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Ni-CeO, Cermets Synthesis by Solid State Sintering of Ni/CeO, Multilayer
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Nickel and gadolinium doped cerium oxide (GDC) cermet is intensively investigated for an application as an anode
material for solid oxide fuel cells based on various electrolytes. The purpose of the present investigation is to analyze
morphology, microstructure, and optical properties of deposited and annealed for one hour in the temperatures from 500 °C
to 900°C Ni/CeO, multilayer thin films deposited by sputtering. The crystallographic structure of thin films was
investigated by X-ray diffraction. The morphology of the film cross-section was investigated with scanning electron
microscope. The elemental analysis of samples was investigated by energy-dispersive X-ray spectroscopy. The fitting of the
optical reflectance data was made using Abeles matrix method that is used for the design of interference coatings.

The film cross-section of the post-annealed samples consisted of four layers. The first CeO, layer (on Si) had the same
fine columnar structure with no features of Ni intermixing. The part of Ni (middle-layer) after annealing was converted to
NiO with grain size exceeding 100 nm. The CeO, layer deposited on Ni was divided into two layers. Lower layer had small
grains not exceeding 25 nm and consisting of NiO and CeO, mixture. Upper layer consisted of CeO, columns with
approximate thickness of 50 nm. Ni sample annealed at 600 °C was fully oxidized. The NiO thickness and refraction index
were almost steady after annealing in various temperatures. The approximation of experimental reflectance data was
successful only for the samples with one transparent homogeneous layer. The reflectance of the Ni/CeO, samples annealed
at intermediate temperatures could not be fitted using one-layer or three-layer model. That may show that a simplified

model could not be implemented. The real system has complicated distribution of refraction index.
Keywords: anode materials for solid oxide fuel cells, solid state reactions, sputtering, and reflectance.

1. INTRODUCTION

Doped cerium oxide is intensively investigated for an
application in the intermediate temperature solid oxide fuel
cells (SOFC) [1]. The higher ionic conductivity of
gadolinium doped ceria comparing it to the conventional
electrolyte material of yttria-stabilized zirconia (YSZ)
makes it very attractive material, because lower operation
(<800°C) temperature allows to use cheaper SOFC
components, overcome fast ageing, and other problems [2].
Ni and Gd doped cerium oxide (GDC) cermet is
intensively investigated for an application as an anode
material for solid oxide fuel cells based on various
electrolytes [1]. Ni-GDC cermet material is reported at one
of the best choices for this application because it has low
anode over potential, high electrical conductivity, strong
electrochemical activity and stability at high temperature
[3-5].

One problem arising with conventional sintering
technology, which is used to form cermets via solid state
reactions, is the requirement of the temperatures exceeding
1300°C. The rather high grain growth rates at those
temperatures result in large grains and therefore poor
mechanical stability [6] and weak electrochemical activity
[7]. Many attempts have been made to decrease the sintering
temperature of Gd doped ceria, including the use of nano-
sized powder produced by various wet-chemical methods
[8, 9], ball milling [10] and the addition of sintering aids,
such like Bi,O; [11], Co304 [12]. There are no analogous
studies in the literature about Ni-CeO, system.
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Solid state reaction for multilayer Ni and CeO, films
could be used to lower sintering temperature, since this
method gives the possibility to deposit thin films with
bilayer period smaller than the diffusion length of the
atoms and therefore does not require long heating at high
temperature.

The sputter deposition method that was chosen for the
deposition of thin films in this work is an ideal candidate
since the films are deposited in the plasma environment.
Thin films are dense, nanocrystalline and may include
many point defects due to ion bombardment from plasma
during film growth [13]. Enhanced diffusion and fast
mixing of the deposited multilayer is expected at the range
of intermediate temperatures [14].

There is not enough information about possibility to
form Ni-CeO, cermets by solid state reactions of Ni/CeO,
multilayer thin film; therefore, the purpose of the present
investigation is to analyze morphology, microstructure and
optical properties of as deposited and annealed Ni/CeO,
multilayer thin films deposited by sputtering.

2. EXPERIMENTAL DETAILS

CeO, thin films were deposited by reactive direct
current magnetron sputtering in Ar+ O, atmosphere, while
Ni layers were deposited by DC diode sputtering in Ar
atmosphere. The substrates were Si (111) wafers. The
detailed conditions of the experiment are presented in
Table 1.

After the deposition the samples were annealed for one
hour at the temperatures from 500 °C to 900 °C. The heating
and cooling rates were less than 10 °C degrees per minute in
all annealing steps. The atmosphere was static air.



The crystallographic structure of thin films was
investigated by X-ray diffraction (XRD) studies using
Bruker D8 Discover diffractometer with monochromatic
CuK, radiation (4 = 0.15418 nm).

The morphology of the film cross-section was
investigated with scanning electron microscope (SEM) FEI
Quanta 200F in secondary electron mode. The sample was
broken after cooling in liquid nitrogen. The elemental
analysis of samples was investigated by energy-dispersive
X-ray spectroscopy (EDX) method using cross-section scan.

Table 1. Experimental conditions

Parameter Ni CeO,
Residual gas pressure, Pa 5.0-107
Discharge atmosphere Ar Ar+ 0O,
Working pressure, Pa 5.0 0.6
Oxygen partial pressure, Pa 1.1-10° 1.1-107"
Discharge voltage, V 2200 250
Discharge current density, mA/cm’ 1.6 23.6
Temperature of the substrate ambient

The evaluation of layers intermixing was performed by
measuring the reflection spectra of Ni/CeO, bilayers
deposited on Si substrates and annealed for one hour at
various temperatures. The spectra were collected using an
Ocean Optics spectrophotometer equipped with a CCD
detector. The fitting of the experimental data was made
using Abeles matrix method that is used for the design of
interference coatings [16]. At normal to the surface light
incidence the characteristic matrix of the j-layer with
thickness d; and index of refraction #; is:
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The reflection coefficient R is calculated according the
equation:
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where n, and #n, are the substrate (Si or Ni in our case) and
ambient (air) indexes of refraction respectively. The index
of refraction of intermixed layer was calculated according
M. Garnet “Effective medium” theory neglecting the
extinction coefficient k£ [17]:
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where g denotes the fraction of nickel oxide in the layer.

3. RESULTS AND DISCUSSION

The diffusion profile simulations were made using
model of 100 nm Ni layer—marker embed in CeO, matrix.
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Since the data about the diffusion in Ni-CeO, system were
not available, data of similar NiO-La,O; system were used
[18].

The diffusion profile of dy =100 nm thickness layer-
marker annealed in various temperatures T for = 3600 s
(1 hour) was calculated according the equations [19]:

c r _CO O.SdO—x O.5d0+x s
(2, )_7 erf J4~D(T)~t *erf 4.-D(T)-t || )
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a

D(T)=Dye RT (6)

where Cy=1 is the primary concentration,
E,=237.5kJ/mol is Ni self-diffusion activation energy,
Dy=2.01-10" cm’s™! is pre-exponential factor,
R=28.31JK 'mol is the ideal gas constant.

The results of the simulation are presented in Fig 1.
The multilayer period below 100 nm is thin enough to mix
the layers in the temperatures exceeding 800 °C (Fig 1).
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Fig. 1. The diffusion profile of Ni layer-marker annealed in
various temperatures for one hour

Fig.2 and Fig.3 shows the cross-sectional SEM
images of Ce0,/Ni/CeO, multilayer thin films as deposited
and annealed at 600 °C. Before annealing the film cross-
section consists of three layers with different morphology
(Fig. 2). CeO, layer on the Si substrate had fine columnar
structure. Ni (middle-layer) and CeO, layer on the top of
the Ni layer have dense structure. Upper CeO, layer has
no visible features of columnar structure. The morphology
of the system in the post-annealed sample is different. As it
can be seen from Fig. 3, the film cross-section consists of
four layers. The first CeO, layer (on Si) has the same fine
columnar structure with no Ni intermixing features. The
part of Ni middle-layer after annealing was converted to
NiO with grain size exceeding 100 nm. The CeO, layer
deposited on Ni was divided into two layers, lower has
small grains do not exceeding 25 nm and consist of NiO
and CeO,, mixture. Upper layer consists of CeO, columns
with approximate thickness of 50 nm.



Fig. 2. SEM cross-section image of as deposited CeO,/Ni/CeO,
multilayer film on Si substrate

of annealed at 600°C

image
Ce0,/Ni/CeO, multilayer film on Si substrate

Fig. 3. SEM cross-section

The EDX line profile scan was made to confirm the
mixing of layers (Fig.4). The standard EDX scan
resolution is too low to be used for the characterization of
multilayer thin films with bilayer thickness below 1 pum,
because the excited volume exceeds the film thickness.
Despite this fact, the scan data support the assumption
made from the SEM images about mixing between NiO
and upper CeO; layer. The maximum of Nik, profile not
only decreases after annealing, but also becomes
asymmetric (Fig. 4).

It is well known that Ni thin film can be fully oxidized
at the temperature exceeding 350°C. The structural
analysis made by X-ray diffraction (Fig. 5) confirmed that
after annealing the sample at 600°C temperature Ni was
fully oxidized. Before annealing XRD pattern consists of
the peaks that belongs to fcc-CeO, (PDF Card No. 01-081-
0792) and fce-Ni (PDF Card No. 00-004-0850), while after
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annealing fcc-Ni peaks disappeared and were replaced by
fcc-NiO peaks (PDF Card No. 00-047-1049).

—~Ce as prepared

—o—Ce annealed 600C
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o —o=Ni as prepared
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Fig. 4. The results of EDX elemental profile scan of the sample
cross-section image of as prepared and annealed at 600 °C
Ce0,/Ni/CeO, multilayer film on Si substrate
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Fig. 5. XRD patterns of a) as deposited and b) annealed at 600 °C
Ce0,/Ni/CeO, multilayer films produced on the Si
substrate

Optical characterization of the films was made using
reflectance measurement data. The reflectance spectra of
the Ni/CeO, bilayer samples are presented in Fig. 6. The
character of the spectra does not change if the annealing
temperature is higher than 700°C (Fig. 6), because the
oxidation of Ni becomes rapid already in the temperatures
exceeding 350°C [20]. The reflectance of CeO, uncoated
Ni samples deposited and annealed at the same conditions
was measured in order to confirm this assumption (Fig. 7).
As it can be seen in the Fig. 7, the NiO thickness and index
of refraction do not changes a lot upon annealing at
different temperatures, because the peaks of the reflectance
curves remain almost in the same positions.

The decrease of reflectance maximum of CeO, coated
Ni/NiO  thin  films  from  Ryasprep. =62.7%  to
Rimooo=12.5% 1is related to scattering due to increased
roughness of the sample surface.
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Fig. 6. Reflectance spectra of the deposited and annealed Ni/CeO,
bilayer films deposited on Si substrates

The mean square roughness r, of the surface was
measured with surface profilometer to confirm this
assumption (the results are indicated in Fig. 6). The
substantial change of the oscillation period of reflectance
curves of CeO, coated Ni samples shows that after
annealing the sample at 600 °C, the thickness of transparent
layer increased, but Ni was not fully oxidized until
annealing at 700 °C. The further changes after annealing at
higher temperatures may be attributed in the small changes
of index of refraction of the layers. That may show that the
mixing process takes place in the film. The approximation
of experimental reflectance data was successful only for
the samples with one transparent homogeneous layer (as
prepared Ni/CeO,, Ni/CeO, and Ni films annealed at
900 °C). The reflectance of the Ni/CeO, samples annealed
at intermediate temperatures could not be fitted using one-
layer or three-layer model. That may show that simplified
model could not be implemented since the real system. The
real system has complicated distribution of refraction
index.

4. CONCLUSION

The film cross-section of the post-annealed samples
consists of four layers. The first CeO, layer has columnar

Fig. 7.
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Reflectance spectra of the as deposited and annealed Ni
thin films deposited on Si substrates

structure with no Ni intermixing features. The part of Ni
layer after annealing converted to NiO with grain size
exceeding 100 nm. The CeO, layer deposited on Ni was
divided into two layers. Lower layer has small grains that
do not exceed 25 nm. This layer consists of NiO and CeO,
mixture. Upper layer consists of CeO, columns with
approximate thickness of 50 nm. The investigation of
reflectance of the annealed Ni/CeO, bilayer thin film
samples showed that NiO/CeO, layers mixing can be
achieved at the temperatures lower than 900 °C, but longer
than one hour time or smaller bilayer period than 70 nm is
needed to achieve an uniform distribution of the
concentration. The approximation of experimental
reflectance data was successful only for the samples with
one transparent homogeneous layer. The reflectance of the
Ni/CeO, samples annealed at intermediate temperatures
could not be fitted using one-layer or three-layer model,
what show that simplified model could not be
implemented. The real system has complicated distribution
of refraction index.
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