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Abstract: The proposed review is dedicated to the latest achievements in the field of
magnetron deposition of thin-film anode functional layers (AFLs)for solid oxide fuel cells
(SOFCs) of various designs (electrolyte-supported, anode-supported and micro-SOFC).
Manufacturing of SOFCs components remains nowadays a key point for the industrial
development of this electrochemical conversion device. Formation of thin nanostructured
anodes by physical vapor deposition methods allows increasing efficiency of SOFCs due
to the reduction of polarization losses at the anode. The review discusses the use of thin-
film anodes for different SOFC configurations intended to work in low, intermediate and
high temperature ranges. The influence of the deposition parameters, microstructure and
chemical composition of AFLs on SOFC performance is analyzed.
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Introduction

Solid oxide fuel cells (SOFCs) are [2,3].SOFC anodes are metal ceramic

electrochemical devices that allow directly
converting the chemical energy of fuel into
electrical and thermal [1]. Due to the
numerous advantages of SOFC, they are
actively developing throughout the world.
Within this topic, an urgent task is the
development of medium-temperature, i.e.
operating at 600-800 °C, anode-supported
SOFC. The latter makes it possible to reduce
internal losses in SOFC and increase the
service life of power plants. Internal losses in
SOFC consist mainly of ohmic losses in the
electrolyte and activation losses in the
electrodes. The former can be minimized by
reducing the thickness of the electrolyte.
Formation of nanostructured thin-film anodes
with a developed three-phase boundary (TPB)
"metal-ion  conductor-fuel gas" allows
reducing of activation losses in the anode

composites consisting of a phase with oxygen
ion conductivity (for example, yttria-stabilized
zirconia (YSZ) or gadolinium doped ceria
(GDC)) and a phase with electronic
conductivity (metal or alloy). In anode-
supported SOFC, the anode consists of at least
two layers: a current collector layer (about 500
microns thick) and a thin functional
electrochemically active layer (about 15
microns thick). The current collector layer
should have a porous structure sufficient to
supply the fuel to the TPB and remove the
reaction products. Also it should ensure high
mechanical strength and electrical
conductivity. An electrochemical reaction
takes place in the functional layer. Its intensity
depends on the operating temperature and the
density of the three-phase boundary. As the
operating temperature decreases, the activation
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When NiO/YSZ or NiO/GDC AFL

losses in the anode and their contribution to

the total resistance of the SOFC increase.

For the manufacture of SOFC anodes,
methods such as slip-casting and screen
printing are widely used. However, they

require long stages of high-temperature
sintering, which can cause undesirable
reactions between the SOFC layers,

deformations, cracks. These methods make it
difficult to manufacture anode functional
layers (AFLs) with a particle size of less than
1 micron even when using nanopowders, due
to the coarsening of particles during high-
temperature sintering [4]. A high surface
energy of nanopowders contributes to their
excessive agglomeration. The methods of
physical vapor deposition (PVD) do not have
these disadvantages [5]. They make it possible
to reduce the temperature of the formation of
functional layers and to implement structures
that, in principle, cannot be created using
powder sintering methods. PVD includes
methods based on target evaporation, ion-
beam sputtering and ion-plasma sputtering.
For the manufacture of SOFC layers, the most
frequently used methods are electron-beam [6,
7] and laser evaporation, magnetron
sputtering. The laser evaporation method is
used to form electrolytes [8, 9] and anode
functional layers of the anode-supported
SOFC [10].However, electron beam and laser
evaporation do not allow the deposition of
coatings on large area substrates. Among PVD
methods, magnetron sputtering is the most
promising method for SOFC fabrication. The
advantages of this method are the possibility
of independent regulation of the main
parameters of the sputtering process, formation

of  uniform  coatings  with  required
characteristics, and the possibility of
processing of large-area surfaces [11].

Regulating the process parameters such as
particle energy, degree of ionization, substrate
temperature, substrate bias voltage, deposition
rate, gas pressure, discharge power and
operating mode of the magnetron sputtering
system makes it possible to produce dense or
nanoporous coatings.

Deposition of anode functional layers
for electrolyte-supported SOFC

sare formed by the reactive magnetron
sputtering in the atmosphere of Ar + O,, their
microstructure, including porosity, can be
regulated by the substrate temperature,
deposition rate, particle angle of incidence,
working  pressure  [12].The  substrate
temperature has the greatest influence on the
structure of the material (amorphous or
crystalline) and its phase composition. While
the deposition rate, particle angle of incidence,
working pressure, mainly affect the density of
the coating (the presence of porosity).An
important parameter is the ratio of Ar/O in a
vacuum chamber during reactive magnetron
sputtering. The Ar/O, ratio of argon and
oxygen affects the oxidation of the target
during the  sputtering  process  and,
consequently, the target sputtering rate and
film deposition rate. On the one hand, at low
oxygen partial pressure, the film deposition
rate is higher. However, the resulting film may
have a lack of oxygen and then it will require
high-temperature annealing in air. On the other
hand, at high oxygen partial pressure,
sputtering is carried out in the so-called
“poisoned” mode. In this mode, the deposition
rate of the film is minimal, but it has a
stoichiometric composition.

NiO/YSZ AFL, for example, can be
formed from two metal Ni and Zr/Y (86/14
at.%) targets by their joint sputtering, and one
Ni/Zr/Y (68.8/26.6 /4.6 wt.%) target. The first
method allows adjusting the content of Ni in
the formed layer. But the second method is
easier to implement.

In [13] Ni-YSZ films are deposited at
room temperature by reactive magnetron
sputtering from a single Ni/Zr/Y metallic
target at rates as high as 4 um h™*. The bipolar
pulsed voltage with the pulse frequency 100
kHz was used. The as-deposited film surface
(Fig. 1,a,b) has granular morphology with
small grains of 10 nm, and a cauliflower-like
structure. The cross section shows that
structure similar to cauliflower arises from a
columnar structure, which is typical for
magnetron sputtered films [14].

After annealing at 900 °C for 90 min
NiO/YSZ film has a denser structure due to
atomic reorganisation during heat treatment
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(Fig. 1, c, d). The cross-section is no longer
columnar and grains and boundaries are less
distinguished. According to X-Ray diffraction
analysis, before annealing, the film exhibited a
poor crystalline quality. But after annealing at
900 °C, diffraction peaks corresponding to the
8YSZ, NiO (200) and Ni (111) phases were
detected. The microstructure of reduced thin-
film anodes and their electrocatalytic

properties were not studied.

Garcia-Garcia et al. [15] prepared
highly porous, columnar NiO/YSZ thin films
by reactive pulsed DC magnetron sputtering
(200 W, 80 kHz) with deposition at glancing
incidence. The pressure during deposition was
maintained at 5 x 10”2 mbar in a process gas
that consisted of 40 sccm Ar and 2.5 sccm OZ.

Fig. 1. SEM images of NiO/YSZ film as deposited (a, b) and after annealing at 900 °C for 90

min in air (c, d) [13].

The deposited at room temperature
films were also essentially amorphous.
Annealing such films at 850°C in hydrogen
resulted in  film crystallization  with
preservation of the columnar structure.

However, during the NiO reduction to metallic
Ni latter was partially segregated to the film
surface and formation of Ni agglomerates with
a size of 0.7-2 um (Fig. 2) was occurred.

Fig. 2.Cross section of the as-deposited thin film(a) and after reduction in hydrogen (b). Silicon

substrate [15].
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Thus, the main dis advantage of nickel-
based anode functional layers formed by PVD
methods is the formation of nickel
agglomerates on anode surface during
reduction in hydrogen [15]. The amount of
agglomerates depends on the nickel content in
the film. This phenomenon was also observed
for anodes formed by laser evaporation [10].
Ni agglomeration leads to a decrease in the
three-phase boundary area at the anode [16]
and can lead to the formation of cracks in the
electrolyte film.

Agglomeration of particles of the Ni
phase is usually related to the Ostwald
ripening process [17]. This process may be
based on the transport of Ni particles through

the gas phase (evaporation and deposition)
[18]. It is known that Ni(OH), has a six-fold
evaporation rate as compared to that of Ni.
Transport of Ni atoms could occur from small
granules to large ones by evaporation of
Ni(OH),.

To solve the problem of nickel
agglomeration, the influence of annealing in
an air atmosphere at temperatures of 800-1200
°C on the microstructure of NiO/YSZ films
formed by laser evaporation was studied in
[10]. Annealing at 1200 °C has been shown to
prevent nickel agglomeration, due to the
formation of a strong YSZ matrix, which
inhibits the enlargement of nickel granules

(Fig. 3).

Fig. 3.Cross section of the PLD deposited NiO/YSZ films after reductionat 600 °C in 4% H,. a)
without post-annealing, b)annealed in air at1200 °C for 1 h [10].

In another work of Garcia-Garcia et al.
[19] ~5 wm Ni/YSZ anode was prepared on
YSZ electrolyte by reactive pulsed magnetron
sputtering at an oblique angle of incidence.
Target-substrate distance was 5 cm with an
angle of 80° between target and substrate

normal. A 50 mm diameter Ni/Zr/Y alloy
(68.8/26.6/4.6 wt. %) target was used to
produce Ni (50 vol.%)/YSZ films at a
discharge power of 200 W, 80 kHz frequency,
working pressure of 5-10° mbar and room
temperature.
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Fig. 4. SEM images of the cross section (a) and the surface (b) of the Ni/YSZ anode, deposited
by magnetron sputtering at an angle to the substrate, after preliminary annealing at a temperature
of 1250 °C in air and reduction in hydrogen at a temperature of 850 °C [19].

Deposition rate of 1.5 pumh® was
achieved. It was shown that pre-annealing of
the amorphous as-deposited NiO/YSZ film at
1250 °C with the subsequent reduction
produces a film consisting of uniformly
distributed tilted columnar grains having
extensive three-phase boundaries (Fig. 4). The
performance of thin film anode was
comparable to that of the commercial anode 50
um thick (Fuel Cell Materials (USA)), which
was 10 times thicker and prepared by the
doctor blade procedure. Single cell based on
commercially available solid oxide half-cell
comprising YSZ electrolyte and cathode (20
mm Single Electrode Cell - Cathode Only,
Fuel Cell Materials, USA) with magnetron
sputtered NiO/YSZ anode had maximum
power density of about 450 mW cm at 850
°C.

In order to increase the efficiency of
thin-film anodes Garcia-Garcia et al. [20]
suggested producing Ni-containing anodes
comprising alternating layers of GDC and
YSZ of 200 nm thickness. Also hybrid anode
produced by co-deposition of Ni/YSZ and
GDC were tested. The conditions for the
deposition of layers did not change as
compared with the previous works of the
authors [15, 19]. In the as-deposited state,
multi-layer anodes exhibited the highly porous
columnar architecture, with well-defined
boundaries between the NiO/YSZ and

NiO/GDC layers (Fig. 5,a). The columnar
structure was preserved after annealing in air
(Fig. 5,b). As shown in Fig. 5, c, after the final
reduction, highly porous thin anodes with
pronounced
obtained.

columnar architecture were

Fig. 5. SEM cross-section images of multi-layer thin-film anodes: a) as-deposited, b) annealed in

air, ¢) reduced in hydrogen [20].

After subsequent fuel cell testing, the
porous columnar architecture of the two-
component layered thin film anodes was main
tained and their resistance to delamination
from the underlying YSZ electrolyte was
superior to that of corresponding single
component Ni-YSZ and Ni-GDC thin films.
The performances of the multi-layer and
hybrid anodes were almost the same and far
superior to the single component YSZ and
GDC anodes and also superior to the
conventional commercially available thick
anodes. Maximum power density of about 600
mW cm 2 at 850 °C is achieved with hydrogen
as fuel.

In another work Garcia-Garcia et al.
[21] showed that thin Ni-GDC anodes exhibit
excellent transport properties, robust under
thermal cycling, and have good adhesion to the
YSZ electrolyte. Similarly prepared Au-doped
Ni-GDC anodes exhibited the same
morphology,  porosity,  durability and
electrochemical performance (power density
of about 500 mW cm 2 at 850 °C in hydrogen).
However, under steam reforming conditions
with CH4/H,O mixtures the behavior of the
Au-doped Ni-GDC anodes were far superior,
exhibiting retention of good power density and
dramatically  improved resistance  to
deactivation by carbon deposition (Fig. 6).
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solid oxide fuel cells. The anode was deposited
by radio-frequency sputtering on a 150 pum
scandia-stabilized-zirconia (SSZ) substrate at
room temperature.

Tanveer et al. [22] suggested using thin
nickel-samaria-doped-ceria (Ni-SDC) anodes
prepared by magnetron sputtering for
intermediate temperature electrolyte-supported

! 850°C
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Fig. 6.The V—I and P-I characteristics of single cells with Ni-GDC and Au/Ni-GDC anodes
obtained at 850°C with hydrogen as fuel (a).1-t behavior of single cells with Ni-GDC and Au/Ni-
GDC anodes operated at 0.7 V polarization voltage, 800°C and steam to carbon ratio S/C = 0.3

[21].

The deposition process lasted for 5 hrs
at a constant power of 100 W, and pressure of
50 mTorr. To analyze the effect of reactive O,
gas on the anode manufacturing process, two
different background gases were used during
deposition, mixture of Ar/O,:8/2 and Ar. Both
methods resulted in producing nano-porous
Ni-SDC films after reduction in H,. But the
reactively sputtered anodes have a 20% slower
growth rate than the non-reactively sputtered
ones. Also, the presence of this amount of
oxygen in the sputtering chamber resulted in

producing lesser catalytic Ni in the anodes.
This resulted in a poorer performance for the
cells containing reactively sputtered anodes
when compared to nonreactive ones. Anodes
were not annealed in air after deposition;
therefore, agglomeration of Ni was observed
on the anode surface after cell testing.
LSM/YSZ cathode was screen printed on the
other side of the electrolyte. Peak power
densities for such cells were 240, 140 and
50mW cm 2 at 800, 700 and 600°C.

Fig. 7.Surface SEM image of Ru/CGO film deposited on YSZ/SizN4/Si substrate
(nominal volumetric ratio of Ru/CGO = 7/3) [24].
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Jou and Wu [23] investigated thin
Ni/YSZ anodes fabricated by reactive co-
sputtering of a Ni and a Zr-Y target, followed
by sequentially annealing in air at 900°C, as
part of an YSZ electrolyte-supported SOFC.A
distinctive feature of the study was conducting
test in a single-chamber configuration, in a
mixture of CH, and air(CH,4:O; volume ratio =
2:1) at 700 °C. The maximum power density
of the SOFC using the triple-layered Ni—YSZ
thin film as the anode was 1.14mWcm?,
which was larger than that of 0.76 mWcm 2,
obtained using as creen-printed 20-mm-thick
Ni/YSZ anode.

Deposition of anode functional layers
for micro-SOFC

Takagi et al. [24] demonstrated that
magnetron sputtered anodes could be used in
micro-solid oxide fuel cells (uSOFCs) also.
Ruthenium and  gadolinia-doped  ceria
(Ru/CGO) composite nano-crystalline thin
film anodes were synthesized by co-sputtering
from Rumetal (DC power) and CGO oxide
(RF power) targets without substrate heating.
Ru/CGO composite films on YSZ/SisN4/Si
substrate showed highly granular morphology

with primary grain sizes of ~10 nm and
secondary particles or pillars as large as 70-
100 nm as shown in Fig. 7.

Stress-relaxed composite thin  film
anodes were developed on self-supported
uSOFCs with YSZ thin film electrolytes and
porous platinum cathodes. uSOFCs were
tested with room temperature humidified
methane as fuel and air as the oxidant. They
exhibited an open circuit voltage of 0.97 V and
a peak power density of 275 mWcm ™ at 485
°C.

Deposition of anode functional layers
for anode-supported SOFC

In the works described above, thin-film
anodes were mainly deposited on the
electrolyte discs for the use in electrolyte-
supported SOFCs. However, as was shown by
us, thin-film anodes can also be used in anode-
supported SOFC to reduce the polarization
resistance at the anode [25]. The idea is to
increase the characteristics of the anode-
supported cells (ASC) by forming a thin-film
anode functional layer between the thin-film
electrolyte and commercial tape casted anode,
as shown in Fig. 8.

Cathode 15 pn

—————

Anode

- —

Fig. 8. The schematic of anode-supported cell configuration: a) conventional, b) with thin anode

functional layer.

To study the influence of thin AFL on
SOFCs’ performance, single cells with and
without AFL were fabricated. A 2 cm in
diameter and 0.4-mm-thick NiO/YSZ anode
supports cut out by laser from commercial
anode sheets (Ningbo SOFCMAN Energy
Technology, China) were used as substrates
for magnetron deposition of both NiO/GDC
and NiO/YSZ anode functional layers. AFLs
were deposited by reactive co-sputtering of
Ni,Zr0_36Y0_14 and Ceo,ngo,l targets with

diameter of 75mm. The distance between the
magnetron target center and substrate was 80
mm. Prior to film deposition, the substrates
were heated to 400 °C. The deposited AFL
samples were annealed in air atmosphere at
different temperatures (600-1200 °C) for 1 h.
For a good thermo-mechanical compatibility
with the electrolyte, the cells with NiO/GDC
AFL were tested with GDC electrolyte, while
cells with NiO/YSZ AFLs were tested with
YSZ electrolyte. Electrolyte layers 4-pum-thick
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were also deposited by reactive magnetron
sputtering. The details of this process were
described in our previous work [26]. The
LSCF/GDC cathode layer was prepared on all
cells by a screen-printing method using
Laol6S|'0.4C00.2F80_803/C60,96d0,102 paste
(CERA-FC, Korea). The cathode area was 1
cm®.Cathode sintering was performed at a
layer was observed.

temperature of 800 °C for 1 h before the fuel
cell electrochemical test.

Analysis of cross-sections of Ni/YSZ
and Ni/GDC AFLs (Fig. 9) showed that the
composite films acquire a finely porous
structure after reduction in hydrogen. For all
samples, a good contact of the AFL both with
an anode substrate and with an electrolyte

TS

Y R

Ni/GDC AFL

NifYSZ

Fig. 9. Cross sectional SEM images of the SOFCs with nanostructuredanode functional layers:
a)Ni/YSZ AFL (NiO 60 vol.%.),b)Ni/GDC AFL (Ni 40 at. %). SEM images were obtainedafter

cells testing [25].

The grain size and pore size of AFL
sare hundreds of nanometers, in contrast to the
substrate having micron-sized grains and
pores. AFLs have a relatively smooth and
uniform surface that facilitates deposition of a
high quality dense and thin electrolyte layer
leading to reduction in resistive losses. The

electrochemical activity of a cermet anode
with the given microstructure and materials
depends on the volume and on the grain size
[27]. Smaller grains increase the triple phase
boundary length and, as a result, the
polarization resistance decreases.
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Fig. 10. Cross-sectional SEM images focused on the interface anode-electrolyte of the YSZ-
based SOFCs without AFL (a), with AFL (c), andGDC-based SOFCs without AFL (b), with

AFL (d) [25].

Figure 10 shows cross-sectional SEM
images focused onthe anode-electrolyte
interface of the YSZ- and GDC-basedSOFCs
without and with anode functional layers. The
fineand homogeneous microstructure of the
AFLs enhances thecontinuity of the interface
that should reduce interfacepolarization
resistance.In order to estimate the impact of
the  NIiO/YSZ  and Ni/GDC  AFL
anodefunctional layers on the fuel cell
performance, the current—voltage (I-V) and
current—-power (I-P) curves of the anode-
supportedcells with and without AFL were
compared atdifferent temperatures, as shown
in Figs. 11 and 12.

The open circuit voltages (OCV) of
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the theoretical value of the SOFC.The peak
power densities of the cell without AFL were
132, 469, and 950 mWcm 2 at 600, 700, and
800 °C, respectively. Singlecell with
magnetron sputtered NiO/YSZ AFL (NiO 60
vol. %) has peak power densities of 222, 675,
and 1240 mWcm 2 atthe same temperatures.
Thus, the peak power density of fuelcells with
the AFL is 30% higher at 800 °C and 68%
higherat 600 °C than that of the cell without
AFL. That is, the effectof AFL on the fuel cell

performance is more pronounced at low
temperatures.
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Fig. 11. I-V and I-P characteristics of the anode-supported SOFC withYSZ electrolyte and
LSCF/GDC cathode without (a) and with (b) magnetron sputtered NiO/YSZ AFL (NiO 60 vol.
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Fig. 12. I-V and I-P characteristics of the anode-supported SOFC with GDC electrolyte and
LSCF/GDC cathode without (a) and with (b) magnetron sputtered NiO/GDC AFL (Ni 40 at. %)

measured at temperatures of 400-600 °C [25].

The OCV values of the cells with GDC
electrolyte were 1.134, 0.920, and 0.811V at
400, 500, and 600 °C, respectivelgl. The
reduction of ceria from Ce* to Ce** in a
reducing atmosphere increases electronic
conductivity, which decreases the open-circuit
voltage of the cell. But at a temperature below
500 °C the electronic conductivity of GDC
becomes negligible and OCV reaches high
values comparable with YSZ electrolyte. The
maximum power densities of cell without AFL
were 25, 125, and 305mWcm ? at 400, 500,
and600 °C, respectively. The OCV and
maximum power densities of the cell with
AFL were 1.037, 0.940, 0.861Vand 40, 200,
460mWem? at 400, 500, and 600 °C,
respectively. The increase in power density
due to the formation of AFL is about 60%
depending on the temperature.

The total area-specific resistance
(ASR) of YSZ-based cell without AFL
calculated from linear fit of -V curve

measured at 800 °C was 0.27Qcm’. When
AFL is applied, the ASR decreased to
0.2Qcm?. The same dependence is observed
when using NiO/GDC AFL. At 600 °C AFL
deposition results in reduction of ASR from
0.54 to 0.38 Qcm® This implies that a
deposited NiO/YSZ and NiO/GDC AFLs
reduced the total cell ASR by 26-30%.

Deposition of Cu-based SOFC anode
functional layers

Ni-based anodes are usually used in
solid oxide fuel cells when fuel is hydrogen. In
this case anodes experience relatively low
degradation rates and fast electrochemical
kinetics. But if synthesis gas is used as fuel, Ni
could be easily poisoned by contaminants like
sulfur or carbon [28, 29]. Carbon deposition
reduces the cell performance by blocking the
anode reaction sites and damaging the
microstructure of Ni in the anode. In recent
studies [30, 31], Cu has been suggested as an
alternative to Ni as the electronic conductor in
SOFC anodes. Recently, Cul/yttria stabilized
zirconia (YSZ), Cu/samaria-doped ceria
(SDC) and Cu/gadolinia-doped ceria (GDC)

anodes [32-36] have been developed and
tested, showing good electronic conductivity
and tolerance towards sulfur-containing fuels.
However, Cu has a low catalytic activity for
hydrogen or hydrocarbon electrochemical
oxidation, and so doped ceria should be used
instead of YSZ in order to improve the cell
performance.

Despite the advantages of Cu-based
composite anodes, it is difficult to apply
conventional ceramic processing methods to
fabricate Cu-containing SOFCs due to the low
melting point of Cu (that is 1085 °C).
Presently they are manufactured using a multi-
step wet ceramic technique that requires more
processing and firing steps and not attractive
for mass production. Furthermore, high
sintering temperatures increase inter diffusion
of elements between adjacent cell layers. To
avoid the sintering of copper oxide at high
temperatures, we proposed using magnetron
sputtering for thin CuO/GDC anodes
deposition.

CuO/GDC thin films were deposited by
reactive magnetron co-sputtering of Cu and
CeooGdp 1 targets with diameter of 75 mm.
Sputtering was carried out in oxygen-argon
atmosphere at working pressure of 0.2 Pa in
pulse bipolar mode at pulse repetition
frequency of 80 kHz and positive pulse
duration of 4 ps. The argon and oxygen flow
rates were fixed at 26 and 33 sccm,
respectively.

Targets were positioned at 45° to the
fixed substrate holder. The distance between
the magnetron target center and substrate was
80 mm. Prior to film deposition, the substrates
were heated to 450 °C. The porous commercial
NiO/YSZ anodes (SOFCMAN, China) with a
thickness of 0.4 mm were used as substrates.
The discharge power of a Ce-Gd magnetron
was 1 kW. The discharge power of the Cu
magnetron ranged from 100 to 700 W to
control the volume content of CuO in the film.
The copper content in the films was
determined after films reduction in hydrogen.
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For example, at 500 W power of the Cu

magnetron, the film contained 42 at. % of Cu.

Fig. 13. Surface morphology of Cu/GDC film deposited on porous NiO/YSZ substrate (after

reduction in hydrogen).

Surface morphology of 2 pm thick
Cu/GDC film (42 at.% of Cu) after reduction
in Haat a temperature of 750 °C for 2 hours is
shown in Fig. 13. As can be seen from the
SEM image, Cu agglomeration occurs on the
surface of the film, in analogy with what
happens when nickel-containing thin films are
reduced at high temperature. In order to solve
this problem, preliminary annealing of the
films in air at 800and 1000 °C was carried out,
by analogy with Ni-based anodes.

Figures 14 and 15 show surface and
cross-sectional images of thin-film CuO/GDC
anodes deposited at power of Cu magnetron
500 W and annealed at a temperature of 800

and 1000 °C, respectively. After annealing, the
samples were reduced in hydrogen. Both films
formed intimate contact across the interface
between the film and the substrate. Moreover,
film/substrate interfaces are homogeneous. At
an annealing temperature of 800 °C,
agglomeration of copper into isolated particles
having characteristic dimensions of less than 1
um occurs on the surface of the film (Fig.
14,a). After annealing at 1000 °C, the absence
of Cu agglomerates on the surface of the film
and formation of a more porous structure of
the film with local cracks of micron width on
the surface is observed (Fig. 15,a).

Fig. 14. Surface (a) and cross-sectional (b) SEM images of thin-film CuO/GDC AFLs annealed
at a temperature of 800 °C in air and reduced in hydrogen (power of Cu magnetron - 500 W).

These results show that magnetron
sputtering

is also a good technique for
preparation of the thin-film copper-cermet

SOFC. However,
of magnetron

anode material  for
electrochemical properties
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sputtered CuO/GDC thin films are under

investigation.

Fig. 15. Surface (a) and cross-sectional (b) SEM images of thin-film CuO/GDC AFLs annealed
at a temperature of 1000 °C in air and reduced in hydrogen (power of Cu magnetron - 500 W).

CONCLUSIONS

Uniform and porous composite thin
films consisting of oxygen ionic conductive
phase (YSZ or GDC) and electronic
conductive phase (Ni or Cu) may be prepared
by reactive magnetron sputtering. Annealing
the as-deposited films in hydrogen resulted in
NiO or CuO reduction to metallic Ni or Cu,
which then segregated to the film surface with
particles formation. However in the case of
nickel based films, pre-calcination of the as-
deposited films in air at 1200 °C followed by
reduction produces films consisting of
uniformly distributed nano-grains having
extensive  three-phase  boundaries.  The
exceptionally high degree of dispersion and
intermixing of the anode components
promotes generation of very extensive three
phase boundaries. Moreover, under thermal
cycling in both oxidizing and reducing
atmospheres, nickel based anode functional
layers are robust against morphological
changes and delamination from an YSZ
substrate. Accordingly, because their thinness

renders them robust against strain-induced
separation from the substrate, they are also
promising candidates for use as highly
conducting, stabilizing buffer layers for
accommodating strain between conventional
anodes and the YSZ electrolyte, and for
fabrication of graded-composition Ni-YSZ
anodes for use in SOFC applications. The
SOFC performance is significantly increased
using a nanostructured Ni/YSZ or Ni/GDC
AFL as compared to the performance of cells
without it. The increasing the TPB density
near the electrolyte and anode interface
increases the number of sites available for the
charge transfer by the AFL, leading to an
enhancement in the cell performance.

Magnetron sputtered AFLs can be used
to improve the efficiency of various types of
cells, such as electrolyte-supported, anode-
supported, and micro-SOFC. The only
exceptions are  metal-supported SOFC,
because as-deposited AFLs require annealing
in air after deposition.
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MAI'HETPOHHOE OCA’K/IEHUE AHO/[HbIX ®YHKIITHUOHA/IBHbIX C/JIOEB JUUIA
TBEP/JOOKCH/ITHBIX TOIUVIMBHBIX 3/IEMEHTOB

A.A. szoebeel, H.B. Honoel, A.B. llIunuﬂoeal, B.A. Cemeuoel, E.A. Cnonanckuii’

1thcmwnym cunvromounou snekmporuxu CO PAH,
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2Tomckuti nonumexnuueckuil VHUBepcumem,
634050, 2. Tomck, np. Jlenuna, 30

Ilpeonazaemviii 0630p noceaujen NOCIEOHUM OOCMUNCEHUAM 8 001ACmU MACHEeMPOHHO20
0CadiCOeHUsl MOHKONJIEHOYUHBIX AHOOHBIX (DYHKYUOHANbHBIX cloed(ADC) 01 meepOooKCUOHbIX
monausnvix dnemenmos (TOTI) paznuunvix KoHCmpyKyuil (Ha Hecywem IjleKmponume, HA
Hecyuem anooe u muxpo-TOTD). IIpouszsodocmeo komnonenmos TOTD ocmaemcs 6 nacmosiujee
8peMs  BANCHLIMPAKMOPOM OISl NPOMBIUAEHHO20 pPA3GUMUS IMO20  INEKMPOXUMULECKO20
yempoticmea. Dopmuposanue MOHKUX HAHOCMPYKMYPUPOBAHHBIX AHOOHLIX Cl0e8 Memooamu
Qusuueckoeo eazogaznozoocaxrcoenus no3eoasem nosvicumo d¢ppexmusnocmo TOTO 3a cuem
VMeHbUeHUs NOIAPUZAYUOHHBIX Nomepb Ha anoode. B 0b630pe obcyscoaemces ucnonvsosanue
MOHKONAEHOYHbIX AHO008 OJisl pasauunblx Kowcmpykyuti TOTD, pabomarwux 6 ouanazoHax
HU3KUX, CPeOHUX U 6vlcokux memnepamyp. IlIpoananusupoeano enusHue napamempos
ocaxicoenus, Mukpocmpykmypul u xumudeckoeo cocmasa ADC na xapaxmepucmuxu TOTD.
Knwuesvie cnoea: TOTO, anoonvii YHKYUOHANbHGIN CNIOU, MOHKASA NJEHKA, MAZHemMpOHHOe
pacnvlienue, NOaAPU3AYUOHHbIE HOMEPU.

BORK OKSID YANACAQ ELEMENTLORI UCUN ANOD FUNKSIONAL
ORTUKLORIN MAQNETRON COKDURULMOSI
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Togdim olunan icmal miixtalif  konstruksiyali bork oksid yanacaq elementlori iigiin anod
funksional tobagolorinin  magnetron ¢ékdiirma yolu ilo alinmasina hasr olunub. Nazik
nanostrukturlu anod tabaqolorinin qaz fazadan ¢ékdiirma usulu ilo formalagmas: bark oksid
yanacaq elementlorinin effektivliyini anodda polyarizasiya itkisinin azalmast hesabina artirir.
Iemalda asagi, orta va yiiksak temperatur intervalinda isloyon miixtalif konstruksiyali bark oksid
yanacaq elementlori iigiin nazik tabaQali anodlarin istifadasi miizakira olunur. Anod funksional
tobagalarinin mikrostrukturu va kimyavi tokkibinin, elaca do ¢dkdiirma parametrlarinin bark
oksid yanacaq elementlorinin xarakteristikalarina tosiri analiz edilib.

Agar sézlar: anod funksional ortiiklori, bark oksid yanacaq elementlori, magnetron sapilma
metodu
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