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Abstract
High temperature steam (H2O) electrolysis via a solid oxide electrolysis cell is an efficient way to produce hydrogen (H2) 
because of its high energy conversion efficiency as well as simple and green process, especially when the electrolysis process 
is combined with integrated gasification fuel cell technology or derived by renewable energy. However, about 60%–70% 
of the electricity input is consumed to overcome the large oxygen potential gradient but not for electrolysis to split H2O to 
produce H2 due to the addition of safe gas such as H2 in the fuel electrode. In this work, Sr2Fe1.5Mo0.5O6-δ-Ce0.8Sm0.2O1.95 
(SFM-SDC) ceramic composite material has been developed as fuel electrode to avoid the use of safe gas, and the open circuit 
voltage (OCV) has been effectively lowered from 1030 to 78 mV when the feeding gas in the fuel electrode is shifted from 
3%H2O–97%H2 to 3%H2O–97%N2, reasonably resulting in a significantly increased electrolysis efficiency. In addition, it is 
also demonstrated that the electrolysis current density is greatly enhanced by increasing the humidity in the fuel electrode 
and the working temperature. A considerable electrolysis current density of − 0.54 A/cm2 is obtained at 800 °C and 0.4 V 
for the symmetrical electrolyzer by exposing SFM-SDC fuel electrode to 23%H2O–77%N2, and durability test at 800 °C for 
35 h demonstrates a relatively stable electrochemical performance for steam electrolysis under the same operation condition 
without safe gas and a constant electrolysis current density of − 0.060 A/cm2. Our findings achieved in this work indicate 
that SFM-SDC is a highly promising fuel electrode for steam electrolysis.

Keywords  Solid oxide electrolysis cell · Steam electrolysis · Fuel electrode · Molybdenum doped strontium ferrite · Safe 
gas

1  Introduction

The integrated gasification fuel cell (IGFC) system, which 
combines the coal gasification and solid oxide fuel cells 
(SOFCs), has been considered as one of the most promis-
ing technologies in the coal utilization for power genera-
tion because of superior electrical efficiency and efficient 
carbon dioxide capture and sequestration (CCS) (Lanzini 
et al. 2014; Li et al. 2014; Wang et al. 2020a). However, 
because of the high rate of greenhouse gas emissions, alter-
native technology is being sought to further reduce the 

environmental impact with coal utilization. Recently, hydro-
gen is regarded as an alternative candidate for future fuels 
because it can efficiently address the environmental and 
energy security issues associated with fossil-derived hydro-
carbon fuels (Shoko et al. 2006; Wang et al. 2014). Among 
many hydrogen production methods, high-temperature steam 
electrolysis via a solid oxide electrolysis cell (SOEC), which 
is capable of producing zero-emission hydrogen if used in 
conjunction with IGFC technology or other renewable ener-
gies, is considered as one of the most promising alternative 
techniques for the hydrogen production from electricity due 
to its high efficiency and flexibility (Fan and Han 2014; Her-
ring et al. 2007; Wang et al. 2014). It is well-known that 
a SOEC is actually a concentration cell, which is strongly 
associated with the gas conditions (partial oxygen pressure, 
pO2) in both electrode sides. For the state-of-the-art Ni-based 
cathode in a steam electrolyzer, safe gas, such as hydrogen 
(H2), is always fed to maintain the reduced atmosphere for 
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the prevention of nickel oxidation to nickel oxide (Bi et al. 
2014; Liu et al. 2015; Wang et al. 2020b, 2017; Yang et al. 
2021; Zheng et al. 2017). Meanwhile, the anode is typically 
exposed to air, and the by-product O2 is normally wasted. 
To make things worse, pO2 in the anode side will continue 
to increase because of the accumulated O2 generated during 
the electrolysis process, leading to a large pO2 difference 
between the two electrodes. This large oxygen gradient could 
produce a high open-circuit voltage (OCV) normally up to 
1.1 V, which can be calculated using the Nernst equation. 
Since an applied voltage higher than OCV must be supplied 
in order to pump oxygen from the cathode side to the anode 
side during the electrolysis process, about 60%–70% of the 
electricity input is consumed to overcome the large oxygen 
potential gradient but not for electrolysis to split H2O to pro-
duce H2, resulting in a large amount electricity consumption 
and thus high operating or running cost, finally producing 
H2 with low energy conversion efficiency. Therefore, it is 
highly desired to develop the steam electrolyzer without the 
addition of safe gas, which can be theoretically achieved by 
using noble metals or stable ceramic electrodes against H2O, 
H2 and their mixture at the elevated temperature.

In recent years, ceramic fuel electrodes such as 
Sr2Fe1.5Mo0.5O6−δ (SFM) (Li et al. 2017a, 2017b, 2019; Liu 
et al. 2010b, 2019; Wang et al. 2016a; Yang et al. 2019), 
La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) (Kwon et al. 2019; Lu et al. 
2018; Xing et al. 2015; Zhang et al. 2018), LaxSr1-xTiO3 
(LST) (Li et al. 2012; Qi et al. 2014; Wu et al. 2020; Yarem-
chenko et al. 2020), Sr2MgMoO6−δ (Huang et al. 2006), 
La0.8Sr0.2FeO3−δ (Li et al. 2020), Sr2(Fe,Ni,Mo)O6 (Du et al. 
2016; Liu et al. 2020; Lv et al. 2019; Meng et al. 2020; 
Wang et al. 2018, 2016b) and PrBaMnO5+δ (Sengodan et al. 
2015; Zhu et al. 2019) have been intensively developed as 
the more redox stable fuel electrodes than classical Ni-based 
fuel electrodes for solid oxide cells. However, only a fewer 
fuel electrode materials have been used as the alternative 
electrodes to avoid the use of reducing gas as a safe gas 
during the operation (Li et al. 2017b; Torrell et al. 2015; 
Xie et al. 2011). But it is reported that the electrochemical 
performance of the fuel electrodes including LSCM and LST 
fuel electrodes were much lower than those of the classi-
cal Ni-based fuel electrodes (Torrell et al. 2015; Xie et al. 
2011). On the contrast, SFM fuel electrode demonstrated 
comparative electrochemical performance when operated 
under co-electrolysis conditions without using the safe gas 
(Li et al. 2017b).

Recently, SFM material, which has been successfully 
used as both oxygen electrode and hydrogen electrode for 
solid oxide cells (Li et al. 2017a, b, 2019; Liu et al. 2010a, 
b, 2019; Skubida et al. 2021; Wang et al. 2016a; Zheng et al. 
2015), is proven to be a promising alternative electrode 
material because of its high catalytic activity, high electri-
cal conductivity in both reducing and oxidizing atmosphere, 

and excellent redox stability. However, no attention has been 
focused on the hydrogen production by using SFM electrode 
via the steam electrolysis process without safe gas. In the 
present work, we try to explore electrochemical characteri-
zation of such symmetrical solid oxide electrolysis cell with 
SFM electrodes operated without the existence of reduced 
gas in the SFM fuel electrode side.

Symmetrical electrolyzers with a cell configura-
tion of 60wt% SFM-40wt% Sm0.2Ce0.8O1.9 (SFM-SDC)/
La0.80Sr0.20Ga0.80Mg0.20O3–δ (LSGM)/SFM-SDC are pre-
pared for steam electrolysis application, and nitrogen gas 
instead of hydrogen gas is used as carrier gas, trying to 
reduce the partial oxygen pressure difference between the 
two electrodes (SFM oxygen electrode and SFM fuel elec-
trode), and expecting a lower thermal-dynamic barrier and 
much improved energy conversion efficiency.

2 � Experimental

The electrode materials including SFM and SDC pow-
ders were synthesized using the citric-assisted combustion 
method (Wang et al. 2016a), while the LSGM powders were 
purchased from FuelCellMaterials Inc. Dense LSGM elec-
trolyte were fabricated by pressing the LSGM powders to 
pellets and sintering at 1400 °C for 5 h. SFM-SDC ink with 
a weight ratio of 60:40 was screen-printed on both sides of 
the electrolyte and then sintering at 1050 °C for 2 h to form 
SFM-SDC/LSGM/SFM-SDC symmetrical cells for steam 
electrolysis application. Finally, gold (Au) paste was screen-
printed on SFM-SDC electrodes and calcined at 800 °C 
for 1 h. The effective cell area was measured to be 0.33 
cm2. Note that the thickness of LSGM electrolyte is about 
500 mm, while the thickness of the SFM-SDC electrode is 
about 30 mm.

The morphology of the fuel electrode after testing was 
examined by using a scanning electron microscope (SEM, 
Tescan MIRA 3).

Cell tests were performed at a home-made setup, and the 
details were described in our previous work (Liu et al. 2019). 
Mass flow rates of N2 and H2 gases in the fuel electrode 
side were precisely controlled by using digital mass flow 
controller (MC-100SCCM-D/5M, Alicat Scitific Inc), while 
water vapor was added to the gas stream via a humidifier 
by heating liquid water to a certain temperature, and the 
steam content was measured by using a humidity sensor 
(HTM 338, Vasala). Electrochemical performance including 
current density-cell voltage (i-V), electrochemical imped-
ance spectra (EIS) and short-term durability were carried 
out by using an electrochemical workstation (Versa STAT 
3–400 test system, Princeton Applied Research Inc). The 
i-V curves for steam electrolyzers with and without safe gas 
(H2) were recorded from OCV to 1.5 V and OCV to 0.4 V 
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with a voltage sweeping speed of 0.03 V/s, respectively. EIS 
under both the OCV and steam electrolysis with a constant 
current density of − 0.060 A/cm2 conditions were collected 
with a voltage amplitude of 0.03 V in the frequency range 
of 106–10–2 Hz.

3 � Results and discussion

Figure 1 shows the i-V curves measured at 800 °C for the 
symmetrical SFM-SDC/LSGM/SFM-SDC electrolysis cell 
operating its cathode in 3% H2O humidified N2 and H2, 
respectively. It can be clearly seen that the i-V curve pre-
formed in 3% H2O humidified N2 atmosphere is far below 
that for the conventional solid oxide steam electrolyzer 
operated in 3% H2O humidified H2 atmosphere, indicating 
that a much lower applied potential is required to produce 
the same amount of electrolysis current and hydrogen gas. 
For instance, the cell voltage to produce electrolysis cur-
rent density of − 0.100 A/cm is 1.1 V for the conventional 
steam electrolysis with the cathode and anode exposed to 
3%H2O–97%H2 and ambient air, respectively; while the 
applied cell voltage has decreased nearly one order of mag-
nitude to 0.3 V when the feeding gas in the cathode side 
is changed to 3%H2O–97%N2. These results demonstrate 
that it really promotes the electrolysis efficiency on the sym-
metrical SFM-SDC/LSGM/SFM-SDC electrolysis cell by 
the substitution of the cathode atmosphere with humidified 
N2 due to the dramatic decrease of the applied potential.

Another obvious evidence for such enhancement is from 
the OCV data for symmetrical electrolyzer operated in dif-
ferent cathode atmospheres at 700–800 °C. As obviously 
shown in Fig. 1 and Table 1 that the OCV values for the 

symmetrical cell, which indicates the cell voltage corre-
sponds to zero electrolysis current (density), are remark-
ably dropped from 1030 and 1060 mV for conventional 
steam electrolysis to 78 and 54 mV when the sweeping 
gas in the cathode side is shifted from 3%H2O–97%H2 to 
3%H2O–97%N2, respectively. In addition, the OCV data 
at different H2O-N2 mixtures are also measured, and sum-
marized in Table 1. It is clearly demonstrated that when 
the cathode side is fed with H2O-N2 mixture, the OCV data 
are all located at the voltage range of 48–78 mV, which are 
significantly lower than the theoretical Nernst potential for 
H2O-H2 mixtures (approx. 1.0 V) (Chen and Jiang 2020), 
which demonstrates much less energy barrier needs to be 
overcome to yield the electrolysis reaction when inert N2 
instead of safe gas H2 is used as carrier gas. Meanwhile, 
it is shown that a slight decrease in OCV was obtained 
with lowering the operating temperature, which could be 
explained by the lowered theoretical OCV calculated by 
Nernst equation

where R is the universal gas constant, T is the absolute 
operating temperature, F is the Faraday constant, pO2,anode

 
and pO2,cathode

 are the oxygen partial pressure of the air and 
N2-H2O atmosphere in the anode and cathode chamber, 
respectively.

It is well known that the electrolysis reaction mecha-
nism is greatly affected by the electrode operating condi-
tions, such as feeding gas composition, applied voltage (Bi 
et al. 2014; Liu et al. 2015; Wang et al. 2017; Zheng et al. 
2017). Therefore, the electrochemical reactions and corre-
sponding rate-determining steps in humidified H2 and N2 
conditions may be quite different, which can be obviously 
expressed by the different slopes in the i-V curves (Fig. 1). 
At the same time, the electrochemical impedance spectra 
(EIS) at OCV and − 0.060 A/cm2 conditions are collected 
and then fitted by using Z-View software. As shown in 
Fig. 2, the impedance spectra show good agreement with 

(1)VNernst=
RT

4F
ln

pO2,anode

pO2,cathode

Fig. 1   i-V curves measured at 800 °C for the symmetrical SFM-SDC/
LSGM/SFM-SDC electrolysis cell operating its cathode in 3%H2O 
humidified N2 (red circle) and H2 (black square), respectively

Table 1   Measured OCV data for symmetrical cell with a cell configu-
ration of SFM-SDC/LSGM/SFM-SDC in different cathode atmos-
phere at 700, 750 and 800 °C

Gas atmosphere OCV (mV)

700 °C 750 °C 800 °C

3%H2O–97%N2 54 60 78
10%H2O–90%N2 54 60 73
23% H2O–77%N2 50 55 66
33% H2O–67%N2 48 53 65
3% H2O–97% H2 1060 – 1030
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the equivalent circuit R0 (RiCPEi), where R0 is attributed to 
the resistance of the electrolyte; while (RiCPEi) is related 
to a sub-step in the electrochemical reaction process, and 
described as a depressed semi-circle in the Nyquist plots. 
When the cell is operated with humidified H2, the imped-
ance spectra measured at OCV are composed of only one 
arc with the typical frequency of 158 Hz. The resistance is 
0.41 Ω cm2 for the sub-step determining the total electrolysis 
reaction process. It is also noted that the impedance exhibits 
only a relatively weak dependence on current density, due 
to the similar shape and magnitude at 0 and − 0.060 A/cm2, 
which is highly consistent with the fact that the i-V curve 
is nearly linear within the whole range of applied potential 
from OCV to OCV + 0.25 V. While when the cell is oper-
ated with humidified N2, the whole impedance spectra are 
composed of two arcs with an additional arc presenting at a 
lower frequency. And the contribution from the second arc 
to the total area specific resistance increases with increas-
ing the electrolysis current density. As shown in Fig. 2a, the 
resistance of the low frequency arc (R2) measured at OCV 
is 0.17 Ω cm2, accounting for 21% of the total area spe-
cific resistance (Rp). The resistance magnitude and ratio has 
increased to 1.38 Ω cm2 and 67% with increasing the elec-
trolysis current density to − 0.060 A/cm2 (Fig. 2b), which are 
strongly consistent with the great increase of slope at high 
electrolysis current density (Table 2).

Figure 3a shows the he i-V curves measured at 800 °C 
for the symmetrical SFM-SDC/LSGM/SFM-SDC elec-
trolysis cell operating its cathode in different humidified N2 
atmospheres (xH2O-(1-x)N2, x = 3%, 10%, 23%, and 33%). 
It is observed that the OCV value at 800 °C is slightly low-
ered from 78 mV to 73, 66, 65 mV when sweeping gas 
in the fuel electrode is changed from 3%H2O–97%N2 to 
10%H2O–90%N2, 23%H2O–77%N2 and 33%H2O–67%N2, 
respectively. At the same time, it can be clearly seen 
that at the voltage lower than 0.3 V, the electrochemical 

performance is gradually enhanced with increasing the 
humidity, and the applied operating electrolysis voltage to 
generate an electrolysis current density of − 0.060 A/cm2 
is continually decreased from 0.174 V to 0.154, 0.130, and 
0.129 V as the feeding gas in the cathode is shifted from 
3%H2O–97%N2 to 10%H2O–90%N2, 23%H2O–77%N2 and 
33%H2O–67%N2, respectively. Additionally, it is also found 
that the electrolysis current density is greatly enhanced from 
− 0.098 A/cm2 to − 0.108, − 0.128 and − 0.134 A/cm2 as the 

Fig. 2   Electrochemical impedance spectra recorded at 800  °C for 
SFM-SDC/LSGM/SFM-SDC symmetrical cell operated at a OCV 
and b − 0.060 A/cm2 with humidified N2 and H2 as the cathode gases, 
respectively

Table 2   The fitted electrode resistances shown in Fig. 2 for the SFM-
SDC/LSGM/SFM-SDC symmetrical cell operated at 800  °C and 
exposed the fuel electrode to 3% H2O Humidified H2 and 3% H2O 
Humidified N2, respectively

Resistance (A/
cm2)

Working conditions

3%H2O–97%H2 3%H2O–97%N2

R1 (Ω cm2) R2 (Ω cm2) R1 (Ω cm2) R2 (Ω cm2)

0 (OCV)
− 0.060

0.41 – 0.64 0.17
0.36 – 0.69 1.38

Fig. 3   a i-V curves and EIS measured at b OCV, and c − 0.060 A/
cm2 conditions at 800 °C for symmetrical cell with a cell configura-
tion of SFM-SDC/LSGM/SFM-SDC operated at different cathode 
atmosphere
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steam content is increased from 3% to 10%, 23%, and 33%, 
respectively.

Electrochemical impedance spectra (EIS) under OCV and 
− 0.060 A/cm2 conditions at 800 °C are also measured to 
investigate the electrochemical performance of symmetri-
cal electrolyzers operated at different steam contents, and 
the Nyquist plots of the impedance spectra measured under 
the OCV and − 0.060 A/cm2 conditions are in Fig. 3b and 
c, respectively. At OCV condition, as the steam content is 
raised from 3 to 33%, the total resistance (Rtotal) is gradually 
decreased from 1.04 to 0.90 Ω cm2 while the ohmic resist-
ance (Rohmic) is almost stable with a value of about 0.23 Ω 
cm2 (Fig. 3b). It is calculated that the electrode polarization 
resistance (Rp) at OCV condition is continually lowered from 
0.81 to 0.67 Ω cm2. Additionally, it is found that Rtotal is 
strongly decreased from 2.32 to 0.1.01 Ω cm2 with a stable 
Rohmic of 0.25 Ω cm2 (Fig. 3c), leading to a greatly lowered 
Rp from 2.07 to 0.76 Ω cm2 with increasing the humidity 
from 3% to 33%. To better understand the humidity effect on 
the electrode reaction, Rps are fitted by using ZSimpleWin 
software and summarized in Table 3. It is found that R1 val-
ues in the high frequency range are gradually decreased from 
0.64 and 0.69 Ω cm2 to 0.53 and 0.59 Ω cm2 after gradually 
increasing the humidity from 3% to 33% when an electroly-
sis current density of 0 and − 0.060 A/cm2 is applied on the 
electrolyzer, respectively, which is possibly enhanced by the 
increased triple phase boundaries (TPBs) induced by the 
increased reactive gas H2O in the SFM-SDC fuel electrode. 
However, different trends have been obtained for R2 in the 
low frequency range, which is strongly associated with dif-
fusion, adsorption, and dissociation of reactive gas (H2O) 
in the electrode (Chen et al. 2020; Liu et al. 2020; Meng 
et al. 2020; Yan et al. 2020). No obvious variation has been 
observed at OCV condition (0.14–0.18 Ω cm2) when the 
humidity is raised from 3% to 33%, which can be explained 
by the fact that no reactive gas has been consumed at OCV 
condition. On the contrast, the corresponding R2 value is sig-
nificantly decreased from 1.38 to 0.17 Ω cm2 with increasing 
the steam content from 3% to 33%. In addition, Rp values as 
well as R2 values measured at − 0.060 A/cm2 and low steam 

content conditions are much larger than those at OCV condi-
tion. These phenomena are possibly ascribed to the severe 
concentration resistance induced by the insufficient reactive 
gas at low humidity.

Figure 4a shows the he i-V curves recorded in the temper-
ature range of 700–800 °C with an interval of 50 °C for the 
symmetrical SFM-SDC/LSGM/SFM-SDC electrolysis cell 
when the cathode and anode are exposed to 23%H2O–77%N2 
and ambient air, respectively. As depicted in Fig. 4a, the 
electrolysis reaction can be effectively enhanced by increas-
ing the operating temperature(Gui et al. 2020; Zhang et al. 
2020). For example, the electrolysis current density is 
strongly increased from − 0.23 to − 0.39, and − 0.54 A/cm2 
with increasing the working temperature from 700 to 750, 
and 800 °C at 0.4 V, respectively. At the same time, the cor-
responding applied cell voltage is gradually lowered from 
0.19 to 0.15, and 0.14 V at the electrolysis current density of 
− 0.060 A/cm2 when the working temperature is raised from 
700 to 750, and 800 °C, respectively. These phenomena can 
be explained by the fact that the electrode reaction process 
can be effectively accelerated by the increased oxygen ion 
conductivity and electro-catalytic properties of electrode 
materials at the elevated temperature, which can also be 

Table 3   The total polarization resistances shown in Fig.  3 for the 
SFM-SDC/LSGM/SFM-SDC symmetrical electrolyzer operated at 
800 °C and measured at OCV and − 0.060 A/cm2 conditions

Gas atmosphere Working conditions

OCV − 0.060 A/cm2

R1 (Ω cm2) R2 (Ω cm2) R1 (Ω cm2) R2 (Ω cm2)

3%H2O–97%N2 0.64 0.16 0.69 1.38
10%H2O–90%N2 0.58 0.18 0.65 0.73
23%H2O–77%N2 0.53 0.14 .0.59 0.32
33%H2O–67%N2 0.53 0.14 0.59 0.17

Fig. 4   a i-V curves and EIS measured at b OCV, and c − 0.060 A/cm2 
conditions in the temperature range of 700–800  °C with an interval 
of 50 °C for symmetrical cell with a cell configuration of SFM-SDC/
LSGM/SFM-SDC operated at 23%H2O–77%N2 condition
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confirmed by the decreased resistance for the steam elec-
trolyzer. It is found from Fig. 4b that Rtotal and Rohmic values 
collected at OCV condition are effectively decreased from 
2.30 and 0.38 Ω cm2 to 0.91 and 0.23 Ω cm2, respectively, 
meaning that Rp value is strongly decreased from 1.92 to 
0.68 Ω cm2 with increasing the working temperature from 
700 to 800 °C. Meanwhile, the effectively lowered Rtotal, 
Rohmic and Rp values are also obtained at an electrolysis cur-
rent density of − 0.060 A/cm2 condition (Fig. 4c), and the 
corresponding values are greatly lowered from 2.30, 0.38 
and 1.92 Ω cm2 to 1.20, 0.24 and 0.96 Ω cm2, respectively. 
These results clearly demonstrate that the steam electroly-
sis reaction can be effectively accelerated by increasing the 
operating temperature.

Furthermore, it can be clearly seen from Fig. 5 that the 
symmetrical electrolyzer is almost stable at a constant elec-
trolysis current density of − 0.060 A/cm2 in 35-h testing at 
800 °C when the fuel electrode and oxygen electrode are 
exposed to 23%H2O–77%N2 and ambient air, respectively.

To further confirm the considerable stability, the micro-
structure of the electrolysis cell after the 35-h stability stud-
ies is shown in Fig. 6. When compared with fresh SFM-SDC 

electrode previously reported (Liu et al. 2019), no obvious 
change can be observed. These results obtained in this work 
indicate that SFM-SDC electrode is a great promising alterna-
tive fuel electrode and oxygen electrode for solid oxide electro-
lyzer based on LSGM electrolyte and safe gas free electrodes 
because of its good electrochemical performance and stability.

4 � Conclusion

In this work, SFM-SDC composite electrodes have been 
prepared for both the fuel electrode and oxygen electrode. 
It is demonstrated that the steam electrolyzers with a cell 
configuration of SFM-SDC/LSGM/SFM-SDC can operate 
at the condition without safe gas, and strongly lower the 
cell voltage to produce hydrogen via steam electrolysis. In 
addition, these cells exhibit a considerable electrolysis cur-
rent density and good durability during the operation. These 
results demonstrate that SFM-SDC ceramic electrode is a 
great promising alternative fuel electrode and oxygen elec-
trode for solid oxide electrolyzer based on LSGM electrolyte 
and safe gas free electrodes because of its good electrochem-
ical performance and stability. Our findings in this work can 
guide the development of ceramic electrode for solid oxide 
cells without safe gas.
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