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Given the need to process anodes and composites based on nano-YSZ in reducing or in air containing
additional CO, atmospheres for the fabrication of solid oxide fuel cells (SOFCs), and solid oxide electrolysis
cells (SOECs), we have studied the effect of the exposure to CO+N,/H; or CO,+air mixtures during sintering
of YSZ green pellets, prepared from commercial nanopowders, on their structure, microstructure, chemical
composition and their electrical properties. The reduced sample shows Raman bands at 1298 and 1605 cm™!
K . that are assigned to the D and G bands of carbon, respectively. The bands intensity ratio Ip/Ig indicates a
eywords: R X N
Ysz larger content of disordered carbon. X-ray photoelectron spectroscopy (XPS) shows that C is present in the
reduced samples as reduced carbon. However, the samples sintered in CO,+air present C as carbonate-type.
Impedance spectroscopy reveals that the highest total conductivity is for the reduced samples in the whole
range of studied temperatures. In addition, sintering in CO,+air causes a detrimental effect on the grain
boundary conductivity and therefore, on the total electrical conductivity of YSZ. It can be due to the pre-
sence of impurities such as carbonates and oxidised or even, polymerised carbonaceous species located at
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those areas.
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1. Introduction

Solid oxide fuel cells (SOFCs) are efficient and clean electro-
chemical devices that convert the chemical energy of a fuel into
electricity. The electrolyte materials for SOFCs must be stable in
reducing and oxidising environments and must have high ionic
conductivity with low electronic conductivity at the cell operating
temperatures. Until now, yttria-stabilized zirconia (YSZ) with a
fluorite structure has been the most favoured electrolyte for SOFCs.
In addition, porous Ni-YSZ composites are widely used as fuel elec-
trodes [1-3]. Processing methods of anodes for fuel cells that use in
situ carbon templating have been developed in order to generate a
porous structure [4,5]. In this type of route, carbon usually surrounds
the ceramic particles preventing them from sintering into larger
particles and is burned away in air. Impurity phases such as mono-
clinic zirconia and ZrC can be formed during the process [5]. Despite
those studies, the effect of related atmospheres generated when C
templating is used during sintering of Ni-YSZ on the physicochemical
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characteristics of nano-zirconia has attracted until now little atten-
tion [6]. It should be analysed especially when both sintering and in
situ reduction of anodes for SOFCs are implemented together in the
fabrication of those devices [7].

YSZ is also used as one phase of dual ceramic composites in
membrane reactors for natural gas conversion to syngas and for
direct CO, electrolysis in SOECs [8-11]. These composites are used as
dense ceramic membranes and present mixed oxygen ionic and
electronic conductivities since they are constituted by YSZ and a
perovskite with electronic conductivity. These composites are now
attracting increasing attention [8-11] since with these latter mem-
branes, chemical reactions such as partial oxidation of methane
(POM), combustion of carbonaceous fuels and direct CO, electrolysis
can be performed. For the preparation of those green membranes
the tape casting technique involving phase inversion [10] and “tape
casting-tape lamination-cosintering” are usually used and the em-
ployed slurries generally contain graphite [8-11]. Furthermore, in
some cases hot-pressing is used for sintering those membranes.
Then, air containing additional CO, will be the generated atmo-
sphere during the thermal treatment of the tapes at high tempera-
ture [11]. Therefore, given then the need to process anodes or
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composites based on nano-YSZ in reducing or oxidising atmospheres
containing CO or CO,, respectively, we have studied the effect of the
exposure to CO+N,/H, or CO,+air mixtures during sintering of nano-
YSZ green pellets on their final structure, microstructure, chemical
composition at the surface of the pellets, and their electrical prop-
erties. In addition, we have established the relationships among
them. Furthermore, a previous characterisation of commercial
powders used in the fabrication of SOFCs and SOECs is also man-
datory in order to select the best sintering conditions to obtain the
best microstructures and therefore, the best functional properties.
Then, the characterisation of the commercial YSZ nanopowder used
was also performed.

2. Experimental
2.1. Characterisation of YSZ nanopowders

The commercially available cubic ZrO, stabilized with 8 mol%
Y,03; nanocrystalline powders: 8YSZ from Nanostructured &
Amorphous Materials Inc. (USA) was used as starting material.
According to the supplier the mean particle size of the nanopowders
is 51-65 nm with the following chemical analysis (wt%): Y03 (13.3),
HfO, (2-3), Al,03 (0.01), Fe,05 (0.01), SiO; (0.02), and Na,0 (0.01).
The specific surface area (Sger) of the powders and density were
measured in this study by one point N, adsorption (Monosorb,
Quantachrome, USA) and He-multipicnometer (Quantachrome,
USA), respectively. The errors of those techniques are+ 5% and +
10%, respectively. The average particle size values (dggr) were cal-
culated from specific surface area measurements, assuming sphe-
rical, homogeneous primary particles, through the Eq. (1) [12].

dger = 6 / (Sger - p) (1)

where Sget is the measured specific surface, and p is the material
density. Phase identification of the as-received powders was carried
out by X-ray diffraction (XRD) with a diffractometer (X'Pert PRO,
Panalytical, The Netherlands) using a Cu Ka radiation collected at
room temperature over a range of 20° <26 < 80° at a step scan rate of
2°s7!, with a step size of 0.02°. The results were processed using the
ASTM-Files 37-1484, 01-083-0113, and 01-82-1246 for monoclinic,
tetragonal and cubic phases, respectively. The crystal size was cal-
culated using the Scherrer Eq. (2) [13]:

S = (K))/(pcose) (2)

where K is the shape factor (0.9), A is the X-ray wavelength
(CuKa = 1.5418 A), g is the full width at half maximum intensity
(FWHM) in radians, and 0 is the Bragg angle in degrees. The Rietveld
refinement of the XRD patterns was performed using Jana2006 [14].
The background was fitted using Chebyschev polynomials; the peak
profiles were fitted using a convolution of a pseudo-Voigt and
asymmetry function. The crystal structure models of cubic [15],
tetragonal [16] and monoclinic [17] phases were respectively taken
from the references indicated. The volume fractions were calculated
basing on the whole pattern fitting and the obtained values agreed
well with a volume fraction calculated basing on separated high-
angle diffraction peaks around 74°, using the method described in
reference [18].

Raman spectra were recorded using a Renishaw InVia Raman
spectrometer (Wotton-under-Edge, UK) equipped with a confocal
DM2500 Leica optical microscope, a thermoelectrically cooled CCD
as a detector, and a diode laser operating at 830 nm. The spectral
resolution was 2 cm™!. For the comparison, Raman spectrum was
also recorded for the commercial powder using a green laser.

The microstructure of the commercial nanopowders was ana-
lysed by means of Field-emission scanning electron microscopy-
energy dispersive x-ray (FEG-SEM-EDX) (Hitachi S-4700 type I,
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Tokyo, Japan). The powders were also characterized by transmission
electron microscopy (TEM) using a JEOL JEM-2100 F microscope
(Tokyo, Japan) operated at 200 keV accelerating voltage.

2.2. Sintering of powders

The nanopowders were compacted into disks by cold pressing,
first uniaxially at 1 t and then isostatically at 200 MPa(CIP). In order
to select the optimum temperature to obtain dense 8YSZ pellets, the
apparent density of sintered samples was determined by the
Archimedes method in water. Two different sintering atmospheres
were employed: CO+N,/H, (90 N,:10 H, vol%) (reducing conditions)
and CO-+air. It was performed by burying always the green compact
in a graphite powder bed and cushioned on a graphite plate under
flowing atmosphere of 90 N»/10 H; vol% (reducing conditions) or in
air. Some naked pellets were also sintered in air for comparative
purposes in some studies. The apparent density of the sintered
samples was measured by Archimedes procedure in distilled water.
The theoretical densities (py,) were calculated applying the rules of
mixing (Eq. 3) using the crystallographic densities mentioned below,
and taking into account the cubic and tetragonal contents calculated
by Rietveld refinement.

Pth = vip1ti2p2 (3)

where v; and v, are the volume fractions of each phase calculated
from XRD results, being p; and p, the crystallographic densities of
cubic and tetragonal zirconia, respectively. Relative densities (% dy)
were calculated from experimental densities considering 100% the
theoretical ones.

The crystallographic densities considered were for YSZ p; =
5.90 g cm ™~ (ASTM 01-82-1246) and for YTZP p, = 6.10 g cm > (ASTM
01-083-0113).

Finally, 1350 °C for 2 h was selected as the best conditions for
sintering (heating and cooling rate of 5 °C/min) since the highest
densities were obtained at that temperature under both employed
atmospheres (densities measured in the range of 1200-1350 °C).

2.3. Characterization of the sintered ceramics

Phase identification of the sintered samples was carried out by
XRD with the equipment mentioned above and under the same
conditions. The calculation of the lattice parameters and the vo-
lumes of the cells for the sintered samples was performed using a
least-squares fitting method (Unitcell, Cambridge University, UK).

Phase identification of the sintered samples was also performed
by Raman using the same equipment mentioned above and under
the same conditions.

The microstructure of the sintered samples was observed by field
emission scanning electron microscopy-energy dispersive X-ray
(FEG-SEM-EDX) analyses (Hitachi S-4700 type I, Tokyo, Japan) on
polished and thermally etched surfaces. Thermal etching at 1325 °C
for 15 min in dry N, was employed. Average grain sizes of the mi-
crostructures were evaluated from the FESEM micrographs by an
image processing and analysis program (Image] 1.53f51) that mea-
sures the surface of each grain and transforms its irregularly shaped
area into a circle of equivalent diameter.

XPS measurements of the sintered samples were carried out in a
PHOIBOS-100 spectrometer (SPECS Berlin, Germany) with a non-
monochromatic Al Ka source (hv = 1486.6 eV) being the power of the
X-ray source 230 W (11.5 kV and 20 mA). The electron energy
hemispherical analyser was operated in the constant pass energy
mode (SPECS PHOIBOS 100DLD). Low resolution survey spectra were
obtained with a pass energy equal to 50 eV, whereas high energy
resolution spectra of the main photoemission peaks from the de-
tected elements were obtained with 30 eV as pass energy. The
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spectra were analysed with the “CASA XPS” software, version 2.3.16.
Dev52 (Neal Fairly, UK). Shirley type backgrounds were used to de-
termine the areas under the peaks.

Continuous wave (CW) electron paramagnetic resonance (EPR)
measurements of the sintered samples at X-band microwave fre-
quency (~9.7 GHz) were performed using a conventional Bruker
ELEXSYS E580 EPR spectrometer (Karlsruhe, Germany) equipped
with an ER4102ST rectangular cavity. For measurements, 2 mW
microwave power was used. The strength and frequency of the
modulation field were 4 G and 100 kHz, respectively.

Samples prepared as pellets of 0.8 cm diameter and 0.2 ¢cm
thickness were sputtered with Pt to serve as electrodes.
Electrochemical impedance spectroscopy analyses (EIS) were per-
formed in dry N, atmosphere between 300 and 900 °C. The im-
pedance analyser used was a PGSTAT204 potentiostat/galvanostat
(Metrohm Autolab, B.V., Switzerland) in the frequency range of
0.01-10° Hz. The impedance spectra were modelled in
ZView®software using an equivalent circuit consisting of a series of
resistances, R, in parallel with constant phase elements, CPE [19,20].

3. Results and discussion
3.1. Characterisation of the as-received commercial YSZ nanopowders

Rietveld refinement results of the as-received commercial na-
nopowder is shown in Fig. S1. It can be noted that the XRD pattern
corresponds to cubic ZrO, phase as major phase and is highly crys-
talline (ASTM file 01-82-1246). The appearance of additional peaks
corresponds to monoclinic zirconia (ASTM file 37-1484). According
to Rietveld analysis the volume fraction of the cubic ZrO, is 0.73 and
the volume fraction of monoclinic ZrO, is 0.27.

Raman spectrum of the commercial powder is presented in
Fig. S2 (see Supplementary Information). It shows Raman bands at
631 + 613, 553, 472, 378, 342 + 328, 257, 188 and 176 cm™!. These
bands are characteristic for monoclinic phase [21]. The band at
613 cm™!, visible as a shoulder, may also correspond to the cubic
ZrO, which is in agreement with the XRD measurements.

The average crystal size (dyrp) of the as-received powder cal-
culated from the Scherrer’s equation is 37 nm. The Sggr determined
using the single point BET method and the density of the as-re-
ceived powder are 18 + 1 m?g™! and 5.69 g-cm3, respectively.
Microstructural observations made by FEG-SEM for the commer-
cial powder (Fig. 1) show that the particles are agglomerated
forming spherical granules of 100 pm, with the typical morphology
of spray dried powders (Fig. 1a). At higher magnifications, nano-
particles of spherical shape and dimensions of approximately
50 nm can be distinguished (Fig. 1b). By TEM the average particle
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Fig. 2. Representative bright-field TEM image of as-received commercial YSZ nano-
powders.

size observed is 30-40 nm (Fig. 2). Assuming monodispersed and
spherical particles, an average diameter was calculated using the
adsorption model from the nitrogen adsorption isotherm (dggr)
resulting in particles with an average size of 59 + 2 nm. The BET
approximation fits quite well SEM and TEM observations.

3.2. Characterisation of the sintered YSZ nanopowders

3.2.1. XRD

Figs. 3 and 4 show Rietveld refinement results of both the sample
sintered under reducing conditions and the sample sintered in
COy+air atmosphere, respectively. In a first estimation, the XRD
patterns matched with the diffraction file of the cubic zirconia
Z10.92Y0.0801.96 (ASTM file 01-82-1246) as single phase. However, it
can be observed that the peaks are not symmetrical showing
shoulders that can be assigned to a zirconia tetragonal phase (YTZP)
(ASTM file 01-083-0113). No peaks corresponding to monoclinic
zirconia, ZrC or any other carbide are observed. According to Rietveld
refinement results, the volume fraction of the cubic YSZ is 0.67 while
the volume fraction of tetragonal YTZP is 0.33 for the reduced
sample. For the sample sintered under CO,+air the volume fractions
are 0.70 for the cubic phase and 0.27 for the tetragonal one,

Furthermore, the peaks of the sample sintered under reducing
conditions are slightly shifted to higher angles with respect to those
of the sample sintered in CO,+air. In turn, this observation indicates
that the YSZ pellets sintered under reducing conditions have a

Fig. 1. Representative FEG-SEM images at different magnification of as-received commercial YSZ nanopowders.

3
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Fig. 3. XRD patterns and Rietveld refinement of the sintered YSZ pellets in reducing
atmosphere (CO+N,/H,) consisting of cubic (c) and tetragonal (t) phases. Calculated
(in red), experimental (in black) and difference intensities (in blue), positions of Bragg
peaks (in purple). Rietveld discrepancy values [14]: Rp = 0.068; GOF = 1.35; R = 0.04
(for cubic structure); R = 0.056 (for tetragonal structure).
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black) and difference intensities (in blue), positions of Bragg peaks (in purple).
Rietveld discrepancy values [14]: Rp=0.068; GOF=1.35; R=0.04 (for cubic structure);
R=0.056 (for tetragonal structure).

crystal structure with a smaller unit cell relative to that of the sin-
tered in CO,+air. This was further confirmed by the calculation of the
lattice parameters and the volume of the cells. These calculations
gave unit-cell volumes of 135.12 + 0.01 and 135.38 + 0.07 A3 for
samples sintered under CO+N,/H, and CO,+air, respectively. It could
indicate a larger concentration of oxygen vacancies when the sample
is sintered under reducing conditions. Both volumes are smaller than
that of obtained by Yashima et al. [22] for YSZ sintered in air
(136.37 A). The volume decrease, if we compare our results with
that by Yashima et al. [22], is in accordance with the previous study
by Akgenc and Cagin [23] that observed a linear decrease in the YSZ
cell volume when oxygen vacancies increase due to the increasing
dopant concentration (Y,Os in that case). In this study, the increase
in oxygen vacancies can be due to the incorporation of C and/or N in
the YSZ lattice as it was observed in previous works [24-27]. Xiang
et al. [24] observed the formation of a solid solution of carbon atoms
in the tetragonal zirconia lattice exhibiting a significant oxygen
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Fig. 5. Raman spectra of the samples sintered under reducing (CO+N,/H;) conditions
and in CO,+ air atmosphere.

deficiency. If carbon atoms enter into the lattices of zirconia and
substituted the oxygen atom, the oxygen vacancies can be produced
by the following reaction (Eq. 4) [25].

% Co+ Vo (4)
where C”o represents a C anion replacing an oxygen anion in the
lattice.

In addition, Luo et al. [26] observed the decrease of the inter-
planar distances by TEM for all the peak-positions of a cubic zirconia
as a result of the entrance of carbon into the lattice of ZrO,. In ni-
trogen doped zirconia oxygen vacancies are created according to the
following (Eq. 5) [27]:

N, (gas) + 300 < 2N'g + Vg + 3/2 0, (gas) (5)

where N’ represents a nitrogen anion replacing an oxygen anion
in the lattice.

Finally, the relative densities of the samples after sintering were
~ 99.97% and 99.94% p, for the samples sintered in reducing con-
ditions and CO,+air, respectively.

3.2.2. Raman spectra

Raman spectra of the sintered samples are presented in Fig. 5.
The sample sintered in reducing conditions shows bands at 632, 467,
323,259, and 144 cm™! that can be attributed to tetragonal ZrO, [28].
There is also a band near 610 cm™ visible as a shoulder that corre-
sponds to the cubic ZrO,. Thus, this sample contains both tetragonal
and cubic phase. This conclusion is also supported by the fact that
the Raman spectrum is very similar to that reported for mixtures of
ZrO, doped with 3 and 8 mol% Y,0s3, which contained both cubic and
tetragonal phases [29]. It is worth noting that the Raman spectrum
also shows a band at 706 cm™. This band points to presence of a
small amount of Y,Zr,0; pyrochlore [30,31]. The formation of the
pyrochlore phase can be explained due to the extremely low Gibbs
free energy formation: — 4593 kJ/mol at 1000 °C and - 4918 k]/mol at
1500 °C, using the function given by Schaedler et al. [32] In addition,
the black sample also shows two intense bands at 1605 and
1298 cm™! that correspond to the G and D bands of carbon, respec-
tively [33]. The position of the G band is in good agreement with
literature data reported for leaf char (1598 cm™) [33] or activated
carbon prepared from carbon black or cokes (1598-1614cm™') [34].
However, the D band of our sample is observed at a significantly
lower wavenumber value (1298 cm™!) than the D band of leaf char
(1340cm™) [33] or activated carbon (1343-1363 cm™!) [34]. This
effect can be attributed to the application of different laser lines, i.e.,
near-IR laser line in our case (830nm) and visible laser line
(514.5 nm) in the mentioned above literature spectra. Indeed, former
studies of carbon materials showed that the position of the G band
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weakly depends on the laser excitation wavelength whereas D band
exhibits a large shift to lower wavenumber with increasing excita-
tion wavelength [35]. It is well-known that D band corresponds to
disordered carbon (amorphous C), while G band represents the in-
plane bond-stretching motion of the pairs of C sp? atoms of graphite,
representing an ordered structure [33-35]. The band intensity ratio
of the D and G band is often used as a useful parameter expressing
the relative content of the disordered to ordered carbon [34,35]. In
our case the Ip/Ig value is large (3.8), indicating a larger content of
the disordered carbon. According to previous studies in YTZP sam-
ples sintered in Ar and prepared from Zr (IV) acetylacetonate carbon
atoms enter into the zirconia lattice and act as stabilizer [24]. The
amorphous carbon creates a reducing atmosphere, meanwhile
carbon atoms bonded with zirconium atoms act as a stabilizer.

The additional bands observed near 730 and 850cm™ in the
reduced YSZ sample are most likely related to defect-induced vi-
brational modes [36]. Such additional bands appear if there are some
defects and/or disorder. It may be interpreted as disorder/de-
fect-induced vibrational modes, normally symmetry-forbidden,
which can become Raman active through a loss of symmetry be-
cause of a breakdown in the selection rules. In addition, the ob-
servation of this broad signal should reflect a strong disorder within
the O sublattice, due to oxygen vacancies (Vg). In our case, we may
have instead of ZrOg octahedral units in the structure, also some
ZrOs units due to vacancies. In such case, Zr-O bond would be
shorter and therefore Raman band should be observed at a higher
wavenumber value. The sample sintered in CO,+air shows the same
Raman bands characteristic for the cubic and tetragonal ZrO, as well
as Y,Zr,0, pyrochlore. In addition, a weak band near 1055 cm™!
could probably be attributed to a carbonate [37]. However, the in-
tensity of this peak indicates that the amount should be very small.

3.2.3. FEG-SEM-EDX

Typical microstructures of the YSZ material sintered under CO
+N,/H; atmosphere and in CO,+air at 1350°C for 2 h, after polishing
and thermal etching, are shown in Fig. 6a and b, respectively. The
pictures show fully densified bodies were obtained after sintering.
Fig. 7a and b show the dependence of the grain size distribution for
the sintered samples. Around 84-85% of grains have an average grain
size lower than 0.56 um, and around 14% of grains have an average
grain size lower than 1.26 pm in both samples. Finally, only 0.7% have
an average grain size of 1.78-1.87 um in the reduced samples and
0.4% of 1.69-1.78 um in the samples sintered under CO,+air atmo-
sphere, respectively.

Journal of Alloys and Compounds 904 (2022) 163976

EDX semi-quantitative analyses of the larger grains
(0.98-1.87 um) for the samples sintered under reducing conditions
gave = 65.0-66.1 Wt ZrO5, 7.1-8.6 wt% Y03, and 0.9-1.5 wt% Hf,05.
They can be identified as YSZ. Meanwhile the analyses gave
~67.8-68.1 wt% Zr0,, 5.9-6.1 wt% Y,03, 0.5-0.6 wt% Hf,05, values for
the finer grains that could correspond to YTZP (sizes lower than
0.98 um). EDX semi-quantitative analyses of those samples gave
=~65.5-65.7wt% ZrO,, and 8.9-9.1 wt% Y,03 values for the large
grains (from 0.98 to 1.78 um) that can be then identified as YSZ.
Meanwhile the analyses gave =66.6-67.2wt% ZrO,, 6.1-7.3 wt%
Y,03, and 0.7-1.3 wt% Hf,03 values for the finer grains (sizes lower
than 0.98 um) that could correspond to YTZP. In the larger grains of
the cubic zirconia, Hf,03 is not detected.

Based on our XRD, Raman and FEG-SEM-EDX results, we can
consider the samples as YSZ-YTZP composites. Y,Zr,0; pyrochlore
phase was not detected by means of FEG-SEM-EDX analyses. It can
be due to the well-known fact that this phase is generally observed
at the surface of the cubic grains [30,31,38] and if the amount is
small the polishing of the samples can remove it.

3.2.4. XPS

In order to investigate the nature of the surface of the materials
and its chemical composition, XPS spectra were analysed for sin-
tered samples under CO+N,/H, (reducing conditions), CO,+air, and
air atmospheres. The latter was also studied for comparative pur-
poses. Fig S3 shows the survey spectra of the three samples studied.
Due to the insulating nature of these materials at room temperature,
binding energy (BE) correction had to be performed. It has been
observed that the addition of yttria to zirconia causes a shift in the Zr
3d and O 1 s photoemission peaks. In addition, the first two types of
samples have shown numerous peaks in the C 1s signal that make
the use of these signals as typical calibration difficult. For these
reasons, it was preferred to cancel the charging effects by calibrating
of all the spectra with Y 3d signal to 158.9 eV [39]. Y 3d peak does
not shift for an increasing yttria content and only leads to an in-
crement of the signal intensity.

The integration of the area beneath the peaks allows us to cal-
culate the relative concentrations of all the elements for each
sample. These quantifications are evaluated as relative concentration
in atomic concentration (at%). The results are shown in Table 1.

In all cases, the presence of small amounts of Na and Si im-
purities from the as-received commercial nanopowder used has
been detected. Interestingly, there is not any signal of Fe or Al on the
surface of the pellets, although the corresponding chemical analyses

Fig. 6. Representative FEG-SEM micrographs of polished and thermal etched surfaces under dry N, of the sample sintered under reducing conditions (CO+N,/H,) (a) and at the

same conditions but for the sample sintered under CO,+air atmosphere (b).
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Fig. 7. Grain size distribution of the samples sintered under reducing conditions (a) and sintered under CO,+air atmosphere (b).

of the supplier show that these elements are also present as im-
purities. High resolution spectra of the major elements are shown in
Fig. S3. The Zr 3d photoemission signal consists of a doublet at BE
186.1 and 183.7 eV corresponding to 3dsj; and 3ds), peaks, respec-
tively. These values are slightly higher than those reported for zir-
conia [39-41] according to the shift caused by the incorporation of
yttria, as it is mentioned above. The pellets prepared under reducing
conditions (a) and under CO,+air (b) show a broad BE asymmetric
signal of the O 1s peak at 532.0, and 532.5eV, respectively, in-
dicating two types of oxygen coordination. However, the samples
sintered in air (c) show a symmetrical O 1s signal constituted by
only one sharp and narrow peak at 531.6eV. It could indicate only
one type of O coordination at the surface of these latter samples.

Since the value of BE is lower than those of the samples sintered
under reducing conditions and under CO,+air, the absence of OH
groups and/or coordinated water at the surface for the sample sin-
tered in air is plausible.

The Y 3ds; peak appears at a BE of 158.9 eV in all cases and it has
been used as a calibration reference, as it is mentioned above [40].
Moreover, the Y/Zr atomic ratio obtained from the XPS analyses for
the studied samples is within the range of the Y/Zr theoretical ratio
calculated for YSZ, Y/Zr=0.17-0.18 (Table 1), corroborating that the
pellets present cubic phase as major phase, in agreement with the
XRD analyses.

In the samples prepared under reducing conditions the N 1s
peak is detected at 400.9 eV (not shown here for the sake of brevity)

Table 1

Elemental composition in at% of the surface for the YSZ samples sintered under reducing conditions (CO+N,/H,), COy+air, and air.
Sample Na (at%) O (at%) Zr (at%) C (at%) Y (at%) Si (at%) N (at%) Y/Zr
CO+Ny/H, 14 371 11.7 43.6 2.2 33 0.7 0.18
CO,+air 1.2 395 125 41.6 2.2 29 - 0.17
Air 1.8 54.5 18.0 19.9 3.1 2.6 - 0.17
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Fig. 8. High resolution spectra for Zr 3d, O 1s and Y 3d photoemission signals of the
YSZ sintered under reducing conditions (a), under CO,+air (b), and in air (c).

with a very low intensity (0.7 at%). The BE value is in accordance
with an oxynitride coordination in nitrogen-doped YSZ, as it is re-
ported in the literature [39,40|. In contrast, the samples sintered
under COy+air and in air atmospheres do not show any nitrogen
signal, as it is expected. Fig. 8.

Additional information can be obtained from the carbon C 1s
photoemission spectra (see Fig. 9). For the samples sintered under
reducing conditions the C 1s peak appears at 281.4 eV which is in
accordance with a reduced carbon, even carbide. The presence of
this type of C can be caused by the sintering conditions [42]. For the
samples sintered in CO,+air the C 1s photoemission signal has a
peak at 286.4eV, a value that corresponds to a carbonate-type
carbon [43]. In addition, a shoulder at a higher BE value, 209 eV, that
could belong to more oxidised species, or even polymerised, with >
C=0 and C(=0)O bonds [43c-d], is detected. This contribution,
around 8% of the total carbon at the surface of the sample, can be
due to the residual organic product added to the commercial na-
nopowder during its processing. Then, 92% of the remaining carbon
would correspond to a carbonate. Finally, the photoemission signal
from C 1s of the sample sintered in air shows two well-defined
peaks at BE of 286.4 and 283.5 eV. The highest value corresponds to a
carbonate-type carbon [42], as it is mentioned above, and the lowest
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Fig. 9. XPS spectra of C 1s photoemission peak for YSZ samples sintered in reducing
conditions (a), under COy+air (b), and in air (c).

BE peak can be attributed to adventitious carbon coming from the
environment. As it is expected, the sample sintered in air has a much
lower carbon content (Table 1).

3.2.5. EPR

The CW X-band EPR spectra were recorded for all samples at
room temperature and at —173 °C. No significant changes in the
spectra occurred while cooling the samples. The results obtained at
room temperature are presented in Fig. 10. No EPR signal was re-
solved for the sample sintered under CO+N,/H, atmosphere. In
contrast, the sample sintered under the same atmosphere but later
treated in air under 900 °C exhibits a strong signal in the low-field
region with the g-factor value of about 4.3. It is well-known that
such a signal originates from Fe>* ions in the high electron spin (S =
5/2) state [44]. To trace the origin of the iron, we measured raw ZrO,
powder which was used to prepare the samples and indeed the same
EPR signal was observed (not shown here for the sake of brevity).
However, the sample sintered under CO+N,/H, atmosphere does not
show this signal. It can be due to a probable reduction of the Fe3*
impurities to EPR silent Fe?* [45]. In addition to this iron signal, the
sample sintered under CO,+air shows an asymmetrical signal at g =
1.97. A very similar signal was observed in electron and ion-irra-
diated YSZ. It was assigned to F'-type centres involving singly-
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Fig. 10. EPR spectra of the pellets sintered under reducing conditions, under CO,+air
and oxidised after reducing conditions, i.e., 1) reducing conditions +2) air.
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ionized oxygen vacancy Vo [46,47]. Note that we did not detect any
EPR signal of Zr3* divacancies (T-centers) which is frequently ob-
served in YSZ [48,49].

3.2.6. AC electrical
measurements in dry N

Fig. 11 shows representative impedance spectra of the samples
sintered under reducing conditions and under CO,+air atmosphere
at 400°C measured in dry N,. The impedance spectrum of a pellet
sintered in air is also shown for comparative purposes. The im-
pedance spectra of the three samples display three features at high
(HF), medium (MF), and low frequencies (LF), characteristic of
oxygen ion conductors [50,51]. The high frequency arcs (only a part
is observed) are ascribed to the YSZ bulk (lattice) meanwhile the
medium frequency corresponds to the grain boundaries and the
spike line at low frequencies is a distributive dispersion effect as-
sociated with a general diffusion related equivalent circuit element,
namely a constant phase element (CPE), respectively. Here, the ob-
served CPE distributive effect is physically interpreted as produced
by both, a grain boundary blocking effect and the interface between
the Pt-electrode and the sintered pellet. In all samples, the electrical
behavior is clearly dominated by the oxygen-ion conductivity, as
evidenced by the capacitive responses of the bulk and grain
boundaries observed in the corresponding impedance spectra
(Fig. 11) and for the activation energies (see below). The sample
sintered in reducing conditions (black on the chart) has the smallest
grain interior impedance. This may be due to a larger concentration
of Vg in the lattice that involves a greater bulk conductivity. The
increased oxygen vacancies content can be due to the formation of
solid solutions in which C and/or N could enter into the ZrO, lattice,
as it was discussed above. In particular, the O and C contents of the
reduced sample are the lowest and the highest, respectively, if it is
compared with the rest of the studied samples. In addition, N is only
present in the sample treated under reducing conditions, as it is
expected. The sample sintered under CO,+air atmosphere presents
higher bulk conductivity if it is compared with the sample sintered
in air. It can be also related with the formation of a solid solution of
carbon atoms in the zirconia lattices generating Vg but in a lower
concentration than that of the sample sintered under reducing
conditions. It agrees well with the oxygen content quantified by XPS
in these latter samples.

The bulk conductivity is an intrinsic property of the material,
and, therefore, it is independent of the microstructural features of a

measurements:  impedance  spectroscopy

Journal of Alloys and Compounds 904 (2022) 163976

N A reducing conditions (gb)
01 o X o Air (gb)
o o 0 CO2+air (gb)
o f A reducing conditions (b)
=1 1 CO2+air (b)
£ o o5 .
7] o Air (b)
92 o A
»T-; = o]
é’ -3 ° @ o A
< e , .
©
=44 N o
5 :
o A
L .54 u
® A
n
6 .
-7 T T T T T T
0,8 1 12 1,4 1,6 1,8 2 2,2
1000/T (K)

Fig. 12. Arrhenius plots of the bulk (b) and grain boundary (gb) conductivities of the
sintered samples as a function of the inverse of temperature in the range of
300-600 °C in dry N».

polycrystalline material. However, small differences can be expected
when a second phase is blocking the charge carriers. These differ-
ences are observed at frequency ranges associated with grain
boundary interfaces, when impedance is measured at low tem-
peratures. It is well-known that the grain boundary microstructure
is easily influenced by the nature and amount of impurities, the
sintering conditions and cooling rates. In this study, we observed a
flattened shape of the grain boundary arcs that could be due to the
presence of residual carbonaceous species that block the oxygen
vacancies transport. The largest grain boundary impedance is de-
tected for the sample sintered in CO,+air. It can be associated with a
higher amount of impurities such as oxidised or even, polymerised
carbonaceous species and a carbonate located at those areas.

As the cubic phase is predominant in the samples it is the main
one responsible for conduction according to the brick layer model
and percolation theory [51,52]. In composite yttria-substituted zir-
conia solid electrolytes containing cubic and tetragonal phases, the
percolation threshold of cubic phase is located at 70 vol% of cubic
phase [53]. In our samples and according to Riteveld refinements the
vol% of cubic phase is 67% and 70% for the samples sintered under
reducing and CO,+air atmospheres, respectively. Then, we can as-
sume that the cubic phase is percolated and it is the main one re-
sponsible for conduction. Fig. 12 shows the bulk and grain boundary
conductivities of the samples as a function of the inverse of the
temperature in the range of 300-600°C. A linear behaviour is found
in both conductivities for the three samples.

Fig. 13 shows the Arrhenius plots of the total conductivity of the
sintered samples as a function of the inverse of the temperature in
the range of 300-900°C in dry N,. As can be seen, a linear behavior is
found for the three samples at low temperature (up to 700°C) and
the usual bending toward lower activation energies was found in all
cases at higher temperatures (from 700°C). This fact is well-known
and can be due to the breakdown of the defect association (YZr-Ve)
with vacancy trapping and resulting mobile oxygen vacancies
[54,55]. Though the total conductivity results obtained for the stu-
died samples are similar at the lowest temperature the difference
increases with increasing temperatures. This is mainly due to dif-
ferences in activation energy of the bulk conductivity (1.05 £ 0.01,
1.11 £ 0.01 and 1.12 + 0.01 eV for the samples sintered under redu-
cing conditions, under CO,+air, and in air, respectively).

The values of the total ionic conductivity of YSZ sintered under
reducing conditions are higher compared with those sintered in air



M.T. Colomer, M. Simenas, J. Banys et al.

0
A reducing conditions
1 :: i m CO2+air
A e ai
.l: A ar
°
E L} A
-2 a® .
m e
—_ A
‘TE m e
-3 m A
g °
~ | | A
£ .
o4 A
<) °
= "
5] ¢
_6 4
-7 T . T T . T
0,7 0,9 1,1 1,3 1,5 1,7 1,9 21

1000/T (K1)

Fig. 13. Arrhenius plots of the total conductivity of the sintered samples as a function
of temperature in the range of 300-900 °C in dry N,.

and under CO,+air. In addition, the activation energy is indicative of
the nature of the charge carrier and conduction mechanism. In the
high temperature range (700-900°C), the activation energy of the
total conductivity is 0.92 + 0.01, 0.93 + 0.01, and 0.94 + 0.01 eV for
the samples sintered under reducing conditions, under CO,+air, and
in air, respectively. The conductivity values of YSZ treated under
reducing conditions are larger when they are compared with pre-
vious values obtained for YSZ sintered and measured under reducing
conditions (Ar-4% H;). However, the conductivity values obtained for
YSZ treated under CO,+air are lower than that of YSZ sintered in air
in this study and in a previous one where YSZ was measured under
reducing conditions (Ar-4% H,) [56]. These findings are in ac-
cordance with the study of Tailor et al. [57] that investigated the
effect of nitrogen and carbon impurities in ZrO, on the electrical
properties using the density functional theory with a hybrid func-
tional method. That method allows more accurate predictions of
formation energies and defect levels, by comprehensively addressing
all possible atomic configurations and charge states. Those authors
found that nitrogen is present in positive charge states, being the
dominant defects N” o and V. This picture is consistent with the
Kréger-Vink reactions mentioned above where the substitution of C
and/or N into the lattice creates Vy. In addition, they found that
carbon impurities have relatively low formation energies and would
indeed incorporate easily during growth of ZrO,, but those im-
purities do not affect the equilibrium between nitrogen and oxygen
vacancies. Finally, in a previous study, the intentional doping of N in
YSZ films has been shown to lead to an increased ionic conductivity
at high temperatures [58]. Those findings are in accordance with the
fact that the highest total conductivity values found in this study are
for the sample treated under reducing conditions. Furthermore, the
presence of CO, during sintering seems to be detrimental for the
grain boundary conductivity and therefore, for the total conductivity
of YSZ (Figs. 11-13). It can be associated with the presence of im-
purities such as carbonates and residual oxidised or even poly-
merised carbonaceous species found by XPS analysis.

4. Conclusions

Based on the experimental results and analyses, the following
conclusions can be drawn:

Dense pellets of YSZ have been obtained after sintering at 1350°C
for 2h in reducing atmosphere (CO+N,/H;) or in COy+air from
commercial nanopowders. Raman spectra and XRD patterns indicate
that both samples are constituted not only by cubic (major phase)
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but also by tetragonal zirconia. In addition, Y,Zr,0; pyrochlore is
present as a minor phase. Furthermore, the sample sintered under
reducing conditions shows bands at 1298 and 1605 cm™! that cor-
respond to the D and G bands of carbon, respectively. The band in-
tensity ratio of the D and G band, Ip/Ig, value is 3.8 indicating a larger
content of disordered carbon. XPS showed that the samples sintered
under reducing conditions contain N and C being the latter element
present as reduced C, even as a carbide. However, C as carbonate-
type is present in the samples sintered under CO,+air atmosphere.
Impedance spectroscopy reveals that the lowest grain interior im-
pedance corresponds to the samples sintered under reducing con-
ditions. In addition, that sample presents the highest total
conductivity in the whole range of temperatures studied that can be
associated to a larger number of oxygen vacancies, in accordance
with the presence of N and C and the lowest oxygen content in that
sample, as was determined by XPS. Furthermore, the presence of CO,
during sintering seems to be detrimental for the electrical properties
of YSZ.
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