of ex situ calibration at room temperature are plotted in Fig. 3. The conventional 
ISE shows a strongly linear relationship between potential and log([F-]) consistent with the 
Nernst equation as expected. The miniature ISE, however, deviates slightly from a linear 
relationship, showing decreased sensitivity towards lower concentrations of F-. Although 
caution should be taken with interpreting results from only 3 data points, this is not a 
surprising result, given the quoted detection limit for this ionophore in its recommended 
electrode assembly is [F-] ≈ 10-4.5 mol dm-3, and the construction has not been optimised. The 
sensitivity of the ionophore ISE is virtually identical when used with an Ag/AgCl reference 
electrode as with the RHE in the combined assembly devised for in situ measurement, 
indicating that the Nafion tubing salt bridge arrangement does not perturb the response of 
the ISE. The potential is shifted uniformly by around 360 mV, corresponding to the potential 
difference between the two different reference electrodes combined with the liquid junction 
potentials present due to the low ionic strength of the test solution. A stable reading could not 
be achieved at [F-] = 1.0 × 10-5 mol dm-3. 
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 Figure 3. Results of calibration of ionophore-based miniature ISE (red circles – vs. 
AgCl and blue triangles vs. RHE, compared to commercial LaF3-based combination ISE 
(black squares). 
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4.2 IN SITU MEASUREMENTS 
 
The cell was operated for around 2.5 hours in total and the electrode potential of the ISE 
recorded. The load on the cell was varied as described in Section 3.3 in such a way as to 
encourage liquid water formation, followed by holding at open circuit and load cycling which 
is thought to accelerate membrane degradation. 
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Figure 4. In situ data for ISE (top) and cell voltage (bottom) for a representative fuel cell test 
protocol at 50 °C, 100% RH. 
 
 
The ISE potential is plotted alongside the fuel cell voltage in Fig. 4. The electrode potential 
increases during the first 30 min as the current drawn from the cell is increased, then 
stabilises at around 0.7 V, which is significantly higher than the values obtained during ex 
situ calibration. After the fuel cell test was ended an attempt was made to calibrate the 
electrode in the standard NaF solutions at 50 °C. The ISE did not give a meaningful 
response in this post-test calibration, and there was insufficient time in the project to prepare 
further electrodes. It is possible that the electrode ceased to be functional after a short period 
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of operation at elevated temperature. Further development will therefore be necessary to 
fabricate a more stable electrode that can be calibrated at the temperature of operation. It is 
nevertheless reasonable to suggest that the fluoride concentration in the PEMFC was close 
to or below the limit of detection of the electrode. 
 
 
5 FUTURE WORK AND RECOMMENDATIONS 
 
This work has demonstrated proof-of-concept of in situ measurement of fluoride ion 
concentration in an operating PEMFC but the following work will be necessary to improve the 
sensitivity and durability of the probe: 

1. Construction using insulated gold or platinum wire 
 

A more robust PEDOT:PSS film could be fabricated by using gold or platinum insulated wire 
instead of silver. Both metals are available in PTFE insulated wire form, although platinum is 
significantly more expensive. 

2. Calibration at fuel cell operating temperature 
 

Further attempts to calibrate the ISE should be made at elevated temperatures, since 
membrane degradation is expected to be more significant as temperature increases. 
However, it may be possible to make meaningful measurements at room temperature if a 
deliberately weak membrane is used. 

3. Calibration in situ using injection of known fluoride solutions to the fuel cell 
 

An alternative method for validating the in situ measurements would be if known fluoride 
solutions could be injected into the flow-field of the cell. This would enable calibration of the 
ISE in situ within the cell assembly, but the practicalities of such an experiment may be 
prohibitively complex and may perturb the fuel cell performance excessively. 

4. Durability study of ISE and further measurements in situ during accelerated membrane 
degradation cycling 

 
One significant problem with the use of an ionophore-based ISE is that, in order to measure 
significant concentrations of fluoride emission, aggressive conditions must be applied to 
accelerate degradation of the Nafion fuel cell membrane. It is likely that such conditions will 
also lead to degradation of the ISE itself, and therefore a more robust ISE design may need 
to be developed, such as a miniature LaF3-type electrode.  
 
 
6 CONCLUSIONS 
 
The work presented here has demonstrated the feasibility of in situ measurement of fluoride 
ion concentration in an operating PEMFC but further work is required to develop a more 
sensitive and durable miniature ISE. A solid-state sensor using a fluoride ionophore on a 
silver wire was fabricated and gave a stable reading, but the ionophore may not be 
sufficiently stable for long-term membrane degradation testing. Development of more 
sensitive miniature sensors would be desirable, possibly in collaboration with a university 
research laboratory. 
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