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Abstract

The preparation and subsequent oxidation of nickel cathodes modified by impregnation with zinc oxide (ZnO) were evaluated by surface
and bulk analysis. The electrochemical behaviors of ZnO impregnated NiO cathodes was also evaluated in a molten 62@gl% Li
+ 38 mol% K,COjs eutectic at 650C by electrochemical impedance spectroscopy (EIS) as a function of ZnO content and immersion
time. The ZnO impregnated nickel cathodes showed the similar porosity, pore size distribution and morphology to the reference nickel
cathode. The stability tests of ZnO impregnated NiO cathodes showed that the ZnO additive could dramatically reduce the solubility of
NiO in a eutectic carbonate mixture under the standard cathode gas condition. The impedance spectra for cathode materials show important
variations during the 100 h of immersion. The incorporation of lithium in its structure and the low dissolution of nickel oxide and zinc
oxide are responsible of these changes. After that, the structure reaches a stable state. The cathode material having 2 mol% of ZnO showe
a very low dissolution and a good catalytic efficiency close to the NiO value. We thought that 2 mol% ZnO/NiO materials would be able
to adapt as alternative cathode materials for MCFCs.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Molten Carbonate Fuel Cell; Cathode; Solubility; Nickel oxide; Zinc oxide; EIS

1. Introduction from the cathode. Continued deposition of sufficient bridged
grains of metallic nickel across the cell eventually causes a
The molten carbonate fuel cell (MCFC) is believed to be short-circuiting of the cel[1,2]. The NiO dissolution also
one of the most promising energy conversion devices thatresults in loss of active material and a decrease of the ac-
convert chemical energy in fossil fuels into electricity in tive surface area available for the oxygen reduction reaction
the near future owing to the high energy conversion effi- resulting in degradation of fuel cell performance and dura-
ciency, the excellent environmental characteristics and thebility.
ability to utilize a wide variety of fuels such as hydrogen, Many efforts have been made to solve the NiO dissolution
natural gas and coal gasified gas. However, several hur-problem[3—7] and several possible approaches have been
dles remain before commercialization of MCFC can be re- studied. More basic molten carbonate melts such as Li/Na
alized. The state-of-the-art MCFC nickel cathode, oxidized carbonate eutectic have been used to decrease the Ni disso-
in situ and lithiated (LiNi1_,O), presents a relatively high lution rate in the melt. Alkaline earth metal salts based on

solubility in the electrolyte which can be 4C03/K,COs3, Ba or Sr have also been used as additives to increase the
LioCO3/NaxCOg3 or related alkali molten carbonate eutec- basicity of the melt. However, using more basic molten car-
tics. This dissolution leads to the formation of2Nj which bonate melts only partially solves the problem, since these

can diffuse from the cathode toward the anode under amelts decrease the NiO dissolution rate by 10-15% only. In
concentration gradient. The dissolved®Niprecipitates in addition, several materials like LiFeQLiCoO,, LioMnO3
the sections of matrix, where it encounters dissolved H and La_,Sr,CoO; were also investigated as replacement
proceeding from the anode side and is reduced to Ni at materials for the NiO cathodes because of their extremely
a certain distance away from the cathode. The continuouslow solubility in the carbonate mel{8]. However, the ex-
diffusion of Ni¢t accelerates more dissolution of nickel change current density for the oxygen reduction reaction on
LiFeOy, LioMnO3 and La_,Sr,CoG; is about two to four
mpondmg author. Tels86-21-62933751: o'rder.s of magnitude lower thgn that on NiQ. Thus, the ;Iow
fax: 186-21-62822012. kinetics of the oxygen reduction reaction limits further im-
E-mail address: huangbo2k@hotmail.com (B. Huang). provement of cathodes based on these materials. LiG®O
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more stable than NiO in alkaline environment and is once oughly with 40 g cyclohexanone/butyl alcohol solvents and
considered as the most promising alternative cathode matethe slurry was ball milled for 4 h in order to break weak ag-
rial. However, application of LiCo®as a cathode material glomerates. Secondly, 5g PVB and 5g PEG were added to
is still limited for producing large area electrodes beyond the above system and the resulting slurry was ball milled for
1000 cnt because of its brittleness and higher manufacturing an additional 4 h. After the mixing and the homogenization
cost and less electronic conductivity than the conventional of the slurry were completed, the slurry was degassed using
NiO cathode. Therefore, these oxides might be inadequatea vacuum pump (pressure: 200 mbar absolute) and cast on
for the cathode material. Recently, new candidate materialsa casting surface of polyethylene film by a “doctor-blade”
such as LICo@(LiFeO,, Lag gSry.2Co0s)-coated NiO have method. The cast tapes were allowed to dry at room temper-
been proposefP-11]. ature for 48 h. After the solvent in the tapes was completely
The most promising way to modify the properties of nickel evaporated, the nickel green tapes were obtained.
oxide appeared to be the incorporation of metal oxides to the
nickel oxide[12—-15] In this paper, a novel cathode material 2.3. Sntering
has been prepared based on modifying NiO by zinc oxide
impregnation, in order to decrease cathode dissolution rate Sintering temperature of the tape cast cathodes influences
and increase its catalytic activity for oxygen reduction. The the cathode pore structure and thereby affects its electro-
present paper is aimed to study the effect of ZnO content onchemical performance. Thermo gravimetric analysis (TGA)
the electrochemical behavior of the new cathode materialswas done to determine the optimum heat treatment sched-
in molten carbonates. The study has been conducted usingule for sintering. A typical TGA curve for green 2 mol%
electrochemical impedance spectroscopy (EIS). The phaseZnO/Ni tape is shown irFig. L The cast 2mol% ZnO/Ni
and microstructures of the cathode materials before and af-tape was pre-heated at 180 for 12 h in order to remove all
ter immersion in molten carbonate were analyzed by X-ray the solvent in the tape. TGA analysis was done by heating
diffraction (XRD) and scanning electron microscopy (SEM), the sample from 100 to 65 at a rate of 10C/min. A steep
respectively. The dissolution of the new cathode material in reduction in weight (13.5%) was seen on heating the sample
molten carbonates was evaluated using melt analysis. between 200 and 40 due to the removal of the binder and
plasticizer. The removal of all volatile and decomposable or-
ganic matter was completed below 4@ Fig. 2 shows the

2. Experimental SEM of 2mol% ZnO/Ni material obtained by tape casting
and sintering at 850C in 75vol.% H/25vol.% N> atmo-
2.1. Sarting materials sphere and air. It is evident that tapes sintered at’654ll

show a perfectly open pore structure. Based on the above

The material system used in this work was based on car- TGA and SEM analysis, the following heating sequence was
bonyl nickel powder, zinc oxide powder, solvent, dispersant, used for sintering the porous cathodes. (1) the green tapes
binder and plasticizer. The carbonyl nickel particles (purity: were initially heated from room temperature to 2@ at
98%; Shanghai Jinjiang Metal Powder Ltd., China) have a rate of C/min; (2) in the second step, the temperature
a perfect orbicular shape and a narrow size distribution of was held at 200C for 2 h; (3) thirdly, the temperature was
2.2-2.8um. The ZnO powder was of an analytical grade raised to 400C at a rate of 2C/min; (4) the temperature
(Shanghai Chen. Ltd., China). The solvent system used inwas held at 400C for 4 h; (5) the temperature was raised to
this paper consisted of azeotropic mixture of cyclohexanone 500°C at a rate of 2C/min; (6) the temperature was held at
and butyl alcohol in order to avoid differential evaporation. 500°C for 2 h; (7) the temperature was raised to 860at
Glycerol trioleate as a kind of zwitterionic dispersant was a rate of 2C/min; (8) the temperature was held at 88D
used as dispersant. Poly-vinyl-butyl (PVB) and polyethy- for 6 h; (9) in the last step, the samples was cooled to room
lene glycol (PEG 200) were used as binder and plasticizer,temperature at a cooling rate of @/min. Sintering of the
respectively. The PVB binder was supplied as a free flowing green tapes was completed in 75 vol.%/25vol.% N at-
fine-grained powder and the PEG plasticizer was obtained mosphere and air, respectively.
in a liquid form. All the organic additives were supplied by
Shanghai Chem. Ltd., China. 2.4. Electrochemical characterization

2.2. Tape casting The electrochemical characterization of the new cathode
materials was performed on the porous electrode/molten car-

Porous ZnO/NiO cathodes were prepared by a tape cast-bonates interface by means of EIS. The test cell was an
ing and subsequent sintering process. The slurries for thealumina crucible contained in a covered quartz vessel. The
tape casting process were fabricated by a ball milling method cover of vessel had been adapted to accommodate a thermo-

that included two stepd 6]. In the first step, 50 g of nickel  couple, a gas inlet/outlet and two electrodes. The working
power containing 0, 2, 6, 10, and 20 mol% ZnO powder were electrode was composed of the new cathode material con-

added to 1g dispersant. The ingredients were mixed thor-nected to a Ptlead (0.5 mm in diameter) that is shielded from
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Fig. 1. The TGA/DTG curves of 2mol% ZnO/Ni green tape obtained by non-aqueous tape casting.

the electrolyte by an alumina tube sealed by ceramic cementiralizing any G~ formed and decomposing any OHon

at the base of the tube. The counter electrode was identicalpresent. This purification procedure was basically similar to

to the working electrode. Such a configuration allows elim- that proposed by Appleby and Nichols(d®]. Gases were of

ination of the influence of the counter electrode and avoids high purity grade and were additionally treated with molec-

the use of a reference electrode that is, by itself, a sourceylar sieves 5A and anhydrous Mg(GJ)2 to remove traces

of noise[17,18] Digital mass flow controllers/meters were of water[20].

used to provide the desired gas mixture composition o CO  Then the electrodes(: 2.4 cm x 0.08 mm) cut out from

and @. The gas mixture was flowed into the melt through sintered NiO and ZnO/NiO plates in air were inserted in

a long alumina tube. the carbonate melt and the cell temperature was kept at
The crucible was charged with 3009 eutectic carbonate 650°C. The EIS measurements were started 2 h after im-

mixture (62 mol% LyCO3—38 mol% KCOz) and heated to  mersion in the melt in order to obtain a sufficiently sta-

650°C in a electric furnace. The eutectic mixture of alkali pjlized system necessary for an ac-impedance experiment.

carbonate, 62mol% LCOz—38mol% KCOz, was made  Various measurements were made from 2 to 200h under

up from AR grade anhydrous reagents (Shanghai Chem.a 0.67 atm C@-0.33atm @ gas mixture. The impedance

Ltd., China) that had been dried in a furnace at 160The  spectra were recorded with a frequency response analyzer

mixture was purified by a sequence of the following treat- Solartron 1260. A 5mV perturbation amplitude was applied

ments: vacuum drying at 35C, fusion/pumping treatment  with a frequency scanning range of 10 mHz—100 kHz at five
at 700°C and bubbllng of pure CHwith the view of neu- points per frequency decade.
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Fig. 2. SEM micrographs of (a) 2mol% ZnO/Ni plate sintered at 850n 75vol.% H/25vol.% N, atmosphere; (b) 2mol% ZnO/Ni plate sintered at
850°C in air.
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2.5. Sructural characterization and chemical analysis Table 2
Content of metal ions of ZnO/NiO cathode after immersion in Li/K
The structure of the samples sintered at 850for 6 h eutectic melts for 200h (atmosphere: 0.67 atm@@3atm Q; T =
; . 50°C
before and after the electrochemical tests was charactenzeé3 ) -
by scanning electron microscopy (SEM, PHLIPS 515) and Sample  Content of Zn0  Rf (molppm)  ZrF* (mol ppm)

X-ray diffraction (XRD, D/max-3A, Cul&) at the scan- 1 0mol% 35.4 /

ning speed of &min. In order to determine the structure of 2 2mol% 2.32 14.18
the samples after immersion in the molten carbonate, theyi ‘;g‘m"gﬁ/ i-(l)i ﬁgg
should be first dissolved in 50 vol.% acetic acid/50vol.% 20 mol% 198 15.62

anhydride mixture aimed to removing the carbonates at the
samples surface. Solubility was determined by removing a
0.5g of molten carbonate from the melts at the appointed the nickel cathode and a particle size slight higher than the
time using an alumina rod. Solubility measurements were nickel cathodeFig. 4 shows the surface microstructures of

repeated until their value became concentration that waspure nickel oxide and various modified nickel oxide cath-

regarded as the equilibrium solubility. Inductively coupled odes after the electrochemical testing in the eutectic melt for
plasma spectroscopy was carried out to analyze the metallOO h. After the electrochemical testing, the cathode mate-
ions equilibrium solubility in the molten carbonate after rials showed morphological changes due to the oxidation in
200 h of continuous exposure to the molten carbonate. air and dissolution in the molten carbonates of nickel and

various modified nickel cathodes.

3. Results and discussion 3.1.3. XRD characterization
Fig. 5shows the X-ray diffraction (XRD) profiles of ZnO,
3.1. Microstructural characterization NiO and ZnO/NiO cathodes. It can be seen fréig. 5
that the peaks of the NiO cathode with 2 and 6 mol% ZnO
3.1.1. Cathode characterization additive are similar to that of pure NiO. However, when the

Table 1shows textural characterization of the cathodes amount of ZnO in NiO is over 10 mol%, some weak peaks
prepared. It can be seen that the oxidation processes prothat belong to ZnO can be detected.
duced a decrease of the porosity in both the nickel plate and Fig. 6 shows the XRD profiles of pure NiO and modified
ZnO/nickel plates. However, the porosities and pore size dis- NiO cathodes that had been immersed in Li/K carbonate
tributions of the modified NiO cathodes increased with the melts for 200 h. It can be seen that the XRD peaks of ZnO
amount of ZnO additives, which was due to that the oxide have been disappeared for the modified NiO cathodes with
additive hindered the sintering of the nickel particles during 10 and 20 mol% ZnO additive.
the heat-treatment process in a reducing atmosphere. Here,
it should be noted that the nickel cathode with 20mol% 3.2. Solubility test
ZnO had so poor sintering performance that it had a low
strength and was easily broken, which indicates that the ad- The solubility of various NiO cathodes after immersion

ditive amount should be limited. in Li/K eutectic melts for 200 h is given ifable 2 The ex-
perimental conditions were kept at 650 under a 0.67 atm
3.1.2. SEM characterization C0,/0.33 atm Q atmosphere. The NiO cathode had a solu-
Fig. 3 shows the surface microstructures of pure nickel bility of about 35 mol ppm (Ni*) after 200 h, which is simi-
and various modified nickel cathodes. As showrFig. 3, lar to the results reported by Motohira et[dl3]. In contrast,

all modified nickel cathodes had similar porous structures to the solubility of the NiO cathodes impregnated with 2 mol%
ZnO was only 2.32mol ppm (Rt). With the increase of
ZnO amount in NiO, the solubility of the modified cathodes
decreased slightly. It can be seen that the ZnO additive has a
strong positive effect on the reduction of NiO dissolution in

Table 1
Textural characterizations of prepared cathodes by mercury porosimetry

Cathode Porosity (%) Pore diametemd) carbonate melts. In additiofiable 2also shows the concen-

Ni 65.82 6.68 tration of Zr¢™ dissolved in the carbonate melts as a function
NiO _ 61.86 5.82 of the added ZnO content in the stabilized NiO cathode af-
;28:2;2 iﬂgmglﬁte 2;;2 2';‘2 ter 200 h. The concentration of Zhin the carbonate melts
6mol% ZnO/Ni plate 66.96 792 mcregsed with the increase of ZnO content |.n NiO cathodes.
6mol% ZnO/NIO plate 64.58 6.73 Here it should be noted that the concentration ofZwas
10mol% ZnO/Ni plate 73.23 7.58 far more than that of Nit in the carbonate melts.

10mol% ZnOINiO plate 66.52 6.98 It is well known that the NiO cathode is not stable during

20 mol% ZnO/Ni plate - -

: the MCFC operation. The material dissolves in the carbonate
20 mol% ZnO/NiO plate - -

melts, resulting in the formation of Kif, which can diffuse
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Fig. 3. SEM micrographs of ZnO/Ni cathode obtained in 75vol.%28vol.% N> atmosphere at 85C: (a) pure Ni (b) 2mol% ZnO/Ni (c) 6 mol%
ZnO/Ni (d) 10 mol% ZnO/Ni.

from the cathode toward the anode under a concentrationto the preferential dissolution of ZnO. That was to say, in-
gradient. The dissolved Rif precipitates in the sections of  crease of concentration 0f?0 was inadvantageous for the
matrix, where it encounters dissolved lgroceeding from  formation of N+ ion from the standpoint of view of disso-
the anode side and is eventually reduced to Ni at a certainlution equilibrium of NiO. In addition, according tBig. 6,
distance away from the cathode. The dissolution reaction of we could find that the diffraction peak of ZnO was com-
NiO cathode and Ni metal precipitation can be written as pletely vanished after immersion in Li/K carbonate melts

the following equations: for 200 h at 650C. Evidently, the dissolution of NiO was
NiO(s) <> NiZH(l) + 02~ (1) 1) depressed due to the preferential dissolution of ZnO.
Ni%* (1) + Hz(g, 1) < Ni(s) + 2H" (1) (2

3.3. Electrochemical impedance spectroscopy (EIS) study
On the other hand, the ZnO additive can also dissolve in
the melts in the similar way, which is described as following  Fig. 7 depicts the electrochemical impedance spectra for
equation: the three cathode materials in a eutectic 62 mol%CiO3
Zn0(s) < Zn?t (1) + 0% (1 3) + 38 mol% KoCO3 at §50°C under a Q.67 a_Ltm C;gZD.33 atm
O gas mixture at different immersion time. As it can be
The solubility of ZnO in the carbonate melts was far more seen from the corresponding Nyquist plots, the impedance
than that of NiO. Consequently, concentration &f Qvas response of the three samples at different immersion time
increased in the micro region containing ZnO and NiO due is characterized by the presence of high frequency loop and
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Fig. 4. SEM micrographs for the samples after testing (a) NiO; (b) 2mol% ZnO/NiO; (c) 6 mol% ZnO/NiO.

an extension at low frequency, indicating that the charge wherew is the angular frequency, the constant, called the
transfer resistance was dominant. The high frequency plotWartburg coefficient, which is determined by the diffusion
has been associated with the charge transfer process whileoefficients and concentrations of diffusing entitj2g]. If
the low frequency loop with a slow process (mass transfer or o — oo, namely, the high frequency limit of th&'-Z’ plot,
slow homogeneous reactions). At high frequencies, the plotEgs. (4) and (5may be simplified to give

converged to a value on the abscissa (real axis) as shown in Rg + Ret

Fig. 7, giving the electrolytic resistancig. Z' = e RTT (6)
In order to determine the charge transfer resistance [(@CaRen” + 1]

(Ret) and the double layer capacityC{), we assume a y a)Cngt

Randles—Ershler type equivalent circuit, The fundamental = m @

equations includingrg, Rt andCy are as followingg20]:
2"+ (Z' — Rg — 0.5R¢)? = (0.5R¢)? 8)
[Ret + (0/%)]

Z' =Rq+ According to &Z”/dw = 0, we can find
T A+ Caow5)2 + @2C3[Ret + (0/009)]2) 2 /e
4) Ca = @ R (9)
Cl
20 [0(1 + Cqow®®) /@®® 4+ wCy(Rct + 0/w®%)?] 5) wherew* is the angular frequency corresponding to the apex

{1+ Cgo/@®5)2 + w2C3[ Rt + (0/w05)]2) of semicircular arc.
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Using the above equatioRg,, Rt andCy were calculated  the semicircular arc increases gradually with time suggest-
from the high frequency limit of th&”-Z’ plot. The least ing that the corresponding electrochemical reaction rates
squares curving fitting method could be applied to obtain are decreasing slowly with time (in terms of NiO, 2 mol%
the optimized parameters and give the minimum deviation. ZnO/NiO, 6 mol% ZnO/NiO, after 13, 24, 50h, respec-
Tables 3-5summarized the fitting values of parameters for tively). The reason could be the low dissolution of nickel
oxygen reduction on oxides electrodes in Li/K eutectic melts oxide and zinc oxide. In brief, the semicircular arc for three
under a 0.67 atm C£0.33 atm Q atmosphere at different cathode materials shows important variations during the
immersion time. 100 h of immersion, which can be attributed to the changes

According toFig. 7 and Tables 3-5it is apparent that  in the structure of the reactive surface of cathode material
the diameter of semicircular arc (denotes the charge trans-due to the lithiation and slow dissolution of cathode mate-
fer resistancdRy) is decreasing sharply with time initially.  rial. After that, the structure seems to reach a stable state.
This implies that, in the case of three cathode materials, the The influence of the ZnO content at 72 and 100 h of im-
electrochemical reaction rates are increasing rapidly with mersion in molten carbonate is depictedFig. 8. As can
time. The reason could be the incorporation of lithium in its be seen, in the high frequency region, the semicircular arc
structure, which enhances its electronic conductivity. Then, of ZnO impregnated NiO cathode is larger than that of NiO
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Fig. 7. Nyquist impedance spectra obtained for three samples in the frequency range of 10 mHz to 100kHz as a function of immersion tiGe at 650
in standard cathode gas atmosphere {©@, 67:33%). Zp, denotes 2 mol% ZnO/NiO, Zg denotes 6 mol% ZnO/NiO.
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Table 3 Table 4

Fitting results for oxygen reduction on NiO electrode in Li/K eutectic  Fitting results for oxygen reduction on 2mol% ZnO/NiO electrode in

melts at different immersion time (atmosphere: 0.67 atm,/033 atm Li/K eutectic melts at different immersion time (atmosphere: 0.67 atm

0y; T = 650°C) C0,/0.33atm Q; T = 650°C)

Time (h) RQ () Ret (€2) Ca (1F) Time (h) R2 () Ret (€2) Cd (1F)
0 2.8032 163.3 87.659 0 3.8792 275.66 110.26
1 2.8103 128.93 83 2 3.7704 175.95 117.43
3 2.8099 90.782 70.632 4 3.8731 138.98 110.34
8 2.9182 63.447 63.263 8 3.9207 115.61 100.25
13 3.0362 59.626 65.645 16 3.854 78.358 71.81
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36 3.0528 107.98 88.76 36 3.4813 91.118 55.612

48 3.1124 110.68 92.54 48 3.2486 102.53 60.758

60 3.3215 121.35 102.44 60 3.1259 138.03 72.383
72 3.3868 132.24 106.25 72 3.3324 169.64 91.94
84 3.2032 135.13 114.86 84 3.5272 201.36 117.83
96 3.1674 140.85 122.74 96 3.5618 206.09 110.01

100 3.2867 156.87 119.89 100 3.459 204.75 114.39
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Table 5 garded as an alternative material to the conventional NiO
Fitting results for oxygen reduction on 6mol% ZnO/NiO electrode in  ~gthode in MCECs.
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