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a  b  s  t  r  a  c  t

We  report  Seebeck  coefficients  of  electrochemical  cells  with  molten  carbonate  mixtures  as  electrolytes
and  carbon  dioxide|oxygen  electrodes.  The  system  is relevant  for use of waste  heat  and  off-gases  with
concentration  of carbon  dioxide  different  from  air,  as for example  in  the metallurgical  industry.  The coef-
ficient  is −1.25  mV  K−1 for  a nearly  equimolar  mixture  of  lithium  and  sodium  carbonate  with  dispersed
magnesium  oxide  at 750 ◦C,  one  bar total  pressure  and  a  pressure  ratio of  carbon  dioxide  to oxygen  of
2:1.  The  value  is  slightly  lower  when  sodium  is  replaced  by  potassium.  The  theoretical  expression  of
the  Seebeck  coefficient  was established  using  the theory  of  non-equilibrium  thermodynamics.  We  used
this  expression  to predict  an  increase  to  −1.4 mV K−1 when  lowering  the  gas  partial  pressures  to  0.015
and  0.2 bar,  respectively,  for carbon  dioxide  and  oxygen,  a gas  composition  that  can  represent  that  of
the  off-gases  from  a silicon  furnace  which  we are  concerned  with.  The  absolute  value  of  the  Seebeck
coefficient  increases  by 0.2  mV K−1 when  the  cell  average  temperature  increases  from  550  to  850 ◦C.  The

presence  of  a second  component  in  the  electrolyte  increases  the  coefficient  significantly  above  the  values
obtained  with  one  component,  compatible  with  a  lowering  of  the  transported  entropy  of the  carbonate
ion.  A  concentration  cell,  using  the  off-gas  from  the  silicon  furnace  as  anode  gas  and  air  as  cathode  gas,
will  add  0.14  V  at 550◦C to the  absolute  value  of  the  potential.  The  series  construction  has  the  potential
to  offer  a power  density  at matched  load  conditions  in  the  order  of  0.5  kW  m−2.

ublis
©  2015  The  Authors.  P

. Introduction

We  are pursuing an investigation of electrochemical cells with
heap ionic conductors and gas electrodes, for the purpose of ther-
oelectric power production from industrial waste heat [1]. The

eebeck effect, the electric potential produced by a temperature
ifference between the electrodes, originates from the reversible
eat changes connected with the electrode reactions and with
he charge transport in the electrolyte, see e.g., Agar [2]. So far,

esearch on thermoelectricity has concentrated on semiconducting
aterials [3,4], but prospects of larger Seebeck coefficients, com-

ined with potentially cheaper, more benign and environmentally
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friendly materials, is now motivating research on ion-conducting
materials [5,6].

We are targeting waste heat recovery from the metallurgical
industry, in particular from the production of silicon [7]. Thermal
energy is here available from 1600 ◦C down to room tempera-
ture [8–10]. In addition, these industries are often emitting carbon
dioxide at a different composition than the surrounding air, thus
representing an additional power source [11]. Our candidate sys-
tem is a molten alkali carbonate cell with carbon dioxide|oxygen
electrodes. It has earlier been studied in connection with fuel cells
and has a large Seebeck coefficient. Values around −1.20 mV  K−1

was measured for molten binary and ternary mixtures of alkali car-
bonates in the range 530 to 880 ◦C [12]. An electrochemical cell
operating in this temperature window, can therefore utilize a large
temperature difference, as well as the potential energy present in

the off-gas.

We  have recently examined the cell with pure lithium carbon-
ate as the electrolyte [1]. It was shown, that the electrode reaction
(the conversion of carbon dioxide to carbonate ion), contributed
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Table  1
The composition of the electrolytes, as given by molar fractions xj , and the corre-
sponding melting point temperature (Tm)[22].

Cell Electrolyte xLi2CO3
xNa2CO3 xK2CO3 Tm

LNC-MgO (Lix1 Nax2 )2CO3 0.53 0.47 - 500 ◦C
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LKC-MgO (Lix1 Kx2 )2CO3 0.62 - 0.38 488 ◦C

argely to the Seebeck coefficient. Also important was the addition
f an inorganic powder to the melt, enhancing the Seebeck coef-
cient significantly, and lowering simultaneously the transported
ntropy of the carbonate ion. A possible explanation of this, was
he lowering of the entropy of the salt in the dispersion of the solid
13]. Here, we  expand on these studies [1] by using binary mixtures
f molten alkali carbonates. Two-component electrolytes have not
een investigated for thermoelectric energy conversion since the
arly investigations of Jacobsen and Broers [12].

In terms of non-equilibrium thermodynamic theory, the See-
eck effect originate from the coupling of heat and charge transfer.
his theory gives a framework from which experiments can be
efined [14]. It must be used to derive the relation between the
eebeck coefficient and the Peltier heat, as well as other rela-
ions between transport properties. For instance, one can find from
he invariance of the entropy production that the thermodynamic
ntropy of one salt is equal to the sum of transported entropies of
he ions in a one-component electrolyte [2,15,16,1]. Electrochem-
cal systems have been evaluated with non-equilibrium theory in
he past, see e.g., Agar [2] and Førland et. al. [16], but the theory
s now able to deal with electrode surfaces more directly, see [17].

e shall use the method as developed for heterogeneous systems
n Section 2.2 [17]. Readers not interested in theoretical details can
kip the derivations in 2.2 and go directly from Section 2.1 (System
escription) to the equations used to interpret the experimental
esults, see Sections 2.3 and 2.4.

. Theory
.1. System description

Consider a cell with gas electrodes, reversible to the carbonate
on, held at different temperatures:

ig. 1. A schematic picture of the cell (a) and a cross section of the experimental cell with
or  transport properties. The first superscript refers to the phase in question, and the secon
hase  i. A � with two subscripts, i, k, denotes the value in phase k minus the value in phas
onsist  of a gold wire which is point-welded to a gold plate (the electrode surface). We us
ection  of this tube is shown above the electrode in the figure.
cta 182 (2015) 342–350 343

Au
(

Ts,a
)

|CO2 (g) , O2 (g) |(Li, M)2CO3 (l) , MgO (s) |CO2 (g) ,

O2 (g) |Au
(

Ts,c
)

(LMC-MgO)

The label LMC-MgO refers to a dispersion of a binary alkali car-
bonate and magnesium oxide, where LMC  designate the binary
alkali carbonate mixture. The L refer to lithium ion and the M to
either sodium- or potassium ion and C to carbonate ion. The mixture
is an eutectic one, providing a relatively low melting point (compo-
sitions are given in Table 1). The molten electrolyte is mixed with
magnesium oxide powder (45wt% :55wt % MgO)  and the result is a
dispersion of MgO  particles in the carbonate electrolyte. The cell
has two  carbon dioxide|oxygen electrodes, kept at different tem-
peratures Ts,a and Ts,c, immersed in the electrolyte. The electrode
gas is in contact with a metal conductor, here of gold, and we  use
the same gas composition at both electrodes. The electrochemical
reaction at the left-hand side electrode is [12]:

1
2

CO2−
3 (l) → 1

2
CO2(g) + 1

4
O2(g) + e− (1)

The reverse reaction takes place at the right-hand side. We
divide the cell into five subsystems; the left and right electronic
conductors (a and c), the two electrode surfaces (s,a and s,c) and the
electrolyte (e). The notation is illustrated in Fig. 1a. Fig. 1b shows a
cross section of the cell.

The Seebeck coefficient is the measured potential difference
divided by the temperature difference between the electrodes in
the limits j → 0 and Ts,c − Ts,a = �T  → 0. We  measure the emf  of
LMC-MgO between two Cu wires attached to the Au wires at room
temperature (Ta,o = Tc,o = T0, see Fig. 1a). The cell emf is the sum of
the potential difference across each subsystem:

��  = �c − �a = �a� + �a,e� + �e� + �e,c� + �c� (2)

The Seebeck coefficient and its various contributions is accord-
ingly:

˛S ≡
(

��

�T

)
j→0,�T→0

= �a� + �c�

�T
+ �a,e� + �e,c�

�T
+ �e�

�T
(3)
where we assumed constant temperature across each surface, i.e.
Ta,e = Ts,a = Te,a and Te,c = Ts,c = Tc,e, c.f. Fig. 1a. We  establish below the
expressions for ˛S. The results are given in Sections 2.4 and 2.3.

 electrodes (b). In a) we  show the five subsystems of the cell and the notation used
d to the neighboring phase. A � with one subscript, i, denotes the difference across
e i. In b) we show a cross section of the cell used in the experiments. The electrodes
ed a five bore alumina tube as insulation for thermocouples and electrodes. A cross
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.2. Application of non-equilibrium thermodynamics

The general procedure to find the thermoelectric potential from
his theory is to determine the subsystem entropy production and
he flux equations that follow from this. The equations for the

etallic conductors (a and c), are well known, so we  repeat only
he final equation. The electrode surfaces and the electrolyte have

ore complicated expressions, not given before. We  will hence
reat these subsystems in more detail, starting with the entropy
roduction.

.2.1. The conductors connecting the cell
By integrating the expression for the electric potential from the

emperature of the surroundings, T0, to the electrode temperature
s,a on the left hand-side, and from the electrode temperature on the
ight-hand side, Ts,c, to T0, we find the well-known contributions
rom the conductors to the cell potential, see e.g. [17]:

�a� + �c�

�T
= −1

F
S∗

e (4)

Here S∗
e is the transported entropy of the electron, this was

ssumed constant in the temperature interval, and F is Faraday’s
onstant.

.2.2. The electrode surfaces
The excess entropy production in the anode surface (s,a) has two

erms related to heat transfer across the surface, four terms related
o possible lack of equilibrium for adsorption of gases or salts, one
erm due to the electric power and one to the electrochemical reac-
ion [17]:

�s,a = J′a,e
q �a,s

(
1
T

)
+ J′e,a

q �s,e

(
1
T

)
− 1

Ts,a

(
Je,a
O2

�s,e�O2,T + Je,a
CO2

�s,e�CO2,T

)
− 1

Ts,a

(
Je,a
1 �s,e�1,T + Je,a

2 �s,e�2,T

)
− 1

Ts,a

(
j�a,e� + rs�nGs,a

)
(5)

here J′q is the measurable heat flux, Jj is the flux of component
, j is the current density and subscripts 1 and 2 refer to Li+- and

+-carbonate, respectively, �nGs,a is the reaction Gibbs energy
xpressed in terms of neutral components. See [17] and Fig. 1a
or further explanation of the notation. When the electrodes are
hermostatted, we have constant temperature across the surface
i.e. Ta,e = Ts,a = Te,a) and with chemical equilibrium for adsorbed
omponents (i.e. �s,a

j,T = �e,a
j,T ), only the last two terms remain. For

eversible conditions �s,a = 0, and the reaction rate is rs = j/F. The
lectrode potential jump is simply:

a,e� = −�nGs,a/F (6)

There are only two contributions to �nGs,a ; from the production
f CO2 and O2 at the electrode see Eq. (1). This gives:

a,e� = −1
F

(
1
2

�s,a
CO2

(
Ts,a
)

+ 1
4

�s,a
O2

(
Ts,a
))

(7)

The same analysis applies to the right-hand surface. The total
ontribution from the electrodes to the cell potential is then:

�a,e� + �e,c�

�T
= −1

F

(
1
2

SCO2 + 1
4

SO2

)
(8)( )
We used the relation ∂�j/∂T
p

= −Sj to obtain the last equal-

ty. Again we have taken the entropy to be constant in the
emperature interval, and shall evaluate Sj at the average of the
lectrode temperatures.
cta 182 (2015) 342–350

2.2.3. Contribution from the electrolyte
The entropy production is the sum of the products of the con-

jugate fluxes and forces in the system. The electrolyte has three
(neutral) components: the two molten alkali carbonates and the
magnesium oxide powder in the solid state. The oxide has a con-
stant chemical potential since it is present in the solid state, and
does not contribute to the entropy production. The carbon dioxide
and oxygen gas can dissolve in the electrolyte, but since the partial
pressures of oxygen and carbon dioxide are constant throughout
the system, it does not contribute to the entropy production. The
chemical potential gradients of the two  remaining components
are related by Gibbs-Duhem’s equation, d�1,T = − x2d�2,T/x1. There
are then three independent driving forces in the entropy produc-
tion: one thermal driving force( d

dz
1
T ), one component driving force

(− 1
T

d�2,T
dz ) plus the force containing the gradient in electric poten-

tial (− 1
T

d�
dz ):

�e = J′eq
(

d

dz

1
T

)
+ J2

(
− 1

T

d�2,T

dz

)
+J1

(
x2

x1

1
T

d�2,T

dz

)
+j
(
− 1

T

d�

dz

)

= J′eq
(

d

dz

1
T

)
+
(

J2
x2

− J1
x1

)(
−x2

T

d�2,T

dz

)
+ j
(

− 1
T

d�

dz

)

= J′eq
(

d

dz

1
T

)
+ J21

(
−x2

T

d�2,T

dz

)
+ j
(

− 1
T

d�

dz

)
(9)

The mole fractions are x2 = xM2CO3 = nM2CO3 /
(

nLi2CO3
+ nM2CO3

)
and x1 = 1 − x2. The flux J21 is the flux of M2CO3 relative to the flux
of Li2CO3, each weighted by the respective mole fraction, so the
second term on the right hand side describes the energy dissipated
by interdiffusion of the components.

From Eq. (9), we write the flux equations for transport of heat,
mass and charge in the electrolyte as:

J′eq = Le
qq

(
− 1

T2

dT

dz

)
+ Le

q�

(
−x2

T

d�2,T

dz

)
+ Le

q�

(
− 1

T

d�

dz

)
(10)

J21 = Le
�q

(
− 1

T2

dT

dz

)
+ Le

��

(
−x2

T

d�2,T

dz

)
+ Le

��

(
− 1

T

d�

dz

)
(11)

j = Le
�q

(
− 1

T2

dT

dz

)
+ Le

��

(
−x2

T

d�2,T

dz

)
+ Le

��

(
− 1

T

d�

dz

)
(12)

The coefficients (L’s) depend on the local state variables (e.g.,
temperature and pressure), but are independent of the forces. All
forces contribute to each flux in the electrolyte. The coefficients
describe the contribution from the force to the flux and they are
related through the Onsager reciprocal relations as Lij = Lji.

From Eq. (12) we  express the gradient in the electric potential,
at any time, as:

d�

dz
= −�e

TF

dT

dz
− t21

F
x2

d�2,T

dz
− rej (13)

where the gradient terms may  vary with time due to thermal dif-
fusion. In Eq. (13), �e is the Peltier coefficient of the electrolyte,
t21 is the transference coefficient connected with the relative flux
J21 and re is the electrical resistivity of the electrolyte. The Peltier
coefficient is defined as the heat transported reversibly with the
current:

�e ≡
(

J′eq
j/F

)
= F

Le
q�

Le

dT=0,d�T =0 ��

=
(

T
(

Je
S − (J2S2 + J1S1)

)
j/F

)
dT=0,d�T =0

(14)
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here we expressed the measurable heat flux in terms of the
ntropy flux Je

S and the entropy flux caused by the flux of the com-
onents to obtain the last equality. The transference coefficient is
he number of moles transferred per mole electric charge:

21 ≡
(

J21

j/F

)
dT=0,d�T =0

=
(

t2

x2
− t1

x1

)
= F

Le
��

Le
��

(15)

here the coefficients t2 and t1 are, respectively, the transference
oefficients of M2CO3 and Li2CO3. In a mixture of uniform com-
osition (i.e. at initial time) d�2,T = d�1,T = 0. We  integrate Eq. (13)
cross the electrolyte, from Ts,a to Ts,c at j ≈ 0, and express the con-
ribution from the electrolyte to the Seebeck coefficient at initial
ime (indicated by t = 0) as:

��e

�T

)
t=0

= −�e

TF
(16)

As stated in the Introduction, we obtain a relation between the
eebeck coefficient and the Peltier heat using an Onsager relation.
e took the ratio �e/T to be constant across the temperature inter-

al. From Eq. (14), we can interpret this ratio as an entropy related
o transport of charge in the electrolyte.

A stationary state will develop, with a balance between the
hemical and the thermal driving force. This is called Soret equi-
ibrium. The stationary state condition gives J2 = J1 = J21 = 0, and the
mf  measurement has j ≈ 0. Then, from Eq. (11), we  find that the
alance condition reads:

x2
d�2,T

dz
= q∗

T

dT

dz
(17)

here the heat of transfer for the interdiffusion of M2CO3 and
i2CO3, q*, is defined as:

∗ ≡
(

J′eq
J21

)
dT=0,j=0

=

(
Le

q� −
Le

q�
Le

��

Le
��

)
(

Le
�� −

Le
��

Le
��

Le
��

) (18)

We introduce Eqs. (17) and (15) into Eq. (13) and integrate across
he electrolyte for j ≈ 0. The contribution from the electrolyte to the
eebeck coefficient at stationary state (Soret equilibrium, indicated
y ∞)  is:

��e

�T

)
∞

= −1
F

(
�e

T
−
(

t2

x2
− t1

x1

)
q∗

T

)
(19)

Here we took both ratios �e/T and q*/T to be constant across the
emperature interval. The ratio q*/T, may  be interpreted in terms of
nthalpy changes across the layer [17].

We need a more explicit expression for the Peltier coefficient,
e. This can be found from the entropy balance of a volume ele-
ent in the electrolyte at reversible conditions (isothermal and

niform concentrations). We  use the definitions of the Peltier and
he transference coefficients, Eqs. (14) and (15), to express the
eltier coefficient in terms of transported entropies of the carbon-
te ion and the cations L+ and M+. This will give a relation between
he transported entropies of the ions, the thermodynamic entropy
f the salt and the heat of transfer in the binary mixture.

The oxide MgO  is only slightly soluble in the electrolyte [18],
eaning that it is fair to neglect Mg2+ and O2− as charge trans-

orters. All transport of charge is then taking place by three ions and

he sum of transport numbers equals unity, tCO2−

3
+ tM+ + tLi+ = 1.

he transference coefficients of components 1 and 2 (see Eq. (15))
equire a definition of the frame of reference for the mass fluxes,
nd we choose the wall frame of reference [19]. The transference
Fig. 2. A schematic drawing of the cell, illustrating transport of ions in the elec-
trolyte.

coefficient can be interpreted by the transport numbers of the
cations, see Fig. 2, as follows:

t1 = tLi2CO3
= 1

2
tLi+ t2 = tM2CO3 = 1

2
tM+ (20)

We introduce these into Eq. (14), and find �e of the electrolyte
from the balance of reversible effects:

�e

T
= −1

2
S∗

CO2−
3

+ tM+ (S∗
M+ + 1

2
S∗

CO2−
3

− 1
2

S2) + tLi+ (S∗
Li+

+ 1
2

S∗
CO2−

3

− 1
2

S1) (21)

With Eqs. (19) and (21), we  find the contribution from the elec-
trolyte to the Seebeck coefficient at J21 = 0 as:(

��

�T

)
∞

= −1
F

(
−1

2
S∗

CO2−
3

+ tM+ (S∗
M+ + 1

2
S∗

CO2−
3

− 1
2

S2 − 1
2x2

q∗

T
)

+tLi+ (S∗
Li+ + 1

2
S∗

CO2−
3

− 1
2

S1 + 1
2x1

q∗

T
)
)

(22)

Because the electric potential is independent of the frame of ref-
erence used for the mass fluxes, the sums in the parentheses must
be zero (cannot depend on the transport numbers). We  obtain:

tM+ (S∗
M+ + 1

2
S∗

CO2−
3

− 1
2

S2) + tLi+ (S∗
Li+ + 1

2
S∗

CO2−
3

− 1
2

S1)

=
(

t2

x2
− t1

x1

)
q∗

T
(23)

We introduce this into Eq. (21) and find the contribution from
the electrolyte at uniform composition:(

��e

�T

)
t=0

= −1
F

(
−1

2
S∗

CO2−
3

+
(

t2

x2
− t1

x1

)
q∗

T

)
(24)

At Soret equilibrium, the expression for the one-component
electrolyte applies, c.f. [1]:(

��e

�T

)
∞

= −1
F

(
−1

2
S∗

CO2−
3

)
(25)

2.3. The Seebeck coefficient of cell LMC-MgO at initial conditions

According to the procedure above, the Seebeck coefficient at
uniform melt composition (short times) is:

˛S,0 = −1
F

[
1
2

SCO2 + 1
4

SO2 + S∗
e − 1

2
S∗

CO2−
3

+
(

t2

x2
− t1

x1

)
q∗

T

]
(26)

Equation (23) gives a relation between the transported

entropies of the ions:

2(S∗
M+ − S∗

Li+ ) = S2 − S1 + (
tM+

x2
− tLi+

x1
)
q∗

T
(27)
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Table 2
Composition of the gas mixtures used in the experiments.

Gas mixture CO2(%) O2(%) He(%)

1 66 34 0
2(AGA) 7.3 0.1 92.6
3  7.3 3.7 89
4  7.3 10 82.7
5  7.3 33 59.7
46 X. Kang et al. / Electrochi

This gives

S∗
CO2−

3

+ 2S∗
M+ = S2 + t2

x2

q∗

T

S∗
CO2−

3

+ 2S∗
Li+ = S1 − t1

x1

q∗

T

(28)

The two terms on the right hand side in Eq. (28) are unique
or the two-component system. The entropy of a component in a

ixture depends on the composition; for ideal mixtures Sj = S0
j −

 ln xj. In a one-component system, S∗
CO2−

3

+ 2S∗
M+ = SM2CO3 [1].

The time to reach stationary state conditions can be estimated.
yrrell [20] gives an expression for the time dependency of the
eebeck coefficient, valid for one degree of freedom for diffusion
ike here:

˛S,t − ˛S,0

˛S,∞ − ˛S,0
= 1 − 8

�2
exp(− t

�
) (29)

Here � is the ‘characteristic time’, which governs the rate at
hich the stationary state equilibrium is established for a constant
T. The characteristic time is defined by:

 = h2

�2D12
(30)

Here � is the mathematical constant, h is the actual distance
etween the electrodes through the porous material and D12 is
he interdiffusion coefficient. The tortuosity is here unknown, so
e can only use Eq. (30) to give an order-of-magnitude estimate

f �.  With h = 5 cm (the distance used in the experiments) and
12 = 10−7 m2s−1 � = 14 h. With h = 10 cm,  � = 28 h and it takes 5�

o achieve 99.5 % of the stationary state value. A distance between
he electrodes larger than 10 cm may  be relevant in our system,

eaning that the stationary state needs more than five days to
stablish itself. This means that Eq. 26 is relevant for interpreta-
ion of a measurements that lasts a few hours. It also means that an
xperiment must be carried out over more than a day, in order to
e able to probe a Soret effect.

.4. The Seebeck coefficient of cell LMC-MgO at stationary state

We  add the contributions to the Seebeck coefficient from the
ve subsystems; Eq. (4), Eq. (8) and Eq. (25) and obtain the Seebeck
oefficient for J21 = 0 (Soret equilibrium):

S,∞ = −1
F

[
1
2

SCO2 + 1
4

SO2 + S∗
e − 1

2
S∗

CO2−
3

]
(31)

This expression is exactly the same as the expression obtained
or the one-component system [1]. We  will use Eq. (31) to calcu-
ate the transported entropy of the carbonate ion from measured
alues of (˛S)∞, using knowledge of the transported entropy of the
lectron and of the equation of state for the gases, see Section 4.3.

With the entropy relation for ideal gases
dSj = Cp,jdT/T − Rdpj/pj), we express the temperature variation
n the Seebeck coefficient as:

d˛s

d ln T/Tr

)
pCO2

,pO2

= −1
F

(
1
2

Cp,CO2 + 1
4

Cp,O2 + 	e − 1
2

	CO2−
3

)
(32)

here Tr is any reference temperature (we take 298 K), Cp,j and 	
re, respectively, the heat capacity of component j and the Thomson
oefficient of the charge carriers. The Thomson coefficient can in
rinciple be positive or negative [21]. The variation in ˛s with the

artial pressures of carbon dioxide and of oxygen are (ideal gas):

d˛s

d ln pCO2 /p0

)
T,pO2

= R

2F
= 0.043 mV K−1 (33)
6(AGA) 7.3 80 12.7
7  20 33 47

(
d˛s

d ln pO2 /p0

)
T,pCO2

= R

4F
= 0.022 mV/K−1 (34)

Here p0 is the standard pressure of 1 bar. The absolute value of
˛s will increase with decreasing partial pressures.

3. Experimental

The experimental set-up was  described in [1], see also Fig. 1b.
An initial study was first made to assess the state of the experi-

ment. The time-stability of the Seebeck coefficient was investigated
by recording the development of the Seebeck coefficient over 8
hours, and by recording one temperature difference and the cor-
responding potential over a period of 5 days. In the first of these
experiments the electrodes were initially kept at the same tem-
perature. The electrode positions were fixed at a distance of about
5 cm.  An extra heating element, placed under the crucible, was used
to produce a temperature difference between the electrodes. This
heating element was  made of resistance wire wrapped around the
walls of an alumina tube. An alumina disk was placed on top of
the element to avoid short-circuiting. The total resistance of the
wire was 30 
.  A k-type thermocouple was  placed near the heat-
ing element to control the power supply. A temperature difference
evolved when power was  added to the extra heating element. When
the emf and �T  reached a stable value, the power supply to the
heating element was  again turned off. In the long-term experiment
lasting 5 days, the electrode positions were fixed, and the temper-
ature difference kept constant. The Seebeck coefficients were next
measured at stationary state (Soret equilibrium) conditions. Gold
and platinum were used as electrode materials, and molten car-
bonate mixtures with Na+ or K+ were studied in combination with
Li+. Table 1 gives the composition of the electrolytes used in the
experiments and the mixture’s melting point temperature. The gas
composition were varied as shown in Table 2. Lithium carbonate
(Li2CO3) with purity > 99 %, sodium carbonate (Na2CO3) with purity
≥ 99 %, potassium carbonate (K2CO3) with purity ≥ 99 % and mag-
nesium oxide with purity > 99 % were obtained from Sigma Aldrich.
All chemicals were used without further purification. Premade gas
mixtures of carbon dioxide and oxygen were purchased from Yara
Praxair unless other supplier (AGA) is specified.

Dispersions of the binary alkali carbonates (see Table 1) and
MgO(s) were prepared according to the procedure described in [1].
After drying, the electrolyte was melted at a constant temperature
in the vertical tube furnace and kept at this temperature for at least
48 hours to ensure stable conditions. All experiments were per-
formed in a Nitrogen atmosphere. No deterioration of the alumina
crucible or the alumina tubes were observed after the experiment.

The average temperature of the experiment was  either 550, 650,
750 or 850 ◦C. The temperature difference was  always smaller than
20 ◦C, to avoid the need of temperature corrections in the Seebeck

coefficient. 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. A slow flow
rate, adapted for good gas-metal-electrolyte contact was  used.
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Fig. 5. The measured potential versus the temperature difference across the cell
LNC-MgO(s) for Au(s) (A) and Pt(s) (B) electrodes. The average temperature was
ig. 3. The measured emf  ��  and temperature difference �T  for cell LNC-MgO for
he initial time conditions. The electrodes were gold and pCO2 = 0.66 and pO2 = 0.34
ar.

he presence of the solid magnesium oxide prevented convective
ixing, but allowed in principle a concentration gradient to be

ormed in the temperature gradient (Soret effect).
In all experiments, the temperature and electric potential were

easured every third second. The experiment started when the
emperatures and the electric potential were stable. The measured
otential, at a given temperature and for a given gas mixture,
ere plotted against the temperature difference. The Seebeck

oefficients were the slopes of these plots, see e.g., Fig. 5. For the cell
NC-MgO, one series of measurements was reproduced three times,
y replacing the electrolyte completely between each experiment.
he uncertainty, ±0.02 mV  K−1, obtained by this reproduction of
easurements, was larger than the double standard deviation from

inear regression.

. Results and Discussion

.1. The time-evolution

We  discuss first the time-dependency of the Seebeck coefficient
or cell LMC-MgO, and conclude from the measurements that we
an use the stationary state expression (Eq. (31)) to interpret the
esults. For experiments that we consider to be at initial times (up
o 8 hours), the measured potential variation was  all the time pro-
ortional to the temperature variation, see Fig. 3 for results from
ell LNC-MgO.

The long-term experiment over 5 days, did not alter the poten-

ial within the accuracy of the experiments, see Fig. 4. Gas is slowly
ubbling through the cell at the electrodes, but this will not pre-
ent a Soret equilibrium to form in the electrolyte with dispersed
xide. (In the absence of the solid oxide in the binary carbonate
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ig. 4. The measured ��  and temperature difference �T  for cell LNC-MgO for the
ong-term experiments. The electrodes were platinum, the average temperature
50 ◦C and pCO2 = 0.66 and pO2 = 0.34 bar.
550 ◦C and the electrode gas partial pressures pCO2 = 0.66 pO2 = 0.34. The equa-
tions are the linear regressions (dotted lines) and the accuracy is a double standard
deviation from the regression analysis.

mixture, it was  not possible to obtain a stable value.) The lack of
an observed time-dependence of the Seebeck coefficient supports
the possibility that the term involving q* in the Seebeck coefficient
is negligible, c.f. Eq. (26), and that Eq. (31) can be used to interpret
the results. This shall be done in the following.

4.2. Stationary state

Seebeck coefficients for binary mixtures of alkali carbonate elec-
trolytes are shown under various conditions in Figs. 5–7 and in
Table 3. The values are all larger than those obtained with pure
lithium carbonate and for dispersions of lithium carbonate with
inorganic powders (−0.88 to −1.05 mV  K−1 [1]). Before we  discuss
these encouraging results, we  report on other tests on the cell’s
performance.

4.2.1. Effect of electrode material
To test the influence of the choice of electrode materials, gold

was replaced by platinum. The mechanism of the electrode reac-
tion can vary slightly between the metals, since oxide layers are
more easily formed on platinum [23,24]. The results for the See-
beck coefficient, shown in Fig. 5, are the same within the accuracy
of the experiment, compare −1.17 to −1.15 ± 0.02 mV  K−1. This
fact means that the electrode reaction is most probably the same
on both electrodes, and that the transported entropies of the elec-
trons are close to each other. According to the literature, they are
both small, around 0.4 J K−1 mol−1 for Au at 730 ◦C [25] and around
2 J K−1 mol−1 for Pt at 730 ◦C [26].

The two  electrode materials differ in their bias potential, as

can be seen from Fig. 5. A bias potential can arise due to small
differences in the metal surface in two electrodes of the same
kind. The difference is larger for two platinum electrodes (here
16 mV)  than for two gold electrodes (here 0.23 mV). Even if most

Table 3
The Seebeck coefficient (˛S) and the transported entropy of the carbonate ion for
all  electrolytes. The electrodes were gold, the partial pressures pCO2 = 0.66 and
pO2 = 0.34 bar and T is the average of the electrode temperatures. Data for the sin-
gle  carbonate system were reported in [1]. The uncertainty is a double standard
deviation, estimated from measurements repeat.

Cell T ˛S S∗
CO2−

3◦C mV K−1 J.K−1 mol−1

LC-MgO 750 −1.04 ± 0.02 201 ± 4
LKC-MgO 750 −1.13 ± 0.02 184 ± 4
LNC-MgO 750 −1.25 ± 0.02 161 ± 4



348 X. Kang et al. / Electrochimica A

Fig. 6. The Seebeck coefficient as a function of the partial pressure of carbon dioxide
pCO2 for the cell LNC-MgO. The electrodes were Au(s), the average temperature were
550 ◦C and the p = 0.33 bar. The equation is the linear regression, shown by the
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otted line, and the uncertainty is the double standard deviation from the regression
nalysis.

esults for platinum gave a lower value than this, they were on the
verage larger than for gold. This confirms our expectation that the
latinum surface is less inert in molten alkali carbonates [23,24].
he formation of an oxide layer may  disturb the measurements and
he correlation with the theory. We  continued the investigations
sing the most inert material, gold.

.2.2. Effect of pressure - and temperature variations
In view of the discussion above on possible side reactions, we

nvestigated the pressure and temperature variations of the See-
eck coefficient of the cell LNC-MgO. The pressure variation is
hown in Figs. 6 and 7.

As shown in Section 2.4, Eqs. (33) and (34), the slope of the
eebeck coefficient versus ln pj/p0 is fixed, for a given electrode
eaction. The electrode reaction (Eq. (1)) gives the theoretical slopes
.043 and 0.021 mV  K−1 for a varying partial pressure of carbon
ioxide or oxygen gas, respectively. The experimentally deter-
ined values of 0.048 ± 0.004 mV  K−1 and 0.0134±0.005 (see Figs. 6

nd 7) confirm the electrode reaction within the uncertainties of the

xperiment. This enables us to use Eq. (31) to predict the Seebeck
oefficient with respect to variations in the partial pressures of car-
on dioxide and oxygen (see below). Lower gas partial pressures

ig. 7. The Seebeck coefficient as a function of the partial pressure of oxygen pO2 for
he  cell LNC-MgO. The electrodes were Au(s), the average temperature was 550 ◦C
nd the pCO2 = 0.073 bar. The equation is the linear regression, shown by the dot-
ed  line, and the uncertainty is the double standard deviation from the regression
nalysis.
cta 182 (2015) 342–350

gives an increase in the absolute value of the Seebeck coefficient
(makes it more negative).

The temperature variation of the Seebeck coefficient, as deter-
mined from a plot of the Seebeck coefficient versus the logarithm
of the temperature, see Eq. (32), gave a negative slope of −0.60
±0.07 mV  K−1. When we raise the cell average temperature from
550 to 850 ◦C, we increase the absolute value of the Seebeck coef-
ficient by 0.2 mV  K−1.

4.3. The transported entropy of the carbonate ion

Table 3 shows the data collected for the Seebeck coefficient
and the calculated transported entropy of the carbonate ion for
all cells investigated. For the sake of comparison with cell LC-MgO,
reported previously [1], we  show the results for the cell average
temperature 750 ◦C. We  calculated the transported entropy of the
carbonate ion from Eq. (31). Standard entropies of the gases were
271 and 244 J K−1 mol−1 (750 ◦C, HSC Chemistry) for CO2 and O2,
respectively, and the transported entropy of the electron in the gold
conductor was 0.4 J K−1 mol−1 [25].

The Seebeck coefficient increases significantly in absolute value
by adding sodium or potassium to the lithium carbonate. This is due
to a reduction in the transported entropy of the carbonate ion, see
values given in Table 3. Jacobsen and Broers [12] reported Seebeck
coefficients of −1.14 to −1.20 mV  K−1 for dispersions of binary and
ternary equimolar mixtures of alkali carbonates with magnesium
oxide. Their values compare well to our results. However, they con-
cluded, from variations in their measured values, that the Seebeck
coefficient was independent of the melt composition investigated,
while we  find that there is a dependency (see Table 3). Here, the
cell LNC-MgO gave the largest Seebeck coefficient. The cell LKC-
MgO  was  here not an equimolar mixture, which may  explain the
deviation from the results of Jacobsen and Broers. Also their experi-
mental procedure differed from this study: they collected only one
set of temperature data and potential data at each temperature
and decomposed the data with a multiple regression analysis. We
determined the Seebeck coefficient from plots of the emf  �� versus
the temperature difference, at constant average cell temperature.
They reported values for the temperature range (530-880 ◦C), while
we report for a given average temperature and find that there is a
temperature variation. More experiments, together with a funda-
mental theoretical understanding of the transported entropy, are
required to elucidate on the effect of melt composition.

Our previous study [1] showed that adding a solid inorganic
phase to the pure lithium carbonate significantly reduced the value
of S∗

CO2−
3

. We  concluded that this was due to a reduction in the

entropy of the lithium carbonate (SLi2CO3
), caused by the presence

of the solid particles in the dispersion. In this study, we see that
introduction of larger cations to the system further decreases the
value of S∗

CO2−
3

. Below, we  discuss two factors that can affect the

value of the transported entropy.
For the binary mixtures, the molar entropy of the component

in the mixture and the heat of transfer limit the values of the
transported entropies (see the relations given in Eq. 28). The molar
entropy of a component is generally larger in a mixture compared to
the pure component value. Using the ideal mixture approximation,
Sj = S0

j
− R ln xj with SLi2CO3

= 309 J K−1 mol−1 and mole fractions
given in Table 1, we estimated the entropy of lithium carbonate
in the two  binary mixtures to raise 4 or 5 J K−1 mol−1 above the
pure-component value. This trend is opposite to that of the trans-

ported entropy of carbonate ion. Above, we  concluded that the
term containing the heat of transfer in Eq. (26),

(
t2
x2

− t1
x1

)
q∗
T , is

small. This could well be because difference in the transference
coefficient of the two salts is small,

(
t2
x2

− t1
x1

)
, not necessarily q*.
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Table 4
Measured Seebeck coefficients for three cells, electrical and thermal conductivities
for  the alkali carbonates are from [36,37].

cell T ˛S � � ZT
◦C mV K−1 ohm−1 cm−1 W m−1 K−1

LC 750 −0.88 ± 0.06 4.24 1 0.34
*

X. Kang et al. / Electrochi

f so, the term involving the heat of transfer in Eq. (28) could be
esponsible for the lowering of the sum of the transported entropies
f the two ions (the left-hand side of the relations in Eq. (28)).
hen, the heat of transfer is positive and cause the transported
ntropy of the carbonate ion to be lower in the binary mixture
han in the pure lithium carbonate. The relations in Eq. (28) limit
he values of the transported entropies of the ions in the mix-
ure, but what determines the distribution between the cations and
he anions? The local structure in the melt may  affect the answer,
ith enthalpic as well as entropic effects. Introduction of larger

ations affects the melt structure. Studies have shown [27,28] that
he addition of sodium or potassium to the pure lithium carbonate
ntroduces changes in the short-range structure of the melt. Tissen
t. al [27] found from molecular dynamics simulations, that intro-
uction of sodium or potassium in the lithium carbonate increased
he distance between carbonate ions in the melt [27]. Moreover, the
ssociation Li+-CO2−

3 was tightened while the association M+-CO2−
3

as loosened compared to the pure carbonates. Clearly, more the-
retical and experimental efforts, are both needed to understand
he nature of the transported entropy.

.4. Practical perspectives

We  have seen above that cells with alkali carbonates and gas
lectrodes gives Seebeck coefficients in the order of −1 mV K−1. Fur-
hermore, we  have found that the value of the coefficient depends
n melt composition, temperature and composition of the elec-
rode gas. The addition of either sodium or potassium carbonate,
ogether with an inorganic powder, to the molten lithium carbon-
te enhances the Seebeck coefficient. To generate a large potential,

 large temperature difference between the electrodes are required.
y using mixtures as electrolytes, we open up for this possibility,
s they have lower melting points compared to the pure compo-
ents and thus allows a larger range of operating temperatures.

 temperature difference of 200 degrees across a single cell, will
herefore represent 0.2 V.

The cell LMC-MgO can not only utilize waste heat, but also off-
ases containing carbon dioxide and oxygen. We  have found that a
owering of the gas partial pressures of carbon dioxide and oxygen,
ncreases the Seebeck coefficient. The off-gas from a silicon furnace
ontains CO2, O2, N2, H2O and various other components. By using
he off-gas, containing 1.5 % CO2 and 20 % O2, as electrode gas on
he two sides, we estimate from Eq. (31) with the ideal gas relation
nd data in Table 3, that the Seebeck coefficient for cell LNC-MgO
t 750 ◦C rises to −1.4 mV  K−1. The contribution to the single cell
hermoelectric potential becomes 0.30 V for a �T  of 200.

The off-gas from the silicon furnace, at a different composition
han air, has an additional potential for power production. Con-
ider using a concentration cell in series with the thermoelectric
ell LMC-MgO at the lower temperature of the cell. The additional
otential can be calculated from the expression for a concentration
ell

�conc = −RT

F
ln

p1/2
CO2,ap1/4

O2,a

p1/2
CO2,cp1/4

O2,c

(35)

To use furnace off-gas as anode gas (a) and air as cathode gas
c) at 550 ◦C, enhances the cell potential by 0.14 V using the same

aterials and utilizing the chemical exergy of the off-gas. For the
hermoelectric and the concentration cell in series, this gives an
rder of magnitude of 0.5 V when �T  = 200 K. We  propose therefore

 system for thermoelectric energy conversion that also can benefit

rom off-gases containing CO2.

Much work remains before such an idea can be realized. The
otential for work delivery is only one of many considerations. The

nternal power losses and materials properties and costs are also
LC-MgO 750 −1.04 ± 0.02 3.4 7.8 0.05
LNC-MgO 750 −1.25 ± 0.02 2.2* 7.8 0.05

* 80 % of the value for the molten alkali carbonate with no added solid

essential [29]. A first evaluation of the performance of a thermoelec-
tric cell is often done by calculating the figure of merit, where the
electrical, �, and thermal, �, conductivity at zero current also enters
[30], see however [6] for electrochemical cells. The dimensionless
figure of merit is:

ZT = ˛2
S�

�
T (36)

A high ZT means that a high conversion from thermal to electric
energy is likely. In order to estimate ZT,  we used the electrolyte val-
ues for the thermal and electric conductivity, since we believe that
the electrolyte values dominate the values for the whole device. The
cell LC has �LC = 1 W m−1 K−1 [31] while cells LC-MgO and LNC-MgO
has �effective = 0.60�LC + 0.40�MgO, where �MgO was 18 W m−1 K−1

(at 400 ◦C) [32], and 0.60 and 0.40 was  the volume fraction of the
liquid and the MgO, respectively. The electrical conductivities of the
dispersions were set as 80 % of the values of the alkali carbonates
(this was estimated from [13]). Values for ZT is shown in Table 4.

Without having done any optimisation, it is encouraging to
observe that the LC cell obtains a value of 0.34. This can be compared
with various solid state thermoelectric materials [33]. For materi-
als suitable for a hot side temperature of 800 ◦C, they reported that
a lead telluride compound gave ZT = 1.45 at 425 ◦C. Culp reported
ZT = 0.8 at 800 ◦C for n-type Sb-doped MNiSn (M=  Ti, Zr, Hf) [34].
The addition of the inorganic powder significantly increases the
Seebeck coefficient. At the same time it seems to reduce the ZT.
More knowledge is needed on how the Seebeck coefficient varies
with the amount and type of solid phase, and also how the inor-
ganic phase affects the electrical and thermal conductivity. The
composition of the alkali carbonate mixture dictates the operating
temperature range and determines the melt conductivity [35], and
it would be interesting to also study further the Seebeck coefficient
as a function of composition.

We finally estimate the power density P/A of the thermoelectric
device in combination with the concentration cell at matched load
conditions from [7]:

P/A = 1
4

(˛s�T  + ��conc)2

rl
(37)

Using cell LNC-MgO as example, we use the Seebeck coeffi-
cient and electrical resistivity (r = �−1) as given in Table 4. Again
we assume that the electrolyte gives the largest contribution to
the resistance. With an electrolyte thickness (l) of 5 mm,  and
�T  = 100 K, we obtain a power density of 0.8 kW m−2. Assuming
that losses during operation can halve this value, one should expect
a power density with an order of magnitude of 0.5 kW m−2.

5. Conclusions

We have reported theoretical and experimental results for a sys-
tem which can be interesting for thermoelectric energy conversion.
The system is described with non-equilibrium thermodynamics.

Seebeck coefficients up to -1.4 mV  K−1 can be realized with molten
carbonate mixtures as electrolytes and electrode gas composition
like that of the off-gases from the silicon furnace. A single ther-
moelectric converter, operating with a difference of 200 K, yields
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.30 V. By adding a concentration cell operating on off-gases and
ir, an additional 0.14 V can be added to the cell emf. This idea
ight be relevant for commercial exploitation as a wide range of

ndustrial processes have off-gases of composition different from
ir, containing carbon dioxide and oxygen. A figure of merit near 0.3
nd a power density near 0.5 kW m−2 seem within reach already.
uch work remains to be done to optimize these factors.
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