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a b s t r a c t

This paper presents a newly established testing rig for planar solid oxide fuel cell. Two sets of nearly
identical single-cell stacks except using different designs of flow distributors are measured to show how
exactly the cell performance of such single-cell stacks would vary with a change in the degree of flow
uniformity. It is found that by using small guide vanes around the feed header of commonly used rib-
channel flow distributors to improve effectively the degree of flow uniformity, the power density of the
eywords:
lanar solid oxide fuel cell
ingle-cell stack test
low distributors
low uniformity
ell performance measurements

single-cell stack can be increased by 10% as compared to that without using guide vanes under exactly
the same experimental conditions. Also discussed are the start-up procedure and effects of hydrogen and
air flow rates varying from 0.4 slpm to 1 slpm on cell performance of these two single-cell stacks which
are measured over a range of the operating temperature varying from 650 ◦C to 850 ◦C. After 100 h of
continuous cell operation, the examination of the reduction and oxidation stability of the anodic surface
reveals that the improvement of flow uniformity in flow distributors is useful to achieve a more balanced

.
nodic re-oxidation use of the anodic catalyst

. Introduction

The planar solid oxide fuel cell (SOFC) is of great interest because
f its fuel flexibility, compactness, and potential for achieving very
igh power density [1]. A typical planar SOFC is assembled by the
ositive electrode–electrolyte–negative electrode (PEN) and the
urrent collectors on both anode and cathode sides that are sand-
iched by a pair of interconnects or flow distributors. Nowadays,
any different designs of interconnects or flow distributors with

traight flow channels separated by rectangular ribs have been used
o distribute the fuel and the oxidant gases to the PEN surface, see
or instances Refs. [2,3] among many others. A typical flow path-
ay of interconnects in planar SOFCs may include three parts from
feed header and multi-flow channels to an exhaust header. Fur-

hermore, a good design of flow distributors not only can distribute
he fuel and the air uniformly onto the anode and the cathode for
chieving uniform diffusion processes through porous electrodes,

ut also can provide sufficient air flow on the cathode for remov-

ng possible hot spots during the long-term cell operation. Thus,
he optimization of interconnects or flow distributors is crucial for
urther improvement of the cell performance of planar SOFC [4,5].
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Recently, Shy and co-workers [6] found that flow uniformity in
rib-channel interconnects may play a role on the cell performance
of a single-cell stack based on 3D numerical models. Note that these
numerical flow results in Ref. [6] have been validated by experi-
mental flow data measured by a hydraulic platform. In Ref. [6], four
different designs of flow distributors with the same 12 rectangular
flow channels divided by 11 ribs were investigated, as schemati-
cally shown in Fig. 1a. These four designs were respectively (1) a
single-inlet/single-outlet design proposed by Yakabe et al. [7], (2) a
double-inlet/single-outlet design by de Haart et al. [8], (3) same as
(2) but with an extended rib in the center dividing symmetrically
these 12 flow channels into two portions, and (4) same as (2) but
with 10 small guide vanes equally spaced in the feed header. A flow
uniformity coefficient,

� =

⎧⎨
⎩1 −

[
1
n

n∑
i=1

(
ui − ū

ū

)2
]0.5

⎫⎬
⎭ × 100%,

proposed by Huang et al. [6], was used to indicate the degree
of flow uniformity for these aforementioned designs of intercon-
nects, where n = 12 representing the total number of rib-channels,

ui the flow velocity in the ith rib-channel, and ū the averaged mean
velocity. Both flow simulations and measurements showed that the
design (4) using simple guide vanes in the feed header can signifi-
cantly improve the flow uniformity and thus can provide the most
uniform flow distribution among these four different designs [6].
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Fig. 1. (a) Schematics of four different designs of flow distributors previously used
in numerical studies [6]. (b) Comparisons of experimental and numerical velocity
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nickel sponge on the anode side and a platinum mesh on the
istributions in 12 rib-channels for designs (2) and (4) (here denoted as designs
and II), where ū was the mean velocity averaged from the velocity data in 12

ib-channels. These velocity data were extracted from Fig. 6 in Ref. [6].

For completeness, flow velocity distributions in each of these
2 rib-channels for the designs (2) and (4) are presented in Fig. 1b,
oth including experimental and numerical data extracted from Fig.
of Ref. [6]. Note that here we denote these two previous designs

2) and (4) as the designs (I) and (II). It can be seen that by using
imple small guide vanes evenly spaced in the feed header (design
I), the degree of flow uniformity can be significantly improved

here the value of � is greater than 90% as compared to that of
esign I without using small guide vanes where � ≈ 80%. More

mportant, such improvement on the degree of flow uniformity
an result in an increase of the peak power density (PPD) up to
1% as suggested in Ref. [6] based on 3D numerical models. This
otivates the present work aiming to address the following ques-

ion. How exactly would the effect of flow uniformity vary with
change in the power density of single-cell stacks using different
esigns of flow distributors? Hence, this paper introduces a high-
emperature SOFC testing rig to measure the cell performance for
hese aforementioned single-cell stacks. By comparing the power-
enerating characteristics between two sets of nearly identical
ingle-cell stacks except that different designs of flow distributors
designs I and II) having different degrees of flow uniformity are
pplied, the influence of flow uniformity to cell performance can
e thus measured. However, there are some problems to be solved
efore a clear-cut result on the effect of flow uniformity can be
btained, as discussed below.

At high-temperature conditions, the commonly used metallic

nterconnects using the materials such as the chromium-based
Cr) alloy with a higher oxidant resistance (e.g. crofer 22-APU)
nd the doped LaCrO3-based ceramics have higher values of the
oefficient of thermal expansion (CTE) than that of the PEN, result-
ources 195 (2010) 6280–6286 6281

ing in high thermal stresses and probably causing cracks of the
PEN [9]. Furthermore, the Cr-based vapor species volatilized from
these metallic interconnects can be oxidized and deposited on the
cathode, which in turn inhibit the reduction of oxygen when the
operating temperature is higher than 800 ◦C [10]. Both the mis-
match of CTE among components and the Cr-poisoning problems
can lead to rapid cell degradation [11]. To circumvent the afore-
mentioned problems, Liu et al. [12] established a single-cell stack
using a disc-shape PEN. In Ref. [12], the gaseous reactants were
distributed via various pin-type ceramic flow distributors and the
current on the surface of electrodes was directly collected by Ni
(anode) or Pt (cathode) meshes, so that the Cr-poisoning problem
from the metallic interconnects can be avoided. In addition, the
single-cell stack was assembled using a seal-less arrangement and
thus the CTE matching problem among various components can be
also avoided [12]. It should be noted that such a seal-less assem-
bly could have a serious problem on the cell degradation due to
the cross-leakages of fuel and air in the single-cell stack. This leak-
age problem must be solved before any practical use. Therefore,
this study applies the similar methodology proposed by Liu et al.
[12] using ceramic rib-channel flow distributors and the seal-less
assembly for the present square-shape single-cell stack test, where
the currents on the surface of electrodes are collected by using Ni
and Pt meshes for the anode and the cathode, respectively. Further,
we keep the flow rate of the anode being at least equal to or slightly
higher than that of the cathode to avoid the possible air leakage to
the anode when the seal-less assembly is used.

In the following sections, we will first introduce the single-cell
stack testing rig. Next we will describe the start-up procedure and
show the time dependence of the open circuit voltage (OCV) for the
present two sets of nearly identical single-cell stacks except using
different designs of flow distributors. Results of power-generating
characteristics are then presented to demonstrate how exactly the
cell performance of these two sets of single-cell stacks would vary
with a change in the degree of flow uniformity. Variations of oper-
ating temperatures and hydrogen and air flow rates to the cell
performance of the single-cell stacks are also discussed. Finally, we
will show the observation of the re-oxidation zone on the anodic
surface of the PEN after 100 h of the continuous cell operation that
occurs only in the case using the design I.

2. A single-cell stack testing rig

Fig. 2 shows photographs of a SOFC testing platform using
a temperature-controlled furnace where the single-cell stack is
tested. Also shown in Fig. 2 are various gas supply lines, the humid-
ifier, the flow controller, the monitoring and measuring system
(a Prodigit 3310D electronic load controlled by a data acquisi-
tion computer), and an exhaust gas hood. The furnace can provide
an isothermal environment from room temperature to 1000 ◦C.
Thus, the current–voltage (I–V) and current–power (I–P) charac-
teristics of the single-cell stack can be measured at the selected
high-temperature conditions.

The left part of Fig. 3 presents a photograph of the arrange-
ment of the testing single-cell stack embedded in a ceramic housing
inside a furnace, whereas the right part shows the exploding
sketch of such a single-cell stack. As can be seen, the single-cell
stack consists of an anode-supported PEN with an effective area of
40 mm × 40 mm (ASC 3 purchased from H.C. Starck), a crofer 22-
APU supporting frame, and two current collectors using a porous
cathode side for the collection of the electrode current. The use
of the metallic frame not only provides the mechanical support
to the PEN but also features as a separator to prevent the possi-
ble cross-leakages between fuel and oxidant from both feed and
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ig. 2. A SOFC testing platform including a furnace in which the single-cell stack is
evices.

xhaust headers. In this study, both upper and lower flow distrib-
tors (see Fig. 3) are fabricated by aluminum oxide materials, so
hat the poisoning problem of the electrodes due to the chromium
olatilization from the metallic flow distributors can be avoided.
he PEN, the frame, and the current collectors are then sandwiched
y the upper and lower flow distributors. After many tests, appro-
riate load plates having a total of 3 kg are applied (see the left part
f Fig. 3) in order to obtain a good electrical contact among the
EN and the two current collectors. Note that no bolts are used for
he assembly of the present seal-less single-cell stack. So the stack

s not tightly screwed and thus the CTE matching problem among
ifferent components of the stack can be eliminated. The above
rrangements are essential to simplify the very complex poisoning
nd CTE matching problems occurred in the real SOFC operation
nd thus allow a clear-cut measurement purely on the effect of

ig. 3. The arrangement of a testing single-cell stack positioned inside a ceramic housing
he single-cell stack.
, various gas supply valves and lines, the exhaust gas hood, and power measuring

flow uniformity to the cell performance to be achieved. By direct
comparing power-generating characteristics between two sets of
nearly identical single-cell stacks except using different designs
of flow distributors, one with small guide vanes around the feed
header having higher flow uniformity (design II) and the other
without (design I), we are able to identify the actual influence of
flow uniformity to the cell performance.

3. The start-up procedure
The standardization of the testing procedure is crucial to obtain
repeatable and reliable experimental data and thus must be taken
with great caution. This study follows the same testing proce-
dure proposed by Haanappel and Smith [13] for cell performance
measurements of these aforementioned single-cell stacks using

in the furnace with appropriate loading plates along with the exploding sketch of
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wo different designs of flow distributors. As can be found in Ref.
13], the procedure begins by delivering the test plan and identi-
ying the critical parameters for the cell tests. Following that the
ingle-cell stack is properly mounted to the testing platform for
re-conditioning of the single-cell stack. Then the very slow heat-

ng process of the single-cell stack is carried out under nitrogen,
athode and anode sides, respectively, with gas flow rates of 0.2
tandard liters per minute (slpm) on both sides [13]. In this study, a
rogrammable logic controller is used to control the temperature of
he furnace, such that both heating and cooling rates of the furnace
an be controlled at a constant rate of 1 ◦C min−1 in order to very
lowly heat up and/or cool down the furnace to the wanted temper-
ture. As pointed out by Haanappel et al. [14], the lower reduction
emperature of the anodic catalyst can result in a lower cell perfor-

ance having a longer time to reach steady state performance and
much larger scattering of data points. Therefore, for achieving
higher cell performance, this study uses a high reduction tem-

erature at T = 850 ◦C during the 24-h anode reduction process, in
hich mixtures of hydrogen and nitrogen with the flow rates of
H2 = 0.08 slpm and QN2 = 0.2 slpm are continuously provided to

he anode together with an air flow rate of Qair = 0.08 slpm to the
athode.

Fig. 4 shows the entire time dependence of the cell voltage
uring the start-up process for two independent sets of nearly

dentical single-cell stacks except that their flow distributors are
ifferent, one with small guide vanes (design II) while the other
ithout (design I). Note that the time origin in Fig. 4 is selected

t the time when the very slowly heated single-cell stacks have
eached the wanted temperature at T = 850 ◦C. It is found that val-
es of OCV are essentially the same for both designs only in the
ery beginning of the start-up process. As the anode reduction
ime increases further up to 2 h, the value of OCV for the design
I quickly increases and approaches its maximum value of about
.15 V. This time period is much faster than that of the design I
hich needs more than 9 h of the anode reduction time to reach its
aximum OCV value. The reason for such a discrepancy in the time

ependence of values of OCV between these two cases is clearly
ue to the influence of flow uniformity, since almost all experi-
ental conditions used in these two sets of single-cell stacks are

he same except that the design II using small guide vanes around
he feed header of the rib-channel flow distributor has a higher
ow uniformity than that of the design I. From the time variation

f the cell voltage during the start-up process (Fig. 4), we con-
lude that a more uniform reduction of the anodic catalyst can
e obtained by improving the flow uniformity in rib-channel flow
istributors.

ig. 4. Variations of OCV during the start-up process for the two sets of identical
ingle-cell stacks except using different flow distributors.
ources 195 (2010) 6280–6286 6283

4. Power-generating characteristics

After the completion of the start-up process while keeping the
operating temperature constant at T = 850 ◦C, we measure individ-
ually the power-generating characteristics of the aforementioned
two single-cell stacks using different designs of flow distributors
(designs I and II). For both designs, the measurement begins from
the zero current for the OCV and then increases the current den-
sity load incrementally, each increment by 12.5 mA cm−2, until that
the current density load is increased to be 400 mA cm−2. Further-
more, the measuring time period for each data point should be long
enough to assure that the power-generating data are obtained at
the equilibrium state. By systematically testing different measuring
time periods varying from 0.5 s to 50 s, we found a suitable measur-
ing time period of 30 s that can meet the equilibrium requirement
and thus it is used for all measurements in this study. Note that
the cell voltage at every incremental step of increasing the current
density load is repeatedly measured 30 times to obtain a correct
statistical average value. These results are presented and discussed
below.

4.1. Effect of flow uniformity at various hydrogen flow rates

Under exactly the same experimental conditions except using
or not using 10 small guide vanes in the feed header of flow
distributors (see Fig. 1), we measure the I–V and I–P curves for
each of two sets of single-cell stacks at four different hydrogen
flow rates while keeping QH2 = Qair and the operating tempera-
ture constant at T = 850 ◦C. These results are presented in Fig. 5,
where corresponding values of the power density are also plot-
ted. Our experimental data show that for the case of using small
guide vanes (design II), the overall cell performance is found to
be generally better than the case without using small guide vanes
(design I) and this is valid for all flow rates studied varying from
0.4 slpm to 1.0 slpm. Obviously, such a better cell performance
obtained for the design II is due to the usage of small guide vanes
that can improve effectively the degree of flow uniformity in rib-
channel flow distributors. The higher flow uniformity is, the higher
power density is. As seen from Fig. 5a for the case of the lower
QH2 = 0.4 slpm, a weak concentration polarization can be observed
when the voltage is below 0.7 V. However, for higher hydrogen flow
rates (Figs. 5b–d), no sign of the concentration polarization can be
observed when the maximum current density load is limited at
400 mA cm−2.

To better demonstrate the effect of flow uniformity to the cell
performance, the power density data measured at the maximum
current density load (Id = 400 mA cm−2) for both designs I and II
(see Fig. 5) are re-plotted against the hydrogen flow rate. These
results are presented in Fig. 6. It is found that at the fixed operating
temperature of T = 850 ◦C, values of the power density, respectively
for the design II and/or the design I, increase largely from 259
and/or 232 mW cm−2 to 295 and/or 274 mW cm−2 when the hydro-
gen flow rate increases from 0.4 slpm to 0.6 slpm. This result shows
that the power density is sensitive to the hydrogen flow rate when
QH2 ≤ 0.6 slpm. On the other hand, at higher values of QH2 = 0.8
and 1.0 slpm, the power density is found to be not so sensitive
to the increase of QH2 , where the design II has a power density
of 311 mW cm−2 compared to 280 mW cm−2 for the design I at
the same QH2 = 1.0 slpm. It is worthy noting that by using sim-

ple small guide vanes around the feed header of the rib-channel
flow distributor (design II) to improve effectively the degree of
flow uniformity, the power density of the single-cell stack can be
increased by about 10% as compared to that without using guide
vanes (design I) under exactly the same experimental conditions
(see Fig. 6).
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ig. 5. Comparison of power-generating characteristics between two sets of the s
arying from 0.4 slpm to 1 slpm at a constant operating temperature T = 850 ◦C.

.2. Effect of flow uniformity at various operating temperatures

Using the similar arrangement as Fig. 6 for both designs I and II,
ig. 7 presents the comparison of power-generating characteristics
etween these two single-cell stacks at three different operat-

ng temperatures: (a) T = 650 ◦C, (b) T = 750 ◦C, and (c) T = 850 ◦C,
espectively, where the flow rates are kept constant at QH2 = Qair =
.0 slpm. As can be seen from Fig. 7, values of OCV are about 1.17 V,
.16 V, and 1.15 V respectively at T = 650 ◦C, 750 ◦C, and 850 ◦C, of
hich a small decrease of OCV with increasing the operating tem-
erature is found. This is expected because the Gibbs free energy of

eactants decreases with increasing temperature. When the oper-
ting temperature is low at T = 650 ◦C, the increase of the power
ensity due to the influence of flow uniformity is only incremen-
al, where the measurement is ended at 0.56 V (Fig. 7a). As T

ig. 6. Effect of hydrogen flow rate on the power density for two sets of identical
ingle-cell stacks except using different flow distributors, where the operating con-
itions are fixed at T = 850 ◦C, QH2 /Qair = 1, and the current density Id = 400 mA cm−2.
cell stack using different designs of flow distributors over a range of QH2 and Qair

increases, the cell performance for both designs quickly increases
because the ionic and electrical conductivities of the cell compo-
nents increase with the operating temperature. It is found that
there is an increase of 11.1% in the value of the power density when
compared the design II with the design I at the same T = 850 ◦C and
Id = 400 mA cm−2 (see Fig. 7c). Such an increase in the power density
is due to the fact that the higher flow uniformity in flow distributors
results in a more uniform use of the anodic catalyst.

Fig. 8 shows the same power density data measured at 0.8 V
from Fig. 7, but plotted against the operating temperature. It is
clear that the power density of the design II is very sensitive to the
operating temperature, as its value increases from 100 mW cm−2

to about 300 mW cm−2, a nearly three-fold increase, when values
of T increase from 650 ◦C to 850 ◦C. Similar results are also found
for the design I. Moreover, the higher the operating temperature is,
the larger the influence of flow uniformity is, as can be seen from
Fig. 8.

4.3. Observation of anodic re-oxidation zone

Fig. 9a and b presents photographs of two different designs
of double-inlet/single-outlet rib-channel flow distributors, respec-
tively the design I and the design II that are used in the
aforementioned single-cell stack testing, along with their associ-
ated anodic and cathodic surfaces of the PENs after 100 h of the
continuous operation. Note that the only difference between these
two flow distributors (see Fig. 9) lies in the use of 10 small guide
vanes around the feed header for the design II featuring a much
higher degree of flow uniformity than that of the design I. Both
flow distributors have eight small holes on their rib-channel area

allowing the access of the voltage and current probes for power
measurements. As seen from Fig. 9a for the design I, different color
distributions on the anodic surface of the PEN are observed as
marked by white dashed lines, indicating that the anodic cata-
lyst may suffer the formation of anodic re-oxidation zone. This is
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Fig. 7. Comparison of power-generating characteristics between two sets of the
single-cell stack using different designs of flow distributors operated at three dif-
ferent temperatures: (a) T = 650 ◦C, (b) T = 750 ◦C and (c) T = 850 ◦C.

Fig. 8. Effect of operating temperatures on the power density for two sets of identical
single-cell stacks except using different flow distributors, in which the comparison
is made at the same 0.8 V with QH2 = Qair = 1 slpm.
ources 195 (2010) 6280–6286 6285

not due to the air leakage because we have carefully controlled
the same flow rates applied for both anode and cathode, and
more importantly, the obtained values of OCV are all greater than
1.1 V. In addition, this is not just a one-shot phenomenon, because
such an anodic re-oxidation zone is observed for all cases using
the design I as their flow distributors after 100 h of cell opera-
tion. Previous results applying the scanning electron microscope
(SEM) technique have showed that the color of an initial anode
(NiO/YSZ) with a stoichiometric ratio between Ni and O elements
should be in green, the color of a fully-reduced anode (metallic
Ni/YSZ) should be in grey, and the color of a re-oxidized anode
(Ni1−ıO/YSZ) should change from green to black (dark green) with
increasing ı, as can be found in Ref. [15]. In Fig. 9a, all three col-
ors (green, dark green, and grey) are observed from the anodic
surface for the design I. In other words, different composites of
the anodic catalyst for the design I have been formed after a long
time operation (100 h), on which there are the fully-reduced area
(grey color), the local re-oxidized zone (dark green), and the still
oxidized part (green). Contrary to that of the design I, only one
color of the anodic surface of the PEN is observed when the design
II is used, as shown in Fig. 9b, revealing a very uniform reduced
anode that is in grey color. By comparing these anodic surfaces
between designs I and II, it is straightforward to realize why the
better flow uniformity in flow distributors can lead to a better
cell performance as discussed in Figs. 5 and 7. To the other side,
the cathodic surfaces of the PENs for both designs look almost the
same after 100 h of the continuous cell operation (see Fig. 9), prob-
ably because the oxygen in the cathode has a much slower reaction
rate.

What is the reason for causing the aforesaid anodic re-oxidation
in the case of non-uniform flow field? The possible answer may
be highlighted from previous studies on the anodic re-oxidation
mechanisms (e.g., Refs. [16,17]). As suggested by Hatae et al. [16],
the spongy anodic microstructure can be generated when Ni was
re-oxidized either by O2 in air or by the oxide ion current. The
latter re-oxidation mechanism has been confirmed by a damage
study of Ni–YSZ re-oxidation in anode-supported SOFCs, showing
the effect of fuel starvation on the anodic re-oxidation by the oxide
ion current. Hence, it is thought that the observed re-oxidation
phenomenon occurred only in the case of non-uniform flow field
is probably due to local fuel starvation resulting in non-uniform
electrochemical reactions and thus non-uniform temperature dis-
tributions on the anodic active area.

The aforementioned results are important, because the reduc-
tion and oxidation (redox) stability of Ni-based anode is a key
reliability issue for SOFCs. The occurrence of the unwanted re-
oxidation zone on the anodic surface can decrease the porosity of
the anode. This in turn inhibits the fuel diffusion process through
the porous anode, makes micro cracks at the interface between the
anode and the electrolyte possible, and eventually causes the sever
degradation of the anodic catalyst. Such an anodic re-oxidation
is attributed to non-uniform fuel flow velocities in these 12 rib-
channels (design I), because a non-uniform fuel distribution can
result in a non-uniform fuel utilization on the anode and a sig-
nificant drop of the fuel partial pressure, close to zero, may occur
locally for some very small fuel flow velocities. That is why the
anodic re-oxidation zone does not occur when the design II with
a very high degree of flow uniformity is applied. When the local
re-oxidation of the anode occurs, the corresponding local part of
the Ni-mesh is also oxidized, which in turn insulates the pass way
of the electrons from the anode to the current collector resulting

in a decrease of the cell performance. Hence, the improvement
of flow uniformity in flow distributors is useful to increase the
cell performance (see Figs. 5–8), to avoid the unwanted local re-
oxidation of the anode, and to extend the longevity of the cell stack
(see Fig. 9).
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654–663.
ig. 9. Two different designs of flow distributors without and/or with guide vanes (
f operation, showing the influence of flow uniformity on anodic re-oxidation zone

. Conclusions

A high-temperature single-cell stack testing rig for planar SOFC
s established to measure the influence of flow uniformity to power-
enerating characteristics of single-cell stacks over a range of the
perating temperature and the hydrogen flow rate. It is found that
y simply using small guide vanes equally spaced around the feed
eader of commonly used rib-channel flow distributors to effec-
ively increase the degree of flow uniformity in flow distributors,
he power density of the single-cell stack can be increased by about
0% as compared to that without using guide vanes under exactly
he same experimental conditions. Therefore, the present measure-

ent validates our previous numerical predication using the same
ingle-cell stack configuration [6]. Furthermore, the improvement
f flow uniformity in flow distributors is helpful to enhance the
edox stability of the Ni-based anode, so that a balanced use of the
nodic catalyst can be achieved for the continuous cell operation.
his is important to extend the longevity of the cell stack.

These results should be useful for planar SOFCs. For further
tudies, we are currently conducting measurements of resistance
pectra of these single-cell stacks using the AC impedance and study
he microstructures of the electrodes by SEM in order to under-
tand the cell degradation mechanism and the redox stability of
he anode in more depth. These experimental data will be reported
n the future.
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