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Performance of High Temperature Polymer Electrolyte
Membrane Fuel Cells as a Function of Polybenzimidazole

Membrane Modification

Julia Muller-Hilstede,* Dana Schonvogel, Julian Busselmann, Jorg Belack, Jurica Vidakovic,
Md Raziun B. Mamtaz, Quentin Meyer, Chuan Zhao, and Peter Wagner

Polymer electrolyte membranes (PEM) of high-temperature PEM
fuel cells (HT-PEMFC) are commonly based on phosphoric acid-
doped polybenzimidazole (PBI). However, these membranes suf-
fer from acid leaching and limited mechanical stability. In this
study, five different PBI membrane modifications, including inor-
ganic fillers (SiC, SisN,4, SiO,), crosslinking, and high-solid content,
are explored to increase the solid content of the membranes (up
to 18 wt%), which could potentially increase mechanical stability.
All modifications are based on the industrial fabrication process
of the commercial Celtec-P membrane to enable direct compari-
son in HT-PEMFC. HT-PEMFC testing reveal comparable

1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are part of a
renewable energy supply and provide energy conversion based
on hydrogen. High temperature PEM fuel cells (HT-PEMFCs) are
operated at an enhanced temperature of around 120-200 °C,
which simplifies water and heat management and increases tol-
erances toward fuel contaminants (e.g., CO and H,S)."? Thereby,
HT-PEMFCs are highly attractive toward the direct use of refor-
mate from streams such as methanol or natural gas.” However,
HT-PEMFCs still have many challenges to overcome for a longer
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performance to the Celtec standard when incorporating SiC par-
ticles with lower membrane resistance. Lowest performance is
found for crosslinked and high-solid-based membrane electrode
assembly (MEA), which is traced back to acid leaching and
increased proton transport resistances. The evaluation of perfor-
mance under operation with reformate reveal no beneficial effect
of the membrane modification. This study helps to implement
novel HT-PEM candidates in the industrial fabrication process
and provides direct comparison to the already commercialized
Celtec technology regarding MEA performances and stabilities.

lifetime and higher performance. With a look to the membrane,
the commonly used phosphoric acid (PA)-doped polybenzimida-
zole (PBI) membrane suffers from i) acid leaching, ii) reduced
mechanical strength with increased PA doping and creep,
iii) reduced proton conductivity with increased temperatures
due to water evaporation and condensation of the PA after pro-
longed operations in HT-PEMFCs.">*

Several membrane optimization strategies have been
explored to increase the acid doping amount to enhance perfor-
mance while maintaining stability and minimizing creeping by
increasing the molecular weight of the polymer or the solid con-
tent. This includes ionic and covalent crosslinking and the addi-
tion of filler materials.2¥ Ozdemir et al. compared four different
crosslinkers for PBI, namely diglycidyl ether (BADGE), ethylene
glycol diglycidyl ether (EGDE), a-a’-dibromo-p-xylene (DBpX), and
terephthalaldehyde (TPA)." They found the best performance for
the PBI/BADGE with a peak power density of 0.12 W cm™2 (H./air,
2.5 bar), although 40% lower proton conductivity at 165 °C com-
pared to PBI was found, but 14% higher acid retention.™

Regarding inorganic additives, SiO,,>® imidazole-functionalized
silica,” SiC® metal organic frameworks like ZIF-8 or ZIF-67,*
Ui0-66,"" carbon nanotubes'" graphene oxide,'? or TiO,"
were used as fillers or crosslinkers. Incorporation of SiO, particles
can enhance the acid retention through their hygroscopic char-
acter.'¥ Devrim et al. showed that the introduction of SiO, into
PBI leads to a 13% higher proton conductivity at 165 °C and 13%
lower acid leaching compared to PBI. Moreover, a slightly higher
power density of 0.24 W cm~2 compared to PBI (0.20 W cm ™2 at
165 °C (Hy/air, 1.5/2.5) was reported. SiC particles are chemically
stable under HT-PEMFC conditions and have high strength and
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stiffness, which can enhance the mechanical stability of HT-
PEM.®">I Our previous study showed that the use of SiC as filler
in PBI membrane with two different particle diameters (<1 and
2 um) results in a higher power density at 1.0 Acm™2 (H,/O,) by
up to 5% (657 and 646 mW cm2) than commercial Celtec mem-
brane electrode assembly (MEAs) (624 and 615mWcm™2).
Moreover, a lower cell degradation rate over a load-cycling test
between 0.6 and 1.0 Acm~2 for 1,000 h (—3 and 63 uV h~" for SiC
MEA vs. =101 and —243 pV h™' for reference MEA at 0.6 A) was
observed as well as lower ohmic resistance, better acid retention,
and less membrane creeping.” Similar to SiC, Si;N, particles have
comparable properties with lower wear resistance but higher
flexural strength."® However, their incorporation into HT-PEM
has not been reported so far.

There is a very large number of studies on PBI membrane
modifications showing increased HT-PEMFC performances for
the modifications compared to a PBI reference.”*®' However, most
studies are based on home-made PBI references with lower per-
formances to state-of-the-art HT-PEM MEAs and show no compar-
ison to commercial MEAs like Celtec and realistic operation
conditions by using reformates. This study provides the HT-PEM
single cell operation of MEAs with differently modified polyben-
zimidazole (PBl) membranes based on Celtec and reveals success
and failure in typical PBI modification strategies alike. This
includes a crosslinked membrane, addition of the inorganic fillers
SiO,, SiC, and SizsN, and an MEA with higher solid content by a
factor of 4 compared to the standard Celtec membrane. High
comparability of all tested MEAs is given by identical MEA fabri-
cation and cell operation parameters to observe the PBI mem-
brane effect. Along with cell operations using H,/O,, H,/air,
and reformate/air, polarization curves, cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS) give insights
into MEA properties and behavior under HT-PEMFC conditions.

2. Experimental Section
2.1. Membrane

For the fabrication of Celtec-P and novel membranes, the pat-
ented polyphosphoric acid (PPA) process by BASF Catalysts
GmbH (Germany) was used.®! As starting material for the novel
membranes, the PBI solution from Celtec-P production was used.

2.2. Membranes with Inorganic Filler

As filler materials, SiC, SisN,, and SiO, with mean particle diam-
eters <10 um were used. The synthesis for all filler membranes
was analogous to our study published previously.® A solution
of polyphosphoric acid (PPA) with a PBI content of =2.5wt%
was held at 140 °C for 1 h, and phosphoric acid was added drop-
wise to adjust the viscosity. Then, 2 wt% of inorganic filler was
added to the diluted solution, followed by heating to 160 °C
and holding that temperature for 1 h. The resulting polymer sus-
pension was cast onto a clean glass plate, and the obtained
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membrane was hydrolyzed in a bath with phosphoric acid
(=50 wt%) for 24 h.

2.3. High Solid Membrane

Isophthalic acid (IPA), terephthalic acid (TPA), and 3’,4,4'-
tetraaminobiphenyl (TAB) in a molar ratio of 0.125:0.875:1 were
mixed under an inert atmosphere. 10 wt% of the monomer mix-
ture was added to 666 mL of PPA under stirring in an inert gas
atmosphere, followed by the addition of 333 mL of PPA and stir-
ring for 1 h. Then, the mixture was heated in a temperature ramp
up to 195 °C in 7 h. Afterward, the suspension was cooled down
to 170 °C for 1 h with simultaneous addition of 120 mL phospho-
ric acid (25 wt%), followed by evacuation and ventilation with N,.
The polymer solution was then cast onto a cleaned glass plate.

2.4. Crosslinked Membrane

Ortho phosphoric acid (85wt%) and glutaraldehyde solution
(50 wt% in water) were mixed to get a 1wt% glutaraldehyde
solution. The solution was heated up to 70°C, and a common
Celtec-P membrane was inserted for 1 h for crosslinking. Then,
the membrane was put between two glass plates and put in an
oven at 160 °C for 30 min, followed by insertion in 50 wt% PA at
room temperature overnight.

2.5. Membrane Electrode Assembly

MEAs with an active area of 20.25 cm? were prepared based on
the Celtec-P technology. The components are Celtec-P or modi-
fied membranes and gas diffusion electrodes (GDE) on the cath-
ode and anode side with woven gas diffusion layers with
microporous layer with a total Pt loading of 1.8 mgp.cm=20'7
The cathode consists of platinum alloy, while the anode consists
of platinum. All tested MEAs were fabricated similarly to maximize
the comparability of experimental results and to make the effects
of the modified membranes visible.

2.6. Test Procedure and Electrochemical Characterization

The test bench C1000 LT from HORIBA FuelCon GmbH (Germany)
was used to operate the HT-PEMFC single cells. For MEA tests,
a cell fixture (cF25/100) graphite-compound flow fields with
a five-fold serpentine structure and a compression unit from
balticFuelCells GmbH (Germany) were used, equipped with
CMD V1.1 unit from balticFuelCells. The test procedure was kept
the same to ensure comparable experimental results. The cell
compression was 0.75 MPa for the whole test duration without
applying backpressure. The cell was heated up to 120 °C under
a nitrogen supply on the cathode and anode. Then, the dry reac-
tion gases (H,/air) were supplied with a stoichiometry of 1.5/2.0,
and the electrical load was switched on simultaneously to slowly
increase the applied current density up to 0.3 A cm™2 After that,
the cell was further heated to 160 °C to start the break-in for at
least 48 h at constant load. To compare cell performances and
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behavior using different MEA types, an electrochemical character-
ization was carried out. Therefore, the test bench was used in
combination with the potentiostat Modulab 2100 A from Solartron
Analytical (UK). First, a polarization curve under Hy/air (1.5/2.0) was
recorded with a minimum voltage of 0.2 V and a maximum current
density limit of 2 Acm™2 The step size was 0.5 A using a holding
time of 30 s per step. In the next step, electrochemical impedance
spectra (EIS) were recorded at current densities of 0.03,0.1,0.2,0.3,
and 0.4 Acm? with a frequency range of 100 kHz to 100 mHz.
Afterward, a similar procedure was carried out under reaction
gases of H,/O, (1.5/9.5) and reformate/air (H, 1.5/2.0), respectively.
The reformate contains dry gases with 68% H,, 22% CO,, 9% N,
and 1% CO. Last, the anode and cathode gas supply were switched
to H,/N, with constant flow rates of 0.1 Lmin~', and the load was
turned off. After 10 min, seven cyclic voltammograms were
recorded between 0.05 — and 1.0 Vg With a scan rate of 100 mVs~".
The flow rates were increased to 0.3 L min~', and linear sweep vol-
tammetry was recorded between 0.19 and 0.50 Vg with a scan rate
of 2mVs™". For electrochemical active area (ECSA) analysis, the
hydrogen underpotential deposition (HUPD) with the signal of
H-oxidation/desorption was used. Equation (1) with the oxidation
charge Qp, of HUPD, the scan rate v during CV, the charge density
p of 2.1 Cmp, 2, and the mass of platinum Lp, served for ECSA cal-
culation.

Q.

ECSA=——"—
9 -p - Ly

m

The EIS data were further processed by distribution of relax-
ation times analysis (DRT) using Equation (2), including the ohmic
resistance R.., the polarization resistance R, the DRT function g,
the frequency f, and the relaxation time z.['®

Z(f) = RN + Rp0|/%d'[ (2)
0

The DRT function was calculated with DRT tools developed by
the Ciucci group and a regularization parameter of 103, This was
chosen to have a trade-off between low residuals, selectivity, and
minimal oscillations for PEMFC. The Gaussian method of discre-
tization was utilized with a first-order regularization. DRT data
were extracted by the use of the Python scipy library and the
AIC function from DRT tools to associate impedances with differ-
ent electrochemical processes. The peak separation and evalua-
tion were carried out by identifying an initial set of peaks, and a
vector dataset was created based on these initial peaks. By pri-
oritizing the higher peak heights, a Gaussian fitting was done, and
an iterative loop was created through the difference between the
fitted data and the output data. The difference was minimized to
107%. The area under the curve was integrated and validated with
a composite trapezoidal rule.

2.7. Physical Characterization

Thermogravimetric analysis (TGA) of pristine membranes was car-
ried out using TGA 4000 (PerkinElmer) with N, flow rate of
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40 mL min~". The temperature program started with 15 min hold
at 25 °C, followed by heating from 25 to 100 °C with 10°C min™",
holding at 100 °C for 30 min, and then heating from 100 to 900 °C
with 10°Cmin .

Titration experiments were used to determine the phosphoric
acid content of the tested MEAs in comparison with fresh MEAs
from the same fabrication batch. MEAs were removed from the
cell after finishing HT-PEMFC operation and immediately pre-
pared for titration experiments by punching out samples with
diameters of 8 mm. These samples were measured for thickness
and weight. Then, they were put into beaker glasses filled with
70 mL of deionized water and 30 mL of acetone and stirred for
30min at room temperature. The solution was titrated with
0.1 mol L™" sodium hydroxide using the TA 20 plus device from
SI Analytics GmbH (Germany).

lon chromatography (IC) was used for the analysis of the
product water toward phosphate concentration, which was
collected during measurements, cooling traps located directly
behind the gas outlets, and analyzed after the measurement.
The 850 Professional IC from Metrohm AG (Switzerland) was used.
A calibration curve with phosphate concentrations of 0.2, 0.75,
1.5, 3, 5, 8mgL " was prepared using a standard solution with
1000 mg L' in water (Fluka). A Metrosep A Supp 5—150/4.0
column and a mixture of 3.6 mmolL™" sodium carbonate and
1.0 mmol L™ sodium hydrogen phosphate were used.

Scanning electron microscopy (SEM) was performed for
tested MEAs using JEOL IT800 (Germany) equipped with JEOL
energy dispersive X-ray spectroscopy (EDS), detector. For prepa-
ration of MEA cross sections, a small piece of MEA was cut out and
assembled between two polystyrene sheets, followed by addition
of small amount of acetone on top of the sheets to shrink the
sheets and fix the MEA. Then the MEA-polystyrene composite
was broken by hammer blow to get a uniform cross-section
and fixed with carbon tape on a SEM sample holder.

3. Results and Discussion

Five membranes were fabricated and compared with the Celtec-P
membrane (Reference), by exploring high-solid PBI (HS), cross-
linked PBI (CL), and inorganic fillers (SiC, SizN,, and SiO,). The cor-
responding labeling, as well as the initial membrane thickness
after fabrication, and the solid contents, are given in Table 1.
The SiC membrane has a comparable thickness to the reference
(Celtec P), while the other membrane modifications are 30 to
43 um thinner. The variation in the thickness results, on the one
hand, from manual casting, and on the other hand, from the
different viscosities of the solution. However, in an automated
process, thicknesses between 250 and 450 um and a variation
of £20 um are common. In the case of the HS membrane, the
solid content is increased by a factor of 3.7. A further increase in
solid content was not explored as the viscosity would be too high
to implement this membrane type into the Celtec-based produc-
tion process and was therefore less industrially relevant.

For the CL and IF membranes, slightly higher solid contents
by afactor of 1.3-1.5 compared to the reference are found. The
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Table 1. Labeling of tested MEAs based on Celtec technology and MEAs were fabricated with the modified PBI membranes
membrane thickness after fabrication and solid content. using similar Celtec-based assembling and electrodes, followed
Membrane and Specification Membrane  Solid content in by HT-PEMFC operation at 160°C and ambient pressure.
MEA labeling thickness after membrane/wt% Different behaviors are observed during the break-in of the

fabrication/um MEAs at a constant current density of 0.3Acm™2 in the volt-
Reference Celtec P 360-440 =5 age/time plots in Figure 1a). While the reference and CL have
HS High solid PBI 317 183 a small increase in voltage by 13 and 11 mV during the first
cL Crosslinked PBI 321 7.7 65 h of operation, the voltage of the other MEAs decreases in the
IF SiC Inorganic filler SiC 360 7.0 following order: IF_SiC (-4 mV) < IF_Si3N4 (-14 mV) < IF_SiO2
IF_Si3N4 Inorganic filler SisN, 325 6.4 (—26 mV) < HS (—60 mV). A drastic voltage decay of the HS
IF_si02 Inorganic filler Si0, 330 63 MEA was notably observed within the first 24 h of operation, fol-

filler content was fixed to 2 wt%, as with higher contents, the
processing using the Celtec production process, e.g., viscosity
and homogeneity, was not given anymore.

Further analysis of thermal stability by TGA of all membranes
(see Figure S1 in the Supporting Information) showed stable
behavior at 160 °C for all membranes and no impact of modifi-
cation on the thermal degradation of the PBI, commonly starting
above 500 °C.l"" For the HS membrane, less water desorption at
around 100 °C was observed (=25 wt% loss) compared to the
other membranes (around 40 wt% loss).

@) e

S —

06 _M
—s=— Reference —v—|F_SiC

——HS IF_Si3N4
—a—CL ——IF_Si02

0.5-\

u/v

lowed by stabilization. This indicates that irreversible processes
occur during the break-in of this MEA. Possible reasons could
be an initial acid redistribution from the membrane to the elec-
trode or acid leaching, which will be checked by titration later
(Figure 6a), pin-hole formation, which would be indicated by
low open circuit voltage Table 2), or mechanical collapse. An
abrupt mechanical collapse can be excluded by evaluation of the
thickness changes of MEAs during break-in (see Figure S2 in the
Supporting Information). A reduction of MEA thickness is moni-
tored over the whole break-in for all MEAs, independent of mod-
ification. No significantly higher thinning is observed for HS MEA.
However, for the tested HS MEA polymeric residues after the cell

(b)

P/Wcm?

2
(d) j/Acm
0.6 , ' ' l ' 0.6
1.0- .
L0.5 Reformate/Air L0.5
0.4 H0.4
5 5
0.3 = 0.3 =
Lo2 ™ Lo2 &
0.1 0.2+ 0.1
0.0 . . ; . 0.0 0.0l . . . . 0.0
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 16 2.0

il Acm?

Figure 1. Abbreviations according to Table 1, a) Voltage over time at a constant current density of 0.3 Acm™

air, and d) reformate/air operation.
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i/ Acm?

2, and polarization curves with b) H,/O,, ¢) H,/
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Table 2. OCV values and peak power densities determined from
polarization curves under different operation gases.

OCV/V Peak power density/W cm™2

H,/O, Hy/air reformate/air H,/O, H,/air reformate/air

Reference  1.01 0.97 0.98 1.033 0.543 0.388
HS 1.01 0.98 0.95 0.225 0.149 0.103
CL 1.02 097 0.98 0391 0.366 0.117
IF_SiC 099 095 0.95 1.039 0523 0.395
IF_Si3N4 098 093 0.94 0.998 0.521 0.307
IF_SiO2 098  0.93 0.93 0.769 0.384 0.228

test on the anode flow field are observed (see Figure S3 in the
Supporting Information). This was not the case for the other MEAs
and indicates chemical instability, e.g., partial dissolution of the
HS membrane.

The performance of the MEAs was first assessed in H,/O,,
H,/air, and reformate/air (Figure 1b-d) via polarizations. The open
circuit voltage (OCV) was monitored here, as it is affected by
hydrogen crossover through the membrane, electronic conduc-
tion of the membrane, and the catalyst layer. There, similar values
(0.93-1.02 V) are observed for all MEAs under all three gas setups
used, indicating no significant hydrogen crossover and excellent
membrane integrity (Table 2). Moreover, an impact of the electro-
des on OCV is not expected, since similar commercial electrodes
were used.

The H,/O, performance in terms of peak power density has
the following order: IF_SiC > Reference > IF_Si3N4 >> |F_Si02 >
CL>>HS (Table 2). Slightly higher performance of IF_SiC com-
pared to the reference under H,/O, operation was also observed
in our previous study.® Similar trends are observed in H,/air, with
the exception that the CL and IF_SiO, have comparable perform-
ances. While the performance of CL is less affected by the cath-
ode gas, with a decrease of peak power density by only
0.024 W cm™2 from O, to air, higher losses of peak power density
are found for the reference (-0.490 W cm™2), IF_SiC (-0.516 W cm™3),
IF_Si3N4 (—0.476 W cm~2) and IF_SiO2 (—0.386 W cm2). This indi-
cates more severe mass transport issues, which are not visible using
oxygen. In the case of CL, fewer mass transport challenges are
observed during H,/air. However, this might be due to the already
low performance and charge transfer limitations under oxygen
operation. This could be due to different acid distribution and avail-
ability in the CL MEA. The HS MEA still has the lowest performance,
which agrees with the drastic voltage drop during the break-in
phase (Figure 1a), indicating mechanical instability (see Figure S3
in the Supporting Information) or irreversible acid redistribution.

The performances were also investigated under reformate/air.
Operation with reformate, in general, can induce mass transport
limitations at the anode by dilution effect due to the presence of
CO and CO,, and mainly affects the anode catalyst in terms of
poisoning by CO, but can also cause crossover of CO through
the membrane to the cathode.”® While the IF_SiC and the refer-
ence show the best performances, IF_Si3N4 has significantly
lower performance, followed by IF_SiO,. This indicates an impact
of the reformate, in terms of anode poisoning and mass transport

ChemSusChem 2025, 18, e202501575 (5 of 11)

limitations. This effect might be more pronounced using SisN,
and SiO, as inorganic fillers compared to SiC. Furthermore, the
performance decay of CL MEA under reformate is significantly
higher compared to the other MEAs, so that the performance
is now nearly comparable to the low-performing HS MEA. This
indicates stronger problems toward mass transport limitations
and catalyst poisoning on the anode, which could be attributed
to the lowest acid concentration within MEA, which will be dis-
cussed later (Figure 6). A significant CO crossover is excluded for
all MEAs as the OCV values of H,/air and reformate/air are highly
comparable (Table 2).

To further elucidate the cause of the performance differences
under different fuels and oxidants, EIS data recorded at 0.3 A cm 2
in the ohmic-controlled region were analyzed. First, the ohmic
resistances, Ronm, Were determined from Nyquist plots (Figure 2).
Ronm is affected by proton conductivity, membrane, and electronic
resistances of electrodes.”"! Because the same electrode types
were used and the same compression, the differences in Ronm
are directly correlated to the ionic conductivity instead of electrical
conductivity, which is solely attributed to the differences in
membrane properties. The order for Ronm is independent of the
operational gases and is as follows (Figure 2d): IF_SiC and
IF_Si3N4 < reference < IF_SiO2 < CL < HS. A similar initial mem-
brane thickness of IF_SiC and the reference was observed in
Table 1, which does not explain the slightly lower Rop,,, (difference
of 0.01 Q cm?, 7%). In our previous study, we found that a lower
Ronm for IF_SiC can be attributed to enhanced proton conductivity
by better acid retention of excess phosphoric acid.® In case of
IF_Si3N4, a thinner initial membrane thickness was determined
(Table 1), which could result in lower membrane resistance and
thus lower Ronm. Although IF_SiO2, CL, and HS also have lower ini-
tial membrane thicknesses compared to the reference, they display
higher Ronm, showing higher membrane resistances. Thus, the
incorporation of SiO, and crosslinking leads to slightly higher resis-
tances compared to the reference. For the HS MEA, a 50% higher
membrane resistance compared to the reference is observed,
which shows the negative impact of the increased solid content
and possibly acid leaching, which might have occurred within
the first 24 h of operation (Figure 1a), leading to less proton con-
ductivity of the membrane. Moreover, a thicker membrane can
also contribute to higher R and was identified by SEM, which
will be discussed later and shown in Figure 7b).

The EIS results (Figure 2) were further analyzed using DRT to
identify the underlying processes, with peak deconvolution con-
ducted to extract the characteristic frequency and peak area
(Figure 3). The peak assignment was done according to Heinzman
et al.”? In case of H,/O, operation, one main peak attributed to the
ORR charge transfer kinetics was identified (100-10 Hz). For the
lower performing MEAs, HS, and CL, an additional proton transport
peak is also visible, which provides evidence of proton transport
limitations on anode and cathode sites, e.g., less acid availability.
Similar peaks are found in H,/air, with the addition of a low-
frequency O, diffusion peak indicating mass transport limitations
for all MEAs. This agrees with the decreased performance after
switching the cathode gas from O, to synthetic air in Figure 1b,c).
During reformate/air operation, next to HS and CL also small
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Figure 3. DRT plots from EIS data recorded at 0.3 Acm~2 with a) H,/O,, b) H./air, and c) reformate/air.

proton transport peaks are observed for IF_Si3N4 and IF_SiO2. This
points out the first difference of these MEAs to IF_SiC and the ref-
erence. To quantify the resistances and rates, the peak area corre-
sponding to the corresponding resistance and the peak position at
the center correlating to the rates were determined.

The ORR resistance Rogg from the H,/O, DRT data (Figure 4a)
is the lowest for the highest performing MEA IF_SiC (Figure 1b),
followed by IF_Si3N4 < reference < IF_SiO2 < CL < HS. Thus, a
direct correlation of Rogz With the performance under H,/O, is
observed. This indicates that the membrane properties impact

ChemSusChem 2025, 18, €202501575 (6 of 11)

the ORR kinetics in terms of acid availability and thus proton avail-
ability as well as phosphate adsorption at the active catalyst
sites,?>?% being best for the IF MEAs and reference. It seems that
for CL and HS, fewer protons are available for ORR, which is also
consistent with higher proton transport resistance for both MEAs
(Figure 3a). With a look at the ORR rates, the highest values are
found for the lowest performing MEAs and vice versa. As the ORR
peak is related to the kinetics, which follow the Butler-Volmer
equation, current density and potential have an impact on the
rates, e.g., higher current densities lead to faster kinetics.?*
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Because the EIS data were measured at a fixed current density of
0.3 Acm™2, differences in cell voltages were observed. This means
that for the low-performing MEAs, the EIS data are recorded at
similar current density but lower electrode potential, and thus,
higher overpotentials are present. This explains the higher ORR
rates but simultaneously higher resistances.

The DRT results in H,/air operation reveal different behaviors
compared with H,/O,. For the diffusion limitations, Ro,pisr lowest
value is found for IF_Si3N4, followed by IF_SiC < CL < reference <
IF_SiO2 < HS. Thus, the strong performance decay in the case of
the IF MEAs and reference between O, and air operation in
Figure 1b,c cannot be solely attributed to mass transport limita-
tions. A similar trend is observed for Rogg, With the exception that
the CL MEA has the lowest Rogg. This can explain comparable per-
formances of CL during H,/O, and H,/air operation in Figure 1b,c.
In consequence, the crosslinking leads to an MEA that is less
affected by cathode gas in terms of O, diffusion and ORR kinetics,
e.g., availability of protons. However, the overall lower perfor-
mance compared to the reference and IF_SiC and IF_Si3N4
MEAs can be traced back to proton transport resistances, which
are still present in contrast to IF and reference MEAs.

ChemSusChem 2025, 18, e202501575 (7 of 11)

For reformate/air, a similar trend to H./air operation is found
for Rorr and Ro.qis for reference and IF MEAs, but with higher val-
ues for HS and CL, which could possibly be due to effects of the
H, diffusion limitations occurring at the anode on the low fre-
quency peak in DRT plot. In case of reformate/air operation next
to HS and CL, MEA also a proton transport resistance was also
observed for IF_Si3N4 and IF_SiO2. This can be directly referred
to the lower performances of both MEAs compared to IF_SiC and
the reference when using reformate/air. The proton transport lim-
itations can be attributed to the anode and thus include poison-
ing of the catalyst, e.g., by CO on the anode, as well as mass
transport limitations. However, similar electrodes were used for
all MEAs, and the OCV values from Figure 2c do not indicate sig-
nificant catalyst poisoning and deactivation (values comparable
to Hy/Air operation in Table 2). Therefore, proton availability
seems to be lower with reformate operation when Si;N, or
SiO, was incorporated. CL displayed a drastic performance decay
(Figure 1d) using reformate/air, which can be correlated accord-
ing to the DRT analysis to a higher Rogg. So, the reformate pene-
tration also impacts the charge transfer process of this MEA. In
summary, DRT enables the deconvolution of different resistances,
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which explain the performance differences using different oper-
ation gases, on the one hand, and different membrane modifica-
tions, on the other hand.

To further identify the effect of the membrane type on the
catalyst accessibility, e.g., wetting and acidifying of the electrode,
CVs were recorded for the cathodes. While the IF MEAs and the
reference have similar capacitive current densities, the HS and CL
MEAs show slightly lower capacitive current densities. This indi-
cates less electrode wetting and agrees with the lower perfor-
mance and the proton transport resistance observed in DRT
analysis for Hy/air and H,/O, operation, in contrast to the other
MEAs. Next, the ECSA values were determined via HUPD. For com-
mercial Celtec-based cathodes, typically, ECSA values in the range
of 17-20m? gp, ' are reported."” This agrees with the ECSA of
reference MEA shown in Figure 5b of 16.5 m? gp,~'. The IF MEAs
have slightly lower ECSA values in the range of 15.2 — 13.4 with
IF_Si3N4 followed by IF_SiO2 and IF_SiC. For CL and HS, ECSA
values below 10 m?gp, ' are observed, indicating less catalyst
availability and activity, which is in accordance with the low per-
formance and higher ORR and proton transport resistances. A hin-
dered phosphoric acid distribution could be a reason for that.

Analysis of the MEAs and their product waters was performed
by titration and IC, respectively. The MEA analysis includes the
membrane and the electrodes, as these cannot be separated.
Comparison of the acid concentration of a pristine MEA from
the same batch with the corresponding tested MEA is shown
in Figure 6a. For all MEAs except the reference, a lower acid con-
centration of 11%-25% compared to the pristine MEA from the
same batch is found. The reference shows a 28% higher acid con-
centration compared to a pristine MEA from the same batch,
which could be related to inner batch deviation. In general,
the acid concentration of the reference is the highest, followed
by IF_SiC and IF_SiO2. IF_Si3N4 and HS have similar pristine and
tested MEA acid concentrations. However, HS displayed a signifi-
cantly lower performance and ECSA. Thus, it seems that not the
total acid amount but rather the distribution within MEA of HS
leads to low performance and high resistance. For example, acid
is trapped within the membrane and not distributed through the
electrodes, or acid is leached out to the electrodes, leading to less
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acid in the membrane and thus lower proton conductivity. This
would be in accordance with the higher Ropm, and the drastic volt-
age decay observed for HS within the first hours of operation. CL
shows the lowest acid concentration, matching the low perfor-
mance and low ECSA.

IC of the collected product water from the cathode and anode
indicated higher phosphate concentrations in the cathode water
from HS and IF_SiO2 and the anode water from CL (Figure 6b). For
HS, it was only possible to collect water from the cathode due to
low performance and lower water production. For IF_SiO2 anode
water, no phosphate was detected. The highest phosphate con-
centration was found at the anode site of CL. The higher concen-
trations could be an indicator of more pronounced acid leaching.
Especially, for CL, this agrees well with the highest acid loss also
observed from titration experiments, and the low performance
(Figure 6a). For HS acid, leaching does not appear to be the main
drive for the lower performance, as already suspected from titra-
tion experiments, either the acid is leached only from the mem-
brane to the electrodes, or the membrane undergoes another
irreversible process during the first hours of operation which
agrees with the observed polymeric residues on the flow fields
after test (see Figure S3 in the Supporting Information). For eval-
uation of dimensional changes of membrane and electrodes,
thickness and weight of MEAs before and after FC tests were
monitored (Figure S4 and S5 in the Supporting Information).
For the initial MEA thickness, the highest value was found for the
HS MEA (932 um), followed by reference (909 um) and the other
MEAs (862-879 um). As similar electrodes were used, changes in
thickness can be mainly related to the membrane. The order of
the MEA thickness is similar to the measured membrane thick-
ness after fabrication (Table 1), with exception of HS, which shows
a higher thickness after assembling. On the one hand, this could
be attributed to inhomogeneities in membrane thickness, and on
the other hand, a membrane swelling could have occurred during
storage, e.g., between fabrication, MEA assembling, and test.
After testing, a reduced thickness by 5% was observed for the
reference, while CL and IF MEAs display only a decrease of thick-
ness by 1%-2% indicating stable mechanical behavior. The HS
MEA shows an increase of thickness by 1% so that also no
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Figure 5. a) Cyclic voltammograms with HUPD region as inset and b) ECSA determined by HUPD.
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Figure 6. a) Acid concentration of a pristine MEA from the same batch and tested MEAs determined by titration, and b) phosphate concentration in prod-
uct water of cathode and anode collected at the end of the test determined by IC.

mechanical collapse of membrane or thinning is suspected at this
point. The measured MEA weights before and after test (Figure S5
in the Supporting Information) display highest values for HS, which
agrees with the thickest MEA. After test, weight losses in range of
4%-10% are observed for all MEAs, with exception of HS MEA hav-
ing a weight gain of 3% which is in accordance with the thickness
values after test and the results from product water analysis show-
ing less water production and no acid leaching at the anode.
Last, structural changes were investigated by SEM analysis of
the cross-sections of the tested MEAs (Figure 7). With a look at
the membrane-electrode interface, with exception of the HS MEA,
no delamination is observed. For HS MEA, slight delamination of
the anode is visible over the whole cross-section. This is a hint for
low electrode-membrane interaction and could be reason for the
poor performance of this MEA. Also, it is visible from SEM images
that the HS membrane is thicker compared to the other mem-
branes, which contributes to higher ohmic resistance (Figure 2).

Reference

While for reference, HS and CL membranes have no particles
visible and expected (Figure 7a-c), for the IF membranes, par-
ticles and particle agglomerates within the membrane can be
seen (Figure 7d-f). These particles were identified as the silica-
based fillers by EDS (Figure S6 in the Supporting Information).
Thus, it can be concluded that the IF membranes and fillers
are stable under HT-PEMFC conditions within this operation of
around 80 h.

4. Conclusions

Five membranes based on the commercial Celtec-P technology
were modified to increase the solid content while maintaining
the industrially relevant production process. This included inser-
tion of inorganic fillers and crosslinking for an increase of solid
content by =2wt% and a high-solid content membrane with

Figure 7. a—f) SEM cross-sections of MEAs after FC test (cathode up in image) and zoom of membrane.
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an increase of 13 wt%. Identical MEA fabrication for modified and
standard Celtec MEAs was performed, followed by comparison of
HT-PEMFC performance. The comparison to commercial refer-
ence shows:

SiC filler: A comparable performance to commercial Celtec
MEA was reached. Better membrane resistance was identified.

SisNy filler: Slightly lower performance was found when oper-
ating with H,/O, and H,/air, but low performance was observed
when operating with reformate/air. This was attributed to proton
transport limitations.

SiO, filler: Lower performance compared to SiC and SisN,,
especially under reformate/air operation. This was attributed to
proton transport and mass transport limitations, possibly due
to the hygroscopic character of SiO, and gas penetration to
the membrane.

Crosslinking: Low performance and ECSA due to proton trans-
port limitations, but less affected by cathode gas variation
between oxygen and air. Not suitable for reformate operation
due to strong mass transport limitations.

High solid content: Not stable in HT-PEMFC conditions. Voltage
drop within the first day of operation and low performance, and
ECSA. Acid leaching from the membrane to the electrodes and an
irreversible process leading to delamination of MEA is assumed,
resulting in higher membrane resistance.

In summary, SiC as an inorganic filler was the best candidate
for membrane modification. It was also shown that this mem-
brane is more stable during a 1000 h load-cycling test compared
to standard Celtec MEA.®! However, the positive impact of cross-
linking on the cathode gas tolerance could be further focused
and optimized, possibly in combination with SiC filler. A system-
atic investigation of the degree of crosslinking, as well as the
amount of filler and the particle size, would be helpful in future.
However, the applicability of CL approach on a large scale has to
be considered due to the use of hazardous glutaraldehyde and
the need for a continuous oven process. Furthermore, the HS
membrane approach could be optimized toward slightly lower
solid content to check possible performance improvements.
Moreover, for all membranes, tolerance toward reformate could
be improved. The possibilities for integration of different mem-
brane modifications in industrial fabrication processes shown in
this study can be adapted for other novel membranes to enhance
the comparability between different studies and accelerate the
upscaling process.

Acknowledgements

Financial support in the frame of the project HT-PEM 2.0 (refer-
ence number 03ETBO16A) by the Federal Ministry of Economic
Affairs and Climate Action on the basis of a decision by the
German Bundestag is greatly appreciated. The authors would like
to thank Nina Bengen for the support in performing and evalu-
ating the titration and IC experiments. The authors acknowledge
the Electron and Light Microscopy Service Unit of the School
of Mathematics and Science of the Carl von Ossietzky University
for the use of the imaging facilities and Jana Ewert for SEM

ChemSusChem 2025, 18, e202501575 (10 of 11)

measurements. C.Z,, Q.Y., and M.B.M. acknowledge the support
from Australian Research Council (DP250101509, LP200100255).
Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Keywords: fuel cells - high-temperature polymer electrolyte
membrane fuel cells membrane-electrode assembly
membranes - polybenzimidazole

[1] R. Haider, Y. Wen, Z-F. Ma, D. P. Wilkinson, L. Zhang, X. Yuan, S. Song,
J. Zhang, “High Temperature Proton Exchange Membrane Fuel Cells:
Progress in Advanced Materials and Key Technologies”, Chem. Soc.
Rev. 2021, 50, 1138.

[2] A. Zucconi, J. Hack, R. Stocker, T. A. M. Suter, A. J. E. Rettie, D. J. L. Brett,
“Challenges and Opportunities for Characterisation of High-temperature
Polymer Electrolyte Membrane Fuel Cells: A Review”, J. Mater. Chem. A
2024, 12, 8014.

[3] L. A. Murdock, B. C. Benicewicz, “Teaching an Old Dog New Tricks:
Synthesis, Processing, and Application of Polybenzimidazole (PBI)
Membranes”, ACS Appl. Energy Mater. 2024, 7, 239.

[4] Y. Ozdemir, N. Ozkan, Y. Devrim, “Fabrication and Characterization of
Cross-linked  Polybenzimidazole Based Membranes for High
Temperature PEM Fuel Cells”, Electrochim. Acta 2017, 245, 1.

[5] E.Quartarone, P. Mustarelli, A. Carollo, S. Grandi, A. Magistris, C. Gerbaldi,
“PBI Composite and Nanocomposite Membranes for PEMFCs: The Role of
the Filler”, Fuel Cells 2009, 3, 231.

[6] Y. Devrim, H. Devrim, I. Eroglu, “Polybenzimidazole/SiO2 Hybrid
Membranes for High Temperature Proton Exchange Membrane Fuel
Cells”, Int. J. Hydrogen Energy 2016, 41, 10044.

[7]1 P. Mustarelli, E. Quartarone, S. Grandi, A. Carollo, A. Magistris,
“Polybenzimidazole-Based Membranes as a Real Alternative to Nafion
for Fuel Cells Operating at Low Temperature”, Adv. Mater. 2008, 20, 1339.

[8] D.Schonvogel, J. Belack, J. Vidakovic, H. Schmies, L. M. Uhlig, H. Langnickel,
P.K. M. Tung, Q. Meyer, C. Zhao, P. Wagner, “Performance and Durability of
High Temperature Proton Exchange Membrane Fuel Cells with Silicon
Carbide Filled Polybenzimidazole Composite membranes”, J. Power
Sources 2024, 591, 233835.

[9] J. Escorihuela, O. Sahuquillo, A. Garcia-Bernabé, E. Giménez, V. Compa¥i,
“Phosphoric Acid Doped Polybenzimidazole (PBI)/Zeolitic Imidazolate
Framework Composite Membranes with Significantly Enhanced Proton
Conductivity under Low Humidity Conditions”, Nanomaterials 2018, 8,
775.

[10] Y. Wuy, X. Liu, F. Yang, L. Lee Zhou, B. Yin, P. Wang, L. Wang, “Achieving
High Power Density and Excellent Durability for High Temperature Proton
Exchange Membrane Fuel Cells based on Crosslinked Branched
Polybenzimidazole and Metal-organic Frameworks”, J. Membr. Sci.
2021, 630, 119288.

R. Kannan, H. N. Kagalwala, H. D. Chaudhari, U. K. Kharul, S. Kurungot,
V. K. Pillai, “Improved Performance of Phosphonated Carbon Nanotube-
polybenzimidazole Composite Membranes in Proton Exchange Membrane
Fuel Cells”, J. Mater. Chem. 2011, 21, 7223.

N. Uregen, K. Pehlivanoglu, Y. Ozdemir, Y. Devrim, “Development of
Polybenzimidazole/Graphene Oxide Composite Membranes for High
Temperature PEM Fuel Cells”, Int. J. Hydrogen Energy 2017, 42, 2636.
N. N. Krishnan, S. Lee, R. V. Ghorpade, A. Konovalova, J. H. Jang, H.-J. Kim,
J. Han, D. Henkensmeier, H. Han, “Polybenzimidazole (PBI-OO) based
Composite Membranes using Sulfophenylated TiO2 as both Filler and

[11

[12

[13

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85USD |7 SUOLILLIOD 3AIEa1D) 3|cedtdde au Aq peusenob 812 sapile YO 88N J0 S9INU 0} A2eiq17 8UIIUO 8|1 UO (SUORIPUOD-PUR-SLLLBIALIOY A IM AR 1[eu1 |UO//SA1Y) SUORIPUOD PUe SLLB | 84} 88S *[9202/80/70] U Afeiqi78uljuO A8|IM “UBWRD ZHOYWRH A Ul MUyed Wy *N-4n ‘4 Wniuez yosia Aq G/ST0SZ02 95S9/200T 0T/10p/wiod A8 |imAreiq1jeul juo'edoine-Ansiweyo//sdny woay pepeojumoq ‘vdl'sz0z ‘Xy95y98T


http://doi.org/10.1002/cssc.202501575

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202501575

[14]

[15]

[16]

7]

[18]

[19]

Crosslinker, and their use in the HT-PEM Fuel Cell”, J. Membr. Sci. 2018,
560, 11.

Y. P.Ying, S. K. Kamarudin, M. S. Masdar, “Silica-related Membranes in Fuel
Cell Applications: An Overview”, Int. J. Hydrogen Energy 2018, 43, 16068.
Y. Cai, Z. Yue, Q. Jiang, S. Xu, “Modified Silicon Carbide Whisker Reinforced
Polybenzimidazole used for High Temperature Proton Exchange
Membrane”, J. Energy Chem. 2018, 27, 820.

H-J. Yeom, Y-W. Kim, K. J. Kim, “Electrical, Thermal and Mechanical
Properties of Silicon Carbide-Silicon Nitride Composites Sintered with
Yttria and Scandia”, J. Eur. Ceram. Soc. 2015, 35, 77.

J. Miller-Hdlstede, L. M. Uhlig, H. Schmies, D. Schonvogel, Q. Meyer,
Y. Nie, C. Zhao, J. Vidakovic, P. Wagner, “Towards the Reduction of
Pt Loading in High Temperature Proton Exchange Membrane Fuel
Cells - Effect of Fe—N—C in Pt-Alloy Cathodes”, ChemSusChem n/a,
€202202046.

T. H. Wan, M. Saccoccio, C. Chen, F. Ciucci, “Influence of the Discretization
Methods on the Distribution of Relaxation Times Deconvolution:
Implementing Radial Basis Functions with DRTtools”, Electrochim. Acta
2015, 184, 483.

Suryani, Y.-N. Chang, J.-Y. Lai, Y.-L. Liu, “Polybenzimidazole (PBI)-function-
alized Silica Nanoparticles Modified PBI Nanocomposite Membranes for

[21

[22

[23

[24

[25

PBI-based High Temperature PEM Fuel Cell”, Energies Basel, Switzerland
2012, 5, 4251.

X.-Z. Yuan, H. Wang, in PEM Fuel Cell Electrocatalysts and Catalyst Layers
(Ed: J. Zhang), Springer, London 2008, pp. 43-72.

M. Heinzmann, A. Weber, E. Ivers-Tiffée, “Advanced Impedance Study of
Polymer Electrolyte Membrane Single Cells by means of Distribution of
Relaxation Times”, J. Power Sources 2018, 402, 24.

D.-H. Kim, H.-S. Jung, D. H. Kim, C. Pak, “AUsing Distribution of Relaxation
Times to Separate the Impedances in the Membrane Electrode Assembly
for High-temperature Polymer Electrolyte Membrane Fuel Cells”, Int. J.
Hydrogen Energy 2024, 62, 389.

A. WeiB, S. Schindler, S. Galbiati, M. A. Danzer, R. Zeis, “Distribution of
Relaxation Times Analysis of High-Temperature PEM Fuel Cell
Impedance Spectra”, Electrochim. Acta 2017, 230, 391.

L. Han, Y. Shang, Q. Liang, Y. Liu, Z. Guo, “Distribution of Relaxation Times
used for Analyzing the Electrochemical Impedance Spectroscopy of
Polymer Electrolyte Membrane Fuel Cell”, Renewable Energy 2024, 227,
120485.

Proton Exchange Membranes Fuel Cells”, J. Membr. Sci. 2012, 403-404, 1.
[20] S.S. Araya, S. J. Andreasen, S. K. Kaer, “Experimental Characterization of
the Poisoning Effects of Methanol-based Reformate Impurities on a

Manuscript received: July 20, 2025
Revised manuscript received: September 26, 2025
Version of record online: October 21, 2025

ChemSusChem 2025, 18, €202501575 (11 of 11) © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

35L8017 SUOLLLLIOD SAER.D 3|01 dde U AQ PoLLRAB 318 3D VO 981 JO'S3INI 10} AReAdl17 3UIIUO AB]IA LO (SUOBIPUIOO-PU-SLLLIBYALION'AB| I ARRAC1[BUIUO//'SANY) SUORIPUD PUR UL L 3U}39S *[9202/80/70] U0 ARIGITSUIIUO ABIIM “UBWSS ZHOUWRH *Q Ul Hyes Wney 'N-HN] "3 WNLeZ Uasia Ad §2STOS202 F8S9/200T OT/10pucd 3 i Areiqiputjuoradoane-Aisieyo/sdiy woiy pepeojumoq ‘vdl'szoe Xvosvost


http://doi.org/10.1002/cssc.202501575

	Performance of High Temperature Polymer Electrolyte Membrane Fuel Cells as a Function of Polybenzimidazole Membrane Modification
	1. Introduction
	2. Experimental Section
	2.1. Membrane
	2.2. Membranes with Inorganic Filler
	2.3. High Solid Membrane
	2.4. Crosslinked Membrane
	2.5. Membrane Electrode Assembly
	2.6. Test Procedure and Electrochemical Characterization
	2.7. Physical Characterization

	3. Results and Discussion
	4. Conclusions


