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ABSTRACT.

Although substantial improvement of the performance of anion exchange membrane fuel cells
(AEMFC) was achieved, longevity is still the main challenge for AEMFC technology which is
attributed to the degradation of the functional groups of applied membranes and ionomers.
Contrary to ex-situ material stability studies, we demonstrate here the application of ion
chromatography to quantify the amounts of degradation products in the exhaust water during
different fuel cell operation conditions on the example of trimethylbenzyl ammonium as a
functional group. Higher amounts of degradation products were detected directly after
equilibration and completion of polarization curves compared to performance stability
measurements under constant load. Moreover, the performance stability dependent on the relative
humidity of the anode and cathode feed gases was evaluated. Elevated losses of ionic groups were
observed in the anode exhaust water at high humidity fuel cell operation, although higher
degradation rates were determined for the cathode side by modeling the performance stability. In
contrast, higher amounts of degradation products were detected in the cathode exhaust water under
low humidity conditions. However, the mobility of water and degradation products under different
fuel cell operation conditions impede a detailed allocation of observed degradation to one
electrode. The demonstrated combination of in-situ electrochemical measurements, corresponding
ex-situ degradation measurements and modeling data gives comprehensive insights into the
evaluation of the performance stability of anion exchange membrane materials under fuel cell
operation, which could exceed ex-situ durability experiments based on the membrane materials

itself.



1. Introduction

The anion exchange membrane fuel cell (AEMFC) attracted increasing attention due to the
development of new hydroxide conducting polymer materials which enabled competition
regarding begin of life performance with its acidic counterpart, the proton exchange membrane
fuel cell (PEMFC).!* The potential use of non-platinum group metals as catalysts®”’ and the
opportunity to use non-fluorinated membranes®® are seen as essential cost advantages compared
to PEMFC. However, the limited long-term performance stability is the main hurdle for the
commercialization of AEMFC technology.® '!2 The instability is mostly attributed to the
degradation of the polymers functional group during operation, which serves as anion (hydroxide)
conducting functionality.® ! Thus, the overall performance of the AEMFC decays with ongoing
degradation of the anion exchange membrane (AEM) and the anion exchange ionomer (AEI) in
the catalyst layers.

Several anion-conducting groups are discussed in the literature for AEMFC application. Besides
the evaluation of fundamental properties like the ion exchange capacity (IEC), water uptake, and
ion conductivity, the study of the stability of polymer backbones and anion conducting groups is
another strong focus.!® 315 Quaternary ammonium (QA) groups like triethylbenzyl ammonium
(TEBA) and trimethylbenzyl ammonium (TMBA) are most commonly used.!% '® The degradation
processes mainly proceed chemically by a Hofmann elimination at the f-hydrogens (Scheme 1a)
and the nucleophilic substitution of the QA by an attack of the hydroxide ion at the a-carbon atom
(Scheme 1b).!% 13 Because Hofmann elimination cannot take place at TMBA this QA is considered
as more stable.!* '® Demethylation of TMBA (Scheme 1c) might also take place but was described
as a minor degradation route.'® The stability of the TMBA group can be improved by the addition

of acyl spacers between the QA and the polymer backbone which prevents nucleophilic



substitution, but the improved stability has not been confirmed under AEMFC operating
conditions.'> !

The stability of functional groups themselves or their binding to a polymer backbone are usually
studied ex-sifu by immersing them into concentrated hydroxide solution (e.g., 1-10 M KOH) at a
defined temperature and duration.!*!> '8 Evaluation of either the ion conductivity and IEC or the
loss of QA by NMR and UV/Vis spectroscopy reveals the occurring degradation.'> 1°2° However,

these ex-situ tests do not resemble the true stability of AEM during operation because the

hydroxide is solvated by water molecules decreasing its nucleophilic strength.!>2!
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Scheme 1. Main degradation pathways of QA functional groups by a) Hofmann elimination at
triethylbenzyl ammonium ions (TEBA), b) nucleophilic substitution at trimethylbenzyl

ammonium (TMBA), and c¢) demethylation of TMBA.



Recently, a new methodology was introduced in which the amount of water per hydroxide
molecule, defined as hydration level /, can be controlled.?! It was demonstrated that degradation
becomes drastically faster at low hydration levels of 4 <4, which are likely to occur at high current
densities during fuel cell operation and especially at the cathode where water is consumed during
the oxygen reduction reaction.!>?! The methodology was initially described for small molecules
(different QA groups), but subsequently applied to poly(phenylene oxide) (PPO) based polymer
backbones functionalized with TMBA and TEBA as AEL??* This study showed a further
acceleration of the degradation process, which was explained by an increase of hydroxide
reactivity due to the lower polarity of the polymer environment. These experiments were further

supported by simulation studies?*->

showing the development of low hydration levels during
operation and highlight the crucial role of water management for the longevity in AEMFC.
However, experimental evaluation of existent hydration levels during AEMFC operation is
challenging. A quartz crystal microbalance study, which allows determining the mass change due
to the uptake of water from a humidified gas phase, suggests a hydration level of 1 = 4 and between
6 and 10 at a relative humidity (RH) level of roughly 30% and 60%, respectively, depending on
the thickness of the casted film of Tokuyama AS-4 AEI.?

In another degradation study, a thermogravimetric method was used to evaluate the stability of
an AEM based on PPO functionalized with trimethyl-pentyl-ammonium as QA by measuring the
change of its IEC dependent on the RH and temperature to mimic fuel cells operation conditions.?®
A hydration level of 1 = 5 and 1 = 4 were determined for RH values of 65% and 50% at 60°C,
respectively. Degradation studies at an RH value of 50% (with intervals at 65%) showed a decrease

of the IEC from rough 1.6 to 1.4 mmol g after 180 h.?® Also, the deviation between the membrane

degradation at 50% RH and 100°C (1 = 3) was shown compared to ex-situ studies in 1 M NaOH



(less degradation) and 10 M KOH (more drastic degradation) electrolytes. Furthermore, a different
degradation mechanism was reported for in-situ AEMFC testing compared to ex-situ methods for
a PPO-TMBA AEM as well as for QAs with different structured side chains.!” These studies
demonstrate the discrepancy between stability evaluation solely from ex-situ measurements and
highlighting the requirement of studies mimicking realistic conditions or measuring in-situ
AEMFC performance stability.

Performance stability evaluation under AEMFC operation with the AEM and the AEI
incorporated in membrane electrode assemblies (MEA) are typically performed at constant current
densities (e.g., 100 mA cm™) and cell temperatures between 40 and 80 °C with varying RH of feed
gases and further operation conditions.® ' These conditions allow constant consumption and
generation of water and are therefore intending to study the stability dependent on water
management and reaction transport. Also, evaluations under constant voltage mode are performed
to study specific degradation processes dependent on the potential.!? For constant current density
mode, the potential decay is measured over time and, in general, fast performance losses after 100
to 200 h demonstrate the challenge of AEMFC longevity, and only a few studies have
demonstrated MEAs lasting for 600 to 800 h with degradation rates of 0.2 to 0.5 mV h!.3 27
Only recently, lifetimes above >1000 h were demonstrated.>%-!

The determination of the AEM and AEI stability based on evaluations at MEA level is
challenging because different degradation processes could happen in parallel and are dependent
on varying fuel cell operations. The AEM might degrade by chemical degradation of the polymer
backbone and QA functionality (Scheme 1), but also mechanical failure might occur.!? For AEI
degradation, differentiation between the anode and cathode electrode is necessary.'> At the

cathode, electrochemical oxidation of the AEI (e.g., oxidation of the phenyl group®?) must be



considered as well as chemical degradation due to rather low hydration levels at high current
densities.!> The AEI on the anode side can chemically degrade by adsorption of ammonium groups
at the catalyst surface that lead to cationic group degradation, which was described to be lower on
PtRu anode catalysts*®, but also physical aging of the AEI might occur.!”> Allocation of a
degradation process to an observed phenomenon in fuel cell testing is thus demanding.
Furthermore, but not discussed here, the electrocatalyst is also prone to degradation effects.

In this study, the performance stability of MEAs is investigated under different fuel cell
operating conditions. The decay in performance is related to the degradation of the AEM and AEI
by application of ion chromatography (IC) which allows the evaluation of degradation products in
the exhaust water of the cathode and anode. While most studies solely rely on the performance or
impedance data of the MEA to evaluate the membrane stability, IC analysis gives additional insight
into specific degradation pathways dependent on the applied parameters. Moreover, sampling at
different defined times in the course of the measurement allows stability evaluation under varying
fuel cell operating conditions. Trimethylamine (TMA) is anticipated as the main degradation
product of TMBA by nucleophilic substitution (Scheme 1b) but also its derivatives are
investigated. Furthermore, the performance stability is evaluated dependent on the applied RH of
the feed gas at the anode and cathode. Synthetic air instead of oxygen is used at the cathode to
approach application-related conditions. Reduced RH values lead to low hydration levels
determined by AEMFC modeling, which increases the nucleophilicity of the hydroxide ions and
thus provoke a stronger degradation during MEA operation.!>?? The IC analysis complements the
performance data and results in a more comprehensive understanding of the stability of the AEM

and AEI materials.



2. Experimental

Materials. As AEM material quaternized poly(vinylbenzyl) trimethylammonium cross-linked
with N, N -bis(acryloyl)piperazine was used, and its synthesis is described elsewhere.** In short, a
porous polyolefin substrate was impregnated with specific amounts of TMBA chloride and N,N -
bis(acryloyl)piperazine and polymerization was achieved by UV irradiation. Amounts of the QA
and cross-linking agent were optimized to result in membranes with a uniform thickness of
23.4 um and an IEC of 1.55 mmol g''.>* The hydroxide conductivity was 40 mS cm™' at 20 °C. The
stability was evaluated ex-situ in 5 M KOH solution at 80 °C, and quite stable IEC and ion
conductivity values for over 1500 h were demonstrated.’* This improved stability was attributed
to the high amount of QA in the narrow channels.>*

Preparation of membrane electrode assemblies. MEAs were prepared by coating the
membranes (25 cm?) with a commercial Pt/C catalyst (HISPEC® 4000, 40wt% Pt on Vulcan
XC72R, Johnson Matthey) at the anode and cathode side using an automatic ultrasonic spray
coating device (ExactaCoat FC, Sonotek) with a target loading of 0.5 mgp; cm™ per electrode. AS-
5 by Tokuyama Corp. was used as AEI with a weight loading of about 25wt% in the catalyst layer.
An IEC value of 1.0 mmol g for AS-5 was used for IC analysis as reported in the literature.®> A
PTFE-treated gas diffusion layer equipped with a microporous layer (Freudenberg H2315 12C6)
was used to assemble the MEA.

Fuel cell testing. The test bench G100 by Greenlight Innovation was used to study the MEAs.
All experiments were done with hydrogen at the anode and CO»-free synthetic air at the cathode
with a stoichiometry of 6/10 (A/C) and a backpressure of 100 kPa at a cell temperature of 60 °C.
The MEA was equilibrated by potentiostatic hold at 0.55 V, including a short potentiostatic step

at 0.1 V for 15 min to remove remaining carbonate ions.>® The performance of the MEA was



evaluated by performing polarization curves in galvanostatic mode in 0.2 A intervals. Afterwards,
the study of the performance stability was started at a controlled current density to achieve an
initial cell voltage of around 0.6 V. With decreasing cell voltage, the current density was lowered
to keep the cell voltage between 0.6 and 0.4 V and to avoid fast irreversible degradation of the
cell. The impact of the hydration level on the fuel cell operation (equilibration, polarization curve
and performance stability) was studied by systematic variation of the RH of the feed gases. The
chosen RH values were kept constant from beginning to end of the respective measurement. First,
the performance stability was evaluated at 95% RH for both electrodes (95/95), and then the RH
of feed gases was lowered separately to 60% at the anode (60/95) and at the cathode (95/60) and
also coincidentally at both electrodes (60/60).

To evaluate the stability of the AEM and AEI materials, the exhaust water of the anode and
cathode was analyzed for possible degradation products. Cooling traps made of stainless steel were
installed behind the anode and cathode outlet of the measuring cell to collect the exhaust water of
both electrodes separately. The cooling traps were held at room temperature and cleaned
intensively between individual experiments. Condensation of reaction gases allowed collection of
the degradation products in the exhaust water, which was immediately acidified and processed as
described below by ion chromatography.

lon chromatography. The device 850 Professional IC by Metrohm equipped with the column
Metrosep C 4-100/4.0 (silica gel functionalized with carboxyl groups) was used to detect the
degradation products from the AEM and ionomer in the exhaust water of the anode and cathode
side. TMA and possible derivatives of TMA like dimethylamine (DMA) and monomethylamine
(MMA) as well as ammonium (NH4") were analyzed as shown by a study of Tokuyama Corp.>’

Water samples were acidified with 1 pL per mL sample volume of 2 mmol L™! nitric acid and a



mixture of 1.7 mmol L nitric acid and 0.7 mmol L' dipicolinic acid was used as eluent.*® The

""and a sample volume of 20 uL was injected for the

flow rate of the eluent was 0.9 mL min
analysis. Calibration curves for the specific compounds and calculation of the limit of
quantification and limit of detection were performed and are provided in the supporting
information (Figure S2).

Modeling. In order to further elucidate the effect of RH at anode and cathode on the performance
stability of AEMFC, a one-dimensional isothermal and time-dependent model of AEMFCs
operation was applied.** The computational domain includes a five-layer MEA consisting of an
AEM, anode and cathode CLs, and anode and cathode gas GDLs. The model accounts for
electrochemical reactions (ORR and HOR), mass transport across the MEA (gas transport through
GDLs and CLs as well as liquid water), ion migration. Furthermore, the model calculates the
chemical degradation kinetics of the ionomeric materials in the anode and cathode CLs and the
membrane, whose local kinetics is set by the local water content. The model can predict the
performance and performance stability of AEMFC (time-changes in IEC, represented by the
hydroxide ions concentration).?3->4 40

The model is validated against experimental data for AEMFC operated with RH values of 95/95
at anode and cathode by tuning a single parameter for fitting the entire dataset, namely, the cathode
electrochemical surface area. The remaining model parameters were derived from the
experimental measurements. Then, for validating all other AEMFC performance curves, the only
parameter to update was the RH values of the anode and cathode electrodes. The good agreement

between the experimental and the predicted performance stability of AEMFCs shown in Figures

S3 and S4 provides strong confidence in the model validity and robustness.
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3. Results and Discussion

Automated ultrasonic spray coating enabled the production of reproducible MEAs with average
catalyst loadings at the anode and cathode of 0.49 + 0.03 mgp; cm™ and 0.56 + 0.06 mgp; cm™>,
respectively (Table S1). A uniform and reliable fabrication of MEAs is a prerequisite for the
evaluation of different test parameters.*! After equilibrating the MEAS, polarization curves were
conducted to assess the performance of prepared samples. Although optimization of the cell
performance dependent on the water management was out of scope of this study, polarization
curves were recorded with varied RH values, which were also applied during the equilibration
procedure and evaluation of the stability under galvanostatic operation conditions. The influence
of the different applied RH at the anode and cathode feed gases on the performance is shown in
Figure 1. The highest peak power density of 330 mW cm™ was obtained at high RH values at the
anode and cathode (95/95). With decreasing RH at the anode (60/95) a peak power density of 300
mW cm was still achieved, indicating that water produced by the hydrogen oxidation reaction at
the anode side might compensate for lower humidity at this electrode.*> A lower performance of
256 mW cm and 186 mW cm? was observed for RH values of 60/60 and 95/60, respectively. For
the latter case, the noticeable lower power density might indicate a degradation during the
equilibration procedure as will be discussed below. The humidity-dependent performance agrees
well with reports in the literature where also better performances for higher RH values at either
the cathode or both electrodes were shown.**** The beneficial effect of the water management on
the performance of AEMFC was also highlighted by Omasta and co-workers.*® %> These authors
demonstrated that an optimized balance of water in the membrane and electrodes avoids both, dry-
out events at the cathode and flooding of the anode. Thus, more stable operation behavior and a

substantial performance increase were achieved.*®
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Figure 1. Impact of the relative humidity of the anode and cathode feed gases (A/C) on the cell
voltage (open symbols) and the power density (solid symbols) of MEAs fed with hydrogen and
synthetic air at the anode and cathode, respectively. The MEAs were operated at a constant
stoichiometry of 6/10 (A/C), a backpressure of 100 kPa and a cell temperature of 60 °C. Catalyst

loadings of the anode and cathode are given in Table S1.

The performance stability was studied in galvanostatic mode by applying a current density to
achieve a resulting cell voltage of about 0.6 V. Thus, different current densities for different MEA
samples were applied dependent on their performance. For high RH values at anode and cathode
(95/95), the MEA was operated at 300 mA cm™ and the behavior of the cell voltage over time is
shown in Figure 2a. Small fluctuations in the cell voltage were observed during the equilibration
procedure (up to ~16 h), which might originate from insufficient humidification of the membrane
at the beginning of the measurement. The more stable behavior after running the polarization curve
(~25 h) emphasizes an additional activation due to an enhanced water production at higher current
densities during the measurement of the polarization curve in addition to the equilibration
procedure at constant voltage.*> After a total run time of 73 h the cell voltage dropped drastically.
Possibly, the behavior can be explained by anode flooding during continuous fuel cell testing,

which was described as reversible.*? Also, mechanical failure of the membrane might occur and
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interfacial delamination between the membrane and electrode could happen, but are unexpected

after rather short testing times.'?
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Figure 2. Performance stability of an MEA operated at high relative humidity at the anode and
cathode (95/95). a) Performance behavior at different operation conditions (equilibration in blue,
polarization curve in red and galvanostatic control in green) with an applied current density of
300 mA cm during galvanostatic control. Triangles mark the points of sampling of exhaust
water. b) Loss of ionic groups as the sum of TMA, DMA, MMA and NH4" by quantification of

degradation products in the anode and cathode exhaust water using ion chromatography.

The performance decay can be related to the loss of ionic groups of the AEM and AEI quantified
by IC of the exhaust water of the anode and cathode (Figure 2b). As degradation product TMA
was expected (Scheme 1b), but also its derivatives DMA and MMA as well as NHs " were detected.
The exact degradation mechanism resulting in the derivatives as well as the structure of AS-5
ionomer is rather unclear, but the same pattern of degradation products in IC data was reported by
Tokuyama Corp.?” Consequently, TMA, DMA, MMA and NH4" were considered here in the IC
analysis. The mass concentration of degradation products calculated by integration of the peak
areas obtained in the chromatogram (e.g., Figure S2) was transferred to the amount of substance

nic. The sum of amounts of substances of degradation products (TMA, DMA, MMA and NH4")
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was related to the present initial amount of QA considering the mass loading m of the AEM and
AEI in the MEA and their IEC (Eq. 1). The present initial amount of QA is determined for the
whole MEA, while IC analysis was related to degradation products determined in the anode and
cathode exhaust water or as a sum of both.

nIC,anode + nIC,cathode (1)
Magr " IECpgr + Magpm " IECpgm

loss of ionic groups [%] =

Although applied parameters during fuel cell testing might result in higher degradation rates
rather at one electrode compared to the other, a correlation of IC data with occurred degradation
at the anode or cathode is hardly possible due to mobility of water and degradation products under
different fuel cell operating conditions. Also, a separation of the degradation between AEM and
AEI is not possible from the IC data due to possibly similar QAs of the AEM and AEI material.*>
46 37 Thus, the analysis of IC data is based on the sum of AEM and AEI degradation and the
nucleophilic substitution of TMBA is considered as main degradation pathway. Nevertheless, we
separate the IC analysis in degradation products found in the exhaust water of the anode and the
cathode because this might give additional insights into the AEMFC performance stability, but
this does not necessarily mean that the degradation has taken place at the anode or cathode.

The highest amount of about 13% of degradation products was detected after 28 h. Minor
amounts of 5 and 3% were detected after 48 and 73 h, respectively. In total, a loss of ionic groups
of 20% was observed referring to the present initial amount of QA in the AEM and AEI. Thus, a
great fraction of degradation is induced by the equilibration procedure and conducting of
polarization curves. This might be explained by relatively long galvanostatic steps at higher current
densities during the polarization curve. Under these conditions, low hydration numbers at the
cathode are expected, which can result in a higher nucleophilicity of the hydroxide ions and

subsequently to potentially higher degradation rates.”> *’ Also, the potentiostatic hold at a low
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value of 0.1 V during the equilibration procedure might be very harsh. The substantial degradation
of the MEA at this state of operation could easily be overlooked because the longevity is usually
analyzed by the performance decay and impedance data under galvanostatic control after the
completion of polarization curves.> Also for PEMFC technology, implementation of MEA
characterization by polarization curves and cyclic voltammetry during the long-term operation was
described to induce additional degradation.*® Consequently, experimental parameters of the
equilibration procedure and polarization curves should be carefully chosen.

It is also noticeable that higher amounts of degradation products were found in the sample of the
anode exhaust water at every time of sampling (Figure 2b). This might hint at ionomer degradation
taking place at the anode, but also degradation products from the cathode and membrane can be
transported to the anode. Complex water mobility during AEMFC operation and fluxes of ionic
species between the electrodes hinders an allocation of observed degradation to one electrode.!™
! Thus, a higher fraction of observed degradation products in the anode exhaust water originate
not necessarily from higher degradation rates at the anode. To understand the possible degradation
process, the performance stability under applied conditions of high RH values at anode and cathode
(95/95) was simulated. Figure 3 demonstrates 4 and IEC profiles across the cell of AEMFC
operated at 300 mA cm™. Low hydration levels of roughly /1 = 8 were determined. The results at
different times of operation show a reduction in the local IEC values in the cathode CL and in the
membrane close to the cathode catalyst layer. This reduction indicates a degradation of the
ionomeric materials, which is based on lower hydration levels at the cathode and causes
performance decay over time, as previously discussed.?3->* 4% 4950 Thys, cathode ionomer and
membrane degradation might be the reason for observed degradation products in the IC analysis.

Back diffusion of water from the anode to cathode might compensate for low hydration levels at
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the cathode, but even for high water diffusivity values, lower hydration levels were observed at
the cathode.?* 3%-3!- 3! Change of the anode catalyst to a PtRu material as done in recent AEMFC
studies might improve the water level at the cathode due to enhanced kinetics of the hydrogen
oxidation reaction and thus produce more water that can diffuse to the cathode.'® 3 Also, the
volumes of sampled exhaust water differ between the anode and the cathode side (Tables S3-S6).
Higher volumes at the cathode side can be explained by the higher stoichiometry of the gas feed

at this electrode, although water is consumed during the oxygen reduction reaction.

28 Anode _Me_m_b-rale_ _ Cathode 16
B \ O h —
35h =—
; \ 70 h
21 : \ 1.2
: ©
& A SR, N 0.8 E
— < i
\ Q
: w
7 : 0.4
=====1
0 T ; T T - 0
0 10 20 30 40 50 60
X/ um

Figure 3. Modeling of hydration number (solid lines) and IEC (dashed lines) profiles, at different
operation times, across the MEA of AEMFC operated at a constant current density of 0.3 A cm™,

at high relative humidity at the anode and cathode (95/95).

The impact of the water content on different fuel cell operations was evaluated by varying the
RH values of the anode and cathode feed gases. For individual MEA samples, the RH was lowered
separately to 60% at the anode (60/95) and cathode (95/60), respectively, and then at both
electrodes (60/60). The lower RH values resulted in different hydration levels across the cell
determined by modeling (Figure S5). The reduced humidity at the cathode resulted in a decrease
from A = 8 to 4. At the anode the hydration level decreased from 4 = 26 to 19 and 8 for RH values

of (95/60), (60/95) and (60/60), respectively. The RH values were already applied during the
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equilibration procedure, and the recording of polarization curves and their impact on the
performance were discussed above. Current densities of 300 mA cm™ (60/95), 216 mA cm™
(95/60), and 336 mA cm (60/60) were applied to achieve an initial cell voltage of 0.6 V for the
evaluation of the RH impact on the performance stability. The lower current density for reduced
RH at the cathode (95/60) indicates a degradation of the MEA before studying the performance
stability, which can also be seen from the comparably low performance of this MEA in the
polarization curve (Figure 1). Thus, premature degradation occurred possibly due to the low
hydration levels. In contrast, a relatively high current density was applied in the case of the MEA
at RH values of 60/60 despite the low humidification. In the course of the measurement the current
densities were lowered to keep the cell voltage between 0.6 and 0.4 V.

Figure 4 shows the MEA operation dependent on the varied RH values. For lower humidity, at
the anode, a similar behavior was observed compared to the high RH (95/95). The current density
was steadily decreased after 44 h resulting in a smooth voltage decay. In case of reduced humidity
at the cathode (95/60) a stronger decrease of the cell voltage was observed after the polarization
curve, indicating a higher degradation rate possibly based on a reduced hydration level and thus
more nucleophilic hydroxide ions (Figure 4b).!° For the experiment at low RH at both electrodes,
quite unstable behavior was observed during the equilibration of the cell, which likely originates
from insufficient water management under these conditions. Also, the performance decreased

relatively fast due to higher degradation rates at low humidity conditions (Figure 4c).
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Figure 4. Performance stability of MEAs operated at different initial current densities (dashed
lines) and voltage decay (solid lines) dependent on the relative humidity of the feed gases at the
anode and cathode with a) 60/95 and 300 mA c¢cm, b) 95/60 and 216 mA cm and c) 60/60 and

336 mA cm™. Triangles mark the points of sampling of exhaust water.

IC analysis of the exhaust water was done at several points in the course of the measurement and
is provided in supporting information (Figures S6-S8), while the total loss of ionic groups after the
performance stability test are shown in Figure 5. However, it should be mentioned that absolute
comparability of the different MEAs is only given if exactly the same current densities and run
times were applied and achieved. Due to inevitable differences between testing of MEAs and IC
analysis, the interpretation of results and comparison of samples are only made qualitatively.

In case of low humidity at the anode, a total loss of 19% of ionic groups was observed, whereas
the highest portion (11%) was again allocated to the polarization curves (Figure S6). Also,
degradation products were mainly detected in the anode exhaust water. The initially applied

current density was identical to the experiment with high RH (95/95), but the current density was
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lowered after ~40 h (Figure 4a). Nevertheless, similar initial degradation rates were observed. The
comparable losses of 20% (95/95) and 19% (60/95) indicate that the low RH at the anode might
have an insignificant impact on the durability as lower water content might be compensated by
water production of the hydrogen oxidation reaction. The lower RH at the cathode (95/60) resulted
in a total loss of 15% after 70 h at an initial current density of 216 mA c¢cm™, which had to be
decreased after ~46 h to remain above the 0.4 V criteria. The fuel cell data showed a fast voltage
decay with respect to the comparable low applied current density (Figure 4b), possibly indicating
a degradation of the cathode ionomer and membrane as anticipated for low hydration levels at the
cathode.* However, slightly lower amounts of degradation products were observed in IC analysis,
for which the low current densities might be the reason. The MEA with low RH at both electrodes
(60/60) was operated at an initial current density of 336 mA c¢cm™, which was rapidly lowered after
~50 h due to substantial voltage decay (Figure 4c). The IC analysis resulted in 12% loss of ionic
groups while slightly higher amounts of degradation products were detected after fuel cell
operation (7%) compared to completion of polarization curve (5%) (Figure S8). This was not
observed for the other studied samples and could be explained by slightly higher current densities
(336 mA cm) during performance stability evaluation for this case which might outweigh the
degradation during the initial characterization.

Comparing the loss of ionic groups between both electrodes, in general, higher losses of
degradation products were found in the samples of the anode exhaust water. Interestingly, this is
not the case for low humidity at the cathode (95/60) where 9% of the loss was observed in the
cathode sample. The above-described mobility of water molecules might be more limited under
these conditions due to the low water gradient and hydration levels in both the membrane and the

cathode (Figure S5). This is also evident from the amount of exhaust water collected in the cooling
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trap of the cathode, which is even higher compared to standard conditions (95/95) and exceeds
roughly six times the amount collected at the anode (cf. Tables S3 and S5). If degradation processes
are more pronounced at the cathode and the membrane close to the cathode catalyst layer, the drag
of degradation products was reduced for these operating conditions. But again, the observation of
more degradation products at one electrode compared to the other is not necessarily caused by
higher degradation rates at the anode or cathode. To further elucidate the impact of water mobility
and hydration levels on observed degradation products in future studies, a water balance could be
implemented by additional humidity sensors at the outlet of the cell as shown by Eriksson et al.’!
Thus, water gradients could be determined dependent on applied RH values and current densities
allowing a better understanding of the transportation of degradation products across the cell. Also,
post-mortem analysis of the individual MEA components would be necessary to further

differentiate between different degradation processes.'?
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Figure 5. Loss of ionic groups during fuel cell operation dependent on the applied relative
humidity of anode and cathode feed gases (A/C) quantified by ion chromatography. Data of the

MEA operated at high relative humidity (95/95) are identical to Figure 2b and shown only for

comparison.
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The applied current densities, the achieved peak power densities as well as run times and
calculated degradation rates are summarized in Table 1 in dependence on the RH. Degradation
rates were calculated for the time of constant current density conditions during evaluation of the
performance stability. As anticipated from the cell voltage decays, MEAs operated at RH of 95/95
and 60/95 resulted in moderate degradation rates of 4.7 mV h™'. The highest rates were determined
for a reduced humidity at the cathode (8.3 mV h'!) and also a high rate of 5.9 mV h'! was observed
for reduced humidity at both electrodes. The total losses of ionic groups were highest for
experiments with high humidity at both electrodes (95/95), which can be explained by longer
operation at constant current density compared to the experiment with varied RH. For the MEA
with low humidity at the anode (60/95) also higher amounts of degradation products were detected
compared to lower humidity at the cathode or both electrodes, although the fuel cell testing resulted
in lower degradation rates. This could be influenced by different applied current densities and
slightly different run times as well as by the time of sampling of the exhaust water. We could
demonstrate an efficient quantification and analysis of the stability of the polymer materials under
different fuel cell conditions by IC analysis, although the synchronization of fuel cell data with IC
investigations could be improved in the future. However, these results demonstrate the discrepancy
between sufficient stability in ex-situ tests** and studies under realistic fuel cell operation; the latter
confirms that a substantial improvement of the MEA longevity is necessary.> We believe that the
application of IC will be helpful in the prospective evaluation of the performance stability and

degradation pathways in the AEMFC research.
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Table 1. Overview of performance and degradation data of investigated MEAs dependent on the

applied relative humidity of anode and cathode feed gases.

RH at Peak power  Initial applied Total run times Degradation  Total loss of
A/C[%]  density current density  (Time of rate® [mV h!] ionic groups
[mW cm] @0.6 V operation at [%]
[mA cm™] constant current

density?) [h]

95/95 330 300 73 (39) 4.7 20
60/95 300 300 78 (21) 4.7 19
95/60 186 216 70 (23) 8.3 15
60/60 256 336 91 (26) 59 12

2 Time of constant operation at initially applied current density before down-regulation
b Calculated from the cell voltage decay during time of constant operation conditions

4. Conclusion

In conclusion, the performance stability of MEAs under different fuel cell operation conditions
was investigated and related to the stability of the AEM and AEI material by the IC analysis of
degradation products in the exhaust water. As the main degradation product of the membrane and
ionomer, carrying quaternary ammonium ions as hydroxide conducting functionality, TMA was
identified based on the nucleophilic substitution as degradation pathway. For experiments at full
humidity, the IC results demonstrated a high degradation, particularly after completion of begin of
life characterization with equilibration and conductance of polarization curves. This provides an
interesting insight into the membrane and ionomer stability under different operation conditions

and reveals the necessity of choosing the characterization techniques carefully.
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Furthermore, the performance stability at defined current densities was evaluated dependent on
low and high RH values of the anode and cathode feed gases. Thus, low hydration levels were
provoked increasing the nucleophilicity of the hydroxide ions. This leads to elevated degradation
rates, which were observable in fuel cell testing. The stability decreased particularly in case of low
cathode humidity which could be explained by higher sensitivity of dry-out events at the respective
electrode. The degradation rates were related to the loss of functional groups determined by IC
analysis, but could not be completely corelated with the detected amount of degradation products
due to inevitable differences between testing of MEAs and IC analysis in this study.

In general, higher losses of ionic groups under well-humidified conditions were found in the
anode exhaust water. However, this does not necessarily mean that the anode electrode is more
prone to degradation. The electro-osmotic drag and the mobility of water hampers an allocation of
the degradation process to a specific electrode, although some literature studies expect higher
degradation rates at the cathode side especially under low humidity conditions. In consequence,
higher amounts of degradation products at one electrode must not correlate with higher degradation
rates at this electrode. Moreover, the degradation rates correlate not exclusively with the relative
humidity, but depend also on applied current densities, run times and performed characterizations.
Thus, a complex degradation behavior arises that requires further research.

In this respect, we could demonstrate the application of IC as an analytical tool in the evaluation
of the stability of the AEM and AEI under fuel cell operation, which was mainly addressed in other
studies by ex-situ studies and simulations so far. The results validate the reported dependency of
the membrane durability on different humidity conditions. This initial study will guide follow-up
experiments for assessing further materials and operation parameters. Especially, the influence of

the begin of life characterization should be further elucidated. The application of complementing
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post-mortem characterization techniques could help to differentiate between the durability of the
membrane and ionomer and thus to receive a more comprehensive picture of the AEMFC
longevity.
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