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Abstract

Nanosized multi-doped ceria with composition Ce, ¢Nd,) 50,55 0025Gy,005DY 0.095Y0.09502.s (CNSGDY) as
perspective solid ionic conductor was obtained by modified glycine-nitrate procedure (MGNP) and room tem-
perature self-propagating reaction (SPRT). The pressed pellets of both powders were sintered at 1550 °C for
2 h in an air atmosphere. The obtained sintered samples were characterized by XRPD, Raman spectroscopy,
FESEM, EDS and EIS methods. Despite a high temperature of sintering, XRPD and FESEM analyses of the
samples confirmed appropriate dimensions of grains with fluorite structure. Overall concentration of intro-
duced dopants (x = 0.2) in the structure of CeO, after the sintering process was confirmed by EDS analysis.
After sintering, Raman spectroscopy confirmed retention of the oxygen vacancies in the ceria lattice, which is
in accordance with the improvement of ionic conductivity of solid ionic conductors. The highest value of total
conductivity was obtained for the sintered MGNP sample at 700 °C (4.22 x 1072 S cm™"), with the correspond-
ing activation energy of 0.26 eV.

Keywords: CeQ,, sintering, electrical conductivity, impedance spectroscopy, fuel cells

I. Introduction trium stabilized zirconia presents so far the most com-

. . . mon reliable electrolyte material, considering its supe-
Cerium(IV) oxide (CeO,) based materials have found ;5 xvoen ion conductivity at high temperatures charac-

multiple’ applications ?n different industr.y fields, such’as teristic for conventional SOFC operation (8001000 °C)
electronics [1,2], environmental protection [3,4], optics [17,18]. However, such high working temperatures lead
[4.5], catalysis [6-10] and clean energy [11,12], which s, ceveral disadvantages referring to technical compli-
the reason why CeQ, is receiving considerable interest of 00 <50 the first place. Thermal breakdown and mis-
the scientific community, constantly increasing over the 3¢ of cell components, reduction of reliability over
last decade. Particular attention has .recently been devo.ted time, thermal stresses affecting cell structure and integrity
to the development of next-generation power production .4 jimjted choice of fabrication materials are some of
system - solid oxide fuel cells (SOFC), which present 0 15-17,20]. In addition, there are substantial finan-
devices operating with a supply of fuel that can pro- i, jssues concerning manufacturing and operation costs.
vide sustainable, environmentally-friendly and efficient  perefore, in order to facilitate materials selection, pre-
energy conversion and electricity generation with supe-  yo¢ the cell component degradation and increase overall
rior lifetime for widespread necessities [11-16]. The yt- . ot reduction there is a tendency among SOFC commu-
nity toward lowering of operation temperatures into an in-
termediate range (600—800 °C), without negative impact
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on high oxygen reduction reaction kinetics while main-
taining high ionic conductivity [15].

In order to meet the mentioned criteria, an appropri-
ate choice of electrolyte constituents is found to be of
utmost importance. Consequently, a great deal of re-
search has put ceria based materials in the spotlight,
considering their favourable properties such as rela-
tively high ionic conductivity with low activation ener-
gies at reduced temperatures of IT-SOFC (600-800 °C),
much higher in comparison to conventionally used YSZ
[17,19,20]. As a result, enormous effort has been made
on progress in the development of a newly improved
type of electrolyte materials containing pure, co- or
multi-doped ceria since it may be the vital global chal-
lenge when it comes to commercialization of these
newly generated IT-SOFCs (intermediate temperature
solid oxide fuel cells) operating with high efficiency at
temperatures below 800 °C. Additionally, in plenty of
research work, the focus has been placed on future pro-
duction of ceria based ceramic powders as solid con-
ductors with the implementation of less expensive tech-
nologies including less complex methodology frames
[21-23].

In order to develop optimal compositions that will
fulfil the mandatory criteria for applications in IT-SOFC
technology, many issues need to be tackled, mainly re-
lating to the optimal selection of: i) electrolyte and
dopants, ii) methods for synthesis of starting powders
and iii) the densification process.

As convenient starting ultrafine nanopowder intended
for the production of ceramic electrolytes in [T-SOFCs,
CeO, doped with different trivalent rare earth such as
Nd, Sm, Gd, Dy and Y provides increased ionic conduc-
tivity [14,17,21,24]. Namely, the formation of oxygen
vacancies (V") in the cerium lattice allows to achieve
the high ionic conductivity at lower temperatures, due to
the replacement of Ce** ions with rare earth (III)-valent
ions as dopants for the purpose of the compensation of
the charge balance in the lattice [25,26].

Furthermore, the method that provides the necessary
properties of the starting powders and has a lot of advan-
tages in comparison to conventional methods [27-29] is
obtained by a combination of modified glycine-nitrate
procedure (MGNP method) [21-24] and room tempera-
ture self-propagating reaction (SPRT method) [21-23].
These methods are simultaneously very fast and reli-
able, and contrary to other methods [27-29], require ex-
tremely simple and inexpensive equipment which con-
tributes to the cost effectiveness of the process. Partial
replacement of nitrate with acetate ions in the MGNP
procedure allows better control of the chemical reac-
tion while the SPRT procedure allows the occurrence
of the spontaneous self-propagating reaction between
metal nitrates and sodium hydroxide at room temper-
ature, with extremely fast termination. These methods
provide very precise stoichiometry of the final products
compared with a tailored composition and achieve very
high yields (96-99%) [18-20].
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In addition, for oxygen ion conducting solid oxides
it is very important for the electrolyte layer to be fully
dense. Therefore, a densification process is required to
provide sintered samples obtained from powders syn-
thesized by MGNP and SPRT methods that possess de-
sirable microstructure with smaller grains and more uni-
form size distribution. This is needed in order to miti-
gate the cross-over of unreacted fuel or oxidant through
the electrolyte and to allow a sufficient connection for
oxygen ion diffusion [20]. Densification requires a high
temperature of sintering, however, the right selection of
this process may present a significant precondition for a
considerable decrease in this temperature and for reduc-
ing energy losses in the process of fuel cells production.

Synthesis and complete characteriza-
tion of nanopowder complex  composition
Ceg §Ndg 00255M0 0025Gdg.005PY0.095 Y0.00502.5  (CNS-
GDY), obtained by MGNP and SPRT method, has
already been performed with results presented in our
previous article [26]. In the present study, properties
of multi-doped ceramic electrolytes of the identical
composition obtained from nanopowders synthesized
by the same procedures (MGNP and SPRT) were
investigated after densification under sintering at
1550 °C for 2 h in air atmosphere. The sintered samples
of MGNP and SPRT produced powders were analysed
in a comparative manner with an emphasis on their
potential application in IT-SOFCs as perspective solid
ionic conductors. Despite sintering temperature as high
as 1550°C, the overall mole fraction of dopants was
kept constant (x = 0.2). The dopant concentration was
determined based on the previous literature reports,
which found that the optimum lies within the range of
10-20 mol% for many cations in fluorite ceria lattice
enabling the achievement of the highest possible ionic
conductivity [22-24,30-34].

The aim of the present study was the estimation of
usability of nanosized solid electrolyte doped ceria with
composition CNSGDY (x = 0.2) obtained with either
SPRT or MGNP methods as a perspective electrolytes
for IT-SOFC with potentially high oxygen ion conduc-
tivity, low polarization resistance and good compati-
bility with adjoining components, i.e. electrodes. All
things considered, the present research efforts are aimed
toward the optimization of IT-SOFCs overall perfor-
mance and improvement of vital features referring to
high efficiency at low operating temperatures, reason-
ably low fabrication and maintenance expenses and eco-
friendliness in terms of the absence of pollutants and
utilization of renewable energy resources as fuel. In that
manner, the results of this study may greatly contribute
to the global expansion and commercialization of IT-
SOFCs.

II. Experimental

The initial compositions of solid solutions were cal-
culated based on the ion-packing model [35]. This
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model was applied for the calculation of the fraction of
constituting ion dopants providing the lattice parame-
ter close to that of pure ceria, in order to maintain the
stability of the crystal lattice. The following equation
was used for the determination of lattice parameters of
solid electrolytes with fluorite structure, based on the
ion-packing model:

4
Gom =" [xry + (1 = )rce + (1 = 0.25x)r0 +
+0.25xry,]0.9971 (1)

where aj,,, is the lattice parameter, ry, rce, ro and rvg

are the radii of the dopant cations (Nd**, Sm**, Gd**,
Dy** and Y**), cerium ion Ce** (0.97 A), oxygen ion
0% (1.38 /0%) and oxygen vacancy radius V{ (1.164 A),
respectively; x is the dopant molar fraction [35]. The
correction factor, 0.9971, accounts for the observed dif-
ference in the experimental value and the value calcu-
lated from the ionic radii for the lattice parameter of
pure ceria [35]. Lattice parameter (aj,,) of pure ceria
obtained by SPRT method is 5.41 14 A [21].

2.1. Synthesis by MGNP method

Synthesis of the nanosized powder with the CNS-
GDY composition by MGNP method was performed
with the following initial components: an aqueous so-
lution of 6-amino acetic acid-glycine (NH,CH,COOH)
(Fluka), a solution of Ce(NO,), and Ce(CH,COO),,
mixed in a mole ratio 1:1, and a solution of nitrates for-
mulated as [Me(NO,), - 6 H,O], with Nd, Sm, Gd, Dy
and Y (Aldrich, USA) standing for Me. All dissolved
compounds were added in the exact amounts, which
were needed for obtaining a total dopant concentration
of 20 mol% of the final product (x = 0.2) [26]. For initi-
ation of the reaction, a thoroughly cleaned steel reactor
was used. Primarily, all reactants were completely dis-
solved in distilled water and after that simultaneously
poured into the reactor [26]. In order to adjust the re-
quired metal nitrate concentration and obtain the tar-
geted final doped powder [26], the calculation was made
with the equation presented below:

4 NH,CH,COOH +2 [(1 - x)Ce(NO5); - 6 H,0 +
xMe(NOy); - 6 H,0| +20, —>
2Ce,_Me O, ;+22H,07 +5N,T +8CO,T (2)

Firstly, heating was performed at 90 °C for the pur-
pose of removal of excess water from the prepared solu-
tion and then further at 540 °C in order to cause glycine
ignition followed by decomposition of nitrates and ac-
etate. Afterwards, the calcination process was carried
out at 600 °C over a period of 2h to eliminate any re-
maining organic components [26]. In MGNP process,
cerium nitrate was partially replaced with acetate salt
which significantly slowed down the reaction and pre-
vented losses of the reactants by sprinkling. The quan-
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tity of such experimentally obtained powder was very
close to theoretically calculated values (96-99%) and
noticeably higher compared to quantities that could be
provided with the application of other relevant method-
ologies [22-24,26].

2.2. Synthesis by SPRT method

Nanopowder of the above mentioned composition
was also synthetized using SPRT method [13]. Starting
reactants involved in this process were NaOH (Vetprom
chemicals) and nitrate salts of Ce, Nd, Sm, Gd, Dy and
Y (Aldrich, USA). The quantity of reactants in this reac-
tion was determined using the following equation [26]:

2[(1 - x) Ce(NO3); - 6 H,O + xMe(NO,), - 6 H,0] +
6 NaOH + (1/2 - 6) 0, —>
2Ce, Me,0, , +6NaNO, + 15H,0 3)

Initially, reactants were carefully blended in an alu-
mina mortar for 15 min, which enabled the accelera-
tion of the reaction at room temperature in the air [26].
Additional air-drying of the mixture for about 3 h pro-
vided the end of the reaction in accordance with Eq. 3.
Later, the obtained suspension was transferred to the test
tube filled with a certain amount of distilled water and
centrifuged (Centurion 1020D centrifuge) at 3000 rpm,
for 10 min. The samples were rinsed four times in wa-
ter as well as twice in ethanol. Finally, the synthesized
nanopowder was dried at 100 °C. These procedure steps
resulted in reaching the expected stoichiometry of the
powder. The essence and the major advantage of this
method is yielding the ceramic powders at almost room
temperature by an exothermic solid-state reaction which
explains why this method is much more cost-effective in
comparison to the others [26-29].

2.3. Characterization of samples after sintering

Characterization of the nanopowders with the compo-
sition CNSGDY obtained by MGNP and SPRT meth-
ods was presented in our previous study [26]. For the
purpose of the present research, a part of the obtained
powdery samples was isostatically pressed into discs of
8 mm in diameter and of approximately 0.5 mm in thick-
ness under a pressure of 225 MPa and subjected to den-
sification under a sintering process at 1550 °C in air at-
mosphere for 2h in a high temperature furnace. After-
wards, the sintered samples were characterized using X-
ray powder diffraction (XRPD), Raman spectroscopy,
field emission-scanning electron microscopy (FESEM)
and energy dispersive X-ray spectroscopy (EDS) as
characterization tools. Potential application of the ob-
tained sintered samples after the densification process
as electrolyte materials in SOFCs was examined by the
complex electrochemical impedance method (EIS).

For X-ray powder diffraction (XRPD) with CuKa, »
radiation, the device Ultima IV Rigaku diffractometer
equipped with a voltage generator (40.0kV) and a cur-
rent generator (40.0mA) was used [26]. The 26 range
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of 20-80° was applied for all synthesized powders in a
continuous scan mode with a scanning step size of 0.02°
and at a scan rate of 2 °/min [26]. Prior to the measure-
ments, high quality Si standard was used in terms of the
angular correction. The least square procedure was per-
formed to refine lattice parameters from the available
data. The standard deviation was about 1%. Estimation
of the internal microstrain in the samples was carried out
based on the Williamson-Hall plots which were formed
applying the formula [14,19-21]:

0914 4Ad
,8;,,;,1[ -cosf = T + 7 sin @ (4)

where Sy, is the full width at half maximum of the
XRPD peak, A is the incident X-ray wavelength, 6 is the
diffraction angle, D is the crystallite size and Ad is the
difference of the d spacing corresponding to a typical
peak.

XDR Raman microscope (Thermo Scientific, USA),
equipped with an Olympus optical microscope and a
CCD detector was used for collecting Raman spectra
excited with a diode pumped solid state high-brightness
laser (532 nm) [26]. The measurements were conducted
in the spectral range of 200-800cm™! at ambient tem-
perature [26]. The powder was placed on X-Y motor-
ized sample stage. The laser beam of an objective mag-
nification X10k was focused on the sample. The spectro-
graph with a grating of 900 lines/mm was used for anal-
ysis of the scattered light while laser power was kept at
I mW.

For the purpose of scanning electron microscopy
(SEM) analysis, the electron microscope model FE-
SEM JEOL JSM 6330F (Japan) was used [26]. Prior to
observation, the samples were pre-coated with a layer
of gold of only several nanometres thickness. The coat-
ing procedure was carried out using Fine Coat JFC-
1100 ION SPUTTER (Company JEOL) device. Images
were recorded in SEI mode at a magnification of x10k
with the accelerating voltage of 10kV [26]. EDS anal-
ysis was performed at the invasive electron energy of
30keV by means of QX 2000S device, a product of the
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company Oxford Microanalysis Group with a maximum
resolution of 0.4 nm [26].

The electrical properties of the sintered CNSGDY
samples were measured by the complex impedance
method, in a frequency range of 10 uHz—1MHz, us-
ing Interface 1000 Potentiostat/Galvanostat/ZRA and
EIS300 electrochemical impedance spectroscopy Soft-
ware (EIS). The measurements were conducted in air,
in the temperature range of 500-700 °C, with 50 °C in-
crement. The amplitude of the applied sinusoidal volt-
age signal was 20mV [23,24]. A thin layer of high con-
ductivity silver paste was applied onto both sides of the
sample pellets, in order to provide good electrical con-
tact between electrolyte and electrodes. The samples
were placed between silver plates in a ceramic holder,
which was heated by the vertical oven. A Pt-Rh thermo-
couple located just below the bottom silver plate was
used for temperature monitoring [23,24]. Experimen-
tally obtained impedance plots were fitted by using soft-
ware ZView for Windows (Version 3.2b). The resistance
values were determined from the impedance diagrams
recorded at various temperatures. The specific conduc-
tance was calculated from the resistance data based on
the dimensions of the sample pellets [23,26].

IT1. Results and discussion

3.1. Structure details of nanopowders

X-ray diffraction patterns of the multi-doped sintered
samples obtained from the nanopowders synthesized
by MGNP and SPRT methods are presented in Fig.
la. From XRPD results, it may be observed that for
the investigated samples the single phase of ceria with
a cubic fluorite structure and the space group Fm3m
(No: 01-081-0792, PDF2 release database, 2012) was
formed [26], similar to pure CeO, [21], without any
other traces or secondary phases. This means that the
CeO, was fully stabilized by Nd,O5, Sm,0;, Gd,O;,
Dy,O; and Y,0;, despite the high temperature of the
sintering process (1550 °C) [26]. Thus, sintered samples
as final products, i.e. solid ionic conductors, retained

- 466 cm'1 —— MGNP
——SPRT

200

T T T T T 1
300 400 500 4,500 700 800
Wavenumber (cm )

Figure 1. X-ray diffraction patterns (a) and Raman spectra (b) of sintered CNSGDY samples obtained by
MGNP and SPRT methods
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Table 1. Lattice parameter obtained by ion-packing model
(ajp,m) and lattice parameter (axgpp), crystallite size (Dxzpp)
and microstrain (exgpp) obtained by XRPD analysis for
sintered samples CNSGDY obtained by

MGNP and SPRT methods
i Ajpm AXRPD Dxgrpp  exrrp
Composition U4 :

P Al [Al  [nm] (%]
CNSGDY

(MGNP method) 54012 5.4004 41.31 1.72
CNSGDY

(SPRT method) 54015 54009 33.52 226

the same structural features as the starting powder [26],
which confirmed that dopant ions with oxidation num-
ber 3+ successfully replaced the Ce** ions in the crystal
lattice of the CeO,.

Since it is considered a useful tool for indication
of electrical conductivity behaviour, lattice parameter
was experimentally measured for the multi-doped ceria
nanopowders obtained by both MGNP and SPRT meth-
ods after the synthesis process [26], as well as after the
sintering process (Table 1), by means of XRPD analysis.
After sintering, a decrease in lattice parameters of the
multi-doped CNSGDY sintered samples was recorded
(5.4004 A for MGNM and 5.4009 A for SPRT; Table
1), which indicated a good atomic arrangement in the
crystal lattice [26]. Specifically, applying the equation
used for the determination of lattice parameters (ajp,)
of solid solution with fluorite structure, based on the
ion-packing model [23,24], confirmed the agreement
with values of aygpp. It was obvious that experimentally
determined lattice parameter values for the doped sin-
tered CeO, and pure sintered CeO, obtained by MGNP
and SPRT methods agreed quite well (Table 1), which
was the objective in this study [26]. Namely, the pri-
mary purpose of doping ceria with cations of lower va-
lence was the introduction of oxygen vacancies into the
crystal lattice of CeO,, by replacing Ce** with trivalent
dopants in order to achieve enhancement of ionic con-
ductivity, while retaining the values of lattice parameter
similar to pure CeO, [21].

The identification using the Raman spectrum, espe-
cially the Raman signature for O>~ vacancies is found
to be essential for CeO,-based solid electrolytes charac-
terization. It is well established that pure and stoichio-
metric CeO, with fluorite structure has a single allowed
Raman mode of the first order (with F», symmetry) with
a position at 465cm™" [21,26], which is explained by
the symmetric breathing mode of the oxygen around
each cation (CeQyq, the lattice vibration). However, two
additional Raman modes of the second order appeared,
being positioned around 550 and 600cm™! [21-23,26].
Namely, the increase of the overall free sample surface
as the consequence of particle size decrease enabled
oxygen to release easier from the lattice, leaving the va-
cancy and two electrons localized on cerium atoms. This
process led to the formation of Ce** ions, i.e. lowering
of Ce** valence due to electroneutrality demand and the
occurrence of the Raman mode at around 600 cm™" [21—
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24.,26]. On the other hand, for the doped samples, Ra-
man mode at around 550 cm™! originated from oxygen
vacancies formed due to the replacement of Ce** ions
with cations having a lower oxidation state (3+) [21—
24.,26]. As the literature suggests [23,24], the number of
vacancies determined the intensity of these additional
peaks and potential higher ionic conductivity may be
assigned to their appearance (Fig. 1b). In this case, by
using Raman spectroscopy, it was confirmed that sin-
tered samples as final products, i.e. solid ionic conduc-
tors, retained the same structural features as the starting
powder [26], which confirmed that dopant ions with ox-
idation number 3+ successfully replaced the Ce** ions
in the crystal lattice of the CeO,.

3.2. Densification and morphology

A higher densification level was obtained for the
MGNP sintered samples, gaining 96 %TD while for the
SPRT sintered samples only 89 %TD was reached. The
theoretical density values were determined based on cal-
culations found in the literature [21-24]. Such differ-
ences may be explained by different pore size distri-
bution and particle size, which both play a significant
role in achieving high density. Well-ordered structure,
including only mesopores, more uniform particle size
distribution caused by calcination for 4 h at 600 °C [21—
24] and consequently better packing and lower inner ac-
tivity, explained why for the MGNP sintered samples
higher density was achieved, very close to theoretical
one (Table 2). On the other hand, the samples obtained
by the SPRT method were not subjected to calcination
(according to the method) [21-24], which was the rea-
son for the presence of mesopores and micropores in the
structure. It was found that wide pore distribution in the
samples may retard or inhibit the densification [23,24]
since large pores tend to expand while small pores are
likely to shrink and disappear during the sintering. Con-
sidering non-uniformity of particles, less compact parti-
cle packing, higher inner activity and a lot of vacancies
present in the SPRT samples, a lower sintering density
value was justified (Table 2) [23,24].

Table 2. Theoretical densities (p,,), Archimedes’ densities
(p,) and relative densities (p,) of sintered ceramic samples
CNSGDY obtained by MGNP and SPRT methods

MGNP SPRT

Composition s PA Pr Pa Pr
[g/em’] [g/em’] [%TD] [g/em’] [%TD]

CNSGDY 722 672 9 622 89

It is worth noting that the above presented discus-
sion of density results is in a good agreement with
microstructural observations [23,24]. Scanning electron
micrographs of the sintered CNSGDY samples prepared
by MGNP and SPRT method are shown in Figs. 2a
and 2b, respectively. Although the microstructures of
both ceramic samples obtained from powders contain
compact polygonal crystals, there is a noticeable differ-
ence depending on the applied synthesis method [21—
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Figure 3. EDS spectra of MGNP (a) and SPRT (b) sintered CNSGDY samples at 1550 °C for 2 h in an air atmosphere

Table 3. Ion fractions in the ceramic samples CNSGDY

24]. Narrow grain size distribution and negligible poros- sintered for 2 h at 1550 °C in an air atmosphere obtained by

ity are characteristic of the s.intered materials obtained MGNP and SPRT methods

from the MGNP powders (Fig. 2a) [21-24]. However, _

despite the good sintering of the MGNP samples, the Composition Ton fractions [%]

fraction of small grains around larger grains indicates Ce Nd Sm Gd Dy Y
that the mechanism of Ostwald ripening has been re- CNSGDY 7871 0.33 030 4.79 6.25 9.62
sponsible for most of the grain growth [22,24]. On the (MGNP method)

contrary, the ceramics obtained from the SPRT powders CNSGDY 78.82 0.32 035 5.36 6.67 8.50
show a bimodal distribution with a significant amount (SPRT method)

of porosity (Fig. 2b). Besides, having noticed a certain

number of curved grain boundaries it may be assumed  gated ceramics makes them promising candidates for
that the sintering process of the samples in some points  application as solid electrolytes in IT-SOFCs.

was not completely finished (Fig. 2b) [23,24]. The grain
size was observed to be in the range of 1-4 um. As it has
already been stated, analysis of sample microstructure As commonly known, the application complex elec-
agrees with the fact that the different particle morpholo-  trochemical impedance spectroscopy (EIS) is well de-
gies may affect density levels during samples fabrication ~ veloped technique for characterization of the electrical

3.3. Electrical conductivity

[23,24]. properties of solid electrolytes based on the interfacial
EDS analysis (Figs. 3a and 3b) revealed that the sam-  reaction at the electrode surface [19,21,23-25,30-35].
ples sintered at 1550 °C for 2 h in an air atmosphere ob-  Besides the total conductivity values, it provides use-

tained by both methods possess chemical composition  ful information related to the contribution of grains’ in-
similar to the nominal one [26]. EDS analysis results terior, grain boundaries, and electrode-electrolyte inter-
of the compositions are shown in Table 3. Eventually,  face to the overall ionic conductivity [23-25].

the obtained results indicated that the sintered samples Nyquist plots of the sintered CNSGDY samples ob-
based on CeO, remained structurally and chemically  tained by MGNP and SPRT methods, recorded within
stable keeping composition almost identical to nomi-  the temperature range of 500-700°C with the incre-
nal, regardless of applying a high temperature of over  ments of 50°C, are presented in Fig. 4. In compari-
1500 °C during the sintering process [26]. Most impor-  son to previously reported results [23-25,35], on aver-
tantly, the confirmed high thermal stability of investi-  age, our samples showed the highest conductivity. Their
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Figure 4. Complex impedance plots of the sintered CNSGDY samples obtained by MGNP method measured in the
temperature range from 500-700 °C in an air atmosphere (temperatures are indicated at each diagram and arrows
indicate the points on the real axis corresponding to the readings of R, R,; and R, + R;)

original Nyquist plots for various temperatures were se-
lected to illustrate the impedance behaviour of the inves-
tigated group of doped ceria samples as a whole [23—
25,35]. In this case, Nyquist plots were fitted with the
equivalent circuit consisting of two serially connected
parallel circuits which both contained one resistive and
one distributed (frequency dependent) capacitive ele-
ments. Such equivalent circuit with both constant and
distributed capacitive elements was applied in plenty
of scientific papers concerning sintered ceramics [23—
25,35]. The high-frequency semicircle may be attributed
to a parallel connection of the bulk resistance (R,) of
crystalline grains and the geometric capacitance (C,) of
the sample. If the impedance semicircles are clearly sep-
arated, i.e. R,C; < Ry, Cyp, the values of R, and Ry
may be read separately as a low-frequency intercepts of
the semicircles with the real axis. By defining frequency
corresponding to the high-frequency semicircle maxi-
mum, Wy, gEOMetric capacitance can be calculated
according to the equation:

1
Wmax,g =
’ Rg Cg

&)

where wyqx, is frequency corresponding to the high-
frequency semicircle maximum.

The low-frequency semicircle may be attributed to
the grain boundary resistance (R,;) in parallel connec-
tion with the intergranular capacitance (Cg) [23-25].
In this case, based on frequency referring to the semi-
circle maximum (wax,gp), intergranular capacitance can
be calculated with the following equation:

1
Wmax,gb = &5~ (6)

RerCop

As indicated, the spectrum presented in Fig. 4a at
500°C is composed of two semicircles which could
be confidently attributed to bulk and grain boundary
responses. The values R, and R,, were estimated in
the available frequency range from the experimental
cross section of obtained semicircles with the Z,,,; (a
real component of impedance), where both intersec-

tion points were marked with black arrows [23-25,35].
The exact semicircles corresponding to either grain or
grain boundaries appeared only when the grains are dis-
tributed uniformly [35]. The bulk semicircle occurred
in the higher frequency region, and the grain bound-
ary semicircle may be found in the intermediate fre-
quency region [35]. However, with the temperature in-
crease, as indicated in Fig. 4a at 550°C, both resis-
tance elements (R, and R,;,) obviously decrease, which
causes an increase in w,,,,. Consequently, the whole re-
gion of the impedance points shifts towards the low-
frequency semicircle. We noticed a similar thing in Fig.
4b in the temperature range of 600-700°C. Namely, at
higher temperatures, the time constants associated with
the bulk and grain boundary impedances are much lower
than those associated with the electrode interface [23—
25,35]. As aresult, the semicircles due to bulk and grain
boundary gradually disappear and only a single semi-
circle can be observed (Fig. 4a at 550 °C and Fig. 4b).
Thus, instead of R, and Ry, separately, only the whole
sum R, + R, became readable from the experimental
cross section of obtained semicircles with the real com-
ponent of impedance (Z,.,) [22-24], in the available
frequency range. These results indicate that the dopant
concentration and temperatures have a great influence
on the bulk and grain boundary semicircles causing the
decrease in bulk and grain boundary resistances. This
was expected since the grain boundary semicircle is
dependent on the microstructure of the pellet, particu-
larly on the grain size. In addition, it has already been
shown that the grain size and grain size distribution were
changed with the increase in dopant concentration [23—
25,35].

The electrode/electrolyte contribution to the overall
electrolyte resistance has not been considered in this
work because the total resistance of electrolyte is given
by the sum of grain (R,) and grain boundary resistance
(Rgp) [23-25]. A new semicircle that is highly visible in
a low-frequency region in the temperature range 600—
700 °C (Fig. 4b) originates from the oxygen electrode
reactions, 02/02* [23, 24], which does not belong to
the scope of this study.
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Table 4. Grain (o,) and grain boundary (o ;) conductivities at 500 °C, and total conductivity measured in the temperature
range 550-700 °C of the sintered ceramic samples CNSGDY obtained by the MGNP and SPRT methods

Temperature [°C]

CNSGDY (MGNP method)

Composition
CNSGDY (SPRT method)

oo [Sem™] oy [Scm™!] o, [Sem™!]  og [Sem™!]
500 099%x 103 0.63x1073 087x103° 0.69x1073
T roral [S Cmil] Ctotal [S Cmil]
550 0.88x 1073 0.72x 1073
600 1.02x 1072 0.87 x 1073
650 1.36 x 1072 0.96 x 1073
700 4.22% 1072 1.31x 1072

The total conductivities of both sintered samples ob-
tained by MGNP and SPRT methods, measured in the
temperature range of 500—700 °C are presented in Table
4. It is interesting that the actual values of the conductiv-
ity of grain (o) and grain boundary (o) of the above
mentioned samples can be read only at 500 °C (Table 4;
grain (07,): 0.99 x 1073 Scm™! and 0.87 x 10 Sem™!,
grain boundary (og): 0.63 X 10 Scm™ and 0.69 x
10~ Scm™!, for MGNP and SPRT, respectively). How-
ever, with the temperature increase, it was possible to
determine only the values of total conductivity of both
sintered ceramic CNSGDY samples (Table 4). The rea-
son for this may be in non-uniformly distributed grain

and grain boundaries [36], which can be clearly seen in
Figs. 2a,b. The highest values of the total conductivity
of the samples were reached at 700 °C, amounting to
422x102Scm™! and 1.31 x 1072Scm™!, for MGNP
and SPRT, respectively.

Further, comparing the obtained results of total con-
ductivity at 700 °C for both sintered ceramic CNSGDY
samples with results found in our previous paper [24],
it can be noted that these values are almost two times
higher. Moreover, the values of total conductivity that
have been achieved in the present work at 700 °C are
similar to the results by other authors [25,36] obtained
at higher temperature (800°C). Even values of con-

Table 5. Comparison of total conductivity (o) and activation energy (E,) values at 600 and 700 °C for different electrolyte
materials with dopants concentration of 20%, at different sintering conditions

o at E, at o at E, at
Electrolyte material — synthesis method 600°C  600°C 700 °C 700°C Reference
(sintering conditions) [Scm™!] [eV] [Scm™] [eV]
CNSGDY — MGNP (1550°C for 2 h) 1.02-107% 026 4.22-1072 0.26 this work
CNSGDY - SPRT (1550°C for 2 h) 0.87-107° 0.28 1.31-1072  0.28  this work
05 GansCln.1501 5 = auto combustion 810-107 062 203-102 062  [12]
(1300°C for 4h)
Ce 35sEry 150, 5 — SPRT (1550 °C for 2h) 4.46-10%  0.28 1.10-102 028 [23]
Ce; ¢Sm, 1sGcyy 1,0,.5 — SPRT (1550 °C for 2 h) 1.03-1072  0.23 1.92-102 023 [24]
Ce, ¢Sm (sGc;y 1,0, 5 — MGNP (1550 °C for 2 h) 1.07-1072 024 2.14-10% 0.24 [24]
Ce; ¢Gd,y 1sMg; 160, 9.5 — sol-gel (1300 °Cfor 4 h) 3.4-10% 085 1.58-102  0.85 [25]
CeO.SNdO.OlSmO.O4Gd0.04Dy0.O4YO.O702-6 - MGNP 6.44 - 10—2 0.72 1.40- 10—2 0.72 [30]
(1500°C for 1 h)
Cey sNdy o, Smy 4Gy 04 DY,04 Y 0,070, 5 — SPRT 118-103 059 2.19-102 059 [30]
(1500°C for 1h)
Ce; ¢Sm,, Er, 0, —.sol—gel—ass1sted citric acid-nitrate 112-102 066 2251-102 047 31]
combustion (1400 °C for 5 h)
B —soli i
Ce, ¢Sm, 5B, 150, — solid state reaction / / 74610 05447 (32]
(800 °C for 10h)
Cug psMn,, 4, Zr,, ,Ce, 3O, — co-precipitation 8. 102 0.37 / 0.37 (33]
(1150°Cfor 4 h)
Ce, 4Er,,0, 5 - so?-gel-assisted citric acid-nitrate 223.103 055 1822-102  0.55 [34]
combustion (1500 °C for 6 h)
Ce; ¢Sm ,Li 45O, g,5 — citrate-nitrate combustion / / 181-10 080 [37]

(900°C for 5 h)
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Figure 5. The dependence of the log o = f(1/T) for the CNSGDY sintered samples obtained by MGNP and SPRT methods

ductivity obtained and presented in literature at 700 °C
[35,37] are lower compared to the results in this inves-
tigation at temperatures of 500 and 600 °C. In order to
compare, Table 5 presents the values of conductivity at
600 °C with the corresponding activation energy. It can
be clearly concluded that the obtained results for the
SPRT samples are in the similar range as literature data,
while for the MGNP samples they are noticeably higher.
With the further comparison of the values for conductiv-
ity obtained for similar materials based on oxygen ion
conductors (multi-doped ceria materials) investigated in
previous literature reports [12,19,20,24,25,30-34,37], it
may be observed that present results for the SPRT sam-
ples are in the similar range while for the MGNP sam-
ples are noticeably higher. What is more, referring to
some existing studies [32,38], the present results are
higher for a whole order of magnitude even for the
SPRT samples.

Finally, the advantages of MGNP and SPRT methods,
such as better control of the chemical reaction and more
precise stoichiometry of the final product in comparison
to a tailored composition, should be emphasized. Fur-
thermore, these methods stand for very fast and reliable
ones, whereas extremely simple and low-cost equip-
ment required makes them even more convenient and
cost-effective. Also, it is important to note that in addi-
tion to various dopant concentrations, the ceramic sam-
ples studied in our work displayed the difference in den-
sity, grain size and porosity, which also may influence
the ionic conductivity.

According to the results listed in Table 4, the depen-
dence logo = f(1/T) for the MGNP and SPRT sintered
CNSGDY samples are presented in Fig. 5. Activation
energies (E,) were calculated from the slopes of the Ar-
rhenius plots according to the derived equation:

E,
In(c-T)=InA - 7

1

C= 7

- )
where o is the conductivity, T is the absolute tempera-
ture, A is the pre-exponential factor and % is the Boltz-
mann constant. lonic conduction is a thermally activated
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process which is the reason why it is affected by temper-
ature [30]. Activation energies of total conduction for
the sintered MGNP and SPRT samples with CNSGDY
composition were determined to be 0.26 and 0.28 eV,
respectively.

In comparison with activation energies of similar ma-
terials from the published studies of different authors on
oxygen ion conductors based on either single-, co- and
multi-doped CeO, containing dopant concentration in
the range of 15-20mol% [12,25,30-34,37], E, values
obtained in this work were significantly lower. How-
ever, it could be noted that results for activation energy
in the present study were similar to the values obtained
in our previous studies [23,24] where nanosized samples
of composition Ce, ;Sm,, ,cGd, ;,0, s were obtained by
following the same procedures (SPRT and MGNP meth-
ods) which indicated the benefits of their application for
electrolytes production. As a matter of fact, it may be
assumed this is a consequence of well-ordered structure
and better processability of the nanopowders obtained
by MGNP and SPRT methods during the sintering pro-
cess, which allows easier activation of conductivity car-
riers [23,24,30]. Nonetheless, the activation energy of
the MGNP sample compared to the one of the SPRT
sample is found to be slightly lower at all temperatures
which may be explained by the higher grains surface
area of MGNP samples [30]. A detailed literature review
containing results of total conductivity and correspond-
ing activation energy values for different electrolyte ma-
terials based on co- and multi-doped ceria at 700 °C with
dopant concentration in the range of 15-20 mol% is pre-
sented in Table 5. Considering rather high sintering tem-
perature, it can be assumed that obtained ceria ceram-
ics exhibit high thermal stability, which is favourable
considering their potential use as perspective solid ionic
conductors operating at intermediate and high tempera-
tures of SOFC.

IV. Conclusions

The multi-doped ceria with CNSGDY composition
has been synthesized by modified glycine-nitrate pro-
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cedure (MGNP) and self-propagating room tempera-
ture method (SPRT) and subjected to sintering process
at 1550°C for 2h in air atmosphere. From results ob-
tained by XRPD analysis, it may be concluded that all
sintered samples have cubic fluorite structure with the
space group Fm3m, similar to pure CeO,, while no sec-
ondary phases besides the ceria phase were formed after
sintering. Additionally, XRPD confirmed that the parti-
cle size of samples lays in the nanometric range. FE-
SEM analysis revealed that the sintered samples pos-
sessed a bimodal size distribution with grain size in the
range of 1-4pm. In the compositions of the fine ox-
ide, CNSGDY samples achieved relative densities of
96 %TD (MGNP) and 89 %TD (SPRT) after sintering
at 1550 °C. The maximal total conductivity values mea-
sured by the complex impedance method using electro-
chemical impedance spectroscopy were 4.22 x 1072 and
1.31 x 1072Scem™! at 700°C, obtained for the MGNP
and SPRT samples, respectively. Bearing in mind that
straightforward and low-cost procedures were followed
for powders fabrication, the present study brought to
the conclusion that examined materials could have great
application potential in IT-SOFC technology as solid
electrolytes. However, additional investigations primar-
ily aimed at the improvement of certain properties of
such materials in terms of the increase of density and
ionic conductivity, are needed to be the focus of future
research.
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