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Electric conductivity, cathodic performance, and stability of Ni-Fe—Co alloy oxides in Li/Na carbonate are
investigated by means of electrochemical measurements and X-ray diffractometry. Higher electrochemical
stability on oxygen reduction was observed with the single-phase oxides of space group Fm3m, which were
obtained with Co content less than 20 at.% and Ni/Fe/Co=0.19/0.34/0.47. Electrode impedance measurements
at 1 kHz revealed that the conductivity of the oxides decreased with increasing the amount of Fe. A newly
developed technique for solubility measurements showed that the solubility of Ni** from Ni—Fe—Co oxides in
Li/Na carbonate decreased with increasing the amount of Fe content. In summary, Ni-Fe-Co complex oxides
consisting of Fe less than 20 at.% and Co less than 20 at.% demonstrate favorable features for MCFC cathode

materials.

Introduction

Internal short-circuiting due to the dissolution of the NiO
cathode' is commonly recognized as one of the most serious
issues limiting the lifespan of molten carbonate fuel cells
(MCFCs). Thus, alternative materials such as LiCoQO,, NiO
supplemented with MgO or Fe,Os3, or NiO coated with LiCoO,
have been developed to lower the solubility of the cathode.>*
From this viewpoint, we have carried out investigations on
oxygen reduction at in situ oxidized metals (e.g. NiO,>®
LiC00,,> ' Li,MnOs,!! Ni-Al alloy oxides'>!'?) in carbonate
melts. In this article, we report the electrochemical behavior
and stability of in situ oxidized Ni-Fe—Co ternary alloys for
oxygen reduction in Li/Na carbonate eutectic.

LiCoO; is one of the promising candidate materials because
its solubility is low and its rate of dissolution is slower than that
of NiO. Although the electric conductivity of LiCoQO, is lower
than that of NiO, it can be increased by improved preparation
methods.'* However, the practical use of LiCoO, cathodes in
MCFCs is limited by the low mechanical strength and price of
cobalt precursors. LiFeO, is less expensive than NiO and
LiCoO,, and less soluble in molten carbonate than NiO. On
the other hand, the electric conductivity of LiFeO, is too
low for practical use in MCFCs. Therefore, Fe based materials
have been employed as an additive for NiO to reduce the
solubility.’> Bloom et al.'® investigated the resistivity and
cathodic performance of ex situ synthesized NiO-LiFeO,—
LiCoO, solid solutions. The authors reported that adding
LiCoO; to LiFeO, is effective at lowering the resistivity of
LiFeO,, and solid solutions of NiO-LiFeO,-LiCoO, are
potential alternatives to NiO and LiCoO, cathodes. However,
the stability of this material in molten carbonate has not been
reported.

To that aim, in this article we report: (i) the synthesis and
in situ oxidation of Ni-Fe-Co alloys in (Lips>Nag47)>CO3
eutectic investigated with open circuit potential (OCP) and
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impedance measurements, (i7) the electrochemical performance
towards oxygen reduction of those in situ oxidized Ni-Fe—-Co
alloys, and (i) their stability in the molten carbonate assessed
with electrochemical and solubility measurements.

Experimental
Electrode preparation and electrochemical measurements

Procedure of melt purification, gas handling, temperature
control, and cell assembly are described elsewhere.!” Electro-
chemical measurements at elevated pressure were achieved
with a pressurized cell,® which is usable up to 5 atm. The
working electrode consisted of a thin layer (0.75 pm thickness)
of Ni-Fe-Co alloy electroplated onto both sides of a gold
substrate (0.39 cm?), which was fully immersed in the melt.
We used the Ni-Fe-Co alloy bath developed by Nakamura
et al'® for electroplating, which consists of the Permalloy
bath with NiSO,4 (Table 1). The thickness of the alloy was
controlled coulometrically at 15 mA cm ™2, and then confirmed
by weighing the electrode gain assuming dense plating. Several
compositions were considered. The composition of the alloy
was determined by inductively coupled plasma emission

Table 1 Basic bath composition and its operating conditions for
Ni-Fe—Co ternary alloy plating. Data are cited from ref. 17

FeSO,-7H,0 0.1-0.1 mol dm >
CoS0,-7TH,0 0.0-0.1 mol dm™
NiSO,4-6H,O 0.2, 0.0 mol dm?
H3BO; 0.4 mol dm 3
NH,CI 0.28 mol dm3
Saccharine Na 2gdm?

Bath temp. 298 K

Current density 15 mA cm 2

pH 2.8
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spectroscopy (ICP, Nippon Jarrell-Ash IRIS 1000, axial
photometer) after dissolving alloy samples in 1 M HNO;.
Compositions of all alloys in this paper are expressed in molar
fractions. Electrochemical and solubility measurements were
conducted at 923 K in (Ligs53Nag47),CO;3 eutectic (denoted
henceforth as Li/Na). The open circuit potential (OCP) and ac
impedance at 1 kHz were recorded simultaneously during
the oxidation process with a Solartron 1286 potentiostat in
combination with a Solartron 1260 frequency response
analyzer. The detailed procedure of the OCP and ac impedance
measurement is reported elsewhere.’ All potentials are referred
to the standard (O, : CO, = 0.33 : 0.67 atm)|Au gas reference
electrode denoted henceforth as SOE. Premixed gas mixtures
of O : CO, =9 : 1and O, : CO, = 2 : 8 (Sumitomo
Seika Chemicals) were used for electrochemical and solubility
measurements, respectively. Higher Pco, in the solubility
measurements enables one to accelerate the dissolution process.
The total pressure was set at the desired value with a pressure
regulator. The phase distribution of the oxides was character-
ized with a Rigaku RINT-2500 X-ray diffractometer (XRD)
equipped with a thin film rotating sample holder using
Cu-Kao radiation (0.1540562 nm). The 20 scan mode with an
incident angle of two degrees was employed to obtain thin
film XRD profiles.

Solubility measurements

Quantification of oxide solubility in carbonate melts has been
commonly conducted according to techniques developed by
Ota'? and Shores,*® where a sintered or compacted oxide pellet
is submerged in the melt, then a melt sample is aspirated with a
ceramic tube. However, with this procedure, small particles
flaked from the oxide pellet may contaminate the melt sample.
The solubility of metal oxides in carbonate melts is reported
to be approximately within the 5-50 ppm range.>!*2% Thus,
even a small amount of oxide particles will result in a large
experimental error in such a low solubility range. In this work,
we applied thin film alloy samples for solubility measure-
ments, which were prepared according to the same manner as
the preparation of the working electrode described in the
experimental section. Strip shaped specimens were submerged
in the Li/Na carbonate melt held in SSA-S alumina test tubes
(Size: od 15 mm, id 12 mm, depth 150 mm, Nikkato-T2).
Fig. 1a illustrates the apparatus used for solubility measure-
ments, which is based on the electrochemical cell for atmo-
spheric measurements.!” This cell can contain up to eight test
tubes and enables seven different specimens (including melt
composition) to be tested simultaneously. The one remaining
tube was used to insert a thermocouple to regulate the
temperature. Sampling of the melt was conducted according
to the following procedure: (i) a test tube was withdrawn from
the cell through an access port with a wire hook after 150 hours
of immersion; (ii) the melt sample was taken to a hollow of a
colorimetric plate (Nikkato) where it solidified as illustrated
in Fig. Ib. At this moment, one can check visually if oxide
particles contaminate the melt or not. It took about 100
hours to achieve the equilibrium solubility after immersing
test specimens in the melt. Thus, 150 hours of immersion was
enough to measure the solubility of Ni*".

Results
Electrical conductivity of in situ oxidation products

The electrical conductivity of the in situ oxidation product of
Ni-Fe—Co alloy was determined by electrode impedance (series
resistance, Rg, measured at 1 kHz) in Li/Na melt at 923 K under
Po, : Pco, = 0.9 atm : 0.1 atm after completion of in situ
oxidation. The OCP change of a Ni-Fe-Co alloy electrode in
Li/Na melt at 923K under Po, : Pco, = 0.9 atm : 0.1 atm was
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Fig. 1 Schematic illustrations of the apparatus for (a) metal oxide
solubility measurements under atmospheric pressure and (b) the
manner for molten carbonate sampling.

almost identical to that of non-alloyed Ni.>”?” However, it was
found that Rg strongly depended on the alloy composition,
particularly on the content of Fe. The correlation between Rg
and alloy composition is shown in Fig. 2. Contour diagrams in
this paper were plotted by the WaveMetrics IGOR Pro ver. 4
software equipped with a contour-plotting algorithm,?® which
interpolates data to draw smooth contour lines. Differences
among Rg values points to differences in conductivities of each
oxide for the following reasons. (1) All data were obtained
under the same conditions, i.e. melt composition, temperature,
and surrounding gas composition. (2) Distance and relative
location among the working, reference and counter electrodes
were always the same in the electrochemical cell. Strictly
speaking, Rg is not directly linked to the specific resistance of
the oxide, however, it is still effective to compare the behavior
of each oxide. The Rg for non-alloyed NiO electrode is reported
to be approximately 0.2 © cm®>727 which should be regarded
as the electrolyte resistance. Thus, values among Rs lower than
0.2 Q cm? would be due to experimental errors. As can be seen
from Fig. 2, Rg exhibits values larger than 0.2 Q cm? around 20
at.% of Fe, then increases with increasing the amount of Fe.

Phase distribution of Ni-Fe—Co oxides

Typical XRD profiles of oxidation products are shown in
Fig. 3. Single-phase oxides of cubic rock salt structure (space
group (s.g.) Fm3m) were obtained from alloys of lower Co
content than ca. 20 at.% and Ni/Fe/Co=0.19/0.34/0.47
(Fig. 3(a), (b)). These are thought to be solid solutions of
NiO and a-LiFeO, as reported by Bloom ef al.'® According to
the authors,'® a continuous range of solid solution exists in the
NiO-LiFeO, binary system. With the increase of Co content,
one can see another phase of layered rock salt structure (s.g.
R3m) in Fig. 3(c) and (d), which might be a solid solution
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Fig.2 2D (a) and 3D (b) contour diagrams of Rs of Ni-Fe-Co
electrodes oxidized in (Lig 53Nag 47),CO3 at 923 K under Po, : Pco, =
0.9 atm : 0.1 atm.
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Fig. 3 Thin film XRD profiles of Ni-Fe—Co alloy electrodes oxidized in
(Lig.53Nag 47),CO3 at 923 K under Po, : Pco, = 0.9 atm : 0.1 atm.

of LiNiO, and LiCoO,. The phases Fm3m and R3m are
henceforth denoted as NiO and LiCoO,, respectively, for the
sake of simplicity. In the following, we will now define “F as
follows:

_ ‘FFmgm‘
F=__ 1"Fm3ml
‘FFm3m‘ + |FR3m‘

where |Fr3,,| and |Fg,3,| are the integrated intensities of
LiCo0O, 003 and NiO 200, respectively, which are the strongest
peaks of each phase. F varies from zero to one in response to
the change in phase distribution, i.e., single phase of R3m =
binary phase of R3m/Fm3m = single phase of Fim3m. The value
of F by no means indicates the content ratio of NiO and
LiCoO,. However, it is still usable to determine which phase
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Fig. 4 2D (a) and 3D (b) contour diagrams of the ratio between |Fp,,3,,|
and |Fg3,,| obtained from thin film XRD data of Ni-Fe—Co alloy oxide
electrodes. Compositions marked by filled circles are identified as single
phase of Fm3m.

is dominant. Fig. 4 shows 2D and 3D contour diagrams of F
obtained from thin film XRD data of Ni-Fe-Co alloy oxides.
Single phase Fm3m was obtained at filled circle markers
in Fig. 4a. Bloom et al. synthesized solid solutions of NiO,
a-LiFeO,, and LiCoO, ex situ by solid-state reaction'® and
characterized the products with XRD. The authors concluded
that: (1) NiO and a-LiFeO, form solid solutions to crystallize
in the cubic rock salt structure (Fim3m) for any Ni/Fe ratio; (2)
LiCoO, and NiO/LiFeO, form solid solutions retaining the
Fm3m structure when the Co content is less than approximately
20 at.%. We found that in situ oxidized Ni-Fe-Co complex
oxides also form solid solutions belonging to s.g. Fm3m in the
same composition region as Bloom’s data.'® In addition, we
found that single phase of Fm3m and Fm3m-dominant oxides
(F > 0.9) were obtained from Ni/Fe/Co = 0.19/0.34/0.47 and
0.18/0.57/0.25, respectively, which Bloom'® did not assess.

Stability of Ni-Fe—Co oxides by means of electrochemical
measurements

Stability of Ni-Fe-Co alloy oxides was assessed with linear
sweep voltammetry at elevated pressure. Degradation of the
Ni/Fe/Co = 0.50/0.30/0.20 oxide electrode in Li/Na melt at
3.17 atm is shown in Fig. 5. As seen in Fig. 5, the peak current
density of oxygen reduction decreased with time. This decay
with time is due to oxide dissolution into the melt and thus a
decrease in its surface roughness leading to a lowering of its
active surface area. The series of decay rates of i, is summarized
in Table 2, where we categorize oxide samples into three
groups according to the decay rate (DR), ie, (1) DR <
0.005mA cm 2h™!,(2)0.05 < DR < 0.01, and (3) 0.01 < DR.
Decay rates were calculated from data obtained within 20
hours of immersion. One can see that the compositions of the
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Fig. 5 Variation of oxygen reduction wave with time on Ni/Fe/
Co0=0.5/0.3/0.2 alloy oxide electrode under Po, : Pco, = 2.85 atm :
0.32 atm in (Li0.53N30.47)2CO3 at 923 K.

samples of slow decay rate have Co contents less than
approximately 20 at.%, Ni/Fe/Co = 0.19/0.34/0.47, and
100% Co. The phase distribution (Fig. 4) shows that Ni-Fe—
Co oxides in this composition range crystallize with the single
phase of Fm3m and R3m, respectively. The large F sample
Ni/Fe/Co = 0.18/0.57/0.25 also exhibits a relatively low decay
rate (0.007 mA cm 2 h™!). Single phase samples would be
more stable than binary ones since binary samples will have
more grain boundaries, which would trigger the dissolution of
oxide particles.

Stability of Ni-Fe—Co oxides by means of solubility
measurements

A series of Ni*" solubility from Ni-Fe-Co oxides in Li/Na
carbonate at 923 K under Po, : Pco, = 0.2 atm : 0.8 atm is
shown in Table 3. All data were obtained after 150 hours of
immersion. Fewer attempts®'®>*2% have been made at a
systematic study of Ni*" solubility in Li/Na carbonate melt
than in Li/K. Fig. 6 shows the solubility of Ni** dissolved from
NiO into Li/Na eutectic at 923 K reported by Fukui,*?® Ota,*
Brenscheidt,?* and our group.? Data of Ota and Brenscheidt
were obtained in Ar/CO, and O,/CO,/N, atmospheres at Py
= 1 atm, respectively. Data of Fukui were obtained in air/CO,
= 0.7/0.3 up to Py = 12 atm. As shown in Fig. 6, the data of
Fukui and Ota agree well. On the other hand, the data of
Brenscheidt and the present work deviate from the others. In
particular, the solubility at Pco, = 0.8 atm measured by us
is the lowest in Fig. 6. Our newly developed technique for
solubility measurements (Fig. 1b) might result in such low
solubility, because this technique eliminates contamination of
NiO particles, which causes higher estimations of solubility.
We obtain a reaction order of 0.54 that is in agreement with
Brenscheidt®® who reported a reaction order of 0.55. From
Fig. 6, the reaction orders of Ota and Fukui were both almost

Table 3 Ni-Fe—Co alloys tested in this work and solubility of Ni** for
each composition under Po, : Pco, = 2.85 atm : 0.32 atm in
(Li0,53Na0,47)2CO3 at 923 K

Alloy composition/at.% Solubility/mol ppm

Ni Fe Co Ni
100 0 0 7.6
56 0 44 9
64 18 18 6
67 33 0 2
60 25 15 2
66 19 15 4
14 77 9 1
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Fig. 6 Solubility of Ni** dissolved from NiO into (Liy s3Nag47),CO;3
vs. CO, partial pressure at 923 K. @: Ota,?® 0: Fukui,>*® A: Brens-
cheidt,”* and M: this work.

unity. According to our data (Table 3), the solubility of Ni**
from Ni-Fe—Co oxides increased with increasing the amount of
Co and decreased with increasing the amount of Fe.

Conclusion

In situ formation and stability of Ni-Fe—Co alloy oxides in Li/
Na carbonate eutectic have been investigated. It was found
that: (1) conductivity depends on the Fe content strongly. Fe
contents higher than 20 at.% lower the conductivity of the
oxide; (2) Ni-Fe-Co oxides crystallize with the single phase
cubic rock salt structure (s.g. Fin3m) from lower Co contents
than approximately 20 at.% and Ni/Fe/Co = 0.19/0.34/0.47;

Table 2 Compositions of Fe-Co—Ni alloy oxide electrodes classified by the decay rate of peak current density of LSV for oxygen reduction under

POZ : Pcol = 2.85atm : 0.32 atm in (Li0.53Na0,47)2CO3 at 923 K

(1) Slow decay rate

(2) Medium decay rate

(3) Quick decay rate

DR < 0.005 mA cm 2 h™!

DR = 0.005-0.01 mA cm > h~!

DR > 0.0l mA cm 2h™!

Ni (%) Fe (%) Co (%) Ni (%) Fe (%) Co (%) Ni (%) Fe (%) Co (%)
45 55 0 18 57 25 24 0 76
50 30 20 52 0 48 0 38 62
41 50 9 87 0 13 49 14 37
0 0 100 78 0 2
19 34 47 62 23 15
14 77 9
77 15 8
100 0 0
89 6 5
J. Mater. Chem., 2002, 12, 2496-2500 2499



(3) measurements of peak current density coupled with XRD
revealed that the single-phase oxide samples exhibit higher
stability than Fm3m/R3m binary samples; (4) solubility of Ni>*
decreased with increasing the amount of Fe. Summarizing the
above results, Ni-Fe-Co complex oxides with Fe content less
than 20 at.% and Co content less than 20 at.% are promising
alternative cathode materials for MCFCs.
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