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a b s t r a c t
The Seebeck coefﬁcient is reported for thermoelectric cells with gas electrodes and a molten electrolyte
of one salt, lithium carbonate, at an average temperature of 750 ◦ C. We show that the coefﬁcient, which
is 0.88 mV K−1 , can be further increased by adding an inorganic oxide powder to the electrolyte. We
interpret the measurements using the theory of irreversible thermodynamics and ﬁnd that the increase
in the Seebeck coefﬁcient is due to a reduction in the transported entropy of the carbonate ion when
adding solid particles to the alkali carbonate. Oxides of magnesium, cerium and lithium aluminate lead to
a reduction in the transported entropy from 232 ± 12 to around 200 ± 4 J K−1 mol−1 . This is of importance
for design of thermoelectric converters.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Renewable energy technologies are high on the global research
agenda as one of the means to meet energy security and the global
warming challenge [1–3]. Thermoelectric power generators produce electricity directly from heat via the Seebeck effect. The power
can be generated from various heat sources and with no moving
parts. The devices are expected to take part both in primary power
production and to be able to improve the overall energy efﬁciency of
existing plants [4,5]. Most of the research activity has been concentrated on the use of semiconductors [4,6], with the aim to increase
the efﬁciency of the thermoelectric materials itself. However, the
successful deployment depends also on the cost per watt produced
[7,8].
A high thermoelectric conversion efﬁciency, as measured by the
so-called ﬁgure of merit, is obtained when the system has a high
Seebeck coefﬁcient, a low thermal conductivity and a low electrical resistivity [9]. The Seebeck coefﬁcient is directly related to the
Peltier heat, through irreversible thermodynamic theory, see e.g.,
Agar [10], de Groot and Mazur [11] or Førland et.al [12]. The Peltier
heat is the reversible heat change at the interfaces when charge
is transferred from one phase to another. Semiconductors have
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Seebeck coefﬁcients of typically 200 V K−1 , but gigantic values
have been reported, e.g. 45 mV K−1 in strongly correlated semiconductor FeSb2 [13], 850 V K−1 for a two-dimensional electron
gas in SrTiO3 [14] and 450 V K−1 at 900 K for SrTiO3 /SrTi0.8 Nb0.2 O3
superlattices [15]. In electrochemical systems, the Seebeck coefﬁcient can be much larger, when the entropy change of the electrode
reaction is large. Especially for cells involving complex formation or
with gas electrodes. For example, Bonetti et.al. [16] reported a Seebeck coefﬁcient near 7 mV K−1 for non-aqueous electrolytes at low
temperatures (30-40 ◦ C). For systems with ionic liquids, Abraham
and co-workers reported Seebeck coefﬁcients of 1.5-2.2 mV K−1 .
For molten salts, Flem et.al [17] reported Seebeck coefﬁcients up
to 1.8 mV K−1 for oxygen electrodes in an electrolyte with molten
cryolite and oxides at 960 ◦ C. Jacobsen and Broers [18] reported
values around 1.2 mV K−1 at 800-1150 K for equimolar mixtures of
alkali carbonates and gas electrodes. Sales and co-workers explored
capacitive membrane technology for thermal energy harvesting
from small temperature differences [19]. There are two main
reasons why we ﬁnd it interesting to investigate electrochemical systems as potential thermoelectric power generators: 1) the
potential for large Seebeck coefﬁcients combined with 2) the possibility to avoid the use of toxic and rare elements. Pursuing this
pathway, we aim to ﬁnd a safe and potentially cheap thermoelectric
power generator.
We seek electrochemical systems with higher Seebeck
coefﬁcients than semiconductors, targeting heat recovery in the
metallurgical industry [20]. In this industry, heat is available at temperatures from 1600 ◦ C and down to room temperature [21–23].

http://dx.doi.org/10.1016/j.electacta.2015.09.091
0013-4686/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).
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We have chosen to investigate carbonates and electrodes reversible
to carbonate ions as candidate systems as they are stable liquids
at intermittent temperatures (400 ◦ C to 800 ◦ C). The choice was
motivated by the early results for mixtures of alkali carbonates by
Jacobsen and Broers [18]. Alkali carbonates are used as electrolytes
in molten carbonate fuel cells and have been studied extensively
since the 1960’s. Thus, for systems development, we expect to draw
on this knowledge.
Here, we combine theoretical and experimental studies and
start to build systematic knowledge about the Seebeck coefﬁcient.
We apply the method of irreversible thermodynamics to establish
the transport equations for the system. This theory has progressed
over the last few years to be able to deal with heterogeneous systems [24]. Yet, few applications of this new method have been
made to thermoelectric phenomena. The transport equations give
a framework that helps to deﬁne conditions that gives well deﬁned
experiments. Also, these equations gives information on temperature proﬁles and electric potential proﬁles as well as a framework
suitable for optimization of a working unit. We express the Seebeck
coefﬁcient in terms of the thermodynamic entropies of the components and the transported entropies of the charge carriers. While
a few models exists to explain the reversible heat effect, or the
transported entropies of semiconductors, models are not available
for the transported entropy of ions. Over the years, the transported
entropy of an ion has most often been compared to the thermodynamic entropy of an ion. The difference between the two is the
Eastman entropy. Lists have been made of single electrode heats,
for one or two-component electrolytes, but we think it is fair to
say that there is as of yet no detailed model able to predict the
magnitude of the transported entropy.
Jacobsen and Borers [18] added powder of magnesium oxide to
the liquid mixtures of two or three alkali carbonates, giving a more
viscous electrolyte easier to handle. We choose to start simple with
a single alkali carbonate as electrolyte, pure lithium carbonate. A
series of inorganic compounds is next introduced in the molten carbonate, MgO(s), CeO2 (s) and LiAlO2 (s). The addition of a powder in
the solid state does not alter the expression for the Seebeck coefﬁcient, but it does have an impact on the value of the coefﬁcient,
caused by variations in the transported entropy of carbonate ions.
The presence of LiAlO2 (s), but not CeO2 (s), alters the symmetry of
the carbonate ion [25,26]. We use MgO(s) to be able to compare
with earlier results [18]. We also considered to add SiO2 , but this
is was not feasible as SiO2 greatly enhance the decomposition of
lithium carbonate [27].
The paper is organized as follows. In the theoretical part, we
divide the total cell into ﬁve subsystems. For each subsystem we
establish the entropy production and give the ﬂux equations that
follow from this. From the ﬂux equations, we ﬁnd the contribution from the subsystems to the cell’s Seebeck coefﬁcient. Next,
we report the experimental technique along with measurements
that verify and conﬁrm the reliability of the technique used. We
see that the large Seebeck coefﬁcient for the single component
electrolyte can be enhanced by making use of a dispersion of particular solid inorganic oxides. The additive leads to a reduction in
the transported entropy of carbonate ions.
2. Theory

Here the cells labels refer to the electrolyte used, LC designate pure molten lithium carbonate while LC-XO is a dispersion
of molten lithium carbonate and an oxide (XO) in the solid state,
where XO represents the oxides MgO, CeO2 or LiAlO2 . The cells
have two carbon dioxide|oxygen electrodes, kept at temperatures
Ts,a and Ts,c . The electrode gases are bubbled over electron conductors of gold, immersed in an electrolyte of uniform composition.
Jacobsen and Broers [18] used platinum electrodes, but we use gold
electrodes. Both platinum and gold have proven to be stable, reproducible and reversible in molten carbonates [28]. The value of the
Seebeck coefﬁcient is not affected by the choice of electrode material, given that the electrode reaction is the same, as the transported
entropy of the electron is small and negligible in both metals. We
shall see below that the presence of the oxide XO in the electrolyte
will have no effect on the theoretical expression of the Seebeck
coefﬁcient, but will change the value of the coefﬁcient even if its
solubility in the electrolyte is negligible. The addition of oxide could
affect the solubility of the gases in the electrolyte, however, only
the gas state of carbon dioxide and oxygen enters the overall electrochemical reaction. This is why cells LC and LC-XO can be used to
learn about the transported entropy of the carbonate ion.
The overall electrochemical reaction at the left-hand side is [29]:
1
1
1
−
CO2−
3 → 2 CO2 (g) + 4 O2 (g) + e
2

(1)

while the opposite reaction takes place at the other side of the cell.
To facilitate the theoretical description, we divide cells LC and
LC-XO into ﬁve subsystems, consisting of three homogeneous
phases and two interfaces; the anode conductor (a), the two electrode surfaces (s,a and s,c), the electrolyte (e) and the cathode
conductor (c). The symbols and notation are illustrated in Fig. 1a.
To establish the expression for the Seebeck coefﬁcient, we need
an expression for the emf measured between two Cu wires attached
to the Au conductors at room temperature (Ta,o = Ta,o = T0 ) when
the two electrodes are at temperatures Ts,a and Ts,c . The Seebeck
coefﬁcient is deﬁned as the potential difference divided by the temperature difference between the electrodes in the limits j → 0 and
Ts,c − Ts,a = T → 0:
˛S ≡

  
T

j→0,T →0

=

a,e  + e,c 
e 
a  + c 
+
+
T
T
T
(2)

where we used that the measured emf is the sum of the potential
difference across each subsystem and that the electrodes are thermostatted, i.e. Ta,e = Ts,a = Te,a and Te,c = Ts,c = Tc,e , c.f. Fig. 1a. We shall
ﬁnd an expression for  from non-equilibrium thermodynamics
theory for heterogeneous systems as outlined in [24].
2.2. Application of non-equilibrium thermodynamics
We shall evaluate the contribution from each subsystem to
the cell potential, and hence the Seebeck coefﬁcient, see Eq. (2).
For each subsystem we establish the entropy production and give
the ﬂux equations that follows. From the ﬂux equations we ﬁnd
the expression for the potential difference that enter the Seebeck
coefﬁcient for cells LC and LC-XO. The equations for the Au(s) conductors (a and c in Fig. 1a) have been given elsewhere (see e.g.,
chapter 9 in [24]). The equations for the electrode surfaces (s,a and
s,c) and the electrolyte (e) have not been established before.

2.1. System description
Consider the conversion of thermal energy into electric energy
in two cells with electrodes reversible to the carbonate ion:








s,a



Au s, T s,a |CO2 (g) , O2 (g) |Li2 CO3 (l) |CO2 (g) , O2 (g) |Au s, T s,c
Au s, T





|CO2 (g) , O2 (g) |Li2 CO3 (l) , XO (s) |CO2 (g) , O2 (g) |Au s, T

2.2.1. The conductors connecting the cell
By integrating the expression for the electric potential from the
temperature of the surroundings, T0 , to the electrode temperature
(LC)


s,c

(LC-XO)
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Fig. 1. A schematic picture of the cell (a) and a cross section of the experimental cell with electrodes (b). In a) we show the ﬁve subsystems of the cell and the notation used
for transport properties. The ﬁrst superscript refers to the phase in question, and the second to the neighboring phase. A  with one subscript, i, denotes the difference across
phase i. A  with two subscripts, i, k, denotes the value in phase k minus the value in phase i. In b) we show a cross section of the cell used in the experiments. The electrodes
consist of a gold wire which is point-welded to a gold plate (the electrode surface). We used a ﬁve bore Al2 CO3 as insulation for thermocouples and electrodes, cross-section
shown in the ﬁgure.

Ts,a on the left hand-side, and from the electrode temperature on
the right-hand side, Ts,c , to T0 , we ﬁnd the contributions from the
conductors to the Seebeck coefﬁcient (see chapter 9 in [24]):
1
a  + c 
= − Se∗
F
T

have constant temperature across each surface (i.e. for s,a we have
Ta,e = Ts,a = Te,a ). We assume also chemical equilibrium for adsorbed
= e,a
). Both conditions apply to reversible
components (i.e. s,a
j
j
s,a
conditions ( = 0). We measure the emf when a very small electric current is passing the electrode, and the surface reaction rate
is rs = j/F. For  s,a = 0 the potential drop across the anode surface is:

(3)

Here Se∗ is the transported entropy of the electron, this was
assumed constant in the temperature interval T. The origin of
this expression will be explained below, in the section describing
the electrolyte.

1
a,e  = − n Gs,a
F

Here n Gs,a has contributions from the neutral gas components
CO2 and O2 to the electrode reaction:

2.2.2. The electrode surfaces
The surfaces (s,a and s,c in Fig. 1a) can be regarded as independent thermodynamic systems. The thermodynamic properties of
the surface are then described by excess densities, as explained e.g.
by [24] (chapter 5). The excess entropy production in the anode
surface (s,a) has contributions from heat ﬂuxes into and out of the
surface, from ﬂuxes of oxygen and carbon dioxide out of the surface,
from a ﬂux of lithium carbonate into the surface, from the electric
current density across the surface and the electrochemical reaction
in the surface (see Eq. (1)):

a,e  + e,c 

=−
=−

1
F

1 s,a  s,a  1 s,a  s,a 
T
+ O T

2
2 CO2
4

n Gs,a =

a,e  = −

1
F

1
2



s,a
CO

2



T s,a +

= Jqa,e a,s
−
−

1
T

+ Jqe,a s,e



1
T

J e,a s,e CO2 ,T T
s,a CO


s,a

2

1
T s,a



ja,e  + r s −

1

1
T s,a

T
−

−

1

J e,a s,e O2 ,T
T s,a O2

T s,a



1
T



2

s,a
CO

2

SCO2 +


1 1

n Gs,a

2



(7)



2



T s,a − s,c
CO

1
SO
4 2




2

T s,c

T s,c − T s,a



+

 s,c 
1  s,a  s,a 
O T
− s,c
T
O2
2
4





(8)



∂j /∂T


p,ni

= −Sj to obtain the last

equality. We shall evaluate Sj for the average cell temperature. The
contribution from the surfaces to the Seebeck coefﬁcient (Eq. (2))
is:



J e,a s,e Li2 CO3 ,T T s,a
s,a Li CO

1 s,a  s,a 
T

4 O2

The same analysis applies to the other electrode surface. The
total contribution from the electrode reactions to the cell potential
is then:

We used the relation
 s,a

(6)

We introduce Eq. (6) into Eq. (5) and express the potential drop
across the anode surface in terms of the chemical potentials of the
neutral components:

1 

F

(5)



3


(4)

Here Jq is the measurable heat ﬂux and Jj is the ﬂux of component j, j,T is the chemical potential of component j evaluated
at constant temperature T, j is the electric current density and
a,e  is the potential drop across the surface. Fig. 1a gives further
explanations of the notation. With thermostatted electrodes, we

a,e  + e,c 
1
=−
F
T

1
2

SCO2 +

1
SO
4 2



(9)

2.2.3. One-component electrolyte
The electrolyte of cell LC is pure molten lithium carbonate and
the pressure is constant throughout the system. Thus, only two
thermodynamic forces contribute to the entropy production in the
electrolyte (e): the thermal force and the gradient in the electric
potential. The entropy production is:



e

 =

Jqe

∂ 1
∂x T



+j

−

1 ∂
T ∂x

(10)
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by the carbonate ion and the Peltier coefﬁcient can be expressed by
the transported entropy of the carbonate ion:
e = −T

1 ∗
S
2 CO2−
3

(16)

Here the convention used for transport of charge gives the minus
sign (c.f. Fig. 2).
In an anion frame of reference [30], the transport number of
the lithium ion is unity and the transference coefﬁcient tLi2 CO3 =
1/2. From Eq. (15) the Peltier coefﬁcient then equals the difference
between the entropy transported with Li+ , S ∗ + , and the entropy
Li
transferred with Li2 CO3 :
Fig. 2. The charge transport taking place in cells LC and LC-XO by transference of
1F positive charges from left to right inside the cell. The transport number ti is the
fraction of current carried by the ion i.

The ﬂux equations for transport of heat and charge in the electrolyte follow from the entropy production:

 1 dT 

e
Jqe = Lqq
−

T 2 dx

 1 dT 

e
j = Lq
−

T2

dx

 1 d 

e
+ Lq
−

(11)

T dx

(12)

T dx

The coefﬁcients (L’s) depend on state variables, but are independent of the forces. They are related through the Onsager relations
as Lq = Lq . The coefﬁcients are phenomenological and must therefore be determined from experiments. We solve for d/dx from
Eq. (12), integrate across the electrolyte for j ≈ 0, and express the
contribution from the electrolyte to the Seebeck coefﬁcient as:
e 
e
=−
TF
T

(13)

where F is Faraday’s constant and we took the ratio e /T constant over the temperature interval. The Peltier coefﬁcient of the
electrolyte, e , describes the heat transported with the current at
uniform temperature and composition (i.e. at reversible conditions):



Jqe

e

 ≡

=F

j/F
Lq
L

dT =0,dT =0



=

T JSe − SLi2 CO3 JLi2 CO3



j/F

(14)
dT =0,dT =0

where JSe is the entropy ﬂux in absence of a ﬂux of Li2 CO3 when
charge is transported in the electrolyte.
We need a more detailed expression for e . This can be found
from the deﬁnition in Eq. (14), by considering the entropy balance of a volume element in the electrolyte at reversible conditions
(isothermal conditions). To describe the movement of ions in the
electrolyte(Li+ and CO2−
) and the component (Li2 CO3 ) we need a
3
frame of reference. We follow the general procedure outlined in
Ref. [30] and take either the cations or the anions as the frame of
reference, i . e . tLi+ = 0 or tCO2− = 0 (see Fig. 2). This gives two equiv3

alent expressions for the Peltier coefﬁcient, because both the 
and the T in Eq. (13) are independent of the frame of reference.
The transference coefﬁcient of the lithium carbonate is deﬁned as:



tLi2 CO3 ≡

JLi2 CO3
j/F

=
dT =0,dT =0

Li

e
Lq
e
L

(15)

In a cation frame of reference [30], the transport number of the
carbonate ion is unity and the transference coefﬁcient of the salt,
tLi2 CO3 = 0. Then, all entropy, or equivalently, heat, is transported

1
S
)
2 Li2 CO3

(17)

As discussed above Eqs. (16) and (17) must be identical and we
ﬁnd the relation between the transported entropy of the ions and
the thermodynamic entropy of the Li2 CO3 :
S∗

CO2−
3

 1 d 

e
+ L
−

e = T (S ∗ + −

+ 2S ∗ + = SLi2 CO3
Li

(18)

The relation between transported entropies and thermodynamic entropies was already shown, see e.g., Agar [10], de Groot
and Mazur [11] and Førland et.al [12].
2.2.4. Dispersions of lithium carbonate and an inorganic oxide
Inorganic oxides in the solid state can be added to molten
lithium carbonate electrolyte, as in cell LC-XO, without altering the
form of the theoretical description of the cell emf. We take MgO
as an example to see that this statement is true. An equilibrium
can be established between MgO(s) and CO2 (g) in the melt to give
MgCO3 (l) according to Eq. (19)
MgO (s) + CO2 (g)  MgCO3 (l)

(19)

Van Velden [31] studied the equilibrium between alkalimagnesium carbonate melts, carbon dioxide gas and magnesium
oxide. The mole fraction of MgCO3 (l) in the carbonate melt was
about 0.12 at 450 ◦ C and 0.03 at 750 ◦ C, when the melt was an
equimolar mixture of lithium-, sodium-, and potassium carbonate [31]. Large lithium content and high temperature reduced the
MgCO3 content in the melt, favoring the MgO(s)-phase. We therefore expect a very small amount of MgCO3 in the molten Li2 CO3 in
the presence of MgO(s). This was also the case when we investigated. Nevertheless, the electrolyte of cell LC-XO has for the
conditions used here two chemical components.
However, as long as the solid phase of MgO(s) exists, there is
only one independent component according to the Gibbs phase
rule. The chemical potential of MgCO3 (l) is dictated by the equilibThe chemical potential of MgO(s)
rium
 (19) and the gas pressure.

is MgO,T (s) = 0MgO,T (s) . Then, with equilibrium in Eq. (19) and
dpCO2 = 0, d2,T = dMgCO3 ,T = 0. This, together with the GibbsDuhem relation for the electrolyte, gives (n1 d1,T + n2 d2,T = 0),
dLi2 CO3 ,T = d1,T = −n2 d2,T /n1 = 0. Therefore, the expression
for the entropy production will be the same as the entropy production for the one-component system, Eq. (10). This gives the same
expression for the Seebeck coefﬁcient of cells LC-XO and LC. What
will change, as we shall see, is the value of the transport coefﬁcients.
The same reasoning applies to all the oxides used in the present
cell. We shall investigate the oxides MgO(s), CeO2 (s) and LiAlO2 (s).
2.3. The Seebeck coefﬁcient of cells LC and LC-XO
We add the contribution from the ﬁve subsystems to the Seebeck coefﬁcient for the cells LC and LC-XO, see Eq. (2). We choose
the cation frame of reference for the electrolyte and add Eqs. (3), (9)
and (13). At reversible conditions, the choice of frame of reference
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for the mass ﬂuxes will not have an impact on the expression for
the potential drop across the surface. The result is:
˛S

=


(T s,c − T s,a )

=−

1
F



1 0
1
R
R
+ SO0 − ln puCO − ln puO −
S
2
2
2 CO2
4 2
2
4



1 ∗
∗
− Se,Au
S
2 CO2−
3


(20)

where we assumed ideal gas and used the relation Sj = Sj0 + ln puj for
the entropies of the gases. In the Eq. above puj is the fraction of the
partial pressure and the standard pressure p0 of component j and
Sj0 is the partial molar entropy of component j at temperature T and
standard pressure p0 . The entropies and the transported entropies
are generally functions of temperature. In the experiments, we keep
the average temperature constant and use T < 20 ◦ C to avoid temperature corrections. The entropies of the components vary less
than 1 % with a 20 degree temperature variation, which is negligible compared to the experimental accuracy. From Eq. (20), and
known values of the entropies, the gas partial pressures and the
transported entropy of the electron in gold we can calculate the
transported entropy of the carbonate ion. We do this in Sections
4.2 and 4.3. A positive  means that the system produces work
from the temperature difference between the electrode surfaces,
or that heat ﬂows from the high temperature to the low temperature. In this situation, the temperature difference T = Ts,c − Ts,a is
negative and consequently the Seebeck coefﬁcient is negative for a
system that produces work.
From Eq. (20), we can predict the pressure variation of the Seebeck coefﬁcient. For a ﬁxed value of the oxygen pressure, we have:



d˛S
d ln puCO

2

=
pu
O2

R
= 0.043 mV K−1
2F

(21)

3. Experimental
An experimental routine was made to establish the measurement procedure, and to learn about the effect on the transported
entropy of carbonate ion in a dispersion. As external agents were
added MgO, CeO2 and LiAlO2 .
3.1. Materials
Lithium carbonate (Li2 CO3 ) with purity > 99 %, magnesium oxide
(MgO) with purity > 99 %, cerium oxide (CeO2 ) with purity > 99.9
% and lithium aluminate (LiAlO2 , lot number: 21804PRV) were
acquired from Sigma Aldrich. Chemicals were used without further puriﬁcation. The speciﬁc surface areas of all oxides are given
in Table 1.
Pre-made gas mixtures of oxygen and carbon dioxide were
obtained from Yara Praxair. Three gas mixtures were used containing 66 % CO2 and 34 % O2 , 20 % CO2 and 33 % O2 , 7.3 % CO2 and
33 % O2 , the rest was He(g). Experiments were performed in a controlled atmosphere of N2 (g) of purity ≥ 99.999%. The gas mixtures
Table 1
The Seebeck coefﬁcient (˛S ) and the transported entropy of the carbonate ion. The
uncertainty in the calculated result stems from independent measurements. XO is
the added oxide in cell LC-XO and the surface area is determined by BET analysis.
Cell

S∗

˛S
−1

LC
LC-MgO
LC-CeO2
LC-LiAlO2

CO2−
3
−1

XO surface area

mV K

JK

−0.88 ± 0.06
−1.04 ± 0.02
−1.05 ± 0.02
−1.00 ± 0.02

232 ± 12
201 ± 4
200 ± 4
209 ± 4

mol

−1

m2 g−1
120
4
1
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was exposed to 1 bar pressure in the surroundings, meaning that
the total pressure in the cell (the sum of the partial pressures) was
constant and always equal to 1 bar.
Gold was obtained from K.A. Rasmussen, Norway. Alumina tubes
and crucibles were acquired from MTC Haldenwanger, Germany.
3.2. Apparatus
All experiments were performed in a standard laboratory vertical tubular furnace [32]. The cell, shown in detail in Fig. 1b, consisted
of an Al2 O3 crucible, with electrodes immersed in a molten carbonate electrolyte. Each gold electrode was inserted into the center
bore (diameter 2.3 mm) of a 5-bore Al2 O3 tube and the gold sheet
was point-welded to the wire. 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 gold sheet. Gas
was supplied through the bores of the ceramic tube. The temperatures and cell emf were recorded every third second by a data
acquisition unit (Agilent, 34972A).
3.3. Procedure
The electrolyte was either pure lithium carbonate or a dispersion
electrolyte of Li2 CO3 and one of the oxides MgO, CeO2 or LiAlO2 . For
all dispersions, the volume fraction of the liquid phase was 0.62. The
dispersion electrolytes were prepared by mixing the Li2 CO3 with
the oxide powder by hand in a mortar. The lithium carbonate or the
mixture were pre-heated more than 48 hours at 200 ◦ C in a mufﬂe
furnace. After drying, the electrolyte was melted under nitrogen
atmosphere at 750 ◦ C in the vertical tube furnace and kept at this
temperature for at least 48 hours to ensure stable conditions. Next,
the gas mixture (in most cases with the composition 66 % CO2 and
34 % O2 ) was passed through the 5-bore ceramic tube for at least
5 hours before the experiment started. At the start of each experiment, we adjusted the gas ﬂow rate to give stable measurements.
A slow ﬂow rate, adapted for good gas-metal-electrolyte contact
was used. With SEM-imaging, we visually inspected the solidiﬁed
electrolyte of cell LC-MgO. These pictures showed homogeneously
distributed particles of grain size around 1-2 m.
The experiment started when the temperatures and the electric
potential were stable. A temperature difference (T) was established between the electrodes by positioning them at different
heights in the crucible. The average cell temperature was kept at
750 ◦ C and the temperature difference was always smaller than
20 ◦ C, to avoid the need for temperature corrections in the Seebeck
coefﬁcient. The electromotive force between the electrodes was
measured as a function of the temperature difference, by gradually
ﬁrst increasing and then decreasing the temperature difference,
see Figs. 3 and 4. After an equilibration period of 10-20 min, the
cell was again stable, and a measurement with a new temperature difference was done. Recordings were made over time to make
sure that the situation was stable, and to eliminate effects of minor
instabilities or drift due to voltage ﬂuctuations in the mains. The
technique demonstrated in these ﬁgures was used to obtain the
Seebeck coefﬁcient.
From Figs. 3 and 4, we see that the presence of MgO has a certain
stabilizing effect on the voltage recordings. The voltage ﬂuctuation
is larger in the ﬁrst case giving a higher uncertainty compared to
the cases when inorganic powder was added. Adding particles to
the liquid increase the effective viscosity and prevents convection,
resulting in more stable conditions.
We estimated the accuracy (a double standard deviation) from
repeated measurements. For cell LC, the Seebeck coefﬁcient was
determined for three different gas ﬂows (i.e. different outlet
pressures from the gas bottle). This gave a double standard deviation of ±0.06 mV K−1 . For cell LC-XO one series of measurements
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ΔT / K

40

was reproduced three times, replacing the electrolyte between
each experiment. The uncertainty, ±0.02 mV K−1 , was larger than
the double standard deviation from linear regression.
In a parallel study, we used also platinum as electrode material
[33]. Within the accuracy of the experiment, the two metals gave
the same Seebeck coefﬁcient.

20
0

Δ φ / mV

-20

3.4. Solubility of magnesium oxide in lithium carbonate with
carbondioxide present
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Fig. 3. The measured potential difference () that follow from variations in the
temperature difference ( T) as a function of time, in the cell LC. The electrodes
were of gold, the average temperature was 750 ◦ C, puCO = 0.66 and puO = 0.34.
2

2

We did an independent measurement to determine the solubility of magnesium oxide in lithium carbonate when carbon dioxide
was present, see Eq. (19). Pellets of magnesium oxide was added to
the lithium carbonate. The gas was supplied at the bottom of the
crucible, bubbling over the pellets in contact with lithium carbonate. Samples were collected from the molten phase and analysed
for magnesium content (ICP-MS). As reference, we took a sample
from the molten lithium carbonate when no magnesium oxide was
present. This test conﬁrmed that magnesium oxide is only slightly
soluble in lithium carbonate at our conditions, increasing from
0.007 to 0.013 wt%.
4. Results and discussion
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4.1. The Seebeck coefﬁcient determination
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Fig. 4. The measured potential difference () and the measured temperature difference ( T), c.f. 3, as a function of time for the cell LC-MgO.The electrodes were of
gold, the average temperature was 750 ◦ C and puCO = 0.66 and puO = 0.34.
2

2

Figs. 6 and 7 give the emf plotted vs the temperature difference between the electrodes for cells LC and LC-XO with MgO(s)
and CeO2 (s). The values are averages of values measured over a
period in time when the potential was stable. We found the Seebeck coefﬁcients (˛S , see Eq. (2)) as the slopes of these and similar
plots. The coefﬁcients obtained in this manner are given in Table 1.
The lines in Figs. 6 and 7 do not cross the origin, meaning
that there is a bias potential between the electrodes. The value
of the Seebeck coefﬁcient is, however, not affected by any stable,
systematic error in the absolute potential. Janz and Saegusa [28]
reported stable bias potentials of the order ± 5 mV after an initial
aging period for an O2 /Au electrode in molten carbonates at 600 ◦ C.
Borucka and Sugiyama [29] reported the time stability to be within
± 2 mV for the equilibrium potentials of O2 /CO2 /Au electrodes in
molten carbonates. In our experiments, the thermocouples were
positioned close to, but not at the electrode surface. A systematic
difference between the measured and actual surface temperature
40

Δ φ / mV
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-30
Fig. 5. The Seebeck coefﬁcient for cell LC-MgO as a function of the partial pressure
of CO2 , keeping the partial pressure of oxygen constant at 0.33 bar. The electrodes
were of gold and the average temperature was 750 ◦ C. The line represents the linear
regression.

Δ φ =( 9.6 ± 0.4) - (0.88 ± 0.03)Δ T
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Fig. 6. The measured potential difference () as a function of the temperature
difference between the electrodes (T) in cell LC. The electrodes were of gold, the
average temperature was 750 ◦ C, puCO = 0.66 and puO = 0.34.
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40

Table 2
Thermodynamic and transported entropies at 750 ◦ C. The thermodynamic entropy
applies to a bulk liquid. The transported entropy of lithium is found from Eq. (20)
with measured values of the Seebeck coefﬁcient.

Δ φ (A)=( 8.2± 0.2) - (1.04± 0.01) Δ T
20

cell

LC
LC-LiAlO2

0

*

A
-20

B
Δ φ (B)=( -0.6 ± 0.2) - (1.05± 0.01) Δ T

-40
-30

-20

-10

0

10

20

30
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Fig. 7. The measured potential difference () as a function of the temperature
difference between the electrodes (T) in cell LC-MgO (A) and for cell LC-CeO2 (B).
The electrodes were of gold, the average temperature was 750 ◦ C, puCO = 0.66 and
puO = 0.34.
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may therefore also arise. This may give a systematic error in the
Seebeck-coefﬁcient, as the real temperature difference differs from
the measured. Based on the observed Seebeck coefﬁcients, 1 mV offset corresponds to a constant temperature off-set bias of 1 K. This
is around 2 % of the overall temperature range. Also, any small variation in gas concentration or surface concentration is represented
by the bias potential and does not affect the results for the Seebeck
coefﬁcient. Aging of electrodes could cause a drift, but this was not
observed.
As shown by Eq. (21), the slope of a plot of the Seebeck coefﬁcient versus the ln puCO is 0.043 mV K−1 for the electrode reaction
2
in Eq. (1). The plot shown in Fig. 5 conﬁrms the expected theoretical slope of Eq.21, within the accuracy of the experiment and thus
the electrode reaction. This allowed us to use Eq. (20) to analyse
the contributions to the Seebeck coefﬁcient and to calculate the
transported entropy of the carbonate ion (see Sections 4.2 and 4.3).
4.2. The transported entropy of the carbonate ion in pure lithium
carbonate
From Eq. (20), we calculated the transported entropy of the carbonate ion. Standard entropies of the CO2 (g), O2 (g) and lithium
carbonate at 750 ◦ C were 271, 244 and 309 J K−1 mol−1 (HSC chemistry). The transported entropy of the electron in the gold conductor
was 0.4 J K−1 mol−1 [34]. With this, we calculated the transported
entropy of the carbonate ion for the cells LC and LC-XO, see Table 1
for results. The largest value was obtained for pure molten lithium
carbonate, 232 ± 12 J K−1 mol−1 .
The transported entropy is an energy carried along with the
charge carrier, an energy of a type that draws from order-disorder
transitions as the charge is carried along. The carbonate ion has
rotational degrees of freedom in the carbonate melt which can be
inﬂuenced by the surroundings [35]. This property could therefore
be connected to a high value of the transported entropy.
4.3. The transported entropy of the carbonate ion in a dispersion
We see from Table 1 that the transported entropy of the carbonate ion decreases substantially when solid MgO or another oxide is
added to the electrolyte. The smaller transported entropy is compatible with a larger value of the Seebeck coefﬁcient. From the point

SLi2 CO3

S∗

J K−1 mol−1

JK

309
287*

232 ± 12
209 ± 4

CO2−
3
−1

S ∗ 2+
Li

mol−1

J K−1 mol−1
39 ± 12
39*

Estimated

of view of applications, a smaller value is therefore most interesting.
The factors that affect the variation are therefore of interest.
It is clear from the theoretical derivations, that the sole reason
for the variation in the transported entropy of carbonate ion comes
from the fact that the liquid electrolyte is included in a dispersion.
The fact that gold and platinum electrodes gave the same Seebeckcoefﬁcient, see [33], excludes an impact of the electrode material.
The electrode reaction is the same in the presence and absence of
the oxide in the electrolyte. The electrode reaction shows furthermore the expected dependence on the partial pressure of carbon
dioxide. From the BET surface of all oxides (see Table 1) and SEM
imaging, it seems clear that the molten lithium carbonate is not in
a bulk state inside the dispersions.
Given that the presence of LiAlO2 (s), but not CeO2 (s), alters the
symmetry of the carbonate ion [25,26], one would expect a variation in the transported entropy of the carbonate ion between the
two dispersions. The results 200 and 209 J K−1 mol−1 differ within
the uncertainty in the results, but barely so. If the ability to polarize
leads to an increasing value, the results indicate that LiAlO2 has the
highest polarizing ability of the oxides used. Also, LiAlO2 had the
smallest BET surface area, see Table 1.
Blinov et al. [36] calculated the transported entropy of lead ion
in mixtures with alkali chlorides, and found a value, affected by
the ﬁeld strength of the alkali metal, or the polarizing power. The
transported entropy of lead ion was larger in the presence of Li+
than of Cs+ . This variation can be said to support our ﬁnding. The
more polarizing the surroundings are, the larger is the number of
states to explore upon transport, and the higher becomes the value
of transported entropy.
Capillary effects are expected in the dense dispersions. Mizuhata
et.al. [37] found that the enthalpy of melting of Li2 CO3 was reduced
with 50-80 % of the normal value by including the salt in a dispersion with LiAlO2 . Reductions in the freezing point could also be
seen [37]. The reductions were dependent on the ratio of molten
carbonate and the total surface area of the solid phase. A lowering
of the enthalpy of melting, indicates that the entropy of the liquid phase becomes lower. The value of the entropy of the salt in
the porous material will therefore differ from the bulk value. The
relation in Eq. (18) can be used used to argue why S ∗ 2− obtains a
CO

3

reduction. Janz and co-workers [38] reported an enthalpy of melting of 44.8 kJ mol−1 and the melting point 726 ◦ C for pure Li2 CO3 .
For a 50 % reduction in the enthalpy of melting for the pure salt,
this gives a reduction of 22 J K−1 mol−1 in the entropy at 750 ◦ C. The
observed reduction is from 232 to 209 J K−1 mol−1 or 23 J K−1 mol−1 .
The lowering in the entropy of the salt, compatible with a more
ordered structure inside the dispersion, can explain the lowering
in the transported entropy of the carbonate ion seen in Table 2.
The numbers are, however, uncertain and there could also be an
increase in the transported entropy of the lithium ion.
The values from the BET experiments show that addition of
the solid phase creates extra surfaces in the system, varying with
the grain size of the powders added. Such added surface is likely
to have an impact on the electrical and thermal conductivity of
the melt, properties which play an important role in the ﬁgure of
merit. Introducing the electrically non-conducting solid phase to

706

M.T. Børset et al. / Electrochimica Acta 182 (2015) 699–706

the system lowers the electrical conductivity. Mizuhata et. al. [37]
reported electrical conductivities increasing exponentially with the
volume fraction of the molten carbonate. A non-linear increase
indicates that the surface, introduced with the particles, give a
contribution to the conductivity. The solid phase will most likely
also affect the thermal conductivity. At the end, a possible successful system for thermoelectric power generation do also depend on
other concerns such as safety and cost.
5. Conclusions and perspectives
We have measured for the ﬁrst time the Seebeck coefﬁcient of an
electrochemical cell with gas electrodes reversible to the carbonate
ion, and a molten lithium carbonate in the absence and presence
of an inorganic oxide. In the pure electrolyte, the coefﬁcient was
0.88 mV K−1 , rising to 1.04 mV K−1 for the dispersion. The transported entropy of carbonate ion varied from 232 to 200 J K−1 mol−1 ,
possibly due to a decreasing polarizing environment and an ordering of the salt in the dispersion of the oxide.
The cheap materials, and the potential to further increase the
Seebeck coefﬁcient, in combination with a good overall electric
conductivity, make the material types suitable candidates for electrochemical energy conversion in the future. In this context more
systematic experiments are needed to optimize conditions for conversion.
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