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Synchrotron based X-ray tomographic microscopy (XTM) is used for imaging and quantifying the redistribution of phosphoric acid
(PA) in high temperature polymer electrolyte fuel cells (HT-PEFC) in-operando. The main focus of this work is the redistribution
of phosphoric acid under dynamic load conditions. Therefore, two different load cycling protocols were applied and the transient
redistribution within the fuel cell components was imaged. XTM, for the first time, revealed that the examined PBI based membrane
system exhibits extensive electrolyte migration from cathode to anode under high current density operation. PA flooding of anode
gas diffusion layer (GDL) and flow field channels occurred. Implications for technical applications and fuel cell degradation are
discussed. Quantification of the migrated electrolyte is made by correlating in-operando grayscale values to ex-situ reference samples.
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High temperature polymer electrolyte fuel cells (HT-PEFC) are op-
erating at temperatures up to 200◦C using phosphoric acid (PA) doped
polybenzimidazole (PBI) based membranes. This fuel cell technology
has long been in the focus of research1 due to advantages based on
the higher operation temperature as compared to standard PEFCs, op-
erating between 60–90◦C. At the higher operating temperatures, the
tolerance to fuel gas impurities increases significantly and operation
with CO levels up to 3% and H2S up to 10 ppm can be achieved.2 This
renders HT-PEFC especially suitable for stationary combined heat and
power (CHP) applications, where a fuel processing unit can easily be
thermally integrated and used for reforming hydrocarbon-based fuels
without the need of additional gas clean-up. The advantageous char-
acteristics of HT-PEFCs are also determined by the physico-chemical
properties of the phosphoric acid electrolyte. First of all, PA has a low
vapor pressure at these operating temperatures. This principally allows
for long term operation without major electrolyte loss, an important
aspect also specifically defined in the US Department of Energy’s
2015 targets3 (50’000 operating hours for stationary CHP systems).
Phosphoric acid also exhibits excellent proton conductivity owing to
a fast proton hopping mechanism.4 Due to this inherent difference
to PFSA-type membranes (water assisted shuttle mechanism), addi-
tional humidification is not necessary, which significantly reduces the
complexity of HT-PEFC systems. However, only ca. 2 PA molecules
per PBI repeating unit (PA/PBI) are directly interacting with the basic
pyridinic nitrogen of PBI.5 However, PA doping levels are typically
significantly higher, e.g., 5–10 for PA imbibed PBI films6 and 20–40
for PBI membranes produced through the so-called poly-phosphoric
acid (PPA) process.7 It can, therefore, be expected that the bulk of this
phosphoric acid is more or less mobile within the molecular pores of
the membrane. Hence, movement and redistribution of PA within the
porous components (membrane, catalyst layer, micro-porous and gas
diffusion layers) of the cell are expected to play a significant role for
fuel cell performance and durability. A process which is well known
from earlier work on phosphoric acid fuel cells (PAFC), where PA im-
bibed in a porous silicon carbide separator remains mobile. Also for
HT-PEFC several studies have been conducted aiming at understand-
ing electrolyte redistribution from gas diffusion electrode (GDE) to
membrane8 or membrane electrode assembly (MEA) to porous bipo-
lar plates9 but no mechanistic interpretation of the results has been be
given yet. This is partially due to the fact, that post mortem analysis of
the components cannot describe the PA distribution under operation
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due to diffusion and concentration changes after shutdown of the fuel
cell. In-operando measurements targeting the electrolyte distribution
are currently limited to electrochemical impedance spectroscopy (EIS)
and imaging. While EIS is sensitive to changing proton conductivity,10

the interpretation of spectra from technical cells is error prone and no
information about PA quantity or location can be derived. X-ray imag-
ing on the other hand has been proven to give valuable information
on the water distribution of low temperature polymer electrolyte fuel
cells11–13 and first results using in-operando X-ray radiography of
HT-PEFC13–15 indicated the possibility to track changes in PA con-
centration and distribution. Recently, neutron radiography was also
evaluated for imaging PA in HT-PEFC and it was demonstrated to
produce sufficient contrast between PA and the structural components
to be used as diagnostic tools for these systems.16

In this work, synchrotron based X-ray tomographic microscopy
will be applied, for the first time, to image in-operando HT-PEFC.
The experiments are specifically targeted at imaging the transient
phosphoric acid electrolyte redistribution under dynamic load condi-
tions to identify possible fuel cell degradation with respect to elec-
trolyte loss from the electrochemical active area. Additionally, PA
concentration is determined in-operando by calibration of grayscale
values in the tomographic images.17

Experimental

General.— All experiments were carried out with BASF Celtec
membrane electrode assemblies (MEA). These MEA consist of a
H3PO4 doped polybenzimidazole (PBI) membrane with an acid load-
ing of 34–36 mgH3PO4cm−2 and a thickness of approximately 100 µm
as shown in Table I. Phosphoric acid itself consists of a mixture of
orthophosphoric acid H3PO4, H2O and to some extent also polyphos-
phoric acid. The ratio is determined by temperature and water partial
pressure. For the sake of simplicity PA is subsequently always re-
ferred to as a mixture of H3PO4/H2O and is quantified by wt%. The

Table I. Membrane electrode assembly material properties

(thickness and compression was determined in-operando using
XTM).

Component Material Loading Thickness [µm]

GDL/MPL SGL 38 carbon paper – 240

Catalyst Layers Pt/Vulcan XC-72 1 mgPtcm−2 80

Membrane PBI/H3PO4 34–36 mgPAcm−2 100
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Table II. Operating parameters and measurement sequences.

Slow cycling

Time Current density Gas flow H2/O2 Cell temperature Gas dew points

Sequence [min] [A cm−2] [mL min−1] [◦C] [◦C]

1 255 0.8 10/200 160 24

2 210 0.2 10/200 160 24

Fast cycling

1 60 0.8 10/200 160 & 140 24

2 30 0.2 10/200 160 & 140 24

3 30 0.8 10/200 160 & 140 24

4–9 3 times (2 + 3) 10/200 160 & 140 24

electrodes consist of Pt/Vulcan XC-72 supported platinum catalyst
with a loading of 1 mgPtcm−2 on anode and cathode, respectively,
coated onto SGL 38 carbon paper gas diffusion layers (GDL) includ-
ing a micro-porous layer (MPL).

A specially designed cell, used for imaging low temperature PEFC
(LT-PEFC)18 was redesigned to accommodate the specific operation
environment of HT-PEFCs. It has a circular active area of 0.2 cm2 and
a flow field design with three parallel channels (width × depth of 0.5
× 0.3 mm2). MEA compression was adjusted by constant gap using
two 320 µm PFA sealing gaskets. The resulting GDL compression
was 40%.

Two different protocols were used for imaging: (i) slow cycling
with current densities changing between 0.2 and 0.8 A cm−2 approx.
every 4 hours. (ii) fast cycling with load changes every 30 min. The
slow cycling protocol was carried out at 160◦C, the fast cycling pro-
tocol at 160 and 140◦C. The cell for the slow cycling protocol was
conditioned for 4h before the first current density step and for the fast
cycling protocol a 25 h conditioning period was applied. Gas flow
rates were set to 10 mL min−1 H2 and 200 mL min−1 O2 (differen-
tial operating conditions with minimal gradients along the channels).
To prevent membrane drying and shrinking, both gases were humidi-
fied at room temperature. Operating conditions for both protocols are
summarized in Table II.

X-ray imaging.— X-ray tomographic microscopy (XTM) imaging
was performed at the TOMCAT (TOmographic Microscopy and Coher-
ent rAdiology experimenTs) beamline of the Swiss Light Source.19

At a beam energy of 20 keV a total of 2001 projections were acquired
during 180◦ sample rotation (0.09◦ step angle) in absorption contrast
mode with an exposure time of 11 ms per projection (22 s acquisition
time for a tomographic scan). The cell was positioned as close as pos-
sible to the scintillator (10 mm) and projections were reconstructed
using an efficient algorithm based on a Fourier method.20 The sC-
MOS camera (PCO.edge) had a chip size of 2560 × 2160 pixels
and the resulting voxel size in the tomographic images was 2.34 µm.
All tomograms were flat- and darkfield corrected. The reconstructed
slices were saved in 16-bit TIFF format using constant minimum and
maximum grayscale level values for all scans.

Image processing.— To obtain quantitative information, the
grayscale images need to be segmented into the relevant phases. An
overview on the methodology for quantifying all phases in HT-PEFC
has been published recently.17 For the present data segmentation was
performed for the anode GDL and flow field using the open source
software Fiji (ImageJ) as well as MATLAB. The image processing
workflow is presented here briefly. First a median filter (2D, 3px) was
applied, and then a grayscale threshold segmentation window was
applied once to obtain the carbon fibers/binder structure of the GDL
and once to obtain the phosphoric acid phase. After thresholding an
additional 3D cleaning in MATLAB (area opening; cluster size ≤6000
px) of the binary images was implemented to reduce noise due to
small, unconnected segmentation artifacts. A sensitivity analysis for
determined PA volume was performed and indicates a maximum error
−4% up to +11% for a threshold variation of ±2%. The two final

binary datasets consist on the one hand of the pure PA phases and on
the other hand of the carbon (fibers/binder) structure. The former is
used for PA quantification and the latter for porosity calculations of
the empty GDL structure.

Phosphoric acid quantification.— In 3D grayscale images differ-
ent phases and materials are represented by different grayscale values.
The catalyst layer has the highest grayscale value due to the presence
of highly absorbing platinum nanoparticles. The phosphoric acid elec-
trolyte has a medium value, followed by the carbon fibers, PBI and
void with the lowest gray value. The grayscale of the membrane is
therefore mainly dominated by PA. Absorption contrast based recon-
struction of the tomographic images gives the possibility to establish
a linear relation between grayscale value and a material dependent
linear attenuation coefficient µ (cm−1). Therefore, a calibration ex-
periment was performed where MEAs doped with 40, 60, 85 and
100 wt% H3PO4 were imaged at room temperature. In these images
the grayscale value of the phosphoric acid phase (without carbon) was
analyzed. Based on this information and a correction for the temper-
ature dependent PA density the composition of the PA electrolyte in
the in-operando experiment can be determined.

Results and Discussion

This section is divided into a presentation of the imaging results of
electrolyte redistribution for two current cycling protocols followed by
a quantification of redistributed PA. The results are finally concluded
by a discussion with respect to fuel cell performance and degradation.

PA redistribution.— Phosphoric acid distribution in the MEA is
expected to be influenced by various parameters, such as cell temper-
ature, gas dew points and in particular also by current density. Current
density influences the water vapor balance in the cell and can thus
also influence the ion mobilities, in particular the transport number
of the proton in the membrane. The influence of current density is
investigated using two different protocols. With the slow protocol a
single current transient from 0.2 to 0.8 A cm−2 and back to 0.2 A cm−2

is performed at 160◦C, while with a fast protocol multiple cycles be-
tween the same current densities at 160 and 140◦C are performed.
Experimental details are listed in Table II.

At start of break-in of a new MEA, initial PA content in the GDLs
originates from the membrane. It was transferred there during MEA
preparation, which includes mechanical compression for application
of the GDL based electrodes. During break-in at 0.2 A cm−2 these
PA phases are reduced and at the anode only a few PA filled pores
remain in the GDL while at the cathode no segmented PA phase
can be observed anymore. However, an increased grayscale value of
the cathode GDL (as compared to pure carbon) indicates that small
amounts of PA are still present, possibly accumulating within the
micro-pores of the carbonaceous binder17 and as thin film wetting the
fibers. Analysis of imaging results is therefore focused on the anode
GDL. A cross-section through the cell is shown in Figure 1. Flow field
gas diffusion layer and membrane electrode assembly can clearly be
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Figure 1. Vertical slice through the MEA illustrating the flow field, GDL/
MPL, catalyst layer and membrane (white: Pt; bright gray: PA; light gray:
carbon fibers; dark gray: empty pores). Orange line in anode GDL denotes
plane for slices in Figure 2.

identified by the different grayscales. In the anode GDL and flow field
channels phosphoric acid can well be observed.

First the slow cycling protocol is analyzed and a comparison
of horizontal grayscale slices of the anode GDL at different times
during the current density cycle is shown in Figure 2, while a de-
tailed, time resolved volumetric quantification of the PA in GDL and
flow field channels is given in Figure 3. When the current is in-
creased from 0.2 to 0.8 A cm−2, an almost immediate flow of PA
into the anode GDL can be observed as illustrated in Figure 2 t2,
and the inset in Figure 3. Within 15 min, a continuous path of PA has
formed from the membrane to the anode flow field channels leading
to a rise in PA volume in the flow field channels and accumulation
under the flow field ribs as shown in Figure 3 and Figure 4 (here for
two of the droplets the continuous PA path is well visible, for the other
droplets it is out of plane). PA saturation in the GDL increases until
it reaches a steady-state after approximately 3 hours at 0.8 A cm−2

(Figure 2 t3). After 4 h at high current density also the PA in the flow
field reaches a steady state and the total PA volume in GDL and flow
field adds up to 45 · 10−3 mm3 mm−2 compared to 1.9 · 10−3 mm3

mm−2 at low current density. At this point one of the three parallel
flow field channels is just about filled with electrolyte.

After 4 hours the current density is decreased back to 0.2 A cm−2

and a sudden drop in GDL saturation can be observed concomitant

Figure 2. Horizontal slices of the anode GDL in the slow cycling experiment
as a function of time (bright gray: PA; light gray: carbon fibers; dark gray:
empty pores). Location of the slices is indicated in Figure 1.

Figure 3. Volume of PA per active area in the GDL, flow field and total as a
function of time in the slow cycling experiment (the dashed lines act as a guide
for the eye).

with a decrease of PA volume in the flow field. After 10 min, this
sudden drop in PA saturation is followed by a slow and continuous
decrease of electrolyte volume in the GDL until the end of the low
current cycle after 12 h. The volume of PA in the flow field decreases
much faster than in the GDL and reaches a minimum after 3 h at
0.2 A cm−2. Interestingly the condition before the current step is not
completely reached. Disconnected PA droplets sticking to the walls
remain in the flow field, without continuous path these remainders are
unable to diffuse back to the porous layers.

These droplets are ultimately lost from the electrolyte reservoir
and lead to long term degradation due to electrolyte loss and possibly
subsequent membrane and contact resistance increase.

A possible explanation for the observed strong migration of PA
to the anode GDL and flow field channels can be given based on re-
sults and experience with phosphoric acid fuel cells. In these systems
phosphoric acid is impregnated in a silicon carbide matrix. It has been
described that, when the fuel cell is first started up or the current
density is increased, electrochemical pumping is responsible for the
migration of electrolyte from the cathode to the anode.21–23 This is
due to the fact that the hydrogen phosphate anion has a finite, non-
zero transport number. The transport number determines the fraction
of current carried by each ion. When the hydrogen phosphate ion is
carrying part of the current, a net movement of hydrogen phosphate
from cathode to anode is induced where its charge gets balanced.
Eventually a steady state is reached where no net movement of hydro-
gen phosphate can be observed anymore. At this point back diffusion
(and/or hydraulic pressure) of phosphoric acid balances the migration
process. In the PBI based systems only 2 PA molecules are bound
per repeating unit of PBI,5 consequently PA also has a large mobility
and a majority of the PA electrolyte is able to move freely within the

Figure 4. 3D rendering of a vertical along the flow field channel (orange: PA
and catalyst layer; olive: flow field; gray: carbon fibers).
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160°C 140°C

Figure 5. Volume of PA per active area in the GDL, flow field and total as
a function of time in the fast cycling experiment for 160◦C and 140◦C (the
dashed lines act as a guide for the eye).

molecular pores of the polymer backbone. A similar behavior as for
PAFC can therefore also be expected for PBI based systems.

The dynamics of the PA migration and diffusion have been inves-
tigated using a fast cycling protocol. In Figure 5 the PA movement in
the anode GDL and flow field is shown for five load cycles at 160◦C
and 140◦C. Essentially, a very similar electrolyte pumping effect can
be observed also for the short current density cycles. Interestingly
back diffusion of PA at 0.2 A cm−2 is slightly slower than migration
at high current, resulting in an accumulation of electrolyte with each
cycle. After about 3 cycles the maximum saturation within the GDL
is reached. The flow field saturation on the other hand is continuously
increasing but not to the same extent as in the slow cycling protocol.

At the end of the fifth cycle at 160◦C a prolonged period of
0.2 A cm−2 was applied (the period from 30–33 h). During this time
a continuous decrease of PA in the flow field is observed while the
saturation in the GDL, after an initial drop, stays about constant. This
indicates a back diffusion of PA from the flow field through the macro
pores of the GDL into the membrane similar to the slow cycling
protocol.

At a reduced cell temperature of 140◦C and the same cycling dy-
namics it becomes apparent that PA volume in the GDL is reduced
during the first three cycles by about 30% as compared to 160◦C. A
possible explanation for the reduced acid migration at lower temper-
atures can be rationalized as follows: A decrease in temperature leads
to a decrease in PA concentration and hence to a net decrease in the
dynamic viscosity of phosphoric acid. This in turn increases the molar
proton conductivity24 λ+ and hence reduces the electrolyte pumping
effect toward the anode because a higher fraction of the current in the
membrane is carried by protons.

In Figure 6 a comparison of the both cycling protocols is given
with respect to electrolyte volume and saturation in the GDL. The
maximum PA saturation of approximately 12% is reached for both
experiments after 3 h. With the applied cycling frequencies, load
cycling obviously has no influence on the maximum saturation in the
GDL, due to the initial imbalance between migration and diffusion as
explained above.

In both experiments drainage of the GDL during extended times
of low current density appears to be a two-step process as illustrated
in Figure 6 for the slow cycling protocol. A closer look at the GDL
in-plane saturation profiles (Figure 7) after stepping back to 0.2 A
cm−2 reveals a bimodal saturation profile following the bimodal pore-
size distribution. Close to the flow field, accumulation of PA under
the flow field ribs leads to the first saturation maximum. The second
saturation peak (675 µm) falls together with the porosity maximum
of the GDL. At the beginning of PA drainage, after switching to low

1

2

Figure 6. Comparison of the volume and saturation of PA in the GDL as
a function of time (starting from 0.8 A cm−2) in the slow and fast cycling
experiment at 160◦C (the dashed lines act as a guide for the eye).

current, a fast decrease in saturation throughout the GDL can be ob-
served (process 1 in Figure 6). Subsequently, the saturation close to the
MPL reaches a minimum and further decrease in saturation is mainly
driven by a decrease of PA under the ribs. The time constant for pro-
cess (1) is smaller than for (2) and results in the observed two slopes in
Figure 6. It is important to note that the PA saturation close to the MPL
stays constant. This ensures a constant diffusion path for PA from the
flow field back to the membrane.

In Figure 8 the mean grayscale value of each slice along the MEA
thickness (z-coordinate, c.f. Figure 1) is plotted for a current jump
from 0.2 to 0.8 A cm−2 in Figure 8a and for 0.8 to 0.2 A cm−2 in
Figure 8b. The illustrated curves correspond to the times indicated
in Figure 1. In this plot an increase in grayscale value is evidence of
an increase in material for the specific slice. It can be clearly seen
that with the increase in current density, the mean grayscale value
in the anode and flow field increases due to the previously discussed
electrolyte migration. The cathode GDL values slightly decrease, pre-
sumably due to migration of trace amounts (below the observable
cluster size) of PA, further supporting the proposed acid migration
process. Interestingly, a net shrinkage of the MEA by 16 µm can be
observed, although the volume of PA within the membrane is expected
to grow due to increased water production at the cathode.13 More-
over, both catalyst layers as well as the membrane show an increase
in grayscale value with a maximum for the anode electrode. One
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Figure 7. In-plane saturation and porosity profile of the GDL during drainage
(the dashed lines act as a guide for the eye).
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Figure 8. Mean grayscale distribution as a function of z-location (slice) for
time step t1 → t3 (0.8 A cm − 2) and t3 → t4 (0.2 A cm−2).

possible explanation is an increased degree of filling of previously
empty micro-pores in the electrodes and molecular pores of the mem-
brane caused by acid migration and water formation. In Figure 8b the
mean grayscale evolution during the subsequent current decrease is
shown. The anode GDL exhibits a strong decrease in attenuation due
to the back diffusion of PA from the GDL to the catalyst layer and
membrane. This reverse process however does not cause an expansion
of the MEA to the original thickness. However, additional increase in
the maximum grayscale value of the electrodes and membrane can be
observed, indicating that migrated PA primarily fills again previously
unoccupied pore volume within electrodes and membrane. Clearly
this process can only continue as long as there is void space available;
the situation once full saturation is reached will be subject of future
investigations.

PA quantification.— Information about the PA concentration will
allow for retrieving important physical parameters, i.e. molar proton

Figure 9. Measured grayscale value of phosphoric acid in the GDL at 25◦C
(black squares) and the corresponding linear attenuation coefficient. The values
at 160◦C (blue circles) are calculated using the linear fit of the 25◦C data.

conductivity, oxygen diffusivity, etc. The methodology17 used in this
work allows to obtain information about the local PA volume but
also about the PA composition. In Table III literature data for mass
attenuation and density is listed for 40, 60, 85 and 100 wt% H3PO4.
The product of mass attenuation and PA density establishes the linear
relation to the grayscale values of the tomograms by means of a linear
attenuation coefficient.

In Figure 9 this relation is plotted for the measured calibration sam-
ples at 23◦C and the respective calculated grayscale values for 160◦C.
The decrease in grayscale for higher temperatures results from the
respective, known decrease in density. This calibration is used to de-
termine the concentration of PA in the anode GDL. The values and
results of the calculations are listed in Table IV. The in-operando
PA concentration is 96.5 ± 1.5 wt% and 95.5 ± 1.5 wt% for 160◦C
and 140◦C, respectively, which is in good agreement with published
data for pure H3PO4 vapor liquid equilibrium25 at low water partial
pressure. No significant difference in the grayscale for PA at differ-
ent current densities was observed. This is most probably due to the
constant water vapor pressure in the differential cell set-up. Knowl-
edge of the PA composition allows for quantification of migrated
electrolyte during the current cycle experiments. For the slow cycling
protocol, 2.8 · 10−2 mg mm−2 H3PO4 was found in the GDL and a
total of 7.5 · 10−2 mg mm−2 in the GDL and flow field at maximum
saturation. This corresponds to approximately 23 wt% of the total
electrolyte inventory of the cell. The rate with which the acid enters
the GDL during the first 12 minutes after the increasing current step is
0.75 µg min−1 mm−2.

Practical implications of acid migration.— The observed acid mi-
gration has a range of implications with respect to fuel cell perfor-
mance and durability. The consequences are discussed in this sub-
section.

The loss of electrolyte due to disconnected PA droplets within the
GDL and the flow field channels during load cycling will inevitably
lead to long term fuel cell degradation in the form of increasing

Table III. Results of the calibration experiment performed at 23◦C.

Mass attenuation Density30 Linear attenuation Grayscale value

Sample ID coefficient29 [cm2/g] [g/cm3] coefficient [cm−1] [−]

40 wt% 1.348 1.141 1.537 19163 ± 253

60 wt% 1.632 1.384 2.259 21611 ± 405

85 wt% 1.967 1.688 3.320 25516 ± 264

100 wt% 2.174 1.871 4.067 27241 ± 503
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Table IV. Phosphoric acid composition as a function of grayscale value for the fast cycling experiment at 160◦C and 140◦C.

160◦C

Grayscale value Density30 Linear attenuation Composition

Sample ID [−] [g/cm3] coefficient [cm−1] H3PO4 [wt%]

Fast cycling 160◦C 26097 ± 273 1.709 3.626 ± 0.084 96.5 ± 1.5

140◦C

Fast cycling 140◦C 26109 ± 273 1.714 3.629 ± 0.084 95.5 ± 1.5

membrane resistance. Reduced lifetimes and severe degradation of
aged cells where the electrolyte inventory is already depleted due to
PA evaporation can be expected.

The membrane thinning observed at high current density, was not
recovered after switching back to low current density. Instead, an in-
crease in the degree of pore filling of both electrodes and membrane
was measured. Unlike low temperature perfluorosulfonic acid (PFSA)
membranes, where membrane swelling is driven by strong osmotic
pressure, the driving force in PBI based systems is primarily a con-
centration gradient. The driving force in HT-PEFCs is therefore much
weaker and possibly not able to overcome the compression force in
the cell. With membrane thinning, the long term degradation effects
expected are consequently an increase in contact resistance if using
a sealing concept based on constant gap. It requires further experi-
ments to investigate the effects of repeated load cycling on membrane
thinning and contact resistance.

The extensive migration of electrolyte is also assumed to possibly
influence fuel cell performance under reformate operation. The PA
saturation of GDL and catalyst layer on the anode can negatively
influences fuel cell operation under reformate conditions because the
reduced hydrogen partial pressure in reformate (H2, CO, CO2, H2O
and N2) is more susceptible to mass transport limitations. Especially
system concepts based on autothermal reforming and its low hydrogen
partial pressure as compared to steam reforming, might be susceptible
to performance losses.

The presented results should also serve as an input for the mod-
elling community in order to understand the implications on fuel cell
performance and degradation in more detail. Especially the processes
taking place within the electrodes during and after current steps are
critical for a successful long term operation. The results can also give
new impulse for material design, i.e. pore size distribution of the MPL,
catalyst layer and GDL.

Radiation damage.— LT-PEFCs are susceptible to X-ray radiation
inducing performance degradation.26–28 In LT-PEFC few minutes of
irradiation at the TOMCAT beamline lead to an observable decrease in
performance. In order to investigate the radiation sensitivity of HT-
PEFC, the set-up was subjected for a period of 30 min uninterrupted
irradiation at 20 keV X-ray energy at the beamline. No voltage degra-
dation could be observed. This fundamental difference to LT-PEFC is
explained by the fact, that the membrane polymer, which is mainly
degrading in LT-PEFC, is only a structural component in HT-PEFC
which does not take part in the electrochemical processes. Polymer
degradation and radiation induced changes in the wetting behavior of
the GDL, however, can also for HT-PEFC not be excluded. Additional
experiments would be necessary for quantifying possible impacts of
radiation on fuel cell operation.

Conclusions

In this work synchrotron based X-ray tomographic microscopy
(XTM) was used to image and quantify the phosphoric acid electrolyte
redistribution in in-operando HT-PEFCs. Specifically the processes
taking place under dynamic load conditions were investigated in or-
der to identify potential fuel cell degradation mechanisms. It is shown
that the examined PBI based membrane systems show extensive elec-
trolyte migration from cathode to anode under high current density
operation. This is attributed to the fact that negatively charged hydro-

gen phosphate anions carry part of the ionic current. This is unlike
low temperature polymer electrolyte fuel cells where the anions are
covalently bound to the polymer backbone, while in HT-PEFC only
a fraction of the phosphoric acid is chemically interacting with the
polymer backbone. XTM for the first time revealed the current driven
electrolyte migration in HT-PEFC.

It was demonstrated that the migration and consequently gas dif-
fusion layer flooding of the anode is a relatively fast process, reaching
steady state in the GDL after two and in the flow field after about
four hours. The process seems not to be completely reversible with
unconnected droplets of PA remaining in the flow field after returning
to low current density. Furthermore, diffusion of PA, back from the
GDL into the membrane and electrodes is a slower process and no
steady state was reached after 8 hours.

Electrolyte migration is reduced when decreasing the cell tem-
perature where the molar proton conductivity, and consequently the
transport number of protons is higher. It was also observed that the
MEA decreased in thickness by approximately 16 µm after the first
load cycle and did not regain its initial thickness afterwards. When
the membrane has been compressed after a loss of PA it cannot regain
thickness under the compressive load in the cell.

The grayscale values in the tomographic images were correlated to
PA composition by means of calibration. Thus the amount of migrated
electrolyte was determined from the volume and PA concentration.
23 wt% of the total H3PO4 inventory was found to migrate into the
anode GDL and flow field at a current density of 0.8 A cm−2. Such
intensive phosphoric acid migration has a range of potential conse-
quences, which should be subject of further studies. First of all, long
term degradation will occur due to loss of electrolyte with each load
cycle due leaving unconnected droplets in GDL and flow field. Fur-
ther with low hydrogen partial pressures in reformate operation the
high PA saturation in the GDL could also have an influence on mass
transport and consequently fuel cell performance. In case of complete
stacks, a migration to adjacent cells might also be possible if the bipo-
lar plates exhibit small defects, allowing PA to crossover. PAFC suffer
from the same mechanism but intensive research has solved most of
the problems with respect to acid migration, i.e. adjusting pore size
distribution on anode and cathode and pressure increase on the anode.
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Acta, 56, 2254 (2011).
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