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Thermocells represent a promising way to utilize heat as a power source. The aim of this work is to develop a thermocell with
identical gas electrodes using molten carbonate-based electrolytes. The cell can generate power from waste heat, and can also utilize
the CO; rich off-gas available in metal producing industries. The flow rate of the gas supply to the electrodes needs to be optimized.
Its effect on the Seebeck coefficient was not studied systematically before. The addition of solid oxide to the molten carbonate
melt alters also the system’s Seebeck coefficient. We report measurements where we vary the content of solid oxide in the liquid
eutectic electrolyte mixture as well as the electrode gas flow rate. The Seebeck coefficient is reported for various ratios of eutectic
(Li,Na),CO3 molten carbonate and dispersed solid oxide MgO, and for varying gas (CO>|O) flow rates to the electrode interfaces.
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Thermoelectric systems converting heat into electricity are well
known since their discovery of the Seebeck effect in 1821." The
thermoelectric power was first demonstrated for aqueous thermogal-
vanic cells, Quickenden et al. summarized many similar systems in a
review.” However, because of their low figure of merit, due to the high
thermal conductivity of water and their low operating temperature,
they were not further investigated. Industrial metal production is as-
sociated with production of large amounts of thermal energy and high
CO, emissions. Large amounts of heat are wasted by dissipation in
the surroundings. Thermoelectric converters based on semiconductor
materials may be used to generate electricity from such waste heat
and Seebeck coefficients of 0.8 mV/K are typical.> However, the ma-
terials used in these devices are often scarce and expensive. The use
of an ion-conducting electrolyte and gas electrodes offers possibilities
of achieving high Seebeck coefficients.* Electrolytes such as ionic
liquids and molten salts offer possibilities of higher stable operating
temperatures and larger Seebeck coefficients than semiconductor ther-
moelectric materials.”® Experimental studies of electrochemical cells
with inexpensive components such as molten carbonate electrolyte
and CO, |0, gas electrodes have been reported earlier. Seebeck coef-
ficients in the range of —1.25 mV/K at average cell temperature of
750°C were obtained.”!”

A thermocell is an electrochemical system with identical electrodes
placed at different temperatures in an electrolyte solution. In multi-
component mixtures, thermal diffusion is set up due to the temperature
gradient between the electrodes. Ion transport between the electrodes
due to the thermal driving force leads to a potential difference.” At
steady state condition, a Soret equilibrium is achieved after a certain
time. Seebeck coefficients are determined by measuring the initial as
well as the steady state potential when a negligible current is passing
through the cell.

A thermocell was demonstrated with different cell components, as
metal/gas electrodes with liquid/solid electrolytes.'! A small Seebeck
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coefficient was observed with metal electrodes M, in the thermocell
M(T) | MX | M(T+4AT), here MX is the electrolyte with ions M* and
X~ . Here T is the left hand side temperature and AT is the temperature
difference between the electrodes. Dendrite growth, corrosion, and
polarization may affect the thermoelectric conversion under operation.
Gaseous electrodes X, like in the thermocell X(T) | MX | X(T+AT)
are free from the above-mentioned deficiencies. Furthermore, the use
of gas electrodes, include larger reaction entropies. Such electrodes
may therefore deliver a higher electric potential than a thermocell with
metal electrodes.'!? The Seebeck coefficient of thermocells depends
on the change in entropy of the half-cell reaction. The gas at the hot
electrode, ionize and the cation is transported through the electrolyte
to the cold electrode where the reverse reaction happens. The entropy
change of the half-cell reaction is large, mainly because gas molecules
disappear or appear. Important aspects for selection of electrolyte are
the boiling point, a low vapor pressure, high electrical conductivity,
low thermal conductivity and fast kinetics of the gas electrode. In
favorable cases, the electrolyte mixture contains a reaction product of
the electrode gas. This means chlorine from chloride melts, oxygen
from an oxide containing electrolyte and carbon dioxide from molten
carbonate mixtures.'*!3

In this study, a gas mixture of CO,|0O; is used in the electrode gas to
obtain a reversible electrode reaction. The reaction introduces the car-
bonate ion in a molten carbonate electrolyte mixture with solid-state
MgO dispersed. The use of solid MgO in a molten carbonate was first
reported by Jacobsen et al.> Addition of a certain quantity of Al,O;
in molten Agl was reported to increase the ionic conductivity and the
thermoelectric power.!® The presence of a solid phase oxide matrix
may reduce the heat flux between the electrodes. The so-called “figure
of merit” is related to the thermoelectric power generation efficiency.
It increases with an increasing Seebeck coefficient, a decreasing ther-
mal conductivity and a decreasing electrical resistivity.” The use of
non-critical and non-poisonous materials and the prospective of a high
thermoelectric efficiency, as well as the availability of CO, gas, may
be advantageous for the thermocell compared to semiconductor ther-
moelectric devices. The change in the Seebeck coefficient for similar
thermocells with different carbonate melt compositions, electrode gas
mixture, current collector, solid-state oxide and various average cell
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Table 1. Electrode gas flow rate and MgO to carbonate ratio used in the experiments.

CO;, / Oy Flow rate

Weight % Volume %

Scale Reading Scale Conversion Eutectic Mixture Eutectic Mixture
Cell Label (NML/M) (ml/min) MgO Li;CO3 + NapCO3 MgO Li;CO3 + Na;CO3

Electrode Gas A 40 14.7 55 45 443 55.7
Flow Rate B 50 16.1

C 60 18.6

D 70 21.0

E 80 23.4
Differential Ratio D 70 21.0 55 45 443 55.7
of MgO in F 65 35 54.7 453
Electrolyte G 75 25 66.1 339

H 85 15 78.7 21.3

temperature has been reported before.>*'? The content of the solid
MgO phase and the flow velocity of electrode gas may influence the
thermoelectric potential. This was not reported before, and was sys-
tematically investigated in this work.

Theoretical Considerations

The electrochemical cell with gas electrodes, reversible to the
carbonate ion, held at different temperatures can be represented as:

Au(T*)|CO, (), 02 (9)| (Li, Na),CO;3 (1),
MgO () ICO: (g), 02 (g)| Au(T™°)
The electrochemical reaction at the left-hand side electrode is:
2C0O;” () > 2CO; (2)+0, (2) + de” [1]

The reverse reaction takes place at the right-hand side. The Seebeck
coefficient for the cell with uniform (homogeneous electrolyte) melt
composition (short time) is:

Ag
0(52 §,c s,a
(T =T>) j=0, t=0

R N B O SIS S - B A
TOF | 27€ T 4P TP T g Peor x» )T
[2]

where §; is the entropy of component j at average temperature of
the electrodes T and pressure p;. The terms S and SZOZ, are the
3

transported entropy of the electron and carbonate ion, respectively.
The entropies and the transported entropies are generally functions
of temperature. The gas entropies are expected to be larger than the
transported entropies. These terms have then a negative contribution
to the Seebeck coefficient. Then #,, #, are the transference coefficient
and x;, x, are the mole fractions of Li,CO3; and M,COj. The ratio
? may be interpreted in terms of enthalpy changes across the layer,
but it is difficult to interpret the sign of this last term. If the term is
positive, the Seebeck coefficient at initial times is more negative than
at infinite time, when the last term disappears. A detailed theoretical
derivation of the equation based on non-equilibrium thermodynamics
is explained in our previous work.%!°

Experimental

Lithium carbonate (Li;COs3), sodium carbonate (Na,CO;3) and
magnesium oxide (MgO) were purchased from Sigma-Aldrich with
purity > 99%. The MgO powder has the average particle size of ~2.8
pm, measured in a laser scattering particle size distribution analyzer.
Pre-made electrode gas mixtures containing 34% oxygen mixed with
carbon dioxide were obtained from AGA, Norway. Gold sheet and
wire for the electrodes and wires of platinum, platinum with 10%

rhodium for thermocouple fabrication were obtained from K.A. Ras-
mussen, 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 a tubular crucible (inner diameter of 38
mm with 200 mm length) were obtained from MTC Haldenwanger,
Germany. The flow rate of electrode gas supplied through the ceramic
tubes was controlled by a pair of Brooks Instrument Sho-Rate meters
with £5% accuracy, both the scale reading and appropriate flow con-
ditions for the gas used are shown in Table 1. The temperature of the
electrodes and the cell potential were recorded every 10 seconds by
using Agilent, 34972A data acquisition unit.

The thermocell was placed inside a standard laboratory vertical
tubular furnace as shown in Figure 1. The cell consisted of an Al,O3
tubular crucible, with two electrodes immersed in a molten carbonate
electrolyte mixture. In each alumina tube, the gold wire was inserted
into the center bore (diameter 2.3 mm) of a 5-bore Al,O5 tube and the
gold sheet (5 x 5 mm) was spot-welded to the wire. The thermocou-
ple (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
gold sheet. CO, |0, gas was supplied through the bores of the ceramic
tube. The electrolytes mixture was prepared by mixing the molten
carbonates and MgO by hand in a mortar. The mixture was dried for

Ag
T s,c
CO,|0, Tsa CO,|0,
Thermocouple

10

Average cell 75 |

Temperature 5_ |
(550° C)

V\2_5 -

O_.

Electrolyte Mixture -2.5 —
(Li,Na),CO; + MgO .5 _ |

-75
-10

Figure 1. Cross sectional view of the thermocell with reference scale for
positioning the electrode to create the required temperature gradient. (Electrode
positions for AT of 20°C was 7% and 7%¢ at 10 and — 10 position respectively,
vice versa for AT of —20°C).
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Table II. Seebeck coefficient of the cells with varying electrode gas
flow rate and average temperature 550°C.

Seebeck Coefficient

Volume % (mV/ K)
CO, /0y Eutectic
Cell Flow rate Mixture Standard
Label (ml/min) MgO  Li;CO3+NayCO3 Slope  Error
A 14.7 44.3 55.7 —1.1 0.03
B 16.1 —1.2 0.02
C 18.6 —1.6 0.03
D 21.0 —-1.7 0.05
E 23.4 —1.0 0.03

more than 48 hours at 200°C. Then the electrolyte was melted under a
nitrogen atmosphere at 550°C in the vertical tube furnace at least for
48 hours to ensure stable conditions. The ratio of Li,CO3; and Na,CO;
eutectic mixture and the dispersed solid MgO in the electrolyte mix-
ture, as well as the CO,|O, gas flow rate at the electrode/electrolyte
interface, are listed in Table I for the different cells.

A temperature difference (AT) was established between the elec-
trodes by positioning them at different heights in the crucible. The
average cell temperature was kept at 550°C and the temperature differ-
ence was always smaller than 20°C. The cell potential was measured
as a function of the temperature difference, after an equilibration pe-
riod of 15-20 min followed by a measurement with a new temperature
difference. Recordings were made over some 50 minutes time at a cer-
tain temperature difference to make sure that the measured potential
was stable. This is then taken as an initial time measurement. The cell
measurements were performed using the same procedure as in our
previous reports.”'® At infinite time (meaning days) the last term in
the Equation 2 disappears.

The measurement conditions and the cases investigated are listed
in Table I. The table shows that we varied the MgO (s) content in
the melt and the gas flow rate, keeping the electrolyte carbonate melt
composition equal to the eutectic.

The phase analysis of the electrolyte mixture was carried out be-
fore and after thermocell measurements, using Bruker-D8§ ADVANCE
X-ray diffraction (XRD) with CuKa radiation (A = 1.5406 A). The
elemental composition was also determined on the same samples by
Energy Dispersive Spectroscopy (EDS) using an Oxford instrument
Aztec EDS system attached to a Hitachi S-3400N Scanning Electron
Microscopy (SEM). The front beryllium window in the detector ab-
sorbs low-energy X-rays. Thus, EDS cannot detect the presence of
elements with atomic number less than 5 which includes Li, while all
other possible elements in the electrolyte mixture were detected. The
particle size distribution of the solid-state MgO powder was measured
in Horiba LA-960 laser scattering particle size distribution analyzer,
by dispersing the MgO powder in ethanol using ultra sonic bath.

Results and Discussion

The results are presented in Tables II and III and Figures 2—6.
The tables summarize results from the figures, for the case studies
A-G listed in Table I. We consider first the structure information on
the system to have a background for discussion of the experimental
results for the Seebeck coefficient variations.

Homogeneity of the electrolyte mixture.—The X-ray diffraction
results of the electrolyte samples of Cells D and G, collected from
various regions in the cell after the experiments are shown in Figures
2a and 2b. The indistinguishable XRD patterns for the samples from
the different regions (top, middle, bottom) confirm that the whole
electrolyte mixture is homogeneous. A significant reduction in peak
intensity of the molten carbonate can, however, be seen when we
compare results from before (Figure 2c) and after (Figure 2a) the ther-
mocell experiment. This can be understood as a poorer crystallinity

H5273

of the carbonate mixture, attained during re-solidification in the pres-
ence of solid oxide. The absence of additional peaks before (Figure
2¢) and after (Figure 2a) the thermocell measurements, suggests also
that impurities are absent. That is, they have not been added in the
melting or cooling process. From this absence, we can also conclude
that electrolyte decomposition or carbonate reactions with MgO do
not happen to any significant degree.!”

The results from the EDS analysis on the used electrolyte are
shown in Figure 2d. They present more accurate information about
elemental distribution than the XRD analysis. The EDS results in
Figure 2d are average values from the analysis, over at least two
different locations of each sample. Observations after the experi-
ment in cell G indicate a ~3-5 wt% higher concentration of MgO
at the bottom of the cells. This cell has a MgO content of 66.1%, see
Table II. But at the concentration used in most cells, 44.3% MgO (Cell
D), the concentration is uniform. The extra solid phase at the bottom
of cell G indicates that the dispersion has reached a solubility limit.
Homogeneity seems to be maintained throughout the measurement
with moderate content of MgO(s), <66.1% with gas flow rates below
21 ml/min.

These data altogether support the idea that there are no side reac-
tions or concentration gradients in the electrolyte during the experi-
ments listed in Table II, and that Equation 2 applies. Further support
for Equation 2 is obtained from the estimated time to reach Soret equi-
librium. Recent simulations provide a diffusion coefficient of Li* in
Li;COs at 550°C equal to D = 1.4 10~ m?/s.'® The distance between
the electrodes & = 3.8 cm. The system characteristic relaxation time
is therefore = h? /(m?D) = 29 hrs, cf. Kang et al.’ The stationary
state value is reached after a time several times this value, i.e. several
days. The steady state was obtained in our experiments within an order
of magnitude 50 minutes, which then can be seen as an initial time
measurement, compatible with the finding of uniform concentrations
(see above).

Reversibility of the electrodes.—We have further found by inspect-
ing the raw data, like the ones pictured in Figure 3a and processes in
Figure 3b, that the thermoelectric potential measurement could be re-
versed by reversing the temperature difference, and that there was no
bias potential between the gold electrodes at moderate flows of gas to
the electrode. Gold was chosen to avoid interference of oxide layers,
which are common on Pt. The straight line in Figure 3b allows us
to conclude that the potential measurement is sound (reversible, well
defined); and that the standard deviation between 3 and 6% in Tables
II and III in the line reflects the accuracy of the experiment.

The Seebeck coefficient and the electrode gas flow rate.—The
thermoelectric potentials, recorded for cells A-E at an average operat-
ing temperature of 550°C, are presented in Table II. All the potentials
were plotted against the respective temperature difference, as in Fig-
ure 3b, and the Seebeck coefficient was calculated from the slope of
the linear fit. The Seebeck coefficient at a slow flow rate of electrode
gas (16.1 ml/min) was similar to a previously reported value, ~—1.2
mV/K, cf. Table I1.>10

Table II1. Seebeck coefficient of the cells with different ratio MgO
in electrolyte and average temperature 550°C.

Seebeck Coefficient
Volume % (mV/K)
CO, /0y Eutectic
Cell Flow rate Mixture Standard
Label  (ml/min) MgO  Li;CO3+Na;CO3 Slope  Error
D 21.0 44.3 55.7 —-1.7 0.05
F 54.7 453 —-1.7 0.04
G 66.1 339 —-1.7 0.06
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Figure 2. X-ray diffraction patterns for the electrolyte mixer after (a,b) and before (c) thermocell measurement. (d) EDS elemental analysis of the electrolyte after
thermocell measurement (respective wt% sigma error value was mentioned in the bracket).

When we exclude the results for cell E in Table II, reasons will
be discussed later, the Seebeck coefficient of Table II and Figure 3
varied systematically from cell A (—1.1 mV/K) tocell D (—1.7 mV/K)
with an increasing gas flow rate. Each result was stable for more than
an hour, see Figure 4. Figure 5 shows an experiment with constant
temperature difference, held over 3 hours. Some fluctuations in the
temperature were observed. We attribute them to changes in bubble
coverage at times when the gas flow rate was changed. A huge change
in initial potential was, however, observed by increasing the gas flow
stepwise from 0 to 70 ml/min. This is the origin of the varying Seebeck
coefficient in Table II.
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i CellC
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N A
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1
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o
|

0123456789

o
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0
T4-T2(C)
o
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-20—]

U L DL DL L
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This systematic dependence of the potential on the gas flow rate
is, however, difficult to understand, since we found no significant bias
potential (see discussion above). Normally an increased flow gives a
better stirring and elimination of concentration polarization or ther-
mal polarization (Soret effects). However, in this situation, there is
no concentration polarization to reduce. There is a zero-bias potential
at zero temperature difference. The well-behaved thermoelectric po-
tential measurements (Figure 3) indicate that the electrode gas seems
to have achieved the temperature of the gold electrodes. Any lack
of electric contact and ill-defined electrode reactions, cannot explain
these results which seem to be reversible. Similar cells, with halide
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o
]
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o
]

A
o

et
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Figure 3. (a) The measured potential and temperature difference and, (b) Seebeck coefficient plot for cell C with electrode gas flow rate of 18.6 ml/min.
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Figure 4. Measured potential versus time for electrode temperature difference
of 20°C with varying electrode gas flow rate (Cell A-D).
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Figure 5. Potential measured with a thermocell, at constant electrode position
with change in gas flow rates.

electrolyte and halogen electrodes, have shown similar behavior. Metz
et al.,'® suggested that the Seebeck coefficient varied with gas flow
rate because of lack of contact area at the electrode interface and
depolarization effects. This may be so in the case of cell E which
breaks down (see below), but not in cells A-D. At this moment, we
have therefore no scientifically justified explanation for the effect.
The three-phase contact area at the electrode-gas-electrolyte inter-
face needs to be well equilibrated and mixed to give a reliable potential
reading. It is, however, difficult if not impossible, to stir the molten

40

(a)

Cell D
(MgO 44.4 VolI%)

0
T-T,0C)
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electrolyte with 44.3 volume % of MgO dispersed. This fact could,
however, lead to flow-dependent systematic differences between the
two electrodes. A tentative explanation is then that electrokinetic ef-
fects arise. Such effects may add to the electric potential, for instance,
if the gas pressure differs between the two sides. Gas flow over a
heated sensing plate is known to give a difference in electric potential
between the ends of the plate, meaning that the gas flow velocity can
be found with high precision and quick response time from a Seebeck
coefficient.?! More research is needed to investigate these variables.

Inhomogeneities of the electrolyte mixture and lack of reversibil-
ity of electrodes.—From Figures 2a—2c and Figure 3a, 3b we con-
cluded above that the system responded in a predictable way, for
an initial time measurement (absence of Soret effects). The results
from Cell G (Figure 2d) and Table II confirmed that there is an op-
timal concentration of MgO(s) in the dispersion. The value should
be <66.1%. It is known from the literature (Jacobsen et al.),” and
we have also confirmed this, that the system is more stable with than
without the solid oxide dispersed.'® The value 44.3% MgO was used
in the original work by Jacobsen et al.” The Seebeck coefficient with
pure Li-carbonate was —0.88 mV/K, while with MgO(s) dispersed in
the Li-carbonate it rose to —1.04 mV/K.'? The presence of MgO has
clearly an impact on the Seebeck coefficient.

In order to investigate this, further, we studied the effect of in-
creasing the content of MgO. Table II shows results for increasing
content of MgO(s), from 44.3 to 66.1% (cells D, F, G). The mixture
is no longer homogeneous at the higher concentration (Figure 2d).
However, the Seebeck coefficient is unchanged (—1.7 mV/K). Going
beyond the value of 66.1%, to 78.7%, has a detrimental effect. The
electric potential is then no longer a linear function of the temperature
difference. Figure 6 shows how we move from a predictable (Figure
6a) to an unpredictable cell behavior (Figure 6b) by overloading the
dispersion with MgO(s). We may speculate that an overload may ob-
struct the electrode reactions i.e. by preventing contact of components,
leading again to ill-defined electrode reactions.

The high Seebeck coefficient (—1.7 mV/K) makes it interesting to
pursue the track of adding solid state compounds. Shahi et al.' re-
ported that the ionic conductivity increased with the addition of Al,O3
in molten Agl until 30 mole%, but decreased on further additions. An
increase in thermoelectric power was also observed for Al,O; dis-
persed in Agl, compared to pure Agl.'® Clearly, this is a topic for
further research.

Conclusions

The Seebeck coefficient of molten carbonate thermocells with
suitable gas electrodes was measured at 550°C, and with MgO(s)
dispersed in a Li-Na eutectic mixture of carbonates. The Seebeck co-

. (b)
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. T i 2 (MgO 78.7 Vol%)
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e
<)
l
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-15

T T 1 " T "1
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Figure 6. (a) Seebeck coefficient plot for cell D, and (b) Measured potential versus temperature difference in the cell H.
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efficient of —1.7 mV/K remains unchanged for different electrolyte
mixtures with 44 to 66 volume% of MgO(s) dispersed in the eutectic
carbonates. An optimal gas flow rate will help maintain electrolyte
homogeneity, as evidenced by XRD and EDS studies, as well as good
electrolyte/electrode contacts.
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