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Abstract-ln-si tu Ni and ex-situ NiO(Li) cathodes were fabricated by cold pressing using Ni powder and Li2CO:~ 
(in case of ex-situ cathode) with paraffin wax as a binder. The effects of compaction pressure, amount of binder. 
and sintering temperature on porosity, the average size of pore, Li~ cation fraction, and the fracture strength were 
investigated in this study. The optimum compaction pressure was 100 kg/cm 2 to prevent the brittleness and stress 
concentration caused by high compaction pressure. Also, 10 wt% of binder yielded best results and the strength 
decreased dramatically and revealed nonuniform pore and pore distribution beyond 10 wto~. To obtain reasonably 
high electric conductivity in ex-situ cathode, the sintering temperature was chosen to be below 950~C to maintain 
the cation fraction of L i  is in the range of 0.02-0.06. In terms of the Ni-dissolution rate, ex-situ cathode was more 
efficient than in-situ cathode in the long-term operation except the initial 24hr period. 
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INTRODUCTION 

A fuel cell is an electrochemical device which continuously con- 
verts the chemical energy of a fuel and an oxidant to electrical 
energy by a process involving an essentially invariant electrode- 

electrolyte system. Since fuel cells convert energy from a primary 
source directly into electricity without the intermediate of thermal 
energy, their conversion efficiency is not subject to the Carnot 
limitation [-Appleby and Foulkes, 1989; Appleby, 19861. The mol- 
ten carbonate fuel cell (MCFC) is one of the most promising de- 
vices due to use a variety of fuels including reformed naphtha 
or natural gas [Baker, 1984; Selman and Maru, 1983~_. A typical 
fuel cell assembly consists of a porous and stabilized Ni anode 
and a porous Ni or NiO cathode separated by molten alkali car- 
bonate electrolyte (62 mol% Li2CO3 : 38 mol% K2CO3) contained 
within the interstices of a porous LiAIO2 compact. 

The cathode is; prepared by the in-situ oxidation of presintered 
porous Ni plaque during the cell operation. Although the Ni 
plaque goes through preliminary quality control examination, the 
large volume expansion accompanying in-cell Ni oxidation leads 
to dramatic morphological changes within the structure [Charles 
and Kenneth, 1985]. These changes are, to a large extent, uncon- 
trollable in the present process. In addition, stresses generated 
within the cathode during oxidation due to its confinement within 
the cell hardware increase the probability of cathode fracture. 
Nowadays, ex-situ methods, fabricating the porous NiO cathode 
prior to fuel cell assembly, have been studied in order to avoid 
the problems oo:urred in in-situ method [Charles and Kenneth. 
1985; Nguyen, 19881. Since the performance of MCFC is affected 
by the conductivity of cathode, it is necessary to consider the, 
factors governing conductivity. Some reported that the electric 
conductivity of cathode was enhanced by adding the l,i ~ ion wherlt 
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fabricating the cathode ENguyen, 1988; Veldhuis et al., 1990; 

Arons, 19801. 
The major problems in MCFC technology are the corrosion 

of the separator plate, which is an essential component in cell 
stack, and dissolution of the "cathode. Especially, in the MCFC, 
the cathode gradually dissolves in the carbonate melt resulting 
in a degradation of cathode performance. There is also a risk 
that dissolved Ni will precipitate in the matrix on the anode side 
and cause the short circuit of the cell. The dissolution of the 

cathode is one of the life-limiting factors in MCFC systems. In 
this respect, the stability and behavior of the cathode play a vital 

role. 
Therefore, we examined the porosity, the average size of pore, 

Li + cation fraction, and the fracture strength according to the 
compaction pressure, amount of binder, and sintering temperature 
on in-situ Ni cathode and ex-situ NiO(Li) cathode. Also, the disso- 
lution of Ni on the in-situ and ex-situ cathode under  MCFC oper- 

ation condition were investigated. 

EXPERIMENTAL PROCEDURE 

In-situ Ni and ex-situ NiO(Li) cathodes were fabricated using; 
65-95 wt% of Ni powder (purity:99.8%, average s ize :3-7  /am, 
Nilaco Co.); 5-30 wt% of paraffin wax as a binder; 0-5 wt% of 
commercial Li2CO3. Ni powder, paraffin wax. and Li2CO3 (in case 
of ex-situ) were blended by a ball milling in acetone, dried, and 
briefly comminuted to yield a free flowing powder mixture. A 
disk type cathode (diameter : 10 ram, thickness : 0.8 mm) was pre- 
pared by a compressor under various pressures at room tempera- 
ture. Sintering of in-situ Ni and ex-situ NiO(Li) cathodes was then 
performed in the alumina tube furnace according to the heat trea- 

tment cycle shown in Fig. 1. 
To determine the Ni-dissolution rate on in- and ex-situ cath- 

odes, the test have been carried out with the following conditions; 
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Fig. I. Heat treatment cycles for in-situ (a) and ex-situ (b) cathodes. 
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Fig. 2. X-ray diffraction patterns of sintered cathodes. 

(a) in-situ cathode fabricated by the heat treatment cycle in 
Fig. l(a), (b) ex-situ cathode fabricated by the heat treatment 

cycle in Fig. l(b). 
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Fig. 3. XPS spectrum of ex-situ cathode. 
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Fig. 4. XPS spectrum of ex-situ cathode. 
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1) MCFC cathode condition, oxidant gas composition was 70 vol% 
air and 30 vol% CO2, 2) using the electrolyte composition was 
the mixture of 612 tool% Li2COa and 38 mol% K2CO:~, which were 
mixed by a ball milling during 2hr, 3) the operating temperature 
was 650~ The strength of the fabricated cathodes was evaluated 
using the Marshall's equation through the ball-on-three-ball meth- 
od [-Ban et al., 1992; Marshall, 1980]. The analyses of surface 
layer, phase transformation, and morphology were performed by 
XPS (X-ray Photoelectron Spectroscopy, VSW ESCA System), 
XRD (X-ray Diffractometer, RIGAKU D/max-III type), and SEM 
(Scanning Electron Microscopy, HITACHI X-650), respectively. 
The concentration of Li + ion and the dissolution of Ni were dete~- 
mined by ICP (Induction Coupled Plasma). 

R E S U L T S  AND DISCUSSION 

!. XRD and X P S  
Fig. 2 shows the result of the X-ray diffraction patterns of in- 

situ [Fig. 2(a)] and ex-situ [-Fig. 2(b)] cathodes fabricated by the 
heat treatment cycle in Fig. 1. In Fig. 2(a), no other phase was 
observed but Ni phase, which indicates that the sintering of Ni 
has been carried out perfectly. However, even though Ni was 
still the major phase, both Ni and NiO phases coexisted in the 
case of ex-situ cathode [-Fig. 2(b)]. This is because the process 
used for the fabrication of ex-situ cathode is to form NiO phase 
just at the surfiice in order to prevent: the sharp decrease of 
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strength generated when the whole cathode is oxidized to NiO. 
Fig. 3 is the result of the XPS analysis to determine if NiO 

resulted from the X-ray diffraction pattern of ex-situ cathode is 
the phase formed at the surface. It shows that the surface of 
ex-situ cathode composed of both Ni and O. Also Fig. 4 reveals 
that the Ni peak in Fig. 3 is the one from NiO on the ground 
that the chemical shift of binding energies between Ni2~ peaks 
is 18.2 eV (853.3 eV-872.5 eV), which is typical of Ni 2~ ion VWatg- 
ner et al., 1978]. 

It is believed, thus, from the results of the XRD and XPS, we 
had a perfect Ni cathode in case of in-situ and NiO at the surface 
with Ni inside in case of ex-situ cathode. 
2. Effect  of  Compact ion  P r e s s u r e  

Fig. 5 shows the relationship between strength and porosity 
with compaction pressure of in- and ex-situ cathodes fabricated 
at the condition of 10 wt% binder and 700~ sintering tempera- 
ture. The strength increased sharply with increasing the compac- 
tion pressure to 100 kg/cm 2, culminated in the range of 100-200 
kg/cm 2 compaction pressure and then appeared to decrease be- 
yond 200 kg/cm 2. It is noteworthy that the strengths of 120 MPa 
and 80 MPa at 50 kg/cm z in cases of in- and ex-situ cathodes, 
respectively, are,. relatively high. It seems because the increase 
of green density affects the strength greatly. The increase of the 
strength between 50 kg/cm ~ and 100 kg/cm 2 should be partly due 
to the increase of the particle density and also due to the increase 
of dislocation density at higher pressure. Since the dislocation 
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Fig. 5. The change of the strength and porosity according to the com- 
paction pressure for the cathode specimen fabricated with 10 

wt% binder at 700~ 
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Fig. 6. SEM micrographs of in-siru cathode(a) and ex-situ cathode(b) 
with 10 wt% binder under 100 kg/cm z compaction pressure. 

density saturates through cold working in the range of 100 kg/cm 2 
to 200 kg/cm 2, the slope of strength curve became smooth. Beyond 
200 kg/cm 2, on the other hand, the strength sharply dropped be- 
cause of the brittleness of the specimen due to high dislocation 
density and stress concentration. 

The strength value of in-situ cathode is higher than that of 
ex-situ cathode. It can be explained by the volume expansion asso- 
ciated with oxidation of nickel and stress accumulation inside the 
specimen in fabricating ex-situ cathode. However, porosity decrea- 
sed with increas!ing the compaction pressure. In view of porosity 
and strength, optimal compaction pressure showing the best poro- 
sity of 75% with maintaining the highest strength in both in- and 
ex-situ cathodes is concluded to be 100 kg/cm 2. Fig. 6 shows the 
SEM morphology of in- and ex-situ cathodes fabricated under 
the optimal compaction pressure (100 kg/cm2). The average pore 
size of in- and ex-situ cathodes are 5 pm and 4 pm, respectively. 
3. Effect of Binder  

Fig. 7 shows the effect of binder quantity on strength and po-- 

rosity of the in- and ex-situ cathodes fabricated at sintering tem- 
perature of 700C under I00 kg/cm-' compaction pressure. General- 
ly, as the amount of binder increases, the porosity increases while 
the strength decreases. It is because the binder decomposes at 
the sintering temperature giving a higher porosity and the in- 
crease of porosity results in the decrease of strength. When 5 
wt% to 10 wt~. of binder was added, the porosity increased great- 
ly. In case of o~er 10 wt% of binder addition, the porosity in- 
crease smoothed out because an excessive binder oozed out of 
the die failing in an increase of porosity. In addition to that, the 
generation of nonuniform pores was experimentally observed so 
that it was impossible to obtain cathodes with a high enough 
strength for MCFC. Thus, comparing strength and porosity with 
the amount of binder, it is thought that the optimal amount of 
binder is 10 wt% showing small, uniform pores, and uniform dist- 
ribution. 
4. The Concenterat ion of Li § in ex-si tu  NiO(Li) Cathode 
According to the  Sinter ing Temperature  

Since the performance of MCFC is affected by the conductivity 
of cathode, it is necessary to consider the factors governing con- 
ductivity. As it is known, Li2CO:~ in electrolyte decomposes to 
Li20 as Eq. (1) and then reacts with both NiO in cathode and 
O:, in cathode gas according to Eq. (2). NiO is a p-type impurity 
semiconductor material EAdler, 1968; Goodenough, 1971]. Its con- 
ductivity can be enhanced by doping with lithium from Li2COa 
in the molten electrolyte since the incorporation of lithium into 
NiO provides more electron holes by replacing Ni x. with NP" 
EAdler, 1968; Goodenough, 1971]. 

Li~CO:~ -~ Li20+ CO2 (1) 

x/2Li~O + (1 - x)NiO + x/402 ~ Li," Ni~* z~Ni~ :~+ 0 (2) 

Consequently, the electric conductivity of NiO increases signifi- 
cantly due to the exchange of electron holes between Ni 2' and 
Ni 3+ ions. Thus, the electrical performance of the cell was consid- 
erably improved by enhancing the conductivity of cathode through 
adding Li~CO:~ in fabrication of the cathode ENguyen, 1988; Vel- 
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dhuis et al., 1~c4:30; Arons et al., 1980]. In the fuel cell cathode 
environment, tile adequate cation fraction of Li' in NiO is known 

to be in the range of 0.02-0.06 FNguyen, 1988; Arons, 1980: Sel- 
man and Marianowski, 1982]. For example, the conductivity of 
NiO at 700C increased from about 0.03 (flcm) ' to about 4,7 
(fIcm) 1 when doped with 0.034 cation fraction [Nguyen, 1988]. 

Fig. 8 shows the result of ICP analysis for the change of Li + 
concentration inside ex-situ cathode as a function of the sintering 
temperature. Cation fraction of Li ~ at 700~ was about 0.069. Be- 
yond that temperature, it sharply dropped presumably because 
Li2CO3 decomposes into Li20 and C02 more rapidly at higher 
temperature. Thus, to obtain reasonably high electric conductivity 
for this purpose, the sintering temperature was chosen to be be- 
low 950C to maintain adequate cation fraction [Nguyen, 1988; 

Arons, 1980J. 
5. The  Ni -d i s so lu t ion  Ra te  on  in-  a n d  ex-s i tu  C a t h o d e s  un-  
de r  t h e  M C F C  O p e r a t i o n  C o n d i t i o n  

The instability of cathode during cell operation is now consid- 
ered as one of the major technical difficulties facing MCFC dew.q- 
opment. Especially, the dissolved Ni ions diffuse due to a concen- 

tration gradiem from the cathode toward the anode. At some loca- 
tion between the two electrodes and under the influence of reduc- 
ing conditions caused by the anode gas, the dissolved Ni precipi- 
tates as Ni metal according to Eq. (31. 

Ni 2- + CO~ ~ + H~ --~ Nits)+ CO2+ H~O (3) 

The precipitation of Ni creates a sink for the Ni ions, which facili- 
tates further NiO dissolution. Thus, the dissolution of NiO can 

be a major liflMimiting factor for the MCFC. 
NiO is an amphoteric oxide and cart dissolve as a base or an 

acid ~Shores, 1983]. In a relatively acidic melt, NiO dissolves 
by the so-called acid mechanism; 

NiO + CO2 < '  Ni 2 ~ + CO:~ 2 (4) 

In a basic melt, NiO reacts with oxide ions to produce one of 
two forms of nickelate ions; 

N i O + O  2 -~. NiO_, ~ (5) 

o r  

2NiO+O ~ + 1120.*-~ 2NiO~ (6) 

In the MCFC cathode environment, the melt is relatively acidic 
and the acidic dissolution is important [-Nguyen, 1988]. 

Fig. 9 shows the result of the Ni-dissolution rate under the 
MCFC cathode condition which was analyzed by determining the 
Ni-concentration in electrolyte as a function of operating time. 
As the operating time increases, the amount of Ni-dissolution on 
ex-situ cathode was slightly higher than that of in-situ cathode 
until the first 24hr operating time. This reason is that, typically, 
the dissolution of Ni on cathode proceeded via the steps from 
Eq. (7) to Eq. (8). However, in case of in-situ cathode, it does 
not form sufficient NiO phase to dissolve Ni 

Ni + 0 --, NiO (7) 

NiO+ CO2 ~ Ni 2' + CO:~ ~ (8) 

ions during the initial operation period (24hr). Thus, the amount 
of Ni-dissolution in ex-situ cathode, which formed the NiO phase 
prior to dissolution test, gets higher during the initial operation 
period. 

As the operation time increases over 24hr, such a phenomenon 
reversed. It seems that, in case of in-situ cathode, Ni-dissolution 
proceeds not only from NiO phase but also from the corrosion 
product, Li2NisOH~, which was formed by the reaction between 
Ni and electrolyte according to the Eq. (9). 

8Ni + Li2CO:I + 9/20~ --~ Li2NisO1, + COs (9) 

Thus, from the above results, ex-situ cathode is more efficient 
than in-situ cathode in terms of Ni-dissoludon during the long- 
term cell operation. 

CONCLUSION 

In order to fabricate the in-situ Ni and ex-situ NiO(Li) cathodes 
by cold pressing using paraffin wax as a binder, the effects of 
compaction pressure, amount of binder and sintering temperature 
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on cathode characteristics were investigated and following experi- 
mental results were obtained. 

1. The strength of in-situ and ex-situ cathodes increased as 
compaction pressure increased until 200 kg/cm e, but rather de- 
creased beyond. 200 kg/cm z due to the brittleness and stress con- 
centration caused by a high compaction pressure. On the other 
hand, the porosity decreased with compaction pressure. Thus tile 
optimum compaction pressure was 100 kg/cm 2. 

2. The strength of in-situ and ex-situ cathodes decreased with 
binder amount, while the porosity increased. 10 wt% of binder 
yielded best results and the strength decreased dramatically and 
revealed nonuniform pore and pore distribution beyond 10 wt 
%. 

3. The dopant concentration of Li" in case of ex-situ cathode 
decreased with increase of sintering temperature. To obtain rea- 
sonably high electric conductivity, the sintering temperature was 
chosen to be below 950:C to maintain the cation fraction of Li- 
in the range of 0.02-0.06. 

4. Ex-situ cathode is more efficient than in-silu cathnde in terms 
of Ni-dissolution during the long-term cell operation, though tim 
amount of Ni-dissolution on ex-situ cathode was slightly higher 
than that of in-situ cathode during the initial 24hr operation. 
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