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bstract

planar solid oxide fuel cell repeating unit, 50 cm2 in total active electrode size, consisting of an anode supported electrolyte cell bearing two
mm holes for fuel and air injection, and contacted to two dense metal current collector plates via gas distribution layers, was constructed with the
im of measuring local current densities rather than the integral current over the full area. The cathode side was entirely segmented (i.e. cathode
ayer, gas distribution layer, metal current collector plate) into eight galvanically separated parts of ca. 6.5 cm2 each, with own current and potential
eads.

The element was characterised at 750–800 ◦C and different H2 fuel flows, by total and local current–voltage recording as well as by local
lectrochemical impedance measurement. The segment that incorporates the fuel injection hole for the whole cell always outperforms all other

egments, the corner segments furthest away from the fuel injection perform least. Differences in local potential can be higher than 200 mV.
olarizing one segment individually and recording the change in potential of the other segments reveals the different contributions of convection
nd diffusion on the flow field. Contrarily to small ideal single cells, total performance of such larger sized, stackable cells is decisively governed
y the distribution fields and their weakest zones.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

To circulate useful d.c. current on the order of several 10 A,
lanar solid oxide fuel cells (SOFC) are several 10 cm2 in size.
n stacked condition, i.e. with series connection of several cells
s so-called repeat elements, the necessary presence of fuel and
ir injection zones to each cell and of evacuation zones for oxi-
ized fuel products and air excess from each cell leads to flow
nhomogeneity at each cathode and anode, depending on flow

agnitude and pressure drop together with the particular geome-
ry under study. This flow inhomogeneity leads to a distribution
eld of current density, temperature and ultimately stress and

herefore co-determines the operational reliability of the fuel
ell. Also, it can lead to low local cell potential (i.e. high local
O2 at the anode) causing the nickel anode to reoxidize to nickel

xide, accompanied by high risk of cell fracturing.1

The distribution fields can be numerically predicted, e.g.
sing computational fluid dynamics,2 based on initial assump-
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urrent density

ions for the electrochemical reaction model. These computed
esults need to be compared with experiment, for validation and
onfirmation purposes.

Few attempts3–5 have been reported to locally assess current
ensity in fuel cells, primarily for the low temperature poly-
er electrolyte type, PEFC. Kucernak et al.5 performed space-

esolved current–voltage measurement along a single channel,
ow temperature PEFC element, from which optimal anode feed-
ng could be derived. In SOFCs, Metzger6 measures simultane-
usly the fields of concentration, current density and temperature
ithin a 74 cm2 repeat element. The segmentation of the cell was

n 16 equal squares 4.6 cm2 each. Due to insufficient quality of
he electrolyte support cells (leakage through the electrolyte,
ontacting problems), sometimes ill-explainable temperature
alues were recorded. The leaky electrolytes imposed the use
f large gas flows, implying low fuel conversion and low effi-
iency; little variation in local gas compositions was measured.
as analysis was performed off-line via gas chromatography.

Compared to the considerable theoretical effort produced to

ate (simulation of distribution fields), such attempts to obtain
eal-time experimental data on the repeat element (i.e. stack-
ike) level remain few. The knowledge of these data is crucial,

mailto:Jan.Vanherle@epfl.ch
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.089
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rst in order to validate the simulations, and second to use the
imulation model as a tool for design optimisation of the fuel
ell.7

The paper presents results on local current density measure-
ent in a SOFC repeat element, i.e. including the cell and both

urrent collectors.

. Experimental

The cell is of 50 cm2 active area size and based on tape cast,
.01 mm thin yttria-doped zirconia (YSZ) electrolyte supported
n a Ni-zirconia anode (80 mm × 80 mm × 0.25 mm). The cath-
de, LaSrFeO3, was screenprinted (0.03 mm thick), sintered and
egmented in eight galvanically separated rectangles, according
o the sketch in Fig. 1. Current collection on both electrodes
s achieved with a dense ferritic steel sheet (0.75 mm thick);
as distribution layers GDL (0.5–1 mm thick) are intercalated
etween the metal and the electrodes.8 The cathodic metal sheet
nd GDL were equally segmented according to the geometry of
ig. 1. These individual segments were glued on a 64 cm2 mica
heet, ceramic paste was applied between adjacent segments
1 mm apart) to ensure their separation. The anode side was left
naltered compared to a regular, i.e. unsegmented, cell element.
ach cathode current collector carried individual current and
otential leads. The assembly (view on the cathode) is shown in
ig. 2. Fuel and air are injected via the inlet holes in segments #2
nd #7, respectively. Thus the flow lines are mainly in counter
ow configuration, air flowing out behind segments 1–3 and
uel flowing out behind segments 6–8. No glass seal is used, but
nstead a diffusion barrier ring around the inlet holes (on one face
f the cell only) and a diffusion barrier border along the three cell
dges forming a U-shape around the inlet holes. The assembly
as spring-compressed between Inconel housing flanges (using
ica sheets for electrical insulation) equiped with gas feed tubes,
nd placed in a chamber furnace. The SOFC repeat element was
haracterised at 750–800 ◦C and different H2 fuel flows, 180,
60 and 400 ml/min as indicated by a rotameter (ball-floating
ype). Air flow was in stoichiometric oxygen excess of 2.5 with

ig. 1. Schematic drawing of the segmented SOFC. Numbering and symbols of
he segments are consistently used throughout the text and figures.
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Fig. 2. Segmented SOFC assembly seen on the cathode.

espect to fuel. Though equipped with a gas-specific flow scale
or a set inlet pressure (which was respected), separate post-
alibration of the rotameters with an accurate flowmeter showed
eviations of the nominal flows by as much as +30%. Nonethe-
ess, flows will be given in the paper by these nominal values.
or electrical characterisation, the cell was connected to instru-
entation from Zahner Elektrik (D). All segment leads went

nto a power multiplexer box (P-MUX), itself interfaced to a
ower potentiostat (PP240, 40 A, 5 V) and a base control unit,
M6. The latter contained an internal potentiostat (max. 3 A) and
frequency response analyser for electrochemical impedance
easurement (EIS). For current–voltage recording, one seg-
ent could be electrically decoupled from the remaining seven

egments: the former was then controlled by the internal poten-
iostat, and the latter jointly by the power potentiostat PP240.
he same circuitry allowed to perform segment-per-segment EIS

ecording.

. Results

.1. Comparison with unsegmented cell

Fig. 3 shows the total current–voltage (i–V) characteristic, at
00 ◦C and the three employed fuel flows, for the segmented cell
all eight segments active) compared to an unsegmented cell pre-
ared from the same batch. In principle, responses for both cells
hould be identical. Some differences are apparent: open cir-
uit voltage (OCV) for the regular (unsegmented) cell is lower,
ut its slope (approximated as apparent area-specific resistance,
SR (� cm2)) is lower too. It could not be clearly established
hether these differences were cell-intrinsic or due to the test

rrangement. Performance differences between nominally iden-
ical cells from the same production batch have experimentally
requently been found in our Laboratory, easily 30 mV in OCV
nd ± 20% in ASR. Given that the segmented cell response is

ot far off these variations (OCV ca. 40 mV higher, ASR ca.
5% higher), it can reasonably be assumed that the measure-
ent disturbance, introduced by the segmentation, is not major

nd that therefore the segmented test arrangement is validated
or the subsequent results.
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In reality (not shown here but later in Fig. 8), each local i–V
exhibits a downwards parallel shift to a slightly lower potential,
including at OCV, as total current on the cell increases.
ig. 3. Total i–V response of the segmented cell (open symbols) compared with
n unsegmented cell (closed symbols) of the same batch, at 800 ◦C and similar

2 gas flows.

.2. Local i–V

Fig. 4 shows a typical plot of local i–V (here for 800 ◦C,
2 flow 260 ml/min), i.e. the individual i–V taken on each seg-
ent (internal potentiostat) while all other segments also carry
meaningful current (total of 8 A or ca. 0.17 A/cm2). Segment
2 (located at the fuel inlet) clearly outperforms all others. It
s followed by segment #7, located at the air inlet and directly
ownstream from the fuel inlet. Segments #1–3, #4–5 and #6–8
hould in principle show a pairwise identical behaviour, if the
owfield were ideally symmetric and the contact assembly ide-
lly mounted. Clearly this is not the case: segments #1–4–6 (“up”
rom segment #2) systematically showed superior behaviour

o segments #3–5–8 (“down” from segment #2). The asymet-
ic response must arise from problems in the test arrangement
non-planarity of a partial contact, a sealing defect leading to

ig. 4. Local i–V for each segment (#1 to #8) at 800 ◦C, 260 ml/min H2 while
he cell remainder (i.e. the sum of the other seven segments) carry a current of

tot = 8 A (ca. 0.17 A/cm2).

F
d
f
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preferential flow orientation, or the like). Finally, segment #1
and slightly segment #3) shows the onset of current limitation
elow 0.6 V. This is indicative of mass transport limitation and
as typically observed for these inlet corner segments (#1 and
3), at low flow: indeed numerical simulation clearly predicts
nsufficient flooding to these corners.2

From Fig. 4, the local i–V per segment can reasonably well be
pproximated by its corresponding ASR value. These are given
n Fig. 5a, as a function of total current circulating through the
ell (on the other seven segments) and in Fig. 5b, as a function
f fuel flow.

Fig. 5a shows the segment-ASR to be fairly independent from
he current circulation elsewhere in the cell, at least up to 8 A or
70 mA/cm2 (corresponding to low fuel conversion of ca. 20%).
ig. 5. Local ASR per segment, at 800 ◦C, as (a) a function of global current
ensity (circulating on the other seven segments) and (b) as a function of total
uel flow.
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Fig. 5b shows the segment-ASR to be clearly dependent
pon flow. All ASR are expected to drop with increasing flow,
s generally shown, in particular for the change from 180 to
60 ml/min. The effects on the inlet segments (#2 and #7) is
mallest, as these are already well flooded even at the lowest
ow. The effect of higher flow is largest on the inlet corner seg-
ents (#1 and #3). ASR values tend to homogenize (at least

or five segments) at the largest flow. The unusual increase on
egment 8 at largest flow points again to an anomaly in the test
rrangement and to the fact that increased flow not necessarily
oods the whole cell. In fact, optimal flow for this particular test
eems achieved at around 300 ml/min H2.

We find further confirmation of the observed behaviour when
lotting OCV per segment as a function of flow, Fig. 6: high-
st for the fuel inlet and the cell center, lowest in the corners.
ll OCV obviously increase with flow, but flatten out already
etween 260 and 400 ml/min. Clearly theoretical Nernst poten-
ial (1.1 V) is not reached. In the present case, the potential
ower than theoretical is explained by the combined effect of
as leakage (imperfect sealing, back-diffusion) and partial elec-
ronic shorting across the thin electrolyte,2,7 where the former
ffect is mostly responsible for the OCV difference between
owest (180 ml/min) and intermediate (260 ml/min) flow.

.3. Local electrical losses

A vast series of EIS measurements was conducted (as a func-
ion of temperature, flow, local and total dc bias), of which here
nly the summary can be given. Each EIS response typically
isplayed two semicircles, one for each electrode. Here we con-
ider only the ohmic loss (high frequency intercept with the real
xis, R�, in a Nyquist diagramme) and the polarisation loss (low
requency intercept, Rtot, minus R�). Fig. 7 plots these values for

ll segments at OCV, 800 ◦C and 260 ml/min H2, normalised to
he segment area (in � cm2). One would expect all normalised
hmic drops R� to be equal. This is clearly not the case and reil-
ustrates the importance of proper contacting homogeneously

ig. 6. Local open circuit voltage (OCV) per segment as a function of total fuel
ow, 800 ◦C, global current density = 0 A/cm2.
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ig. 7. Normalised local ASR per segment (� cm2), at open cicrcuit condition,
00 ◦C and 260 ml/min fuel flow, separated in ohmic (R�) and polarisation
esistance (Rpol), obtained from local impedance measurement.

ver the whole cell. Values vary between 0.2 and as much as
.6 � cm2; for small single cells using idealised Pt-mesh current
ollection (no ferritic steel, no GDL) a value of 0.1 � cm2 is typ-
cally obtained. The poor relative performance of segments #5
nd #8 seen higher (Fig. 4) is at least partially explained from
ig. 7 by their abnormally high ohmic loss, likely because of

nsufficient contacting. This could not be clearly established at
ost-mortem disassembly. Polarisation loss, Rpol, here indica-
ive for gas feed quality, also clearly reflects the recorded i–V
ehaviour: lowest for the inlet segments (#2 and #7) and the
enter segments #6 and #4, highest for the corner segments. The
otal losses Rtot per segment are entirely consistent with the ASR
alues given in Fig. 4, for the same conditions. (Overall, values
n Fig. 7 lie about 0.1 � cm2 lower than in Fig. 4: this is explained
y the fact that the cell performance typically improves with test
uration due to cathode activation.8 The test was run for over
month and i–V data and EIS data were recorded at different

ime intervals. This change in performance with time does not
ullify data interpretation as it is homogeneous over the whole
ell and relatively small (<15%).)

.4. Local influences

A particularly useful outcome is the study of the influence of
olarisation of one segment (via the internal potentiostat) on the
ocal potential of the others, which was performed in both OCV
nd overall d.c. bias conditions. Here the effect on local OCV
s discussed, which is more pronounced. The general aspect is
iven in Fig. 8, which displays OCV on each segment as a func-
ion of the current drawn on the rest of the cell (=all other seven
egments). Clearly all local OCV drop with the cell current,
s expected: water vapour is produced by the current, lowering

he potential through the Nernst equation. The upstream seg-

ents for fuel inlet (#1–3) are somewhat less influenced than
he downstream segments #4–8. Water vapour transport leading
o local potential lowering can occur in two ways: convective
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ig. 8. Local OCV per segment as a function of global current density (=on all
ther segments combined), 800 ◦C, 260 ml/min fuel flow.

hrough the flow (pressure gradient driven), and diffusive (con-
entration gradient driven). Studying individual segments can
uantify the contribution of both processes, as illustrated here-
fter in Fig. 9. From Fig. 8, it is seen that the lowering of local
CV as a function of global current (drawn on the cell remain-
er) can be approximated by a straight line fit, in units of � cm2.
hus a value of −0.1 � cm2 means that local OCV is lowered
y 10 mV when globally 100 mA/cm2 are drawn (on the other
egments). This representation is used for plotting Fig. 9.

Fig. 9 shows the effect on local OCV when only one segment
s polarised. When drawing current only on segment #1, clearly

ts downstream segments #4 and #6 are mostly affected (slope

0.18 and −0.1 � cm2, respectively). When drawing current
nly on the fuel inlet segment #2, all other segments are more
r less equally affected (average slope around −0.075 � cm2).

ig. 9. Local ASR (� cm2) expressing the drop in OCV on one of seven segments
X-axis) as a function of the current density drawn on the remaining, eighth,
egment (given by the legend), at 800 ◦C and 260 ml/min.
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inally, when drawing current on an “exit”, e.g. segment #6
r #8, still OCV on the other segments is lowered (slope ca.
0.02 � cm2), even though the water vapour produced locally

t these exit segments should be transported out of the cell by
onvection (direction of the flow). This therefore evidences,
o some extent quantitatively, diffusion transport inward to the
ell.

Finally, comparison has been made between the experimen-
ally determined local current density distribution and the numer-
cally obtained current density distribution by computational
uid dynamics.1,2 Qualitatively, agreement was satisfactory.
uantitatively, differences are explained by the asymmetry in

he experimental values (simulation of course yields a perfectly
ymmetric flowfield) and by the underestimation of leakage in
odeling. The latter is now added to the model, accounting

or imperfect sealing, and amply confirmed by local concentra-
ion measurement in a separate test arrangement. This will be
eported elsewhere.

. Conclusion and outlook

A segmented solid oxide fuel cell repeat element (50 cm2

otal) was designed for measuring local current density (eight
egments of each ca. 6.5 cm2). Local current–voltage and local
mpedance (i.e. for each segment) could be measured as a func-
ion of operating conditions (temperature, flow, d.c. bias, with
ther segments active or not). A clear picture of the flow field
as obtained for the presently used cell configuration. This was

imited especially in the corner areas, due to the counterflow
rrangement with punctual inlets. A new, modified, cell configu-
ation is redesigned based on these results, which will overcome
he identified limitations.
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