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ABSTRACT: Intermediate-temperature polymer electrolyte
membrane fuel cells (IT-PEMFCs), operating with phos-
phoric acid (H;PO,) doped polybenzimidazole (PBI), are
severely limited by H;PO, evaporation at high temperatures
and poor resiliency in the presence of water. Polycations
(PCs), on the other hand, provide good acid retention due to
strong ion-pair interactions but have low conductivity due to
lower ion-exchange capacity when compared to PBL In this
work, a class of H;PO, doped PC—PBI membrane blends was
prepared, and the optimal blend (50:50 ratio) exhibited
remarkably high in-plane proton conductivity, near 0.3 S cm™"
at 240 °C, while also displaying excellent thermal stability and
resiliency to water vapor. Microwave dielectric spectroscopy
demonstrated that incorporating PBI into the PCs raised the
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dielectric constant by 50—70% when compared to the PC by itself. This observation explains, in part, the high proton
conductivity of the optimal membrane blend. Finally, an all-polymeric membrane electrode assembly with the new materials
gave a competitive IT-PEMFC performance of 680 mW cm™* at 220 °C under dry H,/O,. Importantly, the cell was stable for
up to 30 h at 220 °C and over 84 h at 180 °C. The IT-PEMFC had reasonable performance (450 mW cm?) with 25% carbon

monoxide in the hydrogen fuel.
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1. INTRODUCTION

Low temperature polymer electrolyte membrane fuel cells
(LT-PEMFCs; <100 °C) are part of a clean energy technology
portfolio because they only emit water when reacting hydrogen
(H,) fuel with oxygen (O,) from terrestrial air. Furthermore,
they convert fuel with greater efficiency when compared to
traditional heat engines. LT-PEMFCs have experienced steady
improvement over time in terms of performance, efficiency,
cost competitiveness, and stability.”” The previous track
record of LT-PEMFC improvement, catalyzed by collabo-
rations from researchers in academia, national laboratories, and
industry, suggests that this technology may eventually achieve
ambitious metrics set by the U.S. Department of Energy Fuel
Cell Technologies Office (e.g, 65% efficiency, <$30 kW,
stack costs (when manufactured at >0.5 million units per year),
and durability of greater than 8,000 h).” However, marketplace
success for LT-PEMFCs could be stymied by the high costs
associated with ultrapure H, fuel, which is currently ~$5 to 8
GGE™ (gallon of gas equivalent) when produced from water
electrolysis.* Powering fuel cells with H, derived steam-
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reformed methane (SRM) could offer significant cost savings
(~$2 GGE™) that would translate to marketplace compet-
itiveness for LT-PEMFCs." Despite the advantages of H, from
SRM, it contains pollutants, such as carbon monoxide (CO)
and sulfur dioxide (SO,), that poison electrocatalZst surfaces
(<120 °C) jeopardizing LT-PEMFC performance.™

Over the past 30 years, intermediate temperature PEMFCs
(IT-PEMFCs) based upon anhydrous proton conducting
membranes have been prepared using phosphoric acid
(H;PO,) doped polybenzimidazole (PBI)."”~'* These anhy-
drous proton conducting materials enable the fuel cell to
operate above 120 °C. At the elevated temperatures, low cost
H, fuel from SRM can be used because the electrocatalysts are
more tolerant to CO and SO, pollutants.”'> An additional
benefit of using an anhydrous proton conducting membrane is
circumvention of an external humidifier that is used to hydrate
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the conventionally used perfluorosulfonic acid (PSFA)
membranes and electrode binders in LT-PEMFCs. Hydration
of PFSA is critical for promoting proton conductivity (k)
and minimizing ohmic resistances within the cell.'®"
Elimination of the external humidifier, and control systems
to manage water within the cell, manifests a $1 to $7.5 kW,
cost savings.”'® Furthermore, higher cell temperature enhances
IT-PEMEC efficiency through better heat rejection from the
cell caused by larger temperature gradients. The better heat
rejection shrinks (or potentially eliminates) the sizable radiator
currently used in LT-PEMFC stacks for automotive
applications. It is also worth mentioning that higher temper-
atures promote better redox kinetics in the electrode layers."

As lucrative as IT-PEMFCs appear to be, acid-doped PBI
has severe stability limitations in the presence of water and at
temperatures greater than 160 °C.”” The H;PO, in PBI starts
to evaporate at 180 °C, and any condensed water in contact
with the H;PO,-doped PBI membrane supplants H;PO,
causing an eventual catastrophic drop in membrane con-
ductivity. Kim and co-workers, and others,” 7** over the past
three years have examined H;PO,-doped polycation (H;PO,—
PC) membranes and binders (note: PCs are typically used as
anion exchange membranes for alkaline fuel cells) as a superior
alternative to H;PO,—PBI for IT-PEMFCs.”*** The H,PO,—
PC materials foster strong electrostatic interactions between
the tethered cation moieties and the phosphate type anions
enabling greater acid retention across the temperature range of
50 to 220 °C. Additionally, the tethered cation—phosphate
anion interactions are more immune to water substitution
when the cell is exposed to humified water at temperatures less
than 100 °C. Compared to H;PO,—PBI, the electrostatic
interaction between quaternary ammonium groups and
phosphate anions in H;PO,—PC is 8X stronger than the
acid—base interactions between benzimidazole and H,PO,.*°
Hence, the H3;PO,—PC molecular design mitigates acid
leaching in the presence of water and evaporation of H;PO,
at temperatures greater than 160 °C. With H;PO,—PC, Kim
and co-workers have shown peak power densities as high as
870 mW cm™ with oxygen and no humidification.”* However,
these data for IT-PEMFC above 200 °C used a H;PO,—PC
ionomer electrode binder with a ceramic proton conducting
membrane (i.e., only a partial polymeric membrane electrode
assembly was used). It is important to note that ceramic
membranes are not conducive to roll-to-roll manufacturing and
cannot achieve small thickness values and mechanical
resiliency that are on par with polymeric materials. Finally,
our initial experiments with H;PO,—PC with different PC
chemistries demonstrated substantially smaller xy;, values than
a commercially available PBI due to lower acid availability and
lesser interaction sites (see Figure S1).

To overcome the H3;PO, evaporation in PBI and augment
the acid uptake of PCs, we have prepared a new class of
anhydrous proton conducting membranes based upon PC—
PBI polymer blends doped with H;PO,. This new class of
anhydrous proton conducting polymer blends gave impressive
Ky, values of ~0.3 S cm™" at 240 °C and excellent mechanical
properties (11.9 MPa at break) in addition to good thermal
stability for 4 days at 220 °C. Using the optimal blend of 50:50
PC—PBI, a fuel cell demonstration was carried out at the
challenging temperature of 220 °C with an all polymeric
membrane electrode assembly (MEA). An encouraging peak
power density of 680 mW cm ™2 with dry H,/O, was achieved.
Plus, the IT-PEMFC showed reasonable performance with
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25% CO in the H, fuel stream, was stable over 24 h, and
recovered its performance when switching from H,—CO fuel
back to pure H, fuel. However, it was uncovered that the free-
standing membrane blends break at 30 h at 220 °C but can
survive in the fuel cell for over 80 h at 180 °C. To understand
the high ky, of PC—PBI blend, microwave dielectric
spectroscopy revealed that the addition of PBI to the PC
substantially raised the dielectric constant (&) of the polymer
materials. The increase in &” was attributed to the large H;PO,,
uptake. This effect, coupled with increased hydrogen bond
frustration spurred by the PC, accounted for the remarkably
high xy, values. The thermal stability of the PC—PBI blend
was ascribed to the electrostatic interactions that anchored the
phosphate anions in the membrane in addition to the chemical
stability of the aromatic backbones and cations in the polymer
hosts.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Polysulfone (PSf) M.W. 60,000 — Acros organics,
chloroform (CHCl;) — ACS grade — VWR, chlorotrimethylsilane —
VWR, paraformaldehyde — reagent grade — Sigma-Aldrich, tin(IV)
chloride (SnCl,) — Sigma-Aldrich, methanol (MeOH) — ACS grade
— Fisher Scientific, polybenzimidazole (PBI) 10% in DMAc — PBI
solutions Inc., N,N-dimethylacetamide — ACS grade — Alfa Aesar,
chloroform D 99.8% (CDCl;) — Alfa-Aesar, pyridine — ACS grade —
VWR, 85 wt % phosphoric acid (H;PO,) — ACS grade — VWR,
standardized 1 M NaCl — VWR, standardized 1 M NaOH — VWR,
phenolphthalein indicator 1% in ethanol — VWR, reagent alcohol
(90% ethanol, 5% methanol, and 5% 2-propanol), Pt/C (37.3% on
higher surface area carbon) — Tanaka Kikinzoku International.

2.2. Synthesis of CMPSf. CMPSf was prepared by Friedel—Crafts
reaction as reported by Arges et al,”’ but with a slight modification to
the procedure. Ten grams of Udel poly(arylene ether) sulfone (PSf)
was dissolved in SO0 mL of chloroform (CHCl,). The reaction was
carried out in a round-bottom flask equipped with a magnetic stirred
and a reflux condenser. After the PSf dissolved, 6.8 g of
paraformaldehyde was added followed by 30 mL of chlorotrime-
thylsilane. The bulb flask was blanketed with nitrogen and sealed with
a rubber septum. 525 uL of SnCl,, the Lewis acid catalyst, was added
slowly to the bulb flask using a syringe punctured through the septum.

The extent of chloromethylation was monitored during the
reaction until the desired degree of functionalization (DF) value of
chloromethyl groups per repeat unit was achieved. The DF value was
monitored by 'H NMR during the reaction. The reaction solutions,
either collected at the end of the reaction or withdrawn during the
reaction, were cooled to room temperature and poured into methanol
(5:1 volume ratio of methanol to reaction solution) to precipitate the
polymer out of solution. The precipitated polymer was collected by
vacuum filtration and vacuum-dried. The CMPSf was purified further
by dissolving it in CHCl; (S wt %) followed by precipitating in
methanol and vacuum filtering and drying the solid using the
aforementioned procedure. Figure S2 reports the 'H NMR of CMPSf.

2.3. Preparation of Blended and Nonblended Membranes.
CMPSf was dissolved in DMAC to attain a S wt % solution. Similarly,
a 5 wt % solution of PBI in DMAc was prepared. PBI was added to
CMPSf at different volume ratios to achieve a desired CMPSf—PBI
blend composition. The ratios examined were 0, 30, 40, 50, 60, and
100%. 0% refers to PBI only, and 100% refers to CMPSf only. The
solutions were sonicated for 10 min and drop cast on a glass plate on
a leveled surface in an oven at 120 °C for 6 h. After peeling of the
membranes from the glass plate, the blended membranes that featured
CMPSf were then immersed in pyridine solution (1 M in reagent
alcohol) at 40 °C for 16 h to convert the chloromethylated groups in
PSf to quaternary benzylpyridinium chloride groups. Then, the
resultant membranes were washed excessively with DI water to
remove unreacted pyridine and were blot dried. The thickness of the
dry membranes ranged from 32—68 um. Figure S3 provides the 'H
NMR spectrum that confirms the chloromethyl group conversion to
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quaternary benzylpyridinium chloride for QPPSf only (i.e, no PBI
added). The acid doping of PBI and QPPSf—PBI blended membranes
was done by immersing membranes in 85 wt % phosphoric acid
(H,PO,) at 120 °C for 6 h>® QPPSf was doped with 85 wt %
phosphoric acid (H;PO,) at 25 °C because immersion of this
membrane in this acid at 120 °C for 1 h dissolved the membrane
(note: Y. S. Kim and co-workers doped their PC membranes with
H,PO, at room temperature).”® After acid doping, the membranes
were then blot dried for removing the excess acid from the surface.

2.4. H;PO, Uptake and Amount per Base Moiety and
Calculation of QPPSf IEC. The H;PO, uptake values of QPPSf, PBI,
and their blends were observed by measuring their weight change
before and after immersing in 85 wt % H;PO,.*° The total H,PO,
uptake by the membrane was calculated using eq 1:

H,PO, uptake = W~ W

W (1)
where W, and W, are the weight of the polymer membrane before
and after doping.

The IEC of the pristine QPPSf membrane (i.e., not H;PO, doped
and not blended) was determined using "H NMR spectroscopy.””
First, the degree of functionalization (DF) of CMPSf was calculated
using 'H NMR:

2 X A‘reaCHZCl substituent(4'5 Ppm)
AreaPSf substituent(7'8 ppm)

DF =

2)

Conversion of chloromethylated sites to cation sites:

Areacation substituent(9'2’ Ppm)
Ratio X DF X AreaPstubstiment(l'S Ppm)

Conversion =

()

) #of protons for cation substituent
Ratio =

#of protons for PSf substituent

(4)

Determining theoretical IEC of polycations

1 DF x 1000
IEC[ mmo ] = . Conversion
g (MWPSf,monomer + DF X MW, )

cation
()

Mvvcation = (MW

cation free base conjugate
-1 )

The IEC values of the non-H;PO, doped membrane blends (QPPSf—
PBI) were determined by performing a weighted average between the
known IEC of QPPSf and the known IEC of PBIL. The IEC of the
non-H;PO,-doped membranes represents the IEC (base moiety
basis).

The H,PO, level per repeat unit (X) was determined using eq 6
and by titrating the released H;PO,, from acid-doped membranes. For
this procedure, the H;PO,-doped membranes were immersed in
standardized 1 M NaCl for 48 h to exchange acid in the membrane
with sodium ions. The membranes were taken out after 48 h. The acid
in solution was titrated against standardized 1 M NaOH (Ny,oy) to
the end point with phenolphthalein as the indicator. The volume used
for the titration to the end point, Vy,on, was recorded. Wy,, was the
weight value of the H;PO,-doped membrane.

The number of H;PO, per repeat unit of PBI, QPPSf, and blended
membranes was determined by eq 6:

+ MW,

counteranion

+ MWy,

VNaOH X NNaOH
(Equivmol X (Wdrv/Mw)) (6)
Equiv,,y of H;PO, for NaOH (which is 3), M,, is the weighted

average of the individual polymer repeat unit’s molecular weight.
Number of H;PO, per base moiety (nH;PO, B™') was found by

X X 1000
IECy X M,

H,PO, level per repeat unit (X) =

nH,PO, B! =
(7)
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M

« is the weighted average of the individual polymer repeat units’
molecular weight values.

2.5. k. Measurements. In-plane ky;, measurements were carried
out in a 4-point platinum probe with PTFE housing (Bekktech
conductivity cell) and using galvanostatic electrochemical impedance
spectroscopy (EIS) using a Gamry 3000 AE8 channel potentiostat
over frequency range of 1 MHz to 1 Hz with a current perturbation of
0.1 mA. The ky, measurements were carried out in a temperature-
controlled gravity oven in the temperature range of 100—250 °C. The
cross-sectional area of the membrane samples was 1 X 3 cm® The &y,
of the membrane samples was calculated using eq 8:

L
T RXDXW (8)

where L (cm) is the distance between the electrodes, R (Q) is the
resistance of the membrane, D (cm) is the thickness of the membrane,
and W (cm) is the width of the membrane.

Through-plane ky, measurements were carried out in the 850 E
Scribner Associates, Inc. Fuel Cell Test Station. The EIS was
performed in the fuel cell over the frequency range of 1 kHz to 0.1 Hz
with a current perturbation of 0.1 mA. The kg, of the membrane
samples was calculated using eq 9:

D
HFR X A )

where D (cm) is the thickness of the membrane, A (cm?) is the area
of the membrane electrode assembly (MEA), and HFR (Q-cm?) is
the high frequency resistance obtained from EIS plot.

2.6. Scanning Electron Microscopy. The microstructure of the
50:50 QPPSf—PBI membrane was studied using scanning electron
microscopy (SEM). The instrument settings were a back scattered
electron detector, working distance of 5.7 mm, and an accelerating
voltage of 10 keV. EDX spectra were collected in different regions
(PBI and QPPSf) of the electron micrograph image. Sample
preparation for SEM entailed infiltrating the membrane with
chloroplatinate anions (PtCly~) by immersing the membrane sample
in potassium chloroplatinate (1 M K,PtClg in DI water) for 3 h
followed by rinsing with excessive water to remove K,PtCly from PBI.
Because this salt solution contains no acid, the PBI is not protonated
and does not pair with PtCls".

2.7. Microwave Dielectric Spectroscopy. The relative
permittivity properties of PBI, QPPSf, and their blends with and
without H;PO, were characterized from 0.045 to 26.5 GHz using a
calibrated Keysight N9928A Vector Network Analyzer (VNA).*®
Membrane samples were cut into rectangular-shaped strips that were
approximately 0.5 cm wide. These strips were wrapped around the
center conductor of a 3.5 mm diameter and 5 cm long coaxial
transmission line, which acted as the sample holder, until enough
sample was wrapped to fill the annular space between the conductor
and the wall of the transmission line. The VNA transmits
electromagnetic radiation through the sample holder and measures
the intensity of the signal that is either transmitted or reflected by the
sample. These measurements were recorded as frequency-dependent
S-parameters. These S-parameters are related to the relative complex
permittivity, &*, of the sample.””*® The real part of e* is the
frequency-dependent relative permittivity, &', which at low frequency,
is often interpreted as the dielectric constant of the material.*>>’

2.8. Assessment of Thermal Stability. The thermal stabilities of
the membranes PBL, QPPSf, and QPPSf—PBI 50:50 were assessed via
five different methods. The first method examined thermal stability
cycling by placing the membrane sample in the Bekktech conductivity
cell in the gravity oven followed by ramping up the temperature from
100—250 °C. Individual temperature points were held while
performing an EIS measurement. After carrying out the EIS at 250
°C, the oven was cooled to 100 °C and then reheated to 250 °C using
the same ramp up and temperature hold (during EIS measurement)
protocol. The results from the EIS were used to compute the xy,. The
goal was to perform three cycles to assess conductivity losses for PBI,
QPPSf, and 50:50 QPPSf—PBI membrane. However, the PBI and
QPPSf did not survive the first heating cycle.
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Scheme 1. Method to Prepare QPPSf—PBI Membrane and Ionomer Electrode Binder Blends That Provide Anhydrous, High
Temperature Proton Conduction
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The second thermal stability assessment monitored changes in Ky, then immersed in 85 wt % H;PO, for acid uptake. The acid retention
of 50:50 QPPSf—PBI at 220 °C for 96 h. This sample was only values of thermally treated QPPSf and 50:50 QPPSf—PBI were
evaluated because PBI and QPPSf were shown to be unstable once calculated. Furthermore, the ky, of thermally treated and untreated
the temperature of 200 °C was attained. (pristine) membranes doped with 85 wt % H;PO, were calculated at
The third stability assessment examined the changes in membrane 25 °C, 50 °C, and 100 °C.
weight for all the membrane samples when holding the samples at 220 2.9. Mechanical Properties. The stress—strain curves of the
°C for 48 h in a gravity oven. The change in membrane weight before membranes doped with H;PO, were measured using a INSTRON
and after the temperature hold was gravimetrically determined. 3365 (25 °C) and TA Instruments Dynamic Mechanical Analyzer
The fourth stability test investigated the membranes’ tolerance to operated in Tensile Test Mode (220 °C). The strain rate during the
humidity at 80 °C/40% RH. The changes in the membrane weight test was 2 mm min~". The measurements were carried out at 25 and
before the test and after the test were determined gravimetrically. For 220 °C in an ambient environment (~50% relative humidity). Prior
the test, the membrane sample was first placed in a Bekktech 4-point to the measurements, the membrane samples were equilibrated at 120
conductivity cell, which was then loaded into a Fuel Cell °C overnight to remove the water from the system. The time between
Technologies hardware setup plumbed to 850 E Scribner Fuel Cell doping the acid with membranes and performing the tensile test was
Test Stand to control the temperature and humidity of the membrane short enough to negate the humidity effect on the membranes.
sample. 2.10. Preparation of GDEs. Catalyst inks were first prepared by
The fifth and final thermal stability assessment performed TGA of mixing 0.2 g of carbon supported catalyst (37% Pt on high surface
50:50 QPPS{—PBI with and without doping with H;PO, under area carbon, Tanaka Kikinzoku International) with 1.715 g of QPPSf
nitrogen using Pyris 1 TGA (TA Instruments). The samples were ionomer solution dissolved in approximately 5.5 g of reagent alcohol.
initially heated to 100 °C and equilibrated at that temperature for 10 This catalyst ink gave the best fuel cell performance. The prepared ink
min. Then, the samples’ temperature was heated up to 700 °C at the was stirred for 10 min and sonicated for 30 min. The GDE was
rate of 10 °C min ~'. The change in weight of the sample was prepared by painting the ink on a carbon-based gas diffusion layer
monitored during the heating from 100 to 700 °C. (GDL) with an aerosolized spray gun (nitrogen gas). The active area
To understand the stability of quaternary pyridinium groups in of the resultant GDE was 5 cm”. The catalyst loading was determined
50:50 QPPSf—PBI, TGA of pristine QPPSf and 50:50 QPPS{—PBI gravimetrically by weighing the GDL prior to spray deposition and
was performed. Also, QPPSf and 50:50 QPPSf—PBI were thermally after depositing the catalyst layer and drying the electrode. The
treated at 220 °C for 48 h. These thermally treated membranes were catalyst loading was maintained as 0.5 mgp, cm ™ for each GDE (one
576 DOI: 10.1021/acsaem.9b01802
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used as the anode and the other as the cathode). The weight fraction
of the ionomer in the electrode layer was 30 wt %. The GDEs were
then immersed in 85 wt % H;PO, for 10 min. The short immersion
time was done to prevent excess H;PO, uptake in the electrodes that
causes poor mass transfer in the GDE layers. An alternative catalyst
ink was prepared in identical fashion except that CMPSf and PBI were
used in a 50:50 weight ratio of 1.715 g total and the solvent was
DMAc. After painting the catalyst ink onto the GDLs with this
formulation, the resultant GDEs were immersed in pyridine solution
(1 M in reagent alcohol) to convert the chloromethylated groups in
PSf to quaternary benzylpyridinium chloride groups. Then the
electrodes were immersed in H;PO, for acid uptake using the same
procedure.

2.11. MEA Fabrication and Fuel Cell Testing. For the fuel cell
tests, a MEA was prepared by placing the acid-doped QPPSf—PBI
50:50 blended membrane between two identical GDE’s that were
housed with rubber gaskets. The MEA was then sandwiched between
graphite serpentine flow fields and gold current collectors in a Fuel
Cell Technologies Hardware setup (5 cm® geometric area). The
assembled single-cell was plumbed to a 850 E Scribner Associates, Inc.
Fuel Cell Test Station. Then, a homemade fiberglass housing was
placed over the fuel cell hardware for insulation followed by heating
the cell to 220 °C (note: the insulation is required to stabilize the cell
temperature). Then, dry nitrogen was passed on the anode and
cathode side (note: the humidifier was bypassed for both gas feeds).
Then, nonhumidified H,/0,, H,—CO/0O,, or H,/air was passed into
the fuel cell at a minimum flow rate of 0.2 1 SLPM at a stoichiometric
ratio of 1.2X and 2X for the anode and cathode, respectively. 161 kPa
of back pressure (absolute pressure) was applied to both the anode
and cathode. The polarization curves were collected every 0.05 V by
holding the voltage for 1 min. The EIS was performed in the fuel cell
test stand over frequency range of 1 kHz to 0.1 Hz with a current
perturbation of 0.1 mA.

Stability tests were performed by continuous supply of dry H,/O,
for 2 h, followed by H,—CO/O, for 6 h, and then 18 h of dry H,/0O,.
The cell voltage was held to 0.4 V (T = 220 °C) during the 24 h
stability assessment. The polarization curves with dry H,/O, were
recorded before and after the stability tests. Furthermore, a longer
stability assessment was performed for the IT-PEMFC under a
different protocol as reported by Li et al.** In this protocol, the cell
was operated at a constant current at 0.2 A cm™ and no back pressure
was applied, and the IT-PEMFC stability was evaluated at different
temperatures over 116 h.

3. RESULTS AND DISCUSSION

3.1. Preparation of H;PO,-Doped 50:50 QPPSf—PBI
Membranes. Scheme 1 depicts the method to prepare the
PC—PBI blends that resulted in mechanically robust, free-
standing membranes. The scheme also illustrates a pathway to
yield stable solutions of chloromethylated Udel polysulfone
(CMPS{)—PB], of varying ratios, that can be further processed
into ionomer electrode binders. The chloromethyl groups in
CMPSf are converted into quaternary benzylpyridinium
cations (QPPSf) with a chloride counterion by immersing
the membrane or gas diffusion electrodes (GDEs) into 1 M
pyridine in reagent alcohol. Quaternary benzylpyridinium was
selected over quaternary benzyl trimethylammonium (or other
alkyl ammoniums) because its aromatic structure provides
greater oxidative stability.”” The polyaromatic backbone and
aromatic cation were employed to withstand the high
temperature environment of the cell. During fuel cell
operation, reactive oxygen species are generated at the cathode,
and these species spur polymer degradation (with the worst-
case scenario” " being at elevated temperatures, dry conditions,
and OCV).

To determine if CMPSf and PBI could cross-link while drop
casting and drying the mixed polymer solution, the prepared
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50:50 CMPSf—PBI membrane blend was immersed in DMAc,
DMSO, and NMP. The 50:50 CMPSf—PBI blend dissolved in
each one of the solvents (S wt %; see Figure S4). Furthermore,
the H;PO, doped 50:50 CMPSf—PBI membrane ky, and
thermal stability were compared against QPPSf—PBI (see
Figure SS). The 50:50 QPPSf—PBI displayed better acid
retention and higher xy, compared to 50:50 CMPS{—PBI
because it contained pyridinium moieties that promoted acid
retention. The retention of acid improved ky, — in particular
at higher temperatures. If the 50:50 CMPS{—PBI was cross-
linked, which could occur by the chloromethyl groups reacting
with benzimidazole,* it would contain tethered benzimidazo-
lium cation moieties that would retain acid and promote &y,
like 50:50 QPPS{—PBI. The fact that CMPS{—PBI was soluble
in the aforementioned solvents and that it has poor acid
retention and xy, when doped with H;PO, signified that
CMPSf and PBI were not cross-linked.

Different blends of PC—PBI membranes were prepared to
identify the composition that would yield the best ky,, while
also satisfying stability constraints at temperatures above 200
°C and in the presence of water. The data presented in
subsequent sections focuses on 50:50 QPPSf—PBI blend ratio
in relation to PBI and QPPSf alone because this ratio resulted
in the best membrane properties. The other blended
membrane ratios are presented in the Supporting Information.
Furthermore, all polymer notation for the remainder of this
report infers that the materials have been doped with H;PO,
(unless otherwise noted). It is important to note that blending
5 wt % QPPSf in DMAc with 5 wt % PBI in DMAc, at any
ratio during the preparation of the membranes, immediately
resulted in gelation.

3.2. H;PO, Uptake and per Base Moiety and IEC
Values. Table 1 reports the H;PO, uptake, H;PO, per base

Table 1. Physical and Mechanical Properties of H;PO,-
Doped PBI, QPPSf, and 50:50 QPPS{—PBI

Ultimate
H,;PO, IEC tensile Elongation
uptake  (mequiv nH;PO, strength at break
Sample (%) g B! (MPa)“ (%)
PBI 295 6.5 9.4 8.2 33
QPPSf 180 1.7 9.3 2.0 28
50:50 220 4.1 7.9 11.9 25
QPPS{—PBI

“Measurements conducted at ambient conditions: 25 °C and ~50%
relative humidity.

moiety (nH;PO, B™") in the membrane, and the ion-exchange
capacity (IEC) values for PBI, QPPSf, and 50:50 QPPSf—PBI
on a base moiety basis (IEC). Table S1 provides these values
for the QPPSf—PBI blends at other ratios. The IEC of QPPSf
in the chloride counterion form is 1.7 mequiv ~1 and for PBI
(ie., benzimidazole) it is 6.5 mequiv g~'.'”*° IEC values for
the blended membranes were found using weighted averages of
the individual IEC values of PBI and QPPSf. The IEC of 50:50
QPPSf—PBI blend was 4.1 mequiv g~ '. The H;PO, uptake of
QPPSf was 180%, whereas for PBI it was 295%. The higher
acid uptake of PBI was due to its higher IEC when compared
to QPPSt. The 50:50 QPPSf—PBI blend had a H;PO, uptake
of 220% and this corresponded to a 7.9 HyPO, B™". This value
was smaller than PBI (9.4 H;PO, B™!) and QPPSf (9.3 H,PO,
B™'). The 50:50 QPPSf—PBI blend had a smaller nH;PO, B™*
value because its IEC was 2.4X higher than pristine QPPSf, but
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its H;PO, uptake in relation to QPPS was only 1.2X greater.
The high value of the nH;PO, B™" for PBI was due to its large
acid uptake.

3.3. Mechanical Properties. Table 1 also reports the
tensile strength and elongation at break of the 50:50 QPPSf—
PBI, QPPSf, and PBI. Figure S6a and Table S1 show and
report the results from tensile test measurements of the other
QPPS{—PBI polymer blends at 25 °C. 50:50 QPPSf—PBI had
the highest mechanical strength among all the other blends.
However, the tensile test measurement of the 50:50 QPPSf—
PBI membrane at 220 °C (see Figure S6b) showed a
substantial loss in mechanical strength of the membrane
(from 11.9 MPa at 25 °C to 2 MPa at 220 °C). The excellent
mechanical strength of the 50:50 QPPS{—PBI blend at 25 °C
may be due to the phase separation of the different polymers at
the micron-size level that was observed via electron microscopy
(see Figure S7). The phase separation was substantiated by the
electron micrograph, and this phase separation explains why
the blended membranes have a slightly cloudy appearance to
them.

The tensile properties of the membranes will depend on the
amount of phosphoric acid present in the membranes in
addition to other factors such as temperature and humidity.
The variation of ultimate tensile strength with acid uptake (%)
of the membranes is shown in Figure S8. The mechanical
strength of the 50:50 QPPSf—PBI was the highest, and this was
attributed to the lower acid uptake of this membrane variant.
Improving the toughness of the membrane is important for IT-
PEMEFCs because the membrane can better tolerate back
pressure applied to the anode and/or the cathode without
concern of puncturing the membrane that would lead to
catastrophic cell behavior (e.g, mixed overpotentials).

3.4. ky, Conductivity and Microwave Dielectric
Spectroscopy. Proton conductivity, &y, is a critical
membrane property for the IT-PEMFCs because the ohmic
overpotential, for any fuel cell device, is linearly proportional to
the area-specific resistance, which is inversely proportional to
the proton conductivity (i.e., ASR = membrane thickness/xy, ).
At high current densities, a high ASR can severely compromise
IT-PEMFC efhiciency.

Figure la shows the anhydrous ky, of PBI, QPPSf, and
50:50 QPPSf—PBI from 25 to 240 °C. Figure S9 shows the
anhydrous kg, of the other QPPSf—PBI blends. A very high
Ky, value, near 0.3 S cm™!, was attained with the 50:50
QPPS{—PBI at 240 °C. Conversely, a commercially available
PBI membrane displayed about half the xy, (0.1 S cm™) at
180 °C in comparison to the 50:50 QPPSf—PBI blend.
Additionally, the PBI membrane experienced a drop in ky, at
temperatures above 180 °C and eventual complete loss xy,
when maintained at temperatures above 180 °C for a few
minutes. Similarly, QPPSf membrane gave a maximum ky, of
0.09 S cm™" at 200 °C (less than half of the 50:50 QPPSf—PBI
blend); and like PBI, QPPSf’s ky, severely deteriorated when
increasing the temperature to 200 °C. It is important to point
out that QPPSf swelled quite a bit during the H;PO,, imbibing
step, which occurred at 25 °C. Immersion of the QPPSf in 85
wt % H;PO, at 120 °C for one hour resulted in membrane
dissolution. Plus, the QPPSf had a significant mass uptake of
180% after immersing in 85 wt % H;PO, at 25 °C. Although a
lower IEC of QPPSf may curtail swelling when doping it with
H,;PO,, it will have the undesired consequence of lower &y,
values because of the smaller concentration of fixed jonic
groups along the polymer backbone. To ensure that the xy,
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Figure 1. (a) In-plane proton conductivity (ky,) for PBI, QPPSf, and
50:50 QPPSf—PBIL (Note: the error bars are very small in the traces.)
(b) Dielectric constant (¢’) for these samples as a function of
frequency.

values were not inflated due to residual H;PO, being present at
the membrane surface, the in-plane and through-plane &y,
values of the 50:50 QPPSf—PBI were compared (see Figure
S$10). The through-plane iy, is about 20% lower compared to
in-plane ky, due to contact resistances at the electrode—
electrolyte interface®® and the fact that the membrane may
have some anisotropy when it comes to proton conduction.

Figure S11 shows the activation enthalpy calculation plot for
QPPSf, PBI, and 50:50 QPPSf—PBI membranes. The
activation enthalpy and pre-exponential values are reported
in Table S2. It was observed that 50:50 QPPSf—PBI had the
highest activation enthalpy compared to PBI and QPPSf. This
might be due to the increased network frustration of protons in
the blended membrane and the condensation of phosgphoric
acid to pyrophosphoric acid at higher temperatures.”””

To better understand the proton conductivity properties of
the different membranes, the dielectric constant (¢’) of the
membranes was measured using microwave dielectric spec-
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Figure 2. Schematic representation of phosphoric acid diffusion in 50:50 QPPS{—PBI.

troscopy. Chang et al. used microwave dielectric spectroscopy
to examine the interplay of water content, ¢’, and ion sorption
in hydrated polymers.”” They reported that a fully hydrated
PFSA (Nafion) had a & near 20, and this value was
approximately a quarter of the value for water. Figure 1b
reports the & response of the membranes as a function of
frequency. Our analysis focused on the low frequency regime
of Figure 1b as the ion dipoles in this frequency range are in
phase with the microwave signal.30 The dielectric constant, €',
for PBI was nearly a factor of 2 greater than that of QPPSf.
Blending PBI into QPPSf at 50 to 70% caused an increase in
the &’ values, and the &’ values of those materials were close to
that of PBIL. The measured &’ was taken to be proportional to
the concentration of mobile ion dipoles in the polymer host,
which is a proxy for the quantity of mobile H;PO, groups
present. Figure S12 shows that the &’ values increase when the
membranes contain more H;PO,. Larger populations of
mobile H;PO, in the membrane help enable higher k, values.

Hydrogen bonding, structural proton diffusion, and
condensation of H;PO, to pyrophosphoric acid strongly
influence Ky, in H;PO, electrolytes at high temperatures.’”**
Plus, residual water present in the H;PO,-doped membranes
can compromise Ky SOOIt s important to note that PBI is a
strong Bronsted base and H;PO, protonates the nitrogen in
benzimidazole leading to a reduction in hydrogen bond
frustration and a lower ky, in comparison to neat phosphoric
acid.>*® In a PC host, the tethered cation cannot accept a
proton; thus, hydrogen bond frustration is higher for PC
doped with H;PO, than PBI doped with H;PO,. It would
seem that H;PO, -doped PCs are better suited for promoting
Ky, because they foster more hydrogen bonding frustration,
but it is important to consider that most anion exchange
membranes, which are used for these materials IT-PEMs when
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doped with H;PO,, have lower IEC values when compared to
PBI. Therefore, they tend to have smaller acid uptake values.
The reduction in acid uptake prevents attainment of large xy,
values despite greater hydrogen bonding frustration by the
polycation. It is important to note that ionic conductivity scales
linearly with the concentration of ionic charge carriers in the
electrolyte. By blending PC with PBI, a compromise was struck
as the PC promotes greater hydrogen bond frustration, while
the PBI yields greater H;PO, uptake.

Figure 2 shows the mechanism of ky, in QPPSf—PBI
membrane blends. The figure drawn was inspired by Dippel et
al.*" Because of iso-neutrality constraints, H,PO,” pairs with
the pyridinium cation in QPPSf leaving behind a free proton
that can shuttle along the excess H;PO, network through the
Grotthuss mechanism. However, the Bronsted base in PBI
interacts with the proton in H;PO, leaving no free protons
behind. This not only reduces the structural diffusion of
protons but also reduces the condensation of phosphoric acid.
This is one reason why PBI doped H;PO, cannot achieve the
same Ky, as neat H;PO,.”® Furthermore, higher temperatures
above 200 °C lead to condensation of H;PO, to pyrophos-
phoric acid.*" In the case of the QPPSf—PBI blend, increased
hydrogen network frustration and the formation of pyrophos-
phoric acid at elevated temperatures are believed to be the
reasons why high ky;, values are attained at temperatures above
180 °C. It is possible that the rate of H;PO, condensation to
pyrophosphoric acid may occur faster than evaporation of
excess H;PO, in the polymer host. Hence, the higher order
acid electrolyte is retained in the polymer blend matrix for
promoting ki, and why the blended material can have stability
at temperatures of 200 to 220 °C.

3.5. Thermal Stability, Water Resiliency, and Acid
Retention. A well-known challenge in IT-PEMFCs relates to
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Figure 3. (a) In-plane iy, for PBI, QPPSf, and PBI-QPPSf (50:50) blend during temperature cycling from 100—250 °C and 0% RH. For each
cycle temperature, the sample was brought back to 100 °C and increased back up to 250 °C. (b) In-plane ky, for QPPSf—PBI 50:50 for 96 h. (c)
Percentage weight loss of membranes at 220 °C/0% RH. (d) Percentage weight loss of membranes at 80 °C/40% RH. (Note: the error bars are

very small in the traces.)

their thermal stability and acid retention over time when
operating the cell above 180 °C. Moving to higher cell
temperatures can improve the redox kinetics in the IT-
PEMFC,”**” while also creating a larger temperature gradient
between the cell and external environment for heat rejection.
Figure 3a shows the loss in kg, for PBI, QPPSf, and 50:50
QPPSf—PBI membranes during three thermal cycles in the
temperature range of 100 to 250 °C. For the first cycle, the
temperature was ramped to 250 °C. At the end of that cycle,
the temperature was returned to 100 °C followed by ramping it
back up to 250 °C. 50:50 QPPS{—PBI experienced about 20%
drop in Ky, after the first cycle and retention of xy, into the
third cycle. PBI and QPPS{, on the other hand, ceased «y, after
the first thermal cycle. To further assess the thermal stability of
50:50 QPPSf—PBI membrane, k, was monitored at 220 °C
and 0% RH, a challenging condition, over a 96 h period (see
Figure 3b). Similar to Figure 3a, Figure 3b shows a 20% drop
in Ky, over 20 h followed by stable ky, of 0.24 S cm™ over the
next 76 h. At the challenging 220 °C temperature, it appears
that there is some excess H;PO, evaporation from the 50:50
QPPSf—PBI host. After that minor acid loss, this membrane
blend stabilizes and provides a high ki, of 240 mS cm™.
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To complement the ky, stability assessment of the
membranes, Figure 3c reports the weight loss of the PBI,
QPPSf, and 50:50 QPPSf—PBI at 220 °C up to 48 h. During
that time, PBI lost 36% of its weight within the first two hours,
whereas QPPSf and 50:50 QPPS{—PBI lost 15% and 7% of
their initial weight, respectively. At the end of the 48 h test,
PBI and QPPSf suffered 40% and 17% weight loss, while 50:50
QPPSf—PBI lost only 8% of its initial weight. The high acid
loss of PBI was due to the excess free acid evaporating from the
polymer. The total nH;PO, B™' retained after the 48 h stability
test at 220 °C for all the membrane samples is given in Table
2. The 50:50 QPPSf—PBI membrane had the lowest acid loss
per base. The high H;PO, retention at the end of the stability
test for 50:50 QPPSf—PBI indicates that this material can
provide excellent ky, at the temperature of 220 °C for
extended periods of time. Figure S13 reports the weight loss of
the other QPPSf—PBI polymer blends at 220 °C/0% RH for
48 h, and this figure conveys that the other polymer blends
only lose 17% to 20% of their initial weight during the thermal
stability test. This result indicates that the other polymer blend
membranes yield similar thermal stability to the QPPSf variant
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Table 2. nH;PO, B! values before and after Thermal and
Humidity Stability Tests for PBI, QPPSf, and 50:50
QPPSf—PBI

nH,PO, B™! (after nH;PO, B™! (after

nH;PO, 48 hours at 220 °C/ 48 hours at 80 °C/
Sample B~ (initial) 0% RH) 40% RH)
PBI 9.4 5.6 5.1
QPPSf 9.3 7.7 7.9
50:50 7.9 6.3 7.3
QPPSf—PBI

and do not give the same level of stability as the 50:50 QPPSf—
PBI variant.

Because the TGA data (Figure S14a) showed quaternary
benzyl pyridinium groups in PSf starting to degrade at
temperatures >200 °C, it was decided to assess if the
quaternary benzyl pyridinium groups in the 50:50 QPPSf-
PBI blend and QPPSf membranes without acid were stable at
220 °C through another experimental method. Both pristine
QPPSf and 50:50 QPPSf—PBI membrane samples were
exposed to 220 °C for 48 h. After this thermal treatment,
the membranes were imbibed with H;PO, and the in-plane &y,
was measured at 25 °C, 50 °C, and 100 °C. The in-plane &y,
values of these membranes after thermal treatment were
compared against existing data sets of the membranes not
exposed to 220 °C for 48 h. Figure S15 demonstrates that the
50:50 QPPS{—PBI blend had much better thermal stability
over QPPSf by itself. 50:50 QPPSf—PBI lost just 10% of its
initial weight, whereas QPPSf lost 22% of its initial weight after
the thermal treatment, which is directly depicted in their in-
plane ky, of these membrane samples, where QPPSf lost its
entire initial ky,, whereas 50:50 QPPSf—PBI retained 98% of
its initial Kpy,.

From Figures 3a—c, it is evident that the 50:50 QPPSf—PBI
displayed reasonably good thermal stability at 220 °C in terms
of acid retention and kyy,. Furthermore, the TGA data (Figure
S14) and weight loss data of pristine 50:50 QPPSf—PBI
compared against pristine QPPSf (Figure S1S) support that
the 50:50 QPPSf—PBI membrane blend would be stable at the

fuel cell operating temperature of 220 °C for a few days. But
this temperature over a long period of time may cause slow
degradation of quaternary benzyl pyridinium. However, the
TGA indicates that temperatures at 200 °C or below would
ensure stability of the quaternary benzyl pyridinium group.
The excellent acid retention and ki, at 220 °C for 48 h was
attributed to the cationic group in the PC anchoring the
phosphate type anions preventing H;PO, evaporation which
occurs in PBI membranes. Additionally, there appears to be a
cooperative effect between PBI and QPPSf that prevents excess
swelling of the membrane when incorporating H;PO, that
results in enhanced thermal stability and improved «y,. Recall
that the QPPSS by itself swelled quite a bit when incorporating
H;PO,. Taking this membrane variant above 200 °C resulted
in further swelling and eventual dissolution. Another
consideration for the excellent acid retention of 50:50
QPPSf—PBI is due to the condensation of H;PO, to
pyrophosphoric acid at 220 °C.** These high molecular weight
acids are less volatile and cannot evaporate at 220 °C.
Finally, 50:50 QPPSf—PBI stability was assessed under the
condition of 80 °C and 40% relative humidity (RH) by placing
it in a BekkTech conductivity cell (4-point platinum probe
with PTFE housing) situated in fuel cell hardware under
humidity control (see Figure 3d). This condition was assessed
because it is desirable for the 50:50 QPPSf—PBI to be flexible
for fuel cell conditions at elevated temperatures and dry
conditions (220 °C and 0% RH) and lower temperatures with
moderate humidity (e.g., 80 °C and 40% RH).26 At the lower
temperature condition with humidity, it is known that water
can supplant H;PO, resulting in a kg, drop due to the loss of
electrolyte.”” Figure 3d shows that 50:50 QPPSf—PBI retained
93% of its weight over 48 h at 80 °C and 40% RH, while PBI
only retained 65% of its weight (i.e., a 35% weight loss). QPPSf
retained 82% of its weight. Similar to the thermal stability
results, the good stability at 80 °C and 40% RH for 50:50
QPPS{—PBI signifies that there is a synergistic effect between
PBI and the PC that assists H;PO, retention in the presence of
water vapor. Table 2 also gives the change in nH;PO, B™' for
the different membrane variants after the humidity stability
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Figure 4. (a) Fuel cell polarization curve with H,/0,, and H,—CO/O, with 50:50 QPPSf—PBI membrane with QPPSf GDEs (0.5 mgp, cm™2) at
220 °C/0% RH with 161 kPa of back pressure on both the anode and cathode. (b) Nyquist plots of $50:50 QPPSf—PBI membrane with QPPSf
electrodes at 220 °C/0% RH for H,/0, (closed circle) and H,—CO/O, (open circle).
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Figure S. (a) 24-h stability test for 50:50 QPPSf—PBI membrane with QPPSf GDEs under H,/O, and H,—CO/O, at 220 °C/0% RH with 161
kPa of back pressure. (b) Cell voltage (vs) time at 0.2 A cm™ for 50:50 QPPSf—PBI membrane with QPPSf ionomer binder at 180 °C, 200 °C,

and 220 °C under H,/0, and no back pressure.

test. Overall, 50:50 QPPSf—PBI shows excellent thermal
stability (up to 220 °C) and resilience in the presence of
water vapor (80 °C and 40% RH) making it a promising
candidate for IT-PEMFCs that can operate robustly under a
wide-range of temperatures and levels of humidification.

3.6. Fuel Cell Performance and CO Tolerance
Stability. Figure 4a gives the IT-PEMFC polarization curve
at 220 °C and 161 kPa of back pressure with 50:50 QPPSf—
PBI membrane featuring GDEs that use a QPPSf ionomer
binder and platinum (Pt) nanoparticle electrocatalyst deco-
rated on higher surface area carbon (0.5 mgp cm™). The
polarization behavior was examined initially for dry H,/O, and
H,/air (note: 3 independent MEAs were prepared with this
configuration and evaluated with H,/O, for repeatability—see
Figure S16). The peak power density value for H,/O, was 687
mW cm™>, and for H,/air it was 250 mW cm™> The H,/0,
values were competitive with the Los Alamos National
Laboratory peer-reviewed reports that showed 870 mW cm™
at 240 °C with a ceramic membrane and PC binder and 800
mW cm ™2 at 180 °C with a PC membrane and binder (note:
both of these demonstrations were with H,/0,).***° Using
electrochemical impedance spectroscopy (EIS; see Figure 4b),
the high frequency resistance (HFR) was 0.01 to 0.015 Q-cm*
at 220 °C signaling that the 50:50 QPPSf—PBI membrane can
withstand a high current density with a small ohmic
overpotential. For example, 20 mV ohmic overpotential
would occur if the cell was operated near 2 A cm™?, which
in this case was near the peak power density for this H,/O,
demonstration. However, the peak power density occurred
near 0.3 to 0.35 V showing about 600 mV of polarization.
Figure 4b demonstrates a 0.05 Q-cm” to 0.075 Q-cm? charge-
transfer resistance when operating the cell at different current
density values. These values are substantially higher than the
HFR (due to ohmic resistances) in the cell and highlight that
the IT-PEMFC needs some improvement with regard to
electrode kinetics as the ohmic resistance has been minimized.
A drawback to H;PO, doped polymers for IT-PEMFCs is
phosphate type anion adsorption to electrocatalyst surfaces
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that block sites for reactant adsorption and hindering reaction
kinetics.*>**

Another important consideration for H;PO,-doped MEAs
for IT-PEMFCs is that significant mass transfer resistances
could occur if too much H;PO, is present in the electrode
layers. The liquid acid can flood the electrodes resulting in
hindered reactant delivery to the electrode surfaces and
compromised IT-PEMFC performance. Figure S17 shows a
polarization curve using 50:50 QPPSf—PBI membrane and
ionomer binder in the GDEs compared to 50:50 QPPS{—PBI
membrane and a QPPSf ionomer binder only in the GDE. This
material, 50:50 QPPSf—PBI, was shown to have greater H;PO,,
uptake over QPPSf (see Table 1). Because there is more
H;PO, uptake with 50:50 QPPS{—PBI, there is significant
mass transfer that hinders reactant delivery to the electro-
catalyst surface, and thus, a peak power density of 100 mW
cm™ was only attained. At the same temperature, QPPSf
ionomer binder shows better performance. Hence, removing
PBI from electrode reduces the mass transfer resistance in the
electrodes because there is less H;PO, present that obfuscates
delivery of reactant gas.

Figure S18a directly compares the fuel cell performance of
an IT-PEMFC with different membrane separators: 50:50
QPPS{—PBI, PBI, and QPPSf membranes. This comparison
was carried out at 180 °C and no back pressure to make sure
the membranes were stable for attaining polarization curves.
Figure S18a clearly shows that the 50:50 QPPSf—PBI
membrane blend gave superior performance over the other
membrane separators. It is important to note the MEAs for the
50:50 QPPSf—PBI and QPPSf demonstrations used QPPSf
ionomer as the electrode binder. The PBI demonstration used
PBI as the electrode ionomer binder. The 2.5X higher power
density for the 50:50 QPPSf—PBI blend membrane separator
was attributed to its higher ionic conductivity resulting in a
lower ohmic drop. The higher ionic conductivity was
substantiated by the lower HFR of 50:50 QPPS{—PBI
membrane observed in Figure S18b from EIS experiments
during the IT-PEMFC tests (note: the membrane thicknesses
for each of these fuel cell runs ranged from 36 to 42 pm, and
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hence, it is the conductivity of the membrane and not
membrane thickness for influencing the HFR).

Figure S19 depicts the IT-PEMFC performance at different
temperatures. These polarization curves are iR corrected and
show that the redox kinetics are increasing when moving the
cell to higher temperatures, which is another reason justifying
higher temperature operation. Our future plans to improve the
performance of IT-PEMFCs with the 50:50 QPPSf—PBI
membrane will pursue tethered phosphonic acid groups to
polymer backbones for the electrode ionomer binder used in
electrode layers. Tethering the phosphonate groups to the
polymer chain will reduce phosphate type anion adsorption to
the electrocatalyst surface. Plus, there will be no need for
doping H;PO, into the electrode that causes liquid layers that
block reactant delivery. The CMPSf used in this report can be
converted into phosphonated polymers using established
procedures in the literature.*>~*

As previously mentioned, IT-PEMFCs can tolerate CO in
the H, fuel stream and thus enable the use of low cost H, fuel.
Hence, an IT-PEMFC demonstration was carried out with a
blend of 75% H, and 25% CO as the fuel (see Figure 4a). The
peak power density for H,—CO/O, was 440 mW cm™>. Figure
4b compares the Nyquist plots for H,/O, and H,—CO/O,. It
is clear from this figure that the charge-transfer kinetics
increase by almost a factor of 2 resulting in the near 35% drop
in fuel cell performance. CO present in the fuel stream dilutes
the hydrogen reactant in addition to blocking the platinum
catalyst surface. It is important to note that the HFR for the
H,—CO/0, was about the same (10 to 15 mQ-cm?) as H,/O,
indicating that the CO did not impact the membrane’s
resistance.

Finally, a 24-h stability evaluation was performed for the IT-
PEMEFC with a 0.4 V voltage hold and monitoring cell current
density at 220 °C and 0% RH (see Figure Sa). During the
stability assessment, the cell was originally operated on H,/O,
for 2 h, then switched to H,—CO/O, for 6 h, and then
switched back to H,/O, for 16 h. Because of dynamic shifts in
the cell, the IT-PEMFC current density always dropped
quickly when switching the fuel, but then the cell was stable for
several hours showing no decay in the current density at 0.4 V.
More importantly, the cell almost completely recovered its
original current density when switching back to H,/O,
indicating that the adsorbed CO on the electrocatalyst surface
could be desorbed when pure H, was present in the anode. At
the end of 24 h stability test, which featured exposure to CO,
the polarization curve for H,/O, was collected and it was
within 95% of the original polarization curve collected with
H,/0,) (see Figure S20). A drop in OCV was observed after
the stability test. To understand the OCV drop, the hydrogen
crossover at 220 °C was measured before and after the stability
(see Figure S21). The difference in hydrogen crossover before
and after the stability test was about 0.5 mA cm™” indicating
mixed overpotentials could not be the reason for the drop in
the OCV. The drop in OCV after the 24 h stability assessment
may be due to some residual carbon monoxide still being
present in the IT-PEMFC.

Furthermore, a longer stability assessment was performed
for the IT-PEMFC under a different protocol as reported by Li
et al.”* In this protocol, the cell was operated at a constant
current at 0.2 A cm™” and no back pressure was applied, and
we evaluated the IT-PEMFC stability at different temperatures
over 116 h. Before discussing these results, it is important to
note that the IT-PEMFC with the 50:50 QPPSf—PBI
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membrane blend failed at 32 h at 0.2 A cm™2 at 220 °C and
161 kPa of back pressure. Because of this failure, which was
related to the blended membrane breaking, it was decided to
reassess stability at lower temperatures and no back pressures.
Figure 5b shows that the 50:50 QPPSf—PBI membrane blend
was stable for 48 h at 180 °C followed by 36 h of stability at
200 °C. Then, the cell temperature was raised to 220 °C and
the cell failed after an additional 32 h—which was similar to
the time it took for the cell to fail in the previous stability
assessment. From our tensile test results, we observed that the
50:50 QPPS{—PBI membrane blend experienced a significant
drop in mechanical strength when increasing the temperature
to 220 °C (11.9 MPa at break to 1.8 MPa at break—see Figure
S6b). Our future wok will look to overcome the membrane
mechanical integrity failure mode for improving IT-PEMFC
stability.

In summary, these experiments highlight the following
salient points: (i) The 50:50 QPPSf—PBI can sustain a high
current density with low polarization, and IT-PEMFC
performance is currently limited by reaction kinetics. (ii)
The IT-PEMFC can operate with reasonable power density
when changing the anode feed composition to 75% H, and
25% CO (indicating reformate or syn gas can power the cell
potentially). (iii) The QPPSf ionomer binder and 50:50
QPPS{—PBI PEM are stable within the cell at 220 °C up to 30
h with oxygen as the oxidant and over 80 h at 180 °C. (iv) The
cell can recover its original performance when switching from
H,—CO fuel back to H, fuel showing that the CO adsorption
effect is reversible.

4. CONCLUSION

A series of PC and PBI blends were successfully developed,
and the 50:50 weight ratio of the blend showed exceptional in-
plane kyy, of 0.2 to 0.3 S cm™ in the temperature range of 200
to 240 °C, while also displaying good mechanical properties
(11.9 MPa at break) and thermal stability at 220 °C (less than
10% weight loss over 48 h). The excellent ky, of the 50:50
QPPSf—PBI was attributed to the PC promoting greater
hydrogen bonding frustration and the PBI facilitating higher
H;PO, uptakes and a larger ¢. The 50:50 QPPS{—PBI
membrane and QPPSf ionomer binder in GDEs gave a
competitive power density of 680 mW cm™* with H,/O, at
220 °C, and it also enabled fuel cell performance with H,—CO
fuel (25% CO) — signaling that the IT-PEMFC with this class
of materials is capable of running on H, from SRM.
Additionally, this IT-PEMFC demonstration was carried out
with an all-polymer MEA that is conducive to scalable
manufacturing processes (e.g,, roll-to-roll). It is important to
note that the new materials displayed stability in the IT-
PEMEC for about 30 h at the challenging temperature of 220
°C and that the fuel cell performance could be recovered when
switching back to H, fuel from H,—CO fuel. However, 50:50
membrane blend was shown to mechanically fail in the fuel cell
at 220 °C when hitting 30 h of operation. Additional stability
tests revealed that cell stability could be achieved over 80 h by
operating the fuel cell at a lower temperature of 180 °C.
Impedance analysis revealed that the low-resistant membranes
can withstand a high current. Future efforts will focus on
ionomer binder development for IT-PEMFCs to overcome
mass transfer resistances and to make the membrane blends
mechanically stable at higher temperatures (e.g., 220 °C) for
longer periods of time.
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