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Abstract

The performances of Solid Oxide Fuel Cells (SOFC) ate strongly related to the catalytic/conductive
properties of cathode materials, which are temperature dependent. The optimal temperature in
operating conditions implies a tradeoff between high efficiency at high temperatures and improved
lifetime at Intermediate Temperatures (IT). Among the candidates, ProNiO4 presents attractive
functional properties but is susceptible to decompose into PryNizOo under I'T-SOFC conditions. In
this contribution, a deposition process to obtain PrsNi;O1 phase were directly targeted as a potential
alternative to the integration of Pr,NiOy in IT-SOFC. PryNi;Oy thin films have been deposited on
Y-stabilized Zirconia substrates through a two-step process: i) room temperature co-sputtering of
metallic Ni and Pr targets, ii) ex-situ annealing under O, flux. The composition of thin films were
adjusted by changing the power applied to each target and confirmed by Energy Dispersive
Spectroscopy. X-Ray Diffraction analyses as a function of temperature were made to identify the
temperature window to stabilize the desired phase. The structural and morphological features of
polycrystalline PrsNi;Oyo thin films were analyzed by Transmission FElectron Microscopy and
Scanning Electron Microscopy. Electrical resistivity of [1.5.10” Q.cm and Seebeck coefficient of [
— 23 WV.K' at 150°C highlight the synthesis of Pr;Ni;Oi continuous coatings representing a
promising candidate for cathodes in I'T-SOFC.
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1. Introduction

Rare-earth Nickelates have peculiar exotic magnetic, electrical and infrared optical properties.
Perovskite RNiO; (R : rare earth) are well known for their metal-insulator transition versus
temperature [1-2]. RoNiOs, derivates from the perovskite structure belonging to the Ruddlesden-
Popper series with n=1 in the general formula R,+1Ni,Os,+1, show interesting properties such as high
emissivity in the infrared range [3] as well as Mixed Ionic and Electronic Conductivity (MIEC) [4-5].
The ionic conductivity, ze the high capacity to absorb and to diffuse interstitial oxygen within their
structure, makes these compounds some of the best candidates for cathode materials in Solid Oxide
Fuel Cells (SOFC) [6].

The petformances of SOFC are strongly related to the catalytic/conductive properties of cathode
materials, which are temperature dependent. For practical application, the optimal operating
conditions imply a tradeoff between high efficiency at high temperatures and improved lifespan at
low temperatures. The current trend is to reduce the operating conditions from 800°C-1000°C to
intermediate temperature (IT) range, typically 500°C-800°C.

Among the RoNiOuss candidates (R = La, Pr, Nd), compounds with R = Pr, where valence of Ni
can fluctuate between II and III [7], have been identified as the most promising materials for SOFC
applications [8]. In a recent work, Fondard ez a/. studied the synthesis parameters of RoNiO4 (R = La,
Pr, Nd) thin films by reactive magnetron sputtering [9]. The authors confirmed the high ionic and
electron conductivity of these phases, and their potential interest for SOFC cathode, especially the
praseodymium nickelate coatings. However, due to its instability at intermediate temperature,
PrNiOy needs synthesis temperature as high as 1100°C, which makes it unstable at the operating
SOFC temperature. It is therefore challenging to investigate alternative materials that could combine
good functional properties together with long-term stability.

In the Ruddlesden-Popper series Rn+1NinOsa+1, recent attention was brought to compounds with
n = 3 (R4Ni3O19) because of their superior stability compared to R:NiO4 compounds from moderate
to high temperatures, along with attractive electro-chemical performances. For example, for
lanthanum compounds, Amov et 4/ suggest that 1.a;NiOy is less stable than compounds with n = 2
or 3 for long time exposure at 900°C [10]. Sharma et @/ synthesized at 950°C the LasNi;O1o phase
endowed by polatization resistance values of R, = 2.01 Q.cm® at 600°C [11]. Regarding
praseodymium compounds, Kovalesky ¢f a/. have reported that Pr.NiO, decomposes into PrsNi;Oo
and PrOy in the 800-950°C range [12] and Vibhu ef a/ reported that Pr.NiO, decomposes into
PrNiOs, PrsNi;Oy and PreO1; in the 600-800°C range [13]. Vibhu et @/ also recently showed on bulk
PrsNi;O19 ceramics, promising properties as oxygen electrode with, for example, polarization
resistance of R, = 0.16 Q.cm” at 600°C. These performances ate comparable to Pr.NiO, [14]. It is
suggested that PryNi;Oyo is a MIEC under oxygen and air up to 1000 °C. The authors have also
showed that in the 600°C-800°C range, PrNizO1 was stable in air for at least one month. In
addition, P1yNi;Oy phase was found to be stable up to 1050°C in air and up to 1120°C in oxygen.

Therefore, PrsNizOy is an excellent candidate for advanced industrial applications. Yet a
reproducible and standardized synthesis method is required for coating deposition. Among physical
vapor deposition techniques, magnetron sputtering is a versatile one, suitable for high quality
coatings with good adhesion of a wide range of materials at commercially useful rates and
environmentally-friendly. The current work presents the optimization conditions of PrsNi;Og
coatings by Radio Frequency (RF) magnetron sputtering and post-annealing treatment with particular
attention to the phase formation and the microstructure of coatings.

2. Experimental part : Synthesis and characterizations



The experimental procedure was adapted from previous work [3]. The sputtering experimental
chamber combines a primary pump with a turbo molecular pump enabling base pressure to drop to
10" Pa. The co-sputtering chamber is equipped with a rotating and heating substrate holder. Two 50
millimeter magnetron cathodes in a converging configuration are equipped with a praseodymium
(99.9%) and a nickel (99.5%) target.

The electrical RF power applied to the Pr and Ni targets can be independently controlled and can

vary between 10 W and 150 W in order to accurately adjust the Pr/Ni ratio to 4/3 (57% Pr, 43% Ni),
corresponding to the PryNi;O1 formula. The argon flux is fixed at 25 sccm during plasma sputtering,
The working pressure was controlled from 0.5 to 5.0 Pa by adjusting the aperture between the
chamber and the turbo molecular pump. Films were deposited for 45 minutes with the substrate
holder at room temperature, 400°C or 600°C. Films were grown on ceramic alumina (ALOs) and
Yttrium stabilized zirconia (YSZ) Zto9sY00sO2« mirror polished substrates. These substrates were
polycrystalline and did not present any preferential orientation. Post annealing were carried out up to
1100° C in a tubular furnace under oxygen flux at a pressure of 10° Pa).
The chemical composition was checked by Energy Dispersive X-ray spectroscopy at 15 kV (EDX,
Oxford Instrument AZTec). Surface topography was determined using scanning electron
microscopy (SEM, TESCAN) working with a Field Emission Gun (FEG) operating at 10 kV. X-ray
diffraction (XRD) was performed using a Bruker diffractometer D8 advance twin-twin, using
Ka(Cu) radiation (. = 1.5418 A). XRD patterns at various temperatures were recorded in Bragg
Brentano 0 - 20 configuration using a heating device from 50 °C to 1200 °C with a 50°C increment,
and a plateau of 1h for each temperature. Phase identification and unit cell refinement were done
using the EVA software (Bruker corp.) and CELREF X-ray diffraction software respectively [15].
Grazing Incidence XRD (GI-XRD) were also made on the same diffractometer using an X-ray
parallel beam with a fixed incident angle of 1°.

Transmission Electron Microscopy was carried out at room temperature. Specimens for TEM
observations were prepared by scraping the thin films in ethanol using a diamond knife. A drop of
the suspension was deposited and dried onto a carbon coated copper grid. High Resolution
Transmission Electron Microscopy (HRTEM) and Electron Diffraction (ED) study of the scraped
samples were done on a 200 kV JEOL 2010 FEG electron microscope (tilt = 42°).

Electrical conductivity and the Seebeck coefficient were measured simultaneously by ULVAC
ZEM3 in a low pressure He atmosphere from 80°C to 220°C.

3. Results and Discussion
31 Optimization of the film composition

It is challenging with convergent targets to determine the best proper RF power to use on each
target in order to obtain the desired stoichiometry. Other intrinsic and extrinsic parameters such as
argon pressure, substrate temperature or target-substrate distance can also affect the composition,
the microstructure, and the crystal structure of the film. Consequently, an optimization of the growth
conditions is essential to obtain the desired atomic composition, 57% Pr, 43% Ni.

The auto-polarization voltage of the targets measured during the RF sputtering processes (called
hereafter bias voltage) is very sensitive to the above-mentioned parameters. The bias voltage is
considered to be a valuable feedback to monitor for process optimization and especially regarding
the pre-sputtering stage of metal targets sensitive to oxidation.



In a previous work [3], we adjusted the deposition condition for ProNiO4 material at 1.5 Pa argon
using a single composite target and optimizing the surface ratio of the two metals. It was observed
that the chemical composition variation zersus RF power density was not linear. Above 0.953 W/cm?,
the praseodymium deposition rate becomes high, along with a color change of the plasma from pink
to green, related to the high concentration of Pr’*. Similar behavior can be observed after a certain
time of sputtering while keeping a constant and lower power density on the Pr target: a plasma color
change, accompanied by an increase in the bias voltage. After a while, the Pr plasma is definitely
green and the bias voltage is stabilized. It this establishes that the color change associated with a
modification of the surface electrical conductivity of the target is likely due to the removal of a
poisoning superficial oxide layer upon this pre-sputtering step. In the present work, we always
formatted the Pr target for a sufficient time to ensure a fully metallic surface. Regarding the strong
dependence of the sputtering yield with voltage bias, the film composition was adjusted by varying
the RF power on the two targets during the film growth. Table 1 reports typical synthesis conditions
leading to the closest expected atomic ratio of 57% Pr and 43% Ni for samples deposited at a
working pressure of 1.5 Pa. Note that the substrate temperature during deposition did not have
influence on the thin film composition. Changing the working pressure is well known to influence
both the sputtering yield of each chemical element and also to modify the microstructure of the
coating [16]. This property is mainly related to the enhancement of scattering of the sputtered
elements. In the present work, EDX analysis showed that an increase in working pressure leads to a
monotonous evolution of the composition: increase the Pr content, decrease the Ni content.
Samples deposited at 0.5 Pa and at 5 Pa presented the compositions 42% Pr, 58% Ni and 66% Pr,
34% Ni, respectively. This was confirmed by X ray diffraction, where we observed that samples
deposited at 0.5 Pa showed an excess of NiO while samples at 5 Pa showed an excess of PrsOy; as
discussed below.

3.2 Determination of the annealing temperature

In order to determine the annealing temperature, 7z situ temperature X-ray diffraction
measurements (from 50 °C to 1200 °C with a 50°C increment) were carried out in oxygen flow on a
film initially deposited on YSZ at room temperature. The results are shown in Fig. 1. At room
temperature, the sample was nearly amorphous as indicated by the broad peak at 20 = 27°. The XRD
diagram made on bare substrate enables the YSZ contribution to be identified.

At 800°C, the praseodymium oxide phase appeared, characterized by the peaks at 27.86° and
32.28° (PDF card n°01-071-0341) [17]. At the same temperature NiO (PDF card n°00-004-0835)
[18] was also observed, confirmed by the peaks at 37.3° and 44.29°. At 1000°C, NiO and
Praseodymium oxide started to react together and their corresponding diffraction intensities
decreased. At this temperature, the crystallization of the PrsNi;O phase started as indicated by the
appearance of reflection peaks particularly at 32.3°, 32.7°, and 33.05° (20) (PDF card n°00-050-0468)
[19]. This phase can be indexed in an orthorhombic unit cell, using the La4Ni;Oyo isotype structure
(PDF card n°00-050-0243) [20]. At 1050°C, the sample showed mainly Pr;Ni;O1o together with a
small amount of PrO,. Above 1100°C PrsNi;Oy started to decompose to PruNiO,.s in the tetragonal
form (PDF card n°00-058-0850) [21] and NiO. At 1200°C, the film showed a majority of Pr;NiO4 In
order to minimize the formation of Pr,NiO, phase, the annealing temperature should be lower than
1200 °C. As a result, the stability of Pr;Ni;Oy films was found to be in the 1000°C — 1050°C range.
It is also observed that the orthorhombic distortion is clearly enhanced at the higher temperature.

3.3 Structural properties



Typical GI-XRD patterns of bare YSZ substrate (a) and of samples deposited at room
temperature, 1.5 Pa and annealed at 1000°C and 1025°C are shown in figures 2(b) and 2(c),
respectively. In both cases, the Pr4Ni;O1g phase is observed, with a small amount of unreacted PrsO1
in the first. The annealing temperature of 1025°C was chosen for the rest of this work. Similar results
were obtained for samples deposited with a substrate temperature maintained at 400°C or 600°C and
annealed in the same conditions (not shown here). Bragg positions of PrsNi;O1o can be described as
orthorthombic Fmmm (space group N° 69). The unit-cells refinement, carried out with the least
square method using CELREF software, allows cell parameters to be determined and are
summarized in table 2. The refined cell parameters are consistent with the previous report [14]. The
GI-XRD patterns of samples deposited with working pressure of 0.5 Pa and 5 Pa are also presented
in figures 2(d) and 2(e). In line with the EDX analyses, film deposited at 0.5 Pa displayed a NiO
excess while film deposited at 5 Pa presented a PrsO1;1 excess.

Attempts to stabilize PryNi;O19 on alumina substrate were also done. It was observed that samples
showed a reactivity between alumina and praseodymium leading to the formation of the PrAlOs;
perovskite, as already observed in ref [3] (not shown). For this kind of synthesis, no further
investigations were undertaken.

The structural characteristics of Pr,Ni;O, thin films deposited at 1.5 Pa were also studied by
TEM (figure 3). The cell parameters and reflection conditions deduced from Electron Diffraction of

Pr,NizO, crystals scratched from the thin film are in agreement with the Fmmm space group used in
the X ray diffraction study (figure 3a, 3b) and cell parameters are confirmed (z and & close to 5.4 A
and ¢ close to 27.3A). A typical grain size, never more than 200 nm, was observed in the Pr,NisOy,
thin films (figure 3c) while lattice images presented in figure 3d confirm of the good crystallinity of
the films and the stacking of the triple NiO layer along the ¢ axis [22]. Here (figure 3d) the light grey

lines are representative of the NiO layers.
3.4 Morphology of annealed film

Figures 4 (a-f) display the observation by FEG-SEM of the microstructure of annealing films
deposited at different pressures and different substrate temperatures. For the observation, the
samples were inserted in the microscope without any metallization. The conductivity of the samples
was high enough to avoid charge accumulation.

Figures 4a and 4b show the surface (Secondary electron image) and the cross section
(backscattering electron image) of a sample grown on YSZ substrate at working pressure of 1.5 Pa
and annealed at 1025°C. Note that the inset in figure 4a represents a plane view of bare YSZ
substrate.

The plane view shows a microstructure with grain size ranging from 100 nm to 500 nm, with no
roughness enabling the film microstructure to reproduce the substrate form. Residual porosity with
100 nm pores is randomly dispersed. SEM cross-section image of the layer (figure 4(b)) reveals a
granular and porous growth with a thickness of 770 £ 50 nm. From this value we can estimate the
deposition rate of the film. The Pilling — Bedworth ratio is defined as the ratio of the volume of the



unit cell of a metal oxide to the volume of the elementary cell of the corresponding metal from
which the oxide is created [23]. It can be calculated using the relation:

_ Voxide _ MO Pm
Rpp = =
Vietar 1 My Po

where : Mo= 897.32 g, Molar Mass of oxide, My= 105.6 Molar Mass of metal, po= 7.31 g/cm’
density of oxide, py= 7.68 g/cm’ density of metal, and n = 7, number of atoms of metal per
molecule of the oxide PrsNi;O1. P and My are estimated by calculating the weighted average of the

metallic composition, p Mo tPPTH3oN M amp,+3mMy;. Po and Mo are calculated using value of table 2
. =

M 7

for the unit cell volume.
Because the surface of the sample before and after annealing is considered constant, we can

estimate that the Pilling — Bedworth ratio will represent also for the film’s thickness before and after
annealing

_ Voxide _ thoxide

Rpp = =
VMetal thMetal
. . thoyi
From these considerations, we found Rpg = thOﬂ = 1.27
Metal

For a deposition time of 45 minutes, and for the annealing condition of 18 hours at 1025°C
with oxygen flux, the thickness of oxide film was 770 nm, corresponding to a metal deposition of
600 nm. The corresponding metallic deposition rate is then approximated at 800 nm per hour.

Figures 4c and 4d show plan view of two samples deposited at 0.5 Pa and 5 Pa respectively.
The 0.5 Pa sample was rather similar to the film made at 1.5 Pa (compared with figure 4a) with an
even smoother surface. On the other hand, figure 4d shows the film deposited at 5Pa. The effect on
microstructure is brought out, showing an increase in roughness in relation to the increase of the
scattering of the chemical element during deposition. Finally, we have evidenced the influence of
substrate temperature during the deposition process. Figure 4(e) and figure (f) report the plane view
of samples deposited at 400°C and 600°C, respectively, and annealed at 1025°C. While no specific
modifications were observed for the thin film deposited at 400°C compared to those deposited at
room temperature, for a substrate temperature of 600°C, we observe a dense microstructure with an
increase in grain size and without any apparent porosity. All these results are in agreement with
Thornton phase diagram with an improvement in density as the substrate temperature increased and
the Ar pressure decreased [24], as also observed on RNiOs; (R = Nd) thin films deposited by DC
sputtering [25]. This observation suggests that the resulting microstructure of the oxide films after
annealing depends on the growth mechanism involved in the sputtering deposition of metals.

3.5 Electronic properties

The typical evolution of the electrical resistivity and the Seebeck coefficient as a function of
temperature from 80°C to 220°C° are presented in figure 5 for a PrsNi;Oy film deposited at room



temperature and 1.5 Pa followed by annealing at 1025°C in O, flow for 18 h. In this temperature
range, the electrical resistivity slightly increased from 6.10° Q.cm to 7.10” Q.cm whereas the Seebeck
coefficient gradually varied from — 20.4 to — 25.0 V. K. The negative values for the Seebeck
coefficient revealed that conductivity is mainly ensured by electrons. The increase in resistivity with
temperature suggested a metallic-like behavior with a reduction of charge carrier mobility with
increasing temperature. One should note however that due to experimental equipment (Ni
electrodes), electrical measurement was made in the atmosphere and the material may lose oxygen in
the surrounding media. A slight change in charge carrier concentration therefore cannot be ruled out
[14]. Compounds in the Ruddlesden-Popper series can accommodate important deviation in oxygen
stoichiometry ( value in PrsNi;O10+5) which, in turn, impacts the electrical propetties. Indeed, Bassat
et al have prepared PryNizOjo+5 bulk ceramic in various annealing conditions (from reducing to
oxidizing atmosphere) leading to & and resistivity values ranging respectively from — 1.75 to 0.1 and
3.10° to 8.10” Q.cm at 300K [26]. Our results, both in terms of electrical resistivity and the Seebeck
coefficient, are in agreement with the values reported for bulk ceramic PrsNizOio+5 annealed in
similar conditions (1097°C in O, atmosphere in reference [26]) for which & = 0.1. These results
highlight that the present deposition process leads to continuous and crack-free film of highly
oxidized PrsNi3O10+5 film.

4. Concluding Remarks

Polycrystalline PryNi;O19 coatings wetre obtained by combining RF magnetron co-sputteting
with an appropriate annealing treatment under oxygen flux. The influence of the sputtering
parameter on the composition is brought out. The stability of the PrsNi;O1o crystal structure under
oxygen was found to range between 1000°C and 1050°C. Above this temperature, PrsNi;O1o phase
turns into a Pr.NiOy structure. PraNi;Oqo crystallizes in orthorhombic structure with Frzmm space
group. By combining working pressure and substrate temperature during the sputtering process we
show that it is possible to monitor the microstructure of the sample leading to smooth and dense
samples with controlled porosity and grain size. Electrical resistivity of [6.5.10° Q.cm and the
Seebeck coefficient of 0 — 23 WV.K"' at 150°C highlight obtaining highly oxidized continuous
coatings. These properties will be further investigated by the preparation and study of half solid
oxide fuel synthetized with the sputtering process.
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Figure caption

Figure 1 X-ray diffraction versus temperature showing the crystallization of PrysNi;Oy in the range
50°C-1200°C.

Figure 2 GI-XRD patterns of (a) bare YSZ substrate and (b-e¢) coatings deposited at room
temperature and at (a-b) 1.5 Pa, (c) 0.5 Pa and (d) 5 Pa. Coatings (b) and (c-¢) were annealed at 1000
°C/18 h and 1025 °C/18 h, respectively. PrsNi;Oyy peaks are indexed in the orthorhombic system.
YSZ and sample holder, PrsO11, NiO and an unknown phase are marked by 0, 0, ¥ and m symbols,

respectively.

Figure 3 a) and b) [010] and [101] Electron Diffraction patterns of Pr,Ni;O,, crystal scratched from
the thin film. The Fmmm space group conditions are confirmed and a ¢ cell parameter close to 27.3A
can be measured, c) Typical size of the grains evidenced in the Pr,Ni;Oyq thin films, d) Lattice image
showing the good crystallinity of the films and the stacking of the NiO layers. Here the light grey
lines are representative of the NiO layers for Ra+1NizOsar1 with n=3 (highlighted by 3 arrows).

Figure 4 (a-b) electron SEM micrographs of the Pr,NizO,, coating deposited at room temperature
and 1.5 Pa : (a) plan view Secondary Electron Image (SEI) and (b) Cross-section Backscattered
Image. (c-d) plan views SEI-SEM micrographs of the Pr,Ni;O,, coatings deposited at room
temperature at 0.5 Pa and 5 Pa respectively. (e-f) plan views SEI-SEM micrographs of the Pr,Ni;O,,

coating deposited at 1.5 Pa at 400°C and 600°C, respectively. All samples were annealed at
1025°C/18 h in O, flow. Inset in figure 4a shows plane view SEI-SEM of YSZ bare substrate.

Figure 5 Evolution of the electrical conductivity and Seebeck coefficient as a function of temperature
for a PruNi;Oy film deposited at 1.5 Pa and room temperature followed by annealing at 1025°C/18
hin O, flow.
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Figure 1 X ray diffraction versus temperature showing the crystallization of PrysNi;Oy in the range
50°C-1200°C.



Figure 2 Laffez et al
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Figure 2 GI-XRD patterns of (a) bare YSZ substrate and (b-e) coatings deposited at room
temperature and at (a-b) 1.5 Pa, (c) 0.5 Pa and (d) 5 Pa. Coatings (b) and (c-¢) were annealed at
1000 °C/18 h and 1025 °C/18 h, respectively. PtsNi;Oy peaks are indexed in the orthorhombic
system. YSZ and sample holder, PrsO11, NiO and an unknown phase are marked by 0, 0, ¥ and m
symbols, respectively.



Figure 3 Laffez et al

Figure 3 a) and b) [010] and [101] Electron Diffraction patterns of Pr,Ni;O, crystal scratched from
the thin film. The Fmwmm space group conditions are confirmed and a ¢ cell parameter close to
27.3A can be measured, c) Typical size of the grains evidenced in the Pt,Ni:Oy; thin films, d) Lattice
image showing the good crystallinity of the films and the stacking of the NiO layers. Here the light
grey lines are representative of the NiO layers for Ra+1NiaOsn+1 with n=3 (highlighted by 3 arrows).



Figure 4 Laffez et al

Figure 4b

Figure 4 (a-b) electron SEM micrographs of the Pr,Ni;O,, coating deposited at room temperature
and 1.5 Pa : (a) plan view Secondary Electron Image (SEI) and (b) Cross-section Backscattered
Image. (c-d) plan views SEI-SEM micrographs of the Pr,Ni;O,, coatings deposited at room
temperature at 0.5 Pa and 5 Pa respectively. (e-f) plan views SEI-SEM micrographs of the Pr,Ni;O,,
coating deposited at 1.5 Pa at 400°C and 600°C, respectively. All samples were annealed at
1025°C/18 hin O flow. Inset in figure 4a shows plane view SEI-SEM of YSZ bare substrate.



Figure 5 Laffez et al
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Figure 5 Evolution of the electrical conductivity and Seebeck coefficient as a function of
temperature for a PryNi;Oq film deposited at 1.5 Pa and room temperature followed by annealing
at 1025°C/18 h in O, flow.



Table 1 Laffez et al

ALO; 100 267 80 147 55 45
Al,O; 40 108 20 250 55 45
YSZ 40 110 28 283 53 47

Table 1 : Typical sputtering parameters leading to the stoichiometric composition of PrsNizO1g



Table 2 Laffez et al

1000 °C 5.372(6) 5.478(12) 27.50(4)
1025 °C 5.3723(18) 5.4616(19) 27.525(10)

Table 2 : Refined cell parameters of the annealed PrsN;O1 coating using Fmmm space group (in
parenthesis is the standard deviation).





