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ABSTRACT

Scandia (Sc
2
O

3
)-stabilized zirconia (ScSZ) electrolyte-supported symmetrical solid oxide electrolyzer cells (SOECs), in which lan-

thanum strontium cobalt ferrite (LSCF)-gadolinia (Gd
2
O

3
)-doped ceria (GDC) composite materials are used as both the cathode

and anode, were fabricated and their high temperature steam electrolysis (HTSE) performance was investigated. Current density-

voltage curves were obtained for cells operated in 10% H
2
O/90% Ar at 750, 800, and 850ºC. It was possible to determine the

ohmic, cathodic, and anodic contributions to the total overpotential using the three-electrode technique. The HTSE performance

was significantly improved in the symmetrical cell with LSCF-GDC electrodes compared to the cell consisting of an Ni-YSZ cath-

ode and LSCF-GDC anode. It was found that the overpotential due to the LSCF-GDC cathode largely decreased and, at a given

current density, the total cell voltage decreased, which resulted in the enhanced hydrogen production rate in the symmetrical cell.
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1. Introduction

igh temperature steam electrolysis (HTSE) using a

solid oxide electrolyzer cell (SOEC) is known to be a

more efficient way to produce hydrogen than conventional

water electrolysis because the electricity consumption can

be significantly reduced when the electrolyzer cell is oper-

ated at high temperature.1,2) Another advantage of SOECs

is that they can operate reversibly as solid oxide fuel cells

(SOFC), producing electricity with high efficiency by con-

suming stored hydrogen.3)

Many research works have been carried out for the devel-

opment of an energy efficient high temperature solid oxide

fuel cell (SOFC), in which cells employ a reverse operation

of SOEC. Various materials, processing techniques, and cell

or stack designs have been proposed and optimized over the

past few decades.4-6) Although the technologies developed for

SOFC have also been found to be useful for the development

of SOEC, more sophisticated material design and perfor-

mance characterization of SOEC is needed for more cost-

effective electrolytic hydrogen production.7,8)

Nickel and yttria-stabilized zirconia (Ni–YSZ) cermet has

been utilized as the most common cathode material of

SOEC due to its high catalytic activity, sufficient conductiv-

ity, and mechanical/chemical compatibility with other com-

ponents. However, the Ni-YSZ cermet requires a large

amount of hydrogen to avoid oxidation to nickel oxide (NiO)

in the presence of water vapor at high temperatures. Some

researchers have reported on the electrode performance of

perovskite-type oxides such as lanthanum-doped strontium

titanate (LST) and lanthanum strontium manganese chro-

mite (LSMC).9,10) They addressed the idea that the oxide

cathode exhibited enhanced performance compared to the

Ni-YSZ cermet.

In this study, an electrolyte-supported SOEC consisting of

an Sc
2
O

3
-stabilized ZrO

2
 (ScSZ) electrolyte and La

0.6
Sr

0.4
Co

0.2

Fe
0.8

O
3-d

 (LSCF)-Gd
2
O

3
-doped CeO

2
 (GDC) electrodes was

fabricated and its hydrogen production performance was

investigated. Also, we tried to evaluate the polarization

losses with respect to water vapor reduction and oxygen ion

oxidation over the LSCF-GDC composite electrode.

2. Experimental Procedure

Two types of electrolyte supported electrolyzer cells,

LSCF-GDC/GDC/ScSZ/GDC/LSCF-GDC (cell A, hereafter)

and Ni-YSZ/ScSZ/GDC/LSCF-GDC (cell B, hereafter), were

fabricated in this study. The cell configuration used in this

study is shown schematically in Fig. 1. Commercially avail-

able ScSZ (88 mole% ZrO
2
-8 mole% Sc

2
O

3
-2 mole% Y

2
O

3
,

Kceracell, Korea), LSCF-GDC (Fuel Cell Materials, USA),

GDC (Anan Kasei Co. Ltd., Japan), and Ni-YSZ (Fuel Cell

Materials, USA) powders were used for the cell preparation.

First, the ScSZ powder was uniaxially pressed into a pel-

let and sintered at 1500°C for 5 h in air. An ScSZ disk with

H
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a diameter of 22 mm and a thickness of 0.2 mm was

obtained. LSCF-GDC and GDC pastes were prepared by

mixing the powders and an organic vehicle (a-terpinol, n-

butyl acetate, and ethyl cellulose). The weight ratio of each

powder to the organic vehicle was 60:40. The GDC buffer

layer was formed using the GDC paste on the ScSZ disk via

a screen printing technique followed by heat-treatment at

1200°C for 2 h in air. The LSCF-GDC layers were also

screen-printed on the GDC buffer layer and were heat-

treated at 1000°C for 2 h in air. The area of the electrode

was 1 cm2. A current-collecting Pt layer containing 15 wt%

YSZ was further formed on the LSCF-GDC electrodes via a

screen printing method. Pt wire was used to make the refer-

ence electrode on the side of the ScSZ electrolyte disk. 

The alumina tubes on both the top and bottom sides of the

electrolyzer cell were sealed with Pyrex glass rings. The cell

was then placed inside a furnace and heated at 850°C to

allow for the sealing glass to be softened. 10% steam/Ar and

10% steam/H
2
 were supplied to the LSCF-GDC and Ni-YSZ

cathodes, respectively. The water vapor partial pressure of

the cathode gas mixture was determined by the tempera-

ture of the water bath inside the humidifier. On the other

hand, the anode was supplied with air. The flow rates of

10% steam/Ar, 10% steam/H
2
, and air were 100 ml·min−1.

The current density-voltage curves were measured with a

three probe method using electrochemical testing equip-

ment (IM6e, Zahner, Germany). The three Pt wires from the

anode, cathode, and reference electrodes were connected to

the working, counter, and reference terminals of the testing

equipment, respectively. Hydrogen production rate of the

SOEC was calculated using Faraday’s law, assuming 100%

current efficiency. The microstructure was monitored by

field-emission scanning electron microscopy (FE-SEM, S-

4300, Hitachi).

3. Results and Discussion

Figure 2 shows cross-sectional SEM images for the cath-

ode-electrolyte interface of cell A (a) and cell B (b). The

LSCF-GDC layers exhibited a porous microstructure, while

the GDC buffer layer were sufficiently densified and

adhered well to the ScSZ electrolyte. The thicknesses of the

LSCF-GDC, Ni-YSZ, and GDC layers were estimated to be

approximately 18, 25, and 10 μm, respectively. As can be

seen in Fig. 2(a), the LSCF-GDC cathode had a homoge-

neous particle size distribution; the particle size of the

LSCG-GDC cathode was approximately 0.5 to 1 mm.

On the other hand, the morphology of the NiO particles

was found to be slightly irregular and their size was much

larger than that of the LSCF-GDC cathode. This observed

phenomenon might be associated with the heat-treatment

temperature difference. The LSCF-GDC and NiO-YSZ lay-

ers were coated on the ScSZ electrolyte disk and subse-

quently heat-treated at 1000 and 1400ºC, respectively. In

the case of the NiO-YSZ cathode, the heat-treatment at high

temperature resulted in particle growth and agglomeration.

Current density-voltage curves of two electrolyzer cells

(cell A and cell B) operated under SOEC mode at 750, 800,

and 850°C are shown in Fig. 3. As is evident in Fig. 3, asym-

metry in the current density-voltage curves appeared. In

the SOFC mode, the voltage decreased almost linearly with

increasing of the current density, while the current density-

voltage characteristics in the SOEC mode seem to be more

complicated than those in the SOFC mode. The slope of the

current density-voltage curve is steep in the low current

density range; it then becomes modest between -0.2 and -0.4

A/cm2, and again increases steeply with increasing of the

current density. In addition, the low voltage at a given cur-

rent density, i.e., the significantly superior steam electroly-

sis performance of cell A based on the LSCF-GDC cathode

compared to cell B based on the Ni-YSZ cathode suggests

that the LSCF cathode exhibits better catalytic activity for

the reduction of steam into hydrogen.

The cell voltage shown in Fig. 3 was recorded by measur-

ing the voltage between two electrodes; it can be written by

Fig. 1. Schematic picture showing the cell configuration used
in this study. Fig. 2. Cross-sectional SEM images for the cathode inter-

faces of cell A (a) and cell B (b) (scale bar: 10 µm).

Fig. 3. Current density-voltage curves of cells A and B at
750, 800, and 850ºC. 
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starting with the thermodynamically predicted voltage of

the cell and then subtracting the voltage losses, such as the

ohmic, activation, and concentration losses. The voltage loss

due to the ohmic resistance of the cell can be estimated by

multiplying the ohmic resistance, which can be determined

from the impedance spectrum of the cell, by the current den-

sity. In addition, the activation loss of each electrode can be

obtained by measuring the voltage between the anode and

the reference and between the cathode and the reference.

The resulting ohmic loss, cathodic voltage (LSCF-GDC for

cell A and Ni-YSZ for cell B), and anodic voltage (LSCF-

GDC for both cells) are shown in Fig. 4(a), (b), and (c). The

ohmic loss, originating mainly from the resistance of the

ScSZ electrolyte, was significant in both cells A and B. The

slightly high ohmic loss in cell A compared to that in cell B

can be ascribed to the low electrical conductivity of the

LSCF-GDC cathode and the presence of the GDC buffer

layer in the cathode. Since the electrical conductivity of the

GDC layer is relatively high at the cell operating tempera-

tures and because its thickness is very thin, the contribu-

tion of the GDC buffer layer to the total cell resistance must

be small, though some pores in the GDC layer can affect the

resistance of cell A.

On the other hand, the cathodic voltage is much lower in

cell A than in cell B, which indicates that the LSCF-GDC

may be promising for use as an SOEC cathode. An interest-

ing feature that can be observed in Fig. 4(b) is that the

cathodic voltage of cell A increased very modestly as the

current density increased from -0.1 to -0.6 A/cm2. This result

means that the activation barrier for the reduction of steam

into hydrogen is enormously reduced in the LSCF-GDC

cathode of cell A.

The enhanced cell performance observed in Fig. 4 can be

explained by two factors; one is the microstructural features

in cell A and the other is the increased catalytic activity for

the reduction of steam over the LSCF-GDC cathode. As was

mentioned in the earlier section (Fig. 2), the LSCF-GDC

cathode has a finer and more homogenous microstructure

than that of the NiO-YSZ cathode. This microstructure can

allow a prolonged triple phase boundary length and a

resulting reduced polarization resistance at the cathode. In

addition, LSCF-GDC showed a higher oxygen vacancy con-

centration compared to NiO-YSZ, most likely yielding

increased oxide ion mobility and availability of adsorption

sites in LSCF-GDC.11) This can be another reason for the

decreased cathodic voltage observed in Fig. 4(b).

As was described in the previous section, the ohmic loss

and the electrode overpotentials of two cells were deter-

mined for each current density. The total sum of the overpo-

tentials was calculated and plotted in Fig. 5. As can be seen

in Fig. 5, the cell voltage measured between the two elec-

trodes agrees well with the total sum of the overpotentials.

In the case of cell B, a cell voltage of 1.4 V corresponds to a

current density of -0.35 A/cm2. Under these operating condi-

tions, the ohmic, cathodic (Ni-YSZ), and anodic (LSCF-

GDC) overpotentials were 158 mV (45%), 156 mV (44%),

and 37mV (11%), respectively. It is clear that the overpoten-

tial resulting from the Ni-YSZ cathode contributes to the

Fig. 4. Current density-voltage curves of cells A and cell B measured at 850ºC; (a) ohmic loss, (b) cathodic voltage, (c) anodic
voltage.
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main part of the total voltage loss. Considering that the cell

used in this study is an electrolyte (0.2 mm in thickness)-

supported cell, 39% of the ohmic contribution seems to be

reasonable. However, the large Ni-YSZ overpotential may

be problematic. The cause of the large overpotential might

be the low vapor pressure of water (10%) and the absence of

a functional layer, which layers are usually used for normal

SOFC or SOEC cells. In addition, the Ni-YSZ overpotential

contributes to a much larger extent at high current densi-

ties, suggesting the presence of concentration loss at high

current densities.

On the other hand, the cathodic polarization resistance

decreased in cell A, while the ohmic and anodic polarization

resistances slightly increased. As was mentioned in previ-

ous sections, this result is ascribed to the low electrical con-

ductivity of the LSCF-GDC cathode and the low density of

the GDC buffer layer in cell A.

Figure 6 shows the hydrogen production rates of cell A

and cell B at 750, 800, and 850°C. The hydrogen production

rate increases as the applied voltage increases and also as the

operating temperature increases. At a given voltage, the

hydrogen production rate was found to have a two-fold higher

value in cell A than in cell B. For example, the hydrogen pro-

duction rates of cell A and cell B were 3.5 and 1.5 sccm/cm2,

respectively, with an applied voltage of 1.3 V at 850°C and

10% H
2
O.

It has been reported that LSCF can be used as an anode

material of SOFCs operated in hydrogen at 500ºC12,13) or

with hydrocarbon fuels in the intermediate temperature

range of 550 ~ 700ºC.14,15) Those studies addressed the idea

that LSCF or LSCF-GDC displayed good phase stability,

depending on the operating temperature or atmosphere. In

order to confirm the stability of the LSCF-GDC in the

cathodic atmosphere of the SOEC mode, phase analysis was

carried out for the LSCF-GDC sample after the cell perfor-

mance measurement. XRD patterns of the as-prepared

LSCF-GDC and LSCF-GDC cathode tested in cell A are

shown in Fig. 7. It was found that the as-prepared LSCF-

GDC consists of LSCF and GDC phases; there were no

unwanted or reaction phases. In comparison, as can be seen

in Fig. 7(b) and Fig. 7(a), there was no significant change

after the cell operation in 10% H
2
O/90% Ar at 850ºC. This

observed result suggests that the LSCF-GDC is stable in

the operation conditions of the SOEC, although a long-term

stability test should be carried out in the future. It is consid-

ered that water vapor in the cathode can increase the oxy-

gen partial pressure of the cathode, leading to the enhanced

Fig. 5. Current density-voltage curve of cell A (a) and cell B
(b) measured at 850°C, and curve split into ohmic
loss (IR loss) and electrode overpotentials.

Fig. 6. Hydrogen production rate vs. voltage curves at 750,
800, and 850°C.

Fig. 7. XRD patterns of LSCF-GDC cathode: (a) as-pre-
pared LSCF-GDC, (b) LSCF-GDC after cell perfor-
mance measurement.
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phase stability of the LSCF in hydrogen atmosphere.

4. Conclusions

Symmetrical solid oxide electrolyzer cells (SOECs) con-

sisting of an ScSZ electrolyte and LSCF-GDC electrodes

were fabricated. Their HTSE performances were evaluated

at 750, 800, and 850ºC and compared with that of the Ni-

YSZ/ScSZ/LSCF-GDC cells. The total cell voltage was sig-

nificantly reduced in the symmetrical cell with LSCF-GDC

electrodes (cell A) operated in 10% H
2
O/90% Ar, compared

to cell B operated in 10% H
2
O/90% H

2
. This observed result

suggests that the LSCF-GDC can be used as a cathode

material of SOECs. The phase stability of the LSCF-GDC in

the cathode atmosphere, such as 10% H
2
O/90% Ar, was con-

firmed by XRD analysis. The hydrogen flux of the symmet-

rical cell operated at 850ºC was 3.5 cc/min·cm2 at -1.3 V,

which is about 2.5 times higher than that of the cell with

the Ni-YSZ cathode. In order to enhance the performance of

the symmetrical cell, it is necessary to reduce the electrolyte

thickness, i.e., that of the electrode-supported cell, and

ensure microstructure control of the LSCF-GDC cathode.
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