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A B S T R A C T

Lowering the operating temperature of Solid Oxide Fuel Cells (SOFCs) is essential for improving durability and 
enabling large-scale commercialization. Mixed ionic–electronic conductors (MIECs) of the Ruddlesden–Popper 
family, such as Nd₂Ni₁₋ₓCuₓO₄₊δ (NNCO), offer attractive cathode properties due to their high oxygen transport 
and favourable defect chemistry. In this work, we investigate the fabrication of Nd₂Ni₀.₈Cu₀.₂O₄₊δ thin films using 
a room-temperature RF sputtering process followed by moderate-temperature annealing. To simplify deposition, 
a single stoichiometric target was employed, despite the compositional challenges posed by elements with 
different sputtering yields. We examine the effect of sputtering power density on phase formation and film 
stoichiometry through X-ray diffraction, Rutherford Backscattering Spectrometry, Energy-Dispersive X-ray 
Spectroscopy, and temperature-dependent resistivity measurements.

Increasing the sputtering power density strongly reduces the presence of spurious phases and promotes sta
bilization of the desired n = 1 Ruddlesden–Popper phase. Films deposited at 230 W (3.1 W⋅cm− 2) exhibit a 
predominant NNCO structure, elemental ratios close to nominal composition, and resistivity values consistent 
with bulk materials. These findings demonstrate that high-power sputtering combined with ex-situ annealing 
enables the production of NNCO thin films suitable for SOFC cathodes. The results support the potential of PVD- 
based approaches for scalable fabrication of advanced SOFC components.

1. Introduction

The focus of the research on solid oxide fuel cells has significantly 
raised during the last years due to the interesting characteristics and 
performance this technology has shown like fuel flexibility, convert
ibility and high efficiency [1–4]. To ameliorate and make this technol
ogy more marketable, the scientific community has focused on one of 
the most limiting features of these devices i.e. the operating tempera
ture, typically from 800 to 1000 ◦C. These temperatures are needed 
because of the use of non-precious materials as electrodes and to ensure 
a sufficient ionic conductivity in the electrolyte. However, these extreme 
conditions lead to a fast degradation of the components reducing the 
long-term durability. Consequently, a major scientific effort is directed 

toward lowering the operating temperature to the intermediate range 
(600–800 ◦C) [5–7].

One of the major bottlenecks of the process is represented by the 
cathode where the oxygen-reduction reaction (ORR) occurs [8]. At the 
present, one of the most common used materials is the perovskite lan
thanum‑strontium manganite (LSMO) which possess good electronic 
conductivity and poor ionic transport. In the case of LSMO, the elec
trochemical reaction is restricted to the Triple Phase Boundaries (TPB), 
the microscopic points where the three species, gas (oxygen), the elec
trolyte (ionic conductivity), and the electrode (electrons) meet. This 
limitation severely curtails the number of O− 2 ions involved in the 
electrochemical reactions. With the aim to overcome such a restriction, 
several studies have focused on the possible use as cathodes in SOFCs of 
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a new class of materials, the so-called Mixed Ionic-Electronic Conductors 
(MIECs) [9–11]. MIEC materials can conduct both oxygen ions and 
electrons, extending the active ORR sites to the entire cathode's volume 
and finally resulting in a larger number of O− 2 ions reaching the elec
trolyte. Recently, a class of MIEC materials attracting strong research 
interest has been that of the perovskite-based Ruddlesden-Popper series, 
with general formula An+1BnO3n+1, where A is a rare earth and B is a 
transition metal [12]. In particular, the Ni based compounds in this 
series with n = 1 and A = Nd, the Nd2NiO4+δ, has been considered as a 
good SOFC cathode candidate [13] primarily because of its peculiar 
oxygen diffusion mechanism mainly based on an oxygen push-pull 
process [14], different from the usual oxygen migration via vacancies 
mechanism found in LSMO. Recent results [15] have demonstrated that 
the high concentration of interstitial oxygen favours the ionic transport 
in bulk Nd2NiO4+δ, while Density Functional Theory (DFT) studies have 
shown that the partial Ni substitution with Cu in Nd2Ni1-xCuxO4+δ, de
creases the oxygen hopping activation energy for x up to 0.2, confirming 
the observation, in standard SOFC with screen printed cathode, of 
important decrease in the overall cell polarization resistance [14,16]. 
Moreover, the choice of nickelates as cathode materials is corroborated 
by the fact that they do not contain cobalt or alkali earths that tend to 
segregate on the electrode's surface and degrade the cell performance 
[17].

The use of innovative SOFC fabrication process based on Physical 
Vapour Deposition (PVD) techniques has been lately proposed by 
several research groups [7,18–21], showing the possibility to improve 
the cell final electrochemical performances and durability. PVD tech
niques are generally difficult to scale up to industrial production lines 
mainly because of the need to control and stabilize, during the deposi
tion process, the high temperature over large substrate area. A successful 
and innovative process has been recently proposed [19,22–24] in which 
a room temperature RF-Sputtering deposition is followed by a separate 
annealing process at moderate temperatures. Industrial size SOFC, in 
which this technique has been used to fabricate the Gd-doped Ceria 
buffer layer at the electrode/electrolyte interface, have shown im
provements up 30% in the output current density at 800 mV and 650 ◦C, 
compared to standard industrial cells with screen printed buffer layer 
[22].

Following these studies, we decide to investigate the adoption of this 
technique also to fabricate Nd2Ni0.8Cu0.2O4+δ (NNCO) thin films in view 
of their application as cathodes in SOFC. To simplify the process, we 
choose to use a single sputtering target made of NNCO with x = 0.2. 
When depositing from target presenting elements with different sput
tering yields, the composition of the obtained films can substantially 
vary as a function of the sputtering parameters [25,26]. In this work, we 
focus our attention over the influence of the sputtering power density on 
the final stoichiometry of the produced NNCO films. The deposited films 
are characterized by X-Ray Diffraction (XRD), Energy Dispersive X-Ray 
Spectroscopy (EDX), Rutherford Back-Scattering (RBS) and electric re
sistivity vs. temperature (ρ(T)) measurements. The obtained results have 
shown the possibility to produce samples having the predominant 
Ruddledsen-Popper desired phase, opening the way to future de
velopments in view of the industrial scaling up of the proposed tech
nique for the fabrication of large-scale cathodes in SOFC.

2. Experimental methods

2.1. Sample preparation

NNCO thin films have been grown on 5 × 5 mm2 (100) MgO and 
(100) (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates using room temper
ature RF sputtering. The sputtering cathode has the same composition of 
the deposited films with a 99.9% purity (Testbourne LTD) and dimen
sion of 15 × 5 cm2. The discharge power density has been varied in the 
range of 1.5–3.1 W/cm2 with the typical RF frequency of 13.6 MHz. The 
Ar pressure has been fixed at 4.0 mTorr with a target-substrate distance 

of 5 cm and a deposition time of 20 min. Deposition rates vary from 16 
nm/min to 38 nm/min going from 1.5 to 3.1 W/cm2, thus the thick
nesses are 320, 515 and 750 nm for 130, 170 and 230 W, respectively. 
The deposition process was then followed by an in-air annealing process 
consisting in 15 ◦C/min ramp up to the plateau temperature that was 
maintained for 4 h. The plateau temperature has been varied in a range 
from 800 ◦C to 1200 ◦C with steps of 100 ◦C.

2.2. Characterization of samples

XRD has been performed on annealed samples in order to investigate 
on the crystal structure of the thin films. The measurements were per
formed using a D2-Phaser diffractometer (Bruker Corporation, Billerica, 
Massachusetts, USA) with a Cu − Kα radiation source characterized by a 
wavelength λ of 1.541 Å. Acquisition time was set to 0.4 s and the ob
tained spectra have an angular resolution of 0.01◦.

In order to investigate the elemental composition of both as-grown 
and annealed samples, EDX has been performed on the manufactured 
thin films. The measurements have been carried out with LaB6 scanning 
electron microscope (SEM) LEO EVO 50 equipped with EDX system 
(INCA ENERGY, Oxford Instruments).

RBS has been performed on as-grown samples. Measurements have 
been carried out at the Centre of Applied Physics, Dating and Diagnostics 
(CEDAD) at the Department of Mathematics and Physics “Ennio de 
Giorgi,” University of Salento [27]. An α-particle (4He) beam with an 
energy of 2 MeV has been used, setting the following parameters inci
dent angle 0◦ and scattering angle 170◦.

Temperature-dependent resistance measurements have been per
formed making use of a Van der Pauw 4-contact geometry. The sample 
was heated using a hot-plate in the range from room temperature to ≈
125 ◦C.

3. Results and discussion

The NNCO thin films have been deposited on (100) MgO and (100) 
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates using room temperature RF 
sputtering with sputtering power density varying in the range 1.5–3.1 
W/cm2. After the room temperature sputtering process, the samples 
have been in-air annealed using the temperature profile shown in the 
inset to Fig. 1. The temperature plateaux value Tp of 900 ◦C, has been 
optimized analysing the XRD diffractograms obtained on a series of 
samples deposited on LSAT substrates and annealed at different Tp 
values.

3.1. XRD measurements

After the annealing, the samples have been analysed by XRD mea
surements in order to verify the formation of the desired NNCO phase. In 
Fig. 1, the XRD spectra obtained for the samples deposited on MgO 
substrates at different sputtering power densities are shown. The peaks 
labelled with an asterisk are related to the MgO substrate, the green 
diamonds labelled peaks are due to the NNCO phase and those marked 
with red stars are associated to undesired phases (NNO, Ni2CuO4, 
Nd2O3) [28–31].

Ref. 32 shows that NNCO powders synthesized by the Pechini 
method, with Cu substitution between 0.15 up to 0.3 on the Ni site, 
exhibit exclusively the tetragonal NNCO phase, while for higher Cu 
concentration there is coexistence between the tetragonal NNCO phase 
and the T' phase of Ni2CuO4 (T'-NCO). In contrast, the thin films pre
pared in this work consistently show the coexistence of NNCO and T'- 
NCO phases, despite the nominal Cu concentration being 0.2 (Fig. 1). In 
particular, for the sample synthesized at 230 W, we can observe many 
diffraction peaks associated to the tetragonal phase of NNCO, confirm
ing the successful incorporation of Cu in the crystal structure. The 
presence of T'-NCO as well as other impurities is likely originating to the 
synthesis route via RF sputtering and post-annealing, for example 
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because of substrate-induced effects or imperfect transfer of the target 
stoichiometry to the film.

From the data in Fig. 1, in the case of the sample deposited at 230 W, 
we have calculated the lattice parameters (a, b and c) of the tetragonal 
cell associated to the observed NNCO phase. [32]

In Table 1 the results of the lattice parameters calculation are re
ported that, within the experimental error, coincide with the parameters 
reported in Ref. 32 for Nd2Ni0.7Cu0.3O4, which is close to our target 
composition.

3.2. Compositional analysis

To better investigate the influence of the sputtering processes on the 
elemental composition of the produced samples, we have carried out 
RBS measurements on the as-grown samples deposited at different 
sputtering powers on MgO substrates and EDX measurements after and 
before annealing process.

In Fig. 2a, b and c, we show the RBS elemental composition of the 
films deposited at different sputtering powers for the Nd, Ni and Cu, 
respectively. The observed concentration trends as a function of power 
density are opposite for Nd and Ni. In the case of Nd, the data show a 
slight tendence to decrease with increasing power densities, although a 
constant line could be drawn among all the data points inside the re
ported experimental errors. On the other hand, for Ni, the relative 
concentration values unambiguously increase with the power density. 
Finally, for Cu it is possible to observe a reduction of the relative con
centration by increasing the power density during the deposition 

process. The concentration values observed for the Nd, are always below 
the expected value of 67%, going from about 64% at 1.5 W/cm2 to 
61.5% at 3.1 W/cm2, while the Ni percentage goes from 24% to about 
30% in the same sputtering power range (expected value of 27%). Al
ways in the same power density range, the Cu percentage goes from 
about 12% to 9% (expected value of 7%). The large difference between 
the target and the sample stoichiometry observed for Cu, is not sur
prising by considering that the sputtering yield of copper is the highest 
among the heavy elements present in the target. It is worth noting that 
this difference decreases with increasing power densities, reaching 
values close to those in the target at a power density of 3.1 W/cm2. In 
Fig. 3a, we report the calculated Nd/(Ni + Cu) ratios as a function of the 
power. The values present a decreasing trend with increasing powers, 
going from 1.8 to 1.6. On the other hand, in Fig. 3b, the reported values 
of the ratio between the Ni and Cu elemental percentage, clearly show 
that the samples deposited at lower power are far from the optimal 
elemental composition. In fact, the Ni/Cu observed ratio at 1.5 W/cm2 is 
half of that expected (2 instead of 4). The Ni/Cu ratios increase with 
increasing powers and reach the value of 3.5 at 3.1 W/cm2. According to 
the XRD results in previous section, the correct Ni/Cu ratio is more 
critical to reduce spurious phase segregation and maximize the forma
tion of the tetragonal NNCO phase, than the Nd/(Ni + Cu). All the RBS 
measurements have been performed on as-grown samples.

To confirm that the annealing process has no effect on the sample 
stoichiometry, we have carried out EDX analysis on films deposited on 
MgO, before and after the in-air annealing process. In Fig. 4a, b and c, we 
show these EDX results for the elemental composition of the investigated 
samples as a function of the discharge power. A larger error is associated 
to the EDX results compared to RBS, so that some difference between 
EDX and RBS obtained composition is observed for the thinner samples 
(i.e. those grown with lower power density) while, for the sample grown 
at the higher power, the values are essentially the same. Ultimately, 
these results validate the reliability of the EDX technique for our pur
pose. Then, moving on to the EDX data, in the case of Nd and Ni, inside 
the associated experimental errors, all the composition values do not 
change going from the as-grown to the annealed samples. For Cu, only 
the sample deposited at very low power density (i.e. 1.5 W/cm2), which 
is the richest in Cu, presents appreciable compositional difference across 
the annealing process.

In conclusion, film grown at the highest power (230 W) are closer to 
the target stoichiometry and present the expected crystal structure of 
NNCO, with less spurious phases. To confirm that 230 W is the optimal 
deposition power, we have carried out measurements of the electrical 
resistivity ρ as a function of the temperature T. The measured ρ(T) 
curves are shown in Fig. 5. The ρ(T) values measured for the sample 
deposited at 130 W are more than two orders of magnitude higher than 
those obtained for the samples grown at 170 and 230 W. Moreover, the ρ 
value at 120 ◦C for the sample deposited at 230 W is 0.058 Ω*cm and 
compares well with typical ρ values of 0.015 Ω*cm, observed in bulk 
NNCO at 300 ◦C [16]. Data in Fig. 5 confirm the previous trend indicated 
by the XRD, RBS and EDX analyses, showing a substantial reduction of 
the electrical resistivity in samples deposited at higher power.

In layered La based Nickelates, Faucheux et al. [33] observed electric 
transport properties well described in terms of a Variable Range Hop
ping (VRH) mechanism. We have analysed the ρ(T) curves of the sample 
deposited at 230 W in Fig. 5, using three possible models:

The first model is the VRH model, in which the temperature 
dependence of the resistivity is described by the formula: 

ρ(T) = ρ0exp

(
A

T
1
4

)

(i) 

where ρ0 is the resistivity at high temperature, T is the temperature in K 
and A is a fitting parameter proportional to g(EF)-1/4 (g(EF) stands for the 
density of states at the Fermi level).

The second model is the polaronic activation model [34] where we 

Fig. 1. XRD measurements for samples deposited with different sputtering 
power discharges: 130 W (red line), 170 W (green line), 230 W (black line). All 
the spectra are vertically shifted for clarity. In the inset in the left corner the 
annealing ramp is reported. The asterisks refer the MgO substrate, the green 
indexed peaks and diamonds refer to the NNCO phase and the red indexed 
peaks and stars refer to the spurious phases; Miller indexes numbers in brackets 
refer to NCO (blue), Neodymium oxide (violet), NNO (yellow) and 
NNCO (green).

Table 1 
Results of the lattice parameter calculation from XRD data.

Lattice parameter Experimental value (Å) Bulk value (Å)

a 3.83 ± 0.01 Å 3.82 Å
b 3.83 ± 0.01 Å 3.82 Å
c 12.50 ± 0.06 Å 12.50 Å
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have: 

ρ(T) = ρ0T exp
(

EP

kBT

)

(ii) 

here EP is the polaron hopping energy, while KB is the Boltzmann 
constant.

The third model correspond to the thermal activation model typical 

of a semiconducting material with 

ρ(T) = ρ0exp
(

Eg

kBT

)

(iii) 

with Eg equal to the thermal activation energy.
By fitting the data with these three formulas we have obtained the 

determination coefficients R2 [34] reported in Table 2. Although the R2 
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Fig. 2. RBS atomic percentages for concentrations of Nd (a), Ni (b) and Cu (c) as a function of the sputtering power. All the data points are characterized by an error 
bar evaluated as the 3% of the data. Dashed black line indicates the ratio expected value.
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values are all very close to 1, the best agreement with the data in Fig. 5 is 
obtained in the case of the VRH model. As a result of all the analyses 
(XRD, RBS, EDX, ρ(T)) performed on the samples deposited at different 

sputtering powers, we have, therefore, a clear indication that the use of 
high sputtering powers in the adopted deposition process helps to obtain 
the desired NNCO phase.

4. Conclusions

Using a room temperature sputtering process followed by in air 
annealing, we have deposited Nd2Ni0.8Cu0.2O4+δ thin films in view of 
their use as cathodes in solid oxide cells. To simplify the deposition 
process, we adopted a single sputtering oxide target with stoichiometric 
ratio of the metal ions. We have investigated the influence of the sput
tering power density on the structure, composition and electrical 
transport properties of the samples, with the aim of minimizing the 
presence of spurious phases as well as the electrical resistivity. The 
samples have been analysed using XRD, RBS, EDX and ρ(T) measure
ments. For the films deposited at 230 W (i.e. 3.1 W/cm2), we have 
observed a predominance of the XRD peaks associated to the NNCO 
phase with respect to other peaks coming from spurious phases, RBS and 
EDX values of the elementals concentration close to those expected for 

Fig. 4. EDX atomic percentages for concentrations of Nd (a), Ni (b) and Cu (c) as a function of the sputtering power for as grown (AG, grey squares) and annealed 
(ANN, red dots) samples. We assign an error bar to the measurement equal to 5% of the atomic percentages value for Nd and Ni. For Cu the assigned error bar is equal 
to 10% of the atomic percentages value. The higher associated error for Cu is justified by the poor amount of this element into the sample which leads to an increase 
in experimental error.

Fig. 5. ρ(T) for NNCO samples grown at 130 W (red squares), 170 W (green 
squares) and 230 W (black squares). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Table 2 
Determination coefficients R2 obtained by fitting the 
ρ(T) curve of the sample deposited at 230 W with the 
models proposed in the text.

230 W

Thermal activation 0.99908
Polaronic activation 0.99912
VRH 0.99955
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Nd2Ni0.8Cu0.2O4+δ and lowest resistivity values in agreement with those 
observed in bulk NNCO. The results pave the way toward future in
vestigations regarding the use of PVD techniques to fabricate innovative 
solid oxide cells, and, in particular, about their possible scale up in large 
scale production process. More insights will be provided by Electro
chemical Impedance Spectroscopy measurements that will be subject of 
a future work.
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