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Abstract

Measuring local currents in PE-fuel cells is an important tool for diagnostics and development. A semi-segmented cell has been developec
which can serve as a key instrument to investigate different phenomena in cells and stacks of technical relevance. Data with respect to wat
management is presented. These results show, that the local current distribution is strongly influenced by the dew point of the process air, tt
stoichiometry of the process air and the mode of operation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the electrodes, transport of water in the flow field, the cell
temperature, gas dew points, gas stoichiometries and global
The performance of a PEM-fuel cell depends on many as well as local current density.
interdependent parameters. These are on the one hand the In a standard fuel cell experiment changing voltage or
properties of the electrochemical components such as activitychanging average current density of the cell is the only mea-
of the electro-catalyst, transport properties of the electrodessurable response on variation of any of the parameters in-
(transport of gases and liquid water through the porous struc-fluencing the water management. The interpretation of the
tures) and conductivity of the membrane. On the other hand measurement with regard to optimization of the cell perfor-
the properties of the bipolar plate with respect to distribution mance remains difficult. This is because the reasons for the
of the gases over the active area, heat dissipation propertiexhange in cell performance are not easily deductible in a
and electric conductivity in the bipolar arrangementinfluence straight forward manner.
the performance. Finally also the operation parameters such There are several options to gain more information from
as gas pressures, gas stoichiometries, gas dew points and cedluch experiments. One of these is measuring the current den-
temperatures are important for the overall performance. A sity locally resolved at different locations of the active area of
number of the parameters are interlinked, and especially thethe cell. Knowledge of the current distribution over the active
water management depends on several parameters such agea of the cell can provide useful information on the under-
water sorption and transport properties of the membrane andying mechanisms and can therefore be used for optimizing
components or as validating input to support modeling ef-

_— forts.

* Corre_sponding authqr. Tel.: +.41 5§ 3102411; fax.: +41 56 3104415. For local current density measurements, in principle, two
(R.E'm;'cl))éddressesm“x'bueCh'@pS"Ch (F.N. @chi, m@sre-fe.com different approaches are feasible: (i) construction of a model-
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cell with the necessary instrumentatif3j. In the first case m
accurate measurements are possible, but these results would )

be difficult to be transposed to cells of technical importance, [3 y 1
mainly due to scaling factors and thermal management dif- 3a 1a
ferences. In the second case the challenge is, to include the :l_

instrumentation for locally resolved current measurement in
the cell without making changes to the gas flow field to con- —_—

serve fluid dynamic properties, and to the thermal properties 4a Tln 2a
of the cell (cooling, temperature profiles). In this work, we [4 L 2 |
pursued the approach to use a technical cell (developed for c w

an automotive power traid,5]) in order to gain information

on the “real” system. The construction described in detail be- Fig. 2. Arrangement of segments in semi-segmented plate. Arrow indicates
low would be suitable to be included in a stack. The results schematic path of air flow in the plate, flowing from manifolds B to C.
presented however, are measured in a single cell. Hydrogen flows in a similar manner from A to D.

slightly reduces the performance of the stack, in case of the
2. Semi-segmented plate principle semi-segmented plate it is an advantage because it limits the
current crossing to neighboring segments. This effect is in-

The principle of adopting a real cell for the local current creased by the low thickness of the molded flow field plate,
density measurements was chosen, because inclusion of th#hich has a maximum thickness of 1.5mm, but an average
measurement principle into a big stack should be possib|e_thiCkﬂESS in the flow field of less than 1 mm. The resulting re-
For this purpose a “semi-segmented” cell, including an un- Sistance between two adjoining segments is-015m<. This
changed air flow field plate, as usedin the st44ks], was de- value seems low, but it is big enough to prevent substantial
veloped which allows for local current density measurements communicating currents between individual segments when
but conserves the fluid dynamic properties, as well as the elec-the used external circuit is tuned to even lower differences in
trical, thermal, and mechanical properties exactly equivalent resistance.
to those of a terminal plate in a stack. Therefore, the semi- The semi-segmented cathode flow field plate was com-
segmented part of the cell may also be included as endplatePleted with a standard anode (hydrogen flow field). The total
in a stack. The semi-segmented endplate is shown schematiactive area of the cell is 200 émThe location of the indi-
cally in Figs. 1 and 2It is based on the idea, that the highly Vvidual segments was chosen to cover the parts of the active
conducting part of the plate, made from sintered graphite area where highestinhomogenieties of the current density are
(o~ 1m cm, type NS2, SGL Carbon) is completely seg- €xpected, namely the locations of air and hydrogen in- and
mented after being glued to the flow field plate. This thin outlets. These are in the corners of the flow field. The active
flow field plate, which is pressure molded from a graphite areawas split up in 10 segments, 9 small segments of 20 cm
polymer mixture[4], is equivalent to plates in a stack and and a big central segment of 110€(seeFig. 2. In Fig. 2,
has a comparably high specific resistivigy~ 25 mQ cm, all 10 segments for which the current was recorded individu-
type BMA5, SGL Carbon). But this plate remains intact and ally are shown. In the results section only data from segments
guarantees for unchanged electrochemical, fluid dynamics1—4 are discussed, because the current density in segments
and thermal properties, as well as the compatibility with the from 1ato 4ais similar to the neighboring segments 1-4, and
stack (sedrig. 1). While for standard cells the comparably therefore does not provide substantial additional information.
high resistivity of the molded plate is considered a disadvan-
tage because it results in a small voltage loss, and therefore

3. Experimental

. Air Flow Nafion 112 (Dupont) and standard Elat (E-Tek Inc.) elec-
gﬁg::gl Field trodes (1 mgPtcm? MEA) were used as electrochemical
/ components. The single cell was assembled with a standard

anode flow field plate and the semi-segmented cathode flow
field plate.
The cell measurements were made in a microprocessor

controlled test station, which accurately controls gas flows,
Cut for gas pressures, cell current or cell voltage. The cell is water
Segmentation cooled, with an integrated cooling flow field on anode and

Fig. 1. .Schema_ltic of semi-segmentt_ao! plate: (A) molded low conductivity g?#g?;:czli’z@geenn:ﬁg?iﬂg%ﬂ;ﬂg v;lgtg)r gﬁ\(l)vw(;efrgfz;ature

plate with flow field; (B) high conductivity graphite plate; (C) metal current

collector. almost perfectly isothermal operation of the cell.

5.8 mm
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If not otherwise mentioned the cell was operated under the 600 p—
following standard conditions of 7T cell temperature, gas % —o— Segment 2
pressures of 2bar (abs), hydrogen stoichiometrypf=2 g 250 1 —v— Segment 3
and a hydrogen dew point of 7C. The measurements re- £ 500 1 = Segment 4
ported are steady state data, recorded after at least 30 min of ‘=,
previous constant operation conditions. E w9

The individual segments on the cathode side of the cell 8 4001
were connected to separate current leads. The current in « _—
these leads was measured by hall sensors and recorded via £
standard ADC equipment in a separate computer. After the 3 3001
current measurement instrumentation the individual current 250

leads were united and connected to the load box. The resis- 1.0 12 14 115 1i3 zio 22 24 gia gis 3_‘0
tance of the connections between the cell and the point of
joining was very carefully calibrated by adjusting the length
of the cables, in order to achieve a resulting difference in Fig. 3. Current density in the segments 14 as function of air stoichiometry.
resistance of less than 0. XImIindividual currents were sam-  Average current density in entire cell 400 mAtfaDew point of air 70°C,
pled (0.5 Hz) and averaged over 5 min to eliminate statistical otherwise standard conditions.

fluctuations.

Air Stoichiometry [-]

path have to produce more current. 8= 1.1 the current
density in the first segment (segment 1) is almost three times
4. Results higher than in the last segment (segment 4).
It must be noted here, that stoichiometry-values are always

Single cells can be operated in different regimes with re- given for the entire cell and not for individual segments. For
spect to electrical and gas flow conditions. Constant Currente?arr?p_leége?ment 1|?t th? ﬁ_lr—mlet seis.a_local smehlometry
(CC) or constant voltage (CV) modes are applicable as theoh Aair = (for aﬂce -fstou;] |ometr); 0 alr—||1-5)- ecause. ,
electrical regimes and constant flow (CF) or stoichiometric t ? gnt:re maﬁs ow for the complete cell passes over It's
flow (SF) as the mass flow regimes. Three, out of the four re atl\_/e_y small area. _ .
possible combinations, have been investigated. The CC/SF This IS Important |fthe_cell IS op_erated with awofared_uced
regime is the one seen by a cell in a stack, and therefore ofdeW ppmt of 30C (seeFig. 4). S.t'": . oxygen deplguon
practical interest, the modes CV/SF and CC/CF are of aca-Sffectis observed at the low s_,t0|ch|ometr|es, but at igh L
demic interestin order to learn about the effects of changes ofthe ord((ejr oLthle segments W'tr;] res_pect go C“”er_“ deh”SﬁY E
operating parameters on the current density distribution cell. "€V€"S€ - The astsegment in the air pat (4) carries the high-

In the PE-fuel cell technology a number of operating pa- ?St curr_ent._ This 1S due to the o!rylng O_f the membrane (and
rameters influence the current density distribution in the cell. II”ICI‘eanII"Il? |t;_rehS|stanc§) earlfy in the alrbﬁ)a':jh due to ;[]he dpas-
Among the most important parameters are the stoichiome-529€ © the 'gh mass tlow of comparably dry air. The dew
try and the dew point of the process air. These two param- point of the air increases along the_path due to the product
eters are also interesting from the system developers pointWater and therefore current density Increases as well.
of view, because the process air compressor, and process air In constant voltage and controlled gas SFO_'Ch'OmEtry mode
humidification are important issues for the fuel cell system (CV/SF. cell voltage 0.65V, standard conditions with respect

optimization.

The constant current and stoichiometric gas flow mode 600 -
(CCI/SF) is of highest practical interest, because an individ- &E m—
ual cell in a stack sees always a constant current at a certain g
stoichiometry independent of whether the stack itselfis oper- g 500 1
ated in controlled power, current or voltage mode. Constant 2 450 |
current mode means that the cell, independent of its state, § —8— Segment 1
must carry a given total current. If in one location, i.e. due H el i izgﬁiﬂii
to drying, the current density is reduced, and then another g 350 - —v— Segment 4
segment of the cell has to produce more current. g —

If the cell is operated under standard.d;=70°C,
p(gasey=2bar) and  well-humidified  conditions 250 T F———F A1
(DPyjr=70°C), then the current density distribution in 1012 14 16 18 20 22 24 26 28 80
the cell is very homogeneous fag; > 1.5 (seeFig. 3. If Air Stoichiometry []

the stoichiometry is lowered, then the segments at the end_. L . o
y 9 Fig. 4. Current density in the segments 1-4 as function of air stoichiometry.

of the _all’ path start to produce less current due t(_) oxyger_l Average current density in entire cell 400 mAtfaDew point of air 30°C,
depletion, and consequently the segments early in the airptherwise standard conditions.
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Air Stoichiometry [-] Cell Current [A]

Fig. 7. Deviation of current density from average current density in the
segments 1-4 as function of total cell current. Cell operated in constant flow
mode with gas flows rates correspondingiig, =2 andiair=1.5@80 A

total cell current (400 mA/cR). Dew point of air 70°C, otherwise standard
conditions.

to gas pressures and stoichiometries) the total cell current,

and with this the current distribution in the cell, is dependent path). At the very low stoichiometries af;; < 1.3 where the

on the operating conditions. Figs. 5 and 6the local cur-  oyygen concentration effect would be expected to become
rents for the four corner segments in the plate are shown asyominant, the cell could not be operated in a stable way. At
fur_lctlon of the air st0|ch|qmetry for ahigh and a low air dew ¢ higher stoichiometries af; > 1.5 the drying effect at the
point. It can be seen froffig. 5(DPair = 70°C), thatthe cur-  gegments early in the air path is even more distinct and the
rent density is increasing with increasing stoichiometry in all segments closer to the exit clearly produce more current.
segments. For the low air stoichiometries the currentdensities |, the constant flow mode (CCICF), the varying parameter
of the segments closer to the exit (3 and 4) are lower than thejs e total cell current. The gas flows are held constant at
current densities at the segments near the inlet (1 and 2). This, fiow rate corresponding to stoichiometriesigf = 1.5 at

is due to the higher relative decrease in oxygen concentra-gg a andiy, =2.0 at 80 A. Eighty amperes corresponds to
tion at the lower stoichiometries. If the cell is operated with 4, average Zcurrent density of 400 mATH

air with a dew point much lower than the cell temperature  \jith the variation of the total current not the absolute cur-
of 70°C, then the picture changes. Now the segment closestyent density, but the deviation from the average current den-
to the air-inlet always produces the lowest current density, gjt hecomes of interest. In the case of well-humidified air
because of membrane drying This is also observed at |°W(DPair=70°C, Fig. 7), the deviations from the average cur-
stoichiometriesXair, 1.3—1.5) when oxygen concentration at  an; density are small for currents <80 A. At currents >80 A
the exit-segments is considerably lower, indicating that the e oxygen concentration is reduced at the outlet segments
oxygen concentration effect is overridden by the humidifi- e to consumption and the oxygen concentration effect be-
cation effects (the air is gradually humidified along the flow gmes clearly visible. When feeding air with a low dew point

(DP4ir =30°C, Fig. 8) then the effect of drying of the MEA

Fig. 5. Current density in the segments 1-4 as function of air stoichiometry.
Cell operated in constant voltage mode at 0.65 V at standard conditions. Dew
point of air 70°C.

600 is visible for the early segments. For currents up to 60 A, the
< 550 | —® Segmentf deviation from the average current density is approximately
E 500 | ﬁ gggﬂzmg proport!onal to the current, indicating an increased resistance
< —v— Segment 4 at the first two segments due to drying. At currents >80 A
E 450 again the oxygen depletion becomes the dominant effect, as
%' 400 1 forthe previous operating conditions with stoichiometric flow
§ 550 | regime.
= In all three cases of mode of operation (constant voltage,
£ 300 ¢ constant current and constant flow) discussed here, only the
3 250 - results for the extreme cases of air humidification (dew points
2%20%& close to cell temperature, and near room temperature) have
200170 12 14 16 18 20 22 24 26 28 30 been discussed. In all three cases the current density distri-

bution changes gradually from the one to the other extreme
when the air dew point is changed gradually.

Fig. 6. Current density in the segments 1-4 as function of air stoichiometry. An |mp0rta_nt parameter for the water management in
Cell operated in constant voltage mode at 0.65 V at standard conditions. Dew PE-fuel cells is the cell temperature, because water vapor
point of air 30°C. pressure, and therefore drying and flooding phenomena, is a

Air Stoichiometry [-]
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300 .
250 | 600 - —e— Segment 1
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Fig. 8. Deviation of current density from average current density in the Fig. 10. Current density in the segments 14 as function of hydrogen sto-
segments 1-4 as function of total cell current. Cell operated in constant flow ichiometry. Average current density in entire cell 400 mA¢mCell tem-

mode with gas flows rates correspondingitg, =2 andiar=1.5 at 80 A perature 50C, dew point of air 30C, otherwise standard conditions.
total cell current (400 mA/cR). Dew point of air 30°C, otherwise standard
conditions. small decrease of current density at segment 2 is observed.

) ) Segment 2 is located at the exit of the excess hydrogen from
strong function of temperaturBig. 9shows the dependence  he e, A decrease at this segment can probably be attributed
of the local current densities, in CC/SF mode at a cell temper- 1, accumulation of water in this location, because the velocity

ature of 50°C and low air humidity (DB =30°C). Except ot hydrogen flow at the low stoichiometries is low, close to
for the cell temperature, these are the same conditions as ie exit.

Fig. 4 Comparing the two results shows that with the lower

i : Generally, under the conditions investigated, the influence
cell temperatureRig. 9 segments 1 and 2 carry higher cur-

TIPSl s = of hydrogen stoichiometry on the current density distribution
rents, indicating, that the effect of drying in the beginning of 5 mych less than the influence of the air stoichiometry. This

the air path is less at the lower cell temperature. is because pure hydrogen is used, and therefore no concen-
However, for many applications an operating temperature, ation gradients evolve along the gas channel. Further, the
as high as possible, and process air humidification as 10w \q)yme flow at the anode is 2.5 times less at same stoichiom-
as possible is dictated by the balance of plant. In mobile gy than on the cathode. This means, that also the amount
applications this reduces the size of the heat exchanger, ang¢ water vapor, which can be transported into the cell, or re-
in stationary applications it enables easier use of the wastey,qved from the cell, is less on the anode side than on the
heat. Therefore the effects of uneven current distribution will oihode side. Therefore, the influence of the anode feed on

generally have to be dealt with in real world applications. the water management in the cell and consequently on the
Fig. 10shows the dependence of the local currentdensities . ,rrent density distribution is low.

in CC/SF mode on hydrogen stoichiometry under standard o present results show, that air dew point and air sto-

conditions at 50C cell temperature. The influence of the jchiometry have a critical influence on the current density
hydrogen stoichiometry on the current density distribution is gistribution in a cell of technical size. Such information is

modest. Only at the very lowest hydrogen stoichiometry a ojevant for advancing the technology by improving compo-
nents, such as flow fields or electrodes.

600 1 —e&— Segment 1
& —O— Segment 2
§ ye SEQTEIES 5. Conclusion
3 —v— Segment 4 ’
£ 500 4
2 450 The current density distribution has been investigated in
§ a PE-fuel cell of technical interest. For this purpose a semi-
o 4001 segmented plate with exactly the same properties and cell
S 350 1 iy ) design as the one employed to build stacks of up to 125 cells,
5 was used. Therefore, information was obtained from a cell
@ 250 set-up completely identical to the one having been used for
250 construction of a fuel cell system for an automotive power

10 12 14 16 18 20 22 24 26 28 3.0

: et train[6]. Results with respect to humidification show, that in
Air Stoichiometry [-]

operation modes relevant to the one of an individual cell in
Fig. 9. Current density in the segments 14 as function of air stoichiometry. & Sta_Ck (anStant current), severe Inhom_ogen_let!es in c_;urrent
Average current density in entire cell 400 mAcfnCell temperature 50C, density exist already at moderately low air stoichiometries or
dew point of air 30°C, otherwise standard conditions. a moderately low air dew point. The results show, that such
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