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ABSTRACT

Application of Lag Sro4Coo2Fep 03 perovskites cathode in solid oxide fuel cell (SOFC) can benefit from its
high electrocatalytic activity at 600-800 °C. However, due to the chemical and mechanical incompatibility
between the LSCF cathode and state-of-the-art yttria stabilized zirconia (YSZ) electrolyte, a ceria-based
oxide barrier interlayer is usually introduced. In this work, gadolinia doped ceria (GDC) interlayers are
prepared by screen printing (SP), electron beam evaporation (EB) and ion assisted deposition (IAD) meth-
ods. The microstructures of the GDC interlayers show great dependence on the deposition methods. The
1250°C-sintered SP interlayer exhibits a porous microstructure. The EB method generates a thin and com-
pact interlayer at a low substrate temperature of 250 °C. With the help of additional energetic argon and
oxygen ions bombardment on the deposited species, the IAD method yields the densest GDC interlayer
at the same substrate temperature, which leads to the best electrochemical performance of LSFC-based

Electron beam evaporation SOFC.
Ion assisted deposition

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cell is an electrochemical device directly con-
verting the fuel and oxygen into water and electricity at around
600-1000 °C with high efficiency and low pollution [1,2]. In recent
years, great efforts have been made to lower the working tem-
perature to intermediate range (600-800°C), in order to reduce
the degradation rate and increase the operation lifetime [1-4].
In the anode supported configuration, conventional conductive
Ni/YSZ anode substrate and thin YSZ film electrolyte can fulfill
the operation below 800 °C [3,5]. Nevertheless, polarization losses
at the LSM cathode become dominant [2]. LaggSrg4Cog2FeggO3
is considered to be more suitable than LSM in this temperature
range due to its higher oxygen ionic conductivity and elec-
tronic conductivity [6-8]. In practical applications, ceria-based
oxides interlayers are usually introduced between LSCF cath-
ode and YSZ electrolyte [9-20], serving to prevent undesired
chemical reaction and thermal mismatch between LSCF and YSZ
[21].

Conventional ceramic powder techniques, such as dip coating
[10], screen printing [11-13], tape casting [14] and spray coating
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[22], have been employed to fabricate the GDC interlayers. Forma-
tion of a dense GDC layer requires a subsequent sintering procedure
carried out at a high temperature of 1400°C [23]. Unfortunately,
(Zr,Ce)0O,-based solid solutions that have low ion conductivity can
be formed at the interface between the GDC interlayer and YSZ
electrolyte at above 1300°C [24,25]. Reduction of the sintering
temperature will avoid these undesired reactions; however, the
resulting porous microstructure is unfavorable [9,11-14,26]. More-
over, these micron-scale GDC interlayers will also bring in extra
ohmic resistance. How to make the GDC interlayer dense and thin
appears to be a great challenge for the conventional ceramic pow-
der techniques.

Physical vapor deposition (PVD) is an alternative route to pre-
pare the GDC interlayer [13,15-20]. In comparison with the high
temperature sintering procedure of the ceramic powder technique,
PVD methods show significant advantage to produce thin and dense
interlayer at a relatively low temperature less than 1000 °C, which
can lower the reaction rate between PVD GDC interlayer and YSZ
electrolyte substrate during the deposition and cathode sintering
processes (<1100°C) [16,17,19,20], and long-term test of single
cell [16,20]. EB and IAD are both well developed PVD techniques
[27], and it is well known that the energy level of the deposited
species have significant effect on the film microstructure [28]. In
the EB process, low-energy species from the vapor phase generates
a poor quality film with low structural density and microporos-
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ity. Regarding the IAD process, the high-energy argon and oxygen
ions impinge on the growing film and then transfer their kinetic
energy to the deposited species, resulting in enhanced surface
mobility of the deposited species and improvement of the film
microstructure.

In the present study, GDC interlayers were developed by SP, EB
and IAD methods. Characteristics of the interlayers were investi-
gated using XPS, XRD and SEM. The influence of deposition methods
on microstructures of the GDC interlayers and the subsequent
electrochemical performance of LSCF-based single cells were inves-
tigated.

2. Experimental procedures
2.1. Fabrication of the anode/electrolyte half cell

Fabrication process of 30mm x 30mm half cell has been
described in our previous work [29]. The NiO-YSZ anode was
produced via tape casting and suspension spraying procedures,
co-sintering in air at 1400°C for 4h. The sintered anode con-
sisted of a porous substrate (~0.5mm), and a 10 pm-thick dense
functional layer. Both layers were composed of NiO and YSZ
powders in the same weight ratio of 55:45. YSZ electrolyte
was deposited on the anode from a metallic zirconium-yttrium
(92:8 wt.%) composite targets using a mid-frequency reactive mag-
netron sputtering system (ASC-800, Shincron Co. Ltd.). The base
vacuum level was 2 x 10~4 Pa. During the deposition process, the
sputtering power was kept at 3kW, and the total pressure of
argon and oxygen was 0.17 Pa. The thickness of YSZ electrolyte was
10 pm.

2.2. Preparation of the GDC interlayers

We prepared the GDCinterlayers by three different methods. For
the SP layer, GDC ink was prepared by grounding commercial pow-
der (CeggGdp2019; Nextech, USA) and a terpineol-ethylcellulose
vehicle (10:90 wt.%) in an agate mortar. The ink was printed on the
YSZ electrolyte through a stainless steel mesh (400 API) with a rub-
ber scraper. After sintering at 1250°C in air for 2 h, the resulting
interlayer was about 2 pm thick.

The PVD GDC interlayers were deposited using a commercial
e-beam deposition system (BIS-1300, Shincron Co. Ltd.) combined
with a NIS-175 ion beam gun. Cubic fluorite phase CeggGdg;01.9
was used as the evaporation material. Before deposition, half cells
were ultrasonically cleaned in acetone. Once the vacuum cham-
ber was evacuated to 5x 107> Pa, argon ion beam was used to
clean the substrate for 5 min, removing mainly water and hydro-
carbons on the surface. In the EB mode, the distance between the
electron gun and substrate was 400 mm and the working pres-
sure was 2 x 1072 Pa. The GDC material was evaporated with an
e-beam source working at 6kV and 120-140mA, and a depo-
sition rate of 0.4nms~! was achieved. In the IAD mode, the
ion-beam was generated by introducing a mixture of oxygen
(60sccm) and argon (10sccm) into the ion gun, which was oper-
ated at 1000V and 1200 mA. The substrates were additionally
heated to 250°C in both EB and IAD modes. The thickness of the
EB and IAD GDC interlayers were about 500 and 400 nm, respec-
tively.

Elemental compositions of the PVD GDC interlayers were eval-
uated by X-ray Photoelectron Spectroscopy (XPS, ESCALAB 250,
Thermo-VG Scientific). Phase structures of the GDC interlayers
were analyzed by X-ray diffraction (XRD, X'Pert PRO, PHILIPS) using
Cu K radiation source. Microstructures of the GDC interlayers were
characterized by scanning electron microscopy (SEM, JSM6700,
JOEL).

2.3. Preparation of cathode and fuel cell test

Cathode with an active area 20mm x 20mm was screen
printed on top of the GDC interlayer. Composite GDC-
LageSrg4Fegg5Cog,03 (Nextech, USA) layer (50:50wt.%) and
LaggSrp4CogaFegg0O3 layer were printed. Both layers were
co-sintered at 1050°C in air for 3h. Thicknesses of the GDC-
Lag Srp.4Cop2Fepg03 and Lag Srp 4Cog 2 Fep gO3 layers were 10 pwm
and 30 pm, respectively.

Single cell was sealed to a stainless steel chamber using elec-
tric conductive adhesive (DAD87, Shanghai, China). Silver mesh
was pressed against the cathode to obtain sufficient electronic con-
tact. Silver wires were connected to both anode and cathode in the
four-wire set up. The cell performance was measured in a muf-
fle furnace. Humidified hydrogen was introduced to the anode at
300 sccm, and air to the cathode at 1200 sccm. The current-voltage
data were recorded with an electronic load (N3300A, Agilent)
from 650 to 800°C. After test, microstructures of the single
cells were characterized with SEM in the backscattered electron
mode.

3. Results and discussion
3.1. Characterization of the GDC layers

Elemental concentration of the GDC interlayers prepared by EB
and IAD techniques was characterized by XPS method. Although
Ce0O, and Gd;0s3 exhibit different vapor pressures in the direct
evaporation process of binary phase material [30], the chemi-
cal compositions of the EB interlayer (Cep77Gdg230,_,) and IAD
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Fig. 1. X-Ray diffraction patterns of SP, EB and IAD GDC layers, CepsGdo201.9 pow-
der, and YSZ substrate: ((J) YSZ and (W) GDC.
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interlayer (Ce76Gdg240,_) are close to the target composition,
indicating that argon- and oxygen-ion bombardment has limited
influence on the interlayer composition.

Crystalline structures of the GDC interlayers were analyzed
by XRD, as shown in Fig. 1. The diffraction patterns of YSZ
electrolyte and CepgGdy,019 powder are also included for ref-
erence. The EB and IAD GDC interlayers show the same cubic
fluorite structure as the SP interlayer. Reactions between GDC
and YSZ cannot be observed for any GDC interlayer/YSZ elec-
trolyte sample. In addition, the ion bombardment enhanced
grain growth and increased the average grain size from 30 to
39 nm, which were estimated with Scherer equation from the full
width half maximum (FWHM) of the strongest (111) peak in
Fig. 1(b).

The surface and cross-sectional images of the GDC interlayers
are shown in Fig. 2. Obviously, microstructures of the GDC inter-
layers strongly depend on the deposition methods. The apparent
feature of the SP GDC interlayer is the porous microstructure and
sintering necks, as shown in Fig. 2(a) and (b). Whereas, the EB GDC
interlayer in Fig. 2(c) and (d), which shows a compact structure
composed of a large amount of nano-sized particles, appears to
be quite different from that in Fig. 2(a) and (b). However, voids
and cracks are noticeable. Compared with the EB interlayer, larger
grains and denser microstructure can be achieved in the IAD pro-
cess, as shown in Fig. 2(e) and (f).

3.2. Evaluation of single cells

Fig. 3 shows the fracture surfaces of the tested single cells
in the backscattered electron mode. The porous SP GDC inter-
layer is observed to discretely contact to the YSZ electrolyte in
Fig. 3(a) and (b). With respect to the EB GDC interlayer shown in
Fig. 3(c) and (d), small pores in the layer and a gap at the inter-
face can be seen. Compared to the SP and EB GDC interlayers,
the IAD GDC interlayer exhibits a denser and more homogeneous
microstructure, and more intimate adhesion to both the YSZ elec-
trolyte and the Lag gSrg4Coq 2 FepgO3 cathode, as shown in Fig. 3(e)
and (f).

Current-voltage curves of single cells measured at the same con-
ditions are presented in Fig. 4. The open circuit voltages are higher
than 1.05V, close to the theoretical values, indicating a dense and
gas-tight YSZ electrolyte. The electrochemical performances of sin-
gle cells are found to increase in the order of: SP<EB<IAD. For
instance, the highest power densities at 800°C are: 0.67, 0.7 and
0.8 Wcm~2, respectively.

4. Discussion
From the experimental data, it can be concluded that the

microstructures of the GDC interlayers and subsequent electro-
chemical performances of single cells exhibit sensitive dependence

Fig. 2. Surface and cross-sectional microstructures of GDC interlayers: (a and b) SP GDC; (c and d) EB GDC; (e and f) IAD GDC.
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Fig. 3. Backscattered electron images of single cells: (a and b) SP GDC; (c and d) EB GDC; (e and f) IAD GDC.

on the deposition techniques. In the SP process, densification
of GDC interlayer relies on the interparticle diffusions of Ce
and Gd atoms at the high sintering temperature [24]. However,
due to the poor sintering activity of micron-sized GDC particles,
the interparticle diffusion is very weak at the moderate sinter-
ing temperature of 1250°C adopted in this work, which is far
below the melting temperature of GDC bulk material [31]. As
a result, only a porous GDC interlayer can be obtained. Such a
porous microstructure is not preferred, because it cannot effec-
tively prevent the undesired reaction between YSZ electrolyte and
LageSrg4CogoFegg03 cathode, which would lead to an increase
in the polarization resistance [32,33]. The porous SP layer may
also bring in extra ohmic resistance, as compared to a dense
interlayer.

Although the microstructure of the EB GDC interlayer looks very
different from the SP interlayer in Fig. 2, the improvement of the
cell performance is insignificant in Fig. 4. This may be because:
(1) the density of the EB GDC interlayer is not high enough to
suppress the reactions between the LaggSrg4CogoFeggOs3 cath-
ode and the YSZ electrolyte, and (2) the adhesion of the GDC
interlayer to the YSZ electrolyte surface is not good. In the EB
process, the source material was heated and evaporated out of
the source. The vapor then condensed on the substrate surface
in the forms of very small species, such as atoms, molecules,
and atomic clusters with low kinetic energy of 0.1-1eV [28].
Deposition of such low-energy GDC species at a low substrate

temperature of 250°C, together with the subsequent cathode sin-
tering procedure at a moderate temperature of 1050°C was not
enough to drive the deposited species to form a dense GDC inter-
layer.

In the IAD process, Ar and O, gases were ionized and acceler-
ated towards the substrate. After neutralized, the energetic species
(such as Ar, O atoms and O, molecules) contributed a continuous
bombardment on the deposited species from the material source.
The kinetic energy transferred from the bombardment species to
the deposited species can effectively enhance the surface mobil-
ity of the deposited species, produce local heating, collapse voids
and increase adhesion between the film and the substrate [34].
Therefore, much denser GDC interlayer can be generated in the IAD
process at alow substrate temperature (250 °C), as compared to the
EB GDC interlayer. With a close examination of Figs. 2 and 3, we can
also observe the improved contact between the IAD GDC interlayer
and the YSZ electrolyte. The dense microstructure and intimate
contact should be responsible for the enhanced power output of
the single cell with the IAD GDC interlayer in Fig. 4.

Although it was reported that dense GDC interlayer can be pre-
pared by EB method with the help of a relatively higher substrate
temperature (800°C) [15], we think that an even lower substrate
temperature for the deposition process is very important, because
simple fabrication facility and shorter process time will benefit for
reducing the overall cost of the SOFCs to meet the mass production
demand in the future.
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Fig. 4. Current-voltage measurements of single cells: (a) SP GDC; (b) EB GDC; (c)
IAD GDC.

5. Conclusion

GDC interlayers developed by SP, EB and IAD techniques on YSZ
electrolyte were compared. The influence of deposition methods on

the microstructures of GDC interlayers and subsequent cell perfor-
mance were studied and discussed. Using the IAD method, a dense
400 nm-thick GDC interlayer was successfully prepared at a low
substrate temperature of 250 °C. The contact of the IAD GDC inter-
layer with the YSZ electrolyte surface is better than those of the SP
and EB GDC interlayers. Improved cell performance with the IAD
GDC interlayer was confirmed.
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