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Abstract: Gadolinium-doped ceria (GDC) nanopowders, prepared using the co-precipitation synthe-
sis method, were applied as a starting material to form ceria-based thin films using the electron-beam
technique. The scanning electron microscopy (SEM )analysis of the pressed ceramic pellets’ cross-
sectional views showed a dense structure with no visible defects, pores, or cracks. The AC impedance
spectroscopy showed an increase in the total ionic conductivity of the ceramic pellets with an in-
crease in the concentration of GdyO3 in GDC. The highest total ionic conductivity was obtained for
Gdg1Cep90y.5 (Tporar is 11 x 1073 S-em ™ at 600 °C), with activation energies of 0.85 and 0.67 eV

in both the low- and high-temperature ranges, respectively. The results of the X-ray photoelectron

check for

updates spectroscopy (XPS) and inductively coupled plasma optical emission spectrometer (ICP-OES) mea-

surements revealed that the stoichiometry for the evaporated thin films differs, on average, by ~28%
compared to the target material. The heat-treatment of the GDC thin films at 600 °C, 700 °C, 800 °C,
and 900 °C for 1 h in the air had a minor effect on the surface roughness and the morphology. The
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temperature should be below 650 °C [12], due to the reduction of Ce** to a Ce3, resulting
in the failure of the electrolyte material at temperatures higher than 750 °C [14].

The properties of u-SOFC electrolyte thin films primarily depend on the initial materi-
als and their characteristics; therefore, the choice of synthesis method, processing stages,
and conditions are particularly important. The synthesis of ceria-based electrolytes with
the desired properties can be carried out using wet chemical synthesis routes, such as the
sol-gel process [15], combustion synthesis [16], hydrothermal synthesis [17], polyol [12,18],
the acetic acrylic method [19], and the co-precipitation method using nitrates [20-23], ox-
alates [24,25], and acetates [26,27]. Compared to other techniques, the co-precipitation (CP)
method has the advantages of good control of the starting material and the processing
parameters, the low temperature of the process, and the high purity and homogeneity of
the product due to the possibility of controlling the starting solution [28]. The control of
the initial material synthesis process is essential for the preparation of electrolyte materials
with the required properties: crystalline structure, crystallite size, and even distribution of
grains. This can be achieved by changing the synthesis parameters, such as the deposition
rate and duration, precipitation, material, concentration, stirring speed, residue solubility,
ambient pH, temperature, etc. [28].

Many studies have been carried out employing vacuum deposition techniques for the
preparation of the electrolyte thin films used in p-SOFC [29-35]. Although physical vapor
deposition (PVD) techniques present some challenges, such as complexity and relatively
high cost, they enable the production of very thin and dense films on either porous or
dense substrates [34]. PVD processes can be used to deposit films of elements and alloys,
as well as compounds employing reactive deposition processes. Moreover, films can be
formed at temperatures that are much lower than those required in traditional ceramic
processing [31]. Unfortunately, the film’s stoichiometry is found to be difficult to control,
due to the deposition behavior of the composite material [4].

The most common techniques for the formation of p-SOFC electrolytes are ion beam
sputtering and pulsed laser deposition (PLD) [4]. However, compared to the other PVD
methods, the e-beam evaporation technique has the advantages of a high deposition rate
and large deposition area [34,36].

The electrolyte of u-SOFC should have a high density and demonstrate good ionic
conductivity [1,4,29,37,38]. These requirements can be achieved by controlling the concen-
tration of impurities in the sample, e.g., mol% of gadolinia in GDC thin films [14], and
selecting the appropriate method for the deposition of the thin film—in all cases the opti-
mal chemical composition of elements in the films has to be ensured. Saporiti F. et al. [39]
showed that the pulsed laser deposition technique is well suited for the formation of thin
films that have adhered well to the electrolyte substrate, enabling the production of thin
films with the same stoichiometry as the target. However, in this method, it is difficult to
control the surface morphology as well as the porosity of the film. Uhlenbruck S. et al. [40]
employed magnetron sputtering and the e-beam evaporation technique (EB-PVD) for the
fabrication of GDC electrolyte thin films. The authors summarized that irrespective of
deposition temperatures, the measured ratio of Ce and Gd of the GDC thin film corre-
sponds almost exactly to the theoretical value of the target composition. While Sanghoon
Jietal. [38] showed that the chemical composition of the deposited thin film depends on
the target material and substrate temperature during the deposition process. In addition,
Wibowo R.A. et al. [41] explained that the deviation of the chemical composition is due to
the different sputtering yield or evaporation process during the sputtering and EB-PVD
deposition processes, respectively. However, the stoichiometry of electrolyte thin films
produced by the EB-PVD technique has not been sufficiently studied.

This research aimed to synthesize and characterize the initial/target material, form
dense ceria-based thin films using the EB-PVD technique, determine the stoichiometric de-
viation in the evaporated thin films compared to the target/initial material, and investigate
the influence of additional heat treatment on the formed thin films. Thus, a co-precipitation
synthesis route was employed for the preparation of GDC ceramic powders with different
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concentrations of Gd (10, 15, and 20 mol%), which were further used as target materials
in the EB-PVD process. Since the target may influence the chemical composition of the
film, the chemical composition of the evaporated thin films was estimated using XPS
measurement. GDC thin films were annealed at various temperatures to study the effect
on the structural properties of the films and to find the optimal annealing temperature. The
obtained experimental results will help to select the optimal conditions for the formation
of thin films with the desired properties, using the electron-beam evaporation technique,
which can be used as an electrolyte for SOFC.

2. Materials and Methods
2.1. Synthesis of the Target Material and the Formation of Thin Films

Gadolinium (III) (GA(NO3)3-6H,0, 99.9%, Sigma Aldrich, St. Louis, MO, USA)
and cerium (III) nitrate hexahydrates (Ce(NOj3)3-6H,0O, 99.0%, Fluka, Charlotte, NC,
USA) were used as metal precursors for the preparation of gadolinium-doped ceria
(GDC) Ce1xGdxOs.5 (Where x = 0.1, 0.15, and 0.2 mol%) ceramic powders using the
co-precipitation (CP) synthesis method. According to the concentration of Gd, the ceramic
powders and pellets were denoted as 10-GDC, 15-GDC, and 20-GDC, respectively. A
stoichiometric amount of gadolinium and cerium nitrate hexahydrates were dissolved
in distilled water. The obtained solution of Gd and Ce salts was poured dropwise into
an aqueous solution of oxalic acid under active stirring at 50 °C for 30 min, resulting
in the formation of a white opaque colloidal solution. Ammonium hydroxide (NH4OH,
25%, Sigma Aldrich, St. Louis, MO, USA) was used to adjust the pH ratio to ~8-9 and to
promote sedimentation. The precipitate was filtered by vacuum filtration using a Btichner
funnel, washed, and dried for 24 h at room temperature in air. Finally, the synthesized
powders were ground, milled in an agate mortar, and calcined at different temperatures
(200, 400, 600, 800, 900, 1000, 1100, and 1200 °C) for 5 h (5 °C/min) in air. These calcination
temperatures were chosen to study the crystalline phases and the changes in crystallinity,
and to verify at which temperature the oxides are completely formed.

The GDC powders, synthesized and calcinated at 900 °C for 5 h, were pressed into
pellets with a diameter of 10 mm and a thickness of ~1.5 mm (for impedance measurements)
and ~3.7 mm (for electron-beam evaporation) using uniaxial compression at 200 MPa.
Subsequently, the pellets were annealed at 1200 °C for 5 h in the air (5 °C/min). The density
of the pellets was measured by a weight-volume method, using the theoretical density of
7.235 g/cm? [41]. For impedance spectroscopy measurements, platinum paste (conductive
paste Lot No. 13032810, Mateck, Jiilich, Germany) was applied on both parallel sides of the
polished GDC pellets and then dried at 300 °C for 2 h.

GDC ceramics with a thickness of ~3.7 mm were used as the target material for
evaporation on Si (thickness of the films: ~800 nm) using a UVN-71P3 electron-beam
evaporation system. The evaporation process was carried out at a pressure of 0.7 Pa, with
an evaporation rate of ~2 nm/s; the distance between the electron gun (power: 10 kW) and
the substrate was 250 mm. The temperature of the substrate was kept at 200 °C during
the evaporation process. The evaporated thin films are denoted as 10-GDC, 15-GDC, and
20-GDC, respectively.

2.2. Characterization Techniques

The thermal decomposition of the synthesized powders was analyzed using ther-
mogravimetric (TGA) and differential thermal (DTA) analyses (PerkinElmer STA 6000,
Shelton, CT, USA ). Dried but not calcined synthesized GDC powders (5-10 mg) were
heated from 25 to 950 °C (heating rate 10 °C/min) in dry flowing air (20 mL/min). To define
the elemental compositions, 100 mg of powders were dissolved in concentrated sulfuric
acid, and the diluted solutions were analyzed with an inductively coupled plasma optical
emission spectrometer (ICP-OES, Vista-Pro, Varian, Mulgrave, Victoria, Australia ). The
Brunauer-Emmett—Teller (BET) surface area analyzer (Sorptometer KELVIN 1042, Ithaca,
NY, USA ) was used to determine the bulk surface area of the powders calcined at 900 °C.
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The BET surface area and the equivalent particle size (Dpgr) were calculated using the
following equation [42]:
6 x 10°

A SBET

M

Dggr =

where Sprr is the specific surface area (m2/ g) and dy, is the theoretical density of the solid
solution oxide (g/cm?), calculated according to the following equation:

4[(1 = x)Mce + xMgg + (2 — x/2) Mo]
613NA

dp = @)
where x is the dopant concentration, N4 is the Avogadro constant, M is the atomic weight,
and a represents the lattice parameters of the solid solution.

The crystal structure of the synthesized GDC powders was determined using a D8
Discover X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany ) with a Cu K,
(A = 1.5418 A) radiation source and parallel beam geometry with a 60 mm Gobel mirror. A
Soller slit with an axial divergence of 2.5° was utilized on the primary side. The diffraction
patterns were recorded using a fast-counting LynxEye (0D mode) silicon strip detector with
a 2.475° opening angle and a 6 mm slit opening. The peak intensities were scanned over
the range of 20-90° (coupled 26-6 scans), with a 0.02° step size and time per step of 0.2 s.

The microstructure and elemental composition of the samples were estimated using
scanning electron microscopy (SEM) (FEI Quanta 200 FEG, Hillsboro, Oregon, USA) in
a low-vacuum mode, equipped with an energy-dispersive X-ray spectrometer (EDS). To
obtain the EDS spectra, the accelerating voltage was 5 kV.

The electrical properties of GDC pellets were investigated via impedance measure-
ments, using an impedance analyzer Alpha-AK (Novocontrol Technologies, Montabaur,
Germany ) in the temperature range of 200-800 °C, and from 1 Hz to 1 MHz of the fre-
quency range. The obtained impedance spectra were fitted using the equivalent circuits by
the Zview2 software. The plots of ¢ vs. 1000/ T were analyzed and the activation energy
was obtained using the Arrhenius plot, according to the following equation:

—AEp o
Ob, gb = UOEXPTg 3)

where 0y is the pre-exponential factor, k is the Boltzmann constant (0.86 x 10~4 eV K1),
T is the temperature, and AE; g, represents the activation energies of bulk and grain
boundary conductivity.

X-ray photoelectron spectroscopy (XPS) was used to study the atomic composition
of the as-deposited GDC electrolyte thin films. A Thermo Scientific ESCALAB 250Xi
spectrometer (Thermo Fisher, 2013, Waltham, MA, USA). with monochromatized AlK
radiation (hv = 1486.6 eV) was used for the surface analysis. The base pressure in the
analytical chamber was 2 x 107 Pa, the x-ray spot size was 0.3 mm, and 40 eV pass energy
was used during the spectra acquisition. The energy scale of the system was calibrated
according to the peak positions of Au 4f7/2, Ag 3d5/2, and Cu 2p3/2. The GDC thin
films were analyzed without a surface-cleaning procedure, and the calculations of atomic
concentration were performed using the original ESCALAB 250Xi Avantage software.

For the characterization of the bonding structure of GDC thin films on a Si (100)
substrate, a Renishaw inVia Raman spectrometer (Renishaw, Wotton-under-Edge, UK))
equipped with a wavelength of 532 nm, a 45 mW excitation laser power, a 50 x objective
(NA = 0.75, Leica Microsystems, Wetzlar, Germany ), and an integration time of 10 s was
used. The measurements were performed in the 100-800 cm ! spectral range, with an
exposure time of 10 s and 1% of the laser power. The background was subtracted from the
obtained Raman spectra and was fitted by Lorentzian-shaped lines in the spectral range of
440-490 cm 1.

The morphology, topography, and surface roughness parameters (R;, Ret, Zmean, and
Ryy) of GDC and SDC thin films on different substrates were analyzed using an NT-206
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(Microtestmachines Co., Gomel, Belarus) atomic force microscope and the SPM-data pro-
cessing software, SurfaceXplorer (Ultrafast Systems, Sarasota, FL, USA). The measurements
were performed at room temperature in the air. A silicon cantilever with a tip curvature
radius of 10 nm, spring constant of 3 N/m, and cone angle of 20° was operating in a contact
scanning mode, with a 12 um x 12 pum field of view.

3. Results
3.1. Characterization of the Powders

In this work, thermal analysis was applied to show the most important differentiating
features of the thermal decomposition of intermediate products. The thermal decomposi-
tion process revealed and characterized the individual peculiarities of each sample, which
was prepared according to the co-precipitation synthesis method. The analysis was carried
out for all concentrations of GDC nanopowders. However, the obtained results showed the
same trend regardless of the concentration; thus, only the 10-GDC results are presented
(Figure 1a).

—— Mass change (%)
(a) — — Derivate mass (%/min) (b) (111) (331) (222)
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Figure 1. Thermal analysis curves (a) for 10-GDC ceramic powders and (b) the X-ray diffraction
patterns of GDC nanopowders, calcined at 900 °C and 1200 °C.

The decomposition of CP precursor is closely related to the degradation behavior of
hydrated oxalic acid. In the first temperature range from 30 °C to 100 °C, the evaporation
of water molecules and a corresponding mass change of about 12-13% were identified.
This effect was confirmed by a strong endothermic peak in the DTA curve. During the
further increase in temperature to 190 °C, a bright endothermic effect was observed on the
DTA curve that corresponds to the melting and partial decomposition of oxalic acid, and a
mass change in the sample of about 4-5%. The last mass change in the range from 310 °C to
370 °C was attributed to the final decomposition of the initial metal oxalate precursor. The
mass change of about 38% and the strong exothermic peak on the DTA curve suggest the
release of carbon dioxide, the formation of which was promoted by the redox properties of
ceria. There was also a slight increase in mass (0.16%) above 800 °C. This effect reflects an
endothermic peak on the DTA curve at temperatures from 850 °C to 950 °C. In conclusion,
the final tendency of the crystallization of double oxide at elevated temperatures depended
only on the initial sizes of the crystallites, which were formed at a temperature of about
400 °C.

The X-ray diffraction patterns of 10-, 15-, and 20-GDC powders, calcined at 900 and
1200 °C for 5 h, are presented in Figure 1b. The obtained results show that GDC powders
have a cubic fluorite crystal structure with an Fm3m space group and with the dominating
(111) crystallographic plane; all positions of the diffraction peaks match the standard
XRD data (PDF- 4 database: 011-7336, 006-3415, 013-6571). The crystallite size, D, was
calculated from the X-ray broadening, using Scherrer’s equation [12]. With increasing
calcining temperature, the crystallite size increased and was in the range of from 5 nm to
42-48 nm for the different concentrations of GDC. According to the obtained results, the
tendency of the growth of crystallite sizes for different concentrations of GDC powders,
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annealed at the same temperatures, was the same. The equivalent crystallite size, Dggr,
was calculated from the BET analysis, according to Equation (1). Comparing the results
of the crystallite size, D, and the equivalent size of the GDC ceramic powders calcined
at 900 °C, the Dpgr was higher within the range of 70-108 nm (Table 1). The difference
between D and Dpgr could be caused by the occurrence of crystalline nanodomains within
the individual nanocrystals in the calcined powders. The XRD technique registered these
nanodomains as individual crystals, while the BET technique measured only the surface
area of the parent nanocrystal. Moreover, the nanocrystals could be clustered together to
form agglomerates of the crystalline nanoparticles. To probe the agglomeration extent of
the particles, the factor ¢ was defined using;:

¢ = Dper/D )

where Dprr is the specific surface area determined by BET analysis, and D is calculated
according to Scherrer’s equation, using the X-ray diffraction peak broadening data [42].
This ratio is well known as a factor that reflects the agglomeration extent of the primary
crystallites and is an indicator of their porous agglomerate nature; a value of 1.0 specifies
their complete dispersion [42]. The related results are presented in Table 1, where the
¢ factor increased with the increase in the molar concentration of GdyO3 in GDC. The
obtained results are in good agreement with the SEM results; those synthesized using
co-precipitation synthesis and calcined at 900 °C have agglomerated features (Figure 2).

Table 1. The summary of the elemental analysis results and the physical properties of the GDC
ceramic powders, calcined at 900 °C.

Expecte.d Gd Contentin  Gd Content in
Molar Ratio of 2 D 3
Sample . GDC from GDC from Sper (m*/g) dy, (g/cm®) Dggr (nm) ¢ (ru.)
Gd to Ce in (nm)
ICP-OES (r.u.) EDS (r.u.)
GDC
10-GDC 0.18: 0.82 0.18 0.16 11.7 32.6 7.235 70.3 2.156
15-GDC 0.26: 0.74 0.26 0.25 10.19 32.7 7.244 814 2.489
20-GDC 0.33: 0.67 0.33 0.32 7.7 31.1 7.251 108.0 3472

A

Figure 2. SEM images of 10-GDC ceramic powders calcined at (a) 800 °C, (b) 900 °C, and (c) 1200 °C
for 5 h.

The lattice parameter (a) was calculated according to Bragg’s Law:

— 21242
a= Ssinby h? 4+ k> +1 5)
where £, k, | are the Miller indices of the crystallographic plane (in the calculations, the (111)
plane was used), 6, is the Bragg’s angle, and A is the wavelength of X-ray radiation.

The changes in GDC lattice parameters depend on both the concentration of Gd,O3
and the calcination temperature. The lattice parameter increases with increases in the molar
concentration of Gd,Oj since the ionic radius of the gadolinium cation, Gd*, is larger than
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the ionic radius of the cerium cation, Ce** (rg;** = 0.1053 nm and r¢,** = 0.097 nm) [42].
Moreover, the growth of the lattice parameter with the addition of Gd confirms the incor-
poration of gadolinium ions into the lattice.

The morphology of GDC ceramic powders calcined at 800 °C, 900 °C, and 1200 °C
for 5 h was investigated using scanning electron microscopy (Figure 2). It can be seen that
the structure of nanopowders changes with the increase in the calcination temperature.
For example, as the temperature rose from 800 °C to 900 °C, the formation of a structure
with fragments and protrusions (~400 nm in width) was observed, which is typical for the
co-precipitation synthesis method (Figure 2b). Therefore, further powder treatment was
necessary, as pellets pressed from such uncrushed powders have a relatively low density.
At a maximum calcination temperature of 1200 °C (Figure 2c), the formation of grains
was observed; that is, the structure had acquired its final form. The same tendency was
observed for other concentrations of GDC. Similar results were obtained by Zha S. et al. [43],
who determined the coarse structure of the GDC powders, synthesized using oxalic acid
co-precipitation synthesis and sintering at 750 °C for 1 h.

When summarizing the TG-DTA, SEM, and XRD results, the calcination of GDC
ceramic powders at 900 °C ensures the full formation of a cubic fluorite crystal structure
with an Fm3m space group and helps to achieve thermal stability in the material.

The elemental analysis of the synthesized GDC powders (concentration of gadolinium)
was measured using two different methods: ICP-OES and SEM/EDS analyses (Table 1).
The obtained results indicate that the chemical composition of the material is controlled by
the composition of the synthesis solution. Furthermore, the properties of the ceramics can
be influenced by the compaction of the powders during the calcination process.

3.2. Characterization of the Pellets

To characterize the ionic conductivity of Ce;,GdxO;.s5 ceramics, the distribution
of grains and the density of the pellets were calculated. The sintering quality of the
ceramics and their microstructure are important factors for the analysis of ionic conductivity
using impedance spectroscopy. Burcu et al. [44] found that the grain boundary resistance
increased due to low sinterability and the increment of porosity in samarium-doped ceria
electrolytes synthesized by the electrospinning method. The sinterability depends on the
sintering temperature and time period, the diffusion coefficient of the atoms, and the
dispersivity of the particles. Calcination of the fine-dispersive powders, with individual
grains growing together, helps to reduce the porosity of the pellets from 30-50% to a few
percent. Figure 3 presents SEM images of the cross-section of GDC pellets annealed at
1200 °C for 5 h. To perform SEM measurement, the pellets were broken in half. Due to the
roughness of the surface after breaking the pellets, the sides were polished, cleaned with
ethanol, and thermally etched at 1100 °C for 1 h.

Figure 3. SEM images of the cross-section view of (a) 10-GDC, (b) 15-GDC, and (c) 20-GDC ceramic
pellets at 100 k magnification.

The SEM results of the GDC pellets showed that they consisted of grains of different
sizes, without visible defects or cracks. The ceramics were dense and with no porosity;
the average grain sizes of the pellets were about 320 nm (10-GDC), 310 nm (15-GDC), and
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302 nm (20-GDC). All synthesized GDC ceramics were investigated using AC impedance
spectroscopy; the obtained complex impedance plots at different temperature and frequency
ranges are presented in Figure 4. After measuring the complex resistance over a wide
frequency range of electric field, it was possible to separate the different conductivity
processes, such as the bulk, grain boundary, and total ionic conductivity.
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Figure 4. Complex impedance plots at: (a) 250 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C of the
different compositions of GDC pellets annealed at 1200 °C. An example of an equivalent circuit,
where CPE is the constant phase element, and R is the resistance for bulk, grain boundary, and
electrode has been inserted in the top left-hand corner of (a).

The semicircle in the high-frequency range is related to the oxygen ion relaxation in
the grain interior, while the semicircle in the medium-frequency range can be attributed
to the ionic migration in the grain boundaries, and the semicircle in the low-frequency
range corresponds to the electrode polarization (the frequency increase from right to left
in the impedance spectra) [45-47]. From Figure 4, it can be seen that with the increase
in the concentration of gadolinium, the resistance of the GDC pellets increased. The 20-
GDC pellets showed the highest resistance at all temperature ranges, resulting in the
lowest ionic conductivity, while the 10-GDC pellets had the lowest resistance and the
highest conductivity. With the increasing temperature, we observed a decrease in the
resistance, thus increasing the conductivity. Such results allow us to conclude that the
conductivity of GDC ceramics depends on the concentration of Gd,O3. Koettgen et al. [48]
showed the bulk and grain boundary conductivity values of Sm- and Gd-doped ceria,
synthesized by the sol-gel method as a function of the dopant fraction. Comparing the
different dopant concentrations of Gd-doped ceria with Sm-doped ceria, the largest bulk
conductivity was reported for Cep 93Smg 0701 965, leading to maximum total conductivity.
The authors of an earlier study stated that the conductivity gained in value with increasing
dopant and, subsequently, decreased with the further increment of dopant fraction [48].
In our own previous work, we compared the different concentrations (x = 0.1, 0.2, and
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0.3) of SDC (samarium-doped ceria) synthesized using different synthesis methods and
obtained the highest conductivity values for SDC synthesized by the combustion method,
with x = 0.2 [49]. However, Wattanathana et al. [50] synthesized SDC (x = 0.1, 0.15, and
0.2) via the thermal decomposition of metal-organic complexes and reported the highest
conductivity for 15 SDC, determining that the Sm®* ions were replaced at the Ce** sites
within the ceria structure. The authors stated that due to the formation of the amorphous
Sm, O3 phase, increasing the doping concentration led to a lower conductivity value.

The temperature dependencies of the total ionic conductivity obey Arrhenius’ law [51]
and its plot is presented in Figure 5.

T(°C)
800 700 600 500 450 400 300 200
od o0 0T ' |-m-10GDCCP
'\‘ ® 15GDCCP
10724 A‘: LT |--A--20 GDC-CP
T 107 “*!f}‘;\.\
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Figure 5. Temperature dependence of total conductivity of GDC ceramic pellets. The dashed line
shows the separation of high- (HT) and low-temperature (LT) ranges.

Different temperature ranges (low- (LT) and high-temperature (HT) ranges), separated
by the dashed line in Figure 5, occur due to the thermodynamics between defect species
and their interactions, as well as the redox reactions, followed by the formation of polarons
in the ceria lattice [51]. From the obtained results (Figure 5 and Table 2), we can observe the
decrease in the activation energy in the high-temperature range for all concentrations of
GDC. In the high-temperature range, the charge-carrying defects are dictated by intrinsic
defects and no association enthalpy is present; thus, the activation energy decreases [52].
The activation energies determined from the Arrhenius plots, as a function of the molar
concentration in GDC ceramic pellets, and the values of bulk, grain boundary, and total
conductivity at 600 °C are presented in Table 2.

Table 2. Values of the bulk (AE}), grain boundary (AEg), and total (AEyy,;) conductivity and activa-
tion energy of GDC ceramic pellets at low- (LT) and high-temperature (HT) ranges.

Sample AE; (eV) Total Conductivity (S-cm—1)

LT HT 400 °C 600 °C 800 °C
10-GDC 0.85 0.67 0.7 x 1073 11 x 1073 5.9 x 1072
15-GDC 0.95 0.80 03 x 1073 10 x 1073 6.3 x 1072
20-GDC 0.99 0.85 0.1 x 1073 47 x 1073 1.8 x 1072

With an increase in the molar concentration, the total conductivity decreases, and the
activation energy increases (Table 2). A similar tendency was sustained for the bulk and
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grain boundary conductivity. Thus, the highest total ionic conductivity of 11 x 1073 S-cm ™!

at 600 °C, with the lowest activation energies at both LT and HT (0.85 and 0.67 eV, respec-
tively), was found for 10-GDC. Similar results were obtained by Fuentes and Baker [53],
who synthesized Gd 1Cep 9O 95 by the sol-gel technique and reported a conductivity value
of 11 x 1073 S-cm™! (at 600 °C) for the samples sintered at 1300 °C for 8 h. Oksiizomer
M.A'FE. et al. [12] synthesized Gd1Cep 90195 and Gdy,Ceps019 powders through the
polyol process and obtained higher conductivity values at 800 °C, with low activation ener-
gies for 10-GDC compared to 20-GDC (2.11 x 102 and 2.01 x 102 S-cm ™!, respectively).
Jaiswal N. et.al. [54] reported values of ionic conductivity of 0.01 S em 1 for Ce 9Gdo 101 95
and 3.02 x 1073 S em™! for Ce g5Gdg 1501 925 at 500 °C. Murutoglu M. et al. [55] used the
cold sintering-assisted densification of GDC and reported activation energy of 0.69 eV at
a high temperature range. Zhang J. et. al. [56] compared the electrolytes for SOFC and
found that, compared to ScSZ and YSZ at 500 °C, GDC had the highest ionic conductivity
at5.8 x 1073 Sem~1.

3.3. Characterization of Thin Films

The synthesized Ce;.xGdxO,.5 pellets were evaporated on Si substrates using the
electron beam evaporation (EB-PVD) technique. To study the effect of additional heat
treatment on the properties of the formed GDC thin films, the samples were annealed at
600, 700, 800, and 900 °C for 1 h. The results determining the concentration of Gd,O3 in
GDC thin films are summarized in Table 3.

Table 3. The chemical composition of evaporated 10-, 15-, and 20-GDC thin films, obtained from XPS
and ICP-OES measurements.

Molar Content Decrease in the

Gd Content in Gd Content in of Gd,03 in Molar Content

Notation . C(l;,'_)OCEg o Thi)‘(‘Pstl(‘:‘ uf;"m Thin Film of Gd,0; in
- - (mol%) Thin Film (%)
10-GDC 0.13 0.13 6.90 31.0
15-GDC 021 0.20 113 247
20-GDC 027 0.26 14.4 28.0

From the chemical composition results, we can see that the molar content of Gd,O3
in all GDC thin films is lower by an average of 28% (31% for 10-GDC, 24.7% for 15-GDC,
and 28% for 20-GDC) than the target material used in the EB-PVD process (Table 3). As we
can see, thin films prepared using the 15-GDC ceramic pellets as a target material ensured
the formation of 10-GDC thin films, the target of which (10-GDC ceramic pellet) had the
highest ionic conductivity [14]. It should be noted that the evaporation process of the
solid solution is complex, and many factors may influence the change in the chemical
composition of thin films compared to the target material [57]. The changes occur due to
the different evaporation temperatures and evaporation rates of the individual compo-
nents, which experience the same process temperature. Metals evaporate as a function of
temperature and vacuum level; high vacuum conditions lead to a greater evaporation rate.
As a result, different elements evaporate at different evaporation rates, and the resultant
chemical composition of the condensed material may vary, compared to the target material.
Therefore, the composition of the deposited thin films using the evaporation technique may
vary, compared to the target material.

The surface roughness and morphology of GDC thin films were studied by SEM and
AFM and are presented in Figure 6. Annealing the films had an insignificant effect on
the morphology and surface roughness of the films. GDC thin films at all temperatures
were dense and quite rough, containing nanoscale grains. The thickness values fluctuated
slightly (~800 nm), depending on the annealing temperature.
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Figure 6. Photo, SEM cross-section view, and 3D AFM images of (a) 10-GDC and (b) 15-GDC thin
films: as-evaporated (left) and annealed at 800 °C (right).

The roughness parameters were calculated from AFM images and the results are
shown in Figure 7a. The roughness kurtosis (Ry,) value showed that all films had a spiky
surface (above 3 nm) and the highest values of 6.23 nm (10-GDC) and 7.48 nm (15-GDC)
were in the films annealed at 800 °C, while the smallest values were obtained for the
as-evaporated samples and the films annealed at 900 °C of all concentrations.
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Figure 7. (a) Surface roughness parameters calculated from the AFM images of 10-GDC and 15-GDC
thin films: as-evaporated, and after additional thermal treatment, where R; is the root mean square
and R; is the average height. Raman spectra of (b) 10-GDC and (c) 15-GDC thin films: unheated, and
after additional thermal treatment at 600, 700, 800, and 900 °C for 1 h.

The root mean square values of the surface roughness (R;) of 10-GDC fluctuated with
the annealing temperature and had a maximum value of 18.08 nm at 600 °C, with the lowest
value of 11.32 nm for as-evaporated films. The R, values of 15-GDC showed a different
tendency and increased with the increase in annealing temperature, reaching the maximum
value of 15.29 nm at 800 °C. The calculated average height (R;) gradually increased for
10-GDC and had a maximum of 48.44 nm at 900 °C, while for 15-GDC, the rapid increase in
R; had a maximum of 112.61 nm at 800 °C (Figure 7a). All recorded roughness parameters
increased with the annealing temperature, since the mobility of atoms increased, which led
to the agglomeration of particles and an increase in their size [58,59].

The results from the Raman spectroscopy measurements showed that all GDC thin
films had a major band at 463 cm ! (Figure 7b,c). Considering the fact that CeO,, annealed
at 600 °C, shows a band at 475 cm ! due to the Fpg symmetric vibration of the cubic phase,
while Gd,O3 shows a peak at ~360-370 cm ™!, the absence of these features confirms the
formation of a single phase [60-63]. According to Prasad D.H. et al. [22] the formation of a
single cubic phase of GDC happens when Gd*? ions partially occupy the interstitial spaces
of the ceria lattice, which leads to a shift in the F»g symmetry. The obtained GDC peak
at 463 cm~! (Figure 7b,c) can be related to the symmetric vibration of Ce-O, with a shift
of ~12 cm~! toward a lower wavenumber. As can be seen from the obtained results, the
intensity of the peaks increased with the increase in the annealing temperature of the films.
This can be attributed to the improvement in the crystallinity of GDC thin films [64-66].
Moreover, with an increase in the doping concentration, the peaks became wider (from
17.8 cm ™1 to 28.4 cm 1), which might be associated with the crystal size [64]. Regardless
of the concentration of GDC films, the Raman peak shifted to lower frequencies with
the increase in the annealing temperature. This behavior is a size-induced phenomenon
observed in nanoscale systems, explained by the combined effects of lattice strain and
associated with defect species and phonon confinement [64—67]. Kosacki et al. [66] and
Weber et al. [67] stated that the width of the Raman peak has a linear dependence on
the reciprocal of the crystal size. Similar behavior was reported by other authors [64—67].
El-Habib A. et. al. [68] presented Gd-doped CeO; nanocrystalline thin films using spray
pyrolysis and reported that the peak asymmetry and broadening of Raman spectra could
be attributed to the existence of an oxygen vacancy and Ce**, which changed with the
addition of Gd**. With a gradual increase in crystal size, there may be a simultaneous
enhancement of defects in the thin film and the growth of other crystalline phases [67].
For the 10-GDC film, the peak intensities increased and showed their maximum position
when annealed at 800 °C. However, the intensity dropped in the samples annealed at
900 °C. Different results were obtained for 15-GDC thin films, where the intensity had its
maximum at 900 °C. This difference in results was associated with different growth rates
depending on the concentration, and, at higher temperatures, these growths were more
intense. Moreover, the changes in the Raman spectrum, depending on the concentration



Coatings 2022, 12, 747

13 of 16

References

of gadolinium happen due to a reduction in the number of Ce-Og vibrational units. The
symmetrical stretching mode of the Ce-Oy is sensitive to the substitution of Ce** by Gd**,
and the changes in Raman spectrum shape and position are related to the lattice expansion
induced by the substitution of Ce** (97 pm) by Gd3* (105.3 pm) and the presence of oxygen
vacancies [64,67]. Thus, the optimal annealing temperature for GDC thin films is up to
800 ° C since, at this temperature, the overall crystallinity and roughness of the films
are improved.

4. Conclusions

Gadolinium-doped ceria ceramics, synthesized using a co-precipitation synthesis
method at different Gd,O3 concentrations (10, 15, and 20 mol%), were used as a target
material for the formation of ceria-based thin films by the EB-PVD technique. From the
impedance spectroscopy measurements, we observed an increase in activation energy (E,)
and a decrease in total ionic conductivity (0y,) with the increasing molar concentration
of the material. Of the pellets, the 10 mol% Gd,O3-containing GDC ceramic pellet had
the highest conductivity (where oy, was 11 X 1073 S-em™! at 600 °C) and the lowest
activation energy (where E; was 0.85 eV (low-temperature region) and 0.67 eV (high-
temperature region)). During the evaporation, a deviation in the individual component in
the stoichiometry of the evaporated thin films occurred, while the decrease in the molar
content of GdyO3 in ~28% was lower than in the target material used for the process. Thus,
to produce thin films by e-beam evaporation, one should have a target material with a
higher concentration of gadolinium than is required for the desired concentration of the
final material. This additional heat treatment resulted only in insignificant changes in the
morphology of the films; the thickness and roughness values fluctuated, depending on the
temperature. The Raman spectroscopy confirmed the improvement in the crystallinity of
GDC thin films and the decrease in the grain boundary phase volume during the thermal
annealing. The optimal annealing temperature for GDC thin films was found to be up
to 800 °C as, at this temperature, the overall crystallinity and roughness of the films
were improved.
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