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ABSTRACT: High-temperature proton-exchange membrane fuel cells (HT-PEMFCs) are mostly based on acid-doped membranes
composed of polybenzimidazole (PBI). A severe drawback of acid-doped membranes is the deterioration of mechanical properties
upon increasing acid-doping levels. Cross-linking of different polymers is a way to mitigate stability issues. In this study, a new ion-
pair-coordinated membrane (IPM) system with quaternary ammonium groups for the application in HT-PEMFCs is introduced.
PBI cross-linked with poly(vinylbenzyl chloride) and quaternized with three amines (DABCO, quinuclidine, and quinuclidinol) are
manufactured and compared to the state-of-the-art commercial Dapazol PBI membrane ex situ as well as by evaluating their HT-
PEMEC performance. The IPMs show reduced swelling and better mechanical properties upon doping, which enables a reduction in
membrane thickness while maintaining a comparably low gas crossover and mechanical stability. The HT-PEMFC based on the
best-performing IPM reaches up to 530 mW cm ™ at 180 °C under H,/air conditions at ambient pressure, while Dapazol is limited
to less than 430 mW cm ™ at equal parameters. This new IPM system requires less acid doping than conventional PBI membranes
while outperforming conventional PBI membranes, which renders these new membranes promising candidates for application in
HT-PEMEFCs.

KEYWORDS: Proton-exchange membrane, phosphoric acid, ion pair, high-temperature proton-exchange membrane fuel cell,
quaternary ammonium groups, hydrogen gas crossover

1. INTRODUCTION

Fuel cells (FCs) are promising energy conversion devices,
gaining more importance with the world’s increasing energy
demand and the need to reduce CO, emission. Among
different types of FCs, proton-exchange membrane FCs

doped with nonvolatile inorganic acids have proven themselves
as efficient HT-PEMs." Polybenzimidazole (PBI) is currently
the polymer of choice for HT-PEMFCs when doped with
phosphoric acid (PA, H;PO,).® Among different types of PBIs,
the most investigated as HT-PEM is poly[2,2'-(m-phenylene)-

(PEMFCs) are the most promising and best developed due
to their applicability in different areas such as the automotive
application and in the energy storage sector.”” PEMFCs can be
divided into low-temperature (LT) PEMFCs (below 100 °C)
and high-temperature (HT) PEMECs (above 100 °C)." HT-
PEMECs offer various advantages over LT-PEMFCs, such as
faster reaction kinetics and improved tolerance to carbon
monoxide (CO)."”™ Above 100 °C, no liquid water
management is required when operating at ambient pressure,
and the higher temperature simplifies the cooling system by
the larger difference between FC and ambient temperature.
Membranes used in LT-PEMFC application are mainly
based on perfluorosulfonic acid polymers such as Nafion. Their
proton conductivity depends on humidification, and therefore,
these types of proton—exchan;e membranes (PEMs) lose ionic
conductivity above 100 °C.” In this regard, basic polymers
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5,5’-(bibenzimidazole)] (m-PBI) (see Figure S1), which is also
commercially available in different forms such as coatings or
fibers."” PBI shows excellent thermal and chemical stability,
with a glass transition temperature above 400 °C.o10
basic N-sites per repeating unit can interact with PA molecules.
Additionally, free PA molecules will enter the PBI polymer
matrix and generate the main proton conductive network. The
proton conduction in PBI/PA systems depends on the
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protonation equilibrium of the acid by building a network of
N—H*---H,PO,”, H;PO, H,PO,", and/or N—H*--H—OH,
which enables proton hopping.''~"***

Since PA is responsible for proton conductivity in HT-
PEMs, the acid-doping level (ADL), which is defined as the
number of PA molecules per repeating unit of the basic
polymer, is a crucial parameter for HT-PEMFC performance.'”
While higher ADLs increase proton conductivity, they also
deteriorate the mechanical strength of the membrane.*”*"
Alternatively, an acid uptake (AU) instead of the ADL is
provided, which corresponds to the weight gain due to PA
uptake relative to the dry weight of the membrane.'* The AU
is the preferred measure of the acid content for cross-linked
HT-PEMs. This type of composite membrane includes not
only a basic polymer such as PBI but also an additional
polymer that is covalently or ionically cross-linked with the
basic polymer. Cross-linked membranes aim at maintaining
mechanical stability upon acid doping, enhancing chemical
stability and degradation resistance, and lowering the acid loss
of PEMs at high PA-doping levels.'"">~>°

Ionic cross-links are formed by mixing a basic PBI-type
polymer with acidic polymers (e.g, sulfonated polysul-
fones).'"””" Covalent cross-linking can be achieved by using,
for example, low-molecular compounds such as divinyl
sulfone,”” bisphenol A-diepoxide,” terephthaldehyde,” or
dichloromethyl phosphinic acid.”""** Also, macromolecular
cross-linkers are well-established in the literature, such as
halomethylated polymers,”® chloromethylated PSU,”” bromo-
methylated polyetherketone,” or poly(vinylbenzyl chloride)
(PVBC).ZI’ZQ

Recently, PEMs containing quaternary ammonium (QA)
functional groups are gaining significant attention for the
application in HT-PEMFCs." When doped with PA for use as
an HT-PEM, these membrane systems are called ion-pair-
coordinated membranes (IPMs). The QA moieties can form
strong interactions with biphosphate anions.'' These addi-
tional interactions can prevent PA leaching since the QA--
H,PO,” interaction is 8 times stronger than the acid—base
interaction between benzimidazole and PA.">*° In 2011, Ma et
al. evaluated poly(arylene ether ketone) with pendant QA
groups and doped with PA as HT-PEMs. Their results showed
that QA groups show a better PA-doping ability than the
imidazole groups in PBI while maintaining thermal and
mechanical stability.”' In 2014, Cho et al. cross-linked m-PBI
with methylated PBI-OO bearing two QA groups. A stronger
PA absorption for these membranes could be observed.*”
Furthermore, Lee et al. presented in 2016 a QA-biphosphate
ion-pair-coordinated polyphenylene membrane that yielded a
peak power density of 800 mW cm > at 180 °C during H,/0,
operation.33 Using the same membrane material, Atanasov et
al. recently optimized the catalyst layer of an HT-PEMFC
using a phosphonated ionomeric binder, yielding peak power
densities between 309 and 923 mW cm™ at 120-240 °C
under H,/air conditions. At 160 °C and at a current density of
approximately 1600 mA cm ™2, a peak power density of 540
mW cm™ was achieved.”® Hu et al. investigated PBIs with
macromolecular hyperbranched cross-linkers and QA as HT-
PEMs." They cross-linked bromomethylated poly(p-xylene)
with poly(4,4’-diphenylether-5,5'-bibenzimidazole) (OPBI)
and used trimethylamine as a quaternizing agent. Their results
showed that the basic QA moieties helped to dissociate PA,
establishing acid—base pairs, which enhanced proton con-

ductivity and acid retention. They reported a peak power
density of 260 mW cm™ at 160 °C during H,/air operation.

A potentially good amine for the application in IPMs is 1,4-
diazabicyclo(2.2.2)octane (DABCO) (see Figure 1), which is,
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Figure 1. Chemical structures of the three amines (quinuclidine,
quinuclidinol, and DABCO) and the polymer blend membrane OPBI-
c-PVBC (exemplary for quinuclidine). Cross-linking points are
highlighted and numbered (1: covalent cross-linking, 2: imidazolium
cation (Im*), and 3: QA). X~ represents the counter anion, for
example, CI”, OH™, and H,PO,".

for example, known for its use in the research field of anion-
exchange membranes.””*° In this work, its performance as a
quaternizing agent for OPBI-c-PVBC cross-linked membrane
systems for the application in HT-PEMFCs was investigated.
Furthermore, the amines 1-azabicyclo(2.2.2)octan-3-o0l (qui-
nuclidinol) and 1-azabicyclo(2.2.2)octane (quinuclidine) (see
Figure 1) were chosen as structural relatives to DABCO. The
main difference between these three amines is the number of
amine moieties (see Figure 1). The main difference between
quinuclidine and quinuclidinol is the —OH group present in
the latter, which may contribute to the hydrogen-bonding
network between PA and its anions, leading to stronger
interactions and less PA leaching.

In this work, we study the effect of these three amines on
cross-linked membranes comprising OPBI and PVBC in three
different ratios. The prepared membranes were evaluated ex
situ as well as within an HT-PEMFC. As a reference system,
the commercial HT membrane Dapazol, from Danish Power
Systems ApS, an m-PBI membrane, was chosen.”’

2. EXPERIMENTAL SECTION

2.1. Membrane Materials. OPBI was purchased from Fumatech
BWT GmbH. PVBC was obtained from Scientific Polymer Products.
DABCO and 85 wt % ortho-PA were purchased from Merck. 1-
Azabicyclo(2.2.2)octan-3-0l (quinuclidinol, QOH) and 1-
azabicyclo(2.2.2)octane (quinuclidine, Q) were procured from
Sigma-Aldrich and Alfa Aesar, respectively. All chemicals were used
as received. The Dapazol M40 membrane with a nominal dry
thickness of 40 pm was purchased from Danish Power Systems ApS.
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2.2. Membrane Preparation. S wt % OPBI and 15 wt % PVBC
solutions were prepared by dissolving the polymers in dimethyl
sulfoxide. The OPBI solution was stirred at 50 °C overnight and the
PVBC solution for 1 h at rt. Afterward, the solutions were blended to
yield weight ratios of OPBI/PVBC of 60:40, 75:25, and 90:10. The
blend solutions were stirred for 30 min at room temperature (rt) until
homogenization was achieved, followed by casting onto a glass plate.
The casting was carried out using an automated film applicator (ZAA
2300, Zehntner) with a blade length of 8 cm and a speed of 20 mm
s7". The heights were set to 450, 500, and 630 pm for the ratios 60:40,
75:25, and 90:10, respectively. The resulting membranes were dried at
80 °C for 24 h, followed by 5 h at 80 °C under reduced pressure.
During the 24 h at 80 °C, membranes were covered with a plastic lid
to slow down the evaporation rate and achieve cross-linking.'® The
dry thicknesses of all membranes were between 20 and 25 pum.

The blend membranes were quaternized by immersion in 0.5 M
solutions of the three amines (DABCO, quinuclidinol, and
quinuclidine) in ethanol for 24 h at 60 °C. Afterward, the membranes
were rinsed with DI water.

2.3. Doping with PA. Doping was performed by the immersion of
membrane pieces of 1 (for weighing), 4 [for ion-exchange capacity
(IEC) measurements], or 9 cm® (for membrane electrode assembly
preparation) in 85 wt % aqueous PA at rt. All membranes were doped
with PA until saturation was reached (2 days for IPMs and 4 days for
Dapazol). PA-doped in-house-prepared membranes had a thickness of
40—50 pum, and Dapazol had a thickness of 75—80 ym.

2.4. Measurement of ADL. The 1 cm® membrane pieces were
dried at 110 °C and vacuum for S h, following the literature,*® to
determine their dry weight (wdry). Following, the samples were
immersed in 4 mL of aqueous 85 wt % PA until saturation was
reached. The drying process was repeated for the doped membrane
pieces. This process guaranteed that the weight gain is purely due to
PA uptake (wpy) and not caused by water uptake. The ADL
represents the number of PA molecules per repeating unit of the basic
polymer, here OPBL***® Therefore, eq 1 was used to calculate ADLs

w, Wiy Xopn1
ADL, = —2a . 97 P

MPA MOPBI ( 1 )

with the mass fraction of OPBI (Xqpg;), the molar mass of the
repeating unit of OPBI (Mpg;), and the molar weight of PA (Mp,). It
should be noted that the interaction of OPBI with PVBC, which
forms imidazolium cations (see 2 in Figure 1), is not considered in eq
1.

The membranes’ swelling when taking up PA was determined by
measuring their x, y, and z dimensions before and after the doping
process using eq 2.4

‘/doped_‘/undoped

Swelling (%) = 100-
& ( ) ‘/undoped (2)

Vioped and Vi q0pea represent the doped and undoped volumes,
respectively, calculated by the multiplication of %, y, and z dimensions
for the doped and undoped membrane pieces.

2.5. Measurement of IEC. IECs were determined by the back
titration method.*® First, the membranes were conditioned in 0.1 M
HCI for 48 h at 90 °C to remove excess amine. Afterward, the
membranes were immersed in a 1 M KOH solution at 90 °C for 24 h
to exchange CI” with OH™. The OH™ form of the membranes was
then dried at 110 °C and vacuum for $ h to determine the dry weight
(wd,y). Afterward, the membranes were immersed in saturated sodium
chloride (NaCl) at rt for 24 h. 3 mL of 0.1 M hydrochloric acid (HC)
was added to the saturated NaCl solution, including the membrane,
and stirred at rt overnight. The membrane was washed with 25 mL of
distilled H,O, which was added to the same solution. This solution
was titrated back with a 0.1 M sodium hydroxide (NaOH) solution to
determine the remaining HCl using an OMNIS autotitrator
(Metrohm Instruments). Equation 3 was used to calculate the IECs.*"

c -V - C -V
IEC HCl YHClI NaOH "NaOH
Ty (3)

The concentrations of the HCl and NaOH solutions are
represented by ¢y and oy on. Viger and Vy,op are the used volumes.
Wy, is the dry weight of the membrane (OH™-form).

The IECs of the in-house-prepared membranes are total IECs, to
which the cross-linking points 2 and 3 (see Figure 1) and the
imidazole groups of OPBI are contributing.

2.6. Tensile Testing. Uniaxial tensile tests were performed on a
Shimadzu EZ-SX with a 100 N load cell. The dimensions of the
samples were kept constant with 5 cm length and 1.5 cm width.
Samples were measured pristine and doped with PA. Young’s
modulus and elongations at the break were evaluated with stress—
strain measurements under ambient conditions with a constant strain
rate of 5 mm min~". Young’s modulus (E) was determined by the
stress (0) and strain (&) ratio at a small strain in the linear region (see

eq 4).

Wy

o

- )

2.7. Thermogravimetric Analysis. Thermogravimetric analysis
(TGA) was carried out with samples of approximately S mg of the
pristine membrane material (before doping with PA) using a TG 209
F1 Libra (NETZSCH). The measurements were carried out under
oxidizing (65% O,, 35% N,) conditions to imitate the PA doping and
FC measurement atmosphere. The flow rate was set to 40 mL min™"
over a temperature range of 30—1000 °C. The samples were loaded
into Al,O; crucibles.

2.8. Fabrication of Membrane Electrode Assemblies. Sym-
metrical membrane electrode assemblies (MEAs) were fabricated
using identical electrodes for the anode and cathode. The ink for the
fabrication of gas diffusion electrodes (GDEs) consisted of 1 wt %
solid content in a solvent mixture of 50 wt % 2-propanol in water. The
solid fraction consisted of 80 wt % Pt/C [Alfa Aesar, 60 wt %
platinum (Pt) on carbon] and 20 wt % polytetrafluoroethylene
(PTFE) binder (Fuel Cell Store, Teflon Dispersion DISP 30, 60 wt %
PTFE). The ink was homogenized using an ultrasonic horn
(Hielscher) at 90 W for 30 min at 0 °C. The catalyst ink was
deposited onto a Freudenberg H23C8 gas diffusion layer (GDL) via
spray coating (ExactaCoat, Sono-Tek). The temperature of the
heating stage was set to 90 °C. The ink flow rate was set to 0.33 mL
min~" with an ultrasonication power of S W, resulting in a deposition
rate of approximately 0.03 mgp, cm ™2 per deposition cycle until a total
Pt loading of 1 mg cm™ was reached. The loading was determined by
weighing the GDL and the GDE after the ink deposition. The
resulting GDEs were sintered at 360 °C at atmospheric pressure for
20 min (OTE-1200X, MTI Corporation).*'

For MEA production, the PA-doped membrane was placed
between the GDEs and hot-pressed (Carver Inc.) at 150 °C and 10
MPa for 10 min using Pacopads (Pacothane) (3 X 3 cm?) to ensure
an equal pressure distribution.*” Due to the Pacopad dimensions, a
total force of 9 kN was applied during hot pressing. The GDEs and
hence the resulting active area had dimensions of 2 X 2 cm® and the
membrane had an area of 3 X 3 cm”

2.9. Fuel Cell Testing. FC testing was performed using an 850e
FC test system from Scribner Associates Inc. All FCs had an active
area of 4 cm” and were assembled using 150 ym glass-fiber-reinforced
PTFE gaskets on both anode and cathode sides. A GDL compression
of approximately 20% was reached when considering the electrodes as
noncompressible. A torque of S N m was applied to assemble the cell.
All tests were run at 180 °C under dry H, (0.25 L min™"') and air
(0.75 L min™") at ambient pressure. For conditioning, the FCs were
heated up to 120 °C. Following, the H,/air supply was switched on
while heating up to 180 °C, and a constant load of 200 mA cm™ was
applied until the temperature was reached. Afterward, a constant load
of 400 mA cm™ was held for 30 min.*> The polarization data were
measured galvanostatically with a step size of 0.05 A per point in the
activation region, 0.2 A in the Ohmic region, and 0.05 A in the mass
transport region. The step time was 1 min per point. To evaluate the

https://doi.org/10.1021/acsami.1c17154
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Table 1. Initial Peak Power Densities of the Cross-Linked Membranes OPBI-C-PVBC 90—10, 75—25, and 60—40 Quaternized
with Quinuclidine, Quinuclidinol, and DABCO*“

www.acsami.org

OPBI:PVBC quinuclidine quinuclidinol DABCO
90:10 246 mW cm™2 461 + 11 mW cm ™2 254 mW cm™2
75:25 341 mW cm™> 381 mW cm™> 362 mW cm™>
60:40 529 + 6 mW cm™? 529 + 13 mW cm™? 372 mW cm™2

“The corresponding polarization and power density curves can be seen in Figure S3. All measurements were carried out at 180 °C under 0.25 L
min~' dry H, at the anode, and 0.75 L min™" air at the cathode, with a Pt loading of 1 mg cm™ at the anode and cathode. The bold values represent
the HT-PEMFCs incorporating the best-performing membranes. These measurements were repeated three times, and the initial peak power

densities are represented with their standard deviations.

Ohmic cell resistance (Rg), the on-line current-interrupt measure-
ment method was used and recorded at each polarization data point.**

2.10. Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy was carried out using a Scribner
885-HS FC potentiostat (Scriber Associates Inc.). A constant current
hold of 15 min was performed at the desired current density (400 and
600 mA cm™) before the measurement. The frequency was swept
from 10 kHz to 0.1 Hz with 20 steps per decade. The AC RMS
amplitude was set to 10% of the DC current.

2.11. Linear Sweep Voltammetry. Linear sweep voltammetry
(LSV) was carried out using a Biologic SP-300 potentiostat. Gas flows
and cell temperature were controlled using a Scribner 850e (Scribner
Associates). The anode was purged with 0.3 L min™" H, and the
cathode with 0.3 L min™' N, at a cell temperature of 180 °C and
atmospheric pressure. The measurements were conducted after
polarization data were recorded. Before starting the LSV measure-
ment, the cell was purged with H, and N, until the rest potential
reached a pseudo-steady-state value. Afterward, the voltage was swept
between that steady value and 0.5 V. Higher working electrode
potentials were avoided to prevent Pt oxidation. The scan rate was 2
mV s”'. The limiting current density was defined after applying a
short-circuit correction.*® Therefore, a linear fit was carried out for the
potential window from 0.30—0.40 V. The limiting current density (jy,

cross) Was quantified at 0.3 V. The internal short-circuit resistance
(ISR) was estimated from the inverse of the slope of this linear fit.**
The hydrogen crossover flux (1y, coss) Was calculated from jy,

cross. cross

applying Faraday’s law according to eq S

_ J H, cross ’

nHZ cross nF (5)

with the FC active area A, the number of electrons taking part in the
reaction n (here, 2e” per H, molecule), and the Faraday constant F
(96 485 C mol™").*o*

2.12. Inductively Coupled Plasma—Mass Spectrometry. The
phosphorous content of the liquid samples taken from both cell
compartments was analyzed by inductively coupled plasma—mass
spectrometry (ICP—MS) (PerkinElmer NexION 350x). Samples were
prepared as follows: the exhaust gases from the cell passed through
400 mL of distilled water at 10 °C separately at the anode and
cathode to collect the exhaust water containing leached PA. Water
sampling was carried out after operating the FCs for 48 h at 400 mA
cm™ To quantify the phosphorous content, ICP—MS was operated
using its dynamic reaction cell (DRC). O, was used as a DRC cell gas.
Instrument parameters were set based on previous literature data
(RPa = 0.02 and RPq = 0.40).*® '9$%20* served as the internal
standard. ICP—MS was calibrated daily using a four-point calibration
curve. Standards (both the calibration and internal standards) were
prepared freshly from stock solutions (Merck Certipur P and S)
containing the elements of interest in a given concentration in pure
MilliQ water.

3. RESULTS AND DISCUSSION

3.1. OPBI-C-PVBC Membranes. Figure 1 represents the
chemical structure of the cross-linked OPBI with PVBC
(OPBIL-c-PVBC) quaternized with the amines quinuclidine

(Q), quinuclidinol (QOH), or DABCO. An Sy2-type reaction
can occur between the —CH,Cl moieties of PVBC and the
amine group (—~NH-) of PBL.*” Hence, cross-linking probably
occurs via N-alkylation of the benzimidazole moieties by
—CH,Cl groups (see 1 in Figure 1).>> Furthermore, the imine
moiety in PBI (=N—) can also react with the —CH,Cl group
and form imidazolium cations (Im*) (see 2 in Figure 1) at
elevated temperatures,” ™" which was verified by Lu et al.*
Postquaternization was carried out by immersing the OPBI-c-
PVBC membranes into amine solutions in ethanol. An excess
of amine was given so that selective quaternization in the case
of DABCO was favored, yielding the quaternization of only
one nitrogen atom.” 3 in Figure 1 represents the quaternizing
exemplary with quinuclidine, which is analogous for
quinuclidinol and DABCO.

OPBI and PVBC were cross-linked with the ratios 90:10,
75:25, and 60:40. The resulting blends were characterized by
attenuated total reflection Fourier-transform infrared (ATR
FT-IR) spectroscopy (see Figure S2). For all ratios, the
disappearance of the CH,—Cl bending peak at 1266 cm™
could be observed.’* Furthermore, the C—N stretching
vibration appearing at 1014 cm™' confirmed successful cross-
linking.>* A noticeable stretching vibration of the —CH, group
of PVBC at 2927 cm™' and the C—Cl peak at 692 cm™" loses
intensity with the decreasing PVBC content in the blend.*®

The OPBI-c-PVBC membranes were post-treated with three
quaternizing agents (DABCO, quinuclidinol, and quinuclidine)
and yielded nine membranes. These nine membranes were
doped with PA and used as PEMs in HT FC application. The
initial peak power densities achieved were compared to each
other to evaluate the influence of the blend ratio and/or the
quaternizing agent on FC performance.

As can be seen in Table 1, there is one general trend
observable for this membrane matrix: the initial peak power
density increases with the increasing PVBC content. This can
be linked to the increased AU at higher PVBC contents, as
shown in Table S1 of the Supporting Information. The AU is,
in this context, a better suited measure than the ADL to
compare acid contents within the membranes: the ADL
calculated from eq 1 will increase when the absolute AU is kept
constant if the amount of OPBI in the membrane is reduced. A
higher proton conductivity can be expected from 90—10 to
75—25 to 60—40. The only outlier from this trend is the OPBI-
¢-PVBC 90:10 membrane with quinuclidinol. When comparing
the effect of different QAs on the maximum peak power
density for the maximum amount of PVBC studied in the
cross-linked membrane, DABCO shows 44% lower perform-
ance compared to quinuclidine and quinuclidinol. DABCO
possesses two amine moieties, and both could lead to cross-
linking with PVBC. However, when an excess of DABCO is
given, presumably, only one nitrogen will undergo cross-
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1inking.53 Nevertheless, at this point, we cannot exclude a
possible formation of bis-quaternized DABCO, which could
lead to a conductivity drop due to the instability of the
ammonium groups.”* Furthermore, Lu et al. reported lower
IECs for this type of cross-linked membrane quaternized with
DABCO compared to the three best-performing here.””

The ratio 60 wt % OPBI to 40 wt % PVBC yielded for
quinuclidine and quinuclidinol almost the same initial peak
power densities. Therefore, these two membranes were chosen
for further analysis to understand the influence of the two
different amines, quinuclidine and quinuclidinol, on properties
such as swelling, acid doping, mechanical properties, H, gas
crossover, and PA loss during 48 h FC operation. As a third in-
house-prepared membrane, the 90 wt % OPBI and 10 wt %
PVBC quaternized with quinuclidinol were chosen for further
evaluation since it exhibited the third-highest peak power
density. This is the only membrane prepared that does not fall
into the overall line that the peak power density increases with
the increasing PVBC content. At a low PVBC content and,
therefore, at low quaternization levels, the OH-moiety could
serve as an additional anchor point for the PA network or
participate in proton conduction. At a higher PVBC content,
with increasing PA uptake, the difference between the
membranes quaternized with quinuclidine and quinuclidinol
becomes less dominant, probably because now the effect of the
amine is the dominant influence compared to the weak
interaction of the OH group with PA.

3.2. Property Comparison of the Three Best-Perform-
ing Membranes and a Commercial Membrane. Mem-
brane properties of the three best-performing OPBI-c-PVBC
blend membranes (see Table 1) were compared to those of the
commercial Dapazol membrane. Therefore, the ADLs, AUs,
swelling, IECs, Young’s moduli (E), elongations at break (g,),
and tensile strengths at break (og) were investigated, and the
results are shown in Table 2.

The terminology of the quaternized OPBI-c-PVBC mem-
branes is [wt % OPBI]-[wt % PVBC]-[abbreviation of amine].
Exemplarily, a blend with 60 wt % OPBI and 40 wt % PVBC
quaternized with quinuclidinol will be abbreviated as 60-40-
QOH.

We first start by comparing the PA-doping characteristics of
the four types of membranes. The achieved ADL for m-PBI
(Dapazol) of around 13 (see Table 2) is comparable with the
ADLs found in the literature for low-molecular-weight m-PBL
Yang et al. reported the ADL of intermediate-molecular-weight
m-PBI to be around 10—11 and of low-molecular-weight m-
PBI to be about 12—14 when doped in 85 wt % PA at rt.>>°
The volumetric swelling of around 248 vol % (see Table 2) is
also in good accordance with the literature-reported volumetric
swelling of m-PBI ranging from 150—250 vol %."°” As shown
in Table 2, the ADL of 60-40-Q _and 60-40-QOH is about 16
and higher than the ADL of m-PBI, which is caused by the
normalization of the amount of PA absorbed to the amount of
PBI in the membrane blends. Therefore, the ADL of 90-10-
QOH is also only half of the 60—40 blends. With an absolute
AU of around 230% for the 60—40 blends and 180 wt % for
the 90-10-QOH membrane, the amount of acid present in the
membrane is roughly half of the AU of Dapazol with about 400
wt %. This finding correlates directly with the reduced swelling
of the blend membranes with roughly half the value of the
commercial Dapazol (see Table 2). The low AU of 90-10-
QOH is very promising since the long-term goal in HT-
PEMFC development is an HT-PEM without (or less) doping:
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Table 2. ADLs, AU, Swelling, IECs, Young’s Moduli (E), Elongations at Break (g,,), and Tensile Strengths at Break (o) for the Membranes 60-40-Q, 60-40-QOH, and 90-10-

QOH*

IEC
(meq g7)

swellin,

ADL

& (%)
undoped
18.44 + 1.30

(vol %§

134 + 3

oy (MPa)
doped

o (MPa)
undoped

&, (%) doped

E (MPa) undoped E (MPa) doped

1684.20 + 75.37

= AU (wt %)

(molp, molpy; ")

[wt % OPBL-wt % PVBC]-[Amine]

8.58 + 1.60
10.10 + 1.71

2227 + 0.31

57.75 £ 6.74

74.99 + 5.05
107.81 + 9.62

110.88 + 3.27

25.62 + 2.14
23.82 + 3.11

11.78 + 0.17
14.15 + 2.82
40.4S + 3.09

135.51 £ 12.13

100.87 + 3.36
262.76 + 31.94

1957.43 + 67.64

3.14 =+ 0.11
3.82 + 023
3.94 + 0.05

6.49"
“Young’s moduli (E), elongations at break (&;,), and tensile strength values at break (oj) are shown for doped and undoped samples at rt. The values are the mean of three replicates and are represented

with their standard deviations. It should be noted that the cross

bTheoretically calculated (see the Supporting Information).

130 + 6

236 + 3
227 + 9

16.08 + 0.19
15.43 + 0.64
8.05 + 0.16
12.70 + 0.89

60-40-Q

60-40-QOH
90-10-QOH

Dapazol

14.77 + 2.16

44.35 + 2.53
139.78 + 5.33

2656.44 + 39.61

130 £ 1
248 + 10

177 + 4
404 + 28

87.20 + 4.15

2738.09 + 68.53

-linking points 2 and 3 and the imidazole moieties of OPBI are contributing to the IECs of the in-house-prepared membranes.
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the PA is the limiting factor due to its evaporation and leaching
during FC operation. Nonetheless, as shown in Table 1, 90-10-
QOH within an HT-PEMFC showed a slightly lower initial
peak power density than 60-40-Q and 60-40-QOH, indicating
that the lower PA content in this membrane may pose a
limiting factor for its performance.

It is known that cross-linking enhances the mechanical
properties of membranes, reduces softening and volumetric
swelling with the increasing PA content, and allows for higher
ADLs. Generally, higher AUs while maintaining mechanical
stability are desirable since high AUs are expected to lead to
higher proton conductivities.”® The same behavior can be
observed for F(PBL Li et al. reported an ADL of 7 for pure
F¢PBI when doped in 75 wt % PA at rt for 100 h,>” while
blends with F4PBI showed higher ADLs. In an earlier study, we
have reported an ADL of 10 for a blend membrane of F,PBI
and PWN [phosphonated poly(pentafluorostyrene)]*” and
Yang et al. reported an ADL of around 14 for a blend of F,PBI
and chloromethyl polysulfone when doped at rt in 85 wt % PA
for 120 h.*” There are two possible reasons for achieving
higher ADLs when using OPBI and quaternization instead of
F¢PBI. First, the more flexible structure of OPBI can increase
the number of incorporated free PA molecules within the
polymer matrix. Second, two cationic groups (quaternized
amine and imidazolium, 3 and 2 in Figure 1) can stabilize the
anions of PA and hence increase proton concentration within
the membrane compared to a pure PBI membrane.

All membranes prepared in this work showed high IECs
ranging from 3 to 4 meq g~' (see Table 2). This is in
agreement with the literature. Lu et al. reported for this type of
cross-linked membrane an IEC of 2.51 meq g™ for PBI-c-
PVBC with DABCO as a quaternizing agent.”> Kulkarni et al.
reported an IEC of 2.95 meq g~' for sulfone-substituted OPBI
and of 4.2 meq g~! for postsulfonated OPBI (sOPBI).*’ Since
Dapazol is a pure PBI membrane, the IEC was calculated to be
6.49 meq g~' (see the Supporting Information). As shown in
Table 2, the IECs of the membranes 90-10-QOH and 60-40-
QOH showed almost equal values.

The amount of PA in the membrane is important for the
ionic conductivity during HT-PEMFC operation, and it also
largely influences the mechanical properties. Thus, stress—
strain tests were executed with the pristine and doped
membrane samples. With a Young’s modulus of around 2700
MPa, undoped Dapazol shows the highest rigidity, closely
followed by the undoped 90-10-QOH membrane. This is in
agreement with the literature. Zhang et al. reported an elastic
modulus of 2950 MPa for OPBL®" As the mechanical stability
in the polymer blends stems predominantly from the OPBI
chain, a strong decrease in Young’s moduli for the 60—40
blends is expected.” After PA doping, however, Dapazol loses
most of its mechanical stability, and the Young’s modulus is
dropping to only 3% of its value in the undoped state. As the
commercial membrane is not cross-linked, the PA uptake
results in a strong softening effect as the chains can now very
easily slide off from each other. The Young’s moduli of the
cross-linked 60—40 membrane blends also drop significantly to
6—7% of their undoped values, resulting in a higher Young’s
modulus in the doped state compared to Dapazol. Both the
reduced AU and the cross-linking could explain the higher
maintenance of stability upon doping. Of special interest is the
90-10-QOH membrane as it keeps almost 10% of its high
Young’s modulus in the completely doped state, therewith
significantly outperforming the other membranes and resulting

in a doped Young’s modulus 3 times higher compared to
Dapazol. The tensile strengths at break (o%) of undoped 90-10-
QOH and Dapazol are almost the same with 108—111 MPa.
Zhang et al. reported a tensile strength of 129.5 MPa for
undoped OPBL®" The tensile strength of undoped 90-10-
QOH is in accordance with the literature when considering the
90 wt % OPBI in the membrane. Yang et al. reported a tensile
strength of 116.8 MPa for an undoped m-PBI membrane.”’
Hence, the tensile strength of Dapazol is 110.88 MPa, in good
accordance with the literature (see Table 2). 60-40-QOH and
60-40-Q_ exhibit lower tensile strengths of 74.99 and 57.75
MPa, respectively, presumably due to the lower OPBI content
within the membrane. The tensile strength at break after
dopin% is lower for all membranes due to the plasticizing effect
of PA.>” Dapazol with a tensile strength of 14.77 MPa at rt and
an ADL of 12.70 is in accordance with the literature.””>> 90-
10-QOH shows the highest tensile strength of 22.27 MPa after
doping with PA due to its lower AU of less than 200 wt %
compared to the other membranes (see Table 2). Further-
more, it can be seen that the elongations at break for Dapazol
are significantly higher than those for the blend membranes, in
both the doped and undoped states (see Table 2). Higher
elongations at break of pure PBI compared to those of the
blend membranes can be explained by the lack of cross-links
within this membrane, which allows this polymer to stretch
without breaking covalent bonds. In general, the elongations at
break were larger when doped compared to the undoped state
of the membranes. This finding can be attributed to the
plasticizing effect of absorbed PA.”> For the OPBI-c-PVBC
membranes, the increase in elongations at break upon doping
was around 2—3 times, which is lower than that for Dapazol,
which exhibited an increase of 3.5 times. This result confirms
the better mechanical properties of the OPBI-c-PVBC
membranes and correlates with both the higher AU and the
higher volumetric swelling of Dapazol compared to those of
the blend membranes.

The thermal-oxidative stability of the PEMs was investigated
in oxygen-enriched synthetic air (65% O, and 35% N,) by
TGA (see Figure 2). The mass loss until 100 °C is due to
water evaporation. Both PBI-types, m-PBI and OPBI, exhibited
a high thermal-oxidative stability up to 400 °C. The cross-
linked membranes showed thermal-oxidative stabilities up to
260 °C, where mass losses due to the degradation of PVBC can
be observed. Within this range also mass losses due to the
amines occur. The membrane 90-10-QOH containing 90 wt %
OPBI showed a mass loss of around 10% between 260 and 480
°C due to the full loss of PVBC. The membranes containing 60
wt % OPBI exhibited lower thermal-oxidative stability due to
their higher PVBC content. In general, all membranes
exhibited high thermal-oxidative stabilities, verifying that
PEMEC operation at 180 °C poses no thermal limit for the
blend membranes.

Furthermore, the membranes 60-40-Q, 60-40-QOH, and 90-
10-QOH revealed an amorphous nature as verified by X-ray
diffraction (see Figure S6). Additionally, Fenton’s test was
carried out to investigate the oxidative stability of the
membranes 60-40-Q, 60-40-QOH, 90-10-QOH, and Dapazol.
The corresponding data can be found in the Supporting
Information (Figure S7).

3.3. Fuel Cell Characterization. The polarization and
power density curves for the HT-PEMFCs incorporating the
PA-doped membranes prepared in this work as well as the
commercial Dapazol are shown in Figure 3.
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Figure 2. (A) TGA and (B) derivative of the TGA data for the
membranes 60-40-Q, 60-40-QOH, 90-10-QOH, its blend compo-
nents OPBI and PVBC, and the commercial Dapazol membrane
under oxidative conditions (65% O, and 35% N,).

It can be seen that the OPBI-c-PVBC incorporating FCs
outperformed the FC with Dapazol (see Figure 3). The FCs
with 60-40-Q and 60-40-QOH perform almost identically with
an initial peak power density of 529 mW cm™ at 1550 mA

cm™? (see Table 3). 90-10-QOH shows an initial peak power
density of 461 mW cm™ at a current density of 1440 mA
cm™2 Dapazol shows the lowest initial peak power density with
424 mW cm™2 at 1210 mA cm™2 (see Figure 3B). FCs
incorporating PA-doped Dapazol showed lower reproduci-
bility, especially in the mass transport region at >1000 mA
cm™? (see Figure 3A). We assume that the poor reproducibility
in the mass transport region was due to the weaker mechanical
properties of the commercial membrane, such as increased
swelling, which possibly leads to a blocking of the catalyst layer
pores, hindering the transport of fuel, oxidant, and product
water.

At low current densities (below 100 mA cm™2), all
polarization curves show a similar behavior. This result is in
agreement with the usage of equal electrodes for all MEAs,
irrespective of the membrane type. It should be noted that
polarization data were recorded after a holding time of 30 min
at 400 mA cm ™ Following the literature, the break-in process
is considered to be around 48 to 100 h.”> Hot-pressing is
known to reduce the break-in time since it enhances the
transfer of free PA from the doped PEM to the catalyst layer.
Initial polarization data were recorded after 30 min at 180 °C
and 400 mA cm?, as the data showed high reproducibility
(compare Figure 3), while for PA loss, a 48 h constant current
hold at 400 mA cm ™ was carried out.

To understand the influence of the PEM on FC perform-
ance, the Ohmic region was analyzed in more detail. Therefore,
we investigated the HFRs and fuel inefliciency caused by fuel
crossover. Impedance measurements were carried out at 400
and 600 mA cm ™2 for each of the three replicates. The mean
HFR and its standard deviations are shown in Table 3. The
HFRs ranged between 88 and 104 mQ cm”. 90-10-QOH and
Dapazol showed almost the same HFRs, which are slightly
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Figure 3. Initial polarization and power density curves for the FCs based on the membranes 60-40-Q, 60-40-QOH, 90-10-QOH, and Dapazol. All
measurements were carried out at 180 °C under 0.25 L min™" dry H, at the anode and 0.75 L min™" air at the cathode, with a Pt loading of 1 mg
cm™ at the cathode and anode. Each curve in (A,B) represents the mean of three measurements of three different MEAs. The shaded areas
represent standard deviations. In (C,D), the high-frequency resistance (HFR)-free data of the mean of the three FC measurements are represented.
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Table 3. OCV Values and Initial Peak Power Densities for Figure 3A with Their Standard Deviations of Three Replicates”

wt % [OPBI-wt % PVBC]-[Amine] OCV (V)
60-40-Q 0.83 + 0.11
60-40-QOH 0.83 + 0.06
90-10-QOH 0.87 + 0.08
Dapazol 0.90 + 0.12

“HFR values were defined as the mean of six measurements (from impedance data at 400 and 600 mA cm™

peak power density (mW cm™2)

HFR (mQ cm?) 6 (mS cm™)

529+ 6 87.76 + 9.80 92.16 + 17.17
529 + 13 90.29 + 5.12 85.42 + 8.22
461 + 11 107.58 + 9.29 65.04 + 8.99
424 + 20 104.36 + 8.49 120.94 + 15.64

2 each three measurements).

Membrane conductivities (¢) are derived from HFR values and correction for the electronic resistances. Here, the conductivities at 180 °C are
given. A more detailed explanation and conductivities at 140 and 160 °C can be found in the Supporting Information (Figure SS).

higher than those for 60-40-Q and 60-40-QOH (see Table 3).
The HFR is dependent on the AU and the membrane
thickness, which explains the order with respect to the HFR of
60-40-Q & 60—40QOH < 90-10-QOH ~ Dapazol. Generally,
it can be noted that the different performances of the FCs
correlate with their HFRs and, therefore, with Ohmic
resistances of the membranes, as can also be seen in the
HFR-corrected polarization and power density plots in Figure
3C,D. When excluding contributions from the HFR, the
performance of the MEAS with IPMs still outperforms the one
with Dapazol, especially at high current densities. This
phenomenon is most likely due to the almost 2 times higher
volumetric swelling behavior of Dapazol when doped with PA
compared to that of the in-house-prepared PEMs (see Table
2). While Dapazol, despite its increase in thickness, still shows
a comparable HFR to the IPMs, excessive swelling presumably
leads to characteristic mass transport-restricted voltage losses
for potentials below 0.4 V (see Figure 3A).

Fuel crossover is an important parameter for membrane
materials in FC application. Therefore, we carried out LSV to
detect H, gas crossover on one replicate per membrane type.
The LSV data are represented in Figure 4A. Ideally, the current

A,
e | F—s040a
<‘=’ |—— 60-40-QOH
E | [—90-10-QOH |
> Dapazol®
c
(9}
©
€ 1F E
o —
5
E /
0
0.1 0.2 0.3 0.4 0.5
Cathode potential (V) vs. NHE
B
3 r
= —— 60-40-Q
<(t) —— 60-40-QOH
€ of [ 90-10-Q0H
> Dapazol®
‘@
C
{7}
ko] /d—————
17 =
o
3
m—circuit corrected data

0
0.1 0.2 0.3 0.4 0.5
Cathode potential (V) vs. NHE

Figure 4. (A) Linear sweep voltammograms and (B) linear sweep
voltammograms with internal short-circuit correction. All measure-
ments were carried out at 180 °C, with 0.3 L min™' dry H, at the
anode and 0.3 L min~! N} at the cathode with a scan rate of 2 mV s,

response follows a saturation curve, of which the maximum
corresponds to the hydrogen crossover. However, the expected
curvature at around 0.2 V is followed by a linear increase of the
current density. This saturation regime is the sum of the
hydro%en crossover and a superimposed short-circuit compo-
nent.”> The latter occurs with increased potential of the
working electrode due to an electrical short across the PEM.
Figure 4B represents the short-circuit-corrected linear sweep
voltammograms (see Figure S4 for an exemplary short-circuit
correction).

LSV was carried out on one replicate, and the corresponding
values can be found in Table 4. The cells used for LSV
characterization showed OCVs of 0.94 (60-40-Q), 0.86 (60-
40-QOH), 0.95 (90-10-QOH), and 0.93 V (Dapazol). 60-40-
QOH showed the highest hydrogen crossover with 2.88 X
107" mol s™". The lowest gas crossover was observed for 90-
10-QOH with 7.26 X 107*? mol s~ which is almost 3 times
smaller than the gas crossover of Dapazol (see Table 4). The
OCVs are in accordance with the hydrogen gas crossover
fluxes shown in Table 4. 90-10-QOH with the lowest hydrogen
gas crossover exhibited the highest OCV. Just as the HFR, the
H, crossover is also dependent on the thickness of the
membrane. Furthermore, the polymer ratio and the degree of
cross-linking may have an influence. Minding the variation in
OCV observed for replicates of the same PEMs (see Table 3),
we do not want to put an emphasis on the exact values
obtained by the H, crossover LSV analysis. It is important,
however, to stress that IPMs can obtain lower crossover rates
and similar ISRs at lower absolute thicknesses compared to the
commercial Dapazol membrane. As the casting process is not
close to any commercial scale yet, the variance is not addressed
in more detail here.

Furthermore, hydrogen gas crossover depends on operating
conditions, such as temperature and gas pressure.(’4 All the
obtained limiting current densities here are in good agreement
with the literature and show even lower hydrogen permeations
at a higher operating temperature (180 °C). Galbiati et al.
reported for the BASF Celtec-P2100 MEA with an active area
of 20 cm” limiting current densities between 0.5 and 13.8 mA
cm ™2 for EC operation at 160 °C.°* Pinar et al. reported for the
Celtec-P1100W MEA with an active area of 20.25 cm’ a
permeation flux of 2.46 X 1077 mol s~ for a FC operation
temperature of 160 °C.%*

By the inverse of the slope of the linear region (see Figure
4A), the ISR can be evaluated. 60-40-Q exhibited with 625 Q
cm?, the lowest ISR (see Table 4) followed by Dapazol. 90-10-
QOH showed the highest ISR of 906 Q cm® This finding is
noteworthy since Dapazol exceeds the thickness of the OPBI-c-
PVBC membranes, which would, for a constant membrane
material, typically result in a higher ISR. The fact that Dapazol
shows a lower ISR than 90-10-QOH can be correlated with the
worse mechanical properties, such as high swelling and low
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Table 4. Limiting Current Density ji, cro.s Hydrogen Crossover Flux (], cros), and Internal Short-Circuit Resistances (ISRs)

for Single-Cell Measurements”

[wt % OPBI-wt % PVBC]-[Amine] jH, cross (MA cm™2)

60-40-Q 0.49
60-40-QOH 1.39
90-10-QOH 0.35
Dapazol 0.95

1, cross (mol s71) ISR (Q cm?) OCV (V)
1.01 x 107! 625 0.94
2.88 x 1071 899 0.86
7.26 X 10712 906 0.95
1.98 x 107! 769 0.93

“ISRs represent the inverse of the slopes between 0.30 and 0.40 V for the IPMs and between 0.45 and 0.50 V for Dapazol of the linear sweep
voltammograms (Figure 4A). Furthermore, the OCVs of the FCs used for LSV characterization are shown. The OCVs were taken from polarization
data recorded after a 30 min hold at 400 mA cm™ at 180 °C under 0.25 L min~! H, and 0.75 L min~" air before LSV measurements.

Young’s modulus of the commercial membrane. Again, due to
variances in membrane casting, emphasis should not be put on
exact values but on the overall possibility of improving the ISR
by use of IPMs in HT-PEMFCs.

3.4. PA Loss over Time. For PA loss monitoring, high flow
rates (0.25 L min~" H,, 0.75 L min™" air, and Ay /4, = 9/11)
and an operating temperature of 180 °C were chosen. A
constant current density of 400 mA cm™> was held for 48 h,
and the voltage profiles over time are shown in Figure S. The
amount of PA in the collected samples was quantified by ICP—
MS.

As can be seen, all FCs showed a similar degradation
behavior approximately within the first 20 h (see Figure SA).
Since the electrodes were kept the same for all measurements,
a similar behavior regarding degradation was to be expected.
Degradation reasons within this time frame are presumably
caused by poisoning of the Pt catalyst by PA. The initially
sharper drop in the voltage of the cell with Dapazol compared
to the other cells can be explained by its higher AU (see Table
2) and its presumably deeper extension into the catalyst layer.
Dapazol might thus poison the catalyst more strongly and
more quickly than the other membranes. After a specific
saturation is reached, the following continuous voltage decay
can be assumed to correlate with the PA loss leading to lower
conductivities.

For the further understanding of FC degradation, the cell
resistances were investigated by the current interrupt method
(see Figure SB). Within the first up to 30 b, all cells showed a
decrease in cell resistance, which indicates that the break-in of
the cells was not completed yet. Hence, only the last 18 h were
considered for further evaluation. The voltage decays and cell
resistance increases for the last 18 h are listed in Table 5. There
is an inverse correlation between a higher increase in cell
resistance (see Table 5) and the AU of the PEMs (see Table
2). The FC with Dapazol, which exhibited an almost 2 times
higher AU compared to the IPMs, showed the lowest increase
of cell resistance. The more acid present in the membrane, the
less vulnerable it will most likely be for the resistance to
increase strongly upon the removal of small amounts of acid. In
agreement with this, the IPM with the lowest AU, 90-10-QOH,
exhibited the largest increase in cell resistance. The resistance
increase of the 60—40 blends is rather similar and lies between
the increase of the Dapazol and the 90-10-QOH IPM. Along
with the increased cell resistance, the voltage decays. Also,
here, the Dapazol membrane behaves most stable.

The change in cell resistance throughout this constant
current hold is seen to arise from a change in the Ohmic
resistance of the membrane caused by acid removal. The
Ohmic resistance is predominantly influenced by the PA
content, which itself is a simple function of the acid level after
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Figure 5. (A) Cell voltage over time for 48 h at 400 mA cm™* with
0.25 L min™' H, and 0.75 L min™" air at 180 °C, (B) corresponding
cell resistance by current interruption, and (C) cathodic area-specific
acid loss rates during 48 h at 400 mA cm™

doping and the removal of PA over time. The amounts of PA
found in the cathode exhaust water are shown in Figure 5C
and Table 5. It should be noted that over 120 °C PA,
dimerization occurs, leading to the formation of pyrophos-
phoric acid (H,P,0,) and water production. This will lead to
an increase in membrane conductivity due to elevated
temperatures and an increase in resistance due to PA
dimerization®®

Even though the cell with the Dapazol membrane shows the
most stable performance over time, it is not the one with the
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Table 5. Voltage Decay and Increase of Cell Resistance during Fuel Cell Operation, Cathodic Acid Loss Rate, and Total

Phosphorus Losses for the Cathode and Anode”

voltage decay

[wt % OPBI-wt % PVBC]-[Amine] (uv-h 7Y (mQ-cm*h ")
60-40-Q —479 0.07
60-40-QOH —556 0.10
90-10-QOH —490 0.16
Dapazol —154 0.02

increase of cell resistance

cathodic acid loss rate cathodic total P anodic total P loss

(ugm=s7") loss (ug) (1g)
27.71 605 5.11
21.39 467 b
16.17 353 b
21.80 476 L

“Voltage decay and cell resistance increase rates were defined for the time range from 30 to 48 h. The acid loss rate was calculated for a total of 48

h. ®Untraceable. The limit of detection for P was § ug LN

lowest but with the second largest PA loss. Due to the high
amount of PA present in the membrane at the begin-of-test,
however, this acid loss does not impair the steady-state
performance significantly. Even though the constant current
hold of the two 60—40 IPM blends showed similar stability
values, the amount of PA leached in the case of 60-40-Q is
almost 30% higher than the amount found in the exhaust of the
60-40-QOH cell. This can be explained by the main difference
in their chemical structure: the OH-functionality of the amine
quinuclidinol (see Figure 1). It may help to stabilize PA within
the membrane since it is an additional anchor point to retain
PA molecules through hydrogen bridging. The membrane with
the lowest AU, 90-10-QOH, showed the highest resistance
increase throughout the constant current hold. The absolute
amount of PA found in the exhaust is, however, the lowest.
This is seen to be a combination of both the higher affinity of
the quniuclidinole QA to retain PA and the overall lower
amount of PA present in the membrane at the begin-of-test.
Considering the mass of PA for 4 cm® membrane pieces, 60-
40-Q_loses 8.92%, 60-40-QOH 4.81%, 90-10-QOH 4.88%, and
Dapazol 1.92% of PA (see Table S2). This confirms that the
OH functionality may help to stabilize PA within the
membrane since both 60-40-QOH and 90-10-QOH show an
almost identical PA loss.

Sondergaard et al. showed that the acid loss is dependent on
temperature, flow rate, and current density.® The reported
acid loss rates for a total flow rate of 1 L min™" (air + H,) at
180 °C are 17 ug m~> s™! at 200 mA cm™?, 48 Hg m~2 s at
600 mA cm™% and 59 ug m~> s7' at 800 mA cm™% We
detected acid loss rates between 16.17 and 27.71 pug m™> s™!
(see Table S) for the same total flow rate but at 400 mA cm ™2,
which are in agreement with the literature. One main
difference between the study of Sendergaard et al. and this
study was FC operation time periods. Sendergaard et al.
operated FC measurements for 42 000 h, while only operation
times of 48 h were investigated in this work. Nonetheless, acid
loss rates have been suggested to be lower after long-term
operation compared to shorter periods of time.®”

Interestingly, the anodic PA loss was very low or untraceable
compared to the cathodic PA loss (see Table S). Anodic P
losses were either untraceable or a maximum of 5.11 pug.
Becker et al. described in 2018 that PA anions migrate from
the cathode to the anode and recombine with protons to PA.%*
This migration causes a concentration gradient, which in turn
causes back diffusion of acid from the anode to the cathode but
still favors acid loss on the cathode side. This explanation is in
agreement with our results. It should be noted that the PA
back diffusion rate will be more limiting at larger current
densities. Furthermore, Kannan et al. reported a 2 times higher
acid loss at the cathode exhaust compared to that at the anode
with 1 order of magnitude higher cathode exit flow.””

4. CONCLUSIONS

This study evaluated the properties and FC performances of
cross-linked OPBI and PVBC membranes after decoration
with QA groups from three different amines and doping with
PA. FC tests revealed that quinuclidine and quinuclidinol
resulted in higher power densities than DABCO. This result is
interesting since DABCO is a more frequently used
quaternizing agent, especially in the field of anion-exchange
membranes. The best PEMs for FC application were the
membranes with OPBI to PVBC ratios of 90:10 quaternized
with quinuclidinol, 60:40 quaternized with quinuclidinol, and
60:40 quaternized with quinuclidine. All three membranes
outperformed the PA-doped commercial Dapazol, with the last
two showing the highest and almost identical initial peak
power densities and the highest current density output when
operated within an HT-PEMFC (530 mW cm ™2 at 1550 mA
cm™? under H,/air operation at 180 °C and ambient pressure).
The reproducibility of the FC resulting at high current
densities was superior compared to that of the commercial
Dapazol, which can be explained by the poor mechanical
properties of Dapazol, upon doping with PA. With an AU of
404 wt %, Dapazol showed the lowest FC performance with an
initial peak power density of 424 mW cm™> at 1210 mA cm 2,
while the membranes OPBI to PVBC 60:40 quaternized with
quinuclidine and quinuclidinol showed AUs of roughly 230 wt
9%. With the membrane 90 wt % OPBI and 10 wt % PVBC
quaternized with quinuclidinol, an initial peak power density of
461 mW cm™ at 1440 mA cm > was achieved. The lower
power density can be explained by its lower AU of 177 wt %,
which resulted in larger Ohmic losses.

While the Ohmic contribution of Dapazol-based MEAs was
roughly comparable to that of the MEAs with IPMs, the
Dapazol-based MEAs suffered from an earlier onset of mass
transport-related losses, which explain their limited peak power
density. Thus, it can be concluded that the higher AU of
Dapazol enabled this membrane to maintain an almost equal
proton conductivity as the IPMs, despite its larger thickness,
however, at the cost of poor mechanical properties, which can
explain its pronounced mass transport resistance. The
investigated IPMs offered superior mechanical properties at
lower thicknesses, which allowed these membranes to provide
a very reproducible FC performance and a hydrogen crossover
that is comparable to Dapazol.

Regarding PA leaching, all membranes showed amounts of P
in the off-gas analysis in the same order of magnitude. Due to
the higher AU during doping, the acid content loss of the
Dapazol membrane over 48 h is 1.92% less than that of the
IPMs, resulting in a more stable electrochemical performance.
It could be observed that the membranes quaternized with
quinuclidinol (4.81—4.88% PA loss) showed better PA
retention compared to the membrane quaternized with
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quinuclidine (8.92% PA loss). The additional —OH group of
quinuclidinol compared to that of quinuclidine is a possible
explanation for this finding, as the polar moiety may improve
acid retention.

Taken together, we have found that PA/OPBI-c-PVBC
decorated with QA groups is a very promising membrane
system for HT-PEMFCs. The results indicate that it offers
higher peak FC performances compared to commercial HT-
PEMs. It requires a relatively small total PA uptake and shows
high mechanical stability at low thicknesses. However, its low
initial PA content also makes it more susceptible to acid loss
compared to a membrane with a higher total AU. In order to
obtain mechanically stable, low-acid, and long-term stable
membranes, the acid retention capacity of IPMs with QA
groups has to be addressed in the future work. Furthermore,
the OPBI-c-PVBC membrane systems could be quaternized
with different amines such as trimethylamine to have a better
understanding of the influence of the used quaternizing agent
on FC performance and acid retention.
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