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Abstract

We have successfully prepared composite membranes consisting of the ionic liquid
N-ethyl-N-methylpyrrolidinium fluorohydrogenate and the polymer 2-hydroxyethylmethacrylate and have
secured them on a polyimide (PI) membrane support. The resulting EMPyr(FH); ;F-HEMA (9:1 molar
ratio) composite possesses ionic conductivity of 75 mS cm™ at 120 °C when a 16-pm support is
employed, showing improved performance with elevated temperature; this marks a significant difference
from devices using conventional polytetrafluoroethylene supports. In the single cell test, a maximum
power density of 31 mW cm™ is observed at 120 °C. Cross-sectional SEM images of the corresponding
membrane electrode assemblies reveal no significant difference in membrane thickness before and after

cell testing, implying that this support does not suffer from membrane softening issues.
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1 Introduction

In recent decades, polymer electrolyte fuel cells (PEFCs) have received increasing attention due to
their high energy output and wide range of applications. However, conventional PEFC membrane
materials such as Nafion require sufficient humidity for protonic conduction [1-4]. A complicated
humidification system is therefore necessary, limiting operational temperature to between the freezing
and boiling point of water.

However, operation above 100 °C without humidification might allow the reduced use of expensive
noble metal catalysts and simplification of the fuel cell unit, thereby necessitating an improved electrolyte
membrane. Significant research has gone into developing such alternative proton conducting materials;
potential candidates include modified perfluorosulfonic acid polymers [5—7], sulfonated hydrocarbon
polymers [8—10], acid-base complexes [11-13], and polybenzimidazole-based polymers [14—17].

Ionic liquids (ILs) are salts that are liquid at room temperature. They have recently been investigated
for applications in electrochemical devices due to their high chemical and thermal stability, nonflammable
and nonvolatile nature, and wide electrochemical window [18—20]. For fuel cell applications, they show
potential as electrolytes which are operable under nonhumidified conditions at elevated temperatures
[21-33]. Sekhon and coworkers were the first to report a composite membrane, which consisted of poly
(vinylidene fluoride-co-hexafluoropropylene) and the IL 2,3-dimethyl-1-octylimidazolium triflate [21].
While the maximum power density at low humidity was extremely small compared to that of
conventional PEFCs, Yasuda and colleagues developed a sulfonated polyimide and
diethylmethylammonium trifluoromethanesulfonate composite membrane that showed approximately
100-fold improved performance at even higher temperatures, a very encouraging result [29].

Our group has focused especially on fluorohydrogenate ILs (FHILs) [34—44]. These compounds
consist of organic cations and fluorohydrogenate anions ((FH)nF~), where n number represents average
number of ligand HF attached to fluoride anion. This n number decreases when the evacuation
temperature increases, which means more HF is removed from FHILs to be stabilized at higher
temperature [38]. The firstly reported FHIL, 1-ethyl-3-methylimidazolium fluorohydrogenate
(EMIm(FH), 5F), exhibited high conductivity (100 mS cm™" at 25 °C), a low melting point (65 °C), and a
low glass transition temperature (—125 °C) [34, 38], making it a promising electrolyte.

A novel mechanism for low humidity, high temperature PEFC operation has already been
demonstrated with EMIm(FH)nF [45, 46]; in this case, water is not required because of the unique
mechanism by which hydrogen and charges are transported using fluorohydrogenate anions. Thus, this
type of fuel cells, which was named fluorohydrogenate fuel cell (FHFCs), is applicable to operate under
nonhumidified conditions. The FHFCs generally operate with HF concentrations of 1 <n < 2; their

operational principle is shown in Figure 1, while the half and total reactions are expressed by Eqgs.

(D-3):

Anode  H,+ 6(FHF) — 4[(FH),F] +2¢ (1)



Cathode 1/20; + 4[(FH).F]” + 2" — H,0 + 6(FHF)~ 2)
Total H, + 1/20, — H,0 (3)

Our recent studies have suggested n = 1.7, N-ethyl-N-methylpyrrolidinium fluorohydrogenate
(EMPyr(FH), 7F), whose structure is shown in Figure 2, to be a very promising electrolyte for
nonhumidified fuel cells, as it exhibits higher activity in the oxygen reduction reaction at Pt electrodes
and lower crossover current and H,O, yield when compared to other FHILs [47, 48]. Recently, we
prepared composite membranes consisting of EMPyr(FH); 7F and 2-hydroxyethylmethacrylate (HEMA),
employing polytetrafluoroethylene (PTFE) as a membrane support; single cells using this membrane in a
molar ratio of 9:1 showed a decent maximum power density at 50 °C [49], yet presented significantly
decreased performance once temperature was increased to 120 °C. The reason for this deterioration was
revealed by cross-sectional SEM images of the membrane electrode assemblies (MEAs), showing that the
composite membrane had softened and that the composite electrolyte had penetrated the gas diffusion
electrodes (GDESs); this in turn resulted in a partial plug of the gas channels in the gas diffusion layer.
Thermal deformation of the PTFE support likely accounts for at least part of the observed membrane
softening; therefore, a new membrane support with higher mechanical strength is needed.

In this study, polyimide (PI) was tested as a replacement membrane support given its excellent
thermomechanical properties; these improved properties, with respect to PTFE, are summarized in Table
1 [50]. Both polymers are thermally stable, with decomposition temperatures of 327 °C for PTFE and
over 600 °C for PI; while these are both more than sufficient for operation at 120 °C, PTFE has
significantly poorer mechanical strength and tends to easily deform under high pressure. For example, at
1.82 MPa, close to the actual compression pressure of 2 MPa observed during single cell fabrication, the
thermal deformation temperature of PTFE is 55 °C, explaining the previously observed deformation;
however, PI does not undergo thermal deformation at this pressure until 360 °C, meaning that using it

might provide a potential solution to poor performance previously observed.

2 Experimental
2.1 Preparation of EMPyr(FH).7F-HEMA Composite Membrane
EMPyr(FH), sF was prepared using a previously reported method [36, 38]. EMPyr(FH), 3F was
evacuated further by a rotary pump through a chemical trap for 4 days and then through a cold trap for 2
days at 120 °C under reduced pressure (< 1 Pa) to prepare EMPyr(FH); ;F which has negligible vapor
pressure up to 120 °C. The appropriate extent of HF coordination was confirmed by hydrogen, carbon,
nitrogen, and fluorine elemental analysis using a CHN coder and a fluoride ion selective electrode.
Preparation of the composite membrane began by mixing EMPyr(FH), 7F and HEMA (Wako) in molar
ratios of either 8:2 or 9:1 under argon. Azobisisobutyronitrile (AIBN, Wako) was then added as a radical
initiator, at 1 mol% of HEMA concentrations. A PI porous support (I.S.T., thickness: 16 or 30 pm,

porosity: 50%) was then immersed in the mixture under vacuum for 1 h, after which the composite



membrane was sandwiched between two PTFE sheets and polymerized at 70 °C under argon for 12 h.
Figure 3 (a) shows the front view of the EMPyr(FH), ;F-HEMA (9:1) composite membrane prepared with
the 16-pm PI support, while the SEM image is presented in Figure 3 (b). The membrane surface is flat

and homogeneous.

2.2 EMPyr(FH)17F-HEMA Characterization

A differential thermogravimetric analyzer (Thermo plus EVO2, Rigaku) was used to investigate
EMPyr(FH), 7F and EMPyr(FH), ;F-HEMA thermal stability; the analysis was completed over the
temperature range 25-800 °C at a scanning rate of 5 °C min™' under argon. Platinum pans were used due
to their excellent chemical resistance to FHIL. Ionic conductivities of the composite membranes were
measured in the longitudinal direction using a four-point probe method. The measurement cell consisted
of two 10x5 mm? platinum plate electrodes placed 40 mm apart (these fed current to the sample) and four
platinum needles (0.3 mm in diameter) separated by 5 mm (these measured potential drops near the center
of the membrane). Measurements were carried out by a.c. impedance using a Solartron 1286
electrochemical interface combined with a Solartron 1260 frequency response analyzer (Ametek); scans

were completed from —40 to 120 °C under nitrogen.

2.3 MEA Fabrication and Single Cell Tests

The MEA was prepared by placing the composite membrane between two gas diffusion electrodes
(KM Lab, 1.0 mg of platinum cm™2, ionomer free) with a geometric surface area of 2.8x2.8 cm?. After
constructing the single cell with the appropriate hardware (EFC-05-02-H2R, ElectroChem, 5 cm?), cell
tests were conducted using a Solartron 1286 electrochemical interface in a temperature controlled
chamber from 25 to 120 °C under nonhumidified conditions. Dry H (99.999%) was supplied from a
hydrogen generator (Horiba Stec), while dry O (99.999%) was supplied from a cylinder (Kyoto Teisan).

Gas flow rates were set to 20 mL min~".

2.4 Cross-sectional SEM Observations

MEA samples from both before and after the single cell test were cut by a design knife and embedded
into a resin block using a resin mounting kit (20-3570, VariDur®). The sample block was then repeatedly
polished with emery papers (No. 300, 600, 1200, 2000 and 3000, successively) on a rotating stage (100
rpm) to expose the cross-sectional area. The exposed surface was coated with gold using ion-sputtering
equipment (E-1010, Hitachi) prior to observation with a scanning electron microscope (SEM, VE-8800,

Keyence).

3 Results and Discussion
3.1 Thermal Stability
Figure 4 shows thermogravimetric (TG) curves for the EMPyr(FH); ;F-HEMA (9:1 and 8:2)



composite membranes with 16-um-thick (solid line) and 30-pm-thick (dash line) PI supports. The TG
curve of neat EMPyr(FH); 7F is provided for comparison. All samples show similar initial weight losses at
170-230 °C, the result of EMPyr(FH): 7F decomposition. An additional weight loss proceeds gradually
until 550 °C, this resulting from the slow decomposition of poly-HEMA; unsurprisingly, this process is
significantly slower for the 8:2 samples. Finally, weight loss is also observed from 550 °C, corresponding
to the decomposition of the PI support. However they are not completely decomposed and some residues
still remain even at 800 °C. Since thermal stability is determined by the initial decomposition temperature,
all composites were found to be thermally stable up to 170 °C, regardless of HEMA content or the
thickness of the PI support.

3.2 lonic Conductivity

Figure 5 shows Arrhenius plots of ionic conductivities for neat EMPyr(FH), 7F and all prepared
EMPyr(FH), ,F-HEMA composites. The neat IL showed an ionic conductivity of 205 mS cm™ at 120 °C,
while the composite ionic conductivity increased with FHIL content. The EMPyr(FH), ;JF-HEMA (9:1)
composite utilizing the 16-um PI showed an ionic conductivity of 75 mS cm™ at 120 °C which, though
slightly lower than the 82 mS cm™ of the previously tested PTFE sample [49], is still high compared to
other IL-based composite membranes; e.g., 20 mS cm™! at 120 °C for [dema][TfO]-sPI (7.5:1.5 in weight
ratio) [28]. This decreased ionic conductivity can be explained by the 50% porosity of the PI support,
compared to the 80% porosity of PTFE; this difference results in a lower FHIL loading.

For comparison, the ionic conductivities of composite membranes using thicker membrane supports
were also investigated; the corresponding data is also presented in Figure 5, which shows little difference
despite the change. This indicates that the EMPyr(FH), 7F~HEMA composite electrolyte is uniformly

distributed in the PI membrane support regardless of thickness.

3.3 Single Cell Performance under Nonhumidified Conditions

Figure 6 shows the i-V and i—p curves for a single cell constructed from EMPyr(FH), JF-HEMA (9:1)
and 16-pm-thick PI. At 25 °C, the open circuit voltage is around 0.9 V and the maximum power density is
12 mW cm™2. Performance proceeds to increase with temperature owing to the increased electrochemical
reaction rate. The maximum power density of 31 mW c¢m™ is observed at 120 °C. Unlike the previous
results in which PTFE was used [49], no deterioration was observed over 50 °C, indicating at least a
partial solution to the previous problem.

Figure 7 shows the temperature dependence of the maximum power densities for single cells using
EMPyr(FH), 7F~HEMA (9:1) composite membranes and either 16-um-thick PI or 65-pm-thick PTFE. At
25-50 °C, the PTFE shows higher maximum power density, with a highest value of 34 mW cm™ at 50 °C.
The value then significantly decreases above 80 °C, again likely due to deterioration. However, the
corresponding value for the PI sample increases steadily with temperature, with a power density at 120 °C

that is far superior to that obtained with PTFE.



The single cells can be stably operated for 5—-6 hours. However, the cell performance gradually
declines afterwards. The cause of this problem is explained by the leakage of FHIL from the composite
membranes because this FHIL is hydrophilic and water-soluble. The improvement of stability is a major
task for this type of membrane.

Single cell performance generally improves when using optimized three-phase boundaries. Note that
no surface contact improvement techniques were employed here, however, with the membrane simply
having been placed between the two GDEs. The three-phase boundary area can be enhanced by inserting
the composite electrolyte directly into the catalyst layer. In addition, hotpressing can also be used in order

to improve contact. To effectively employ these techniques, further optimization is needed.

3.4 Cross-sectional SEM Images

Cross-sectional SEM images of the MEAs for single cells using EMPyr(FH), ;JF-HEMA (9:1) and
either 65-pum-thick PTFE [49] or 16-pum-thick PI are provided in Figures 8 (a) and (b), respectively;
images are provided for samples taken both before and after single cell tests, while the yellow arrows
indicate membrane thickness. The thickness of the PTFE membrane decreases significantly after the test,
again suggesting deformation. On the other hand, no significant difference is observed in the PI
membrane thickness, again indicating improved mechanical performance. Accordingly, the electrolyte
penetration into gas diffusion layer is prevented and the MEA structure is well-preserved. Overall,

changing the membrane support seems to have resolved the issue of electrolyte softening.

4 Conclusion

PI membrane supports have been used in place of PTFE in order to improve the mechanical properties
of EMPyr(FH); 7F and HEMA composite membranes. TG analysis showed that the prepared composite
membranes had good thermal stability up to 170 °C. Meanwhile, the EMPyr(FH), 7F-HEMA (9:1)
composite membrane supported by a 16-pm-thick PI layer showed good ionic conductivity of 75 mS cm™
at 120 °C. Nonhumidified single cell tests ranging from 25 to 120 °C revealed that performance improved
with temperature, a result that was distinct from previous research using PTFE; a maximum power
density of 31 mW c¢cm2 was observed at 120 °C. Meanwhile, cross-sectional SEM images revealed no
significant difference in membrane thickness as a result of testing, meaning that the previous problem of

membrane softening and penetration to the GDE has been solved.

List of Symbols

Latin letters

e Electron

i Current density / mA cm™
P Power density / mW cm™

T Temperature / °C



\ Cell voltage / V

Greek letter

o Ionic conductivity / mS cm™
Super script

+, — Ionic charges

Sub script

n Average number of ligand HF attached to fluoride anion
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Figure Captions

Fig. 1 Operational principle of an FHFC using Cat(FH)sF (1 <n <?2) as the electrolyte. Cat refers to
cation.

Fig. 2 Chemical structures for the EMPyr" cation and fluorohydrogenate anion.

Fig. 3 (a) Front view and (b) SEM image of the EMPyr(FH), 7F-HEMA (9:1) composite membrane with
PI (16 pm) membrane support.

Fig. 4 TG curves of neat EMPyr(FH), 7F and EMPyr(FH); ;F~HEMA (9:1 and 8:2) composite membranes
with PI (16- and 30-pm thick) membrane supports. Scan rate: 5 °C min™".

Fig. 5 Arrhenius plots of the ionic conductivities of neat EMPyr(FH); ;F and EMPyr(FH), ;F-HEMA (9:1
and 8:2) composite membranes with PI (16- and 30-pm thick) membrane supports.

Fig. 6 i~V and i-P curves for an EMPyr(FH), ;F-HEMA (9:1), 16-um-thick PI single cell operated from
25 to 120 °C.

Fig. 7 Temperature dependence of maximum power density for single cells using EMPyr(FH), ;F-HEMA
(9:1) composite membranes with either 16-pm-thick PI or 65-um-thick PTFE as membrane support.

Fig. 8 Cross-sectional SEM images of EMPyr(FH), 7F~HEMA (9:1) MEAs with either (a) 16-pm-thick PI
or (b) 65-pum-thick PTFE, both before and after single cell tests.

Table
Table 1 Thermal and mechanical properties of PTFE and PI [50].



Table 1 Thermal and mechanical properties of PTFE and PI [50].

Properties PTFE Pl

F F P
Chemical structure (:3—(:3 N—R

F F/n 5
Melting point / °C 327 —*
Decompositiontemp. / °C 360-450 > 600
Tensile strength/ MPa 20-35 86
Elongation/ % 200-400 7.5
Compressive strength (10% changed) / MPa 10-15 133
Thermal deformationtemp. at 0.45 MPa / °C 120 -
Thermal deformationtemp. at 1.82 MPa / °C 55 360

*Glass transition temperature > 400 °C.
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Fig. 1 EMPyr" cation and fluorohydrogenate anion.
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Fig. 2 Principle of a FHFC using Cat(FH)nF (1<n<2) as an electrolyte. Cat means cation.
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Fig. 3 (a) Front view and (b) SEM image of EMPyr(FH)i7F—HEMA (9:1) composite membrane
with PI (16 um) membrane support.
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Fig. 4 TG curves of neat EMPyr(FH):17F IL and EMPyr(FH)i7F-HEMA (9:1 and 8:2) composite

membranes with PI (16 and 30 um) membrane supports. Scan rate: 5 °C min™!.
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Fig. 5 Arrhenius plots of ionic conductivities for neat EMPyr(FH):7F IL and EMPyr(FH):1.7F—
HEMA (9:1 and 8:2) composite membranes with PI (16 and 30 pm) membrane supports.
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composite membrane with PI (16 pum) membrane support, operated from 25 to 120 °C under

nonhumidified conditions. Anode and cathode catalyst: 1.0 mg Pt cm 2.
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EMPyr(FH)17F-HEMA (9:1) composite membranes with PI (16 um) and PTFE (65 pm) membrane
supports under nonhumidified conditions.
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Fig. 8 Cross-sectional SEM images of the MEAs using EMPyr(FH):7F-HEMA (9:1) composite
membranes with; (a) PI (16 um) and (b) PTFE (65 um) membrane supports, before and after single
cell test at 25-120 °C. (GDL = gas diffusion layer, CL = catalyst layer, Mem. = membrane.)



