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ABSTRACT

CeO;-based thin films are prepared by spray-pyrolysis deposition from different aqueous
precursor solutions containing nitrate, chloride or acetate salts. The morphology and orientation growth
strongly depends on the precursor type. Acetate solutions lead to dense films with improved
microstructural features, i.e. uniform film thickness and a low roughness of 1.5 nm. Films with different
Gd-content (Cei-xGdxOs.x2, 0<x<0.2, CGO) are prepared from acetate salts. These films show a (200)
preferred orientation growth, regardless of the substrate type, i.e. fused quartz and polycrystalline
ceramics. The in-plane conductivity of the films on quartz is lower than that of the bulk material, possibly
due to the different thermal mismatch between the substrate and the film. These CGO films are also
evaluated as protective layers to prevent the reaction between the ZrogsYo0.1601.92 (YSZ) electrolyte and
the Lag.6Sr.4Co0.2Fe0s03.5 (LSCF) cathode. The electrode efficiency of LCSF improves greatly after the

introduction of a 150 nm thin CGO interlayer.
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1. Introduction

Doped-cerium oxide thin films have numerous electrochemical applications, including electrolytes for
solid oxide cells (SOCs), gas sensors and diffusion barrier layers [1-4]. In particular, a layer of CGO is widely
used to prevent reaction between the Zro34Y0.1601.92 (YSZ) electrolyte and the Lag ¢Sro4Coo2Fe0303.5 (LSCF)
cathode in a fuel cell [5-8]. These films need to be sufficiently thin and dense to avoid additional ohmic losses
in the electrochemical devices. Screen-printing is the most commonly used method to prepare CeO-based
interlayers with thickness of several microns; however, sintering temperatures up to 1400 °C are needed to
obtain dense layers. Such high temperatures lead to reactivity between YSZ and CGO at only 1100 °C [9].
Recent studies have also reported that a porous CGO interlayer is not effective as protective layer because
alkaline-earth elements, such as Sr**, easily diffuse on the porous surface of the CGO grains and react with
YSZ [10-11]. Hence, dense CGO films and low-temperature fabrication methods are required to minimize the
possible reactivity between the materials. In addition, the finer grains, obtained at low fabrication temperatures,

contribute toward improving the thermomechanical performance.

Different physical methods, such as pulsed laser deposition and magnetron sputtering, have been
employed to fabricate CGO films [12-20]. However, these methods are used at laboratory-scale and require
rigorous synthetic conditions of temperature, gas atmosphere and oxygen partial pressure to control the cation
stoichiometry of the resulting films. Thus, differences between the film and the target composition are usually
reported [21,22]. Other techniques like spin-coating and dip-coating require multiple and tedious fabrication
steps [23,24]. Consequently, facile, efficient, reproducible and industrially viable synthesis techniques are

needed to obtain dense CGO films.

In this context, spray-pyrolysis has demonstrated to be a scalable and simple method to produce
homogeneous materials, composites and functional nanostructures over large areas. In particular, this is an
effective method for preparing a variety of film morphologies with a precise controlled stoichiometry.
Moreover, unlike other methods, a very simple experimental setup is required, which can be easily scaled up

for mass-production as a continuous fabrication technique [25-27].

In the spray-pyrolysis technique, a precursor solution is sprayed using an atomizer onto a heated
substrate, obtaining dense or porous films, depending on the deposition conditions [28-30]. The precursors
are commercially available and of low cost, unlike the targets for physical deposition methods. The
morphology and uniformity of the films, i.e. thickness, porosity, grain size, can be easily tailored by varying
the deposition parameters, such as temperature, time and post-thermal treatments [31,32]. It is also evident that
the morphology of the films depends on the properties of the precursor solutions. Different salts have different

solute precipitation and decomposition processes, leading to different microstructures.

In the present work, CGO films are prepared by spray-pyrolysis deposition by employing different
aqueous precursor solutions, i.e. nitrate, acetate and chloride salts, under the same synthetic conditions. The
structural and microstructural features are investigated by different techniques. The films obtained from acetate
precursors, with better quality, were further characterized and their potential application as protective layer

was evaluated by impedance spectroscopy in a symmetrical LSCF/YSZ/LSCEF cell.



2. Experimental

2.1. Materials preparation.

Films with different Gd-content were prepared: Ce;xGdxOzx2 (x=0, 0.05, 0.1 and 0.2). For simplicity
reasons, the composition of the samples is hereafter denoted as CGOx, where x represents the Gd-content in
mol.%. The films were deposited by chemical spray-pyrolysis on different substrates: fused silica (quartz of
5x3 c¢cm?) and polished surface pellets of Zros4Y0.1601.92 and LaooSro.1GaosMgo 20155 (LSGM). The YSZ and
LSGM pellets were prepared from commercial powders supplied by Tosoh and freeze-dried precursors,
respectively [33]. The powders were compacted into disks of 10-25 and 1 mm of diameter and thickness,
respectively, and sintered in air at 1400 °C for 4 h. Then, the pellet surfaces were polished with diamond paste

down to 1 um before the spray-pyrolysis deposition.

Different metal salts were used as starting precursors: nitrates (Ln(NO3);-6H,0, 99.99%), acetates
(C¢HoLLnOgs-H,0, 99.9%) and chlorides (LnCls-7H,0, 99.9%), Ln=Ce, Gd, all of them supplied by Sigma-
Aldrich. In general, low boiling point solvents, such as ethylene-glycol and ethanol are usually used in the
literature; however, in the present study, no toxic aqueous solutions were used by considering the possible
industrial application. The precursor solutions were prepared by dissolving the salts in deionized water under
constant stirring to obtain transparent solutions with a final concentration of 0.02 mol L. The hydration water
of the salts was firstly verified by thermogravimetric analysis in air. In the case of the films prepared from
metal nitrates, citric acid was used as chemical additive, with citric-acid/metal ratio between 0.125 and 0.5, to
improve the adherence to the substrates as discussed below. The wettability properties of these solutions were

investigated by contact angle measurements (KSV CAM 101).

The spray-pyrolysis equipment was described in details earlier [29]. The substrates were heated on an
aluminium block at a constant temperature of 450 °C. The precursor solutions were fed to the spray nozzle
with a liquid flow rate of 20 mL-h™! and atomized with air at a pressure of approximately 2 bar. The nozzle-to-
substrate distance was fixed at 20 cm and the deposition time was varied between 5 and 30 min. After the
deposition, the films were treated in a furnace in air atmosphere between 650 and 1000 °C for 2 h to investigate
the phase and microstructural evolution with the temperature. A low heating/cooling rate of 2 °C min™ was
used during all thermal treatments to minimize the thermal stress associated with the thermal expansion

mismatch between the film and quartz substrates.

2.2. Structural and microstructural characterization.

X-ray powder diffraction (XRD) was performed with a Empyrean PANalytical diffractometer and

CuK 2 radiation. The patterns were analyzed with the GSAS suite software [34].

The morphology of the films was explored by scanning electron microscopy (FEI-SEM, Helios
Nanolab 650), equipped with a Tomahawk focused ion beam (FIB); atomic force microscopy (AFM) with a
MultiMode V (Veeco); and transmission electron microscope (FEI-TEM Talos F200X). For TEM observation,
electron-transparent lamellas were prepared by using the procedure described elsewhere [35]. The composition

of the films was checked by X-ray dispersive spectroscopy (X-Max Oxford instrument). The grain size
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distribution was determined via the linear interception method with the help of Estereologia software from

both SEM and AFM micrographs [36].

2.3. Electrical characterization.

The electrical properties of the films were investigated by impedance spectroscopy using a Solartron
1260 FRA in a 2-probe configuration. The in-plane conductivity was determined for films deposited on
insulating quartz (0.5%0.5 cm?). For this purpose, two parallel electrodes were deposited by coating Pt-ink on
the film surface and Pt wires were attached and connected to the impedance analyzer. The impedance spectra
of the blank quartz were also acquired to confirm a negligible influence of the substrate on the electrical

conductivity of the films.

The CGO films were also investigated as a protective interlayer to prevent the reaction between the
Lao¢Sro4Coo2Fe030s35 (LSCF) cathode and the YSZ electrolyte. Symmetrical cells of LSCF/YSZ/LSCF
without and with a CGO interlayer were prepared from LSCF powders obtained from freeze-drying precursors.
The LSCF powders have an average particle size of 100 nm after sintering at 900 °C for 1 h [37]. The LSCF
powders were mixed with Decoflux™ to obtain and ink, which was deposited symmetrically onto the YSZ
pellets by screen-printing and then sintering at 1100 °C for 2 h. Before the LSCF deposition, the CGO films
were treated at 800 °C for 1 h. The polarization resistance of the symmetrical cells was determined by
impedance spectroscopy. The data were collected in air on cooling between 800 and 400 °C, with a dwell time
of 30 min at each measured temperature. The stability of the cells was investigated at 700 °C for 150 h and
both serial and polarization resistance were determined as a function of time. An ac-voltage amplitude of 300
and 50 mV was used for the in-plane conductivity and polarization resistance measurements, respectively, and

the frequency was varied between 10 mHz and 1 MHz. The data were processed with the Zview software [38].

3. Results and Discussion
3.1. CeO: films prepared from different precursors.

Undoped CeO, films were firstly prepared on amorphous quartz substrates, under the same synthetic
conditions for the different precursors, to better study the structural characteristics. The deposition temperature
was 450 °C to ensure complete thermal decomposition of the precursors and to minimize the presence of
residual solvents and organic residues, which may lead to the formation of cracked and porous films after the
subsequent thermal treatment in a furnace [28]. In general, if the deposition temperature is much higher than
the precursor decomposition temperature, the salts partially decompose in the still-liquid phase. Thus, the
tensile stress during the decomposition is reduced and crack free films are obtained [42].

According to previous studies, the thermal decomposition of the precursors takes place in the
temperature range of 280 - 460 °C. The decomposition of cerium nitrate occurs in two consecutive steps below
300 °C, whiles cerium chloride decomposes completely above 280 °C in only one thermal process [39-41]. On

the other hand, cerium acetate shows a more complex decomposition process with the formation of multiple
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phases below 460 °C [41]. The different decomposition of these salts affects the film morphology as discussed
below.

Fig. 1 compares the XRD patterns of the as-prepared CeO; films from the different precursors. As can
be observed, they are crystalline at 450 °C with preferred growth orientation along the (111) for nitrates and
along the (200) plane for chloride and acetate salts. The average crystallite size, estimated by the Scherrer’s
equation, after correction for instrumental line broadening using a LaB¢ standard material, takes values of ~12
nm for samples prepared from nitrate and chloride salts, and ~8 nm for acetates. The smaller crystal size of the

films prepared from acetate precursors is possibly related to the highest decomposition temperature.

(111)

(200)
(220) (34 nitrates
NS

(200) ¥ Nt o

acetates

(111)
(400)
(200)

chlorides

20

30

40 50

20/°

60 70 80

Fig. 1. XRD patterns of as-prepared CeO- films obtained from different precursor salts and deposited on quartz at 450
°C for 10 min.

TEM images confirm that the films at 450 °C are highly crystalline and formed by nanocrystals of 5-
10 nm of diameter, similar to that estimated by the Scherrer’s equation (Fig. S1, supplementary information).

All the films display good adherence to the substrate, regardless the precursor salt employed. In
addition, they are optically transparent and homogenous over an area of 5x3 cm?, especially those obtained
from acetate salts.

SEM images of the as-deposited films at low magnification are displayed in Fig. 2. The acetate films
are strongly adhered to the substrate with a very uniform and smooth surface, comprised of regular circular
deposits from the individual droplets, which form the film upon deposition (Fig. 2a). According to Muecke et
al. this disc type of morphology is the most desired as the area under each deposit is completely covered by
the metal salt and only few layers of deposits are required to obtain a continuous coating [42].

The film obtained from nitrates shows a more irregular deposit, which is related to the formation of
bubbles in the droplet from salt decomposition during evaporation, which results in the distortion of the circular
deposits (Fig. 2b). A similar behavior was observed in NiO-CGO films prepared from nitrate precursors [42].
In addition, small hollow spheres with diameters between 1 and 5 um are observed on the surface, attributed
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to precursor precipitation within droplets before impacting the substrate as a consequence of the low
decomposition temperature of nitrate salts. The amount of spheres, which are not desired because they
contribute to the film roughness and porosity, increases gradually with the concentration of citric acid (Fig.
S2). As it was commented in the experimental section, citric acid is used as chemical additive to improve the
adherence of the film to the substrate. Films obtained from only nitrates showed poor adherence at deposition
temperatures between 300 and 450 °C. Furthermore, pinholes are observed for films with low citric acid content
(Fig. S2a). The addition of citric acid improves wettability, thus the contact angle decreases from 70° to 50°
for solutions without and with citric acid (L/M=0.25), respectively.

Finally, chloride precursors lead to a rough film surface morphology with the presence of cracks (Fig.
2¢). Hence, under the synthetic conditions used, cerium acetates lead to films with improved microstructural
features, i.e. low surface roughness and crack free. As a consequence, only Ce.xGdxO».y» films prepared from

acetate salts are further investigated in the present work.
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Fig. 2. SEM image of as-prepared CeO; films obtained from different precursor salts and deposited on quartz at 450 °C
for 5 min.
3.2. Ce1«Gd\O:5 films prepared from acetate precursors.

XRD patterns of CGO films prepared from acetate precursors on quartz are shown in Fig. 3a. All films
are highly oriented along the [ 100] direction, thus only two diffraction peaks assigned to (200) and (400) Bragg
planes are observed in the 20 range of 20-80°. The same films were deposited on polycrystalline ceramic pellets
of YSZ under similar spray conditions, and the same preferred crystallographic growth was found (Fig. 3b).
Moreover, this is independent on the deposition time (5-30 min) and annealing temperature (Fig. S3). Similar
results were obtained for CGO films deposited on LSGM pellets, although they are not included in the
manuscript, suggesting that the preferred oriented growth is independent on the substrate type.

XRD patterns were analyzed by the Rietveld method in the Fm3m space group, taking into account
the preferred orientation along the [100] direction (Fig. 3c). During the Rietveld analysis, only the cell
parameters, scale factor, background, zero shift and peak symmetry parameters were refined. The
corresponding unit cell volume of the films deposited on quartz and YSZ pellets are similar, following a linear
dependence on Gd-doping (Fig. 3d). This clearly indicates the formation of a solid solution in the whole
compositional range studied 0<x<0.2, therefore, dopant segregation is expected to be negligible.

TEM images for CGO10 show a dense layer formed by particles of approximately 20 nm of diameter
without the presence of amorphous or phase segregations (Fig. 3e). Fig. 3f shows the HRTEM image where
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three grains and grain boundaries meet, and the corresponding Fast Fourier Transform (FFT) patterns. The
grain boundary is free of impurities and the particles have a preferred orientation growth along the [100]
crystallographic direction.

Surface and cross-sectional morphology of the different films on YSZ are shown in Fig. 4. The
thickness of the layers is similar for the different compositions, ranging from 350 to 400 nm after 15 min of
spray deposition (Table 1). A nearly linear relationship exists between the film thickness and deposition time
(Fig. S4). Thus, the films thickness can be easily tailored from 150 to 800 nm by varying the deposition time
between 5 and 30 min. It is also worth noting that uniform film thicknesses are obtained for deposition times

as short as 5 min (Fig. S4).
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Fig. 3. (a) XRD patterns of Ce;xGdxOr-x» (x=0-0.2), prepared from acetate salts, deposited on (a) quartz and (b) polished
YSZ pellets and calcined at 800 °C for 2 h. (c) Representative Rietveld plot of CGO10. (d) Variation of the unit cell
parameter as a function of the Gd-content for films prepared on quartz and YSZ. (¢) TEM image of CGO10 on YSZ, and
(f) HRTEM image and the corresponding FFT.

Table 1. SEM-EDS analysis of Ce1xGdxO2-5 (x=0-0.2) thin films on YSZ from acetate precursors.

T(°C) | Sample Ce (atm.%) Gd (atm. %) d(nm)St™ | Thickness Rms (nm)
(nm)
x=0 100 -- 52.7 400 1.94
S x=0.05 94.70(1.26) 5.30 52.0 380 1.88
© x=0.1 89.89(0.86) 10.11 40.9 350 1.28
x=0.2 81.34(1.22) 18.66 26 420 1.58
x=0 100 -- 84.5 -- --
S x=0.05 95.08(0.95) 4.92 65.1 -- 2.92
S x=0.1 90.13(1.60) 9.87 52 -- --
x=0.2 81.43(1.13) 18.57 33.6 -~ --

*Standard deviations based on four independent measurements are shown in brackets. Root mean square roughness

(Rms).
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Fig. 4. Surface morphology and cross-section SEM images of CGO films on YSZ prepared from acetate salts
and sintered at (a-f) 800 and (g-1) 1000 °C for 2 h.

Cross-sectional SEM images reveal that the films are dense with certain superficial porosity for
samples treated at 800 °C for 2 h (Fig. 4a-f); however, the films become completely dense after sintering at
1000 °C (Fig. 4g). The most remarkable difference between the film morphologies is the average grain size,
which depends on Gd-doping. The grain size of all films treated at 800 °C decreases with Gd-content from 53
nm for CeO; to 28 nm for CGO20. The same films treated at 1000 °C exhibit a large grain size, i.e. 84.5 and
33.6 nm for CeO, and CGO20, respectively. Similar observations were reported previously for thin films and
pellets of doped-CeO» [43,44].

The reduction of the grain size with doping is usually attributed to different factors, including the
nature of the initial precursors, lattice distortion after doping, microstrains, and grain boundary dopant
segregation [45]. The nature of the precursors and the amount of defects introduced during the preparation
method affect the grain growth. Thus, the introduction of defects may act similarly like dopants, resulting in a
lower grain growth. The difference in the sizes of Gd*" and Ce** causes a local distortion in the crystal lattice
and the defect interaction aggregation reduce the mobility of cations at the grain boundary, lowering grain
growth rate. On the other hand, Gd** exhibits an effective negative charge compared to Ce*" and this tends to
enrich at grain boundary due to space charge phenomena [44]. This generates a concentration gradient that

retains the cation diffusion along the grain boundary, hindering the grain growth.



The cation composition and homogeneity of the films was evaluated by EDX analysis. Table 1
compares the cation stoichiometry of the films, which is similar to the nominal one, taking into account the
experimental error of this technique. The EDX mapping further confirms a homogeneous distribution of
elements in the whole film thickness (Fig. S5).

The superficial morphology of the films on quartz was further analyzed by AFM in a 0.5%0.5 pm?
area. A continuous surface with rounded grains and low porosity is observed (Fig. 5). The films exhibit a low
root mean square roughness, which decreases slightly with Gd-doping from 1.94 nm for pure CeO; to 1.58 nm
for CGO20. This behavior is attributed to a finer grain size with increasing Gd-doping. On the other hand, the
average grain size, determined from the AFM image, is comparable to that obtained from SEM (Fig. S6 and
S7). The grain size of CGO10 grows from 38.6 to 52.0 nm after sintering at 800 and 1000 °C, respectively,
which is also accompanied by an increase of the roughness from 1.28 to 2.92 nm (Fig. S8). It is worth noting
that the values of roughness are rather low when compared to those reported in the literature [46-55]. Table S1
compares the roughness of CeO; — based films obtained by different fabrication methods, which vary between

1.6 and 500 nm.
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Fig. 5. 3D AFM image of CGO films on quartz prepared from acetate precursors and calcined at 800 °C for 2 h.

3.3. Electrical properties.

The inset of Fig. 6 shows a representative impedance spectrum for CGO10 film deposited on quartz
and measured at 500 °C in an in-plane configuration. The films were prepared by spray-pyrolysis at 450 °C for
15 min and then treated at 800 °C for 2 h in air.

The spectra are apparently composed of two overlapped processes, which are not adequately separated
by equivalent circuit fitting because the intermediate frequency arc at 10 kHz dominates the spectra, and the
high frequency contribution at 1 MHz is only observed at low temperatures (inset Fig. 6). Since the
measurements were performed in an in-plane configuration, the resistance of the films is very high due to its
large geometric factor L/S=5-10* cm™!, where L is the distance between the electrodes and S the cross-sectional

area of the film. For this reason, spectra are not acquired at temperatures lower than 450 °C.



The capacitance of two processes are of the order of 5 102 F cm!, instead of the typical 102 F cm'!
and 10° F cm! for the bulk and grain boundary response, respectively. The theoretical capacitances of the
bulk, Cs, and grain-boundary, Cg, processes can be estimated by assuming the classical brick-layer model
[56,57]:
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L

where &, and g~25 are the vacuum and dielectric constant of CGO, respectively, and d; and dg~1 nm are the
average grain size and grain-boundary thickness, respectively [58,59]. From Eqs 1 and 2, the theoretical
capacitance of bulk and grain-boundary processes are of the order of 10®and 10" F cm’!, respectively, much
lower than the parasitic capacitance introduced by the equipment ~pF. Thus, the arcs observed in the spectra

may not be affirmatively assigned to bulk or grain boundary conduction.
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Fig. 6. Temperature dependence of the in-plane conductivity of CGO10 film on quartz and pellet. The inset figure shows
the impedance spectra of CGO10 film.

Fig. 6 compares the in-plane conductivity of a CGO10 film and a polycrystalline pellet with the same
composition but micrometric grain size. As can be observed, the conductivity of the film is lower than that of
the pellet, i.e. 3 and 11 mS cm™ for the film and pellet, respectively, at 600 °C. The lower values of conductivity
of the film may be attributed to the lattice strain induced by the different thermal expansion coefficients
between the film and the substrate materials [60]. In addition, high microstrain was observed previously in
CGO films prepared by spray-pyrolysis, affecting negatively to the transport properties. According to Rupp et

al., the microstrain decreases with the increase of temperature and annealing time [45].

The conductivity values of CeOs-based films, reported in the literature, vary in a broad range,
depending on the fabrication method, substrate, annealing temperature and microstructure. Table S1 compares
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these data for previous works, and the conductivity varies from 0.1 to 12 mS cm™ at 600 °C [46-55]. The
highest values are found for CeO, deposited by spray-pyrolysis at 500 °C on glass, e.g. 5.9 mS cm™ at 350 °C.
In the present study, CGO films were also prepared on glass at 450 °C, and the conductivity was one order of
magnitude superior to that ascribed to the bulk material. This surprising increase of the conductivity was
attributed to Na-conduction because sodium migrates from the glass substrate to the CGO film, as confirmed

by SEM analysis. As a consequence, these data are not included in this work.

It is also evident that the film conductivity is affected by the nanometric grain size as the number of
grain boundary interfaces increases. The Arrhenius plot of the total conductivity for the pellet shows two
different regimes at low and high temperature with activation energies of 0.91 and 0.76 eV, respectively. The
lower activation energy at high temperature is mainly associated with a minor contribution of the grain
boundary resistance as well as a lower concentration of vacant-dopant defects. In contrast, the films show a
higher activation energy of 0.96 ¢V in the whole temperature range, suggesting that the total conductivity is

seriously affected by the grain-boundary process.

Z"-S (Qcm®)
900 800 700 TC) 600 500
1000 — ; ; : : "
- (b)
(@]
100 ¢ m LSCF
F (@]
10}
N
e
©
&
3
0.1}
0.01 . - . - .
0.8 1.0 1.2 1.4
3 -1
10°T (K™

Fig. 7. (a) Impedance spectra of LSCF without and with CGO10 interlayer at 600 °C. (b) Temperature dependence of the
polarization resistance.

In order to evaluate the potential application of the CGO films as protective layer, LSCF/YSZ/LSCF
symmetrical cells without and with CGO interlayers are investigated. The impedance spectra confirm that the

introduction of CGO interlayers produces a significant reduction of the polarization resistance of LSCF in
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contact with YSZ, from 13.5 to 4 Q ¢cm? at 600 °C (Fig. 7a). Two different contributions are distinguished in
the impedance spectra, which are simulated by using an equivalent circuit R(RQ)i(RQ),, where R, is the ohmic
resistance of the cell and two (RQ) elements associated with the electrode polarization contribution (Fig. 7¢).
The high frequency arc, with a relaxation frequency of ~10 kHz and an associated capacitance of about 0.05
mFcm?, is usually assigned to the charge transfer process at the electrode/electrolyte interface, while the low
frequency contribution at ~200 Hz has a higher capacitance, ~1 mFcm?, and is attributed to the

dissociation/adsorption of oxygen molecules on the electrode surface [61,62].

The high frequency contribution, related to the charge transfer, is more important for the cell without
a protective CGO layer. This phenomenon is usually associated with the formation of SrZrO; at the
electrode/electrolyte interface during the sintering process, which deteriorates the electrode performance due
to oxide ion blocking effects. Thus, the lower polarization resistance of the cell with a CGO interlayer is
attributed to the combination of two different factors: the inhibition of the formation of SrZrOs, and to an
improvement of the oxygen incorporation at the cathode/electrolyte interface as a consequence of the higher

ionic conductivity of CGO compared to YSZ.
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Fig. 8. Variation of the polarization (R,) and ohmic resistance of the LSCF/YSZ/LSCF symmetrical cells
without and with CGO10 protective layer.

It is well reported in the literature that the interfacial formation of SrZrO; in the LSCF-YSZ system
depends on the fabrication method and optimization of the sintering temperature of both LSCF and CGO layers
[63-65]. In a previous work, we demonstrated that dense CGO layer, obtained by spray-pyrolysis, are only
effective to suppress Sr diffusion at temperatures lower than 800 °C [9]. At high temperatures, Sr species from
LSCF easily diffuse on the porous surface of the CGO grains and react with YSZ [9,10]. For this reason, the
long-term stability of the cell was investigated at 700 °C. The polarization resistance of the cell without
protective layer suffer a strong degradation over time, increasing continuously from 1 to 36 Q cm?. However,
the ohmic resistance of the symmetrical cells, which is predominantly associated with the thick electrolyte, is
less affected, varying from to 58 to 58.5 Qcm. This confirms that the degradation is mainly due to changes at
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the electrolyte/cathode interface. The SEM/EDX image demonstrate the formation of a Sr-rich layer, attributed
to SrZrOs, with a thickness of approximately 1 um (Fig. S9 a).

In the case of cell with CGO protective layer, the variation of both polarization and ohmic resistance
are rather low, e.g. R, varies from 0.4 to 0.45 Q cm?, possibly due to minor microstructural changes of the
electrodes, such as particle growth and coarsening and possibly Sr-surface degradation as previously reported
for these compounds at intermediate temperatures [62,65]. The SEM analysis does not significant Sr and Zr
diffusion though the CGO interlayer (Fig. S9 b). Hence, CGO thin films, prepared by spray-pyrolysis

deposition, are effective protective layers at least at low operating temperature.

CONCLUSIONS

CGO thin films were prepared by spray-pyrolysis deposition and different precursor salts. The films
were crystalline and showed a preferred crystallographic orientation along the (110) plane for nitrates and the
(200) plane for chloride and acetates, regardless of the substrate used, i.e. fused quartz and polycrystalline
ceramic pellets. The film morphology strongly depended on the precursor type. Films obtained from acetates
showed a very low roughness, about 1.5 nm, and uniform thickness over large areas, which is competitive with
different preparation methods previously reported. The average grain size, determined from both SEM and
AFM images, decreased with increasing Gd-doping from 53 nm for pure CeO; to 28 nm for CGO20 at 800 °C
due to space charge effects. Thin and continuous CGO films of 150 nm of thickness were obtained for short
deposition times of only 5 min, which is interesting for industrial application. The film thickness was tailored

from 150 to 800 nm in only one step by varying the deposition time from 5 to 30 min.

The in-plane conductivity, about 3 mS cm™ at 600 °C, was negatively affected by the lattice strain due
to thermal mismatch between the films and quartz substrate, and possible microstrains due to the low firing

temperature and short sintering time.

Symmetrical LSCF/YSZ/LSCF without a CGO interlayer suffer a strong degradation of the
polarization resistance over time, increasing from 1 to 36 Qcm? at 700 °C for 140 h. In contrast, the introduction
of a thin CGO interlayer is effective to prevent the reactivity at the LSCF/YSZ interface, and to improve the

electrode performance at low operating temperature.
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