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Abstract: In this study, the transported entropy of ions for 8YSZ and 10Sc1CeSZ electrolytes was ex-
perimentally determined to enable precise modeling of heat transport in solid oxide cells (SOCs). The
Peltier coefficient, crucial for thermal management, was directly calculated, highlighting reversible
heat transport effects in the cell. While data for 8YSZ are available in the literature, providing a
basis for comparison, the results for 10Sc1CeSZ show slightly smaller Seebeck coefficients but higher
transported ion entropies. Specifically, at 700 °C and an oxygen partial pressure of po, = 0.21bar,
values of 562, =52+ 10]/K-F for 10Sc1CeSZ and ng, = 48 £ 9 ]J/K-F for 8YSZ were obtained. The
transported entropy was also validated through theoretical calculations and showed minimal devi-
ations when comparing different cell operation modes (O | | 02~ 110y and Hy, H,O 102~ 1 10Oy).
The influence of the transported entropy of the ions on the total heat generation and the partial heat
generation at the electrodes is shown. The temperature has the greatest influence on heat generation,
whereby the ion entropy also plays a role. Finally, the Peltier coefficients of 8YSZ for all homogeneous
phases agree with the literature values.

Keywords: solid oxide cell (SOC); non-equilibrium thermodynamics (NET); Seebeck coefficient;
Peltier coefficient; transported entropy of ions; electrodes heat generation; reversible heat effects

1. Introduction

For cell development and for the optimisation of operating strategies in solid oxide
cells (SOCs), a reliable understanding of the heat, mass and charge transport mechanisms
is of great importance. In particular, the performance and lifetime of SOCs are influenced
by the temperature distribution. Uncontrolled temperature changes can lead to local
overheating or undercooling and thus to high-temperature gradients within a cell. A
comprehensive literature review on thermal management in SOFC stacks shows that
excessive temperature gradients can lead to delamination and cracks in the electrolyte and
electrodes [1]. For this reason, it is necessary to recognise not only the amount of total heat
in the cell but also the local generation and/or local absorption of heat in all parts of the
cell. A systematic establishment of heat balance equations and assessment of transport
mechanisms can provide information.

The heat is divided into two types. On the one hand, irreversible heat is caused
by dissipated energy (ohmic resistances and overvoltages at the electrodes among other
sources). On the other hand, reversible heat is due to the reaction entropies at the electrodes.
The electrochemical reaction at the three-phase interface leads to a Peltier effect, in which
Peltier heat is reversibly released or absorbed at each electrode. Using the non-equilibrium
thermodynamics (NET) approach, the influence of the Peltier heat can be clearly determined.
According to NET, the following equation applies to the heat transport of a homogeneous
phase i [2]:

dr 7

Jo= A g T F M
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where Al is the thermal conductivity, 7t is the Peltier coefficient of the homogen phase i and
j is the current density. According to the monocausal approach, the first part of the right-
hand side of the equation describes the heat transport induced by a temperature gradient
(Fourier heat). The second part of the right-hand side of the equation describes the Peltier
heat induced by a charge transport. The importance of the Peltier effect is emphasised by
means of a 1D SOFC model with an 8YSZ electrolyte that a heat flux flows in the direction
of the temperature maximum near the cathode reaction layer [3]. In comparison, another
investigation using a 2D SOEC model with an 8YSZ electrolyte shows that the Peltier effect
is more extensive and more pronounced in SOEC operation than in SOFC operation [4].
In both studies, the data for the Peltier coefficients for the homogeneous phases are taken
from the literature. Precise knowledge of the Peltier coefficients is essential for a realistic
representation of heat transport and thus successful heat management. Compared to the
homogeneous phase of the electrolyte, however, the Peltier coefficients for the homogeneous
phases of the anode and cathode can be calculated simply.

Peltier coefficients are not directly measurable variables. However, they can be deter-
mined via the direct measurement of Seebeck coefficients. If an electrical charge transport
occurs due to an imposed temperature gradient, this effect is referred to as the thermo-
electric effect or the Seebeck effect. The type of non-isothermal electrochemical cells are
referred to as thermocells. A direct relationship between the Peltier coefficient 7t and the
Seebeck coefficient ag can be established via Onsager’s reciprocity relationship [2]:

d4>>
s = ( - @
dT j—0,dT—0 E-T

The measuring method is based on recording the change in cell potential in an open circuit
when a temperature gradient is applied. An electrochemical cell with identical electrodes
is considered, in each of which the back-and-forth reaction of an electrochemical reaction
takes place.

The determination of Seebeck coefficients of electrochemical converters is common
in the literature. Investigations into the Seebeck coefficient are carried out primarily
in the field of thermoelectric power generators. Thermogalvanic cells can be used to
generate electricity directly from waste heat. In the works [5-9], examples of possible
electrochemical converters that can be used for such an objective are considered. Also, with
the aim of achieving optimum thermal management, reversible thermal effects for relevant
electrodes of different compositions and lithiation levels with different electrolytes are
being investigated in the field of lithium-ion batteries. A comprehensive overview can be
found in the publication by Gunnarshaug et al. [10]. Supported by previous investigations,
the significance of the Peltier heat of a single electrode with regard to the entire cell is
also clarified there. With the same aim, the works [11-17] investigate the reversible heat
effects of other electrochemical half-cell reactions that are used in fuel cell and electrolysis
technology and classified in the literature.

There are several studies in the literature on experimental work on oxygen-concentration
cells with solid oxide electrolytes in the high-temperature range. Kiukkola and Wagner [18]
showed by electromotive force (EMF) measurements that ZrO,-CaO electrolytes exhibit
stable ionic conduction at a temperature of 870 °C over a wide range of atmospheric oxygen
partial pressures (107> to 1 atm), with electronic conduction contributions being minimal.
Further studies were then carried out on the ionic and electronic conductivity of solid oxide
electrolytes in other oxygen partial pressure and temperature ranges [19-24]. By adjusting
the Hy /H>O and CO/CO, mixtures, the oxygen activity could be precisely regulated, thus
ensuring a reducing atmosphere. Park et al. [25] established empirical correlations for the
conductivity of ions, electrons and holes for 8YSZ as a function of temperature and oxygen
partial pressure. The ionic conductivity of oxide ceramics is strongly dependent on the
temperature, the doping and the dopant. For example, Kosacki et al. [26] show that ionic
conduction for ScSZ predominates more in other oxygen partial pressure ranges than it
does for 8YSZ.



Entropy 2024, 26, 872

30f20

Fundamental theoretical insights into the behavior of the thermocells and important
phenomenological equations for describing their properties are provided by the work
of Holtan et al. [27]. With the knowledge gained from the studies on the stability of
oxide ceramics over wide temperature and oxygen partial pressure ranges, numerous
investigations were undertaken with regard to the thermopower of oxide ceramics with
the aim of obtaining more precise information on the mobility of the oxygen ion and its
dependencies. Table 1 summarises some values for the Seebeck coefficients of YSZ and
5cSZ [28]. Further studies with CSZ can be found, for example, in [24,29-31]. The results
show that the Seebeck coefficient is clearly dependent on the oxygen partial pressure of the
surrounding atmosphere and the concentration of oxygen vacancies in the mixed oxide.
Furthermore, there is no clear dependence on temperature [32]. The NET approach makes
it possible to calculate the transported ion entropy and the heat of transfer coupled to it;
s0, it can be concluded from this information that the transport of the ions does not take
place via interstitial sites but via vacancies. From this, it was possible to show that the
transported ion entropy is independent of the oxygen partial pressure. Ratkje et al. describe
the temperature dependence via the Thomson coefficient of the ion [33].

Table 1. Seebeck coefficients for Y,03 and Sc,O3 ceramics from the literature.

T [K] Dopant mol% Po, [bar] —uag [mV/K] Reference
960-1310 Y,03 9 —ag = 0.46 +0.0219 - In(159/ (po, - 750)) [29]
1448 Y,03 10 0.21 0.47 from [28]
20 0.44
40 0.42
1873 Y,03 4.5 1 0.503 from [28]
5.8 0.498
6.8 0.486
7.6 0.485
8.4 0.471
1273 Y,03 8 0.21 0.303 [34]
1186 Y>03 8 0.21 0.46 [35]
1273 Y>03 8 0.21 0.423 [36]
1186 Y>03 8 0.21 0.43 [32]
1 0.46
1273 Y>03 3 0.21 0.498 [33]
5 0.487
8 0.495
12 0.478
1273 Y,03 2 0.21 0.533 [28]
8 0.486
18 0.405
1273 Scy03 12.5 1 0.4 [28]
1873 Sc,03 4.4 1 0.468 [28]
6.9 0.467
8 0.461
8.7 0.46

In the work of Takekara et al. [34] and Kanamura et al. [36], the measurement of
the Seebeck coefficient of 8YSZ is used for the entropy changes and the associated heat
generation of the individual electrodes. Using measurements and empirical correlations,
they show how the entropy change in the half-cell reactions behaves as a function of the
partial pressure of the hydrogen and oxygen in order to ensure optimisation of the energy
efficiency in solid oxide fuel cells through targeted control of this entropy change. The work
of Ratkje et al. [33] shows slightly different results, which determines a greater asymmetry
in the heat production of the half-cell reactions. The discrepancy is explained by the value
of the transported ion entropy, which can have a major influence on the amount of heat
produced by the individual electrodes and can even determine whether the anode-side
half-cell reaction is exothermic or endothermic. Based on these results, Fischer et al. [37]
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use a spatially discretised stationary model of a tubular SOFC to show how relevant the
influence of the separate consideration of the half-cell reactions is on the heat distribution.
This illustrates the significance of the transported ion entropy and how important it is to
know this material-specific value.

10Sc1CeSZ is considered a promising electrolyte material for SOCs due to its stable
cubic phase and high ionic conductivity [38,39]. Studies on the entropy change in the
half-cell reactions, the transported ion entropy and the resulting information on the Peltier
coefficient are not yet known. Therefore, the results of this work should close these data
gaps. These data are determined from Seebeck coefficient measurements as a function of
temperature, oxygen and hydrogen partial pressures. In addition, the anode-side Peltier
heat is determined from the cathode-side Seebeck coefficient and the entropy change in the
entire cell. The measurements are first carried out with an 8YSZ electrolyte to validate the
procedure by comparing the results with the literature. Subsequently, the measurements are
repeated with a 105C1CeSZ electrolyte and compared with the previously obtained data.

2. Materials and Methods
2.1. Theory

The following O, concentration cell is analysed:
PH(T®)[0; (2, T5)| 02|02 (5, T5°) [PH(T™), )
with the anode-side electrochemical reaction equation:
1/20% - 1/40,(g) + e~ (4)

and its back reaction at the cathode. The system is divided into five subsystems (I-V);
see Figure 1. The EMF is measured between the Pt wires (I and II) at the hot ambient
temperature Ty in an open circuit. The temperatures at the contact points between the Pt
wire and the cell housing correspond to the ambient temperature (I, = T. = Tp). The
temperature of the anode (IV) is kept constant at T; 5, while the temperature of the cathode
(V) Ts ¢ is changed so that a temperature difference AT = Ts . — Ts 2 > 0 is set between the
electrodes. The temperature difference AT leads to an electrical potential A¢, which is made
up of the individual partial potentials. For small AT and j — 0, the potential difference
A¢ is proportional to the temperature difference AT, with the resulting proportionality
constant being the Seebeck coefficient according to [40]:

ag = <d47> _ DNap+Acp | Dep | Daep+ Aecp
dT ) o 410 dT dT dT

. ®)

with A;¢ as the potential difference in the homogeneous phase i (a: anode, c: cathode, e:
electrolyte). Two indices are used to describe transport variables over the surface (s). The
first subscript indicates the phase under consideration and the second subscript denotes
the nearest phase. For example, A, ¢ is the difference in potential between the electrolyte
(e) and the anode (a). The negative sign in the relationship between the Seebeck coefficient
«g and the Peltier coefficient 7t in Equation (2) results from the definition of Peltier heat.
According to this definition, the reversible Peltier heat is absorbed at the anode when one
Faraday positive charge is transported from the anode to the cathode. This also results in a
positive definition of the electric current [40,41]. The transported entropy S* of the charge
carriers follows from the entropic balance equation and 7w = F []f]/ j]dT:O,dy:O [42]:

w T
To establish the reversible entropy balance based on Equation (6) for the individual subsys-

tems according to this definition, the green arrows shown in Figure 1 are used.
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Figure 1. Schematic illustration of the oxygen concentration cell divided into the individual subsys-
tems (I-V).

2.1.1. Electric Leads

For the anode-side and cathode-side gas diffusion layer (GDL), oxygen is chosen as
the reference frame so that Jo, = 0. The reversible entropy balances for the transport
of electrons through the Pt wires are considered when one Faraday positive charge is
transported from the anode to the cathode [41]:

Aa¢ = *Slﬁt(Ts,a - TO)/ (7)
Ac¢ = _Slﬁt(TO - Ts,c)/ (8)

SO A n A
P LB (). ©)

With S, as the transported entropy of the electrons in Pt, which can be determined from
the data of Moore et al. [43]. T is the mean temperature of the both electrodes.

2.1.2. Surfaces of the Electrodes

The Gibbs “Dividing Surface” approach is used to describe thermodynamic properties
of surfaces between two homogeneous phases. The excess quantities introduced there serve
to quantify the distribution and quantity of the respective property in comparison to the
homogeneous phases. The approach, which was originally set up for a global equilibrium of
the system, can be applied to the NET by taking into account time-dependent changes and
defining a local equilibrium within a small volume element. For the complete anode-side,
the excess entropy production rate ¢%? is described according to this approach [40] by:

, 1 Tsa—Tae 1 Tea_Tsa
o> = g’e <_ Tae Tsa ) + ]Cei/a (_ Tea Ts,a) LEEE
Mo, MO, I 1
"\ Tsa  Tea 7= Tsa

In contrast to the fluxes, the excess entropy production rate is independent of the reference
frame. According to [44], the surface reference frame in which the surface is at rest is
therefore selected for the fluxes. The description of the indices can be taken from Figure 1.
The first two terms of the equation represent the contributions to the heat flow. This is
followed by the term for the chemical potential of the oxygen, which describes the outgoing
mass flow. This is followed by the contribution of the electrical work of the surface. The
last part of the equation represents the term for the reaction rate. Equation (10) can be
simplified by the following assumptions, cf. [40]:

. (10)
((Pe,a _ (Pa,e)] 45 <_ T AnGS’a> .

..._|_]82
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*  constant temperatures due to the surfaces: T%¢ = T = T%2

e chemical equilibrium for the absorbed oxygen: ug (T%%) = pg’ (T*?) = pp, (T*?)

e  constant current: r>* = —j/F.

If the same assumptions are also made for the surface on the cathode side, the electrical

potential differences in the surfaces in the reversible case follow:

1/1
Daep = — AnG>*/F = " F (474%2(]@,:1)), (1
S,C 1 1 s,C S,C
Bech = =BG /F = — (=21 (T59) ). (12)
The relationship (épo,/0T)p = —So, results:
A +A 1/1
Baef + Bech T ech _ -5 <4502(T)). (13)

The molar entropy Sy, of component k at temperature T is calculated by the entropic
equation of state of ideal gases with the approach according to Kabelac et al. [45] for the
molar isobaric heat capacities.

2.1.3. Electrolyte

As in [3], the positive ion lattice is chosen as the homogeneous phase in the electrolyte
as a reference frame so that tp- = 1 applies to the transport number of ions. When a
positive charge of a Faraday passes from the anode to the cathode, the reversible entropy
balance follows [41]:
Ae¢ _ _E _ 1 *
dT ~— Tsa  270%
S&e- is the transported entropy of the ions. As already mentioned in the introduction, there
are some studies on the transported entropy of the ions, which result in a determined value

range of S, = 42 — 72]/KF according to [33].

(T52). (14)

2.1.4. Summary of the O, Concentration Cell

From the consideration of the individual subsystems, the Seebeck coefficient of the
oxygen concentration cell can be calculated according to Equation (5). Thus, the Seebeck
coefficient of the oxygen concentration cell results in:

dgb) 1( 1 N 1_.,
x50, = ( =—|—=S0, +Spt + 55 |, (15)
2 dT j—0,dT—0 F 4 ‘ 2 ©

from which the transported entropy of the ions S, can be calculated by direct measure-
ment of the Seebeck coefficient (as Sp, and Sp, are known). Equation (14) can then be
used to determine the Peltier coefficient of the electrolyte 7re. The Peltier coefficient for the
oxygen reaction then follows from the relationship from Equation (6), cf. [3]:

TTe
Ts.c

1 *
= — 50, + Spr: (16)

2.1.5. Extension to H, /H,O — O, Cell

To determine the Peltier coefficient for the hydrogen reaction, a Hy /H>O concentration
cell is now considered according to the following equation:

Pt(TS,a) |H2 (ps,a, Ts,a), HZO (ps,a’ Ts,a) ’ ’02— ‘ ‘HZ (pS,C, TS'C), HZO (ps,a, Ts,a) ‘Pt(TS'C) (17)
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with the anode-side electrochemical reaction equation:
1/2H; +1/20°” — e~ +1/2H,0 (18)

and its back reaction at the cathode. Analogous to the O, concentration cell, the same pro-
cedure can also be applied to the H, /H,O concentration cell so that the Seebeck coefficient

as H, applies:

1 1 1 1
). 0 470 = F(—ZSHZO“‘ZSHZ“‘Sth“‘Zng), (19)
1—U, —

d
XS H, = (d;ﬁ*
so that the Peltier coefficient of the hydrogen reaction results according to [3]:

Ur
Tsa

1 1 .
= _ESHZO + ESH2 + SPt‘ (20)

From the divided consideration of the individual half-cell reactions, the entropy change
AS or reaction entropy of the Hy /Hp,O — O, reaction for the isothermal case [41] follows
by combination:

F(dc/)oZ) _F<d¢H2) _ F(d¢tot> _ %SHZO oo Ls=as, @

dT dT dT 4 2

while ag 0, = (d¢o,/dT) corresponds to the Seebeck coefficient in Equation (15). If the
potential difference in the case of the oxygen concentration cell ag o, = (d¢o,/dT) and the
potential difference in the Hy /HyO — O, cell ag yor = (d47tot / dT) are measured, the Seebeck
coefficient ag 15, = (dng2 / dT) of an Hp /H,O concentration cell can be calculated according
to Equation (21). A plausibility check of the measured Seebeck coefficient d¢iot/dT can be
performed from the calculation of the total reaction entropy AS. In addition, the transported
entropy of the ions can then be calculated using Equation (19) to determine the transported
entropy of the ions and compare it with the calculated values from Equation (15), which
must be identical.

2.2. Experiments
Test Environment

The Seebeck coefficients according to Equations (15) and (21) are measured using two
different test environments; see Figure 2.

¥

(3]
(+ (2] » TE1 N
i == — | - ]
= TE2
b ler v 4
Vo,~, Vo, Vo, Vo,
H,, H,0, N, H,, H,0, N,

Figure 2. Measuring chamber: (1) sample, (2) inconel block with channels, (3) housing, (4) Pt mesh,
(5) ceramic plate with channels and heater, (6) Pt wires.
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For this purpose, an SOFC/SOEC test bench (Evaluator C1000-HT ) from HORIBA
FuelCon (Magdeburg-Barleben, Germany) is available, which is suitable for analysing
individual components. For the realisation of the oxygen concentration cell, only oxygen
(O7) and nitrogen (N;) are available as gases for both electrodes, whereby different partial
pressures of the oxygen can be set. In contrast, in the Hy /H;O — O, cell, hydrogen (H»),
water (H,O) and nitrogen (N3) are supplied to the anode-side electrode. The volume flows
of the gases can be precisely controlled in the range from 0 to 0.5 NI/min using mass
flow controllers. The test specimens (1) are 8YSZ and 10Sc1CeSZ oxide ceramic specimens
with the dimensions 40 x 40 x 10 mm from CerPoTech (Heimdal, Norway). The surfaces
of both test specimens are coated with a uniform 300 um thick Pt coating by sputtering,
which makes them electrochemically active. Pt nets (4) lie on these surfaces, which are in
contact with Pt wires (6), via which the potential difference is measured. The Solartron
ModuLab XM ECS electrochemical test system from AMETEK SI (Meerbusch, Germany) is
available for this purpose. The ceramic base (5) contains flow channels for the cathode-side
gases. A NiCr heating wire (Nikrothal® 80) from Kanthal GmbH (Morfelden-Walldorf,
Germany), which is controlled by an external voltage source, is placed inside these channels.
The heating wire is electrically insulated from the Pt network using a ceramic paste. The
temperature difference AT = T%¢ — T** > 0 is measured directly by connecting two type-S
thermocouples (TE1 and TE2) with opposite poles. These thermocouples are attached to the
top and bottom of the sample and are calibrated using the Pegasus 4853 high-temperature
calibrator from ISOTECH (Merseyside, England). The test environment is closed off by
an oven that is heated to a temperature of ¢,,,, = 1000 °C. The manufacturers give the
uncertainties of all measuring instruments used. The GUM [46] and DIN EN 60584-1 [47]
are used to determine the measurement uncertainty and the limiting deviation.

3. Experimental Calculation

After heating the measuring chamber (mc), the gas tightness of the set-up was de-
termined by comparing the measured open circuit voltage (OCV) and the calculated
Nernst voltage for different partial pressure ratios xo, = ln(pg2 / paoz), also xp, /H,0-0, =

In(pu,0/pH, - p%i’ ) was checked. This electrochemical leak test was carried out for measur-
ing chamber temperatures of 9, = 700 °C, 800 °C and 900 °C. To additionally check the
influence of the total volume flow rates at the electrodes, the measurements were repeated
once with Vigga1 = 0.2N1/min and Vi = 0.5N1/min. All measurements showed good
agreement with the calculated Nernst voltage. During the operation of the oxygen con-
centration cell, maximum deviations of 15% were found for high partial pressure ratios of
xo, = #2.3, which can be attributed to the limited accuracy of the mass flow control at low
oxygen volume flows. In H; /H,O — O; operation, the maximum deviations were 1.5 %.

The gas tightness was rated as sufficient, so an impairment of the Pt coatings on the
electrochemical reaction could be ruled out.

3.1. Oy Cell

Three different experiments are carried out in the operation of the oxygen cell. To
investigate the influence of temperature dependence, these experiments are repeated at
temperatures . = 700 °C, 800 °C and 900 °C. The total volume flow rates are identical
on both electrodes, ﬂztal = Vtcotal‘ As described above, the surface temperature at the
cathode T° is heated evenly by a heating wire. Temperature differences of AT =0 — 15K
are approached. The three experiments are carried out as follows:

(1) Identical oxygen composition at both electrodes, xz‘)z = xf)z =0.1,0.2,0.5,0.8,1,

(2) Variation in the anode-side oxygen composition xa02 =0.1,0.2,0.5,0.8,1 with a con-
stant cathode-side oxygen composition of x5, =1,

(38) Variation in the cathode-side oxygen composition xf)z = 0.1,0.2,0.5,0.8,1 with a

constant anode-side oxygen composition of x¢, = 1.



Entropy 2024, 26, 872

9 of 20

3.2. Hz/HzO - 02 Cell

Three different experiments are also carried out for this operation. The framework
conditions with regard to the volume flows and the temperature difference correspond to
those used in the operation of the oxygen concentration cell. The three experiments are
carried out as follows:

(4) Variation in the cathode-side composition xf)z =0.1,0.21,0.4, 1 with an anode-side
composition according to JcIa{2 + X%IZO =1 at &y, = 700 °C,

(5) Variation in the anode-side composition according to x;, + xfy o + xR, = 1 with a
cathode-side composition of xE)z = 0.21 for &y = 700°C,

(6) Variation in the measuring chamber temperature 9. = 700 °C, 800 °C, 900 °C with

. .. a . . i
2? afo(;:l;slde composition of xf, + xf; = 1 and a cathode-side composition of
0, =021

4. Results and Discussion
4.1. O, Cell
4.1.1. Seebeck Coefficient
Figure 3 shows the measured Seebeck coefficients 50, = dE/dT for an oxygen

concentration cell with identical oxygen composition at both electrodes for the temperatures
Bme = 700°C, 800 °C and 900 °C for 8YSZ and 10Sc1CeSZ.

0.8 10 3 (1): 8YSZ 0g X10 3 (1): 10Sc1CeSZ
e ‘ ‘ ‘ o 973K e ‘ ‘ ‘ e 973K
e 1073 K e 1073 K
0.7 1173 K -0.7 1173 K
E—O.G F E'O-G
—~ ~
=d =
e 0.5F g 05 i | ]
=< S 12 L + p; J
o — 8 T e —— — — o1 - — . . ] b4
24l T T"*"'*f%»f—::::%n;; 1= . s e
-0.3 -0.3
-0.2 L L L L -0.2 L L | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
xH, =5, T, = T,

Figure 3. Seebeck coefficients ag o, in the operation of an oxygen concentration cell for experiment
(1): 8YSZ and 10Sc1CeSZ.

The Seebeck coefficients of 8YSZ measured in this experiment are slightly below the
values given in the literature; see Table 1. However, since there are also large scatters
between the literature values and the measured values are also subject to some errors, the
results are assessed as plausible. The large vertical error bars result from the temperature
measurement at the temperatures under consideration. The horizontal error bars result
from the uncertainties of the mass flow controllers. This should explain that there is no true
value in the literature, but that rather all measured values can be considered valid. The
negative signs indicate that heat is generated on the anode-side surface and is reversibly
transported inside the cell from the cold surface to the hot surface.

The following applies to the dependence of the Seebeck coefficient on the oxygen

partial pressure ag o, (po, ):

&30, _ R _
<d e, /p0> = 4 = 0:0215mV/K, (22)

in which the following dependencies can be determined from the available results; see
Table 2.
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Table 2. Slope of the linear relationship between the Seebeck coefficient ag o, and the partial pressure
of oxygen po, for 8YSZ and 10Sc1CeSZ for e = 700 °C, 800 °C, 900 °C; see Figure 3.

T [K] Dopant Slope [mV/K]
973.15 Y,03 0.014 £ 0.022
973.15 Sc, O3 0.018 £ 0.017
1073.15 Y,03 0.019 £ 0.023
1073.15 Scy03 0.016 £ 0.010
1173.15 Y,03 0.018 £ 0.029
1173.15 Scy,03 0.017 £ 0.014

Figure 3 shows a slight temperature dependence of the Seebeck coefficient ag o, (T),
according to [33]:

<dlnT/To> o F< 4Cm,p,02 + Tpt + 5o ) (23)

For 8YSZ, this results in a negative slope of —0.00022 =+ 0.0003 mV /K? and for 10Sc1CeSZ
of —0.00031 & 0.00026 mV /K2. There is no explicit temperature dependence addressed in
the literature [32]. Some studies claim that a temperature dependence arises only from
the molar isobaric heat capacity of oxygen Cp, 0, and the Thomson coefficient of the
electron 75, so that these two terms cancel each other out and there is no temperature
dependence of the transported entropy of the oxygen ion results [48]. Other studies show
temperature independence of the Seebeck coefficient, neglect the Thomson coefficient of
the electron and equate the Thomson coefficient of the ion 77, with the molar isobaric
heat capacity [33]. From all considerations, as well as from the results here, a very low
temperature dependence (of ag o, or ng,) results. A comparison of the Seebeck coefficients
of the two materials shows that the relative deviation of 10Sc1CeSZ to 8YSZ at 700 °C is
about —5.5%, at 800 °C about —2.55% and at 900 °C is even 2.02%. These values show
that the Seebeck coefficient of 8YSZ is slightly higher than that of 10Sc1CeSZ at higher
temperatures, with differences decreasing with increasing temperature. This correlation
is established by the absolute measurement results. Due to the presence of large error
bars, this statement is only qualitative. The studies by Ahlgreen et al. [28] and Pizzini et
al. [31] show that the Seebeck coefficient decreases with increasing doping and increasing
vacancies. However, the differences here are too small to give a valid conclusion.

Figure 4 shows the results of experiments (2) and (3) for 8YSZ and 10Sc1CeSZ. The
fundamental differences in terms of temperature and material dependence can also be seen
in these experiments, as in the previous experiment. A clear difference to experiment (1)
can be seen in the slopes of the Seebeck coefficients, which are more pronounced in these
experiments; see Table 3.

Table 3. Slope of the linear relationship between the Seebeck coefficient g o, and the partial pressure
of oxygen pio2 for 8YSZ and 10Sc1CeSZ for ¢me = 700 °C, 800 °C, 900 °C; see Figure 4.

T [K] Dopant Slope for x5, = 1[mV/K] Slope for x5, = 1[mV/K]
973.15 Y,03 0.047 £ 0.022 —0.04 £ 0.02
973.15 Sc;03 0.035 £ 0.021 —0.036 £ 0.019
1073.15 Y,03 0.06 £ 0.029 —0.04 + 0.027
1073.15 Sc,03 0.048 £ 0.026 —0.025 £ 0.023
1173.15 Y,03 0.06 £ 0.04 —0.027 £ 0.034
1173.15 Scy03 0.034 £ 0.027 —0.024 £ 0.023
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Figure 4. Seebeck coefficients ag o, in the operation of an oxygen cell for experiments (2) and (3):
8YSZ and 10Sc1CeSZ.

As in experiment (1), it can be seen in experiment (2) that the Seebeck coefficients
increase with the In of the decreasing oxygen partial pressure. This effect is further enhanced
by the difference in composition. Equation (15) cannot be used for these experiments
because there are different oxygen partial pressures at the electrodes; see Equation (12). If
experiment (2) is reversed, the results from experiment (3) are obtained. The behavior of
the Seebeck coefficients is reversed, so they decrease with the In of the decreasing oxygen
partial pressure.

4.1.2. Transported Ion Entropy and Peltier Coefficient

The transported entropy of the oxygen ions S, and the Peltier coefficients of the
cathode 71 and the electrolyte 7t are calculated from the results of experiment (1) using
Equations (14) and (16). In contrast to the Peltier coefficient of the cathode, the mean
values ng_ and 7t are calculated due to the independence of the oxygen partial pressure.
Measurement inaccuracies are taken into account when calculating the mean values. For
reasons of clarity, the uncertainties of all individual values have been omitted. The results
are summarized in Table 4.

Due to the direct dependence of the transported entropy of the ions S, (as0,) on
the Seebeck coefficient, this shows a corresponding behavior with changes in the oxygen
partial pressure, the temperature and the material. The values determined are slightly
above the previously assumed value of ng, =42 ]J/KF at 1273 K according to [33]. This
also results in slightly higher Peltier coefficients for the electrolyte 7te (S, ). The influence
of the transported entropy of the ions is examined in more detail in the last part of the
results. If the Peltier coefficients of the two homogeneous phases are compared, it can also
be stated here that the effect is more pronounced at the cathode than in the electrolyte,
which has already been shown in the modeling results [3,4].
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Table 4. Transported entropy of the ions S¢), - and Peltier coefficient for the electrolyte 7t and cathode
7. from the results in Figure 3.

T [K] Dopant po, [bar] 55— [J/KF] 1te [J/C] 7t [J/C]
973.15 Y03 0.1 50 -0.25 —0.66
0.21 48 —0.24 —0.65
0.5 47 —0.24 —0.63
0.8 47 -0.23 —0.62
1 47 -0.23 —0.62
S&- =48+9 e = —0.24 £ 0.04
1073.15 0.1 47 —0.26 —0.74
0.21 48 -0.26 -0.73
0.5 47 —0.26 —0.71
0.8 48 —0.26 —0.70
1 45 -0.25 —0.69
Sf =47+11  7fe = —0.26 £ 0.06
117315 0.1 47 -0.28 —0.83
0.21 43 —0.26 —0.81
0.5 44 —0.26 —0.79
0.8 46 —0.27 —0.77
1 44 —0.26 —0.77
S =45+14  sfe = —0.27£0.09
973.15 Sc203 0.1 53 —0.26 —0.66
0.21 51 —0.25 —0.65
0.5 52 -0.26 —0.63
0.8 54 —0.27 —0.62
1 49 —0.24 —0.62
Sf =524+10  7fe = —0.26 £ 0.05
1073.15 0.1 51 -0.26 —0.74
0.21 49 —0.26 ~0.73
0.5 48 —0.26 —0.71
0.8 49 -0.26 —0.70
1 47 -0.25 —0.69
Sf =49+10  7fe = —0.27 £ 0.06
117315 0.1 44 -0.28 —0.83
0.21 43 -0.26 —0.81
0.5 41 —0.26 —0.79
0.8 43 —0.27 —0.77
1 40 -0.26 —0.77
Sf =42+11  7fe = —0.2540.07

4.2. Hz/HzO — Oz Cell

Figure 5 shows the measured Seebeck coefficients ag 1,y = dE/dT for an Hy /H,O — O,
cell for experiment (4). With the help of the following results, the transported entropy
of the ions S, can also be determined; these must then correspond to the values from
Table 4. Furthermore, the Peltier coefficient of the homogeneous phase on the anode side
7T, is calculated according to Equation (20).

According to Equation (21), the overall reaction is exothermic at every operating point
(as ot < 0). It can be seen that with increasing oxygen partial pressure at the cathode and
with increasing hydrogen partial pressure at the anode, the Seebeck coefficient decreases
and thus less heat is released. There is no clear difference between the materials, which
is to be expected and seems to be correct, as the same reaction entropy AS is released in
both materials. It is remarkable that the order of magnitude of the Seebeck coefficients here
is similar to that in Figure 3. At an oxygen partial pressure of po, = 0.21 bar, experiment
(1) results in a value of —0.43 £ 0.05 mV /K for 8YSZ and here with increasing hydrogen
partial pressure py, from —0.4 &= 0.3 to —0.2 £ 0.2 mV /K. From this observation, it can
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be concluded that heat production on the cathode-side surface dominates the overall
reaction. The following Figure 6 shows the measured Seebeck coefficients ag o = dE/dT
for experiment (5).
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Figure 5. Seebeck coefficients ag ¢ in the operation of a Hy /HyO — O, cell for experiment (4): 8YSZ
and 10Sc1CeSZ. The solid lines within a measurement series are used for clear visualization.
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Figure 6. Seebeck coefficients &gy in the operation of a Hy /HyO — O, cell for experiment (5): 8YSZ
and 10Sc1CeSZ. The solid lines within a measurement series are used for clear visualization.

Operating points of the same color mean that the supplied volume flow of water
Vi1,0 was kept constant and the volume flows of hydrogen and nitrogen were varied so
that Vi = const. This resulted in a constant water partial pressure pH,0 with a varry-
ing pu,/ pN, ratio. Continuous operating points typically have a constant py, / pn, ratio
with varying water partial pressure py,0. Here, too, the Seebeck coefficients decrease
with increasing hydrogen partial pressure. However, the Seebeck coefficients show devi-
ations from this behavior within a constant water partial pressure; here, pyj,0 = 0.8 and
pH,0 = 0.65. With increasing hydrogen partial pressure, slight increases can be seen in
these points, which does not correspond to theory. One possible reason for the deviation
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is the inaccurate control of the hydrogen supply quantity at these low partial pressures.
Finally, the results of experiment (6) are shown in Figure 7.
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Figure 7. Seebeck coefficients g o in the operation of a Hy /HyO — O, cell for experiment (6): 8YSZ
and 10Sc1CeSZ. The solid lines within a measurement series are used for clear visualization.

As in the operation of the oxygen concentration cell, the temperature dependence
should be determined here. There are no clear dependencies for either material. Ac-
cording to theory, the following applies to an electron F - ARS,,, (700 °C, x3,0 = xp, = 0.5,
xo, = 0.21) = 0.318 V/Kand F - ARS,,(900 °C, xp1,0 = xp, = 0.5, x0, = 0.21) = 0.324 V/K
for 8YSZ. Accordingly, the total reaction entropy ARS,, and thus also the Seebeck coefficient
increase with increasing temperature. However, this change is so small that it is not clearly
seen within the measurement inaccuracies.

4.2.1. Transported Ion Entropy and Peltier Coefficient

Table 5 summarizes the transported entropies of the ions S, , the Peltier coefficients of
the electrolyte 77 and the anode 77, from the results of Figure 5 according to Equations (19),
(20) and (14). First, the mean values for 57, and 7e were calculated at po, = const. and
then the total mean value was calculated from these individual mean values. These values
are compared with the values from Table 4 and it can be seen that the values match with
a slight inaccuracy, which corresponds to the theory. It can also be seen that the Peltier
coefficients of the homogeneous phase on the anode side are about half as large as the
Peltier coefficients on the cathode side, which illustrates the stronger manifestation of the
Peltier effect at the cathode.

Experiment (5) also shows very good agreement with the results from the oxygen
concentration cell; see Table 6. A closer look at the transported ion entropy for the two
materials shows higher values for 8YSZ than for 105¢1CeSZ in Hy /H,O — O, mode. How-
ever, based on the previously obtained results and the findings from the literature, this
behavior should be reversed. The deviations are due to the measurement in accuracies.
The same behavior can also be seen in the results of experiment (6); see Table 7. Further-
more, a clear temperature dependence of the transported ion entropy can also be seen here.
The significance of the results obtained for the operational behavior of an SOFC/SOEC is
discussed below.
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Table 5. Transported entropy of the ions S¢,  and Peltier coefficient for the electrolyte 7z and anode
ta for T = 973K from the results in Figure 5.

Dopant pH, [bar] po, [bar] S(*)Z, [J/KF] mte [J/CI 7T, [J/CI
Y505 0.2 0.21 53 —0.26 —0.28
0.35 54 —0.27 —-0.32
0.5 56 —0.28 —0.34
0.67 59 —0.29 —0.37
0.8 50 —0.25 —0.4
0.91 50 —-0.25 —0.44
Sf- =54+37  7te = —027+02
Y505 0.2 1 54 —0.27 —0.28
0.35 55 —0.27 —0.32
0.5 45 —0.22 —0.34
0.67 45 —0.22 —0.37
0.8 31 —0.16 —0.4
0.91 31 —0.16 —0.44
S =44+£39 7te = —0.22£0.2
Y,0;5 " 0.1 S&a = 6047 e = —0.3 £ 0.2
Y505 " 0.4 S8 =46+38 e = —0.23 +0.2
S&- =514£40  7te = —025+02
Table 4 S&- =48+9 7le = —02410.043
Sc,05 0.2 0.21 51 —0.26 —0.28
0.35 49 —0.25 —0.32
0.5 52 —0.26 —0.34
0.67 53 —0.26 —0.37
0.8 50 —0.25 —04
0.91 44 —0.22 —0.44
S&- =50+38 e = —0.254+0.2
Sc,03 0.2 1 53 —0.26 —0.28
0.35 51 —0.25 —0.32
0.5 54 —0.27 —0.34
0.67 55 —0.27 —0.37
0.8 52 —0.26 —0.4
0.91 48 —0.24 —0.44
Sfa- =521+36  rfe = —0.26£0.2
ScyO5 " 0.1 S = 5040 e = —0.254+0.2
ScyOs " 0.4 S8 =50 £36 e = —0.254+0.2
S&: =51+38 7te = —0.25£0.2
Table 4 S&- =524£10  7fe = —0.26 £ 0.050
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Table 6. Transported entropy of the ions S, and Peltier coefficient for the electrolyte 7. from the
results in Figure 6.

T [K] Dopant  py,0 [bar] pu, [bar] Sz‘;z, [J/KF] 7te [J/CI
97315 Y03 0.8 0.04,0.12,0.2 46 —0.23
0.65 0.07,0.21,0.35 49 —0.25
0.5 0.1,03,05 53 —0.26
0.33 0.13,0.4,0.67 56 —0.28
0.2 0.16,0.48,0.8 53 —0.26
0.09 0.18,0.55,0.91 57 —0.28
Sf =52+£40  rfe = —0.26+0.2
Table 4 S&- =48+9 7te = —0.2410.043
97315  Sc03 0.8 0.04,0.12,0.2 46 —0.23
0.65 0.07,0.21,0.35 47 —0.23
0.5 0.1,03,05 51 —0.25
0.33 0.13,0.4, 0.67 54 —0.27
0.2 0.16,0.48,0.8 55 —0.27
0.09 0.18,0.55,0.91 56 —0.28
S& =51+41 e = —0.25 4 0.2
Table 4 Sf =52£10  rfe = —0.26 £ 0.05

Table 7. Transported entropy of the ions S, and Peltier coefficient for the electrolyte 7. from the

results in Figure 7.

T [K] Dopant S&a- [/KF] te [J/CI
1073.15 Y03 5140 —0.27 +£0.2
Table 4 47 £11 —0.26 + 0.06
1173.15 48 £ 40 —0.29 0.2
Table 4 44+ 14 —0.27 4 0.09
1073.15 Sc203 47 £ 40 —0.26 £ 0.2
Table 4 49 £ 10 —0.27 £ 0.06
1173.15 39 + 39 —0.23 £0.2
Table 4 2+11 —0.25 4 0.07

4.2.2. Heat Generation of the Electrodes of an SOC

The results for the transported entropy of the ions Sz‘)z, from experiments (1), (4), (5)
and (6) can be used to calculate the heat generation of the half-cell reactions of an SOC.
Figure 8 illustrates the total heat production T - AS and the partial heat production at the
electrodes T - AS; for four different scenarios based on the results obtained.

The overall reaction in all scenarios is exothermic and consists of an exothermic
reaction at the cathode and a predominantly endothermic reaction at the anode. The
reference scenario (a) describes an operation at a temperature of T = 973.15K and a
constant oxygen partial pressure on the cathode side of po, = const. = 0.21 bar. The
transported ion entropy is 5, = 52+ 10 J/KF for 105c1CeSZ and Sf, = 48 £9]/KF
for 8YSZ. It can be seen that there are minimal differences in the partial heat production
of the individual electrodes between the two materials. In general, it can be seen that
10Sc1CeSZ produces slightly less heat at the cathode and absorbs slightly less heat at the
anode than 8YSZ.

Taking the same operating conditions, the influence of the previously assumed trans-
ported ion entropy of S',_ = 37 J/KF is also determined in addition to the reference

(O
scenario (b). As this value is significantly lower, this results in higher overall amounts of



Entropy 2024, 26, 872

17 of 20

heat that are absorbed or released at the electrodes. It can also be seen that an endothermic
anode reaction occurs at low hydrogen partial pressures. This finding is also shown by
Fischer et al. [37].

If oxygen is supplied instead of air on the cathode side, only slight differences in
the total heat production and the heat production on the cathode side are recognizable
(c). Increasing the oxygen partial pressure leads to less heat being released at the cathode,
which results in a slight reduction in total heat production.

The last scenario examined is the influence of temperature (d). An increase in temper-
ature by T = 200K leads to a significant increase in heat production in the overall reaction
and at the cathode. Although more heat is also absorbed in the anode, the exothermic part
of the cathode reaction dominates.
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Figure 8. Total heat production and the partial heat production at the electrodes for four different
scenarios: 1. Reference scenario (a). 2. Variation in the transported entropy of the ion (b). 3. Change
in oxygen patial pressure from po, = 0.21 bar to po, = 1 bar (c). 4. Change in temperature from
T =973.15 Kto T = 1173.15 K (d).

5. Conclusions

For exact modeling and calculation of the heat transport in SOCs, the transported
entropy of the ions for an 8YSZ and a 10Sc1CeSZ electrolyte was determined experimentally
in this work, from which, in turn, the Peltier coefficient could be calculated directly. The
Peltier effect leads to the transport of reversible heat in the cell. In our previous studies and
also in the literature, it has already been clearly shown that this effect must be taken into
account for successful thermal management. In contrast to 10Sc1CeSZ, some data exist for
8YSZ in the literature, so the plausibility of these results could be shown. The transported
entropy of the ions was determined by direct measurement of the Seebeck coefficient.
This was measured for a O, concentration cell, a O, — O cell and a Hy, /H,O — O, cell in
the temperature range from 700 to 900 °C. The different operating modes were used for
methodological variation but should provide and do provide consistent results.
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The results from the O, concentration cell for 8YSZ show good agreement with the
results from the literature. It was found that the measured Seebeck coefficients of 10Sc1CeSZ
are slightly smaller than those of 8YSZ. This results in a higher transported entropy of the
ions. For a temperature of 700 °C and an oxygen partial pressure of po, = 0.21 bar in a
value of 562, =52+ 10 J/KF for 10Sc1CeSZ and ng, = 48 + 9 J/KF for 8YSZ results. The
determination of the transported entropy of the ions via the operation of a H, /H,O — O,
cell has not been shown previously in the literature. The validity of the measured Seebeck
coefficients could be demonstrated with a theoretical calculation of the total reaction entropy.
The results for the transported entropy of the ions showed deviations of about 6% at 8YSZ
and —2.6% at 10Sc1CeSZ compared to the results from the O, concentration cell operation.
However, taking into account the measurement errors, these deviations were assessed as
small. The influence of the transported entropy of the ions, the oxygen partial pressure
and the temperature on the total heat generation and on the partial heat generation of the
electrodes of a Hy /HyO — Oy cell was also investigated. As expected, the temperature has
the greatest influence on the heat generation of the half-cell reactions and thus also on the
total heat generation in the cell. The transported entropy of the ions has an effect of T- S,
on the heat generation of both half-cell reactions.

Based on the successful measurement results, values for the Peltier coefficients were
determined of the homogeneous phases (anode, cathode and electrolyte) that correspond to
those in the literature. A negative sign of the coefficient was found for all phases, whereby
the coefficient for the homogeneous phase of the cathode was twice as high as that for the
anode and the electrolyte. Previous studies have already shown that the Peltier effect at the
cathode has the greatest influence on the system.
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Abbreviations

The following abbreviations are used in this manuscript:

8YSZ 8 mol% yttria stabilized zirconia

10Sc1CeSZ 10 mol% scandia and 1 mol% ceria stabilized zirconia
EMF Electromotive force

GDL Gas diffusion layer

NET Non-equilibrium thermodynamics

ocv Open circuit voltage

SOEC Solid oxide fuel cell

SOFC Solid oxide electrolyzer cell
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