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A key hindrance of operating solid oxide fuel cells (SOFCs) at low temperature is the

relatively high cell resistance resulting in low power output density. In this work, we report

an SOFC design based on an anode-supported cell (ASC) with thin film Yttria stabilized

zirconia electrolyte (YSZ), capable of high power output densities of 1050 mW cm�2 using

H2 as fuel, at an operating temperature of 873 K. Such high cell performances have been

realized by applying three optimization steps: (1) using La0.6Sr0.4CoO3�d-perovskite (LSC) as

high performing cathode material at low temperature; (2) integration of an optimized

Ce0.8Gd0.2O1.9 (CGO) inter-diffusion barrier layer and (3) optimization of the microstructure

of the anode substrate by means of increasing the substrate porosity.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The Solid Oxide Fuel Cell (SOFC) is an attractive power gen-

eration device that directly and efficiently converts chemical

energy from hydrogen or fossil fuels to electric power. Hence,

this device combines the benefits of environmentally benign

power generation with fuel flexibility [1,2]. However, the ne-

cessity to operate a conventional SOFC at high operating

temperature (>1073 K) results in high costs of applied mate-

rials, especially the metallic interconnect and balance-of-

plant materials, and material compatibility challenges [3,4].

The reduction of the operating temperature of SOFCs
.
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(823e923 K) is an effective approach for reducing the costs of

applied materials and increasing lifetime of SOFCs [5,6].

Although it is well-known that the anode-supported cell

(ASC) with thin film electrolyte is the most promising cell

design for low temperature application [7,8], the performance

of this type of cells at lower temperatures strongly declines

due to rapidly increasing cathode polarisation losses [9,10].

The catalytic oxygen reduction activity of the currently used

cathode materials like (La, Sr)(1�x)MnO3�d and (La,Sr)(1�x)(Fe,

Co)O3�d is rather low for operation below 973 K [11e13]. In the

literature, La0.6Sr0.4CoO3�d perovskite (LSC) has been proposed

as cathode material for low-temperature SOFCs. This com-

pound with rhombohedrally distorted perovskite structure is

a well-known mixed ionic and electronic conducting material
ished by Elsevier Ltd. All rights reserved.
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(MIEC) with high catalytic activity for oxygen reduction at low

temperatures [14e16]. Another advantage of LSC as cathode is

its high tolerance towards CO2 in the desired temperature

regime. That aspect makes LSC a more favourable low tem-

perature cathode material than the highly promising

Ba0.5Sr0.5Co0.8 Fe0.2O3�d (BSCF), which has been demonstrated

as good low temperature cathode but has low CO2-tolerance

[17,18]. A drawback of the use of LSC is the reactivity with YSZ

electrolyte resulting in the formation of SrZrO3, especially

during the SOFC manufacturing procedure, involving sinter-

ing temperatures for the cathode as high as 1173e1373 K.

SrZrO3 has very poor oxygen ionic conductivity, leading to

lower cell performance [12]. Therefore, a diffusion barrier

layer between the YSZ electrolyte and LSC cathode is needed

in order to prevent Sr diffusion from the cathode to the zir-

conia electrolyte. From the literature, Ce0.8Gd0.2O1.9 (CGO) has

been found to be a more suitable blocking layer, compared to

Ce0.8Y0.2O1.9 (CYO), due to its high ionic conductivity and

chemical compatibility with the LSC-cathode along with low

reactivity with Sr-containing cathode [7,19]. This ceria inter-

diffusion barrier layer needs to fulfil three requirements. First,

this layer has to be thin resulting in the reduction of the ohmic

contribution. Second, the ceria barrier layer has to be sintered

at temperatures as low as possible in order to prevent inter-

diffusion of cations between the ceria and zirconia layer,

which creates an undesirable reaction zone with a lower ionic

conductivity that results in enhanced ohmic losses [8,20].

Third, this layer must be dense in order to prevent any reac-

tion between cathode and zirconia electrolyte. Two tech-

niques have been explored for the optimization of applied

CGO layers in order to achieve those requirements, namely

the cost efficient screen-printing technique (SP) and physical

vapour deposition technology (PVD). The ceria deposition

procedure using PVD has been demonstrated already to be a

suitable technique with respect to those requirements [21].

This technique has the advantage of lowering the deposition

temperature of the CGO layer to 1073 K or even below, which

prevents the interdiffusion between CGO and YSZ.

The anode substrates used in Anode Supported Cells (ASC)

are usually fabricated by tape casting method. The investi-

gation of Ni-YSZ cermet anode indicated that the anode sub-

strate structure can significantly influence the performance of

the fuel oxidation reaction. Increasing porosity and pore size

will allow for high electrochemical activity and less hindered

gas transport [22,23].

In the present work, the significant improved cell perfor-

mance at 873 K has been achieved by the use of LSC as cathode

and improvement of quality of CGO interdiffusion barrier

layer. The final improvement of cell performance has been

obtained by optimization of the anode substrate with respect

to porosity and pore size distribution.
Experimental

Fabrication of anode-electrolyte support

NiO (MERK), 3 mol% YSZ (TOSOH) and pore-former powder

obtained from commercial sources were mixed into a tape

cast suspension, consisting of PVB binder dissolved in
Please cite this article in press as: Zhang-Steenwinkel Y, et al., Hi
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ethanol-toluene mixture. After tape-casting and evaporation

of the dispersion aid, the resulting green tape was cut in the

appropriate dimension and the functional anode layer and

electrolyte layer were applied by screen printing (200 mesh).

The functional anode layer is prepared from amixture of NiO

(MERK) and 8 mol% YSZ (Zr0.84Y0.16O1.92, TOSOH), powder

from commercial sources. The electrolyte layer consists of

8 mol% YSZ. The screen print pastes were prepared by mix-

ing these powders into a dispersant aid and binder system

using a Dispermat milling device. The resulting green anode

electrolyte support was sintered at 1673 K for 1 h. The sin-

tered anode-electrolyte support consists of an approximately

550 mm thick anode substrate, an 8 mm thick electrochemical

active anode functional layer and a 3e5 mm thick electrolyte

layer. The state-of-the-art anode electrolyte support used

as a reference to monitor the improvement in cell perfor-

mance consists of an anode substrate supporting a bi-layer

electrolyte of 8YSZ (4e5 mm) and Ce0.8Y0.2O1.9, (CYO,

3e4 mm) that has been co-fired at 1673 K together with the

anode substrate.

Preparation of ceria diffusion barrier layer

Ce0.8Gd0.2O1.9 powder (CGO, from Rhodia) has been used for

the ceria barrier layer development by means of screen

printing technique (SP). Screen printing pastes have been

prepared by mixing CGO powders into a dispersant aid and

binder system using a Dispermat milling system. The pastes

with additional sintering aid (cobalt nitrate salt, 0.6mol dm�3),

aiming for dense and crack-free CGO layer after sintering, has

been screen-printed onto the 5 � 5 cm2 square-shaped anode-

electrolyte support, followed by sintering at 1573 K. This sin-

tering temperature has been found to be the most optimum

one in our previous work. After the cell performance test, the

microstructure and elemental composition of the CGO layer

have been investigated by SEM (JEOL HSM-6330F Field Emis-

sions Scanning Electron Microscope) equipped with an EDX

spectrometer (Thermo Noran) on the cross section of the

samples. Line-scans of the cross section of the tested samples

were performed to determine the element distribution across

the different layers. For the CGO layer prepared by PVD, the

reactive sputtering technique was used. Therefore, a metallic

alloy with a nominal composition of 80 at.% Ce and 20 at.% Gd

has been sputtered in an argon/oxygen atmosphere with an

oxygen partial pressure of 10�3 mbar.

Cathode manufacturing

The La0.6Sr0.4CoO3�d (LSC) screen printing pastes have been

prepared by mixing the LSC powders (Praxair) into a disper-

sant aid and binder system using a Dispermat milling device.

The resulting pastes have been screen-printed (SP) on top of

the 5 � 5 cm2 square shaped anode substrate support covered

with either CGO or CYO layer. This LSC cathode has been first

optimized for its electrochemical performance through

microstructural modification by means of optimization of

sintering step, aiming for sufficiently and uniformly small

particles along with high catalytic oxygen reduction activity

and well established particle-to-particle connectivity. The

optimum sintering temperature has been determined to be
gh performance solid-oxide fuel cell: Opening windows to low
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1273 K resulting in the desirable cathode microstructure

consisting of uniform andwell connected cathode particles of

average grain size of 250 nm. The resulting cathode layer with

dimensions of 3.2 � 3.2 cm2 and active surface area of

approximately 10 cm2 has a thickness of around 35 mm.
Cell performance testing

The cell performance was evaluated in 5 � 5 cm2 cell housing

with corrugated ceramic flanges for good gas distribution.

Platinum (Pt) meshes were used for current collection on

both anode and cathode sides. A dead weight of 2.5 kg was

placed on top of the cell housing in order to obtain better

contact between the current collector and the electrodes. The

anode side was flushed with humidified hydrogen with a flow

rate of 500 ml min�1. On the cathode side, synthetic air (20%

O2 and 80% N2) was supplied as oxidant with a flow rate of

400 ml min�1 and 1600 ml min�1, respectively. The current

density and voltage values were recorded between 773 K and

1073 K. The impedancemeasurementswere performed for all

tested cells at a current density of 0.4 A cm�2 using a Solar-

tron Schlumberger frequency response analyser (FRA) model

1255 in conjunction with a Schlumberger potentiostat model

1287A. The applied frequencies ranged from 0.01 Hz to 1 MHz

with signal amplitude of 10 mV. The obtained Nyquist plots

were fitted using the Zview2 fitting program. The contribu-

tion of the ohmic and electrode resistance to the total cell

losses has been determined from the fit results.
Results and discussions

LSC cathode for LT-SOFCs

As has been mentioned in the introduction, the state-of-the-

art cathode materials like LSM and LSCF show low catalytic

activity towards oxygen reduction reaction for SOFC operated

at a temperature below 973 K. Here, improved cell perfor-

mance of ASC at 873 K in terms of IeV curves (Fig. 1a) and area

specific resistance values subdivided in polarisation and

ohmic losses (Fig. 1b) has been demonstrated when LSC

cathode has been used. For comparison, the cell performance

of reference ASC with state-of-the-art anode electrolyte sup-

port combined with LSCF cathode and co-fired CYO barrier

layer has been included in this figure. As can be seen, a peak

power density of 260 mW cm�2 has been obtained for the cell

with the optimized LSC cathode, while 184 mW cm�2 was

measured for the reference cell. Also the stability of the cell

with LSC cathode has been tested at operating temperature for

1000 h. Less than 1 V%khr degradation rate has been observed

that shows very good stability of this type of fuel cell at

operating temperature of 873 K (figure is not shown here).

The impedancemeasurement confirm that by using LSC as

cathode both ohmic and polarization resistance have been

diminished (Fig. 1b). The reduction of ohmic resistance might

be attributed to the fact that LSC has higher electronic and

especially ionic conductivity compared to LSCF in the tested

temperature regime [14e16,24,25].
Please cite this article in press as: Zhang-Steenwinkel Y, et al., Hi
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Optimization of CGO diffusion barrier layer

In a second step, the electrochemical performance of the ASC

with LSC cathode has been further enhanced by optimization

of the CGO interdiffusion barrier layer in order to fulfil three

requirements: as thin as possible, high density and sintered

at temperature as low as possible. In order to investigate the

influence of the layer thickness on the ohmic constitution,

three ASCs have been manufactured consisting of variation

in layer thickness by varying the amount of screen printed

layers, followed by sintered at 1573 K for 1 h. Subsequently

the cell performance test has been carried out under condi-

tions described previously. In Fig. 2a, the IeV characteristics

of the tested cells with variation of thickness of CGO layers at

an operating temperature of 873 K show that the cell per-

formance increases with decreasing CGO barrier layer

thickness. The contribution of the cell losses at a current

density of 0.4 A cm�2 has been shown in Fig. 2b. As can be

seen, the ohmic resistance has the largest contribution to the

decline of total cell losses. A small increase in polarization

resistance along with increased CGO layer thickness has

been observed. The cause of that is unclear. One possible

explanation is that the manufacturing procedures of the

cathodes between thin CGO layer (1 micron) and the thicker

CGO layers (4 micron and 6 micron) are different, being 2

layers of screen-printed LSC cathode using a coarse screen

print sieve (60 mesh) and 5 layers of screen-printed LSC

layers using a fine screen print sieve (200mesh), respectively.

The use of a coarse sieve for the cathode manufacturing re-

sults in less cracks on the cathode surface and slightly

thinner cathode layer compared to that using fine sieve,

which might contribute to the reduction of polarization

resistance. A clear relationship between the observed ohmic

loss and the bi-layer electrolyte thickness (8YSZ

electrolyte þ CGO-layer) is shown in Fig. 3. For comparison,

the theoretical correlation between calculated ohmic resis-

tance values for the 8YSZ/CGO combination and the thick-

ness of the bi-layer electrolyte has been included in this

figure. Also the effect of the ceria layer density on this

theoretical conductivity-thickness relationship is included

according the given equation as followed:

Rohmic ¼

��
L8YSZ
s8YSZ

�
þ
�

LCGO
sCGO

��

Afract
(1)

Where Rohmic is the area specific ohmic resistance in U

cm2, L8YSZ and LCGO are electrolyte and CGO layer thickness,

s8YSZ and sCGO are the specific oxygen ionic conductivity of

8YSZ and CGO at 873 K and Afract is the fractional density of

the CGO layer. The fraction density of CGO layer has been

determined from image analysis of SEM pictures, resulting in

a value of approximately 70e75% density. As can be seen,

the observed and theoretical correlation between the bi-layer

electrolyte thickness and ohmic losses have different slope.

The dependence of ohmic losses on the layer thickness

at constant fraction density is significantly higher than

the theoretically expected, which suggests that the specific

oxygen ionic conductivity of this CGO/8YSZ layer combina-

tion is lower than the theoretical value. The lower

observed conductivity behaviour indicates that a change in
gh performance solid-oxide fuel cell: Opening windows to low
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Fig. 1 e a: Cell voltage and power density as function of current density at 873 K with humidified H2 (500 ml min¡1) supplied

to anode and synthetic air (400 ml min¡1 O2 and 1600 ml min¡1 N2) supplied to cathode; A ASC-CYO(SP)-LSC; C reference

cell: ASC-CYO(SP)-LSCF; the LSCF cathode has been sintered at 1373 K for 1 h, while the LSC cathode has been sintered at

1273 K for 1 h; b: Total area specific resistance (Rtot), ohmic losses (Rohm) and electrode polarization losses (Rpol) are given for

each cell configuration and has been determined by impedance measurement at 0.4 A cm¡2 at 873 K.
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composition in both layers has occurred, possibly due to the

interdiffusion reaction between the zirconia and ceria layer,

since these layers have been sintered at 1573 K. From the

literature, it is known that the interdiffusion reaction occurs

at a temperature above 1473 K [26,27]. In Fig. 3, a calculated

correlation between ohmic contribution of the bi-layer 8YSZ/

CGO electrolyte and thickness of the this combination has

been included according to the equation given below,

assuming that this bi-layer electrolyte has the same specific

conductivity value as that of the single 8YSZ electrolyte at

873 K.

Rohmic ¼

�
L8YSZþLCGO

s8YSZ

�

Afract
(2)

A better match with the experimental data points has

been obtained, which supports the theory that this
Please cite this article in press as: Zhang-Steenwinkel Y, et al., Hi
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electrolyte combination sintered at 1573 K has lower total

specific oxygen ionic conductivity, compared to the theoret-

ical expected one. The assumed interdiffusion reaction be-

tween ceria-zirconia has been confirmed by EDX-analysis of

the electrolyte-barrier layer cross section (Fig. 4). An enrich-

ment of Gd-ions at ceria-zirconia interface and a large extent

of zirconium diffusion into ceria layer up to 2 micron have

been observed. However, due to the formation of this inter-

diffusion layer, despite of its lower ionic conductivity, this

layer also acts as a blocking layer to prevent the reaction

between LSC cathode and zirconia electrolyte, resulting in

reasonable cell performance. Ideally, in order to prevent this

interdiffusion and further lowering the ohmic losses over the

electrolyte bi-layer, a lower sintering temperature for the

ceria layer is desirable. Moreover, this CGO-barrier layer

should be dense to avoid any reaction between cathode and

zirconia electrolyte. The ceria layer prepared by sputtering
gh performance solid-oxide fuel cell: Opening windows to low
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PVD technique is dense and the deposition temperature is

low (see Fig. 5). For comparison, the screen-printed thin CGO-

barrier layer has been included in this figure. As can be seen,

this layer is thin but very porous, while the PVD-deposited

CGO-barrier layer is very thin (ca. 0.3 mm) and dense. In

Fig. 6a, a peak power density of 800 mW cm�2 was obtained

for the ASC with applied sputtered CGO-barrier layer. The

main improvement is due to significant diminished ohmic

resistance value (Fig. 6b). The lower ohmic resistance can be

attributed to the very low processing temperatures for the

PVD techniques avoiding the formation of a (Ce,Gd,Zr,Y)O2

solid solution. In addition, Uhlenbruck et al. [20] demon-

strated that a dense CGO layer inhibits the SrZrO3 formation

due to strontium transport from the cathode to 8YSZ elec-

trolyte, which also results in reduction of ohmic losses. The

very low Ohmic resistance of the 8YSZ/PVD-CGO combina-

tion has been included in Fig. 3, which corresponds well with

the theoretical expected value.
Please cite this article in press as: Zhang-Steenwinkel Y, et al., Hi
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Optimization of anode substrate

The cell performance has been further improved by optimi-

zation of the anode substrate in terms of porosity and pore

size distribution, aiming for improved tortuosity. The

improvement in anode support morphology, in terms of tor-

tuosity has been described in Refs. [28,29]. As can be seen in

Fig. 7a, by increasing the porosity of the anode substrate from

30 to 45 vol% results in approximately 25% higher maximum

power density, being 1050mW cm�2 (at fuel efficiency of 50%).

This improvement is the result of both diminishing ohmic and

polarization losses (Fig. 7b). The reduced polarization resis-

tance can be assigned to lower gas diffusion resistance due to

the increased porosity of anode substrate. This lower gas

diffusion resistance can prevent the quick downwards

bending of the IeV curve at high current density. This has

been demonstrated in Fig. 7a by comparing the IeV curve of

the cell with low and high porosity anode substrates.
gh performance solid-oxide fuel cell: Opening windows to low
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Fig. 3 e Ohmic resistance contribution to the total cell losses at 873 K as function of ceria layer thickness. The theoretical

calculated Rohm as function of ceria/zirconia layer thickness and ceria layer density is shown as solid lines, assuming

theoretical oxygen ionic conductivity values is the sum of that of the 8YSZ- and CGO-layer. The dotted lines represent the

calculated Rohm as function of the bi-layer thickness and ceria layer density, assuming that the specific conductivity of this

bi-layer electrolyte is equal to that of 8YSZ. Also the Rohm of PVD deposited ceria layer has been included (open marker).
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Conclusions

This paper shows that a significant improved cell perfor-

mance at operating temperature of 873 K has been obtained

for anode-supported cells consisting of thin film zirconia

electrolyte when using hydrogen as fuel. This is mainly due to

three optimization steps: (1) using LSC as cathodematerial; (2)

implementing optimized CGO interdiffusion barrier layer

aiming for thin and dense layer sintered at lower temperature;

(3) improving the tortuosity of anode substrate by means of

increasing the substrate porosity. It has been demonstrated
Please cite this article in press as: Zhang-Steenwinkel Y, et al., Hi
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that using LSC cathode with high catalytic activity for oxygen

reduction along with high ionic and electronic conductivity at

873 K results in both diminished ohmic and polarization

resistance. Also it has been shown that the quality of CGO-

barrier layer is of importance with respect to further

reducing the ohmic contribution, in particular, at high current

density, since the ohmic contribution is dominant. The screen

printing technique has been demonstrated to be suitable

for deposition of a thin CGO layer on the electrolyte. However,

this layer is still porous and has to be sintered at a tempera-

ture as high as 1573 K that results in the formation of

a (Ce,Gd,Zr,Y)O2 solid solution with a lower oxygen ionic
gh performance solid-oxide fuel cell: Opening windows to low
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Fig. 5 e SEM images of cross sections of ASCs with CGO-barrier layers prepared by screen printing (left) and PVD (right). The

CGO-barrier layers are indicated by the surrounding lines.

Fig. 6 e a: Cell voltage and power density as function of current density at 873 K with humidified H2 (500 ml min¡1) supplied

to anode and synthetic air (400 ml min¡1 O2 and 1600 ml min¡1 N2) supplied to cathode; C ASC-CGO(PVD)-LSC; A ASC-

CGO(SP)-LSC; the LSC cathode has been sintered at 1273 K for 1 h; b: The ohmic losses (Rohm) and electrode polarization

losses (Rpol) are given for each cell configuration and has been determined by impedance measurement at 0.4 A cm¡2 at

873 K.

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e9 7

Please cite this article in press as: Zhang-Steenwinkel Y, et al., High performance solid-oxide fuel cell: Opening windows to low
temperature application, International Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.02.033



Fig. 7 e a: Cell voltage and power density as function of current density at 873 K with humidified H2 (500 ml min¡1) supplied

to anode and synthetic air (400 ml min¡1 O2 and 1600 ml min¡1 N2) supplied to cathode; - ASC*-CGO(PVD)-LSC; A ASC-

CGO(PVD)-LSC; the LSC cathode has been sintered at 1273 K for 1 h; ASC*: anode substrate with optimised porosity and pore

size distribution; b: Total area specific resistance (Rtot), ohmic losses (Rohm) and electrode polarization losses (Rpol) are given

for each cell configuration and has been determined by impedance measurement at 0.4 A cm¡2 at 873 K.
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conductivity. A near perfect thin and dense CGO barrier layer

has been prepared by PVD technique, leading to significant

reduced ohmic resistance. Finally, further improvement in

power output of the anode-supported cell has been demon-

strated by the modification of the preparation process of the

anode substrate by means of controlled microstructure with

high substrate porosity that resulted in further reduction of

both ohmic and polarization contributions.
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