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‘The thermal decomposition of matrix-green sheet and electrolyte-green sheet in CO,, sintering effect of Ni-
green sheet for the decomposition of matrix-green sheet, and binder burnout during MCFC unit cell operation
were studied. Binders decomposed incompletely in CO, and thermal decomposition of electrolyte-green sheet
was affected more than that of matrix-green sheet by CO,. It was important to decompose the binder com-
pletely before it changed to nonoxidative condition. Binders were more effectively eliminated in the sintered
Ni-matrix green sheet than Ni-matrix green sheet. The decomposition state of binder during unit cell operation
was showed by analyzing the produced gases. Two characteristic peaks, butanal and butene were detected at
all experimental condition and binder burnout state was checked by analyzing the change of two index peaks
during decomposition process. Most of binders in the unit cell were decomposed sufficiently under slow heat-

ing rate and initial oxidative condition.

Introduction

A fuel cell is a device that directly converts the chemical

energy of reactants into electric energy by electrochemical
reactions. Molten carbonate fuel cells (MCFCs) are present-
ly under development for electric utility power generation.
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MCFCs have high efficiency which is due to their low po-
larization, the possibility of internal reforming, and the their
high-grade waste heat.'

MCFC is composed of electroges, a molten carbonate
electrolyte and a matrix. A typical fabrication process for
major components involves tape~c§sting an appropriate mix-
ture of metallic substrate, binders, and various additives. In
combination with appropriate plasticizer, binder is used to
modify the rheological properties of the casting and to pro-
vide strength and flexibility needed for handling and green
machining operations.” Polymeric binder is most frequently
removed by thermal decomposition. Incomplete burnout can
adversely affect subsequent densification behavior, as well
as degrade the physical properties of the ceramic. Buming
out clearly with minimum of warpage to the fired part is
one of the important factors of binder.’

PVB (polyvinyl butyral) is widely used as a binder in
ceramic processing and it is prepared from aldehyde and po-
lyvinyl alcohols. The typical fraction of PVB is: B < 20%
and C < 2% (See the next formula).

G Hz-gH—C Hz-gH +A—£c Hz-gH-}T(-CHz-g H—C Hz-}«cn»
H

Nen” -0
CsHy &Ha

Both free radical reaction and intramolecular elimination
reaction produce the main decomposition product, butanal,
and the water arises from dehydration of vinyl alcohol unit*:

WCHZ-;H)_CHZICH—Cqu ——» wwCH;CHO + w~CH2CH=CH2 + C4Hs0
0 /H
By
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In the tape casting process or ceramic fabrication process,
it is important to control the burnout of the organic ad-
ditives both to prevent crack and to minimize a residual car-
bon that may inhibit sintering. All organic additives must
be removed during firings before sintering begins and main-
tain a proper condition to the ceramics such as porous struc-
ture. The effort to find optimal removal conditions is on-
going.*® It is known that various metal substrates can in-
teract with polymer binders during binder burnout and this
interaction affect polymer thermal degradation process. The
thermal degradation of PVB polymer is enhanced by pres-
ence of metal substrates but leave carbon residue that is
presumably bonded to metal oxide surface. The thermal
decomposition and the elimination of binder are important
factors to operate the fuel cell smoothly.’

Water vapor is often added to nonoxidative sintering at-
mospheres to remove carbon that forms during binder bur-
nout. The wet atmosphere may be either oxidizing or reduc-
ing to the refractory metal component of substrate. Simul-
taneously, the carbonaceous residue reacts with water vapor
to form carbon monoxide and hydrogen gas.’

CO, is an indispensable gas to operate MCFC. Therefore,
it is necessary to investigate the influence of CO, for the
thermal decomposition of PVB binders. Compared to the
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thermal decomposition of PVB binder in air, PVB may
decompose somewhat differently in the MCFC operation.
This is expected because air makes enough oxidative con-
dition to decompose binders but CO, does not.

In the MCFC operation, polymer binders should decom-
pose completely during the early stage of heating. Although
complete polymer decomposition can usually be achieved in
oxidative atmospheres, incomplete binder burnout can often
occur in the inert or reductive atmospheres that are required
for operating fuel cell. Moreover, there is no method to de-
tect the burnout state of binders during fuel cell operation.
To find the proper decomposition condition of PVB binder
in MCFC, we have been studied the thermal decomposition
of pure PVB and green sheets of each component in MCFC.
We found that butanal and butene peaks among the decom-
position products showed a characteristic decomposition
behavior.”! Thus, these two peaks can be used as an index
to detect the extent of binder decomposition during the unit
cell operation.

In the present paper, we report the decomposition of bind-
er in the green sheet pair in oxidative condition and thermal
decomposition of matrix-green sheet and electrolyte-green
sheet in CO,. Finally in the investigation of the decom-
position behavior of binder during the unit cell operation,
we tried to apply previous results to check the burnout state
of binder in the real unit cell system and optimize the bind-
er burnout conditions in the MCFC.

Experimental

Materials. The PVB used in this study was Butvar B-
98 (Monsanto). Green sheets were made by the tape-casting
method. An electrolyte-green sheet was 3.5 g of Li,COs/
K,CO; (62/38 m/o) with 14 wt.% PVB and the matrix-
green sheet was 2.5 g of y-LiAlO, with 20 wt.% PVB.
Each amount of samples were reduced by half for green
sheet pair experiment. The Ni-green sheet was 2.5 g of Ni
(INCO #255) with 20 wt% PVB and sintering at 850 °C for
30 min in 20% Hy 80% N, for making sintered Ni sheet.
Green sheets were dried at 100 °C for 15hr to evaporate resi-
dual solvent and additives, then transferred to a desiccator.

Instrumentation. To make air-containing water vapor,
a supporting apparatus was produced.”” The feed gas was
generated by bubbling air through de-ionized water kept at
50 °C and this apparatus was connected to the furnace. The
decomposed gases through the furnace were collected by a
gas-tight syringe at the hot stage and immediately analyzed
by GC and GC/MS at every 100 °C. The total gas flow-rate
was 100mL/min and the heating rate of furnace was 2 °C/
min.

Gas chromatographic analysis was carried out with a HP
5890 (Hewlett-Packard) Gas Chromatography equipped with
a flame ionized detector, a 12 mXx0.32 mm Polaplot-Q
(CHROMPACK Co.) column with a 20 pum film thickness
and a HP 3396A integrator. The sample was injected to GC
with split-less. Temperature of the injection port and de-
tector were 200 °C and 230 °C, respectively. The oven tem-
perature was programmed with a initial hold for 2 min at 30
°C, followed by an increase at 10 °C/min to 230 °C, with a
hold for 10 min. Nitrogen carrier gas flow was 1 mL/min
and nitrogen make-up gas was set at 30 mL/min.
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Table 1. The-dimension of each part in the unit cell

Part Dimension (W XL X H)
anode 5 cmX6 cmX0.05 cm
cathode 5 cmX6 cmX0.05 cm
matrix X 2 7 cm X7 cm X 0.05 cm

7.5 cmX 7.5 cm X 0.06 cm
5 ecmX6 cmx0.01 cm

electrolyte X 3
separator (Ag)

Mass spectra were acquired by a HP5988 (Hewlett-
Packard) mass spectrometer (MS) interfaced to a HP
5890GC unit scanning from m/z 10 to 250 at the rate of 30
spectra/min. Mass spectral library searches employed a 130,
544 spectra Wiley mass spectral library. All column con-
ditions were the same as the GC conditions except for car-
rier gas. The mass-operating conditions were as follows;
source temperature: 200 °C, electron energy: 70 eV, He car-
rier gas flow: 0.9 mL/min.

All of the relative comparison were made with the GC
result and normalized for the total area. The GC/MS data
were used only for the identification of peaks shown on GC
chromatogram.

Unit cell. Each dimension of individual parts is on
Table 1, and the unit cell was pressed by 2 kg/cm’ to give
a good contact.

The binder in unit cell was decomposed in air and oxy-
gen until 470 °C. The unit cell was operated up to 650 °C,
using a fuel gas (68% H,/18% CO,14% H,0) and a
cathode gas (80% 0y20% CO,). The heating rate of each
steps was 0.2 °C/min-0.4 °C/min. To prevent the loss of
decomposed gases, we wrapped sides of the unit cell by the
matrix seal containing all the component of the matrix-
green sheet and collected gases produced in a gap between
two electrodes until 470 °C. The decomposed gases were
separately acquired in each gas outlet of electrodes after 470
°C (Figure 1).

Results and discussion

Thermal decomposition of electrolyte and matrix-

Haat Plate

Heat Piate

Figure 1. Schematic diagram of gas sampling position.
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green sheet in CO,. Off line furnace-GC and GC/MS
were employed to generate and analyze the thermal de-
gradation products formed from heated matrix-green sheet
and electrolyte-green sheet samples to 700 °C in CO,. Be-
cause CO, itself is the degradation product of PVB, CO,
can not make an adequate oxidative condition. Consequent-
ly, supply of CO, gives an adverse effect to the decom-
position process. In addition, the electrolyte-green sheet gets
a supply of carbonate from CO, before decomposing bind-
ers completely in the green sheet.

Figure 2 indicates the total area changes of thermally
decomposed gases, which were analyzed by GC in CO,.
The major peaks such as acetal, butanal, butenal, and bu-
tanol evolved from the matrix-green sheet were detected at
200 °C. Above 300 °C, the intensity of those major peaks
were decreased but minor peaks such as aromatic carbon
showed peak maxima around 300 °C. The total amounts of
degradation products evolved from matrix-green sheet de-
creased continuously until 500 °C, then increased due to the
contribution of butene peak above 600 °C. Thermal decom-
position of binder was continued even at 700 °C. This
means that binders in the matrix-green sheet did not decom-
pose completely around the temperature corresponding to
the peak maxima in CO,.

The thermal decomposition of binder in the electrolyte-
green sheet in CO, was more complicate than that of other
green sheets. The electrolyte-green sheet itself contained car-
bonates and gas atmosphere was not sufficient to decom-
pose the binder. The total amounts of degradation products
evolved from electrolyte-green sheet decreased above 300
°C, but decomposition products were detected with a con-
siderable amount even at higher temperature because CO,
was provided continuously above the electrolyte melting
temperature. Below 400 °C, the decomposition of binder in
other conditions were completed over 80%, but decom-
position of binder in the electrolyte-green sheet was com-
pleted less than 61% in CO,. The decomposition of binder
in the electrolyte-green sheet was affected by CO, more
than that of matrix-green sheet. In the case of thermal
decomposition in CO,, the binders in the electrolyte-green
sheet were decomposed incompletely compared with that of
matrix-green sheet.

L]
s —O— matrix-green sheet
-- O+ slectrolyte-green shest
5.0x104 1
0.0 4
T T i T ] T T
100 200 300 400 500 600 700
Temperature(°C)

Figure 2. Total area vs. temperature plot of GC graphs in CO,.
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Figure 3. Relative area changes of matrix-green sheet and Ni-
green sheet about temperature in CO,.

Figure 3 shows temperature profiles of the index peaks
that are obtained by GC analysis of the produced gases of
the heated matrix-green sheet and electrolyte-green sheet. A
main decomposition product, butanal shows a similar ten-
dency to that of total area profile. The decomposition of
binder in the matrix-green sheet shows a similar behavior to
that in air, whereas the decomposition of binder in the elec-
trolyte-green sheet is continued even at higher temperature.
This means that even the side chain elimination did not oc-
cur sufficiently in CO,.

The butene peak profile of Figure 3 indicates the ter-
mination state of decomposition process. Butene was de-
tected even above 500 °C, because oxidative gases were not
supplied enough to decompose binder polymers completely.
Therefore, every binder must be burnout before CO, was
mixed into the gases.

Thermal decomposition of electrolyte and matrix-
green sheet in the mixed gas condition. To und-
erstand the thermal decomposition of binders in the MCFC,
the decomposition of the binder in mixed gas condition as
well as pure air and pure CO, must be checked. Figure 4 is
the decomposition profile of binders in the matrix-green
sheet and electrolyte-green sheet when the gases were

maringreen shest sactrotytegrean shest
e t tare

" - 0. - g0

butanal butans)

-

-

| L .

butene e butene
o
H .
P
l o 0 o
L) EY £ ) £ - - = "
Temperanre(sC) Temperatura(°C}

Figure 4. The decomposition behavior of binders in the matrix-
green sheet and electrolyte-green sheet when CO, mixed with air
above 320 °C.
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changed from air (150 mL/min) to air (100 mL/min)/CO,(50
mL/min) mixture gas at 320 °C followed by a 120 min
isothermal period to decompose the PVB binder sufficiently.
The binders in the both of green sheets were decomposed
within the range of temperature narrower in mixed gas that
in pure CO,.

The amounts of produced butanal were decreased, but the
intensity of other peaks such as butene, butenal, and bu-
tanol was getting stronger after in the mixture of CO, and
air. Since polyvinyl butyral moieties comprised more than
80% of the polymer used in this study, butanal was respon-
sible for most of the PVB decomposition. The amounts of
produced gases from heated electrolyte-green sheet were
slightly increased after the CO, gas was mixed with air. As
the amounts of produced butene gases were increased with
temperature, decreased total area of the GC chromatogram
was increased above 400 °C as shown in Figure 4.

The total amounts of produced gases from the matrix-
green sheet were not increased after the CO, gas was mixed,
even though the amounts of butene were increased with tem-
perature. This was because of late-elution of other minor
gases produced from the matrix-green sheet. The residual
structures, which were produced at lower temperature in po-
lymer degradation, were not decomposed completely after
CO, gas mixing which made nonoxidative decomposition
condition.”

The decomposition of green sheet pair. The
decomposition behaviors of individual matrix were in-
vestigated in various gas conditions. In the real fuel cell
operation, polymer binders were decomposed in the several
green sheet stacks. Thus, it is necessary to compare the ther-
mal decomposition of green sheet alone with that of green
sheet pairs in the fuel cell operating condition. In addition,
the difference of sintered Ni sheet and Ni-green sheet,
which were contacted with matrix-green sheet, was studied.
Sintered Ni-matrix green sheet pair was composed of sint-
ered Ni sheet and contacted matrix-green sheet, and Ni-ma-
trix green sheet pair was composed of not sintered Ni-green
sheet and contacted matrix-green sheet.

Figure 5 shows decomposition behaviors of Ni-matrix
green sheet pair, and sintered Ni-matrix green sheet pair

8.0x104 8.0x104 B
[
g £
4.0x104 J4.0x104 <
0.0 0.04-1" Y P )
100 200 300 400 500 600 700
—{}- matri-green shest
Temperature(°C) -_X-Mu—-mn Temperature(°C)
- aintered Ni+matrix green sheet peir

Figure 5. Total GC area changes of Ni-matrix green sheet pair
and sintered Ni-matrix green sheet pair. A; air B; air-containing
water vapor.
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about temperature in two atmospheric conditions; air and air
containing water vapor. To see the influence of contacted
Ni sheet for decomposition of binders in the matrix-green
sheet, the results were compared with that of matrix-green
sheet only. The total area changes of produced gases in
green sheet pair showed the tendency similar to those in
each pair. Sintered Ni-matrix green sheet pair began to
decompose at lower temperature than the Ni-matrix green
sheet pair.

In air atmospheric condition, the temperatures correspond-
ing to peak maxima of two pairs were nearly same, but the
decomposition of matrix-green sheet began at lower tem-
perature than that of other pairs. Sintered Ni-matrix green
sheet pair was decomposed at lower temperature than Ni-
matrix green sheet pair. The type and decomposition feature
of produced gases of two pairs were similar each other.

There was a tendency that the decomposition of binder
began to occur at lower temperature when water vapor was
added to air.”® The decomposition of matrix-green sheet was
getting faster in air-containing water vapor and both of the
two pairs decomposed more significantly at 200 °C, too.
The decomposition of sintered Ni-matrix green sheet pair be-
gan to occur at somewhat lower temperature than Ni-matrix
green sheet pair in air-containing water vapor.

As shown in butanal profiles in Figure 6, the decom-
position behavior of the binders in the green sheet pair was
very much like the one which was found at the decomposi-
tion of binders in the each green sheet, where degradation
occurred rapidly around 300 °C in air. The thermal decom-
position of sintered Ni-matrix-green sheet pair began at low-
er temperature than Ni-matrix green sheet pair in pure air,
but all of two pairs were decomposed significantly at 200
°C when water vapor was added to the air.

To see the effect of sintering for binder decomposition in
the green sheet pair that contains Ni metal, the decom-
position of sintered Ni-matrix green sheet pair and Ni-ma-
trix green sheet pair was compared. The butene peak pro-
files in Figure 7 show termination level of the decom-
position reaction for each pair. In contrast to decomposition
of individual green sheet, produced butene peak decreased
at 700 °C for both green sheet pairs in air. The quantity of

A 1.0x108 O

Area
Area

5.0x107

5.0x107

0.0 Ly o0—0 Boy -
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature(°C) Temperature(°C)

(T Nigreen sheetemattx-green shest par  —_ 1~ Ni-green shaet
[ sintered Ni shest+matrix-graan sheet pair- {0 - matrix-green sheet

0.0

Figure 6. The butanal profiles of Ni-matrix green sheet pair and
sintered Ni-matrix green sheet pair. A; air B; air-containing water
vapor.
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butene produced from sintered Ni-matrix green sheet pair
was less than that of Ni-matrix green sheet pair under both
conditions.

This result means that sintering the electrode is more ef-
fective than in-situ burnout for the decomposition of binders
as we expected. The binders in the green sheet stack were
decomposed slower than single green sheet. The contact sur-
face with air in the green sheet stack was decreased be-
cause oxidative gases should pass through the outer sheet to
inside. The decomposition of binder in sintered Ni-matrix
green sheet pair was more effective than not sintered Ni-ma-
trix green sheet pair because sintered Ni sheet had more
suitable porous structure to pass air than Ni-green sheet and
residual carbon was effectively eliminated during sintering
process. In addition, air-containing water vapor promoted
the decomposition of green sheet pair at lower temperature
like the decomposition of each green sheet.

Binder burnout in a unit cell. In the binder burnout
of a real unit cell, temperature condition and gas atmos-
pheric conditions are somewhat different from that in fur-
nace. Comparing to furnace condition, heating rate (0.2 °C/
min-0.4 °C/min) was very slow and sometimes isothermal.
Decomposition onset temperature is lowered in slow heat-
ing rate because equilibrium can reach more effectively, as
shown in the general TG result of neat PVB."! The amount
of carbonaceous residue formed during binder bumout de-
crease with increasing temperature and heating rate, but
those factors did not affect its chemical reactivity.’ In the
unit cell operation, variables are temperature, heating rate,
and gas atmosphere. By decreasing heating rate, the decom-
position of binder will proceed better, but the amount of
residual carbon will be remained more. Therefore, these two
conflicting factors must be controlled properly to com-
pletely decompose binders before gas changes.

Anode and cathode were supplied with different gases,
but binder bumout process occurred mainly in the elec-
trolyte-matrix stack between anode and cathode. Electrodes
were sintered before installation at 850 °C which temper-
ature is higher than unit cell operating temperature. There-
fore, most of binder in electrode eliminated by sintering pro-
cess, and decomposable components were remained in the

Area
Area

2x108 -1
4.0x105

2.0x105 - 1x106 1

0.0 - | e B
100 200 300 400 500 600 700

Temperature(°C)

Figure 7. The butene profiles of Ni-matrix green sheet pair and
sintered Ni-matrix green sheet pair. A; air B; air-containing water
vapor.
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Figure 8. Area vs. temperature profiles of major produced gases
at the thermal decomposition of a unit cell. Sampling position; A;
a gap between two electrodes B; cathode outlet C; anode outlet.

matrix and electrolyte sheet. The decomposition products
were analyzed to check the binder burnout in real unit cell
based upon results of individual decomposition in each con-
dition.

Figure 8 shows the profiles of major decomposed products
in the unit cell operation. The amounts of detected gases in
the unit cell were smaller than that in furnace because unit
cell was opened and produced gases escaped from its body
below electrolyte melting point. Nevertheless, the formation
of major decomposed gases including index peaks, butanal
and butene were similar with that of the decomposition in
furnace. Most of binders were decomposed before the gas
changing temperature that was 320 °C, as we expected. The
decomposition onset temperature was lowered under suf-
ficient slow initial heating rate and adequate gas conditions.

The amounts of decomposition products were decreased
remarkably in a gap between two electrodes above 370 °C
when electrolyte-green sheet was almost dispersed to the
electrodes and unit cell was wet sealed. Major peaks still re-
mained above 400 °C but the amounts of produced gases
were very small in the gas collecting position between two
electrodes. Binders had been decomposed effectively before
the gases changed to nonoxidative condition below 400 °C.

The butene, index peak was produced only small amount
at high temperature. The produced gases in electrode outlet
did not disappear even at higher temperature. The total area
was higher than the sum of major peaks in Figure 8 B and
C because of formation of early-eluting unidentified volatile
gases. Butene peak that indicates the terminal state of bur-
nout did not disappear until 620 °C in anode outlet but it
was completely disappeared at 650 °C. Butene was not de-
tected in cathode outlet because it was maintained enough
oxidative condition. Therefore, we could safely assume that
fuel cell began to operate at 650 °C after all binders were el-
iminated. We set an isothermal period of 9 hrs at 320 °C to
completely decompose the binders but that did not make a
significant change.

Conclusions

The thermal decomposition of matrix-green sheet and
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electrolyte-green sheet in CO,, sintering effect of Ni-green
sheet for the decomposition of matrix-green sheet, and bind-
er burnout in unit cell operation were studied. PVB decom-
posed incompletely in CO,. Especially, a thermal decom-
position of binders in the electrolyte-green sheet were af-
fected by CO,. Therefore, it is important to decompose bind-
ers sufficiently in the oxidative condition before gas
changes to CO,.

Sintered Ni-green sheet was more effective in the decom-
position of binders than in-situ binder bumout. Butanal and
butene were detected at the decomposition of binders in all
green sheets including unit cell contained metal substrates.
Butene was not detected in the decomposition of neat PVB
at high temperature. Therefore, the decomposition state of
binders could be checked indirectly by analyzing the
change of two peaks among the decomposition products.

Most of the binders were decomposed in unit cell opera-
tion. General features of decomposition were nearly the
same as that in furnace. Butanal and butene were also de-
tected and we could check the state of decomposition from
the changes of those peaks. Most of the binders were
decomposed sufficiently in slow heating rate and adequate
gas conditions. Binders had been decomposed effectively be-
fore gases were changed to nonoxidative condition. Under
that condition, small amounts of butene produced only in
the anode outlet at high temperature. Therefore, unit cell
could be safely assumed that it began to operate at 650 °C
after all binders were eliminated.
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