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Abstract
In this work, a kind of thin K-type thermocouple and selfdeveloped CAS-I sealant were used to assembly solid oxide
fuel cell (SOFC) stacks and temperatures of unit cells inside
a planar SOFC stack were measured. The open circuit voltage testing of the stack and characterization of the interface
between sealant and components suggested excellent sealing
effect by applying the developed method. The effect of discharging direct-current on temperature and temperature
distribution inside the designed SOFC stack was investigated. The results showed that the discharging current had a
great impact and the gas flow rate had a slight impact on the
temperatures of unit cells. Temperature distribution of unit

1 Introduction
Temperature distribution is an important parameter to
determine performance of single cells and stacks for solid
oxide fuel cells (SOFC) [1–3], and is also a key issue to induce
thermal stress of various components within SOFC stacks
[4–7]. A core issue of stack design is to obtain uniform temperature distribution and minimize thermal stress between
components resulting from temperature difference. Therefore, it is important to know temperature gradient and distribution for stack design and performance analysis. Up to now,
theoretical simulation was used to predict temperature gradient and distribution in stacks [8,9], but in most cases, it can
not accurately predict temperature gradient and distribution,
and not allow us to truly understand them. So, it is necessary
to in-situ measure temperature in stacks by experimental
methods.
Planar SOFC stacks are composed of metal interconnects,
sealing materials, and unit cells [10,11]. High performance of
SOFC stacks requires that the space between metal interconnects and unit cells is small and the stack is gastight, which
causes the problem for inserting thermocouples into stacks.
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cells inside the stack was much non-uniform and there is a
significant temperature difference between various components of the stack and heating environment. The relationship
between temperatures and cell performance showed that the
worse the cell performance, the higher the cell surface temperature. When the stack was discharged at a constant current and the temperature of cell surface was over 950 °C, the
higher the temperature, the more drop the corresponding
voltage.
Keywords: Sealant, Solid Oxide Fuel Cells, Stack, Temperature Distribution, Temperature Measurement

To successfully measure the temperatures inside stacks, the
thermocouples must be thin and the sealing materials can
work properly in the presence of thermocouples. Due to the
above problems, there is no literature report of experimental
testing result about temperature measurement inside stacks.
This work aims to develop an experimental method to
measure temperatures inside stacks under operating temperatures and experimental environment, and uses this
method to obtain the temperature gradient inside a three-unit
cell stack. The impact of parameters such as gas flow rates,
direct-current (DC) discharging, and discharging time on the
temperatures of cell surfaces within the stack were investigated. The result shows that the chosen sealant has an excellent sealing effect, and the discharging DC has a significant
effect and the gas flow rate has a slight effect on the temperatures. Moreover, the temperature distribution inside the stack
is much non-uniform, and the appearance of high temperatures is a sign of the decay of unit cell inside the stack.
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2.1 Stack Design and Temperature
Measurement Methods
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Supported anode
A three-unit cell stack was
Interconnect
assembled, and thermocouple
probes and voltage probes were
arranged according to the schematic diagram, as shown in Figure 1. SUS430 ferritic stainless
steel was applied to make metal
Fig. 2 (a) Morphology of interface between sealants and unit cells; (b) morphology of the interface between
interconnects, which is also used
sealants and interconnects.
as co-flow gas channels in this
work. The gas flow channels of
the interconnect were etched with size of 10 mm × 1.5 mm,
work, when a thermocouple was inserted into the stack to
of which the height of channel tip was about 0.6 mm. In the
measure the temperature, gas leakage of the stack will hapstack, the porous nickel was put on the anode side of interpen generally. In order to avoid the phenomenon being
connect as anode current collecting layer. To protect the high
appeared, the thermocouple needs being inserted from the
temperature oxidation and Cr vaporization, the cathode side
middle of sealant. To accomplish this work, two pieces of seaof interconnect was coated densely with (La0.75Sr0.25)0.95MnO3
lant were assembled together, which is named multi-layer
(LSM) micro-spherical powders by plasma spray technology.
sealant in this work. After the stack being assembled, the
The three anode-supported unit cells with composition of Nihydrogen (H2) was fed into the stack anode channel through
YSZ/YSZ/LSM were used to assembly the stack. The unit
the fuel inlet pipe. The NiO-YSZ supported anode was
cells were produced by Ningbo Institute of Material Technolreduced by H2 at a given temperature for about 5 hours.
ogy & Engineering (NIMTE). The active area of unit cell is
Thereafter, the air was fed into the stack cathode channel
10 cm × 10 cm with total area of 13 × 13 cm2, and the other
through the oxidizing gas pipe. The flow direction of fuel and
parameters were reported by the previous publication of our
air in stack can be seen in Figure 1. After testing, the morgroup [12]. The contact area between the interconnect and the
phology of interface between sealants and components of
cell electrode is about 25% of the cell active area. A kind of
stack was shown in Figure 2. The sealant was combined with
SiO2-Al2O3-based ceramic sealant (CAS-I) was used as sealing
interconnect and supported anode of unit cell tightly, indicatmaterials between metal interconnects and unit cells. In this
ing excellent sealing effect. As can be seen from Figure 2, the
thickness of sealant is generally less than about 100 lm after
sintering.
The thermocouple used in this work was a thin K-type
thermocouple (as seen in Figure 3), and can measure the
maximum measurement temperature of 1200 °C. The anode
of the thermocouple was made by nominal composition of
Ni90Cr10 and the negative was made by Ni97Si3, respectively.
This kind of K-type thermocouple can be used in temperature
measurement inside stack operating environments due to its

Fig. 1 Schematic diagram of gas flow, thermocouple probe (top), and
voltage probe locations (bottom) inside a three-unit cell stack.
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Fig. 3 The thin-K type thermocouple.
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2 Experimental
Procedures

high sensitivity, stability, homogeneity,
a)
b)
and high temperature oxidation resistance. To measure the temperature inside
the stack during operation, the thermocouple should be inserted into the stack.
The gas would normally leak from the
position where the thermocouple
Sealant
Sealant
inserted. Therefore, the multi-layer sealant was applied as mentioned above.
While the space of the sealant after sin8.5mm
8.5mm
tering is small. The thermocouples also
have to be thin and small, and preferably
c)
d)
less than 100 lm thickness. Then, the
thermocouple was manufactured to be
about 10 lm thickness. The measuring
point of thermocouple probes was pasted
on the surface of interconnect. The heat
conduction in gases is much poor, and
Sealant
Sealant
needs about more than 100 min to make
the temperature maintaining stable after
8.5mm
8.5mm
gases being fed into the stack in the
absence of the discharge state. While in
Fig. 4 Morphology of sealing glass at different temperatures: (a) 200 °C, (b) 750 °C, (c) 800 °C,
(d) 850 °C.
the state of discharge, the heat produced
by discharge current inside stack will be
transferred to metal interconnect and
o
thermocouple first due to their high thermal conductivity
950 C
o
comparison with that of gases in stack. Therefore, the
900 C
o
increased temperature induced by discharge current should
850 C
o
be measured by the K-type thin thermocouple in a short time.
800 C
o
900 C-thermal cylce
The outside part of the thermocouple was put inside Al2O3
tube in order to prevent short-circuit from contact between
thermocouples and outside surfaces of the stack. As shown in
Figure 1, thermocouple 1, 2, and 4 were located at the air
entrances (position 1, 2, 4) of cell A, B, C, respectively. Thermocouple 3 (position 3) was located at the air outlet of cell B,
and thermocouple 5 (position 5) was located at the total
hydrogen outlet.
To investigate the relationship between temperatures and
0
10
20
30
40
50
60
70
80
90
2θ/°
cell performance, high purity nickel wires with the thickness
of about 0.01 mm were used as voltage probes and were put
Fig. 5 XRD patterns of sealing glass before and after thermal cycle at different temperature.
on both electrode sides of cells. The nickel wire probes were
made from the nickel wires of 1.0 mm thickness pressed
room temperature to 900 °C. The high temperature deformaunder high pressure using rolling machine, and located in the
tion process was recorded, as represented in Figure 4. The
middle of multi-layer sealing materials as indicated in
crystal structure was investigated by D8 Advance XRD, as
Figure 1. The outside part of nickel wire was inserted into
shown in Figure 5. Also, the sealant was applied in unit stack,
Al2O3 tube to prevent contacting with the stack and the therand thermal cycling experiments were carried out to verify
mocouples.
the sealing performance by measuring the stack open circuit
voltage (OCV), as indicated in Figure 6. The element distribu2.2 Characterization and Stack Operation
tion in interface between sealants and SOFC components was
investigated by SEM spectroscopy with EDS attachment, as
In order to investigate the performance of the sealing
seen in Figure 7.
material under stack operation and thermal cycling, the
The assembled stack was put into the furnace with maxiCAS-I sealing material was suppressed into a small cylinder
mum temperature of 1,200 °C and heated by the rate of
with size of U8.5 × 5 mm, and then the sealing material cylin1 °C min–1 to 850 °C, and then the temperature was mainder was placed in the SJY-type high-temperature sintering
–1
tained at 850 °C. N2 gas was used to purge and protect the
imaging instrument with a heating rate of 1 °C min from
Intensity/r.u.
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b)

Fig. 6 The OCV tests of one-cell stack and thermal cycling process.

stack being oxidized during the heating process. After keeping the stack at the temperature of 850 °C for more than
60 min, a certain amount of external pressure was loaded on
the stack in order to ensure an excellent sealing effect at high
temperatures, and then hydrogen and air were fed into the
anode and cathode of stack, respectively. After reduction by
H2 at 850 °C for about 5 h, the experiment of temperature
measurement under various conditions was carried out. The
results of electrochemical measurements and temperature
measurements were shown from Figures 8–12.

3 Experimental Results and Discussions
The performance of the sealant is a key factor to impact on
sealing effect and thermal cycling performance of SOFC stack
during temperature measurement. Therefore, it is necessary
to investigate its deformation and crystal structure before and
after thermal cycling. The thermal cycling process can be
divided into two stages in this work. The first stage involves
the process of heating from 50 °C to 900 °C with rate of
5 °C min–1 and then holding at 900 °C for over 5 h. The sec-
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ond stage involves the process of cooling from 900 °C to
50 °C with rate of 5 °C min–1. The length of the thermal cycle
is about 640 min. It can be seen from Figure 4 that the size of
sealing material began to change at the temperature of about
800 °C, and changed greatly at about 850 °C, indicating that
the sealant has signs of softening at about 800 °C and softened obviously after 850 °C. The XRD patterns of the sealing
materials at different temperatures from 800 °C to 950 °C and
after thermal cycling condition mentioned above were shown
in Figure 5. It was found that the sealing materials are amorphous and no obvious phase change before and after thermal
cycling below 900 °C. While some crystallization peak
appeared in the XRD patterns of the sealant at the temperature of 950 °C. The results indicated that the sealant has a
proper sealing and thermal cycling performance below the
temperature of 900 °C. To verify the CAS-I sealant sealing
and thermal properties in SOFCs, a one-cell stack was
assembled according to the stack design in this work, and the
OCV was measured under thermal conditions, as seen in
Figure 6a. In the stack, the thermal cycling process can be
seen in Figure 6b, in which the time of each thermal cycle is
about 50 h from room temperature to 750 °C. It can be seen
that the OCV of the stack always remains more than 1.1 V
and keeps stable under 46 thermal cycles. Apparently, the
self-developed CAS-I sealant is suitable for use in stack sealing and has a proper thermal cycling performance. The element distribution at the interface between sealants and components (containing Ni-YSZ/YSZ half cell and SUS430
stainless steel interconnect, respectively) after sintering at
850 °C was shown in Figure 7. It can be seen clearly that the
main elements Si, O, Ca Al of sealants and the main elements
Zr and Ni of half cells did not diffuse into each other. Figure 7 also showed that the elemental distribution of the interface between sealants and interconnects. The result indicated
that the main elements of Al, O, Ca, and Si of sealant and the
main elements of Cr and Fe of the interconnect did not diffuse
at the interface, either. The results suggested that the sealant
has a proper chemical stability at the interface between sealants and components for SOFC stacks. The images of sealant
at different temperatures and elemental distribution of interface indicated that CAS-I can work properly below 900 °C. To
further verify the sealing effect of the stack with the thin
K-type thermocouple installing inside the stack, the OCV of
assembled stack was tested under various conditions. The
initial OCV of the three-cell stack and unit cell was up to
3.3 V and 1.1 V, respectively, and remained more than 3.3 V
and 1.1 V after two thermal cycles and operation time of
150 h, which indicated a good sealing effect by using CAS-I
sealing materials, even under the conditions that the K-type
thermocouple was inserted into the stack from the middle of
the multi-layer sealant. Although the temperatures of the unit
cell surface can reach 1,000 °C (discuss later in this paper),
the margins of the SOFC stack operated at 850 °C is around
850 °C, which is in the range of working temperatures of
CAS-I sealing materials.
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temperatures in the stack were achieved
in 150 min. Moreover, the temperatures
within the stack increased following the
order of the position 1, 2, 4, 5–3. The
above order is reasonable since position
3 with the highest temperature was
located on the air exit of cell B, and position 1 with the lowest temperature was
located on the air entrance of cell A. After
275 min of running time, the maximum
temperature and the minimum temperature inside the stack were 833 °C and
792 °C, which shows the temperature
differences of 17 °C and 58 °C with the
heating oven temperature of 850 °C,
respectively. The temperature of air inlet
position 1,2,4, on the surface of cell A, B,
C within stack were 792 °C, 800 °C,
813 °C, respectively. The temperature
difference between air inlet position 2
and outlet position 3 of cell B was about
20 °C, which is due to gas continuously
being heated in the path from import
position 2 to export position 3.
The influence of DC (exothermic reaction) on temperatures within the stack
under various gas flow rates was shown
in Figure 8b. To exclude the influence of
operation time on temperatures inside
the stack, each condition was maintained
for a short time. If the time stays too long,
the heat produced by current will be
transferred to gases and blown away by
gases. The effect of current on temperature change will be covered by gas heat
transfer. It was found that holding for
10 s is much appropriate for recording
the data during experiments. Comparison of temperatures of each position
under the same current in Figure 8b, it
was suggested that the effect of gas flow
rates on temperatures inside the stack is
small under a low constant current within a short time, and the temperatures of
various parts of the stack except position
5 linearly increased with the current
increasing under a constant gas flow rate.
Fig. 7 EDS line scan of the interface of (half cell) Ni-YSZ/Sealant/SUS430 (interconnect).
Since the exothermic reaction has taken
place in cathode side, the temperature at
The assembled stack was operated at 850 °C according to
position 5, the total hydrogen outlet of the stack, remained
the procedures described in experimental sections. The
relatively constant. When the current reaches 5 A, the temchange of temperatures with time course for various locations
perature at air outlet position 3 of cell B is around 1,000 °C,
within the three-cell stack without discharging currents (no
and the maximum temperature difference inside the stack is
exothermic reaction) was shown in Figure 8a. The result
more than 200 °C, regardless of gas flow rates. Therefore, it
shows that, under the condition of 3.33 sccm cm–2 (cell surcan be seen clearly that the current had a significant impact
face) of hydrogen and 6.67 sccm cm–2 of air, relatively stable
on the temperatures within the stack. Figure 9 shows the I–V
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Fig. 10 Temperature changes with time course of various locations of the
stack after a sudden stop of discharging current of 3 A.
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Fig. 9 I–V curves under different gas flow rate of the stack at the temperature of 850 °C, A, B, and C indicating Cell A, Cell B, and Cell C.

FUEL CELLS 12, 2012, No. 1, 24–31

www.fuelcells.wiley-vch.de

0

2

4

6

8

10 12
Time/h

14

16

18

20

1050 b)-3cell stack/3A-850°C H /Air=6.67/13.33sccmcm-2
2
(2)

1000
Temperature/ °C

Fig. 8 The curve of temperatures with time course for various locations of
the stack: (a) without discharging current; (b) the effect of discharging current on temperatures of various locations inside the stack with the flow rate
of hydrogen/air of 3.33/6.67 sccm cm–2 and 10.00/20.00 sccm cm–2.
(1), (2), (3), (4), (5) indicating the position 1, 2, 3, 4, 5. FR1, FR2 indicating different gas flow rates.

(3)

950
(4)

900
850
800
750

(5)
(1)

0

5

10

15
20
Time/h

25

30

35

Fig. 11 The relation of discharging time vs. temperatures under various
DC: (a) under 1 A, and (b) under 3 A.

curve of unit cell inside the stack. From the figure, it can be
seen clearly the performance of unit cell is much low.
Obviously, it can be concluded that the ohmic resistance of
unit cell is much large. The increasing temperatures with the
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Fig. 12 The curve of OCV with time course under constant discharging
currents, for voltage curve, form top to bottom, Cell A, Cell B, and Cell C.

increasing current are due to larger ohmic resistance with the
current increases. Thus, the temperatures on cathode side
inside the stack significantly increased with the increasing
Joule heat resulting from the increasing current. Moreover,
the increasing slopes of temperatures at various locations
inside the stack are different because the resistances at various locations are different. To further verify the significant
effect of discharging current on temperatures, a sudden stop
of discharging current was carried out. Figure 10 showed the
relationship between temperatures and time course after a
sudden stop of discharging current. The results showed a
rapid decline of the temperature at various locations and then
remained stable, suggesting that current has a great impact
on the cell surface temperature inside stack.
To investigate the relation of cell degradation under discharging versus temperature, the influence of discharging
time on temperatures inside the stack under various constant
DCs was investigated and the voltage changes of unit cells
with time courses were carried out. Figure 11a and b showed
that the temperatures at various locations on cathode side
within stack increased rapidly, then increased slow and
remained relatively stable under a constant discharging current of 1 and 3 A after a certain time, respectively. The temperature the location 5 (total hydrogen outlet) always almost
remains unchanged during discharging at different current.
The results indicated that the heat generated by current is
mainly gathered in the cathode side. As seen from Figure 11,
the first data point at the time of 0 is lower than the second
data point (with discharging current), which the sudden
increases in temperature on cathode side affected by current
further indicating the great effect of discharging current on
temperatures. In contrast to Figure 8a, after a short period of
discharging, the order of the temperatures inside the stack
changed obviously (seen in Figure 11), and the temperature
at position 2 is higher than that of position 3, suggesting the
temperature distribution on cell inside stack is much non-uniform. Figure 12 represents the voltage–time (V–T) curves
under constant current discharging. At the first step before
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thermal cycling, the stack was discharged at 3 A DC. The corresponding voltage of cell A and cell C almost remains stable,
while the voltage of cell B decreased apparently. At the second step before thermal cycling, the discharged current of the
stack is decreased to 1 A. Also, it can be seen that the corresponding voltage of cell A and cell C keeps stable and the
voltage of cell B decreased. It also can be seen that the voltage
decline of cell B at 1 A constant discharging is significantly
less than that at 3 A constant discharging. The effect of discharged current on cell temperature was reviewed, as seen in
Figure 11. It can be found that under the constant current of
3 A, the temperatures of cell B (position 2 and 3) increase
more sharply than those under the constant current of 1 A,
corresponding to a significant voltage decline of cell B. The
temperature of cell A and C at air inlet and air outlet under
1 A and 3 A discharging current is all lower than that of cell
B and all below the temperature of 950 °C. Correspondingly,
the voltage of cell A and cell B is much higher and more
stable than that of cell B. The results of relationship between
temperature and discharging time under a constant current
obtained in this work by experimental methods is consistent
with those obtained by using numerical simulation method
[13], in which the temperatures of unit cell with high performance were less than that of cell with low performance inside
the stack for anode-supported SOFCs. From the above observation, it can be summarized that, under a constant current,
the decay of unit cell will cause the voltage drop, and further
cause increasing the temperature of cell surfaces. Two thermal cycling experiments were then carried out for the threecell stack. The OCV of unit cell inside the stack always
remains more than 1.1 V, indicating that the inserted thin
thermocouple into the stack from the middle of the multilayer sealant had little effect on stack sealing performance.
The results also showed that the thin K-type thermocouple
can be used for measuring temperature inside stack.

4 Conclusions
An experimental method to measure temperatures of unit
cells inside SOFC stacks was developed by using thin K-type
thermocouples and self-developed CAS-I sealing materials,
in which the thin K-type thermocouple is inserted into the
stack from the middle of the multi-layer sealant. The sealant
was proven to have a good sealing effect by characterization
and experiment. Using this method, the temperature of unit
cells inside stacks was measured and investigated. The
results showed the discharging DC has a significant impact
and the gas flow rate has a slight impact on the temperatures
inside SOFC stacks. Moreover, the temperature distribution
inside the stack is much non-uniform. The air inlet temperature is lower than that of the air outlet at the initial discharging and the maximum temperature difference between outlet and inlet is close to 200 °C with a constant air rate of
20 sccmcm–2. However, for decaying unit cells, the air inlet
temperature is higher than that of air outlet after a short peri-
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od of discharging. Moreover, the appearance of high temperatures is a sign of the cell decay (voltage drop), suggesting
the importance of minimizing the temperature gradients.

