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Abstract

Thermo-electrochemical cells with inexpensive molten carbonate ‘electrolyte and (CO,|Oy)
gas electrodes allow the possible conversion of high temperature"waste heat from industrial
processes into electricity. The cell containing eutectic(Li,Na),CO3 electrolyte with solid
MgO dispersion delivers a large Seebeck coefficient.of - 1.7 mV/K. At present, the (CO,|O,)
gas electrodes use metallic gold as current, collectors in order to avoid the formation of
interfering oxide layers during operation. For further reduction in energy generation cost, the
gold current collectors should.be replaced with an inexpensive and stable alternative. In this
study, the suitability of the (molten carbonate fuel cell) MCFC’s nickel-based cathodes to
operate the molten=carbonate thermo-electrochemical cell, was investigated. Ni current
collectors were.examined in two different states, as NiO and as lithiated NiO (LixNi;«O). The
NiO phase-shows/higher stability than the LixNi;xO while the Seebeck coefficient remains

above - 1.2mV/K.
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1. Introduction

Waste heat is one of the abundant available renewable energy resources. Almost all
the metal producing industry emits a significant amount of waste heat. Especially, in the
primary aluminum and silicon producing industries the losses are nearly 50% of the input
energy. The emitted waste heat is also at high temperature, in the range of ~ 450 °C for
aluminum and ~ 900 °C for silicon production. Thermoelectric generators offer the solution
to convert waste heat directly into electricity [1]. However, the stability of semiconductor
thermoelectric materials at higher temperatures is unconvincing. Some of the used materials
are also expensive and toxic [2,3]. Thermoelectric cells with liquid electrolytes (i.e. thermo-
electrochemical cells) have therefore attained consideration as inexpensive cells that perform
direct conversion of heat into electricity [4-8]. We will from now on use “thermocell” as a
short name, meaning thermo-galvanic or thermo-electrochemical cell. The energy conversion
efficiency of the thermocells is smallshowever. Research on thermocells with aqueous,
organic and ionic liquid electrolytes is.escalating, but these electrolytes are appropriate only
for temperature operation below,200:°C. The valuable waste heat at high temperatures from

the metal producing industries should also be addressed.

Recently we have /demonstrated a high temperature thermocell using molten carbonate
electrolytes | with ) gas electrodes [9-12]. The molten carbonates are comparatively
inexpensive, non-toxic, and safe, and they are more stable at higher temperatures than
semiconductor thermoelectric materials. So, the recovery of the waste heat at high
temperatures is possible [9,10]. Similar high temperature thermocells with molten salt
electrolytes are known [13-15]. In some cells, thermal convection in the molten salts may
reduce the thermoelectric potential. We found a certain stabilizing effect on the cell potential

with dispersion (randomly close-packed) of solid MgO in the molten carbonate electrolyte.



The presence of MgO has a clear impact on the Seebeck coefficient, maybe due to reduction
in thermal convection. The Seebeck coefficient with pure Li-carbonate was -0.88 mV/K,
while with MgO dispersed in the Li-carbonate it rose to -1.04 mV/K [9]. A chemical reaction
between the MgO and CO, is possible to favor the MgCO3 formation. But the large lithium
content in the electrolyte and high operating temperature reduces the MgCO3 formation and
retains the MgO phase [9,11,12]. In previous experiments the effective/ electrolyte
composition and gas composition of the electrodes were optimized for enhanced and stable
cell operation [9,10,12]. Also the CO,|O; electrode gas flow rate at the three-phase (current
collector-gas-electrolyte) interface was studied to establish a well-equilibrated condition for
reliable potential reading [11]. Operating conditions were ‘thus partially improved. But
metallic gold is still in use as current collector for the_gas, electrodes to avoid any possible

interface reaction (such as oxidization).

The cell potential can be obtained from a series‘ef contributions [9,15,16],

Ap = @c— @ =A@ + Aa,e(p + A + Ae,c(p +Acp (1)

The suffix means the subsystems; anode current collector (a), the two electrode-electrolyte
interfaces (a,e and g;C);.the electrolyte (e) and the cathode current collector (c). The measured
potential (Ag)“is the sum of the potentials contributed by the five different subsystems of the
cell (Fig." 1)...Dissolution or chemical reaction of the current collectors at the
electrode/electrolyte interface may alter the potential contributed by the electrode surfaces
(Ae@-and A ). In the present context, the gold current collectors are highly stable in
molten carbonate giving a small bias potential between the electrodes. However, an

inexpensive replacement is needed to cut down power generation cost.
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Fig. 1. (Top) Cross-sectional view of the molten carbonate thermo-electrochemical cell and
(bottom) the five subsystems of the cell, the notation used for transport properties.

The electrolyte and electrode gas compositions used here are also used in the molten
carbonate, fuel cell (MCFC) [17,18]. In MCFC, however, oxidized metallic nickel is used for
high stability [17,18]. The lithiated NiO (NiO doped with Li) phase displays a better stability
in the traditional MCFC with its acidic eutectic (Li,K),COj3 electrolyte. The dissolution rate
of lithiated NiO is significantly higher than that of the NiO phase electrode in basic
(Li,Na),CO3 electrolyte [17,18]. Even though, we use basic (Li,Na),CO3; with MgO as

electrolyte mixture in the thermocell, as a large CO, concentration in the electrode gas could



raise the electrolyte acidity [17]. The stability of the NiO phases with and without lithiation is
studied. In this manner we investigate the suitability of the nickel-based current collectors for

(CO,|0,) gas electrodes for molten carbonate thermocells.

2. Experimental

2.1. Materials required

The materials required to fabricate the thermocell were of high purity. Lithium
carbonate, sodium carbonate, potassium carbonate and magnesium oxide were purchased
from Sigma-Aldrich. Pure gold, platinum and platinum with 10%.rhodium (in the form of a
wire 0.5 mm diameter) were obtained from K.A. Rasmussen, Norway. A pure nickel sheet of
0.5 mm thickness was obtained from Alfa Aesar.-A"pre=mixed gas mixture of 34% oxygen
and 66% carbon dioxide was from AGA, Norway. Alumina tubes (5 mm outer diameter and
550 mm length) with one center bore of«diameter 2.3 mm and four other bores with 0.75 mm
diameter and tubular crucible (inner“diameter of 38 mm with 200 mm length) were bought

from MTC Haldenwanger, Germany.

2.2. Fabrication of current collectors

The current'ecollectors for the gas electrodes were fabricated using gold or nickel sheet
(5 x 5 mm) spot-welded to the gold wire. Before the measurements, the fabricated nickel
current collectors were oxidized by two different methods (in-situ and ex-situ). In the in-situ
method, the nickel current collector was oxidized in the traditional MCFC electrolyte
mixture. Here, the carbonates of lithium and potassium were mixed (by hand in a mortar) at
eutectic composition and dried in a hot air oven for 48 h at 200 °C. Then, a 90 g sample of
the prepared eutectic (Li,K),CO3; was melted at 650 °C for 24 h in a flat-bottomed alumina

crucible (Fig. 2) inside a vertical cylindrical furnace under N, atmosphere. A pair of Ni
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current collectors supported by alumina tubes was inserted into the melt. A separate alumina
tube was used to supply the oxidizing gas (66% CO, - 34% O,) mixture at a flow rate of 21
mL/min. The melt temperature was monitored by an S-type thermocouple placed in the
electrolyte. This in-situ lithiation process was continued for 100 h. Then the oxidizing gas
flow was stopped and the metal current collectors were pulled out from the melt. But the
metal current collectors were held inside the furnace at 650 °C for 4 h before cooling. In the
ex-situ method, the nickel current collector was sintered at 700 °C for, 4 h’and cooled

naturally in a tube furnace under synthetic air atmosphere.
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Fig. 2. In cell In-situ oxidization of the Ni to attain lithiated NiO current collector.

2.3. Thermocell measurement

The cell (Fig. 1) consisted of an Al,O3 tubular crucible, with two electrodes immersed
in the molten carbonate electrolyte mixture (~110 g). The electrolyte mixture was prepared

by mixing the 45 vol% of eutectic (Li,Na),CO3 and 55 vol% MgO by hand in a mortar. The
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mixture was dried for more than 48 h at 200 °C. In each alumina tube, the gold wire lead was
inserted into the center bore (diameter 2.3 mm) of a 5-bore Al,O3 tube. The thermocouple
(Pt-Pt10%Rh) was inserted into two of the other holes (diameter 0.75 mm) and the junction
was positioned as near as possible to the current collector. Then the cell was placed inside a
standard laboratory vertical tubular furnace. First, the electrolyte was melted under N,
atmosphere at 550 °C in the vertical tube furnace at least for 48 h. Then the CO40O, gas was
supplied through the bores of the ceramic tube, a pair of Brooks Instrument Sho-Rate meters
controlling the flow rate (21 mL/min). The temperature of the electrodes and the cell
potential were recorded every 10 sec by using Agilent, 34972A data acquisition unit to
determine the Seebeck coefficient, as the ratio of the measured electric potential difference

and the temperature difference of the electrodes.

Then the power output of the cell was.determined by a direct current (DC)
measurement. For the DC measurement, a variable load resistance (Rex) Was introduced in
parallel to the cell and the measuring,unit. The external load resistance was decreased from
10 MQ to 1 Q and the corresponding change in potential was recorded after 30 s from the
time of the change in each resistance point. Later these measured potentials and the applied
known resistance load /were used to estimate the current according to Ohm’s law and
converted intospower output. The Seebeck coefficient and power output were determined for

cells assembled with different current collectors (gold, NiO and lithiated NiO).

2.4. Physical characterization

The Ni current collectors were subjected to XRD and SEM analysis after different
processes, such as the as-purchased Ni, both in-situ and ex-situ oxidized Ni, and after
thermocell potential measurements. For XRD analysis, the samples were mounted over a

clay. The XRD phase analysis was performed by using a Bruker-D8 ADVANCE X-ray
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diffraction with CuKo radiation (1 = 1.5406 A). The surface morphology of the current
collectors was detected by a Hitachi S-3400N Scanning electron microscope (SEM). The
samples were fixed on sample supporters (stubs) by a conductive carbon tape. The secondary

electrons emitted from the sample surface were detected to picture the surface morphology.

3. Results and discussion

3.1. Structural analysis on oxidized Ni current collectors

In MCFC, Ni oxidization is part of the cell operation, as an in-cell- (in-situ) process.
Once the cell has been brought to the operating temperature (650.°C); Ni oxidization begins
[19,20]. To establish similar oxidization conditions in this study, the in-situ Ni oxidization
was performed in a closed cell containing the malten=eutectic (Li,K),CO3 supplied with
CO,|O, gas maintained at 650 °C. The Ni, metal in-contact with O, gas and (Li,K),CO3
electrolyte undergoes a stage-by-stage oxidization as time increases, like for instance Ni >
NiO - LixNiy<O (lithiated NiO phase),[21-23]. First, the O, gas oxidizes Ni to form NiO by

the following reaction [23-25],
Ni+ COz* > NiO + CO;, + 2¢ )

Then the resultant Ni© in contact with the molten (Li,K),CO3 undergoes further oxidization

by the Ni** to Ni¥* transition with subsequent Li* (from the electrolyte) insertion as follows,
I—i+ + 02-electrolyte + 2Ni2+Ni > I—iNi + 2Ni3+Ni + 02-solid (3)

The time required to achieve the LixyNi;«O-phase and a sufficient content of Li inserted
depends on the oxidizing gas composition [24]. A higher ratio of O, in the oxidization gas
will accelerate the Li,CO3 decomposition and increase the amount of Li inserted [26]. If the

Li content inserted is greater than 0.4 (i.e. x > 0.4), cubic LixNi;xO changes to hexagonal
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LiNiO, phase [27]. The LiNiO, phase is highly unstable in molten carbonates compared to
the cubic LixNi;<xO. Therefore, in order to achieve the LixNi;.xO phase with (x < 0.2), the in-
situ oxidization is performed with (66% CO, - 34% O,) gas mixture at 650 °C for 100 h

[28,29].

Ex-situ NiO

|

In-situ Li Ni, O
i
A

As-purchased

Ni sheet * I

e
20 30 40 50 60 70 80
20 (degree)
Fig. 3. X-ray diffraction patterns.for the)Ni current collectors before the thermocell
measurements. (JCPDS no.: *00-004-0850 Ni; “04-020-2621 Lio1Nig4O; 01-089-3080

NiQ; “01-088-0341 (Li,K)>CO3)

Lo
E

The major diffraction pattern (Fig. 3) of the in-situ oxidized Ni is coinciding with the
Lio1NigoO phase, andwother peaks are matching the phases for (Li,K),CO3. No diffraction
peak is observed areund 19° (26) to support formation of a Li-rich LiNiO, phase [25]. The
absence/of the peaks matching the pure Ni phase, suggests the formation of a thick Lig.1NigoO
layer.due to oxidization and Li diffusion to few sublayers from the surface. After the ex-situ
oxidization, Ni phase coexists as a major phase along with NiO. It predicts that in the ex-situ
process, oxidization occurs just on the surface where Ni is in contact with air; simply as NiO
lamination over the Ni, without disturbing the bulk Ni metallic framework [30]. However, no
impurity phase is observed, neither after the in-situ, nor after the ex-situ oxidization

processes.



Table 1. Structural parameters obtained from the XRD patterns shown in Fig. 3.

Miller In-situ oxidized (Li,Niy.,O) Ex-situ oxidized (NiO)

indices 20 FWHM Relative intensity 20 FWHM Relative intensity
(hkl) (degree) (degree) (%) (degree)  (degree) (%)

111 37.31 0.11 64.53 37.22 0.14 12.95

200 43.34 0.10 100.00 43.26 0.17 13.35

220 62.94 0.19 61.38 62.83 0.21 9.06

Both Lig1Nip9O and NiO phases have cubic structure, thus the peaks appear nearly at
the same 26 positions in Fig. 3. In Lig1NiogO, inserted Li* just occupiesthe vacant cation
sites created by oxidization of Ni** to Ni** and the cubic structure is maintained. However,
the Li" insertion can slightly change the unit cell parameter and.a Gorresponding shift in peak
positions is expected [25]. Table 1 shows that the Liy1NiogO diffraction peaks are slightly
shifted towards higher 26 values compared to the NIQ, diffraction pattern [28]. Also, the
Lio.1Nig9O peaks are narrow with smaller FWHM._(full\width at half maximum) compared to
the NiO peaks. It confirms that the Li;1Nio 9O has attained a higher degree of crystallinity and

larger crystallite size than the ex-situ oxidized NiO [30].

The SEM surface morphology (Fig. 4) displays that the surface of both of the
oxidized Ni is rougher thanithe pure Ni. An inhomogeneous grain distribution with uneven
grain size is observed on the Lig1NipoO and NiO surfaces. The scale of roughness is smaller
in the NiO compared to the Lig1NigoO surface. Also, large pores like intergranular voids are
found on the Lip1NipoO surface. Probably the recrystallization after Ni oxidization and Li
insertion_might lead to a lag in interconnection between the grains [19,22,23]. However, no
indication of corrosion is observed on the in-situ oxidized Lig.1Nig9O surface. This confirms
that the acid-base equilibrium between Ni and molten (Li,K),CO3; was established by

oxidation and lithiation without corroding the metallic Ni.
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As-purchased Ni sheet

8.00kV 5.2mm x200 SE

8.00kV 5.1mm x200 SE

10.0kV 4.9mm x200 SE

Fig. 4 SEM surface morphology of the Ni current collectors before thermocell measurements
(left - low & right - high magnification of the same sample).

3.2. Thermocell measurements with different current collectors

The initial state Seebeck coefficients (A@/AT) determined from the potential (Ag)
measured at short time after establishing the required temperature difference (AT) between
the electrodes are shown in Table 2. These initial state Seebeck coefficients were measured as
reported previously [9-11]. To avoid anomalous thermogalvanic corrosion effect, the

electrodes were exposed to a limited set of temperature differences, typically ~ AT = 10, 0

11



and -10 °C. This is because thermogalvanic corrosion could accelerate the chemical reaction
and dissolution of the metallic current collector at the electrolyte interface [31]. When both
electrodes were held at the average cell temperature (550 °C) to establish AT =~ 0 °C, a
negligible bias potential was observed for all experiments. This confirms the equality of the
two electrodes in the cell. The electrodes were the same because both the in-situ and ex-situ

oxidization processes were evenly performed with a couple Ni current collectors.

Table 2. Thermocell measurements with different current collectors in the gas electrodes.

Initial state Seebeck  Power density Cell
Electrolyte mixture Current collector  coefficient Prnax/A resistance
(MV/K) (LW/m?) (kQ)
o Au -1.7 £ 0.04 7002244 40
45 vol% eutectic (Li,Na),CO; o
) Lig1NiggO -1.4 £ 0.03 22.4400 100
with 55 vol% MgO )
NiO -1.2+0.03 4.1603 800
30 30
20 _- Gold 20_- In-situ LiD.lNi0.90
T AL s st 1
10 -
0 - LA
10 ity sl
nl =
E __ gnt:nﬁljlém}g - v/ J Potential (mV)
e O (Y ) Seebeck Coefficient (mV/K)
‘30 L ' L] ' L] ' L] '30 L) ' L] l L} l L)
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20
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|

—T,T,®)
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-30 ——

0 10 20 30 40
Time (h)
Fig. 5. Seebeck coefficient measurement as a function of time.
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Results from long-term measurements (AT, Ap and A@/AT) of the cells are shown in
Fig. 5 as a function of time. lonic inter-diffusion in the electrolyte mixture takes place and
reaches a steady concentration gradient at the so-called Soret equilibrium. It may take several
days to reach this steady state [32]. Also, the potential at Soret equilibrium will differ from
the initial state potential. A slight potential shift, observed with the stable gold current
collector, may be due to onset of the Soret effect rather than of any interface reaction [11].
But the potential drifts are significant for the cells with NiO and LigiNipoO current
collectors. It shows the possible existence of other chemical reactions.at the current collector

surface. This will be discussed later.

In the meantime, no pronounced difference in AT IS, obServed, irrespective of the
current collector material. This is because the stability of AT between the electrodes depends
on the heat flux in the electrolyte. The presentselectrolyte composition with the dense
dispersion of solid MgO reduces the heat flux,in the molten (Li,Na),COs [33]. The slight
instability observed in AT with NiO,may be due to dissolution of the hot electrode. It is
possible that these NiO partiCles ‘could move towards the cold electrode (high to low
temperature) and affect the AT."A similar drift by the corroded particles from high to low

energy region is obvious'in MCFC and molten salt thermocells with metal electrodes [14,18].

Fig. 6 shows the direct current (DC) measurements of the cells. The maximum of the
semicircle provides the possible maximum power output of the thermocell [4]. The cell
resistance-is determined from the potential vs. current density plot, and the applied external
resistance is set equal to the cell resistance at half of the OCP [4]. The determined maximum
power output density and resistance of the cells are shown in Table 2. It is well-known that
the gold has lower electrical resistance than Ni-based current collectors. In traditional MCFC,

along with improved stability the lithiated NiO phase shows a decrease in electrical resistivity
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[34]. Electrical resistivity of the current collectors has an impact on the cell potential (Eq. 1),
Seebeck coefficients and the power output density [35]. However, the Seebeck coefficients
are still above -1.2 mV/K (more negative) with the NiO current collector. The potential vs.
current density is linear (Fig. 6) with gold and Lig1Nig9O, but non-linear (non-ohmic)
behavior was detected with NiO. The cell with NiO illustrated a significant change in the
potential (Fig. 5) compared to the Lig1Nig9O with an increase in time. So, a_high rate of
dissolution is suspected for NiO. But the physical appearance of the current collectors after
long-term measurements is reversed. The dimensional loss of Lig1NiggO i higher than that of
NiO. Therefore, both the Ni-based current collectors after long-term )measurements were

subject to structural analysis.

20 80 20 40
O GOld 4 Llo.lNIOBO
15 - - 60, 15 - 30
10 4 40,110 - 20
5 -20 5 - 10
0 T T T 0 0 e 0
0 5 10 15 20 25 8 10
20 8
NiO r\fg
~~ 15 - B 6 S
3 Z
© —m— Potential (mV =)
S 10l o oenla(m) baB
< —0O— Power density (uW/m?) o
45! D
a oy
5 r2 3
o
0 . — . 0

1 1 1

0.0 05 10 15 2.0 25
Current Density (mA/m?)

Fig. 6 The direct current measurement to determine the power output density of the cells.
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3.3. Structural analysis of Ni current collectors after thermocell measurements

Tables 1 and 3 show a significant variation between the XRD patterns of the current
collectors after (Fig. 7) and before (Fig. 3) the thermocell measurements. The relative
intensity and the FWHM of the peaks of the specific current collectors differ significantly
after 40 h of cell operation, but no additional phases were observed. In Lig1Nig9O,the (111)
plane becomes predominant and the FWHM is reduced, suggesting that-the degree of
crystallinity and crystallite size are increased [27]. In the case of NiO, beth ithe relative
intensity and the FWHM of the NiO peaks were increased. However,-the,peak positions (26)
of the specific current collector before and after are kept in the identical position. It shows
that no further lithiation/de-lithiation happened during the “thermocell operation [34].
Therefore, the current collectors underwent only phase refinement due to lattice reorientation

and change in the degree of crystallinity, such as.the.sintering effect [30].

+
Ex-situ
NiO
+
+
+ +
{ lu N
#
In-situ
Li(].]Niﬂ.9O
# #
#
i
| JEE P R o) . E . v O, SR E, B |

20 30 40 50 60 70 80
20 (degree)

Fig. 7. X-ray diffraction patterns for the Ni current collectors after the thermocell
measurements. (JCPDS no.: *00-004-0850 Ni; "04-020-2621 Lio1Nig0O; *01-089-3080 NiO)
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Table 3. Structural parameters obtained from the XRD patterns shown in Fig. 7.

Miller In-situ oxidized (LiyNiyO) Ex-situ oxidized (NiO)

indices 20 FWHM Relative 20 FWHM Relative intensity
(hkl) (degree) (degree) intensity (%) (degree) (degree) (%)

111 37.31 0.10 100.00 37.23 0.21 55.72

200 43.36 0.09 51.93 43.27 0.21 100.00

220 62.92 0.14 57.38 62.86 0.29 64.32

The post SEM analysis (Figs. 8 and 9) shows that the grain size.andsurface
morphology of the current collectors were altered during the cell operation:, The,large pores
found on the Lig1Nig9O (Fig. 4) surface disappeared after the cell operation=-Also, the grain
size was increased with the formation of some angular shape [34,36]. These grains appear to
be as if the Ni is broken into chips and tightly cover the surface.on oxidation [27]. On the
NiO surface, agglomerated spherical particles with smakler grains than before the thermocell
measurement were detected [34,36]. A corrosion.effectywas detected on the current collector
surface after the thermocell measurements andiis shown in Fig. 8(b, c, e and f). In the case of
Lio1NigoO a strong corrosion effect was ‘ebserved at the edges and close to the corroded
edges, the lithiated NiO surface layer exposed some cracks. But in NiO, no evidence of
corrosion was observed at/the edges. However, a few mild pits are found on the surface, like
delamination of the pre-made oxide layer [37]. The change in morphology and microstructure
of the Ni on the in-situ oxidation process to form the LigiNigoO could influence the
dissolution [30]. The formation of a thick oxide layer, lithiation and intragranular voids may
lead to volume expansion and structural weakness (stress and brittle) [19,37]. Thus, a larger

dimensional loss is experienced in the Lig1Nig 9O than the NiO current collectors [19,30].
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8.00kV 5.1mm x1.00k SE

8.00kV 5.0mm x200 SE -
10.0kV 4.8mm x200 SE

8.00kV 5.4mm x200 SE . 1 : e : 2
10.0kV 4.8mm x1.00k SE

Fig. 8. SEM surface morphology of (a-c) the in-situ oxidized Lig 1Nig 9O and (d-f) the ex-situ
oxidized NiO current collectors after thermocell measurements.

Arfew mild pits were found on the NiO surface in Fig. 8, like delamination of the pre-
made oxide layer [37]. The surface roughness demonstrates that the subsequent Ni layer after
delamination was oxidized. This successive oxidization process in molten (Li,Na),CO3 will
slow down the NiO dissolution rate and stabilize the NiO after a certain time [30,38]. The

increase in relative intensity of the peaks matching the NiO phase in the XRD diffraction
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pattern (Fig. 6) after the thermocell operation also supports this understanding. Meanwhile,
the existence of minor peaks matching the Ni phase supports the idea that the Ni to NiO
transition is still incomplete. The chemical reaction and phase transition are still evident at
the NiO current collector and electrolyte interface even after 40 h [39]. This could be a reason
for the drift observed in the potential (Fig. 5) and the non-linear potential vs. current density
behavior (Fig. 6) for the cell with NiO current collectors even after 40 h. The morphology of

the Au current collector (Fig. 9) was not modified during the thermocell operation.

15.0kV 5.0mm x10.0k

Fig. 9. SEM surface morphology ofthe gold current collector (a) before and (b) after the thermocell
measurements.

In addition to the surface morphology and bulk microstructure, the dissolution will
also rely on the acid-base property of the current collector and the electrolyte mixture. NiO is
an amphoteric’oxide and found to dissolve chemically in both acidic and basic melts. In the
case of /molten=carbonates, the increase in cation size increases the acidity as mentioned

below. [40],

(base) Li,CO3 > (Li,Na),CO3>Na,CO3 > (Li,K),CO3> (Li,Na,K),CO3> K,CO;3 (acid)

In the cells under investigation, the electrolyte mixture contains 55 vol% basic solid MgO

dispersed into the basic (Li,Na),COj3 [40]. Then the basicity of the electrolyte should be
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higher than in pure (Li,Na),COs. So, the following basic dissolution mechanism is expected

to take place for NiO in the basic electrolyte [30,40],

NiO + 0% — NiO,* (or) NiO + COs* < NiO,* + CO; (4)

If the electrolyte is acidic, the dissolution mechanism of the NiO could be as follows,

NiO < Ni?*+ 0% (or) NiO + CO, & Ni*" + CO5* (5)

The formation of the ion NiO,” decreases the amount of NiO dissélved in basic molten
(Li,Na),CO3 more than the amount that dissolves in acidic molten (Li,K),CO3[18,38]. In this
regard, the structural stability of the ex-situ oxidized NiO current collectors make them into a
good replacement for gold. It remains to optimize the electrical conductivity of the NiO
phase. Hopefully it can be improved by doping basic metal oxides without losing basicity
[18]. Stability of Ni-based electrodes in,molten  carbonate electrolyte is temperature
dependent, and they are highly stable at higher temperatures. Also, the Seebeck coefficient of
the thermocells increases with .increase in operating temperature. So, increasing the cell
operating temperature beyond /550 °C could improve the stability of Ni-based current

collector and deliver adarger Seebeck coefficient [27,41].

4. Conclusions

The suitability of inexpensive nickel based current collectors in molten carbonate
thermo-electrochemical cells was demonstarted. Such collectors may replace the existing
gold as current collector for gas electrodes. The Ni current collector in the NiO phase was
obtained by a simple ex-situ oxidization process. A high stability in molten (Li,Na),CO3; was
shown, and evidenced also by XRD and SEM analysis. The Seebeck coefficient with the NiO

current collector remained above - 1.2 mV/K (more negative), but the NiO phase exposed a
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high electrical resistivity. Nevertheless, the NiO current collector could be an inexpensive

alternative for gold to cut down the energy generation cost with molten carbonate thermocell.
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Molten carbonate electrolyte thermocells with two identical gas (CO,|O,) electrodes shows
the possibility to utilize waste heat as a power source. Here we investigated the suitability of
nickel-based metallic current collectors for these gas electrodes:
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