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a b s t r a c t

In this paper, a measurement cell for recording synchrotron X-ray images of low and high temperature
PEM fuel cells is described. The experimental setup allows for recording of cross-sectional images, as
well as for radiograms in through-plane direction, with limited signal degradation. First results on H3PO4

concentration and distribution as a function of the operating conditions are presented.
This basic cell design is optimized for liquid water detection. To visualize water in an operating cell

the energy of the synchrotron X-ray beam has been chosen in a range between 7 and 30 keV where
high resolution images can be obtained. The cell design is described in detail, and references to results
T-PEMFC
maging
ynchrotron X-ray radiography
easurement cell

hosphoric acid

obtained with LT-PEMFC applications focusing on liquid water evolution are given. For HT-PEMFC appli-
cations, the method of synchrotron X-ray imaging can provide an insight on electrolyte concentration
and distribution. These investigations show that significant information can be collected on electrolyte
distribution and concentration as a function of operating parameters such as temperature, media utiliza-
tion and humidification degree. First results for the dependence of electrolyte distribution on operating
conditions are presented.
. Introduction

Previously, many investigations on the water inventory of
ow temperature PEMFC have been conducted, employing non-
estructive methods such as neutron or synchrotron X-ray imaging
1–17]. In high temperature fuel cells, adequate studies analyzing
he water inventory which directly corresponds to concentration
nd distribution changes of H3PO4 have not been approached. To
urther elucidate these processes a special measurement setup has
een developed: the cell has been successfully used for recording
ynchrotron images of low and high temperature PEM fuel cells.
he measurement cell allows for collection of through plane images
s well as for radiograms of the in-plane direction with very small
ignal weakening. Additionally, the measurement cell has an active
rea of appr. 60 cm2 which allows the cell to be operated with uti-
ization degrees typical for realistic fuel cells excluding most of
ossible artifacts by design.
In this paper, the cell design is described in detail and first results
n H3PO4 concentration and distribution dependent on the oper-
ting conditions are given. References to results obtained with this
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cell in the field of LT-PEMFC applications are also given. In low tem-
perature applications the water inventory of all active components,
especially of the GDL and the flowfield channels, plays an important
role in the design of a high performing fuel cell.

For HT-PEMFC, traditional water inventory is not relevant since
all water should be present in the gaseous phase at typical operat-
ing temperatures of 160 ◦C such that no water droplets or diffusion
barriers can occur [18,19]. Nonetheless, the method of synchrotron
X-ray imaging can provide an insight on electrolyte concentra-
tion and distribution for HT-PEMFC applications. The reason is
that depending on the operating parameters changes occur in the
concentration of the H3PO4 electrolyte. These differences result
in modifications of the mass attenuation as function of operating
parameters like utilization degrees, humidification and tempera-
ture levels. At low operating temperatures, droplets might occur
due to the hygroscopic behavior of H3PO4 and the resulting dilution
of H3PO4 which might cause an electrolyte leaching or an enhanced
removal of acid from the electrochemically active spots.

The performed investigations show that significant information
on the break-in procedure as well as on the electrolyte distribu-
tion and concentration as a function of cell operating parameters

could be collected. A direct correlation of beam attenuation (signal
intensity) and HT-PEMFC operating conditions has been found and
is described in detail. Results regarding dimensional changes of fuel
cell components are reported in a separate paper [20].

dx.doi.org/10.1016/j.jpowsour.2010.11.025
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Schematic view of the ce

. Experimental procedure

.1. Fuel cell design

The measurement cell is specifically designed to allow for
ecording of cross-sectional images as well as for radiograms in the
hrough-plane direction with very small signal weakening. Water
ensitivity and high spatial resolution are achieved by the com-
ined strategy of reducing the material thickness of the cell in the
adiographed areas and optimization of the synchrotron beam. The
etailed cell design is shown in Fig. 1.

For these investigations (LT-PEMFC, DMFC, HT-PEMFC), the
esign was based on a modified 100 cm2 fuel cell. Specifically,
hanges include reduction of the active area to 60 cm2 keeping in
ind to achieve an improved gas tightness of the cell. With this cell

etup, the beam is required to pass in sum only 6.4 mm of graphite
esulting in a sufficiently high contrast ratio for the visualisation of
mall water and electrolyte concentration changes in the fuel cell.

.2. Fundamentals and test environment

The radiographic measurements were performed with the
omography capabilities of the BAMline at the electron storage
ing BESSY II. A monochromatic X-ray beam with energies in the
ange between 6 and 80 keV is available. Provided with the opti-
ized energy, the monochromatic beam allows for an optimal

uantification of the liquid water distribution in a DMFC or a LT-
EMFC; beam hardening artifacts caused by the energy dependent
ttenuation coefficient are avoided. The difference of compound
pecific mass attenuation coefficients leads to different grey values
n the images. The collected radiographs of operating fuel cells and
heir water content were normalized with reference to the same
ssembly in the dry condition; in high temperature applications a

dry’ condition means a cell setup without any external potential

pplied so that the electrochemical (water producing reaction) can
e stopped and no electrolyte dilution has been observed. Divid-

ng the two grey scale radiographies led to an image that shows
nly the change in the fuel cell caused by the water content. The
imized for synchrotron studies.

transmission through the cell is given by the Beer-Lambert law,

I = I0e
−
∫

�(x)dx
(1)

where I0 is the primary beam intensity, I the detected beam inten-
sity, x the propagation direction, and � the attenuation coefficient.
As shown in (1), the amount of the transmitted synchrotron beam
is dependent on the integral attenuation coefficient in beam direc-
tion. Regarding the fuel cell design for synchrotron investigation,
the cell size in the beam direction should be constructed to be as
small as possible considering electrical and mechanical boundary
conditions. Metals and other high absorbing materials should be
avoided.

In previous studies the visualization method was already suc-
cessfully applied for investigations on LT-PEMFC [1–3] and DMFC
[4], using both in-plane and through-plane views. In LT-PEMFC-
experiments, water estimations in the GDL in the flowfield channels
were performed, whereas in the DMFC experiments, the dynam-
ics of carbon dioxide bubble formation were observed. In those
experiments, the X-ray beam energy has been optimized for water
detection. At an energy range between 7 keV and 16 keV the X-ray
radiation is highly sensitive to liquid water. In Fig. 2 the dependence
of the attenuation coefficients on the beam energy and in Fig. 3 the
resulting beam transmission change for H2O and H3PO4 dependent
on the total agglomeration thickness in beam direction are shown.

Below 7 keV the X-ray beam is almost totally absorbed by thicker
water (or electrolyte) clusters (hardly any transmission and thus
no image contrast). At energy levels above 16 keV the transmission
rates for most water thicknesses are very high and the sensitiv-
ity towards the detection of small water agglomerations is lost.
Energy levels of up to 30 keV may be used for HT-PEMFC applica-
tions, since the absorption coefficient of H3PO4 is approximately a
factor of 7 higher than the corresponding value for water. There-
fore, a beam energy of 30 keV was selected as a good compromise
between signal intensity and selectivity to H3PO4.
In Fig. 4, the dependence of the synchrotron transmission on
different cases for H3PO4 dilution is given.

The accurate interpretation of the graphs should include the
total liquid volume and related volume changes as well as H3PO4
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ig. 3. Synchrotron transmission change as a function of water thickness in the sta

oncentration changes. Two factors do influence the overall attenu-
tion factor: in the case of H3PO4 dilution a volume increase caused
y H2O occurs, resulting in a significant transmission decrease if
he volume increase is combined with a corresponding increase of
3PO4 agglomeration thickness in beam direction caused e.g. by
n increased pore filling degree in beam direction (“expansion in
eam direction”). A different situation holds for the membrane:
here H3PO4 dilution leads to an expansion preferably in non-
eam direction and therefore to a transmission increase due to
artial replacement of H3PO4 by H2O. The transmission increase is
xpected between the cases described by “expansion except beam
irection” and “expansion in all directions”. In these cases, H3PO4
ilution results in a high to moderate transmission increase. For the

ther areas, it is assumed that gas pores exist, which are partially
lled with electrolyte in case of dilution of H3PO4 (“expansion in all
irections”). In Fig. 5, the transmission change is given for the latter,
ost relevant cases and different H3PO4 reference concentrations.
change / mm

embly, for different beam energies and corresponding attenuation coefficients.

The H3PO4 concentration itself is strongly dependent on the
temperature and the water partial pressure in gaseous media. The
dependences (derived from equations given in [21]) are shown in
Fig. 6.

For visualization of the dynamic behavior in HT-PEMFC with
a size of up to 10.0 mm × 6.9 mm, an optical setup was used that
provides 2.5 �m pixel size. The temporal resolution was around
5 s, composed of 1 s for exposure time and 4 s for read out of the
camera data.

The operation conditions given in Table 1 were analyzed with
respect to the water partial pressures resulting both from humid-
ification (anode) and from product water (cathode). Anode water
partial pressures were calculated using the Magnus formulae [22].

Cathode water partial pressures were calculated from mass bal-
ances. Values were taken at the anode inlet and cathode outlet, and
the averaged values were used for the calculation of the expected
H3PO4 concentration. For the calculations, relationships shown in
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Table 1
HT-PEMFC operating conditions.

Run and
picture no.

Tcell (◦C) Current (A) Anode flow
rate (Nml/min)

Cathode
flow rate
(Nml/min)

Utilization
anode (−)

Utilization
cathode (−)

Anode inlet
dew point (◦C)

Vapour partial
pressure anode
(mbar)

Vapour partial
pressure
cathode (mbar)

av. vapour
pressure
(mbar)

Weight %
H3PO4

I
1 149 0.0 80 200 0.000 0.000 0 6.0 0.0 3.0 103.6
2 149 11.2 87 213 0.895 0.883 0 6.0 243.7 124.9 97.0
3 149 0.0 480 1200 0.000 0.000 0 6.0 0.0 3.0 103.6
4 149 11.2 480 1200 0.162 0.157 0 6.0 49.2 27.6 00.6

IV
5 152 11.2 87 213 0.895 0.883 70 310.6 243.7 277.2 94.0
6,7 152 0.8 80 200 0.070 0.067 70 310.6 21.4 166.0 96.2
8 151 11.2 87 533 0.895 0.353 70 310.6 107.2 208.9 95.3
9 152 0.8 80 200 0.070 0.067 70 310.6 21.4 166.0 96.2
10,11 151 11.2 87 2140 0.895 0.088 70 310.6 27.9 169.3 96.1
12 151 0.8 80 200 0.070 0.067 70 310.6 21.4 166.0 96.2
13,14,15 152 11.2 87 213 0.895 0.883 0 6.0 243.7 124.9 97.3
16,17,18 152 0.8 80 200 0.070 0.067 0 6.0 21.4 13.7 102.0
19 152 11.2 87 533 0.895 0.353 0 6.0 107.2 56.6 99.4
20,21 153 0.8 80 200 0.070 0.067 0 6.0 21.4 13.7 102.0
22,23 152 11.2 87 2140 0.895 0.088 0 6.0 27.9 17.0 101.7
24 152 0.8 80 200 0.070 0.067 0 6.0 21.4 13.7 102.0

V
Seq.1 75 4.0 80 200 0.348 0.336 70 310.6 102.3 206.5 57.3
Seq.2 75 0.8 80 200 0.070 0.067 70 310.6 21.4 166.0 65.1

VI,19 kev
25 75 0.8 80 200 0.070 0.067 70 310.6 21.4 166.0 64.8
26 75 4.0 80 200 0.348 0.336 70 310.6 102.3 206.5 57.4
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ig. 7. Location of the HT-PEMFC in the radiography setup, shown in viewing direc-
ion from the camera.

ig. 6 were used. It was assumed for the calculations that no water
ransfer occurs between the anode and the cathode. Dew points of
nhumidified media were assumed to be 0 ◦C. The resulting H3PO4
oncentrations are also given in Table 1. The described assumptions
re simple, but allow a good prediction of the local concentra-
ions in this stage. A more elaborate model may be used, if the
elevant diffusion parameters of the used MEA are known in full
etail.

. First HT-PEMFC measurements

.1. Set up of HT-PEMFC test cell

The design of the HT-PEMFC cell is shown in Fig. 1. Modifica-
ions were mainly done with respect to sealing (higher resistance
o thermal and chemical stress, limitation of compression set). The
etailed experimental layout of the cell in the test bench is shown

n Fig. 7.
The cell design is modified such that after assembly a defined

ompressed thickness of the MEA is adjusted. The MEA used for
his test has been manufactured by FZJ. Details about MEA prepara-
ion, cell assembly and start up procedures can be found elsewhere
23–25].

.2. Test plan
The testing parameters were designed to give significant infor-
ation on the electrolyte distribution and concentration as a

unction of the operating parameters like temperature, media
tilization and humidification degree. In this article, all concentra-

ig. 8. (a) Location of channels, GDL, electrodes and membrane for Figs. 7–13 and (b) c
perating conditions: 11.2 A, dpanode = 0 ◦C, Tcell,av. = 149 ◦C, anode flow = 87 ml min−1, cath
ight side: intensity ratio deviation from 1.00 in%.
urces 196 (2011) 5231–5239

tions are given relative to H3PO4, which represents the mixture of
ortho-phosphoric acid (H3PO4) and pyrophosphoric acid (H4P2O7)
occurring at concentrations close to 100% H3PO4. A data set of oper-
ating conditions is given in Table 1.

4. Results

For HT-PEMFC, the water inventory in a conventional way is
not relevant as all water should be present in the gaseous stage;
this in turn means that no water droplets or diffusion barriers can
occur in normal operating conditions. Nonetheless, the method of
synchrotron X-ray imaging provides an insight on electrolyte con-
centration and distribution for HT-PEMFC applications. The reason
is that concentration and therefore mass attenuation changes of
H3PO4 electrolyte occurs depending on operating parameters.

In general, the measurement of a large fuel cell at tempera-
tures around 150 ◦C is very challenging since small thermal creeps
resulting in mechanical shifts in the �m scale may occur after every
change of the operating parameters, especially of the temperature.
However the cell movement could be mostly corrected by special
software tools. The performed variations (given in Table 1) show
significant changes in synchrotron X-ray images. All images and
diagrams show the anode on the right and the cathode on the left
side. From left to right are displayed: cathode GDL, cathode elec-
trode, membrane, anode electrode, anode GDL (see Fig. 8a). In the
following part, the influence of the current density (c.d.) and the air
utilization on the fuel cell performance are described and discussed
in more detail:

4.1. Influence of current density on electrolyte concentration

In Fig. 8, two intensity ratio images on high/low current flow of
a HT-PEMFC are given.

It is observed that the water production at higher cell temper-
atures (av. temp of 150 ◦C) leads to significant absorption changes
(higher transmission) in the membrane once an external load is
applied both for high and low air utilization ratios. Since the void
volume in the gas diffusion media which is accessible for liquids
is filled and thus constant for both cases, increases in transmission
must correspond to a lower H3PO4 concentration. This is in agree-
ment with the higher water vapour content at the cathode side
under operation conditions. As expected from H3PO4 concentration
data in Table 1, the change in concentration is smaller for low air
utilization (c) than for high air utilization (b). An estimation using
the I/I0 data derived from Fig. 5, shows that in the membrane area
H3PO4 concentration changes between 1.5 and 3% can be observed

which is slightly lower than expected from Table 1 but is in general
in agreement with the expected behavior.

In the GDL areas, hardly any significant transmission changes
have been observed leading to the conclusion that only small H3PO4

urrent density ratio picture (11.2 A/0.8 A), picture (p.) 2 div p. 1, (b) p. 4 div p. 3,
ode flow (b) = 213 ml min−1 (90%), cathode flow (c) = 1200 ml min−1 (16%), scale on
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Fig. 9. Current density ratio picture (11.2 A/0.8 A) (a) p. 13 div p. 17, (b) p. 19 div p. 21, (c) p. 23 div p. 24, operating conditions: 11.2 A, dpanode = 0 ◦C, Tcell,av. = 152 ◦C, anode
flow = 87 ml min−1, cathode flow (a) = 213 ml min−1 (90%), cathode flow (b) = 533 ml min−1 (35%), cathode flow (c) = 2140 ml min−1 (9%).

Fig. 10. (a) Current density ratio picture (11.2 A/0.8 A), p. 5 div p. 6, (b) p. 8 div p. 9, (c) p. 11 div p. 12, operating conditions: 11.2 A, dpanode = 70 ◦C, Tcell,av. = 150 ◦C, anode
flow = 87 ml min−1, cathode flow (a) = 213 ml min−1 (90%), cathode flow (b) = 533 ml min−1 (35%), cathode flow (c) = 2140 ml min−1 (9%).

F p. 7 d
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ig. 11. Dew point ratio pictures, dpanode = 70 ◦C/dpanode = 0 ◦C (a) p. 10 div p. 22, (b)
% air utilization, (b) 0.8 A, 200 ml min−1 air flow.

mounts are located in the GDL where concentration and/or volume
hanges do not have a significant effect.

In the electrodes, only small absorption increase can be observed

t the cathode while on the anode side a higher change has been
bserved. In these areas a possible change in the liquid volume
ust be considered. Since the H3PO4 concentration at the cathode

lectrode cannot be higher under external load than under OCV

ig. 12. (a) Utilization ratio picture, p. 18 div p. 20, (b) p. 14 div p. 19, (c) p. 15 div p. 23, o
a) 0.8 A/0.8 A anode flow = 80 ml min−1, cathode flow = 200 ml min−1 (no parameter cha
8%/9%.
iv p. 16, operating conditions: anode flow = 87 ml min−1, Tcell,av. = 150 ◦C, (a) 11.2 A,

conditions, the observed darkening must correspond to an increase
in H3PO4 volume, which in turn indicates a higher level of pore
filling. At the anode, a stronger darkening under current flow was

observed corresponding to a H3PO4 volume and/or concentration
increase.

A second series of current density ratio pictures is given in
Figs. 9 and 10. In both cases, a higher transmission in the membrane

perating conditions: 11.2 A, dpanode = 0 ◦C, anode flow = 87 ml min−1, Tcell,av. = 153 ◦C,
nge, reproducibility test), (b) air utilization ratio 90%/35%, (c) air utilization ratio
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The situation changes significantly if the operating temperature

F
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ig. 13. Current density ratio picture (4 A, air utilization 35%)/0.8 (A), p. 26 div p.
5, operating conditions: Tcell,av. = 75 ◦C, dpanode = 70 ◦C, anode flow = 80 ml min−1.

rea (appr. 1–3%) can be observed, indicating a H3PO4 dilution of
ppr. 1% when current is applied. On the other hand, a transmis-
ion decrease in the anode area can be observed. This transmission
ecrease is enhanced at high cathode utilization rates. The behavior
an be explained mainly by a H3PO4 concentration increase, main-
aining a comparable pore filling degree. The described behavior is
resent both for unhumidified (Fig. 9) and humidified (Fig. 10) cath-
de gas flows, however, transmission changes are slightly smaller

n case of the humidified cathode gas.

The influence of humidification on H3PO4 concentration is
hown in Fig. 11.

ig. 14. p. Seq. 1, Seq. 2 (Seq. 1: 1, 2, 3, Seq.2: 4, 5) operating conditions: p. Seq. 1: 4 A, p
00 ml min−1.
urces 196 (2011) 5231–5239

In the membrane area, the transmission increases which can be
converted to an estimated H3PO4 dilution of slightly above 0.5% as
the influence of increasing current. In the electrode area of both
anode and cathode, a small transmission decay can be observed.
Since the H3PO4 concentration is expected to decrease not only in
the membrane, the slight darkening is expected to correspond with
a slight increase in total liquid volume as well as in the degree of
liquid pore filling.

4.2. Influence of air utilization on electrolyte concentration and
distribution

In Fig. 12, two consecutive images of the HT-PEM cell oper-
ated on high/low air utilization is shown. Fig. 12(a) indicates
that after a settlement time of 5 min (ratio picture after 7.5 min
and 5 min settlement time) under close to OCV conditions almost
no transmission changes can be observed, indicating a sta-
ble cell status. Fig. 12(b) and (c) indicate that an utilization
increase also leads to a significant H3PO4 dilution (≤0.5%, as
observed in the membrane area). At the cathodic electrode,
no clear tendency can be observed, whereas at the anode, a
certain increase in pore filling degree (transmission decay) is
shown.

4.3. Influence of temperature changes on electrolyte distribution

Summarizing the results at cell temperatures of around 150 ◦C,
the water resulting from faradayic processes leads to significant
but not tremendously high changes in the electrolyte distribution:
in the membrane area, a certain H3PO4 dilution occurs, whereas
in the electrode areas small concentration changes and/or volume
changes can be observed.
is decreased down towards 70 ◦C, and a media humidification is
applied. In that case, the H3PO4 concentration is mainly influenced
by the external humidification and only to a very small extent by

. Seq. 2: 0.8 A, Tcell,av. = 75 ◦C, dpanode = 70 ◦C, anode flow = 80 ml min−1, cathode flow
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he product water. This thesis has been proven by the normalizing
mages taken at “external current (4 A)” and “no external current”

ith respect to each other (Fig. 13), where almost no transmission
hange in any region has been observed; the product water stem-
ing from the electrochemical processes has almost no influence

n the H3PO4 concentration if superimposed by the influence of the
xternal humidification.

In addition, for low operating temperatures, a droplet formation
f diluted H3PO4 has been observed. Fig. 14 shows such a formation
f a droplet at the anode side.

The droplet formation on the anode side is caused by H3PO4
ilution and also continues in the low current phase (0.8 A) of the
est cycle. It will be an interesting topic for further research to find
ut the boundary conditions for droplet free operating parameters.

. Summary

The performed investigations show that synchrotron X-ray
maging with an adapted cell design can be used to study the
lectrolyte in an operating HT-PEMFC. Significant information on
he electrolyte distribution and concentration as a function of
he operating parameters like temperature, media utilization and
umidification degree have been collected. Moreover, boundary
onditions for droplet formation free operating conditions can be
dentified which serve as basis for operating strategies to prevent
lectrolyte leaching to a large extent.
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