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� The dependence of mO2
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� Using high ionic conducting electrode and improving electrode kinetics further reduce mO2
and improve the electrode stability.
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The oxygen electrode in a proton-conductor based solid oxide cells is often a triple-

conducting material that enables the transport and exchange of electrons (e�), oxygen

ions (O2�), and protons (Hþ), thus expanding active areas to enhance the oxygen electrode

activity. In this work, a theoretical model was developed to understand stability of tri-

conducting oxygen electrode by studying chemical potentials of neutral species (i.e., mO2
,

mH2
, and mH2O) as functions of transport properties, operating parameters, and cell geom-

etry. Our theoretical understanding shows that (1): In a conventional oxygen-ion based

solid oxide cell, a high mO2
(thus high oxygen partial pressure) exists in the oxygen electrode

during the electrolysis mode, which may lead to the formation of cracks at the electrode/

electrolyte interface. While in a proton-conductor based solid oxide cell, the mO2
is reduced

significantly, suppressing the crack formation, and resulting in improved performance

stability (2). In a typical proton-conductor based solid oxide electrolyzer, the dependence of

mO2
on the Faradaic efficiency is negligible. Hence, approaches to block the electronic

current can improve the electrolysis efficiency while achieving stability (3). The difference

of the mO2
(thus pO2 ) between the oxygen electrode and gas phase can be reduced by using

higher ionic conducting components and improving electrode kinetics, which lead to

further improvement of electrode stability.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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List of symbols

DO2 ;k;eff Effective Knudsen diffusion coefficient of oxygen

(m2 s�1)

DO2 ;H2O;eff Binary diffusion coefficient in the oxygen/steam

mixture (m2 s�1)

F Faraday constant (96,485C mol�1)

DGO
m Molar Gibbs free energy change of O2� oxidation (J

mol�1)

DGH
m Molar Gibbs free energy change of H2O oxidation (J

mol�1)

iH0 Exchange current density from H2O oxidation

reaction. (A m�2)

iHreact Local current density generated from H2O

oxidation (A m�2)

iO0 Exchange current density from O2� oxidation

reaction. (A m�2)

iOreact Local current density generated O2� oxidation (A

m�2)

IO2� Oxygen ionic current density (A m�2)

Ie Electronic current density (A m�2)

IHþ Protonic current density (A m�2)

It Total current density (A m�2)

l OE Oxygen electrode thickness (m)

MH2O Molecular weight of water (kg mol�1)

MO2 Molecular weight of oxygen (kg mol�1)

NH2O Steam molar flux (mol m�2 s�1)

NO2 Oxygen molar flux (mol m�2 s�1)

p0 Pressure of atmosphere (Pa)

pi Partial pressure of species i (Pa)

R Ideal gas constant (8.314 J mol�1 K�1)

SOE The active area density in the oxygen electrode

(m2 m�3)

te Electronic current fraction in the electrolyte

tHþ Protonic current fraction in the electrolyte

tO2� Oxygen ion current fraction in the electrolyte

T Absolute temperature (K)

x Position away from the current collector (m)

yH2O Steam molar fraction in the gas phase of the

oxygen electrode

yH2O;0 Steam molar fraction in the inlet gas

yO2 Oxygen molar fraction in the gas phase of the

oxygen electrode

yO2 ;0 Oxygen molar fraction in the inlet gas

aO
a Anodic charge transfer coefficient for O2�

oxidation

aO
c Cathodic charge transfer coefficient for O2�

oxidation

aH
a Anodic charge transfer coefficient for H2O

oxidation

aH
c Cathodic charge transfer coefficient for H2O

oxidation

ε Porosity of the oxygen electrode

tOE Tortuosity of the oxygen electrode

m
g
O2

Chemical potential of oxygen in the gas phase (J

mol�1)

mOE
O2

Chemical potential of oxygen in the oxygen

electrode (J mol�1)

m0
O2

Chemical potential of oxygen under standard

pressure (J mol�1)

me Chemical potential of electrons (J mol�1)

mOE
H2

Chemical potential of hydrogen in the oxygen

electrode (J mol�1)

m0
H2

Chemical potential of hydrogen under standard

pressure (J mol�1)

m
g
H2O

Chemical potential of steam in the gas phase (J

mol�1)

mOE
H2O

Chemical potential of steam in the oxygen

electrode (J mol�1)

m0
H2O

Chemical potential of steam under standard

pressure (J mol�1)

m
OEjEl
O2

Chemical potential of oxygen at the oxygen

electrode/electrolyte interface (J mol�1)

~mi Electrochemical potential of species i (J mol�1)

si The conductivity of species i in the oxygen

electrode material (S m�1)

se� ;eff The effective electronic conductivity in the oxygen

electrode (S m�1)

sHþ ;eff The effective protonic conductivity in the oxygen

electrode (S m�1)

sO2� ;eff The effective oxygen ion conductivity in the

oxygen electrode (S m�1)

F Electrostatic potential (V)

4 Electrical potential (V)

4OE Electrical potential at the current collector, x¼ 0(V)
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Introduction

While the share of renewable energy supply has gradually

increased over the past few decades, novel energy storage

technologies are needed for renewable energy to meet with

the growing energy demand, due to the well-known inter-

mittent nature of renewable energy sources. Reversible solid

oxide cells (SOCs) are promising candidates for high-efficiency

conversion of electricity to fuel, and vice versa, and could

therefore aid to better utilize the intermittent surplus of en-

ergy provided by renewable sources. In this respect, hydrogen

is a carbon-free energy carrier; this valuable chemical can be
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
consumed as a fuel in the solid oxide fuel cell (SOFC) mode to

produce electricity with net-zero carbon emissions [1].

Furthermore, the solid oxide electrolyzer cell (SOEC), i.e., the

reverse mode of the SOFC, can enable highly efficient

electricity-to-hydrogen fuel conversion, thus effectively

allowing to store renewable electricity. It is, therefore, that a

sustainable SOEC for hydrogen production may well be the

key to reversible energy storage.

SOECs are categorized into two primary types based on the

major charge carriers in the electrolyte, i.e., oxygen ion-

conducting SOECs (o-SOECs) and proton-conducting SOECs

(p-SOECs). The o-SOEC is a more mature technology cf. the p-

SOECs, and generally requires to operate at relatively high
tability of the oxygen electrode in a proton-conductor based solid
s://doi.org/10.1016/j.ijhydene.2023.04.148



i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111

HE39110_proof ■ 28 April 2023 ■ 3/12
temperatures (750e900 �C) [2]. Although, high temperatures

enable desired fast oxygen ion conduction, theymay also lead

to various issues within the SOEC, first and foremost, related

to performance degradation [3]. On the other hand, the p-

SOEC technology is leading the effort for hydrogen generation

at intermediate temperatures (300 �Ce700 �C), owing to the

smaller ion size of proton cf. oxygen ion [4]. In such devices,

steam is introduced and oxidized at the oxygen electrode,

thus forming protons and oxygen [5]. Barium zirconates,

barium cerates, or combined compositions are then employed

as solid electrolytes in p-SOECs to conduct the so-generated

protons to the fuel electrode, where hydrogen evolution oc-

curs [4,6]. It is to be noted that, although termed proton con-

ducting, these electrolytes may also conduct oxygen ion as

well as promoting the formation of electronic defects (electron

holes) [4,7]. In a typical p-SOECs, the hydrogen evolution re-

action occurs at a Ni-containing fuel electrode, which is itself

not exposed to steam in high concentration; the risk of Ni

migration and agglomeration, which is often a drawback in o-

SOFCs [8], is lower in p-SOECs.

The sluggish water oxidation kinetics and the durability

issues of the oxygen electrode are the remaining obstacles for

the large-scale deployment of p-SOECs [4,9,10]. Mixed-

conducting oxygen electrodes offers significant concentra-

tions of mobile protonic defects, oxygen vacancies and elec-

tron holes [11,12]. The mixed-conducting phase allows the

water oxidation reaction to occur on the whole surface of the

electrode, so that the reaction zone is extended and the overall

reaction kinetics is faster [13e15]. NernstePlanck formulation

is widely used to study the defect transport across the p-SOC

[16]. Considering mixed-conducting behavior of La0.6Sr0.4-
Co0.2Fe0.8O3 in a p-SOC, the oxygen electrode still contributes

the most to the voltage loss, as determined in recent simula-

tions [17]. The protonic defects shows a peak concentration at

the oxygen electrode/electrolyte interface based on the

NernstePlanck model of defect transport across the cell

[18,19]. The change in chemical potential of electrically

neutral species, which originates from the coupling among

the transport of ionic and electronic defects, can induce

degradation of oxygen electrode materials and electrode-

electrolyte interfaces [20e23]. The stability of oxygen elec-

trode is affected by both oxygen (pO2 ) and steam partial
Fig. 1 e The schematics of a solid oxide electrolysis cell based on

focus of this study and is shown on the lefthand side, its thick

Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
pressure (pH2O) [9]. High pO2 values result in crack formation,

which typically occurs in o-SOEC [24]. Some perovskite oxygen

electrodes, for example Ba0.6Sr0.4Co0.2Fe0.8O3, also tend to

decompose or undergo microstructural changes under high

steam atmosphere, which is often fed in the oxygen electrode

of p-SOEC [4,10]. In this work, a model of the oxygen electrode

is built, and, subsequently, the distributions of chemical po-

tentials, pO2 and pH2O are calculated. By investigating the

relationship between chemical potential and the transport

properties in themix conducting electrode and electrolyte, the

optimization of a stable oxygen electrode material is then

illustrated.
Model development

Tomaximize the activity of a porous oxygen electrode, a triple

conducting oxide is employed as the oxygen electrode mate-

rial. As shown in Fig. 1, The electrode material can conduct

oxygen ions, protons, and electrons [25e27]. Consequently,

protons, oxygen ions and electrons (electron holes) can carry

the electrical charges. The fluxes of these charge carriers are

driven by the electrochemical potential gradients of protons

(~mHþ ), oxygen ions (~mO2� ), and electrons (~me� ), respectively [22].

The ~me� is directly relared to the electrical potential (4) that is a

measurable variable (i.e., a value that is read by a voltmeter):

4¼ � ~me�

F
(1)

The proton, oxygen ion and electron current densities (IHþ ,

IO2� and Ie� ) can be described as in Eqs. (2)e(4):

IHþ ¼ � sHþ ;eff

F
d~mHþ

dx
(2)

IO2� ¼sO2� ;eff

2F
d~mO2�

dx
(3)

Ie� ¼
se� ;eff

F
d~me�

dx
(4)

where sHþ ;eff , sO2� ;eff , and se� ;eff are the effective protonic, oxy-

gen ion and electronic conductivities at the oxygen electrode,

F is the Faraday constant, and x is the position away from the
amixed conducting electrolyte. The oxygen electrode is the

ness is lOE (from x ¼ 0 to x ¼ lOE).
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current collector of the oxygen electrode. With Eq. (1), Eq. (4)

can be rewritten as

Ie� ¼ � se� ;eff
d4
dx

(5)

The electrochemical potential of a species i, ~mi, is the sum

of its chemical potential (mi) and the electro statistic potential

(F), Eq. (6):

~mi ¼mi þ ziFF (6)

si;eff ¼ si
1� ε

tOE
(7)

where zi is the number of charges carried by the species i, ε is

the porosity of the oxygen electrode, and tOE is the tortuosity

of the oxygen electrode.

In an SOEC, oxygen evolution reaction (OER) can occur at

the surface of an oxygen electrode. OER may take place from

the oxidation of oxygen ions (Eq. (8)) or water (Eq. (9)), with the

acronym OE denoting the oxygen electrode:

O2�ðOEÞ#1
2
O2ðgÞ þ 2e�ðOEÞ (8)

H2OðgÞ#2HþðOEÞþ1
2
O2ðgÞ þ 2e�ðOEÞ (9)

The driving force for the reaction shown in Eq. (8) is its

molar Gibbs free energy change:

DGO
m ¼ 1

2
m
g
O2

þ 2me� � mO2� [10]

Or

DGO
m ¼ 1

2
m
g
O2

� 2F4� ~mO2� [11]

In addition, oxygen can be formed inside the solid-state

oxygen electrode.

O2�ðOEÞ#1
2
O2ðOEÞ þ 2e�ðOEÞ [12]

Considering reaction [12] under local equilibrium, at any

given position in the oxygen electrode, the chemical potential

of oxygen in the oxygen electrode gives

2mO2� ¼mOE
O2

� 4me� [13]

Rearranging Eq. [13]

mOE
O2

¼ 2~mO2� þ 4F4 [14]

The molar Gibbs free energy change can be rewritten as,

DGO
m ¼ 1

2

�
m
g
O2

�mOE
O2

�
[15]

If mg
O2

<mOE
O2
, then DGO

m <0, and primarily the OER occurs. On

the contrary, for mg
O2

>mOE
O2
, it is derived that DGO

m >0, that is, the

reverse reaction, oxygen reduction reaction (ORR), occurs.

Similarly, the molar Gibbs free energy change reaction [9]

can be written as:

DGH
m ¼ 1

2
m
g
O2

þ 2me þ 2mHþ � m
g
H2O

[16]

Or
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
DGH
m ¼ 1

2
m
g
O2

� 24þ 2~mHþ � m
g
H2O

[17]

Considering the reaction shown in Eq. (18) under

equilibrium,

H2ðOEÞ#2HþðOEÞ þ 2e�ðOEÞ [18]

The chemical potential of hydrogen in the oxygen elec-

trode gives

mOE
H2

¼ 2mHþ � 2me� [19]

Consider Eqs. (1) and (6), one can obtain:

mOE
H2

¼ 2~mHþ � 2F4 [20]

Then, DGH
m can be rewritten as in Eq. (21):

DGH
m ¼ 1

2
m
g
O2

þ mOE
H2

� m
g
H2O

[21]

If mg
O2

> � 2mOE
H2

þ 2mg
H2O

, then DGH
m >0, and ORR occurs, while,

if m
g
O2

< � 2mOE
H2

þ 2mg
H2O

, i.e., DGH
m < 0, then water oxidation re-

action is favored. The chemical potentials of oxygen and

steam in the gas phase of the porous oxygen electrode, i.e., mg
O2

and m
g
H2O

, respectively, are functions of their respective con-

centrations (Eqs. (22) and (23)):

m
g
O2

¼m0
O2

þ RTln
�
yO2

�
[22]

m
g
H2O

¼m0
H2O

þ RTln
�
yH2O

�
[23]

Here, the gas phase is considered as an ideal gas mixture.

The steam is carried by oxygen and fed to the oxygen elec-

trode, then the sum of yO2
and yH2O is unity by definition. The

ORR or OER, which occur at the surface of the oxygen elec-

trode, allow an exchange between ions and electrons:

dIO2�

dx
¼ iOreact [24]

dIHþ

dx
¼ iHreact [25]

In Eq. (24) and (25), iOreact and iHreact are the current densities

generated from reactions [8] and [9] in the region between x to

xþ dx, respectively. The Butler-Volmer-like equation iswidely

used to describe the electrode kinetics as functions of

potentials:

iOreact ¼ iO0 S
OE

�
exp

�
� aO

aDG
O
m

RT

�
� exp

�
aO
c DG

O
m

RT

��
[26]

iHreact ¼ iH0 S
OE

�
exp

�
� aH

aDG
H
m

RT

�
� exp

�
aH
c DG

H
m

RT

��
[27]

Here, SOE is the active area density in the oxygen electrode.

Considering the conservation of charge, the electrical current

in oxygen electrode is:

dIe�

dx
¼ � dIHþ

dx
� dIO2�

dx
¼ �iOreact � iHreact [28]

Besides, the oxygen flux, NO2
, follows the dusty gas model

[28]:
tability of the oxygen electrode in a proton-conductor based solid
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Table 1 e A list of variables and their magnitudes used in
modeling the oxygen electrode of SOEC.

Parameters Magnitudes

DO2 ;k;eff 1.442 � 10�6 [m2 s�1]

DO2 ;H2O;eff 1.674 � 10�7 [m2 s�1]

iH0 0.5e100 [A m�2]

iO0 0.5e100 [A m�2]

It 0e20,000 [A m�2]

l OE 3 � 10�5 [m]

SOE 4.5 � 106 [m�1]

te� 0.01e0.6

tHþ 0.01e0.89

tO2� 0.01e0.89

T 873 [K]

yH2O;0 0.5

yO2 ;0 0.5

aO
a 0.5

aO
c 0.5

aH
a 0.5

aH
c 0.5

ε 0.4

tOE 4.5

sHþ 0.05e2 [S m�1]

sO2� 0.05e2 [S m�1]
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NO2

DO2 ;k;eff
þ
�
1� yO2

�
NO2

� yO2
NH2O

DO2 ;H2O;eff
¼ � p

RT
dyO2

dx
[29]

where DO2 ;k;eff is the effective Knudsen diffusion coefficient of

oxygen and NH2O denotes the steam flux. DO2 ;H2O;eff is the binary

diffusion coefficient in the oxygen/steam mixture. From the

Graham's Law, it follows that:

NO2

ffiffiffiffiffiffiffiffiffi
MO2

p þNH2O

ffiffiffiffiffiffiffiffiffiffiffi
MH2O

p ¼ 0 [30]

where MO2
and MH2O represent the molecular weights of oxy-

gen and water, respectively. Thus, it is derived that:

dyO2

dx
¼ � RTNO2

p0

0
BBBB@
1�

�
1�

ffiffiffiffiffiffiffiffiffi
MO2
MH2O

r �
yO2

DO2 ;H2O;eff
þ 1
DO2 ;k;eff

1
CCCCA [31]

From the balance of oxygen in the gas phase, the change in

oxygen flux is equal to the oxygen that is generated or

consumed in the oxygen electrode under steady state.

dNO2

dx
¼ � iOreact þ iHreact

4F
[32]

From above analysis, Eqs. ((2)e(4), (24), (25), (28), (31), (32))

are the sets of 8 first order differential equations to be solved

to obtain chemical potential distribution which requires 8

boundary conditions. We assume that the electrical current

passing through the current collector is carried by electrons

only, and then, we consider that, at the electrode/current col-

lector interface (x ¼ 0), the ionic currents should be 0.

IO2� ¼ IHþ ¼0 ðx¼ 0Þ [33]

The gas is fed with The gas phase has the same composi-

tion within the electrolyte, then:

yO2
¼ yO2 ;0ðx¼0Þ [34]

yH2O ¼yH2O;0 ¼ 1� yO2 ;0ðx¼0Þ [35]

The electrical potential is defined as equal to 0 V at the

current collector.

4OE ¼ 0ðx¼ 0Þ [36]

At the electrode/electrolyte interface (x ¼ lOE), the current

densities should be continuous. The current densities carried

by oxygen ions, protons and electrons should equal to the

value in the electrolyte, which is a triple conducting oxide [29].

IO2� ¼ IelO2� ¼ tO2� Ielt ðx¼ lOEÞ [37]

IHþ ¼ IelHþ ¼ tHþ Ielt ðx¼ lOEÞ [38]

Ie� ¼ Iele� ¼ te� I
el
t ðx¼ lOEÞ [39]

Where tO2� , tHþ and te� are the fractions of oxygen-ion current,

protonic current, and electronic current in the electrolyte,

respectively. The electrolyte is dense and gas tight, so the

oxygen flux is set as 0

NO2
¼0 ðx¼ lOEÞ [40]
Please cite this article as:Wang Y et al., Theoretical understanding of s
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with the above boundary conditions (Eqs. (33) and (34) and

(36)e(40)), the boundary value problem is solved with the

bvp4c solver in Matlab. Themagnitudes of parameters used in

the model are listed in Table 1. Parameters, including total

current density, protonic current percentage, Faradaic effi-

ciency, ionic conductivities, and exchange current densities,

are studied within the range provided in Table 1.
Result and discussion

Effect of total current density

By applying an anodic potential on the oxygen electrode, ox-

ygen gas is generated from the electrode surface. Indeed, from

our analysis on reactions shown in Eqs. (8) and (9), a higher

oxygen chemical potential or a lower hydrogen chemical po-

tential in the solid phase of the electrode (cf. the gas phase)

allows oxygen formation. Fig. 2(a), (b) and (c) show the

chemical potential of O2, H2, andH2O in the solid phase for a p-

SOEC (tO2� ¼ 0:05, tHþ ¼ 0:85, and te� ¼ 0:1). The chemical po-

tential of H2O is defined by assuming an equilibrium between

the oxygen ions and protons as the reaction in Eq. (41):

H2OðOEÞ#2HþðOEÞ þ O2�ðOEÞ [41]

The equilibrium gives rise to the following relation:

mOE
H2O

¼ 2~mHþ þ ~mO2� ¼ mOE
H2

þ 1
2
mOE
O2

[42]

At equilibrium (a total current density of 0 A), mOE
O2
, mOE

H2
and

mOE
H2O

are uniform in the electrode, and equal to the respective

chemical potentials in the gas phase. When the electrode is

polarized, the chemical potential differences are created

between the gas phase and solid phase, which result in an

electrolysis current and oxygen generation. The electrode

under a current range between 0e2 A/cm2 is modeled to
tability of the oxygen electrode in a proton-conductor based solid
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Fig. 2 e The chemical potentials of (a) oxygen, (b) hydrogen and (c) steam in the oxygen electrode as a function of distance

from the current collector at different total current densities. The partial pressures of (d) oxygen, (e) hydrogen and (f) steam

in the oxygen electrode as a function of distance from the current collector at different total current densities. (tO2� ¼ 0:05,

tHþ ¼ 0:85, and te� ¼ 0:1).
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understand the impact of electrode polarization on the

chemical potentials. A higher electron flux requires higher

driving forces of the electrochemical reactions. Therefore,

mOE
O2

increases, while mOE
H2O

and mOE
H2

decreases with an

increasing electrolysis current [22]. In addition, the chemical

potentials are not uniform along the thickness of the elec-

trode. An active oxygen electrode usually has much higher

electronic conductivity than the ion conductivity. The elec-

trode reactions tend to occur at the interface between the

electrode and electrolyte (i.e., at x ¼ lOE) to reduce the ion
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
conduction pathway. The maximum mOE
O2

and minimum mOE
H2O

can be obtained at the OE/electrolyte interface. The change

in chemical potential may shift the electrode material away

from its stable region in the phase diagram, thus it may

induce phase transition, decomposition or demixing [9]. In

this context, the partial pressures of the species offer better

interpretation and illustration of the chemical potentials. For

a species i in an ideal gas mixture, its partial pressure (pi)

can be expressed in terms of its chemical potential (mi), as in

Eq. (43):
tability of the oxygen electrode in a proton-conductor based solid
s://doi.org/10.1016/j.ijhydene.2023.04.148



Fig. 3 e The chemical potentials of (a) oxygen, (b) hydrogen and (c) steam in the oxygen electrode with different protonic

current densities. The partial pressures of (d) oxygen, (e) hydrogen and (f) steam at the OE and electrolyte interface as a

function of the protonic current percentage in the electrolyte. (It ¼ 10;000 A m�2, and te� ¼ 0:1).
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pi ¼ p0 exp

�
mi � m0

i

RT

�
[43]

where p0 is the reference pressure that is usually chosen as

1 atm, m0
i is the chemical potential of species i at p0 and tem-

perature T. Hence, the pO2
, pH2

, and pH2O distributions along the

thickness of the electrode can then be then plotted at various

current densities as in Fig. 2(d)e(f). The oxygen partial pres-

sure can reach a higher value than the gas phase at the OE/

electrolyte interface (OE/EL), indicating that the interface is

under highly oxidative conditions. The low electrolysis cur-

rent density proves the stability of electrodes that are stable

under steam-reach atmosphere [30,31]. On the other hand, the

pH2O in the electrode reaches lower value near OE/EL, implying
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
the stabilized region for the electrodes that is sensitive to high

steam atmosphere.

Effect of protonic current percentage

In the previous analysis, the percentages of protonic current,

oxygen ion current and electronic current are kept constant

while only the total current is changed. However, the relative

percentages of the partial current densities may vary

depending on intrinsic properties of applied solid electrolyte,

temperature, pO2 , and pH2O [29,32,33]. For most proton con-

ducting electrolyte, tHþ increases with increasing and

decreasing temperature and its value varies from 0 to 1. A very

low tHþ indicates that the electrolyte almost only conducts

oxygen ion. Therefore, to investigate the behavior of the
tability of the oxygen electrode in a proton-conductor based solid
s://doi.org/10.1016/j.ijhydene.2023.04.148



Fig. 4 e The chemical potentials of (a) oxygen, (b) hydrogen and (c) steam in the oxygen electrode with different Faradaic

efficiencies. The partial pressures of (d) oxygen, (e) hydrogen and (f) steam at the OE and electrolyte interface as a function of

the Faradaic efficiency for hydrogen production. (It ¼ 10;000 A m�2, and tO2� ¼ 0:05).
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oxygen electrode when, for instance, the electrolyzer changes

from o-SOEC to p-SOEC, total current can be kept constant.

Furthermore, the percentage of electronic current is set at a

fixed value of 10%, which is equivalent to a Faradaic efficiency

of 90%. Fig. 3 (a) to (c) show the distribution of chemical po-

tentials in the oxygen electrode with different protonic cur-

rent ratios from the electrolyte. When the protonic current is

low (1% of the total current density), the oxygen ion is the

major carrier in the electrolyte and the electrolyzer behaves as

a traditional o-SOEC. Under this case, reaction [8] is domi-

nating, thus oxygen gas ismainly produced by the oxidation of

oxygen ions, which results in a high internal oxygen partial

pressure in the oxygen electrode, especially at OE/EL (Fig. 3(d)).

This reason causes OE delamination in an o-SOEC, as in

agreement with previous studies [20,23]. At the same time, in
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
Fig. 3(b), it is shown that mOE
H2

stays almost constant in the

electrode because only a negligeable fraction of protons is

consumed and/or produced. Interestingly, mOE
H2O

also reaches

high values at the OE/EL interface, owing to the equilibrium of

reaction [41]. Concurrently, pH2O can be higher than the steam

pressure in the gas phase. As the major carriers in the elec-

trolyte transit from oxygen ions to protons, a lower mOE
O2

and a

lower mOE
H2

are required. As Fig. 3 (d)e(f) shows, the partial

pressure of oxygen, hydrogen and steam at OE/EL all decrease

by 1e2 orders of magnitude with increasing tHþ , in particular

with pO2 dropping from 114 atm to 0.5 atmwith the increase of

tHþ from 1% to 89%. Therefore, allowingmore protonic current

across the cell helps reduce pO2 and pH2O to suppress the

degradation from the high pressures.
tability of the oxygen electrode in a proton-conductor based solid
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Effect of Faradaic efficiency

For p-SOEC, the electronic current leakage can be significant,

which leads to a more serious concern especially at a high

electrolysis current density. As a result, the Faradaic efficiency

(FE) for hydrogen production may reach a relatively low value

[34],while clearlyhigher FEs should alwaysbepursued forhigh

efficiency H2-production. te� in the electrolyte, which can vary

from 0e1 under different conditions [29,32,33], determines FE

values. Fig. 4 (a) to (c) illustrate the relationbetween thevarious

chemical potential distributions and the cell FEwitha constant

tO2� ¼ 0:05. With a constant oxygen-ion current, mOE
O2

is nearly

independent on the FE, due largely to the very high se� and a

very small 4 drop. The mOE
O2

is determined by the
Fig. 5 e The chemical potentials of (a) oxygen, (b) hydrogen and

distance from the current collector with different protonic condu

and (f) steam in the oxygen electrode as a function of the dista

conductivities. (It ¼ 10;000 A m�2, tHþ ¼ 0:85; tO2� ¼ 0:05 and te�

Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
electrochemical potential of oxygen ions (~mO2� ) and 4 (Eq. (14)),

which remainsunvariedatdifferentFEs.However,mOE
H2

andmOE
H2O

increase slightly for low FE because of the decrease in the

protonic current in the electrolyte. While clearly pO2 remains

constant, the increase in mOE
H2

and mOE
H2O

results in an increase of

pH2 and pH2O of about one order of magnitude (Fig. 4def).

Ionic conductivities

The mix conducting behavior is the key to improve the elec-

trochemical activity of the electrode. Fig. 5 (a) to (c) show how

the proton conductivity affects the chemical potential distri-

butions, while the effects of oxygen ion conductivity are

illustrated in Fig. 5 (d)e(f). As shown in Fig. 5(a), the mOE
O2

is not
(c) steam in the oxygen electrode as a function of the

ctivities. The chemical potentials of (d) oxygen, (e) hydrogen

nce from the current collector with different oxygen ion

¼ 0:1).
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Fig. 6 e The chemical potentials of (a) oxygen, (b) hydrogen and (c) steam in the oxygen electrode as a function of the

distance from the current collector with different exchange current densities for H2O oxidation (iH0 ). The chemical potentials

of (d) oxygen, (e) hydrogen and (f) steam in the oxygen electrode a function of the distance from the current collector with

different exchange current densities for O2¡ oxidation (iO0 ). (It ¼ 10;000 A m�2, tHþ ¼ 0:85; tO2� ¼ 0:05 and te� ¼ 0:1).
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affected by sHþ as the O2� current in the electrolyte is set to be

constant. Analogously, mOE
H2

does not depend on sO2� as shown

in Fig. 5 (e). The oxygen evolution reaction involves the trans-

port of three different species, including gas, ions, and elec-

trons. Therefore, the reaction likely occurs at the tiple-phase

boundary, where the electrolyte, the oxygen electrode and gas

phase meet. The mix conducting oxygen electrode allows the

expansion of reaction zone fromOE/EL to all the active surface

of an oxygen electrode. The reaction zone reaches the current

collector/oxygen electrode interfacewith high sHþ (>1 S/m). By
Please cite this article as:Wang Y et al., Theoretical understanding of s
oxide electrolysis cell, International Journal of Hydrogen Energy, http
increasing the protonic conductivity, the electrochemical

driving force, DGH
m, decreases near the OE/EL interface while it

increases in the bulk phase due to the extended reaction zone.

Therefore, mOE
H2

and mOE
H2O

increase near OE/ELwhile decreases in

the bulk phase according to Eqs. (21) and (42). When amaterial

with a higher sO2� is applied, mOE
O2

and mOE
H2O

near OE/EL are

reduced, so as thepO2 andpH2O. Hence,high ionic conductivities

offer a high efficiency and the improved stability of the oxygen

electrode. The triple-conducting oxygen electrode is mostly

reported with extend durability [26,35,36].
tability of the oxygen electrode in a proton-conductor based solid
s://doi.org/10.1016/j.ijhydene.2023.04.148



4

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

HE39110_proof ■ 28 April 2023 ■ 11/12
Electrochemical kinetics

In this model, the Butler-Volmer equations are applied to

describe the two electrochemical reactions occurring at the

oxygen electrode. Important parameters to characterize the

electrode kinetics are the exchange current densities, which

are inversely proportional to the electrode polarization resis-

tance. The corresponding results of our analysis are illustrated

in Fig. 6(a)e(f). By increasing iH0 from 0.5 to 100 A m�2, mOE
H2

in-

creases substantially at all points in the oxygen electrode

while pH2 increases from 5.38� 10�16 to 2.5� 10�13 atm, owing

to the lower overpotential needed to generate the equivalent

current density. Again, mOE
O2

remains constant resulting in

enhanced activity towards steam oxidation, while mOE
H2O

in-

creases by considering the contribution of mOE
O2

and mOE
H2
, which

is not favored for unstable oxygen electrode under high steam

concentration. On the other hand, increasing iO0 from 0.5 to 100

Am�2 results in higher mOE
O2
, higher mOE

H2O
and constant mOE

H2
, with

pO2 decreasing from 43.6 atm to 0.563 atm. Though oxygen ion

only carries 5% charges, improving oxygen ion oxidation re-

mains an important approach to reduce pO2 value near the

electrolyte, in order decreasing stress in proximity of the OE/

electrolyte interface. Zhou et al. reported that the exsolved

BaCoO3 nanoparticles improve the OER activity on the elec-

trode surface and enhance iO0 and iH0 . The stability of the PBCC

oxygen electrode benefits from the improved activity of the

electrode surface [27].
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Conclusion

In this work, a model was developed, aiming at the theoretical

understanding of the interfacial stability between the oxygen

electrode and electrolyte in a proton-conductor based solid

oxide electrolysis cell. In the model here presented, the

chemical potentials and partial pressures of oxygen,

hydrogen, and steam are calculated by considering the

transport of oxygen ion, proton and electrons in the oxygen

electrode. The transition from oxygen ion-conducting to

proton-conducting SOEC (o-SOEC and p-SOEC respectively)

reduces the local partial pressure of O2 in proximity of the

electrolyte/electrode interface and reduces the stress along

the boundary. In addition, higher ion conductivities and

improved electrode kinetics reduce the overpotential in p-

SOEC electrode and suppress the difference between chemical

potentials in the oxygen electrode and in the electrolyte,

which maintains the oxygen electrode material under the

stable region and avoids high mechanical stress, thus to

improving the durability of SOECs.
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