Tuning Polybenzimidazole Membrane by Immobilizing a Novel lonic
Liquid with Superior Oxygen Reduction Reaction Kinetics

Hui Hou, Alessandro Mariani, Yanpeng Suo, Xinpei Gao, Jurgen Giffin, Christian Rodenbiicher,
Stefano Passerini,* and Carsten Korte*

ABSTRACT: Protic ionic liquid (PIL) is a promising nonaqueous 0
electrolyte alternative to replacing phosphoric acid for fuel cells p \©\<\“
operating at temperatures above 100 °C. In this study, the physical o
and electrochemical properties of stoichiometric and nonstoichio- N cor
metric PILs are investigated focusing on their acid/base ratio. The | o, F
study involves a series of PILs, generically indicated as N,N-diethyl- (.
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3-sulfopropane-l-ammonium trifluoromethanesulfonate
([DESPA*][TfO™]), varying from an excess of the proton acceptor
(N,N-diethyl-3-aminopropane-1-sulfonic acid) to an excess of the
proton donor (trifluoromethanesulfonic acid, TFOH). Compared
to a state-of-the-art electrolyte, i.e., concentrated phosphoric acid,
the nonstoichiometric [DESPA*][TfO™] shows superior oxygen reduction reaction kinetics on the investigated Pt catalysts and
oxygen permeation ability (Do, co,). [DESPA*][TfO™] with a base-to-acid molar ratio of 1:2 achieves a current density ~10 times
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larger than that of concentrated phosphoric acid at 110 °C and 0.8 V. Membranes including polybenzimidazole as a host polymer
and stoichiometric and nonstoichiometric [DESPA*][TfO™] as the conductive electrolyte exhibit promising properties in terms of
thermal stability and conductivity. At 120 °C and 40% relative humidity, conductivities of 2 and 16 mS cm™" are achieved by the
membranes employing stoichiometric and excess acid [DESPA*][TfO™], respectively.

1. INTRODUCTION

In the last few decades, polymer electrolyte fuel cells (PEFCs)
have attracted increased research attention as they allow the
use of hydrogen as an alternative (chemical) energy storage
medium for mobility as well as other applications like
spacecraft or marine vessel.' —> PEFCs are also of interest
due to the rapid depletion of fossil fuel resources that is tied to
the current global environmental concerns mainly anthro-
pogenic CO, emissions. PEFCs based on proton-conducting
membranes consisting of perfluorinated polymers with sulfonic
acid moieties (PFSA), e.g, AQUIVION or NAFION, have
reached a mature stage of development regarding mobile
applications.* ® However, due to the limited operational range
(up to 80 °C) of PEFCs, they suffer from a number of
drawbacks such as large cooling system required, insufficient (if
not any) waste heat recovery, and need for a water
recirculation/feed gas humidification system.”” ™" In fact,
the proton conduction of the sulfonated fluorocarbon
polymers depends on sufficient swelling with water. The
solution to this latter limitation requires an electrolyte
(membrane) with a conduction mechanism independent of
the presence of high vapor pressure/liquid H,O.

Several advantages are accompanied when increasing
temperature above 100 °C: (i) A more efficient heat
management/usable waste heat, (ii) an easier water manage-

ment as there is no need for humidification of the inlet gas/
water recirculation, and (iii) a better CO tolerance in the inlet
gas. In the case of a further increase in the operation
temperature, some additional disadvantages may occur, e.g., a
longer start-up time, higher degradation rates of cell
component (carbon corrosion/catalyst support, catalyst
degradation), and a much stronger electrolyte dehydration
under open-cell conditions.”''™'® An operation temperature in
the range of 100—120 °C would preserve the advantage and
avoid the disadvantages.

Ideal membrane materials for stable and long-term operation
at T > 100 °C are polybenzimidazole-type (PBI) polymers.”"”
Membranes based on PBI and phosphoric acid (H;PO,)
blends as proton-conducting electrolytes have been the focus
of investigations since 1995 and are widely used in high-
temperature (HT) PEFCs.'® They exhibit excellent properties
under the designated conditions for HT-PEFC operation (i.e.,
above 160 °C) owing to their good thermal stability, sufficient
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mechanical stability, low gas permeability, and high proton
conductivity at very low water vapor pressures.w’w_21
Experimental studies have shown that a conductivity of 4 X
1072 S cm™ could be achieved at 190 °C for the H;PO,/PBI
mole ratio of 1:5.'%?* Nevertheless, a major drawback of using
H;PO, as the electrolyte is the sluggish ORR kinetics due to
the blocking effect of the catalytic sites and the low oxygen
diffusivity and solubility. This results in significantly lower
power densities compared to PFSA-based electrolyte mem-
branes.' >

Promising alternatives for nonaqueous electrolytes to H;PO,
are ionic liquids (ILs). In general, ILs are compounds that
consist of a bulky (organic) cation and large anion with a low
charge density, resulting in high lattice energies in the solid
state and thus very low melting points. ILs exhibit low volatility
and flammability, (often) moderate ionic conductivity, and a
wide electrochemical stability window. A subgroup of the ILs
are protic ionic liquids (PILs), which consist of a cation or an
anion that possesses an exchangeable proton, which can serve
as a mobile protonic charge carrier. When PILs are utilized as a
nonaqueous electrolyte in PEFCs, high proton conductivity
can be achieved. The properties of ILs can be tailored
depending on the combination of cationic and anionic moieties
which are selected. Among the several advantages of PILs, it is
worth stressing that anions of superacids, e.g, TfOH,
bis(trifluoromethanesulfonyl)imide (TFSI), and fluoroboric
acid (HBE,), possess the advantage of weak adsorption on the
catalysts, resulting in improved fuel cell performance due to the
high numbers of free catalytic sites per unit area.”*™*’

Many experimental studies have focused on the develop-
ment of highly proton-conducting membranes employing
different doping electrolytes other than H,PO,.”*"*' Van de
Ven et al. achieved a conductivity of 1.35 mS cm™ at 129 °C
and 1.86 mS cm™' at 190 °C by impregnating a porous PBI
membrane into IL 1-H-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide. The proton conductivity of
the pristine porous PBI membrane (3 X 107 mS cm™" at 134
°C and 7 X 107> mS cm™" at 190 °C) was increased by a factor
of 250—450 due to the uptake of the IL.” Skorikova et al.
proved that introducing an additional PIL into a H;PO,-doped
PBI membrane is also beneficial to extend the lifetime of the
gas diffusion electrode.” Nair et al. prepared a membrane by
blending poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) with the PIL diethylmethylammonium trifluor-
omethanesulfonate ([DEMA][TfO]) and nanosilica modified
with HCIO,. With a loading of 80 wt % [DEMA][TfO], the
blend membrane achieved a maximum conductivity of 0.6 mS
cm™ at 100 °C.>* Wang et al. described the immobilization of
1-hexyl-3-methylimidazolium trifluoromethanesulfonate into a
dense PBI membrane. The blend membrane exhibited good
performance in terms of thermal stability, mechanical stability,
and low methanol crossover.”* Neves et al. modified a
NAFION membrane via immobilization of a certain fraction
of IL cations. This led to the discovery of an effective approach
to obtain a membrane with tailored properties.”> Two PILs,
i.e., bis-(2-ethyl-hexyl)-ammonium hydrogen phosphate
([EHNH,][H,PO,]) and imidazolium hexanoate ([Im]-
[Hex]), were immobilized in a poly(vinylidene fluoride)
(PVDF) membrane.”® The blended membranes showed
enhanced proton conductivity, 33 mS cm™ for [EHNH,]-
[H,PO,]/PVDF and 69 mS cm™! for [Im][Hex]/PVDF at 60
°C, and good mechanical stability.36

There are two widely applied methods for preparing blend
membranes composed of an IL and a host polymer, namely,
swelling and solution casting. Sood et al. investigated the
influence of the blending method of NAFION and PILs based
on a triethylammonium cation (TEA), leading to the finding
that the preparation method has a great impact on the
membrane’s morphology.”” The cast membranes have better
long-range crystalline order and slightly higher correlation
distance in the ionic domains.”” The morphology also plays an
important role with respect to the thermomechanical proper-
ties and gas permeability. Cast NAFION membranes with 5—
20 wt % TEA-based IL maintain a storage modulus of at least
0.5 MPa, even at 150—190 °C, whereas the swollen
membranes with the same composition collapse before
reaching 100 °C. Finally, the H,/O, permeability coefficients
of cast membranes are smaller by a factor of 1.1-1.4 than
those of doped membranes.”’

In this study, a PIL with a highly acidic cation is investigated
based on a potential application as an electrolyte in IT-PEFCs.
This type of PIL can be prepared by means of a proton
exchange reaction between an organic Brensted base B and a
Bronsted superacid HA, as per eq 1

B+ HA =2 HB" + A (1)

In general, the anion A~ (conjugated base) of a superacid
(e.g, TfOH) only has a very small basicity and a negligible
nucleophilicity. The acidity of the cation HB" depends on the
strength of base B. A PIL with high acidity (or proton
mobility) offers several advantages for future fuel cell
applications. In the case of the presence of (residual) water
or of an excess of the base B, a highly acidic PIL will
significantly enhance conductivity. The proton can be
transferred from the acidic cation to the free base or to the
amphoteric water or back to another base molecule,
respectively, mimicking the Grotthuss mechanism. Only slight
conformational rearrangements of the proton-carrying ions are
necessary to enable long-range motion.”” Besides, in a
nonaqueous protic electrolyte, the protons necessary for the
cathodic oxygen reduction reaction (ORR) cannot be
delivered by the ubiquitous solvent water. In recent kinetic
studies on PILs with various cation acidities, it emerged that
the proton donor properties of the cation become rate-
limiting; thus, it is an important parameter.”® An acidic PIL can
also protonate the alkaline moieties in an ionogene polymer,
e.g., a PBL This will increase the interactions between the IL
and the host material as well as help to immobilize the PIL at
high levels.

An in-house synthesized PIL, N,N-diethyl-3-sulfopropane-1-
ammonium trifluoromethanesulfonate ([DESPA*][TfO™])
(see Figure 1), was selected in this study due to its good
thermal stability, conductivity, ORR kinetics, and fast oxygen
transport, as reported in our previous work.””* Considering
the water production and possible leaching of the PIL
electrolyte, respectively, of the free acid and base during
PEFC operation, an investigation of the PIL/H,O blends with
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various stoichiometric ratios is of particular importance. The
stoichiometry of the PIL blend is controlled by mixing the
appropriate amount of zwitterionic base and the acid TfOH.
The nonstoichiometric PILs mentioned here can be divided
into two categories: (i) zwitterionic base is not fully protonated
by acid, and the blend contains B, HB*, and A~; (ii) acid is not
fully neutralized by the base, thus the blend consists of HA,
HB*, and A~ (see eq 1).* The properties relevant for a future
application in a fuel cell including thermal stability, phase
transition behavior, conductivity, and ORR kinetics were
investigated. The base-to-acid molar ratio of the PIL blends is
varying from 1.5:1 to 1:2.5. As shown in a preceding study, the
amount of [DESPA*][TfO~] immobilized in the host PBI
polymer has a major impact on the cell performance. Thus, the
maximum degree of loading in the case of the non-
stoichiometric PILs and the influence of the nonstoichiometry
on the properties of the blend membranes are evaluated.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Protic lonic Liquids. All of the
chemicals were used as received. The stoichiometric and non-
stoichiometric PIL samples were prepared by mixing the calculated
amounts of the N,N-diethyl-3-aminopropane-1-sulfonic acid, with
trifluoromethanesulfonic acid (reagent grade, 98%, Sigma-Aldrich),
labeled as stoichiometric molar ratios x:y. A more detailed description
of the preparation of the N,N-diethyl-3-aminopropane-1-sulfonic acid
can be found elsewhere.**** The base-to-acid molar ratio x:y was
varied from 1.5:1 to 1:2.5. The water molar fractions of the
nonstoichiometric blends were calculated on the basis of theoretical
PIL units, e.g., in the case of a blend with a base-to-acid stoichiometry
of 1:2, a blend unit B-2 HA is composed of one PIL cation HB*, an
anion A , and one molecule of the free acid HA. The water content
was adjusted by adding ultrapure water (Millipore) and verified using
Karl—Fischer titration (825 KF Titrando, Metrohm).

2.2. Characterization of the Stoichiometric and Non-
stoichiometric [DESPA*][TfO ] Electrolytes. The thermal behav-
ior of the electrolytes was investigated by means of thermogravimetry
analysis (TGA, PerkinElmer STA 6000). The samples were pretreated
at 90 °C for 1 h to avoid a release of water during the measurement,
followed by a heating program from 50 to 400 °C with a rate of 1 °C
min ' in an open quartz glass crucible under N, atmosphere with a
flow rate of 20 mL min '. The phase transition behavior was
investigated by performing differential scanning calorimetry (DSC,
TA Instruments Q2000 equipped with a liquid N, cooling system).
The samples were sealed hermetically in Al pans and cycled in the
range of —140 to 80 °C at a rate of 5 °C min . The electric
conductivity was determined using a conductometer combined with a
frequency analyzer and a thermostatic bath (MMates Italy). The
samples were sealed in glass conductivity cells with two platinized
platinum electrodes. The cell constant was determined using a 0.01 M
KCI solution as a standard. The samples were cycled from 40 to 120
°C and equilibrated for S0 min at each temperature intended for a
measurement.

Cyclic voltammetry (CV) measurements and polarization curves of
stoichiometric and nonstoichiometric [DESPA*][TfO ] electrolytes
were carried out using a standard three-electrode cell under O,
atmospheres. A more detailed description of the setup including the
used electrodes is provided in a previous work.>”*® The oxygen
equilibrium concentration ¢y, and the diffusion coefficient Dg in

stoichiometric and nonstoichiometric [DESPA*][TfO ] were deter-
mined using chronoamperometry. The diffusion-controlled current
was measured by means of a planar Pt microelectrode with a diameter
of 250 um (99.9%, MaTeck Material Technologie & Kristalle

GmbH). The Do, and o, values were measured from the current

transients by fitting the Shoup—Szabo equation to the data* **
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where n denotes the number of transferred electrons, F is the Faraday
constant,  is the radius of the working electrode (WE), and ¢ is the
elapsed time.

The water content of the stoichiometric and nonstoichiometric
[DESPA*][TfO ] electrolytes was adjusted in the range of 32—39
mol %. The CVs were recorded with a scan rate of 100 mV s !, and
the polarization curves were plotted with a scan rate of S mV s '. All
of the electrochemical properties were measured in the temperature
range of 90—120 °C.

2.3. Preparation of the PBI-PIL Blend Membrane. The PBI—
PIL blend membranes were prepared by means of solution casting.
The PBI solution (O-PBI, Fumion AMLD, PBI polymer solution in
DMAc, Fumatech) was dried under air at 80 °C for 3 days, which was
followed by drying at 80 °C under vacuum overnight to eliminate the
residual DMACc solvent. The *C NMR and '"H NMR spectra of the
pristine PBI membrane are depicted in Figure S1. The average molar
mass of the PBI sample was determined via gel permeation
chromatography, and the results are shown in the Supporting
Information. The dry PBI was dissolved in dimethyl sulfoxide
(DMSO, >99.9%, VWR Chemicals) with a ratio of 1:50 (w/w) at 80
°C. An appropriate amount of [DESPA*][TfO ] was mixed with the
PBI solution to maintain a desired molar ratio (z mol %) in the blend
membrane. The blend membranes were named in the form of: z mol
% — x:y. The PBI-PIL solutions were poured into a Petri dish, and
the DMSO solvent was evaporated slowly at 50 °C under air for 2
days, followed by a drying process at 70 °C for 2 days. The residuals
of the solvent were removed by a heat treatment in a vacuum oven
overnight at 80 °C. An identical process was used for fabricating the
blend membranes with the nonstoichiometric PILs (base-to-acid
molar ratio of 1:1.5). A schematic sketch of the blend membrane
preparation is shown in Figure 2. A visual inspection of the blend
membranes allows a rough estimation of the homogeneity. The
membrane becomes more inhomogeneous with an increasing amount
of the PIL loading. The maximum molar ratio of stoichiometric
[DESPA*][TfO ] is up to 74 mol % and up to 65 mol % for the
nonstoichiometric [DESPA*][TfO ] (acid-to-base molar ratio of

T

PBI-PIL/DMSO
solution

PBI/DMSO
solution

PIL/DMSO
solution

Solution casting

———

Figure 2. Schematic drawing of the PBI-PIL blend membrane
preparation and a photograph of the blend membrane 74 mol %—1:1.
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1.5); see also Figure S2. Thus, only the homogeneous membrane
samples are characterized in the following.

2.4. PBI-PIL Blend Membrane Characterization. The IR
spectra of the PBI-PIL membrane were recorded at ambient
temperature by means of an FT-IR spectrometer (Nicolet iS 20
FT-IR spectrometer, Thermo Fisher Scientific GmbH) equipped with
an ATR unit using a diamond window (GladiATR single reflection,
PIKE Technologies). The through-plane ionic conductivity was
measured with an impedance analyzer (Solartron 1260) in a
temperature- and humidity-controlled climate chamber (WK3600/
40, Weiss Umwelttechnik GmbH). The cell was in-house-designed
with a PVDF interior. Strips of the membrane samples with a size of 2
X 1.5 cm® were sandwiched between two Pt electrodes with a
diameter of 1 mm (99.9%, MaTeck Material Technologie & Kristalle
GmbH). The impedance was measured in a frequency range of 1—10°
Hz. The conductivity yields as

_11!
T RA (s)

where o is the total ionic conductivity, R is the measured membrane
resistance, | is the distance between the electrode, and A is the cross-
sectional area of the membrane.*®

The mechanical properties were measured under ambient
conditions using a stress—strain material testing machine (ZwickRoell
GmbH & Co. KG). The membrane samples were cut into strips 10
cm in length and 1 cm in width. The elongation rate was set to 5 mm
min . Each sample was tested three times, and the average value is
provided here.

The atomic force microscopy (AFM) images were recorded with a
Cypher S (Asylum Research, Santa Barbara) in tapping mode under
ambient conditions. The images were processed using the Gwyddion
2.57 software.

The small-angle X-ray scattering (SAXS) patterns of the blend
membranes were collected using a Xeuss 3.0c (Xenocs — Grenoble,
France) equipped with an Eiger2 1M detector. The wide-angle X-ray
scattering (WAXS) patterns were collected using the same setup but
equipped with an Eiger2 500k detector. The sample-to-SAXS detector
distance was set to 800 mm. A Cu-Ka source was exploited with a
beam size of 0.9 X 0.9 mm? by which a flux of ~10° photons s '
could be obtained. The pattern collected for the direct beam was
subtracted in the SAXS patterns as a background. [DESPA*][TfO ]
was injected into a borosilicate capillary (outside diameter 1.5 mm,
WJM-Glas/Miiller GmbH) and subsequently sealed. The pattern of
the empty capillary was also recorded and used in the background
subtraction. The instrument’s sample chamber was kept under
vacuum (p = 1S pbar) during the measurements. Each sample was
exposed to the X-ray beam for 10 min to ensure a good signal-to-noise
ratio. The data treatment was performed using the SAXSutilities2
software.

3. RESULTS AND DISCUSSION

3.1. Thermal Analysis of the Stoichiometric and
Nonstoichiometric [DESPA*][TfO"] Electrolyte. When
performing TGA measurements, the samples with stoichiom-
etry varying from 1.5:1 to 1:1 exhibited a one-step
decomposition above 150 °C, indicating a sufficiently high
thermal stability. With an increasing amount of excess acid
present in the sample, a two-step decomposition process
becomes apparent (see Figure 3). The first decomposition
steps may be attributed to a loss of TfOH. Taking the sample
with a stoichiometry of 1:2 as an example, the first weight loss
of 31 wt % in the temperature range of 86—214 °C can be
assigned to the loss of the (free) excess TfOH and residue
water in the sample. This agrees well with the initial
composition of 30 wt % excess TfOH. The second
decomposition step starts at 214 °C. The weight loss in the
temperature range of 214—392 °C may be caused by PIL
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Figure 3. Dynamic TG and DTG curves of base-to-acid with the
stoichiometry varied from 1.5:1 to 1:2.5 and a heating rate of 1 °C
min '; the samples were pretreated at 90 °C for 1 h.

decomposition. Up to a temperature of 392 °C, a weight loss
of 62 wt % can be observed. This may be explained by the
decomposition of the PIL first through re-protonation of the
trifluoromethanesulfonate anions and subsequent release of
TfOH, then follows the decomposition of the remaining base.
Thus, the total weight loss (62 wt %) in the temperature range
of 214-392 °C agrees well with the adjusted sample
composition of 70 wt % of the bound base and acid. The
weight losses of the samples with excess acids are listed in
Table S1.

Because of water production during PEFC operation, an
investigation of the influence of residual water on the PIL
electrolyte is necessary. The glass-transition temperatures T, of
the [DESPA*][TfO~] blends with different stoichiometries are
investigated as a function of the molar fraction of water (see
Figure 4). The DSC patterns are shown in Figure S3. All of the
blends showed no crystallization or melting behavior. Only a
glass transition could be observed in the investigated
temperature range.
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Figure 4. Dependence of the glass-transition temperature on the
water molar fraction of [DESPA*][TfO ] with a stoichiometry from
1.5:1 to 1:2.5. The lines are only for visual guidance.
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The glass-transition temperature T, is influenced by two
factors, namely, the amount of free excess acid and the water
fraction. In general, T, is decreasing with an increasing fraction
of the excess acid. A similar trend can be observed in blends of
1.5:1 and 1:1 when considering the water influence, ie., an
increasing xy;,o could lead to a decreasing T,. The influence of

water on T, is different in blends with excess acid. T, first
increases with an increasing water fraction and then decreases
again. Taking a blend with a stoichiometry of 1:1.5 as an
example, by adding water, the free acid may bond to it. When

most of the free acid is bound at a composition of xy o = 0.33,

it corresponds to a (free) excess acid and H,0 molar ratio of
1:1, which accords well with the observed decreasing of T,
when the water fraction exceeds 0.33. A similar trend is
observed in other blends with excess acid.

3.2. Conductivity of the Stoichiometric and Non-
stoichiometric [DESPA*][TfO"] Electrolytes. The con-
ductivity measurements specify the total conductivity ¢ of
the blends, i.e., the sum of the proton (cation) and anion
partial conductivities. The temperature dependence of the
conductivity 6 of a viscous electrolyte (close to the glass-
transition temperature) can be described by the Vogel—
Fulcher—Tammann (VFT) equation

B

(e}
O = oeXp|——————
0exP R(T - T,)

(6)

where B, denotes the pseudo-activation energy, T, is the
temperature of zero configurational entropy, and o, is the
preexponential factor. The conductivity data of all investigated
stoichiometries clearly obey a VFT behavior; see Figures Sa
and S4a—d. The conductivity is influenced by stoichiometry,
temperature, and water content. In the case of the base-excess
blends (Figure SSa), the conductivity is enhanced with
increasing water content. There is no experimental study
regarding the pK, value of the [DESPA]", but for an analogue
cation 2-sulfoethylmethylammonium, a pK, value of 0.94 has
been estimated in the literature.>**® In addition, since the two
cations have similar electron density distributions, as shown in
Figure S6, assuming a pK, value of the [DESPA]" of around
zero is reasonable. It is in the same order of magnitude as the
hydroxonium cation with a pK, = 0, which indicates significant
protolysis*’**

(C,H;),NH"(CH,);SO,H + H,0
2 (C,H,),NH*(CH,),S0,” + H,0" (7)

As was illustrated in our previous work, in the case of the
stoichiometric [DESPA*][TfO™] being neat or slightly moist

(1,0 < 0.25), the proton transfer may be mainly dominated by

. . 0 . .
a vehicular mechanism.>>*® At a higher water concentration,

more proton acceptor species (water, free base) are provided.
The contribution to the conductivity via the cooperative
mechanism may increase. As is depicted in Figure Sb, the
conductivity increases with increasing water molar fraction.

In the case of the excess acid blends, water will also serve as
a proton acceptor. Depending on the water fraction, it can be
either protonated by the highly acidic excess acid (TfOH) or
by the [DESPA]* cation; see eqs 7 and 8

CESO;H + H,0 = CESO,” + H,0" (8)
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Figure 5. (a) Specific conductivity vs 1000(T — T,) ' of the
nonstoichiometric blend with a base/acid molar ratio of 1.5:1. The
symbols represent the experimental data, and the broken lines
correspond to the linear fitting, with R* >0.9999; (b) dependence of
conductivity on the water molar fraction in blends with a base-to-acid
stoichiometry from 1.5:1 to 1:2.5 at 40 °C. The lines are not fitting
and are only a visual reference.

The proton transfer becomes more efficient, either via a
vehicular or cooperative mechanism with an increasing water
fraction. More importantly, the proton can propagate through
the chain that coordinates with hydronium ions and the
neighboring [TfO]™ anions.

When plotting the total conductivity ¢ at a constant
temperature vs water fraction, the blends with an excess acid
exhibit a distinct plateau for the ¢ values when reducing the
water fraction below a certain value, as can be seen in Figure
SSc—e. Taking the blend with a stoichiometry of 1:1.5 as an
example, a plateau can be observed at xy; o < 0.33. When the
molar fraction of water is higher than 0.33, the conductivity is
increasing again. Adding water only has a limited influence on
the total conductivity when xy; 5 < 0.33. Even in the presence

of a larger amount of the proton-conductive species, the
conductivity does not significantly increase. The positive
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influence may be counteracted by the increased viscosity and
the electrophoretic and relaxation effects.*’

3.3. Electrochemical Properties. According to the
thermal analysis results shown in Figure 3, the nonstoichio-
metric [DESPA*][TfO™] with a base-to-acid molar ratio of
1:2.5 shows a clear weight loss starting from 90 °C. Therefore,
the electrochemical measurements were only performed with
PILs with a base-to-acid molar ratio varying from 1:1 to 1:2.

The open-cell voltage (OCV) was determined by directly
measuring the cell voltage at j = 0 using the potentiostat/
impedance analyzer as a voltmeter with a high internal
resistance. An OCV of 1.05 V can be measure for a Pt cathode
at 90 °C under O,-saturated conditions vs Pd-H using a
stoichiometric [DESPA*][TfO™] electrolyte. Under the same
conditions, values of 1.07 and 1.10 V can be measured for the
blends with base-to-acid stoichiometries of 1:1.5 and 1:2,
respectively. A similar trend can be observed at other
experimental temperatures (100—120 °C). The OCV can be
regarded as a rough indicator for the electrocatalytic activity,
i.e., the higher the electrocatalytic activity, the higher OCV can
be achieved and the closer to its Nernst potential.’® The
polarization curves for the blends with a stoichiometry varied
from 1:1 to 1:2 were recorded in the temperature range of 90—
120 °C by scanning the potential in the negative direction from
OCV to a potential where the limiting current density was
reached. The results are depicted in Figure 7a. The ORR onset
potential shifts significantly in the positive direction with an
increasing temperature or when adding an excess of TfOH; see
Figures 6 and 7a. An excess of TfOH accelerates the proton
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Figure 6. Cyclic voltammograms in blends with a base-to-acid

stoichiometry of 1:1 to 1:2 under a N, or O, atmosphere at 90 °C,

with a scan rate of 100 mV's .

transfer to O,, thus boosting the overall ORR kinetics. The
significant shift of the ORR onset potentials in the blends with
an excess TfOH could be explained by a change of the proton
donor species, from H;O" and [DESPA]* (pK, = 0) to
superacid TfOH (pK, = —14), as per eq 9. A similar effect in
[DEMA][TfO] blends was observed by Goodwin et al.”’ The
ORR onset potential is shifted in the positive direction by 0.8
V when adding the acid in neat PIL.

1/20, + 2 ¢~ + TfOH — 2[TfO]” + H,O ©)
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Figure 7. (a) Polarization curves with a scan rate of 5 mV s ! and (b)
limiting current density in O,-saturated blends with a base-to-acid
stoichiometry of 1:1 to 1:2.

Compared with the state-of-the-art electrolyte, concentrated
H;PO,, a current density is achieved of 0.037 mA cm™ at a
potential of 0.8 V (vs Pd-H) and 110 °C.”” Under the same
conditions, stoichiometric and nonstoichiometric [DESPA*]-
[TfO™] yield values of 0.15 mA cm™ (base-to-acid molar ratio
of 1:1), 0.2 mA cm™ (1:1.5), and 0.37 mA cm™2 (1:2). This is
obviously a pronounced improvement in the presence of
stoichiometric and nonstoichiometric [DESPA*][TfO].

The value of the oxygen diffusion coefficient Dy —and
equilibrium solubility ¢, in the blends with a stoichiometry
varying from 1:1 to 1:2 are compiled in Table S2. The product
of Do, and cg, and thus the O, permeability increases with
increasing temperature and with increasing excesses of TfOH;
see Figure 8. This correlates well with the measured limiting
current densities ljy;,|; see Figure 7b. The O, permeability D, -
Co, in the 1:2 blend at 90 °C achieves an ~5 times higher value
compared to the 1:1 blend. All blends showed a significantly
enhanced Dg ¢, compared to concentrated H;PO,, e.g., 98%
H,PO, has a value of 1.05 X 1072 mol cm™ s™! at 100 °C.>'

3.4. Thermal Analysis of the PIL—PBI Blend Mem-
brane. A sufficient thermal stability of the PBI-IL blend
membrane is crucial for application as an electrolyte in PEFCs
above 100 °C. The thermal stabilities of the PIL, pristine PBI,
and blend membranes are depicted in Figure 9.
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1:2.
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Figure 9. Dynamic TG and DTG curves of the [DESPA*][TfO ],
pristine PBI, and blend membranes. The heating rate was 10 °C
min '. The membranes were pretreated at 100 °C for 30 min to
reduce the influence of water.

The PBI blend membranes showed improved thermal
stability compared to [DESPA*][TfO”]. The weight loss
near 100 °C could be ascribed to a loss of water. Given that the
PBI samples were blended with stoichiometric [DESPA*]-
[TfO7], the second decomposition step occurred between 285
and 550 °C. With respect to the thermal behavior of the
stoichiometric PIL, the decomposition was presumably caused
by the loss TfOH (back-transfer of the proton from [DESPA]*
and from the imidazolium moieties of the PBI) and by the
decomposition of the remaining free base. Most of the
immobilized [DESPA*][TfO~] decomposes below 550 °C.
This assumption is in line with the initial sample composition
(see Table S3). The PBI backbone degrades above 600 °C.
The PBI samples blended with the nonstoichiometric PIL
exhibited a clear weight loss (about 3 wt %) in the temperature
range of 157—244 °C, which could be attributed to the
evaporation of a part of the excess acid (see Table S4). All
investigated blend membranes showed sufficient thermal
stability in the operating temperature range (100—120 °C).

3.5. ATR-IR. The ATR spectra of the free base, [DESPA*]-
[TfO~], the pristine PBI membrane, and the PBI—PIL blend
membranes are depicted in Figure 10. In the spectrum of the
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Figure 10. ATR-IR spectra of the free N,N-diethyl-3-aminopropane-
1-sulfonic acid, [DESPA*][TfO ], pristine PBI, and the blend
membranes.

pristine PBI, the bands present in the region between 4000 and
2000 cm ™" can be assigned to the stretching vibration modes of
N—H, O—H, and C—H. The characteristic band at 3415 cm™!
is due to the isolated N—H stretching mode of the PBI
imidazole moiety, i.e., a free N—H group. The bands at 3250—
2500 cm™! appear in the range that can be assigned to the
stretching mode of the self-associated N—H bonds.””>*™>* The
broad bands become stronger in the blend membrane samples,
which may indicate a protonation of the imidazole ring by
[DESPA*][TfO™].>* Similar spectra were also observed in
H,PO,-doped PBI membranes.”” The band at 1606 cm™
corresponds to the aromatic C=N stretching mode of PBI and
at 1534 cm™' to the aromatic C—C stretching mode of the
imidazole ring. These bands are stronger with the presence of
the PIL in the PBI matrix and shift toward higher
wavenumbers of 1632 and 1601 cm™, respectively. This
could be due to the protonation of the imidazole ring.”>* No
studies are available in the literature focusing on investigations
by vibrational spectroscopy on [DESPA*][TfO~]. Thus, the
literature data on other triflate-based ILs are used for
comparison.”**® The bands located at 1270 and 1032 cm™’
are assigned to the asymmetric and symmetric SO; stretching
modes. The asymmetric and symmetric stretching modes of
CF, are present at 1149 and 1222 cm™'5%"’

3.6. Conductivity of the PIL—PBI Blend Membranes.
In addition to the ORR kinetics, conductivity is one key
parameter for assessing the fuel cell's performance.”® To
conduct a general evaluation of the PIL loading, water, and
temperature influences on the conductivity, the blend
membranes were measured from low to high relative humidity
(10—40% RH) in the temperature range of 80—120 °C.

The temperature dependence of the total conductivity can
be described by the Arrhenius equation, as is conveyed in eq
10

(10)
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where E, is the activation energy for the proton conduction, o,
is the preexponential factor, and R is the ideal gas constant.
The activation energy is an indicator of the energy required to
perform the (rate-limiting) elementary step of the conduction
mechanism.>”

The conductivity is improved by increasing the temperature
or relative humidity. It is decreased with an increasing PBI
molar fraction, as is depicted in Figure 11a,b. Moreover, Figure
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Figure 11. Temperature—conductivity dependence of blend mem-
branes with (a) stoichiometric PIL loading of 54 and of 63 mol % and
with (b) stoichiometric PIL loading of 74 mol % and a non-
stoichiometric PIL loading of 65 mol %.

11b clearly suggests that the excess acid in the blend
membrane brings a significant improvement in conductivity.
At 120 °C and 10% RH, the conductivity of the blend
membrane (74 mol %—1:1) exhibits a value of 9.1 X 107™° S
cm™, in the blend membrane (65 mol %—1:1.5) of 9.5 X 107*
S cm™' under the same experimental conditions. The
conductivity increases by 1 order of magnitude.

The [TfO]™ anions can interact with the PBI’s imidazole
rings (N—H). Depending on the PIL/PBI ratio and the
stoichiometry of the PIL (acid excess), hydronium ions
(H;0%) are formed due to the protolysis equilibrium in the

presence of the water. The proton can move through the H-
bond network, as depicted in Figure 12. Furthermore, a
vehicular mechanism is possible via the movement of the
proton-carrying ions, i.e, [DESPA]* and H;0".>****"* The
proton conduction in the blend membrane under humidified
conditions may follow a cooperative mechanism and support
by means of a vehicular mechanism. However, considering
only the results from this study, it is difficult to specify the
contribution of these two mechanisms and further inves-
tigation is necessary. Moreover, the PIL may also act as a
plasticizer that is beneficial to the flexibility of the PBI
backbone.*

The activation energies for proton conduction in the blend
membranes are depicted in Figure 13. In general, E, decreases
with increasing PIL loading. This indicates that a decreasing
density of the polymer network due to a higher PIL fraction
causes higher mobility among the proton-carrying ions.
Increasing humidity (RH%) also has a positive effect on
proton conduction. This can be explained by the increasing
amount of H;O" due to a protolysis with water, as discussed
for the neat PILs. This is beneficial to proton conduction
because a cooperative transport mechanism is possible, and the
proton may move along a network of the H-bond chains
formed by H;O0" and H,0. Moreover, considering the
geometry factor, H;O" may diffuse faster than [DESPA]Y,
which could also lead to faster vehicular transport. The
membrane samples with an excess of TfOH exhibit the lowest
values of E, compared to other blend membranes under the
same conditions. In the case of the membrane sample 65 mol
9%—1:1.5, a value of only 26.1 kJ mol™" is measured at 120 °C
and 40% RH. The incorporation of TfOH in the blend
membrane may have a positive influence on the formation of a
domain structure of the polymer and the incorporated PIL by
forming H bonds to [DESPA]* and [TfO]~.** Both may
significantly accelerate proton transport.

3.7. Stress—Strain Test. The lifetime of a polymer
electrolyte fuel cell is not only influenced by the chemical
degradation of the catalyst and membrane but also by the
latter’s mechanical failure. Performing stress—strain tests, all
blend membranes exhibit a higher elongation compared to the
pristine PBI membranes. The results of this are listed in Table
1. From the literature, it is known that PBI membranes with a
high degree of H;PO, doping also suffer losses of mechanical
stability.”* When introducing the acidic PIL into the PBI
membrane, an analogous deterioration of the mechanical
properties can be observed.

3.8. Characteristic Features of the Membrane
Morphology. To gain insight into the surface morphology
and homogeneity, a blend membrane (74 mol %—1:1) was
investigated by means of tapping-mode AFM. The maps of the
topography and the relative phase are depicted in Figure 14 for
two different magnifications. The topography map in Figure
14a reveals that the surface can be considered macroscopically
flat, with an RMS roughness value of 1.8 nm, but on the
nanoscale, a characteristic pattern of randomly oriented
grooves is present. In the map (Figure 14d) with higher
magnification, it becomes evident that these grooves have a
width of several hundred nanometers and a depth of 1-2 nm.
Furthermore, also deeper, round depressions with a diameter
of 100 nm to 1 ym and depths of 5—10 nm can be identified.
The phase maps, which reflect the difference in the interaction
between the tip and surface, thus indicating a material contrast,
e.g., due to a different hardness,” show that the depressions in
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Figure 12. Hypothesis of the IL channel in PBI blend membranes immobilized with stoichiometric [DESPA*][TfO ].
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Figure 13. Arrhenius activation energies E, for the blend membranes
obtained from the conductivities displayed in Figure 11. The depicted
uncertainty was calculated from the fitting in eq 10. The lines are
visual guidelines.

Table 1. Mechanical Properties of the Pristine PBI and the
Blend Membranes with a Stoichiometric PIL Loading
Varied from 54 to 74 mol % and a Blend Membrane with a
Nonstoichiometric PIL (Base-to-Acid Molar Ratio of 1:1.5)
Loading of 65 mol %

Young’s
modulus ultimate tensile elongation at
membrane (MPa) strength (MPa) break (%)
pristine PBI 177.5 + 25.0 151.8 + 14.7 655+ 7.6
54 mol % — 1:1 21.5 £ 3.5 713 + 8.1 184.0 + 54
63 mol % — 1:1 87 +123 24.8 + 6.0 188.7 + 11.0
74 mol % — 1:1 6.6 + 0.6 23.7 £ 4.8 260.3 + 9.8
65 mol % — 1:1.5 87 £ 21 13.8 £ 2.9 1259 + 11.6

topography correspond to a higher phase; see Figure 14b and
the line profiles in Figure 14c. Also, on other positions on the

surface, an increase in the phase beside the grooves can be
identified; see Figure 14e,f. It can be concluded that the surface
has a certain degree of inhomogeneity, which could indicate
the formation of clusters or channels consisting of soft PIL-rich
material embedded in the hydrophobic PBI matrix.

As it is visible to the naked eye, all of the blend membranes
appear similar at ambient pressure. When applying vacuum, the
appearance of the blend membranes with high PIL loading (74
mol %—1:1 and 70 mol %—1:1) is changed; see Figure 15. The
blend membrane (70 mol %—1:1) shrinks, and the surface
takes on a dry and brittle appearance. Cracks are visible. When
the PIL loading is increased to 74 mol %, the membrane seems
to leach out the PIL and a wormlike droplet structure can be
observed on the surface. However, the samples, 70 mol %—1:1
and 74 mol %—1:1 revert to their original appearance when the
vacuum is broken, which indicates the reversibility of the
process.

The SAXS and WAXS patterns of the PIL, pristine PBI, and
blend membranes are depicted in Figure 16a,b. The character-
istic I(q) in low-q regions (at 0.03 A™") change with the PIL
contents; see Figure 16. It disappears in the pristine PBI and
the 54 mol %—1:1 sample and reaches a maximum in the 63
mol %—1:1 sample. When increasing the PIL loading beyond
63 mol %, it decreases again. This is generally associated with a
crystallization of the polymer backbone (intercrystalline
domains).**~% At high g values of 0.25 A7/, a characteristic
peak appears when adding the PIL to the host polymer. This is
attributed to side-chain aggregation (cluster domain) and
corresponds to the size of the hydrophilic channels.*”*%%7
The ionomer peak shifts from 0.258 to 0.206 A~' when
increasing the PIL content (from 54 to 74 mol %) and the
characteristic size of the cluster domain changes from 2.434 to
3.048 nm as expected; see Table 2. The peak becomes less
recognizable for the samples, 70 mol %—1:1 and 74 mol %—
1:1. This may be explained by the crystallization of the
polymer and leaching out of the PIL; see Figure 15 (C4 and
C3).


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03819?fig=fig13&ref=pdf

Topography c

— - - W— .

: . ot 3 e c Topography' 0

. po el - 40
P ’. Phase

20

0

z (nm)

? ()

0 2 4
d (um)
f

Topography _
1S
1 £
N

0

0
=0
2
[
o
o
()

Figure 14. Tapping-mode AFM analysis of the blend membrane: 74 mol %—1:1. Maps of topography and phase with a representative line profile
for a 7 X 7 um?* scan (a—c) and for a 1 X 1 ym? scan (d—f).
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Figure 15. Photographs of the blend membranes in the SAXS instrument sample chamber (p = 15 pbar). C1: pristine PBI; C2: sample 54 mol %—
1:1; C3: sample 63 mol %—1:1; C4: sample 70 mol %—1:1; CS5: sample 74 mol %—1:1.
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Figure 16. (a) SAXS pattems and (b) WAXS patterns of the pristine
PBI, blend PBI membranes, and [DESPA*][TfO ].

Table 2. Characteristic Peak Positions of the Blend
Membranes and Typical Size of the Ionic Cluster

membrane ionomeric peak position (A™!)  characteristic size (nm)
54 mol %—1:1 0.258 2434
63 mol %—1:1 0.246 2.553
70 mol %—1:1 0.233 2.695
74 mol %—1:1 0.206 3.048

4. CONCLUSIONS

In this study, stoichiometric and nonstoichiometric samples of
the PIL, N,N-diethyl-3-sulfopropyl-ammonium trifluorometha-
nesulfonate [DESPA*][TfO~], were prepared and their
physical and electrochemical properties were evaluated. An
excess of the base, N,N-diethyl-3-aminopropane-1-sulfonic
acid, enhances the thermal stability and an excess of
trifluoromethanesulfonic acid is beneficial to the proton
conduction, ORR kinetics, and oxygen permeation. The
physical and electrochemical analysis offers a promising
prospect by adding an excess of acid to a PIL for use in
future PEFCs at elevated operating temperatures.

PBI blend membranes may play a key role in developing
PEFC applications operating at 100—120 °C. Blend mem-
branes based on stoichiometric and nonstoichiometric PIL

electrolytes were prepared via solution casting. In general, the
conductivity and mechanical stability relate to the immobilized
amounts of PIL. A large amount of PIL is advantageous in
terms of conductivity but results in a loss of mechanical
stability. Moreover, the morphology of the blend membrane is
significantly influenced by the amount of PIL that is utilized.
This study opens the possibility of applying highly acidic PILs
that have been immobilized in a host polymer to future fuel
cell applications.
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