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� MOPD of the unit cell decreases or is independent of Cr in CCCL.
� Degradation of the unit cell increases or is independent of Cr in CCCL.
� Degradation of the repeating unit increases with increasing Cr content in CCCL.
� Cr affects the cell degradation, and has no influence on contact resistance.
� Cell degradation is mainly dependent on the ohmic resistance.
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a b s t r a c t

Quantitative effect and mechanism of Cr on cell performance inside stack are investigated by incorpo-
rating Cr in the cathode current-collecting layer (CCCL). The results show that the maximum output
power density (MOPD) of the unit cell inside a stack decreases as the Cr content increases beyond
253.81 mg cm�2. The MOPD is independent of Cr when its content is less than 253.81 mg cm�2 at the
original operation stage. The degradation of the repeating unit inside the stack increases with increasing
Cr content. When the Cr content is higher than 182.22 mg cm�2, cell degradation increases. However, cell
degradation is independent of Cr content when its content is less than 182.22 mg cm�2. The addition of Cr
to the CCCL increases the ohmic resistance of the CCCL and the contact between the cathode and the
electrode during the initial stage. The effect of Cr on cell degradation increases with time, but Cr content
has no influence on the contact resistance between the interconnect and the cathode. Cell degradation is
mainly dependent on ohmic resistance, and is independent of polarization resistance. Therefore, the
addition of Cr to the CCCL increases the cell ohmic resistance, but does not affect cell polarization
resistance.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFCs) have become a potential low-cost
power generation technology due to their unique advantages, such
as high-efficiency, having a non-noble metal catalyst in the elec-
trode material, and being internal reforming fuel cells [1]. For
commercialization of SOFC systems, they should reach 40,000 h
operation time [2]. NieYSZ [3] and LSMeYSZ [4] are widely used as
anode and cathode raw materials, respectively, for anode-
supported SOFCs. For these traditional electrode materials, cath-
ode poisoning by Cr, introduced during evaporation from metal
alloys, is a main cause of cell performance [5]. Hence, the surface of
FeeCr alloy as a metal interconnect, one of the most important
).
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components in the SOFC stack, must be coated to prevent Cr
evaporation leading to the poisoning of the cell cathode [6,7].
Applying a coating on the interconnect can protect the metal alloy
from high-temperature oxidation and prevent Cr evaporation.
Currently, a large number of high-temperature alloys containing Cr
are used in the SOFC system hot box, including the heat exchanger,
carburetor, burner, and gas tube [8]. At the high temperatures in the
hot box, Cr in the SOFC system inevitably evaporates and is
deposited on in the cathode as a result of high-speed gas flow,
causing cell performance degradation.

To address this challenge, researchers have been diligently
investigating the mechanism of Cr poisoning and how it affects cell
performance, and have made significant progress [9e15]. The re-
searchers realize the necessity for quantitative determination of the
content and the distribution of Cr in the cathode, and develop
methods for its measurement [16e18]. However, measuring the
content and the distribution of Cr in the cathode side is difficult due
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Fig. 1. Schematic diagram of stack assembling structure.
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to the complex operational environment of the SOFC, which is
characterized by high temperature and high-speed flowing gas,
among other factors. Some researchers have found that the evap-
oration rate of Cr is not equal to its deposition rate in the cell
cathode and that the Cr distribution in the cathode is not uniform
[19,20]. As a result, of these uncertainties regarding the presence
and behavior of Cr in the cathode, it is difficult to verify the oper-
ating mechanism and the correlation between cell performance
and the amount of Cr. Nevertheless, a few results have been ob-
tained regarding the prediction of the influence of Cr on cell per-
formance [6,19,21]. However, no clear relationship between Cr
content and the cell performance inside an SOFC stack has been
established, because many complex factors affect cell performance
[20,22,23]. In 2012, Horita et al. [24] obtained the first correlation
between cell performance and Cr content in the cathode by adding
Cr into an LSM cathode. However, that research focused on the
oxidized Cr/Pt-mesh/cathode/GDC/Pt-paste-Pt-mesh, which is
considerably different from an actual SOFC stack and with the
operating conditions.

The quantitative effect of Cr on cell performance during the
actual stack operation is not found until now. However, the
mechanism of Cr affects cell performance by poisoning the cathode
has been widely reported [25e31]. The mechanism can be sum-
marized as follows: Cr poisons the cell cathode in the triple-phase
boundary, resulting in an increase in the polarization resistance of
the cathode. An electrochemical reaction model, a chemical reac-
tion model, and a physical model of Cr poisoning have each been
established and demonstrated [32]. Recently, it was found that Cr
deposition in a porous cathode causes serious deterioration in cell
performance under open-circuit voltage (OCV) conditions for
SOFCs, seemingly verifying the mechanisms of the chemical reac-
tion model and the physical model of Cr poisoning of the cathode
[33]. However, Cr poisoning mechanisms of the three models in the
cathode side mentioned abovemay exist simultaneously, and affect
cell performance during actual stack operation due to the complex
operating environment. Therefore, the mechanism of Cr affecting
cell performance by poisoning the cathode must be further studied
and verified to reach a greater level of understanding.

Overall, the quantitative correlation between the amount of Cr
and cell performance has not been determined for actual SOFC
stack operation due to the difficulty in determining Cr content and
its distribution in the cathode. The mechanism of Cr affects cell
performance is yet to be verified and confirmed. In this study, the
quantitative effect of Cr on cell performance is measured and the
mechanism by which Cr affects cell performance is examined by
investigating cell performance through incorporation of Cr into the
cathode current-collecting layer (CCCL) during actual stack
operation.

2. Experimental

In this study, anode-supported NieYSZ/YSZ/LSMeYSZ and
commercial ferritic stainless steel SUS 430 were used as the unit
cell and metal interconnect, respectively. The size of a cell inside
the stack is 10 cm � 10 cm with an active area of 63 cm2. Other
parameters are indicated in our previously published report [34].
The structure of the gas channel on the anode side of the metal
interconnect was formed along the regular line groove by the
erosion etching method. A metal mesh was welded on the inter-
connect as the oxidized gas channel and cathode current collector.
The NieCr/LSM composite coating was applied using plasma
spraying technology onto the cathode surface of the metal inter-
connect to protect it from deposition of vaporized Cr and to prevent
the reduction in stack performance during operation under high
temperature. The coating process and themicrostructure of the Nie
Cr/LSM composite coating are also described in our previous work
[23]. A description of the performance of the Al2O3eSiO2eCaO-
based glass sealing component can be found in our previous liter-
ature [35].

The anode current-collecting layer, a 130 mme150 mm thick
coating of NiO was applied to the cell anode by screen printing. A
100 mm thick layer of porous nickel was pasted on the anode side of
the metal interconnect during the assembly of the stack to enhance
the anode current collection. An approximately 250 mm thick layer
with the composition of (La0.75Sr0.25)0.95MnO3 (LSM) was printed
on the cell as the CCCL. In this study, in order to measure the
quantitative effects of Cr on cell performance by poisoning the
cathode, various amounts of Cr were introduced into the LSM
current-collecting slurry. Specifically, the cathode current-
collecting slurry (CCCS) was mixed with Cr and LSM powders as
raw materials. The nominal contents of Cr in the CCCS were 0, 0.1,
0.3, 0.5, 1.0, 1.5, and 3 wt. %. The actual content of Cr in the CCCS,
determined by using an ICP-AES (PerkineElmer Optima 2100
model) apparatus, was 0, 0.13, 0.28, 0.41, 0.96, 1.21, and 2.61 wt. %.
The overall quality of the CCCS for each cell was 3.9, 4.0, 4.1, 3.9, 4.1,
3.9, and 4.0 g, with a corresponding Cr quality of 0, 0.0052, 0.01148,
0.01599, 0.03936, 0.04719, and 0.1044 g. That is, the corresponding
quality of Cr in the effective area was 0, 82.54, 182.22, 253.81,
629.05, 749.05, and 1657.14 mg cm�2, respectively.

To investigate the quantitative effect of Cr on cell performance, a
seven-cell stack (called stack 1) was assembled according to the
structure shown in Fig. 1 [36]. The units cells were labeled with
numbers 1e7 in increasing order of Cr content: Cell 1 had the
lowest Cr content and Cell 7 the highest. A voltage lead was placed
on the surface of the current-collecting layer on each of the two
sides of the unit cells during the stack assembling process, as
shown in Fig. 2. The cell voltage can be detected in real time to
obtain the power density variation and degradation of the stack
performance, as well as of each repeating unit and unit cell, through
the voltage leads. In Fig. 2, the voltage between leads 1 and 2, 3 and
4, 5 and 6, 7 and 8, 9 and 10, 11 and 12, and 13 and 14 denotes the
voltage of each of the unit cells, and the voltage between leads 1
and 3, 3 and 5, 5 and 7, 7 and 9, 9 and 11, 11 and 13, and 13 and 15
denotes the voltage of each of the repeating units (each repeating
unit contains one interconnect and one unit cell).

After assembly, the stack was placed into a furnace, and heated
at a rate of about 1 �C min�1 to 850 �C. In order to ensure proper
sealing effect, a pressure of approximately 10 N cm�2 of the



Fig. 2. Schematic diagram of voltage lead arranged inside stack.
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pressure was applied on the stack. Subsequently, the stack tem-
perature was reduced to 800 �C followed by performance mea-
surement. Nitrogen (N2) gas was fed into the anode at a flow rate of
1 SLM for about 10 min, and then hydrogen (H2) with 3% humidity
and air were fed into the cell anode and cathode, respectively. After
reduction of the anode for more than 3 h, the curves of the currente
voltage (IeV) and degradation were measured. The cell micro-
structure was subsequently characterized using scanning electron
microscopy (SEM, Hitachi S-4800).

In order to investigate the mechanism of Cr on cell performance,
a vastly increased amount of Cr compared to the above experiments
needed to be added into the CCCS. Therefore, 30 wt. % Cr was
introduced into the CCCL of a unit cell (unit cell 2 in the stack), and
then unit cell 2 was assembled into a two-cell stack (named stack 2)
with another cell (unit cell 1) in which the CCCL had no Cr, ac-
cording to the schematic diagram shown in Fig. 1. Electrochemical
impedance spectra (EIS) were recorded by using a frequency
response analyzer (FRA, Solartron 1260/1287) to obtain the ohmic
and polarization resistance of the unit cell and of the repeating unit
inside the stack at set intervals during operation. In order to
quantitatively analyze the resistance source of different parts of the
unit cell, the voltage lead was arranged according to the schematic
diagram shown in Fig. 3. The voltage lead arranged on the cell
surface, as shown in Fig. 3, is slightly different from that shown in
Fig. 2. The voltage lead was arranged on the electrode surface of the
unit cell and on the gas channel of the interconnect to measure the
voltage between various locations, to identify Cr on the resistance
source of various parts of the repeating unit inside the stack. A
sealing component was applied to isolate the voltage lead and the
Fig. 3. Schematic diagram of voltage prob
metal-interconnect to avoid their direct contact, which can result in
a short circuit.

3. Results and discussion

3.1. Influence of Cr on performance of unit cell and of repeating unit
inside stack

Fig. 4 shows the currentevoltage (IeV) curve of the stack and
the corresponding repeating unit and unit cell. The OCV of this
seven-cell stack (stack 1) reaches 8.076 V at 800 �C under the gas
flow rate of H2/Air ¼ 6.8/20.4 sccm cm�2. The average OCV of the
unit cell is 1.153 V. According to the Nernst equation, the voltage in
our experimental condition is about 1.09 V, which is consistent
with that reported in our group’s previous publication [37]. The
experimental value is a little higher than the theoretical value for
our experimental condition, implying an excellent sealing perfor-
mance. Themaximum output power density (MOPD) of this stack is
0.396 W cm�2 with a corresponding output power and fuel utili-
zation of 174.597 W and 62%, respectively. The MOPDs of repeating
units 1e7 inside this stack are 0.419, 0.361, 0.403, 0.418, 0.406,
0.399, and 0.362 W cm�2, respectively. The corresponding MOPDs
of the unit cell are 0.429, 0.374, 0.432, 0.431, 0.418, 0.415, and
0.382 W cm�2, respectively.

The correlation between Cr content and the MOPD of the unit
cell and of the repeating unit is shown in Fig. 5. The MOPD of the
unit cell and of the repeating unit decreases with an increasing
content of Cr when the Cr content is more than 253.81 mg cm�2. The
MOPD of the unit cell reaches 0.431 and 0.432 W cm�2 with Cr
content of 182.22 and 253.81 mg cm�2, respectively, while the
MOPD of the unit cell without Cr in the CCCL is 0.429 W cm�2. The
performance of the former (unit cell with Cr) is slightly higher than
that of the latter (unit cell without Cr). In contrast, the MOPD of the
repeating unit is lower than that of the unit cell without Cr in the
CCCL (as shown in Fig. 5), implying that Cr in the CCCL increases the
interfacial contact resistance between the interconnect and the
electrode during the initial stage of stack operation. Accordingly,
repeating unit 2 has the lowest MOPD among all repeating units,
whichmay be due to the low performance of the unit cell itself. The
results imply that Cr content has no influence on the MOPD of a
unit cell inside the stack, since Cr content is less than
253.81 mg cm�2 at the original operation stage.

The differences in the voltage drop DUIC caused by the unit cell
and by the repeating unit were calculated, and the results are
presented in Fig. 6a). The voltage drop DUIC between the unit cell
and the repeating unit has a linear relationship with the corre-
sponding current density. The slope of the line can be obtained by
fitting the voltage drop difference curve, denoting the resistance RIC
source of the metal interconnect and the interfacial contact
e arranged on both sides of unit cell.



Fig. 5. The correction of Cr and power density of unit cell and repeating unit.

Fig. 6. The relationship between the content of Cr and the resistance source of the
interfacial contact and the interconnect: a) voltage drop, b) ohmic resistance.

Fig. 4. IeV curve of stack and its corresponding repeating unit and unit cell at 800 �C:
a) stack 1, b) repeating unit, c) unit cell.
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between the cathode and the interconnect. The relationship be-
tween the resistance RIC and Cr content is shown in Fig. 6b). As
shown in this figure, the resistance RIC increases with the increasing
Cr content in the CCCL. The resistance RIC of unit cell 3 increases
significantly compared with those of other unit cells, which may be
due to an improper electrical interfacial contact of the corre-
sponding repeating unit or by an improper connection of probe 7
with the corresponding interconnect (as seen in Fig. 2).

After stack disassembly, a clear and uniform contact is found on
the CCCL of unit cells 1 to 7, and the representative morphology of
their traces is illustrated in Fig. 7a) and b). Accordingly, the inter-
facial contact between the cathode and the interconnect is not a
major factor in the stack performance, based on the findings of our
previous studies [23,38]. Therefore, it can be concluded that the
change in power density of the repeating unit in the stack is mainly
caused by Cr, and the performance of repeating unit 2, having the
Fig. 7. Representative morphology of trace left on the CCCL after stack disassembly: a)
surface morphology, b) cross section.
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lowest value compared with the other units, results primarily from
poor cell performance. Similarly, it can be deduced that the
repeating unit 3’s highest RIC is perhaps mainly caused by probe 7’s
poor connection with its adjacent interconnect.

Fig. 8 shows the degradation curves of the stack and the cor-
responding repeating unit and unit cell at the current density of
0.508 A cm�2. The original operation voltage of the stack is 4.96 V
(i.e., the average operation voltage of each unit cell is approximately
0.7 V) with a corresponding power and fuel utilization of 159Wand
52%, respectively. The degradation rate of the stack is 1.06% per
100 h during the 460-h operation. The OCV of the stack reaches 8.1,
8.07, 8.07, and 8.3 V when the stack operates for 5, 95, 405, and
458 h, respectively. The results show that the stack has an excellent
sealing performance throughout the whole operation, indicating
that sealing is not a factor in cell degradation. The degradation rates
of unit cells 1 to 7 are 0.12%, 0, 0.38%, 0.62%, 0.76%, 5.0%, and 5.9%,
respectively, per 100 h with the degradation rates of the
Fig. 8. The degradation curve of the repeat unit and of the unit cell at 800 �C: a) stack,
b) unit cell and c) repeating unit.
corresponding repeating units being 0.006%, 0.32%, 0.02%, 0.26%,
0.65%, 1.5%, and 4.56% per 100 h, as shown in Fig. 8b) and c).
Therefore, we conclude that the degradation rate of the repeating
unit increases with increasing Cr content except for repeating unit
2, as shown in Fig. 9. When the Cr content is less than
182.22 mg cm�2, Cr in the CCCL seemingly has no influence on the
degradation of the unit cell inside the stack. When the Cr content is
more than 182.22 mg cm�2, the degradation rate of the unit cell also
increases with increasing Cr content. The degradation rate of the
repeating unit is less than that of its corresponding unit cell,
perhaps due to the improved contact during operation.

The relationship between the degradation rate of the unit cell
and of the repeating unit at different operation times and Cr con-
tent is shown in Fig. 10. The degradation rates of the unit cell and of
the repeating unit inside the stack decrease gradually and finally
reache a constant value with increasing operation time. Compared
to the corresponding unit cell, the repeating unit has a higher
degradation rate within a 72-h operation time, but lower degra-
dation rate when the operation time is longer than 72 h Fig. 11
shows the area specific resistance (ASR) caused by the intercon-
nect and by the contact between the cathode and the interconnect.
The results indicate that the ASR caused by the interconnect and by
its corresponding contact with the cell cathode of repeating units 1
to 7 inside the stack decreases within a 200 h operation, except for
repeating unit 2 (0.13 wt.% Cr), and then remains stable after 200 h.
Similar values are found for the ASR source of the interconnect and
of the contact. Therefore, the results shown in Fig. 10 are probably
due to the improved contact between the cathodes and the in-
terconnects and the constant influence of Cr on cell performance
with increasing operation time. At the initial operation stage, the
effect of the contact generated from the interconnects and their
contact with the cell cathode is dominant over the effect of Cr on
cell performance by poisoning the cathode. When the stack is
operated for a specific time, the improvement of the contact be-
tween the interconnects and the cathodes reaches the highest level.
The improved contact and the Cr content have similar influence on
cell performance, and the effect of the two factors is balanced.
Finally, the degradation of the unit cell and of the repeating unit
inside the stack tends to be stable.
3.2. Mechanism of Cr on performance of unit cell and repeating unit
inside stack

The surface morphology on the cathode side of unit cells was
characterized after the testing of stack 2, as shown in Fig. 12. Clear
Fig. 9. The correlation between the degradation rate of the unit cell and of the repeat
unit inside the stack and Cr content.



Fig. 12. Surface morphology on the cathode side of unit cells: a) unit cell 1, b) unit cell 2.

Fig. 10. The relationship between the degradation rate of the unit cell and of the
repeating unit during different operation time and the content of Cr: a) unit cell, b)
repeating unit.

W. Guan et al. / Journal of Power Sources 245 (2014) 119e128124
traces are left on the cathode side of both cells. Accordingly, the
performances of the unit cell and of the repeating unit inside the
stack are independent of the contact between the electrode and the
cell cathode, but are mainly dependent on Cr, as found in our
previous research [23,38].

Fig. 13 demonstrates the IeV curves of the stack and of the
corresponding unit cells with a Cr content of 0 (unit cell 1) and
30 wt. % (unit cell 2) under different operation times at 800 �C. The
results show that the OCVs of the stack, unit cell 1, and unit cell 2
are 2.409,1.201, and 1.204 V, respectively, with a gas flow rate of H2/
Air ¼ 7.9/23 sccm cm�2. The value of the OCV also indicates an
Fig. 11. The ASR source of the interconnect and of the interfacial contact.
excellent sealing performance according to the value calculated
using the Nernst equation. The MOPD of the stack reaches
0.388 W cm�2 with corresponding power and fuel utilization of
48.9 W and 53.2%, respectively. The MOPDs of unit cells 1 and 2
Fig. 13. IeV curves of the stack and unit cells at different operation times at 800 �C: a)
stack 2, b) unit cell 1 and c) unit cell 2e30 wt. % Cr.



Fig. 15. The voltage drop between the repeating unit and the unit cell at different
operation times.
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reach 0.386 and 0.407 W cm�2, respectively. The MOPD of unit cell
1 and its corresponding repeating unit remains stable within the
214-h operation time, while the MOPDs of unit cell 2 and its cor-
responding repeating unit decrease gradually.

The results shown in Fig. 13 indicate that Cr has no influence on
the original performance of unit cells. So, the results of Cr’s effect on
cell performance obtained in the experiment and those shown in
Fig. 5 seemingly contradict each other. Unlike for the two results
discussed above, the content of Cr for results shown in Fig. 5 is
between 0 and 1657.14 mg cm�2. When the content of Cr increases
to 30 wt. %, the amount of Cr reaches 19047.62 mg cm�2, 11.5 times
more than the maximum value for results shown in Fig. 5. The
conductivity of the LSM applied as the CCCL is 200 S cm�1 [39]. The
initial phase of Cr in the CCCL appears as pure metal Cr, and the
conductivity of the mixed CCCL of 30 wt. % Cr is higher than that of
the pure LSM. Therefore, when the content of Cr becomes greater
than a certain value, the high conductivity of the mixed CCCL with
Cr plays a positive role, thereby resulting in an abnormal phe-
nomenon whereby cell performance is improved by the elemental
Cr. However, the negative effect of Cr on cell performance appears
gradually with an increase in operation time. The MOPD of unit cell
2, with high Cr content in the corresponding CCCL, is evidently
lower than that of unit cell 1. At this operation time, the negative
effect of Cr on cell performance exceeds its the positive effect
observed at the initial stage.

Fig. 14 shows the IeV curves of the repeating unit inside the
stack during different operation times. The results indicate that the
MOPD of repeating unit 1 remains stable, while the MOPD of
repeating unit 2 decreases clearly with increasing operation time.
The difference in the voltage drop between the unit cell and the
repeating unit is calculated, and the result is shown in Fig. 15. The
Fig. 14. IeV curves of the stack during different operation stage at 800 �C: a) repeating
unit 1, b) repeating unit 2.
difference in the voltage drop remains unchanged with increasing
discharging current under different operation stage, that is, the
resistance source of the interconnect and of the contact between
the interconnect and the cell cathode shows no clear change with
increasing operation time. The results indicate that the influence of
Cr in the CCCL on contact resistance does not change with a change
in operation time. However, the addition of Cr in the CCCL does
reduce cell performance with increasing operation time. The
reduced voltage drop in repeating unit 2, which is significantly
larger than that of repeating unit 1 (as shown in Fig. 15), implies
that the introduction of Cr in the CCCL increases the resistance of
the contact and of the CCCL during the initial operation stage.
Fig. 16. The degradation rate of the stack and the corresponding repeating unit and
unit cell at 800 �C: a) stack 2, b) repeating unit and unit cell.



Fig. 17. EIS of the unit cell and of the repeating unit inside the stack during operation
at 800 �C: a) unit cell 1, b) repeating unit 1, c) unit cell 2, and d) repeating unit 2.
Although, the resistance of the contact and of the CCCL remains
subsequently unchanged, the resistance of the contact and of the
CCCL source of repeating unit 2 with Cr is three times more than
that of repeating unit 1 without Cr.

Fig. 16 shows the degradation curve of the unit cell and the
stack. The results indicate that the original operation voltages of the
stack and of the unit cells 1 and 2 are 1.407, 0.686, and 0.744 V,
respectively at a discharging current density of 0.476 A cm�2 (with
current of 30 A) under the temperature of 800 �C and the gas flow
rate of H2/Air ¼ 7.9/23.8 sccm cm�2. The operation voltages of the
corresponding repeating units 1 and 2 reach 0.767 and 0.729 V,
respectively. The total degradation rate of the stack is 2.6% per 100 h
after 214-h operation. The operation voltages of repeating unit 1
and unit cell 1 inside the stack exhibit no degradation, and tend to
increase. However, the operation voltages of repeating unit 2 and
unit cell 2 are obviously reduced, and the degradation rate reaches
7.09% per 100 h. Therefore, Cr in the CCCL significantly affects cell
degradation.

Fig. 17 demonstrates the EIS measurements of the unit cell and
the repeating unit inside the stack during different operation stages
at 800 �C. From the figure, it can be seen that the polarization re-
sistances of unit cell 1 and repeating unit 1 are always smaller than
those of unit cell 2 and repeating unit 2, while the ohmic re-
sistances of unit cell 1 and repeating unit 1 are always higher than
those of unit cell 2 and repeating unit 2. The resistance measured
using EIS is not equal to that by DC discharging, perhaps because of
testing error in low frequency during the EIS testing process.
However, the ohmic resistances of unit cell 1 and repeating unit 1
slightly change with increasing operation time (as seen in Fig. 17),
indicating a small change in the cell microstructure associated with
ohmic properties during operation. The polarization resistance of
unit cell 1 increases with increasing operation time, implying that
the microstructure associated with polarization properties un-
dergoes changes, such as growth of a nickel particle in the anode, as
previous literature [40] has reported. The polarization resistance of
repeating unit 1 increases and then decreases, perhaps due to the
effect of the CCCL on the cell cathode side. Comparing the degra-
dation results of unit cell 1 with those of repeating unit 1, the
degradation of the unit cell and the repeating unit may be assumed
to be independent of polarization resistance, but mainly dependent
on ohmic resistance.

From Fig. 17, it is found that the ohmic resistance Rs and the
polarization resistance Rp of unit cell 2 and repeating unit 2 initially
increase with increasing operation time and then decrease gradu-
ally. This may be because of the significant effect of Cr on cell
Fig. 18. XRD patters of CCCL and the active layer in unit cells 1 and 2.



Fig. 19. Element distribution in unit cell 2.
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performance during the initial operation stage, which later grad-
ually stabilizes. This phenomenon cannot be found in the operation
of unit cell 1 and repeating unit 1. The polarization resistances Rp of
unit cells 1 and 2 are close to those of repeating units 1 and 2,
irrespective of whether the CCCL has Cr. The ohmic resistance Rs of
unit cell 1 is slightly higher than that of repeating unit 1, while the
ohmic resistance Rs of unit cell 2 is slightly lower than that of
repeating unit 2. These results indicate that the contact between
the metal-interconnect and the cell cathode has no influence on
polarization resistance, but does affect ohmic resistance. The
addition of Cr in the CCCL will not increase the contact resistance
between the interconnect and the cathode, but will increase the
polarization and ohmic resistances of the unit cell. Comparing the
results in Fig. 16b) with those in Fig. 17, the polarization resistances
of the unit cell and the repeating unit inside the stack are again not
a factor in cell degradation, unlike ohmic resistances of the unit cell
and the repeating unit inside the stack during operation.

The phase of Cr in the cathode side of unit cells 1 and 2 is
characterized by X-ray diffraction (XRD, D8 Advance, Bruker
AXS), and the results are shown in Fig. 18. The composition
in the CCCL of unit cell 1 is mainly (La0.72Sr0.28)MnO3,
which is slightly different from the nominal composition of
(La0.75Sr0.25)0.95MnO3. The phase of MnCr2O4 is also found in the
CCCL of unit cell 2, but not in the composition found in the
cathode side of unit cell 1, a result which is in agreement with
that reported in the literature [41,42]. Therefore, elemental Cr
reacts with elemental Mn to form a new phase in the actual
operation of the SOFC stack. In addition, a large amount of Cr2O3
appears in the CCCL of unit cell 2, as shown in Fig. 18. Accord-
ingly, Cr in the cathode side exists in the phases of MnCr2O4 and
Cr2O3. The XRD results show that no phase of Cr appears in the
active cathode of unit cell 2, due to two factors, namely, the
amount of Cr in the active layer is too low for characterization by
XRD, either no Cr or only a small amount of Cr is diffused into
the active layer from the CCCL.

Hence, energy dispersive spectrometry (EDS) was applied to
characterize Cr in the CCCL, as shown in Fig. 19. The result shows
that the peak curve of Cr in the CCCL appears strong, while the
distribution curve of elemental Cr in the active layer flattened
immediately, indicating little or no Cr in the active layer on the
cathode side. The ICP-ASE measurement indicates the presence of
about a 0.25 wt. % Cr in the total amount existing in the active
layer. Also, no obvious accumulation of Cr appears in the triple-
boundary interface between the active layer and the electrolyte.
This finding reveals that Cr deposition in the triple-boundary
interface is not the only factor affecting cell performance by
poisoning the cathode during stack operation, and Cr in the CCCL
and in the active layer and reaction of cathode with Mn also play
an important role.
4. Conclusions

The MOPDs of the unit cell and the repeating unit inside the
stack decrease with increasing Cr content, when Cr deposition in
the CCCL of the LSM is higher than 253.81 mg cm�2. Cr exhibits
seemingly no influence on the MOPD of the unit cell inside the
stack where the content of Cr is less than 253.81 mg cm�2. The
MOPD of the repeating unit with Cr in the CCCL is lower than that of
the repeating unit without Cr. The degradation rate of the repeating
units inside the stack increases with increasing Cr content, except
that of repeating unit 2. Cr apparently has no influence on cell
degradation when the content of Cr is less than 182.22 mg cm�2,
while the cell degradation increases with increasing Cr content
when Cr content is higher than 182.22 mg cm�2.

The resistance sources of the CCCL and the contact between the
electrode and the interconnect increase significantly when Cr is
added into the CCCL during the initial stage of the stack operation.
The contact resistance between the electrode and the interconnect
remains stablewith increasing operation time. Crmainly affects cell
degradation with increasing operation time. The results in this
study also show that cell degradation is dependent on ohmic
resistance, and independent of polarization resistance. The addition
of Cr in the CCCL mainly increases the ohmic resistance of the unit
cells, and exhibits only slight influence on cell polarization resis-
tance. Cr appears in phases of MnCr2O4 and Cr2O3 during stack
operation. A small amount of Cr diffuses into the active layer on the
cathode side from the CCCL, and no significant accumulation of Cr is
found in the triple-boundary interface. The results indicate that Cr
deposition in the triple-boundary interface is not the only factor
affecting cell performance by poisoning the cathode during stack
operation. The presence of Cr in the CCCL and in the active layer and
the reaction of cathodewithMn are also important factors affecting
cell performance.
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