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Hydrogen as an energy carrier is critical for building a zero-carbon emission
society. Solid oxide electrolysis cell (SOEC) is a feasible technology for hydrogen
production with a high efficiency. Currently, the durability of SOEC systems still
needs to be improved and technical issues need to be overcome. Reducing the
working temperature is helpful for the lifetime. A good cell design to avoid
delamination is also very important. In this study, the performance of a metal-
supported intermediate-temperature SOEC is estimated using gadolinium
doped ceria Gdp:1Cepg0,.5 (GDC) as the main electrolyte. First, a
mathematical model is setup for the metal-supported SOEC. The effects of
the porosity and tortuosity of the electrodes are analyzed. Subsequently, the
influences of the working temperature, pressure, and steam concentration are
estimated. Finally, the partial oxygen pressure inside the multi-layer electrolyte
is determined and the risk of delamination is discussed. The results indicate that
increasing the operation temperature can decrease the activation,
concentration, and ohmic overpotentials simultaneously while increasing the
pressure also can enhance the performance. Compared with the conventional
design of Ceres Power, the new design using 10Sc1CeSZ as the barrier layer can
increase the partial oxygen pressure of the GDC layer close to the cathode such
that decomposition of GDC is avoided. Meanwhile, the partial oxygen pressure
inside the multi-layer electrolyte close to the anode declines and the risk of
delamination is reduced. Hence, the new design of the SOEC is beneficial for
the durability of metal-supported SOEC.

KEYWORDS

solid oxide electrolysis cell, metal-supported, oxygen partial pressure, polarization
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1 Introduction

Carbon dioxide (CO,) emission is the main reason for global
warming and climate changing (Pfeifer et al, 2020). The
Intergovernmental Panel on Climate Change suggested that
the CO, 2050

(Intergovernmental Panel on Climate Change, 2018). The

reducing emission to zero before
employment of hydrogen energy is an important strategy
(Peng et al., 2020; Tanaka et al., 2020). It is urgent to develop
high-efficiency hydrogen production facilities (Greene et al,
2020). Solid oxide electrolysis cell (SOEC) is such a device
suitable for large-scale hydrogen production based on steam
electrolysis technology (Zheng et al., 2017). An SOEC can also be
used to electrolyze CO, or co-electrolyze CO, and H,O mixture.
Furthermore, based on Power-to-X (PtX) technology, the
products H, and CO can be used to produce liquid fuels such
as methane, and chemicals. In addition, waste heat from various
industries can be utilized by SOEC systems and the efficiency will
be increased (Biswas et al., 2020). To June 2020, 220 PtX projects
had been carried out in Europe and many of them were based on
SOEC technology (Wulf et al., 2020).

The working process of an SOEC is basically the inverse of a
solid oxide fuel cell (SOFC) (Wu et al., 2020). Thus, a similar
device can be designed (Hatagishi and Arai, 1996; lora and
Chiesa, 2009; Schiller et al, 2010; Zhang et al., 2017).
Generally, an electrolyte-supported or electrode-supported
design is adopted. Park et al. designed a Ni-YSZ (yttrium
stabilized zirconia) cathode-supported SOEC with a thin
bilayer GDC (gadolinium doped ceria)/YSZ electrolyte. A high
performance with a fuel cell power density of 3 W/cm?, and an
electrolysis current density of 4 A/cm” at 800°C was achieved
(Park et al., 2020). Most SOECs use YSZ as the electrolyte because
of its high stability. However, to achieve a high ionic
conductivity, these SOECs need to operate at a temperature
greater than 800°C (Sun et al, 2019; Schefold et al., 2020).
Such a high operation temperature is the major limitation for
the durability because the ceramic sealing must be used and the
degradation rate will increase due to the temperature variation,
particularly at high steam to hydrogen concentration in the
cathode such as over 90% (AlZahrani and Dincer, 2022).
Compared with YSZ, ScSZ has a higher oxygen ionic
conductivity under the temperature lower than 700°C, which
has been employed in several investigations. Uchida et al.
adopted the ScSZ as the electrolyte and Ni-GDC as the
cathode. The steam electrolysis device operated at 1.0 A/cm?
for 211 h at 800°C (Uchida et al., 2021). Shi et al. investigated the
CO, electrolysis performance based on an SOEC using ScSZ as
the electrolyte (Shi et al., 2013). To prevent the chemical reaction
of YSZ with the anode perovskite material such as LSCF, GDC is
often used as the barrier layer coated on the surface of YSZ. A
thin and dense barrier layer of GDC could reduce the residual
stress and increase the mechanical strength of the multi-layer
electrolyte by up to 78% (Riegraf et al, 2021). For SOFC
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applications, GDC is also often employed as the main
electrolyte that can operate at the intermediate temperature
range of 550-700°C. However, GDC is a mixed ionic
electronic conducting (MIEC) material and severe electronic
current may occur during the working process of an SOEC.
Because the electronic leakage characteristic of GDC, very few
work has been reported using GDC as the main electrolyte in
SOECs (Nechache and Hody, 2021). For ceria-based oxide, Ce**
may be reduced to Ce** and electron leakage occurs, leading to a
very low open cell voltage (OCV) (Ding et al., 2010). To stop the
internal shortage caused by electronic leakage, a barrier layer is
often coated on the surface of GDC layer. In the SOEC system
designed by Temluxame et al., a thin YSZ layer was inserted as
the barrier layer to prevent electronic leak current through the
main GDC electrolyte. When the input voltage was 1.3 V, a
current of 0.7 A/cm? was measured at 800°C (Temluxame et al.,
2021). Luo et al. employed a Ba-rich electron blocking layer and
the cell achieved an electrolysis current of 0.86 A/cm” at 1.3V
(Luo et al,, 2019). The reduction of ceria will generate chemical
expansion as well. A phase transition occurs (decomposition) if
ceria is reduced enough (Lein et al., 2006; Sunarso et al., 2008).
Accordingly, a substantial chemical expansion/contraction
appears, causing mechanical durability issues (Dejoie et al,
2020). Therefore, doped ceria is often used as the barrier layer
in SOEC:s to prevent the chemical reaction between YSZ and the
perovskite material in the anode (Nguyen et al., 2004; Min et al.,
2009; Xu, 2012; Milcarek et al., 2016; Wain-Martin et al., 2019).
Nevertheless, further investigations are required to explore the
feasibility of GDC as the electrolyte of SOEC.

Metal-supported solid oxide cells have been successfully
applied in SOFC systems, taking advantages of high reliability
and low cost. Nielsen et al. adopted a relatively thin metal-
supported SOFC (MS-SOFC) with a substrate thickness of
175um and a high cell performance was demonstrated
(Nielsen et al, 2018). Long-term operations of MS-SOFC
stacks had been demonstrated by Topsoe Fuel Cell (McKenna
et al, 2013) and Ceres Power (Leah et al., 2021). Currently, for
SOEC applications, most investigations were focused on
electrolyte-supported and electrode-supported type cells.
Similar to MS-SOFC, metal-supported SOEC (MS-SOEC) uses
a porous ferritic steel as the substrate and normally operates
under a lower temperature compared with conventional
electrolyte- or electrode-supported SOECs. MS-SOECs have
an excellent redox stability and a good thermal cycling
2019).
(Visvanichkul et al., 2021) studied the performance of a Ni-

durability (Wang et al, Visvanichkul et al.
Fe-foam supported SOEC. The cell manifested a high current
density of 0.95 A/cm® with an input voltage of 1.1V at 1073 K.

To avoid the rapid corrosion of metal substrate, MS-SOEC
must operate under a relatively low temperature such as less than
700°C. It is critical to search an appropriate electrolyte that has a
high oxygen ionic conductivity under such a low temperature.
Rare-earth doped ceria is a good candidate. For instance, Gd or
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Sm can be doped with ceria and therefore oxygen defection is
formed. The doped ceria has a high ionic conductivity in the
(Artini, 2018). GDCI10
(CepoGdp10,.5) can operate in the temperature range of

intermediate temperature range
500-700°C, whose ionic conductivity is greater than YSZ by
one order of magnitude. Furthermore, operation below 700°C
allows the metal seal and the degradation issues alleviate
significantly. 10Sc1CeSZ is another suitable electrolyte for
intermediate-temperature SOECs 2021).
Subotic et al. (2021) designed an electrolyte-supported SOEC
(NiO/10Sc1CeSZ[10Sc1CeSZ|GDC|LSCF) with an electrolyte
thickness of 200 um. Lawrence Berkeley National Laboratory
investigated the durability of an MS-SOEC. 10Sc1CeSZ was used

as the main electrolyte and a durability test with over 1,000 h was

(Tanaka et al,

performed. Nano-voids in the electrolyte and elements
contamination were not found (Shen et al., 2020).

SOECs need to operate at a high current density and severe
delamination phenomenon and associated degradation may
occur in practice (Ye and Xie, 2021). A barrier layer between
the anode and the electrolyte is helpful to prevent the chemical
reaction of YSZ or the electronic leakage of GDC. However,
investigations indicated that a very high oxygen partial pressure
might still exist and the interfacial stability of SOEC was affected
(Wang et al, 2020). Zhang et al. employed a charge carrier
transport model for a multilayer electrolyte, the oxygen chemical
potential across the electrolyte was estimated and the fracture or
void formation near the GDC/YSZ interface was predicted
(Zhang et al, 2021). Additionally, possible zirconate phase
may occur due to the GDC/YSZ interdiffusion during the
high-temperature sintering process. This low conductivity
region might cause an even higher oxygen partial pressure at
the interface (Zhang et al., 2020).

GDC has been successfully used as the main electrolyte of
MS-SOFC, as demonstrated by Ceres Power. To prevent the
electron leakage, Ceres Power adopted a thin YSZ layer as the
barrier layer. Although GDC cannot be used as the electrolyte of
SOEC solely, it is common to use GDC together with another
electrolyte to form a bilayer structure. For example, Mahmood
et al. (2015) fabricated a thin bi-layered ScSZ/GDC electrolyte
and tested the polarization curve in SOEC mode. Sumi (Sumi
et al., 2017) designed a cell using GDC as the main electrolyte
and BCY as the blocking layer for water electrolysis. However,
the possibility of using GDC as the main electrolyte in an MS-
SOEC needs to be explored further. Mogensen (Mogensen,
2020) has predicted that a three-layer cell design as
10Sc1CeSZ|GDC|10Sc1CeSZ might be suitable for reversible
solid oxide cells. However, the performance of such a design
needs to be evaluated, especially for the SOEC mode with a high
current density. Therefore, in this study, such a three-layer
electrolyte design is studied. GDC is used as the main electrolyte
and 10Sc1CeSZ is adopted as the barrier layer and coated on
both sides of the GDC layer. A mathematical model is
established for the designed intermediate-temperature MS-
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SOEC. The influences of the porosity and tortuosity of the
electrodes are analyzed at first. Then, the performance of the
MS-SOEC is estimated under various temperatures, pressures,
and steam concentrations in the cathode. Finally, the oxygen
partial pressure inside the multilayer electrolyte is determined
and compared with the conventional design using YSZ as the
barrier layer. The outcomes of this study show that the new
design can improve the oxygen partial pressure distribution
inside the electrolyte while a high
performance is maintained.

steam electrolysis

2 System modeling
2.1 SOEC cell design

The new design of the MS-SOEC is shown in Figure 1A. A
5um GDC layer is used as the main electrolyte while a 1 pm
10Sc1CeSZ layer is deposited on both sides of the GDC layer. As a
comparison, the cell structure of the MS-SOFC developed by
Ceres Power (Leah et al., 2005) is displayed in Figure 1B. MS-
SOEC has a high reliability and can endure frequent quick starts.
The ferritic substrate normally has a thickness of 100-300 um.
Small holes with a diameter of 10-30 pum are drilled by lasers to
form a porous region. The cathode layer is deposited on the
porous substrate, which is composed of Ni/GDC with a thickness
of 15 pm. The main GDC electrolyte layer is fabricated by screen
printing or tape casting. For the case of Figure 1B, the thickness is
set to 5.8 um. To prevent electron leakage, a 1 um thick YSZ layer
is deposited on the surface of GDC. Finally, a 0.2 um thin GDC
layer is deposited on YSZ layer as a barrier layer to prevent the
direct solid reaction of YSZ with the anode material (LSCF) and
the formation of low-conductivity impure phase. The anode
(LSCF/GDC) and cathode (Ni/GDC) are the same with that
of the MS-SOFC of Ceres Power.

2.2 Mathematical model

During the working process of the MS-SOEC, high-
temperature steam-hydrogen mixture is supplied to the
cathode and diffused to the triple phase boundary (TPB).
Therein, steam is electrolyzed as Eq. 1 shows. The generated
oxygen ions are transported to the anode through the dense
electrolyte layer. In the anode, Reaction (2) occurs and oxygen is
generated.

Hzo+ 2 — 027 +H2
0¥ -2 -0,

M
(@)
An electrochemical model is setup to describe the

performance of the MS-SOEC. The overall input voltage is
determined by
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Dense GDC
electrolyte

Dense thin SSZ
electrolyte

Ferritic stainless
steel substrate

Holes in active
area of substrate
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electrolyte
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Ferritic stainless
steel substrate

Holes in active
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FIGURE 1

LSCF-GDC
composite anode

Dense thin SSZ
electrolyte

Ni-GDC cermet
cathode

LSCF-GDC
composite anode

Dense thin GDC
electrolyte

Ni-GDC cermet
cathode

Two different designs of MS-SOEC: (A) 10Sc1CeSZ|GDC|10Sc1CeSZ multilayer electrolyte; (B) GDC|YSZ|GDC multilayer electrolyte.

E= EO + Nact,a + Hactc + Neona + Neone + Notm (3)

where E is the input voltage, E, is the thermodynamically
reversible voltage that the electrochemical reactions need,
Nacta @0d 77, . are the activation overpotentials of the anode
and the cathode,
concentration overpotentials, and 7, is the ohmic loss.

Neona @nd 7,  are the corresponding

The reversible voltage is predicted by the following Nernst
equation according to the temperature and pressure of the
species.

AGO RmT Pin
E, = Ly T In % (4)
2k 2F A\ P, (PS)”

where AGY; (J/mol) is the Gibbs free energy of steam electrolysis
reaction, T (K) is the operating temperature, P}gz and Pg‘z are the
initial partial pressures of the hydrogen and the oxygen,
respectively.

The activation overpotentials are the voltage losses controlled
by the kinetics of the electrochemical reactions. It is expressed by
the Butler-Volmer equation as a function of the current density.

For the anode,

eF act,a EF act,a
Ji = j2{exp<a%> —exp[ ~(1- a)%” (5)
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For the cathode,

eF act,c EF act,c
Ji= js{exp(a%) —exp[ - (- a)%” ©)

where J; (A/m?) is the operating current density, j and j¢ are
the exchange current densities of the anode and the cathode, « is
the charge transfer coefficient and normally set to 0.5, #, is the

electron number of the reaction, and 7, . are the activation

nact,a
overpotentials in a unit of V. The exchange current density of the

anode is denoted by

R, T E
-0 _ pR(0.25) m _ Laact
Ja = POz K“ 2F exP( RmT> (7)

where P8 is the interface partial pressure of oxygen, K, is the
2

pre-exponential factor of the anode, E, ., is the activation energy.

The exchange current density of the cathode is expressed as

p-phorikSlep( fm) @

where P}, ,, and P}, are the interface partial pressures of steam

and hydrogen, K. is the pre-exponential factor of the cathode,
E. 4 is the activation energy.

The concentration overpotential occurs due to the mass

transport inside the porous electrodes and cannot be
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neglected under high operating currents. The concentration
losses of the anode and the cathode are denoted by Eqs 9, 10,
respectively (Ni et al., 2007).

R 12
= M n Po, (9)
conc,a 2F Pout
O,
b Rl [P;,Zp;gzo] o)
conc,c 2F Plfgz P]P‘I .0

where 7,,,,. , and 71,,,,. . are the concentration overpotentials, P,
is the partial oxygen pressure at the interface between the anode
and the electrolyte layer, Pg" is the partial pressure of oxygen at
the interface between the anode and the interconnecting plate,
P}, and Pp , are the partial pressures at the interface between
the cathode and the electrolyte layer, P}; and Py are the initial
partial pressures of the hydrogen and the steam at the inlet of the
cathode.

The dust gas model is used to describe the mass transport
processes There are two diffusion
mechanisms inside the porous electrode: molecular diffusion

inside the electrodes.

and Knudsen diffusion. When the hole diameter is much
greater than the mean free path of the molecule, the actions
among molecules dominate the diffusion process. Otherwise, the
collision between the molecule and the hole wall is the main part
(Knudsen mechanism). For the mass transport of the electrodes,
both mechanisms are important. The effective diffusion
coefficient is expressed by (Andreassi et al., 2007; Shi et al., 2022)

1 ¢ [ L1 ] (an
Df’?f €| Dix Dy
where Df]; I is the effective diffusion coefficient of the gas, ¢ is the
electrode porosity, ¢ is the electrode tortuosity, D;; is the
Knudsen diffusion coefficient, D;; is the molecule binary
diffusion coefficient of the species i.
The Knudsen diffusion coefficient is determined by

2 [8R,,T
D,'k =r—-
’ 3 7TM1'

where 7 is the average diameter of the holes in the metal substrate,
M; (kg/kmol) is the relative molecular weight.

The binary diffusion coefficient is denoted by (Todd and
Young, 2002)

(12)

0.00143T"7°

= P—M.V.Z(V.m VY (13)
ij i j

ij

where M;; is the relative molecular weight of the mixture, V;is the
special diffusion volume of the species i.

1 1
Mi,j:2/ —+ —
M, M,

where M; and M, are the relative molecular weights of the species

(14)

i and j.
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The mass transport of the steam and the hydrogen in the
of the
electrochemical reaction. It is assumed that the mean diffusion
path is estimated by the thickness of the small holes of the
substrate and the hole pitch. The partial pressures of the

porous cathode is important for the kinetics

hydrogen and oxygen at the TPB are determined by (Kim,
1991; Virkar et al., 2000; Chan et al., 2001)

RmT(Tholepitch + Tsubstmte)

PL — Pirl + 15
H H ZFDeff,cathode ]I ( )

. RmT Tholepitch t Tsubstrate
Pl o=P - ( )h (16)

ZFDeff,cathnde

where Tjopepitch is the hole spacing of the substrate, Ty patrare is the
thickness of the metal substrate, Dy camode is the effective
diffusion coefficient of the gases in the cathode.

Similarly, the partial pressure of the oxygen in the TPB of the
anode is denoted by (Laurencin et al., 2011)

RmT] 1T anode

PR =14+ (P™ -1 S A 17
O, ( O, ) exp < 4FDeff,anodeP> ( )

where Tynode is the thickness of the anode, Dy anoqe is the
thickness of the metal substrate, P is the operating pressure of
the anode.

The ohmic overpotential considers the mass transfer of
oxygen ions and electrons inside the electrolyte and the
electrodes and is expressed by

_ Tanode
Honm = +

Oanode

Tcathode E

Ol

+ (18)

>]I + ﬂcont

Ocathode

where #,p,,, is ohmic overpotential, 7,046 Teathoder a0d T,; are the
thicknesses of the anode, the cathode and the electrolyte,
respectively, Ounodes Ocathoder and 0,; are the conductivities of
the anode, cathode and electrolyte, respectively, R, is the
overall contact resistance between the adjacent layers. The
ionic conductivities of GDC, YSZ, and 10Scl1CeSZ are
determined according to the equations in (Sahibzada et al,
1997; Leah et al., 2005).

2.3 Equivalent circuit model

Oxygen ion flow is the main part of the mass transport in the
multilayer electrolyte. However, for the MIEC material such as
GDC, the electronic transport should also be considered.
the
equilibrium potential inside the electrolyte and hence the

Equivalent circuit model can be used to model
partial pressure of the oxygen ions can be estimated (Virkar,
1991). Figure 2 shows the equivalent circuit for the designed
multilayer electrolyte. The left side is the cathode and the right
side is the anode. From the cathode to the anode, the layers of the
multilayer electrolyte are labelled with 1 through 3. Point L is the
contact site between the first layer of the electrolyte and the

frontiersin.org
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N J
i
FIGURE 2
Equivalent circuit of the multilayer electrolyte.
cathode. Point C is the contact site between the second layer and E=¢,-¢, (24)
the first layer of the electrolyte. Point D is the contact site between bo—¢, bp—b: G- ¢p
the third layer and the second layer of the electrolyte. Point R R.(1) = R.(2) = R.(3) (25)
is the contact site between the anode and the third layer of the J=TJ+], (26)
electrolyte.. . . bc—¢, —Ei(1) ¢, —¢c—Ei(2) ¢g—¢,—Ei(3)
According to Nernst-Plank equation, the oxygen chemical R(1) = R:(2) = R.(3) (27)

potential can be expressed as a function of the oxygen partial
pressures on the two sides of a single electrolyte layer.

i = Mln[poZ (L)]
4F | po,(R)

(19)

where E; is the electromotive force determined by Nernst-Planck
equation, po, (L) is the partial pressure of oxygen at the interface
between the hydrogen electrode and the electrolyte layer, po, (R)
is the partial pressure of oxygen at the interface between the
oxygen electrode and the electrolyte layer.

In fact, there are two flow paths in parallel inside the
electrolyte: the ionic transport path and the electrical path.
The ionic and electrical resistances of the kth layer can be
determined by

_1(k)

R (k) = o (h) (20)
_1(k)

R.(k) = o (0 (21)

where R;(k) and R,(k) are the ionic and electronic resistances of
the electrolyte at the kth layer in the equivalent circuit,
respectively, 7(k) is the thickness of the kth layer, o;(k) and
0,(k) are the ionic and electronic conductivities of the kth layer,
respectively. Herein, k equals to 1, 2, or 3 counted from the left to
right according to the sequence of the multilayer electrolyte
shown in Figure 2.

According to the Kirchhoff law, the following equations are
obtained.

() =7:2)=1:(3) =]
Je(1) =Je(2) = Je(3) =]

(22)
(23)
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where J; is the current density of the oxygen ion, J, is the current
density of the electron, @y is the potential at the position between
the anode and the electrolyte layer, @, is the potential at the
position between the cathode and the electrolyte layer, E is
the voltage between the positions of L and R, ®@¢ and ®p, are
the potentials at the positions of C and D, just shown as Figure 2,
J is the overall current density, Ei(k) is the oxygen chemical
potential at the kth electrolyte layer.

When the circuit is in equilibrium, the electrical current is
denoted by

E

SR 28
YR (k) 9

T

If the potential at the left side is assumed zero, the potentials
at points C and D are denoted by

_ R.(1)
Do =01 + 7Zi:1Re (k) (29)

R.(3)
Op=Dr————— 30
D R Zi:lRe (k) ( )

The oxygen chemical potentials of the three layers of the
electrolyte are expressed by

E(R. (1) + Ri(1))

E,‘ 1) = 3 - Ri 1 31
M NAC JRi (1) (31
E(R.(2) +Ri(2))
E(2)=—22""Y_ JR(2 32
2 SNAC JRi (2) (32)
E(R.(3) + Ri(3))
EQ3)=—ZF——"-JR(@3 33
3) 2R (K) JRi (3) (33)
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TABLE 1 The main parameters of the mathematical model.

Parameter

Anode thickness T,node

Cathode thickness Tcathode

Substrate thickness Toupatrate
Substrate hole spacing Tholepitch
Electrolyte thickness Tej;

Electrode porosity &

Electrode tortuosity §

Anode electrical conductivity Oanode
Cathode electrical conductivity Ocathode
YSZ ionic conductivity og;ysz

GDC ionic conductivity e Gpc
10Sc1CeSZ ionic conductivity Oe;scsz
Anode pre-exponential factor Ky
Cathode pre-exponential factor K¢
Anode activation energy E, ..
Cathode activation energy Ec .«
Contact resistance R,

Diameter of the substrate holes 7
Faraday's constant F

Universal gas constant R,,,

Boltzmann constant kg

TABLE 2 The boundary conditions of the model.

Item unit Value
Operating temperature T K 873.15
Operating pressure P MPa 0.1
Initial oxygen partial pressure Pg, MPa 0.021
Initial hydrogen partial pressure P’}f}g MPa 0.02
Initial partial pressure of steam vapor P} MPa 0.08

Finally, the oxygen partial pressures at the interfaces between
the adjacent layers inside the electrolyte are determined
according to Eq. 19.

In this study, the mathematical model of the MS-SOEC was
the MATLAB R2018a The
corresponding key parameters and boundary conditions are

implemented in software.
listed in Tables 1 and 2, respectively. The data for the oxygen
ionic conductivity are given in Table 1. The data for the electrical
conductivity of GDC are the same as Ref. (Leah et al., 2005). The
electrical conductivity of YSZ is set to one thousandth of the
corresponding oxygen ionic conductivity of this material. Similar
assumption is used for 10Sc1CeSZ. The established mathematical
model is validated based on the MS-SOFC shown in Figure 1B.
The results of the polarization curve are compared with that of
Ceres Power at 873K (Leah et al, 2005), and displayed in
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Unit Value

m 15 x 10°°

m 15 x 10°°

m 100 x 10°°

m 125 x 10°°

m 7% 10°°

% 40

- 4.5

S/m 8.4x10°

S/m 8.0x10*

S/m 3.34 x 10% exp (L x10)
S/m 2,706 x 105 (70‘64/(8.;_5173 x 10°T))
S/m 107 exp(%)
S/m? 7.0x10"
S/(mbar®®) 3.2x10"

J/mol 1.309x10°

J/mol 1.294x10°

Qm? 8.46 x 107°

um 25

C/mol 96,485

J/(mol-K) 8.314

eV/K 8.614 x 10°°

07

Figure 3A. The porosity is set to 40% and the tortuosity is
4.5. The tendency of the simulated profile is consistent with
that in (Leah et al., 2005). The relative deviations are shown in
Figure 3B. When the operating current density is less than
0.65 A/cm? the relative deviation is less than 2%. The
maximum relative deviation is 3.05% in the region with a
large current density. The precision of the built model is
acceptable and can be used for the performance estimation of
the designed MS-SOEC. Since the data of SOEC mode similar to
such a design cannot be found, the results of SOFC mode are used
to validate the established mathematical model. For the SOEC
mode, the polarization losses are assumed as the same with that
of the SOFC mode. It is assumed that the default porosity is 40%
and the tortuosity is 4.5 for the following analysis.

3 Results and discussion
3.1 Effects of porosity and tortuosity

The effects of porosity and tortuosity on the performance of
MS-SOEC are evaluated at first. These parameters will affect the
mass transports in the cathode and anode. An inappropriate
configuration will increase the concentration losses. The
operating temperature is set to 600°C and a mixture of steam
and hydrogen is supplied to the cathode with a steam mole
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concentration of 0.8. Air is input to the anode. First, Eq. 3
through (18) are used to determine the performance of the SOEC.
The effects of porosity and tortuosity are evaluated based on Egs.
(11) through (14). The results are displayed in Figures 4A,B,
respectively, when the porosities are set to 20 and 60%. The
concentration and ohmic losses increase almost linearly with the
increase of the current density. The activation loss ascends
rapidly in the small current density region and increase slowly
when the current density is large. The variation of the porosity
almost has no effect on the ohmic losses. However, as the
porosity rises, the concentration loss declines evidently. When
the current density is 0.7 A/cm’ the concentration loss is
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43.72 mV with a porosity of 20% while it is 16.85 mV when
the porosity is 60%, which is decreased by 61.46%.

The concentration losses of the electrodes are compared as
the porosity increases from 0.2 to 0.6. The results are shown in
Figure 5. Both the concentration losses decrease as the porosity
increases, especially in the regions with a large current density.
When the current density is 0.7A/cm?, the concentration losses
of the cathode and anode are decreased by 61.41 and 66.36%,
respectively, as the porosity increases from 0.2 to 0.6.
Meanwhile, the concentration overpotential of the anode is
obviously less than that of the cathode. The overpotential of the
cathode is 81-107 times greater than the anode and this
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Results of the concentration losses under various porosities: (A) overpotential of the anode; (B) overpotential of the cathode; (C) effective

diffusion coefficients of the electrodes.

proportion increases with the decrement of the current
density or the increment of the porosity. This is because of
the existence of the metal substrate on the cathode. As the
current density increases, the mass flow rates of the species
need to be increased as well. This requires a large mass
transport capacity and a large porosity is beneficial for the
improvement of the diffusion process. This is because the
probability of the collision of the molecules against the hole
walls is decreased for a larger porosity. The effective diffusion
coefficients of the electrodes are shown in Figure 5C. The
effective diffusion coefficients increase linearly as the current
density rises. When the porosity is increased from 0.2 to 0.6,
the effective diffusion coefficient of the cathode is increased
from 0.712 x 10°°m?*s to 2.137 x 107°m?/s while it is
increased from 2.460 x 10°°m?*/s to 7.381 x 107°m?*s in
the anode. The effective diffusion coefficient of the anode is
about 3.45 times of the cathode, indicating that the metal
substrate in the cathode has an obvious influence on the mass
transport.
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The effects of the tortuosity are analyzed on the same working
conditions with a porosity of 40%. Figure 6 shows the polarization
curves and the different overpotentials when the tortuosity is
2.5 and 6.5, respectively. For a fixed tortuosity, the variations of
the overpotentials versus the current density are similar with that in
Figure 4. However, the proportion of the concentration loss
increases apparently as the tortuosity rises. When the current
density is 0.7A/cm’ a concentration overpotential of 14.29 mV
is obtained for a tortuosity of 2.5 while it increases to 33.14 mV
when the tortuosity is 6.5, which is increased by 131.9%.

A comparison of the concentration losses of the cathode and the
anode is shown in Figure 7 when the tortuosity increases from 2.5
to 6.5. The concentration overpotentials of the anode and cathode
are increased gradually with the increment of the tortuosity. As
the current density rises, this augmentation tendency is more
significant. The reason is attributed to a poorer mass transport
due to a larger tortuosity. As the current density rises, the amounts of
the reactants need to be increased, the mass flow rates must be
increased accordingly, leading to a larger flow resistance. When the
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current density is 0.7A/cm? the concentration overpotentials of the
anode and the cathode are increased by 1584 and 131.7%,
respectively, as the tortuosity rises from 2.5 to 6.5. Figure 7C
shows the effective diffusion coefficients of the electrodes as a
function of the tortuosity. As the tortuosity increases, these
coefficients decrease. The effects of the tortuosity on the cathode
are more significant than that on the anode, especially when the
tortuosity is small.

3.2 Effects of operating parameters

During the working process of an SOEC, the operating temper-
ature, pressure, and the steam concentration in the cathode are three
important parameters. The influences of these parameters on the
steam electrolysis performance are analyzed in this section.

3.2.1 Operating temperature
The operation temperature has a complex impact on the
system performance according to Eqs 3-18. It will affect the

10.3389/fenrg.2022.888787

activation loss as Eqs 5-8, the concentration loss as Eqs 9 and 10,
and the ohmic loss as Eqs 15-18. The polarization curves of the
designed MS-SOEC are determined as the operating temperature
varies from 550 to 750 “C. The operating pressure is set to 1 bar
and a mixture of steam and hydrogen is supplied to the cathode
with a steam mole fraction of 0.8. The results are shown in
Figure 8A. The solid line represents the input voltages and the
dashed lines labels the input power, which are also used for the
exhibition of the other polar curves. The required input voltage
increases as the increment of the current density. The change rate
is more evident in the region with a small current density when
the operating temperature is low. The input voltage decreases
gradually as the operating temperature rises. When the current
density is 0.7 A/cm’, the input voltage and power arrive at
1.483 V and 1.038 W/cm® under the temperature of 550°C.
When the temperature increases to 650°C, the input voltage
reduces to 1.181V and the input power drops to 0.827 W/
cm?, which is decreased by 31.267%. If the temperature rises
to 750 °C further, the input voltage and power decrease to 1.019 V
and 0.714 W/cm?, respectively.
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A comparison of the overpotentials of the cell is shown in
Figures 8B,C when the operating temperatures are 550°C and
750°C. It can be seen that both the activation and ohmic losses
decrease as the operating temperature rises while the
concentration loss is enlarged slightly, especially in the region
with a large current density. When the current density is 0.7 A/
cm?, the activation overpotential is 398.8 mV and the ohmic
overpotential is 113.5mV with an operating temperature of
550°C, while the concentration overpotential is 22.17 mV.
When the temperature rises to 750°C, the activation and
ohmic overpotentials are reduced to 50.04 and 64.38 mV
whereas  the
30.29 mV. The activation and ohmic overpotentials are
decreased by 87.45 and 43.25% , respectively. However, the

concentration  overpotential increases to

concentration overpotential is increased by 36.63%. To sum
up, increasing the operating temperature can decrease the
overall overpotential losses and the system performance is

10.3389/fenrg.2022.888787

3.2.2 Operating pressure

The operating pressure of a fuel cell may oscillate during the
working process (Kulikovsky, 2021). Hence, the effects of the
operating pressure are estimated. The operating temperature is
set to 600°C and a mixture of steam and hydrogen is supplied
to the cathode with a steam mole fraction of 0.8. The operation
pressure mainly affects the activation loss shown as Eq. 4, Eqs
7 and 8 and the concentration loss as Eqs 9 and 10. The results
are shown in Figure 9. When the operating pressure increases
from 0.5 to 4 bar, the polarization curves are displayed in
Figure 9A. The input voltage declines as the pressure increases
from 0.5 to 3 bar in the region when the current density is
greater than about 20 mA/cm?® An opposite trend exhibits
when the current density is lower, where the maximum
difference occurs at the OCV point. This can be explained
according to Eq. 4. In the region with a larger current density,
the greater the current density, the larger the decrement

increased. magnitude of the input voltage as the operating pressure
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Performances of the designed MS-SOEC under various operating pressures: (A) polarization curves; (B) overpotential losses with an operating
pressure of 0.5 bar; (C) overpotential losses with an operating pressure of 4 bar.
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increases. However, further increasing the operating pressure
to 4 bar, the decrement magnitude is very limited. When the
current density is 0.7A/cm’, the required input voltages are
1.451V/0.5bar, 1.357V/lbar, 1.320V/2bar, 1.311V/3bar,
1.307V/4bar, respectively. The results of the overpotential
losses with an operating pressure of 0.5 and 4bar are
shown in Figures 9B,C. The concentration losses decrease
significantly as the pressure rises due to a higher diffusion
coefficient. Meanwhile, the activation losses are reduced as
well. This is attributed to the improvement of the kinetics of
the electrochemical reactions, especially for the hydrogen
evolution reaction in the TPB region of the cathode.

3.2.3 Steam concentration

The steam mole concentration supplied to the cathode has a
positive relation with the steam partial pressure in the TPB.
Therefore, the chemical reaction rate of the steam electrolysis will
be influenced. Eq. 4 and Eqs 8 and 10 give the detailed functions. The
results for the polarization curves when the steam mole concentration

10.3389/fenrg.2022.888787

increases from 0.2 to 0.95 are shown in Figure 10A. The input
voltage decreases gradually as the steam concentration rises.
The values of the OCV are 0.998V (pu>o = 0.4), 0.967 V
(P20 = 0.6), 0.930 V (przo = 0.8), and 0.871V (prpao =
0.95). When the current density is 0.7 A/cm?, these values
increase evidently to 1.393, 1.338, 1.308, and 1.299V,
respectively. If the steam concentration is too low such as
0.2, the supply rate of the steam is less than the consuming
rate of the electrochemical reaction, leading to an upward
warpage of the polarization curve. The overall activation and
concentration losses are displayed in Figures 10B,C. These
two losses reduce as the steam concentration rises. This is
because a larger steam concentration will enhance the mass
transport of steam through the porous cathode. Meanwhile, a
larger steam concentration will accelerate the reaction.
When the steam concentration is greater than 80%, the
input voltage decreases only slightly if further increasing
the steam concentration. To keep a high efficiency, the steam
concentration should be greater than 0.8.
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3.3 Oxygen partial pressure in the
electrolyte

The electrolyte GDC is suitable for intermediate-temperature
conditions (550-650°C). It has been successfully used in MS-
SOFC systems. However, the electronic conductivity is serious
under a reducing atmosphere due to the reduction of Ce** to
Ce’". A thin and dense barrier layer is employed to prevent the
internal electronic short circuit. For such a design with multilayer
electrolyte, a very high oxygen partial pressure may occur at the
interfaces and inside the electrolyte (Zhang et al., 2020), which
exceeds the mechanical limit of the material and causes
delamination and degradation under the operation conditions
with a high current density. The degradation of the electrolyte in
an electrochemical device is important and must be considered
seriously (Liao, 2020). Current investigations only considered the
cases with two layers of electrolyte, for example, using YSZ as the
main electrolyte and GDC as the barrier layer. It is necessary to

10.3389/fenrg.2022.888787

give an evaluation of the oxygen partial pressure for the two
designs in Figure 1 with three layers of electrolyte. In this study,
the oxygen partial pressure issue is explored based on the
equivalent circuit model.

When the operating temperature is 600°C, the oxygen partial
pressures at the interfaces between two adjacent layers inside the
designed multilayer electrolyte are determined along the
thickness direction. Herein, Case 1 represents the new design
as 10Sc1CeSZ|GDC|10Sc1CeSZ displayed in Figure 1A and Case
2 is the conventional design of Ceres Power as GDC|YSZ|GDC
displayed in Figure 1B. The multilayer electrolytes for the Cases
1 and 2 are composed of three layers shown as Figures 1, 2. With
regard to the oxygen ion transport path, each layer has an ohmic
potential decrement and an oxygen chemical potential increment
E;(k). When the current density is 0.17 and 0.7 A/cm?, the results
of these two different potentials are compared in Figure 11. The
number of x-axes labels the layer of the electrolyte. Layer one
denotes the left layer in the proximity of the cathode and Layer
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3 is the one close to the anode. When the current density is
0.17A/cm?, the results of the ionic ohmic potential are compared
between the Case 1 and Case 2 in Figure 11A. Figure 11B gives the
results of the oxygen chemical potential. Meanwhile, Figures
11C,D are the results with a current of 0.7A/cm’.

When 10Sc1CeSZ is used as Case 1 shows, the ionic
conductivity of 10Sc1CeSZ approximates to the value of GDC
according to the data in Table 1. Meanwhile, the oxygen ohmic
potential is also affected by the thickness of each layer. As a result,
the ohmic potential of the GDC layer is evidently greater than
that of 10Sc1CeSZ. When YSZ is used as the barrier layer in Case
2, because the GDC Layer one is much thicker than the other two
layers, the ohmic potential of GDC s close to the YSZ Layer 2. On
the other hand, the ohmic potential of each layer is much smaller
than the associate chemical potential by almost 2 orders of
magnitude. The oxygen chemical potentials of the 10Sc1CeSZ
and YSZ are significantly greater than that of GDC layer. This is
mainly because of the constraints of the electronic path. The
difference of the electronic conductivity of the electrolytes has a
great influence on the oxygen chemical potential distribution.
With regard to the transport path of the electrons in Figure 2, the
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potential is mainly imposed on the YSZ layer and the 10Sc1CeSZ
layers because GDC can be treated as a conductor compared with
these two materials according to the data of electrical
conductivity. Then, considering the oxygen ion transport path
in Figure 2, this potential is the sum of the oxygen ohmic
potential and the value of E;j(k). Because the E;(k) is evidently
greater than the ohmic potential shown as Figures 11A,B, the
distribution of E;(k) is almost the same as the potential in the
electron transport path. Therefore, the oxygen chemical potential
increment of GDC in these two cases are almost zero. Generally,
as the current density increases, the ohmic potential of each layer
increases apparently. The oxygen chemical potential is basically
imposed on the YSZ layer for the Case 2. This is not helpful for
the suppression of delamination. As a contrast, the overall
chemical potential is evenly distributed between the two
10Sc1CeSZ layers for Case 1. If the oxygen chemical potential
is too large, oxygen molecules may precipitate and enter into the
nano voids that exist in the electrolyte. The gas pressure in the
nano voids will continue to increase and exceed the mechanical
limit of the electrolyte, causing the delamination. The results
indicate that the new design using 10Sc1CeSZ as the barrier layer
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can alleviate the oxygen partial pressure issue of GDC
significantly and the durability can be improved accordingly.

Figure 12 shows the results of the partial oxygen pressure and
the corresponding potential at the interfaces of the multilayer
electrolyte. The x-axis is the thickness direction of the electrolyte.
The interface between the cathode and the multilayer electrolyte is
denoted by 0 (corresponding to the point L in Figure 2) and the
interface between the anode and the electrolyte is at 7 um
(corresponding to the point R in Figure 2). Points C and D are
the two interfaces inside the multilayer electrolyte of Case 1 labelled
as Figure 2. For Case 2, these two points are replaced with Points C’
and D’. The results of the partial pressure are shown in Figures
12A,B when the current densities are 0.17 and 0.7A/cm”. For Case
1 where 10Sc1CeSZ is deposited on both sides of the GDC layer, the
values of the oxygen partial pressure on the two interfaces
(corresponding to the points C and D in Figure 2) are 9.43 x
107" and 1.11 x 107'° bar, respectively. In contrast, when the barrier
layer YSZ is used as Case 2 shown, the oxygen partial pressures at
the two interfaces of GDC layers (corresponding to the points L and
D' in Figure 2) are 9.15 x 107! and 1.004 bar. If the oxygen partial
pressure of GDC is lower than the order of 107 bar, decomposition
of GDC may occur according to the thermodynamic equilibrium. It
is evident that the new design can improve the oxygen partial
pressure of the GDC layer close to the cathode and a too small
partial pressure is avoided, just as Case 2 shows. Meanwhile, for
Case 1, the oxygen partial pressure of the GDC layer adjacent to the
10Sc1CeSZ layer close to the anode (Point D) is also evidently lower
than 1 bar, which is beneficial for the relief of delamination.
However, if YSZ is used as the barrier layer, the oxygen partial
pressure at the interface between YSZ and the thinner GDC layer
(Point D’) is slightly greater than 1bar. During the transient working
process, this oxygen partial pressure may exceed the mechanical
limit and causes delamination. If the potential at the point L is set to
0, the potentials at the interfaces can be determined according to the
mathematical model. The results are shown in Figures 12C,D. The
profiles for both cases are very similar with that of the oxygen partial
pressures. The potential variations on the GDC layers are very small
because the electronic conductivity of GDC is significantly greater
than that of 10Sc1CeSZ and YSZ.

4 Conclusion

In this study, the performance of a metal-supported SOEC
with a multilayer electrolyte design was estimated based on the
established mathematical model. First, the effects of the porosity
and tortuosity of the electrodes were analyzed. Subsequently, the
influences of the operating temperature, pressure, and the steam
concentration were determined. Finally, the oxygen partial
pressure inside the multilayer electrolyte was discussed using
an equivalent circuit method.

Increasing the operating temperature of the MS-SOEC can
evidently improve the kinetics of electrochemical reactions in the
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electrodes and decrease the concentration and ohmic losses. For
the designed MS-SOEC wusing the multilayer electrolyte
10Sc1CeSZ|GDC|10Sc1CeSZ, an acceptable performance can
be achieved in the temperature range of 600-700°C. Further
increasing the temperature can reduce the overpotentials
whereas the sealing and corrosion of the metal support need
to be evaluated. A higher operating pressure is helpful for the
kinetics and mass transport in the electrodes. However, when the
pressure is greater than 3 bar, the improvement is very small and
such a high pressure may cause mechanical problems. Therefore,
it is better to control the operating pressure lower than 3 bar. The
steam concentration in the cathode also has a great effect on the
performance. The activation loss of the cathode decreases as the
steam concentration rises. A high steam concentration such as
greater than 0.8 is recommended.

The porosity and tortuosity will affect the mass transport in the
electrodes. The effective diffusion coefficients of the cathode and
the anode increase with the increment of the porosity and the
decrement of the tortuosity. However, a much higher porosity is not
beneficial for the mechanical stability and the area of TPB may
decrease. The tortuosity is mainly decided by the fabrication process
of the electrodes. Recently, much low tortuosity may be obtained via
inverse phase process or magnetic sputtering technology.

The oxygen partial pressure inside the electrolyte has a great
effect on the durability of the MS-SOEC. Using the designed
electrolyte  10Sc1CeSZ|GDC|10Sc1CeSZ, the
internal distribution of the oxygen partial pressure can be

multilayer

improved compared with the conventional design GDC|YSZ]
GDC. A very low value of the oxygen partial pressure of the
GDC layer close to the cathode is avoided. Meanwhile, the
oxygen partial pressure close to the anode decreases, which is
beneficial for the suppression of delamination. Therefore,
compared with the conventional design, the designed MS-
SOEC can improve the durability significantly while a high
performance is maintained. Although the results of this
study show the feasibility of the three-layer electrolyte
design, more investigations are required such as
electrolyte densification, metal substrate corrosions, and
thermal expansion consistency, and experimental results

need to be demonstrated in the future.
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