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Abstract

Spatially inhomogeneous distributions of current density and temperature in solid oxide
fuel cells (SOFC) can contribute significantly to accelerated electrode degradation,
thermomechanical stresses, and reduced efficiency. This is particularly the case under
technically relevant operating conditions, that is, high fuel utilization. A combined
experimental and modeling study of the spatial distribution of the electrochemical
performance in a planar SOFC was performed in order to determine local effects and to
identify critical operating conditions.

A planar anode-supported SOFC single cell was locally characterized in a 4x4-segmented
cell arrangement. The tests were performed in counter flow operation for various
H2/H2O/N2 mixtures at the anode and O,/N, mixtures at the cathode. Local and global
current-voltage relationships were measured in dependence of gas composition and fuel
utilization. A two-dimensional elementary kinetic electrochemical model representing the
segmented cell along the flow path and through the thickness of membrane-electrode
assembly and interconnector was established. It reflects the experimental setup in a highly
detailed way and allows to quantitatively interpret experimental observations. The model
was validated by comparison to experiments under a wide range of operating conditions.

When the cell was operated at high fuel utilization, both measurements and simulations
show a strong variation of the electrochemical performance along the flow path. The
simulations predict a considerable gradient of gas-phase concentrations along the fuel
channel and through the thickness of the porous anode, while the gradients are lower at
the cathode side. It is expected that the anode is more susceptible to spatially
inhomogeneous degradation than the cathode.
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Introduction

In order to achieve optimum fuel cell performance and minimum degradation, a
homogeneous electrochemical activity and temperature over the whole area of the
electrodes is required. Inhomogeneous distributions of current density and temperature
result in a reduced utilization of the reactants or the catalyst and, hence, in reduced
efficiency. Furthermore, long-term stability of cell components are likely to be detrimentally
affected by an inhomogeneous distribution of the electrical and thermal properties in the
cell. For this reason, it is highly desirable to obtain detailed information about the spatial
distribution of the electrical, chemical and thermal cell properties. For polymer electrolyte
fuel cells (PEFC), different setups for the local measurement of particularly the current
density distribution have been developed and are widely used [1-7]. In contrast to this, only
few experiments for a spatially resolved characterization of solid oxide fuel cells (SOFC)
have been conducted so far, mainly because the high operating temperature represents a
considerable challenge to the experimental setup. One of the first and most powerful
setups for the local characterization of segmented SOFC cells has been developed at DLR
Stuttgart [8-12] .

A more fundamental understanding of the complex behavior in cells in dependence of the
local operating conditions can be achieved by combining experimental investigations with
modeling studies. A two-dimensional electrochemical model representing the segmented
cell along the flow path and through the thickness of the membrane-electrode assembly
and interconnect has been established at the University of Heidelberg [13,14]. The model
includes the description of gas-phase mass and heat transport in the interconnect
channels and in the porous electrodes, the elementary kinetic heterogeneous and charge-
transfer reactions in the electrodes, as well as mass and charge transfer in the membrane-
electrode assembly. The model thus reflects the experimental setup in a highly detailed
way and allows to quantitatively interpret the experimental observations.

Here we present first results from a combined experimental and modeling study of the
spatial distribution of the electrochemical performance in a planar SOFC. Goal of the study
is the determination of local effects and identification of critical operating conditions during
technically relevant SOFC operation.

Experimental

The measurement setup for segmented cells is shown schematically in Fig. 1. It allows for
the integral and spatially resolved measurement of current density and voltage, the local
and integral determination of impedance data, the local measurement of temperature and
temperature distribution and the spatially resolved analysis of the fuel gas concentrations
along the flow path. Square-shaped cells with an area of 100 cm? are divided into 16
segments with an active area of 4.84 cm? of each segment. The cells are integrated in a
metallic cell housing and sealed with glass seal provided by Fraunhofer Institute of
Ceramic Technologies and Sintered Materials (IKTS) in Dresden, Germany. The metallic
housing is subdivided into 16 galvanically isolated segments with a total active area of
73.96 cm? In order to determine the temperature at each segment, thermocouples are
introduced in the metallic segments. Additionally, capillary tubes that correspond to the
cathodic segments are integrated at the anode side at 16 measuring points to take
samples of the anode gas to be analyzed by gas chromatography.
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The setup is flexible with regard to the integration of different cell designs. Metal-supported
cells (MSC), as they are developed and fabricated in house according to the DLR spray
concept, as well as electrolyte-supported cells (ESC) and anode-supported cells (ASC)
can be characterized. With MSC and ASC, only the cathode is segmented, whereas ESC
are segmented on both the anode and the cathode side. The anode-supported cells used
in this investigation contained a 540 uym thick NiO/YSZ anode with a thin anode functional
layer, a 7 um thick 8YSZ electrolyte, a 7 um thick YDC interlayer and a 30 um thick LSCF
cathode. For the contact of the electrodes Ni and Pt meshes were used. More details on
the measurement system are given in [8,9].

Modeling and Simulation

A detailed two-dimensional multi-scale elementary kinetic electrochemical model was
developed that represents one single channel of the experimental setup. The model layout
is shown schematically in Fig. 2. The structural and operational model parameters are
summarized in Table 1. The modeling approach was presented in detail in [13] and is only
summarized here. One-dimensional channel flow (x dimension) is described using the
Navier-Stokes conservation equations (continuity, species, momentum). One-dimensional
transport through the MEA (y dimension) is described by coupled mass transport (Fickian
and Knudsen diffusion, Darcy flow) and charge transport (Ohm’s law for the electrolyte).
The results shown in this paper are calculated under the assumption of isothermal
conditions.

Segment with

air flow channels Thermocouple

Metallic \ Wire for voltage

housing measurements Isolation Wire for current measurement

Segmented
—

Electrolyte cathode

il N S Segmented
anode

Segment with L} Capillary for
fuel flow channels gas chromatography

Anode and
electrolyte

Fig. 1: Setup of measurement system for the characterization of segmented cells:
(a) Housing with anode and cathode segmentation used for electrolyte-supported cells
(b) Housing with cathode segmentation used for metal- and anode-supported cells.
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Fig. 2: Model of the segmented SOFC. Left: two-dimensional representation of one single
gas channel including MEA and interconnect.
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Model parameter Value Ref.
Gas channel
Length Lcha 9.8 cm Setup
Channel cross-sectional area Acha 4 mm? Setup
Channel perimeter Pchem 4 mm Setup
Segmented cell
Number of segments in one channel 4 Setup
Segment area 22cmx2.2cm Setup
Inactive region between segments 0.2cm Setup

porous cathode, mesh cathode)
450 um, 540 pym, 70 Setup
pgm, 490 um

0.74,0.32,0.40% 0.82 Setup [17]
100 pm, 0.7 um, 0.7 Setup

um?, 125 um
TOFtUOSityi Tmesh,a, Tanode, Tcathode; Tmesh,c 1-567 3-6b’ 3-8b’ 1.5° ? Estimated
® Fitted
Cermet anode parameter
Active three-phase boundary length L1pg 4.2 - 10" m/m?® Microstructrual
Effective width electrolyte wys; 0.26 um model [14]
Effective width electrode wy; 0.54 ym
Structural factor electrolyte conductivity £, 0.129
Electrolyte
Thickness Dysz 14 ym Setup
Conductivity bulk 8YSZ A, E; 5.15-10" SK/m, [18]
84 kJ/mol
Contact resistance
Anode and cathode 0.03 Qcm? [17]
Conditions
Temperature T 700 -850 °C Exp.
Pressure p 1013 hPa Exp.
Anode gas phases H;, H,0, N, Exp.
Cathode gas phases O,, N, Exp.

Table 1: Model parameters
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Anode electrochemistry is described using elementary kinetics for surface reactions on Ni
and YSZ, and for charge transfer (hydrogen spillover) [15]. The reaction mechanism is
given in Table 2. Cathode electrochemistry is described using a modified Butler-Volmer
equation given in [13] as derived by Zhu et al. [16]. Current-voltage relationships are
modeled by directly solving for the electric-potential distribution in the electrodes and
electrolytes without using the Nernst equation. The segmentation is represented by an
electrical circuit model where an arbitrary number of segments can be used. All models
are implemented in the in-house numerical simulation software DENIS.

act

Anode Reaction Preexp. factor k¢ Activation en. E;
Charge transfer reaction (Fit):

Hpni + OH ysz = [ i + HoO vsz 5.64-10° mol/(m s) 2 235 kJ/mol
YSZ surface reactions:

H,O + [ysz = H,0 sz S =1 (sticking coeff.) -

HoOvsz + 0% ysz == 2 OH vysz 1.6:10%2 cm?/(mol s) 9.6 kJ/mol
Ofvey *llvsz = V3, + 0% vsz  1.6:10% cm?(mol s) 91 kJ/mol

Nickel surface reactions:

Ho+20ni =2H\ S = 0.1 (sticking coeff.) -

H.O + [1ni = H,0 S =0.01 (sticking coeff.) —

Hni+ Oni= OH i + (i 5.0-10%2 cm?/(mol s) 98 kJ/mol
H,Oni + Oni =2 OH 5.4-10% cm?/(mol s) 209 kJ/mol
Hni + OHni = HoOni + [ 3.0-10%° cm?/(mol s) 43 kJ/mol
Cathode Reaction Exchange current density
O2+2Vy,e, +4€ =20%,, 2810°A/m??

@ Fitted to the present experiments.
® Fitted to experiments with symmetrical SOFC anodes [14].

Table 2: Elementary kinetic reaction mechanism for the anode [15] and global kinetic
reaction for the cathode. A single hydrogen spillover between Ni and YSZ surfaces is
assumed as active charge-transfer reaction. A symmetry factor ¢ = 0.5 is assumed. The
surface site densities of Ni and YSZ are 3.2:10° and 6.3:10™"° mol/cm?, respectively.
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Results and Discussion
Measurement Example

Fig. 3a shows exemplarily spatially resolved IV-characteristics monitored at 800 °C
operating temperature along the flow path in a segment row as indicated in Fig. 3b. The
local voltages differ significantly from the fuel inlet (segment 9) to the fuel exit (segment
12) particularly at high global current densities above approximately 700 mA/cm?. The gas
flow rates were 25 smlpm/cm? for the anode and 80 smlpm/cm? for the cathode gases; the
fuel utilization was 60%.

Model Validation and Parameter Identification

There are a number of model parameters associated with electrochemistry and transport
in the MEA that are specific for the investigated cells and cannot be obtained from
independent literature. Some parameters can be reliably estimated (e.g., porosity from
SEM micrographs). Other parameters, however, can only be obtained by fitting to
experimental data. Here, we use the electrochemical performance of anode and cathode
(preexponential factors, activation energies) as well as porous electrode tortuosities as
free parameters. These parameters were fitted and the model validated under specifically
designed operating conditions: Experimental polarization behavior was measured under
low fuel utilization (< 10 % by using fast gas inflow velocities) in order to circumvent spatial
gradients along the channel. Gas-phase anode and cathode inlet concentrations as well as
temperature were varied over a wide range of conditions (gas composition, gas dilution,
temperature); these conditions were chosen in order to achieve sensitivity for the unknown
parameters. The model parameters were fitted using an isothermal one-dimensional model
of the MEA only. Fitting results are included in Tables 1 and 2.

Simulated and experimental polarization curves for the validation conditions are shown in
Fig. 4. There is overall good agreement between model and experiment over the complete
range of operating conditions. However, a systematic deviation between model and
experiment occurs in Fig. 4d and e. We believe that this is due to an onset of cell
degradation, lowering the experimentally observed performance relative to the model
predictions. Note that one single set of model parameters was used for all conditions.
Degradation effects are not included in the model.

(a) (b)
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Fig. 3: IV-characteristics of segments 9 to 12 with anode X(H;) : X(H.O) = 50 : 50 and
cathode X(O;) : X(N2) = 50 : 50 (a); segmentation of the cell (b)

6



A0306 — Abstract 080 — Oral Presentation — Session A03 — Analysis and Methods — Tuesday, July 1, 2008 — 15:15 h

(a) Anode gas composition (b) Cathode gas composition
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Fig. 4: Comparison of experimental data under validation conditions (low fuel utilization)
and 1D model calculations. (a) Variation of anode gas composition with X(N2) = 0 at 800
°C with cathode 100 % O»; (b) Variation of cathode gas composition at 800 °C with anode
X(H2) : X(H20) : X(N2) = 50 : 50 : O; (c) Variation of anode gas composition with X(H>) :
X(H20) =1 : 1 at 800 °C with cathode 100 % O»; (d) Variation of temperature with anode
X(H2) : X(H20) : X(N2) = 50 : 50 : 0 and cathode air; (e) Variation of temperature with
anode X(Hz) : X(H20) : X(N2) = 50 : 50 : 0 and cathode 100 % Ox.
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Full Simulation Predictions

The segmented planar cell was simulated with the full 2D model using the validated
parameters obtained from the 1D model. For the simulations performed here, a realistic
operating condition under high fuel utilization was assumed. The anode was fed with 90 %
H2/10 % H20 at 1 m/s channel inflow velocity, corresponding to a maximum current density
of 2.2 Alcm® The cathode was fed with air at 6.5 m/s channel inflow velocity,
corresponding to a maximum current density of 6.8 Alcm?. Counter-flow operation was
assumed, and temperature was set to 800 °C.

Simulated global and local current-voltage characteristics for this condition are shown in
Fig. 5. The global IV-curve (Fig. 5a) shows a typical shape with an almost linear behavior
at low currents and a limiting current density of ~1.6 A/cm?. This is less than the value
resulting from the Hy influx (2.2 A/cm?). The limiting current density observed here is
therefore not due to full fuel utilization, but due to diffusion losses in the porous anode. The
local IV-curves can be represented in different ways by either plotting local voltage versus
local current (Fig. 5b) or cell voltage versus local current (Fig. 5c). In the first
representation, the contact resistance between electrode and current collector contributes
individually to the segment voltages. The local behavior shows a considerable variation of
the limiting current density for different cell segments.

Fig. 6 shows the simulated spatially resolved distributions of gas-phase concentrations in
the interconnector channels as well as in the porous electrodes and current collector
meshes for a global current density of 1.3 A/cm?. This condition corresponds to the
condition of maximum power density; the fuel utilization is 59 %. There are considerable
concentration gradients throughout the complete system. In particular, the relatively thick
porous anode in this anode-supported cell is responsible for strong H, depletion through
the anode thickness. The upper panel of Fig. 6 also shows the local current density along
the flow path. The step-like behavior over the four segments is obvious.
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Fig. 5: Simulated polarization behavior for the segmented cell using the full 2D model
under realistic operating conditions (counter-flow operation; anode: 10 % HO in Hy, 1 m/s
inflow velocity; cathode: air, 6.5 m/s inflow velocity; T = 800 °C). The numbers indicate the
segments, where segment 1 is the first in flow direction of the fuel gas. (a) Global current-
voltage curves. (b) Local segment voltage versus local segment current. (c) Global cell
voltage versus local segment current. The dashed line connects points of equal global cell
voltage. It represents the polarization losses due to contact resistance.
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Fig. 6: Distribution of local current density and gas-phase concentrations within channel
and porous electrodes on anode and cathode side for a global cell current density of 1.3
Alcm?, corresponding to a fuel utilization of 59 % (point of maximum power density).
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Conclusions

A combined experimental and modeling study of the spatial distribution of the
electrochemical performance in a planar SOFC was performed. Experimental data were
obtained using a specifically designed segmented cell setup that allows the measurement
of local current-voltage characteristics, gas composition and temperature. Simulations
were performed using a two-dimensional elementary kinetic model that represents the
experimental setup.

In this paper we have presented first results from this combined study. Model parameters
were identified by comparing simulations with validation experiments under low fuel
utilization. A good agreement between simulation and experiment was observed.
Simulations of the cell under realistic operating conditions showed strong gradients of gas
concentrations and current density along the flow path and throughout the thickness of the
membrane-electrode assembly. The relatively thick porous anode and high fuel utilization
causes particularly strong concentration variations at the anode, while the gradients are
lower at the cathode side. We would therefore expect the anode to be more susceptible to
spatially inhomogeneous degradation than the cathode.
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