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Abstract: A new method for measuring membrane degradation in polymer electrolyte fuel cells
(PEFCs) is proposed. The method is based on the detection of fluoride ions in effluent water from the
cathode- and anode outlet of the PEFC using photometry (PM). The fluoride emission rate (FER) is an
indicator of the membrane’s state of health (SoH) and can be used to measure the chemical membrane
degradation. Commercial catalyst-coated membranes (CCMs) have been tested at 80 ◦C and 90 ◦C
at 30% relative humidity (RH) to investigate the reliability of the developed method for fuel cell
effluent samples. To verify the measurement, a mean-difference plot was created by measuring the
same data with a fluorine selective electrode. The average difference was at ±0.13 nmol h−1 cm−2,
which indicates good agreement between the two methods. These new findings imply that PM is a
promising method for quick and simple assessment of membrane degradation in PEM technology.

Keywords: PEFC; membrane degradation; fluoride emission; photometry; membrane state-of-health;
catalyst coated membrane; analytical method development; fuel cell effluent water

1. Introduction

The energy produced from renewable sources, such as wind- and solar power, can be
easily stored as green hydrogen and converted back into electricity in fuel cells [1]. This
is important to establish a decarbonized energy supply chain that avoids the use of fossil
fuels [2]. Compared to other fuel cell technologies, polymer electrolyte fuel cells (PEFC) can
be employed in mobile applications, are flexible in use, and can be operated at low temper-
atures (60–80 ◦C) compared to other fuel cell technologies [3,4]. Despite many advantages
of PEFCs, one main issue is their low lifetime due to degradation phenomena. One of the
most important degradation mechanisms is the chemical and mechanical degradation of
the perfluorinated sulfonic acid (PFSA) membrane, which is used for protonic transport [5].
Experimental findings show that the radical attack from hydrogen peroxide (H2O2) is
one of the major decay mechanisms in PEFC membranes [6,7]. H2O2 can be generated
on the Pt-catalyst surface and the formation of radicals is accelerated by metal ions from,
e.g., impurities in the feed or corrosion of metal components in the cell [8]. Ferrous ions
(Fe2+) are reported to have the highest impact on the membrane degradation rate [9,10].
In the so-called Fenton reaction, H2O2 is decomposed into intermediate radical species
that are responsible for unzipping the carboxylic acid end groups (-COOH) of the PFSA
membrane [10]. The simplified multistep mechanism is shown in reactions (1)−(3) below:

2H+ + O2 + 2e− ↔ H2O2 (1)

H2O2 + Fe2+ → Fe3+ + OH− + OH* (2)

(CF2)jCOOH + 2OH*→ (CF2)j−1COOH + CO2 + 2HF (3)
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Radical attacks at the backbone and side chains of the PFSA membrane lead to the
release of HF and other fragments (HOC2F4SOR3

− and F2COCF2) that further dissociate
into fluoride ions (F−) in the exhaust water of the PEFC. Therefore, the fluoride emission
rate (FER) can be used as an indicator for the chemical durability of membranes in PEM
technology that relies on PFSA-based membranes.

Several approaches exist to measure the FER in water sources [11]. Among those,
fluoride selective electrodes (FSEs) and ion chromatography (IC) have been reported as
diagnostic tools for monitoring the FER in the PEFC field [12,13]. The limit of detection
(LOD) for both measurement techniques is approximately 0.02−0.04 mg L−1 [14–16] and
both can potentially be automated for online data analysis [10]. FSEs are highly selective
for detecting F− ions in water sources, however, a total ionic strength adjustment buffer
(TISAB) is necessary to eliminate interferences from OH− ions, and a multi-step prepara-
tion is needed. IC offers the opportunity to simultaneously measure other degradation
products but is more complex and requires longer measurement periods (up to 24 min
per sample [10]). In this paper, we present a novel approach for measuring the F− release
from PEFC membranes, which is based on the visualization of the fluoride concentra-
tion in a photometric (PM) method. The new test method allows detection of the FER at
a LOD of 0.008 mg L−1 and excels through a very short measurement period (60 s per
measurement). Furthermore, no expensive measurement infrastructure is required, and
standard lab equipment (UV–Vis spectrometer) can be used for the practical implementa-
tion of the measurement process. The visual detection of fluoride ions in the effluent water
from the PEFC anode- and cathode outlet is based on the quenching of a non-toxic, cheap
Zr(IV)-SPADNS2 complex and no further reagents are required [17].

In this work, a PEFC with an active area of 25 cm2 was subjected to the DOE MEA
chemical stability protocol [18] as an accelerated stress test (AST) at two temperatures
(80 ◦C and 90 ◦C) and samples of the effluent water were analyzed using an UV–Vis spec-
trometer developed by AiDEXA GmbH. Zr(IV)-SPADNS2 was added to the periodically
taken samples from the stress test and absorption spectra were recorded to determine the
fluorine concentration. At begin of testing (BoT) and after the experiment at end of testing
(EoT), comprehensive electrochemical characterizations were performed to investigate the
performance losses and the changes due to membrane degradation in the cells. Further-
more, the water samples were measured with a FSE and a mean-difference plot was created
to verify the PM measurement data. Good agreement between the two diagnostic tools
could be observed with a mean difference of ±0.13 nmol h−1 cm−2. The results from the
stress test indicate that the operation at higher temperatures leads to a higher FER in the
PEFC. The findings reported in this work present a promising and easy-to-apply technique
for the measurement of the FER in PEFCs. In the next step, we aim to develop an automated
flow-through system to quickly assess the membrane stability in PEFCs.

2. Materials and Methods
2.1. Test Setup FER

The measurement of the FER in the effluent water of the PEFC exhaust is based on
the quenching of a zirconium complex (zirconyl-2-(4-sulphophenylazo)-1,8-dihydroxy-3,6-
naphtalene-disulfonic acid), referred to as SPADNS in this paper [17]. The reaction is shown
in Figure 1. In order to make the quenching visible an UV-Vis spectrometer developed by
AiDEXA GmbH (Figure 2) was used.

SPADNS experiences a shift to lower wavelengths (yellow shift) in the presence of
F− ions. Before the initial measurement of the samples, a calibration of the system with
standards is needed. The fluoride standards are prepared in concentrations of 0, 0.01, 0.02,
0.05, 0.1, 0.2, and 0.5 mg L−1.

All standards and samples were prepared in Semi-micro UV cuvettes from LABSO-
LUTE (Geyer GmbH & Co. KG, Renningen, Germany) with 1000–100 µL and 100–10 µL pis-
ton pipettes from Eppendorf (Eppendorf SE, Jülich, Germany). Ultrapure water (≥17.5 MΩ)
was used for dilution and blank samples. For the detection, 900 µL of the sample was
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mixed with 100 µL of SPADNS. Each standard was measured for 60 s and the average
values were used for the calibration. In order to ensure consistent quality of the results, the
samples were measured right after the standards.
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Figure 2. UV–Vis spectrometer eFLUORiX developed by AiDEXA GmbH.

The calculation of the fluoride concentration in the sample was automatically done by
the accompanying software, which calculated the area under the curve as well as the ratios
at both sides of the peak. The results from the ratios described in the yellow shift were then
weighted and processed into a reference feature value, which was used to convert PM data
to fluoride concentrations.

Compared to commercial colorimeters, which use filters for the quantification of
analytes and liquids, the eFLUORiX spectrometer is specially built around an optical
transmission spectrograph to enable a more sensitive quantification. The eFLUORiX system
comes with software that has been specially designed for the detailed analysis of fluoride
ions in the lower detection range [19]. The product was developed in the B.GASUS project,
with financial support from the Austrian Research Promotion Agency (FFG).

2.2. Test Setup PEFC

Catalyst-coated membranes (CCMs) were from QuinTech (QuinTech Brennstoffzellen
Technologie, Göppingen, Germany), CCM-H25-N212, with an active area of 25 cm2, catalyst
loading of 0.3 and 0.6 mg cm−2 Pt on the anode and cathode, respectively, and a Nafion™
212 membrane. Sigracet 22 BB gas diffusion layers (GDLs) were used for the single-cell



Energies 2023, 16, 1957 4 of 12

measurements. The cells were operated on a G60 test station from Greenlight (Greenlight
Innovation, Burnaby, BC, Canada) in a pneumatic cell fixture (balticFuelCells GmbH,
Schwerin, Germany) at 1.6 N mm−2. The cells were operated on in a cross-flow operation
with a triple serpentine flow field with identical flow plates for the anode and cathode.

The cell temperature was maintained at 90 ◦C and 80 ◦C for the two stress tests,
respectively. The relative humidity was set to 30 RH% for the anode and cathode. Pure
hydrogen (5.0, Air Liquide, 0.348 NLPM) was supplied to the anode, and synthetic air
(5.0 Air Liquide, 0.871 NLPM) to the cathode. The internal load of the G60 test station was
disconnected for the duration of the AST to keep the cells in open circuit voltage (OCV).

Activation, break in, and characterization procedures were carried out according to
the JRC protocol [20]. All procedures were conducted at ambient pressure. In Figure 3, a
simplified scheme of the PEFC test setup is shown.
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3. Results and Discussion
3.1. Electrochemical Characterization
3.1.1. Performance Analysis

The performances of both CCMs were measured by recording polarization curves at a
cell temperature of 80 ◦C with 85 RH% for the anode and cathode. Stoichiometry was set to
1.5 and 2, respectively, keeping the pressure set to ambient, with a minimum dwell time
per step of 60 s. Electrochemical characterization steps were carried out after the break-in
procedure (BoT) and after the ASTs (EoT).

Figure 4 displays the polarization curves and the power density for both ASTs at BoT
and EoT. The activation region, which is mainly dominated by the sluggish kinetics of
the oxygen-reduction reaction (ORR), ranges from 0.0 to 0.1 A cm−2. In the ohmic region
between 0.1 and 1.0 A cm−2, the membrane resistance is the main contributing factor. The
diffusion of oxygen molecules through the GDL and catalyst layer occurs in the mass
transport region from 1.0 A cm−2 onwards. In this study, the polarization curves are mainly
used to determine the performance degradation experienced by the cells over the course of
the two ASTs. The maximum power density point (MPDP) for the cell tested at 80 ◦C is
around 0.436 ± 0.001 W cm−2 at BoT and decreases by 9.9% to 0.393 ± 0.001 W cm−2 at
EoT. For the cell tested at 90 ◦C, the MPDP lessened by 10.2% from 0.497 ± 0.003 W cm−2

to 0.446 ± 0.001 W cm−2 after the AST. In addition, the current density at MPDP decreased
from 1.2 A cm−2 to 1.0 A cm−2 at 90 ◦C and remained at 1.0 A cm−2 for 80 ◦C.
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Figure 4. Polarization curves (PC) and power density (PD) recorded with 85 RH%, stoichiometry’s of
1.5 and 2 for the anode and cathode, at 80 ◦C and 90 ◦C respectively.

Apart from the power density reduction, a decrease in open circuit voltage (OCV) was
detected. OCV changed by 0.56% from 0.896 ± 0.001 V to 0.891 ± 0.001 V for the cell tested
at 80 ◦C. At a higher temperature of 90 ◦C a voltage drop of 0.64% from 0.932 ± 0.001 V
to 0.926 ± 0.01 V was observed in course of the AST. This alteration of the OCV may
originate from chemical membrane degradation during the AST, which leads to a higher
crossover current [21,22]. Both cells experience worse performance after the stress tests,
especially in the ohmic region, after the AST has been completed. This indicates that the
membrane is mainly contributing to the performance decay in both ASTs. At 80 ◦C the
slope of the PC in the linear region indicates an increase from 0.41 ± 0.02 Ω cm2 at BoT to
0.43 ± 0.02 Ω cm2 at EoT (6.6% increase) and at 90 ◦C it increased from 0.32 ± 0.01 Ω cm2

at BoT to 0.37 ± 0.004 Ω cm2 at EoT (13.9% increase). Therefore, the loss in performance is
worse for the AST at 90 ◦C.

3.1.2. Electrochemical Impedance Spectroscopy

Membrane degradation was also analyzed using electrochemical impedance spec-
troscopy (EIS). With EIS it is possible to track the degradation progress of specific CCM
parts and analyze them. EIS measurements were carried out galvanostatically at 0.3 A cm−2

and 0.8 A cm−2. The operating conditions were the same as for the polarization curves
(80 ◦C cell temperature, 80 RH% for the anode and cathode, and stoichiometries of 1.5
and 2 at ambient pressure). The EIS spectra were recorded between 30 kHz and 0.3 Hz
with a scan rate of 10 points per decade and an amplitude of 5% of the set current. For
these measurements, the high-frequency resistance (HFR) of the CCMs is of particular
interest, as it is directly related to the membrane state of health (SoH) and thickness. EIS
measurements capture the membrane resistance as a purely ohmic resistance, which can
be found at high frequencies when the phase angle of the resulting voltage reaches 0◦. To
track the membrane SoH, EIS measurements are performed at BoT and EoT. The resulting
resistances of the HFR measurements are shown in Figure 5 for both temperatures.

The stress tests carried out in this work were designed to accelerate chemical degradation
in the membrane, leading to fluoride emission and chemical membrane degradation. Further-
more, a higher H2 crossover is expected which further accelerates chemical degradation.

After the completed 50 h of AST, an increase from 0.083 to 0.089 Ω cm2 in HFR can be
observed for the cell tested at 90 ◦C. This is in agreement with our fluoride measurements
since chemical membrane degradation leads to an increase in the HFR and a higher FER.
At 80 ◦C the HFR also rises at 0.8 A cm−2; however, a slight decrease during the course of
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the experiments can be observed at 0.3 A cm−2. This might be due to the better hydration
of the membrane.
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3.2. Measurement of the FER

The calibration results for the PM system are displayed in Figure 6 and show good
agreement in the measurement range. The spectra corresponding to the plotted data points
are shown in Figure 6a, with higher fluoride concentrations leading to higher intensity. The
increasing yellow shift is also clearly visible for increasing fluoride concentrations. This is
due to the quenching of SPADNS, resulting in a less intense colored sample. The signal
intensity can be directly measured, as it is proportional to the transmission. Five samples
of the calibration series used in this experiment are shown in Figure 7. The lighter colors of
the samples on the right side indicate a higher concentration of fluoride ions in the solution.
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wavelength for all standards. In (b), the relation between the defined fluoride concentration of the
standards and the normed reference value features is shown.
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Figure 7. Calibration series with concentrations of 0 mg L−1, 0.02 mg L−1, 0.05 mg L−1, 0.2 mg L−1,
and 0.5 mg L−1.

The concentrations for all samples are calculated according to Equation (4). In this
equation xi represents the measured concentration of one replicate and x represents the
average value of all replicates, obtained through the calibration. The total number of
replicates is represented as N, which was 60 for all samples, at a rate of one replicate per
second. The resulting fluoride concentration in water is noted as cF in mg L−1.

cF =
∑N

i=1 xi

N
∓

√
∑N

i=1(xi − x)2

N − 1
(4)

For the calculation of the area-specific FER in nmol h−1 cm−2, conversion is necessary.
The amount of fluoride released for the active CCM area over time can be calculated
according to the following equation:

FER = cF/MF ×VWater/Acell/tsampling (5)

The FER in mol h−1 cm−2 can be calculated from the fluoride concentration in the
water sample (cF) in mg L−1, the molar mass of fluoride (MF) in g mol−1, the amount of
collected water at the cell exhaust (Vwater) in L, the active cell area (Acell) in cm2, and the
sampling time, after which, the accumulated samples are taken (tsampling) in hours.

The cumulative FER at BoT and EoT at 90 ◦C and 80 ◦C are displayed in Figure 8a,b.
The FER measurements consistently show a higher concentration for the anode effluent
water than for the cathode outlet H2O. This is valid for experiments at both temperatures
and the duration of the whole AST (see Figure 8a–d). The higher F− emission for the anode
compartment has been reported in the literature before [23]. The cause for an increased
FER and therefore chemical degradation is likely related to the different amounts of water
for the anode and cathode (lower for the anode gas stream). Consequently, less H2O on the
anode results in a lower dilution of H2O2 and resulting fluorides, which can be correlated
to the higher FER on the anode in our experiment.

A side-by-side comparison of both methods (PM and FSE) shows a good agreement
between the methods. Samples measured via PM show an overall lower standard deviation,
which is even more prominent for the cumulative values (see Figure 8a,b). Therefore, it
can be concluded that the PM method allows for a more precise determination of the FER.
Figure 8c shows the FER for 90 ◦C and Figure 8d shows the FER for 80 ◦C cell temperature,
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which is, as expected, lower than that for the cell tested at 90 ◦C. In Figure 8c, a general
upward trend can be seen which indicates that even higher degrees of degradation might
be possible with further operation in AST mode. For a more a precise analysis of the
membrane SoH, tests with longer AST periods would be needed. For the cell tested at 80 ◦C
an opposing trend with a decreasing FER over time can be observed. Here, a maximum
value of the FER can be observed at BoT and the values start to align in the last three
measurement steps to approximately 3 nmol h−1 for the anode and 2 nmol h−1 for the
cathode (PM) [12].
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Figure 8. The cumulative fluoride emission rate (FERcum) of the two test methods at 90 ◦C (a) and
80 ◦C (b) at the anode- and cathode outlets and the FER of anode and cathode during the AST at
temperatures of 90 ◦C (c) and 80 ◦C (d) measured with photometry (PM) and a fluoride selective
electrode (FSE).

A higher operation temperature accelerates membrane degradation and, therefore,
results in a high FER. Likewise, the gas crossover is a key factor for membrane degradation
and has been reported to increase with temperature. For instance, Minoru et al. tested
PEFC membranes between 60 ◦C and 80 ◦C and observed a higher gas crossover for higher
temperatures (0.4 mA cm−2 for 60 ◦C and 0.85 mA cm−2 for 80 ◦C) [24]. The higher FER at
90 ◦C also aligns with an increased HFR compared to measurements carried out at 80 ◦C.

Figure 8c,d further highlight the cohesiveness of the PM and FSE measurements,
which both deliver comparable results and are in the range of their respective standard
deviation (with one exception at 90 ◦C, EoT). Figure 8c,d also shows the opposing trends
for both experiments, with FERs increasing at 90 ◦C and FERs decreasing at 80 ◦C. The
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higher expected FER for 90 ◦C was observed. Additionally, the ratio between accumulated
FER for the anode and cathode stays consistent in the course of the AST. This is valid
for both experiments with a maximum fluctuation of 3% over the course of the AST. The
individual results for the PM method and the FSE are displayed in Table 1. Here, the
different precisions of PM and FSE measurements are shown, and the standard deviations
for FSE measurements are consistently higher by a factor of ~10. This indicates that fluoride
detection via PM presents a more reliable method compared to FSEs.

Table 1. Fluoride emission rate (FER) measured via photometry (PM) and the fluoride selective
electrode (FSE) at 90 ◦C and 80 ◦C over the duration of 50 h, respectively.

Cell
Temperature

Sampling
Location

AST Time
/h

Fluoride Emission Rate/nmol h−1 cm−2

Photometry FSE

80 ◦C

Anode

10 5.65 ± 0.03 5.54 ± 0.35
20 3.85 ± 0.02 3.39 ± 0.32
30 2.60 ± 0.02 2.62 ± 0.25
40 2.37 ± 0.02 2.37 ± 0.29
50 2.46 ± 0.02 2.43 ± 0.34

Cathode

10 3.96 ± 0.03 3.53 ± 0.60
20 2.52 ± 0.04 2.62 ± 0.15
30 1.96 ± 0.03 2.04 ± 0.20
40 1.66 ± 0.04 1.71 ± 0.16
50 1.67 ± 0.04 1.65 ± 0.15

90 ◦C

Anode

10 4.62 ± 0.03 4.76 ± 0.49
20 4.31 ±0.03 4.36 ± 0.43
30 4.07 ±0.03 4.19 ± 0.53
40 4.34 ± 0.03 4.63 ± 0.55
50 6.35 ± 0.03 5.81 ± 0.55

Cathode

10 2.67 ± 0.06 2.81 ± 0.27
20 2.54 ± 0.05 2.68 ± 0.17
30 2.44 ± 0.04 2.65 ± 0.16
40 2.86 ± 0.05 3.02 ± 0.23
50 3.39 ± 0.04 3.63 ± 0.14

3.3. Correlation Analysis

To compare the different methods, the correlation of the sample measurement results
is examined using a correlation analysis and a Bland–Altman plot. Bland and Altman
have highlighted that two methods measuring the same parameter should correlate in the
range of ±1.96 SD [25]. The correlation between PM and a FSE is shown in Figure 9a. A
45◦ line (black) indicates the perfect agreement between the two methods. The respective
measurement results (red dots) show good agreement between the two methods as they
are distributed along the 45◦ line. These results indicate that both methods are suitable for
fluoride measurements in effluent water of PEFC. In Figure 9b the Bland–Altman analysis
is shown. Here, the difference between the methods is regressed on the average of the
two methods. Except for one outlier, the differences are within mean ± 1.96 SD (with a
maximum method difference of 0.74 and a minimum method difference of −0.7), which
indicates that the two methods may be used interchangeably [25]. The mean difference is
at 0.02, which shows again that the results are in very good agreement.
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4. Conclusions

A novel approach for measuring the fluoride emission rate (FER) of PEFC membranes
was presented. The method is based on the photometric (PM) detection of fluoride ions
in the anodic- and cathodic compartments of the PEFCs. Two OCV-based ASTs were per-
formed at 90 ◦C and 80 ◦C, respectively, and the degradation was quantified by polarization
curves (PCs), high-frequency resistance (HFR) measurements, and determination of the
fluoride emission rate (FER) from the effluent water. A reliability comparison of the PM
method with a fluoride selective electrode (FSE) was also performed.

The two methods show good agreement over the whole concentration range, which
indicates good suitability for the utilization of PEFC technology. The electrochemical
characterization shows a power drop and a pronounced voltage drop in the ohmic region
for both measurements. The cell tested at 90 ◦C exhibits a higher degree of chemical
degradation, which might be attributed to the thinning of the PFSA membrane. The
measurement results correlate very well with the existing literature.

The investigations have shown that PM detection of fluoride ions in PEFC wastewater
is a reliable and easy-to-apply method to detect membrane degradation in PEM technol-
ogy. Precise measurements, even in the lower detection range are possible, and only a
small amount of sample is needed. A simplified sample preparation procedure together
with the possibility of further up-scaling makes this technique a promising alternative to
existing methods.
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