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Fuel cells are the most efficient means to directly convert stored chemical energy to usable electrical energy (an electrochemical
reaction). Doped ceria is considered to be a promising electrolyte for operation at intermediate temperatures (500 - 600°C).
It has been reported that a reduction of ceria can be neglected at this temperature. However, such temperatures are not suitable
for singly doped ceria as an electrolyte in a SOFC or other devices due to high electrical resistance. Structural modification of
ceria-based solid solutions by co-doping is one of the possible ways to improve their electrical conductivity at this temperature
range. In this work, tri-doped ceria based solid electrolyte materials for intermediate temperature solid oxide fuel cell were
synthesized by the co-precipitation method with sonication. The materials were characterized via thermogravimetric
analysis, X-ray diffraction, scanning electron microscopy, Wagner’s polarization technique, and electrochemical impedance
spectroscopy. The powders were isostatically pressed at 150 MPa and sintered at 1000°C for 4 h in air to form electrolyte
discs for testing. The relative densities of all the samples were more than 90% after sintering at 1000°C. The electrical
conductivity of these materials was measured by an impedance spectroscopy in the temperature range of 500-750°C in air.
The conductivity increased with the increasing oxygen vacancies that were induced by charge compensation. It was shown that
the Cu, , Mn, Nd .Ce O, ceramics can become a promising electrolyte.
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OCco0eHHOCTH 3TEeKTPONPOBOTHOCTH CTOKHBIX ITEKTPOINTOB
Ha ocHOBe Cu-Mn-anokcup nepus

3arartHos V1. B.", ®epopos C. B., AaTonosa O.C.

MucTuTyT MeTanaypruu u matepuanosefienns umenn A. A. barikosa PAH, Mocksa, 119334, Poccnsa

TornuBHbBIE 97eMeHTBl ABJAITCA Haubomee 3¢GQGEKTUBHBIM CPEACTBOM IPAMOIO IIpeoOpasoBaHVs HAKOIUICHHON
XVMIYECKOI HEpTUY B IOJNE3HYI0 3/IEKTPUYECKYI0 S9HEPruio (3/eKTpoXMMMUYeckas peakuns). JOomMpoBaHHBIN JUOKCHL
Llepysl CYUTAETCS NEPCHEKTUBHBIM 9IEeKTPOIUTOM JyIi paboThl B CpefHeTeMIepaTypHbIX obmactax (500-600°C).
[ToxasaHo, 4TO NPy 9TOJ TeMIepaType BOCCTAaHOBJIICHMEM J[VIOKCHZA LiepusA MOXKHO IpeHeOpedb. OFHAKO TaKue TeM-
HepaTyphl He MOAXOMAT [l OGHOKPAaTHO JIONMMPOBAaHHOTO AVMOKCHJA LiepyA B KaueCTBe /IEKTPOIUTA B TBEPOOKCUIHBIX
TOIVIMBHBIX 97ieMeHTax (TOTI) wy gpyrux ycTpoiicTBax 13-3a BBICOKOTO 9TeKTPUYECKOro copoTusieHna. CTpyKTypHas
MopudUKaLuA TBEpAbIX PacTBOPOB HAa OCHOBE IMOKCYJA LiepusA IyTeM COBMECTHOTO JIETMPOBAHMSA ABIACTCA ONHMUM
3 BO3MOXKHBIX CIIOCOOO0B YIYYILIECHM UX 37IeKTPOIIPOBOJHOCTY B 9TOM AMalla30He TeMIepaTyp. B maHHoI paboTe TBepable
9JIEKTPONIMTHBIE MaTepuaibl Ha OCHOBE TPEXKOMIIOHEHTHOTO JMOKCHJA LepUA A CpefHeTeMIIepaTyPHBIX TBEPHTOOKCH]-
HBIX TOIUIMBHBIX 971eMeHTOB (TOTO) OpUm cMHTe3MpOBaHBI METOOM COOCXKJEHVA C JCIIONIb30BaHMUEM YIbTPa3BYKO-
Boro (Y3) BospeiicTBuA. MaTepuajbl 0XapaKTepM30BaHbI C IIOMOLIbI0 TEPMOIPaBMMETPUYECKOTO aHamu3a, audpaxumm
PEHTTEHOBCKMX Jy4eil, CKaHMPYIOIIell 37eKTPOHHOM MUKPOCKOINM, MeTOfja NonApusanuy Barnepa u CIEKTPOCKONNMK
MEKTPOXMMITIeCKOro nmMIefanca. I[lopomkn nsocrarmdeckn npeccoamy mnpu 150 MIla u criekanu npu 1000°C B TedeHne
4 4 Ha BO3[lyXe c 0Opa3oBaHNUeEM JMCKOB 9TeKTPOINTA A/IA VCHbITaHUlL. OTHOCUTEIbHBIC INIOTHOCTH BCeX 00pasIioB Nocye
criekanus ipu 1000°C cocraBunu 6omee 90%. ImeKTPOIPOBOAHOCTD ITUX MATEPUAIOB U3MEPSI/IACh METOIOM MMITEJaHCHOM
CIIeKTPOCKONNN B AyamnasoHe Temmneparyp 500 -750°C Ha Bo3gyxe. DNIeKTPOIPOBOSHOCTD YBEMMUINBAIACh C YBe/TMYEHIEM
KICTIOPOIHBIX BaKaHCUI, BbISBAHHBIX KOMIIeHcanueil sapsaza. [Tokasano, yro kepammuka Cu, Mn  Nd Ce O, moxer
CTaTh NEePCIEKTYBHBIM 37IEKTPOINTOM.

KnroueBbie cmoBa: AVOKCUT EpKs, ITEKTPOINT, MOHHAA IIPOBOAVMOCTD.
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1. Introduction

Most attention is paid to the development of electrolytes for
intermediate temperature solid oxide fuel cell (IT-SOFC).
The properties of the electrolyte have a major impact on
fuel cell performance, and this electrolyte should have
the following characteristics: high oxide ion conductivity
(>10° S/cm) and low electronic conductivity; excellent
thermal and chemical stability in relation to the reactant
environment and the contacting electrode materials; low
cost and environmentally benign [1,2]. Until now, two
routes have been extensively exploited to reduce the ohmic
resistance of the electrolyte for SOFC: reduction of the
electrolyte thickness and development of new electrolyte
materials with higher ionic conductivity at intermediate
temperatures [3]. The high operation temperature causes
a series of problems including the electrode-electrolyte
interface reactions, anode sintering, difficult sealing material
selection, and challenging conditions for SOFC assembly.
Ceria-based materials with a fluorite structure and oxygen
vacancies resulting from the replacement of Ce*" with
trivalent rare-earth ions have been studied extensively as
electrolytes for IT-SOFC. Typical systems include gadolinia-
doped ceria (GDC) and samaria-doped ceria (SDC), the
conductivities of which are remarkably higher than that of
YSZ. The potential of co-doping for the enhancement of the
ionic conductivity of doped ceria-based electrolytes should
be further explored by selecting suitable co-dopants. Thus,
it is necessary to investigate ceramics based on ceria solid
solutions (using low-cost dopants) as a promising electrolyte.
The ionic radius of transition metal cations is much smaller
than that of Ce*, resulting a significant tensile-strained ceria
lattice and a decreased oxygen vacancy formation energy [4].
Adding 1-5 mol.% these oxides into the electrolyte powder
could greatly lower the densification temperature and exerts
no corruption on the ionic conductivity. The results of
studies of the influence on the sintering and the conductivity
of GDC of cobalt, copper, manganese, iron, bismuth,
samarium, titanium, nickel, and other oxides were obtained.
It is shown that the introduction of these additives in the
amount of 1-5 mol.% significantly increases the rate of
shrinkage, reduces the sintering temperature, and increases
in the total conductivity [5-13]. Co-doped ceria exhibits
high ionic conductivity compared to solely doped ceria,
because the co-doping process encourages the formation
and mobility of oxygen vacancies. Besides, it was reported
that some dopants reduced the total ionic conductivity
of co-doped solid electrolytes compared to solely doped
ceria, owing to the high ionic radius mismatch and hence
diminishing the formation of oxygen vacancies [14].

Earlier, a simple and promising electrolyte Cu, ,Mn  Ce O,
was proposed [15], which showed good electrical conductivity.
This paper will show the effect of additives on the indicated
characteristics of the selected electrolyte and possible further
improvement.

2. Material and methods

Co-doped ceria ceramic powders with different compositions
(Cu,  Mn, M, .Ce O, where M=Sm, Nd, Bi, Ti, Sn) were

0.85 2>

synthesized by the co-precipitation method. Stoichiometric
amountsofprecursorsalts (Ce(NO,),- 6H,0,Cu(NO,),- 3H,0,
Mn(NO,),-4H,0, Nd(NO,),-6H,0, SnCl,-6H,0, TiCl,
Bi(NO,),-5H,0, Sm(NO,),-6H,0, Acros Organics, 99.99)
were dissolved in concentrated nitric acid (68 %) with a total
salt concentration of 0.667 M. After dissolution of salts, this
mixture was added to distilled water, giving a concentration
of 0.1 M. Then, the co-precipitation was carried out by the
addition of 2.5 M KOH solution up to pH=11. Ultrasonic
processing (35 kHz, 150 W) was used during the entire
process at 30°C under stirring. The resulting precipitates
were filtered, washed with distilled water-ethanol solution
(volume ratio of H,O0/C,H,OH=9), dried at 150°C for 12 h
and calcined in static air by heating at a rate of 4°C/min from
room temperature to 500°C and kept at 500°C for 1 h in a
mufile furnace [16,17].

The as-obtained powders were pressed into pellets (with
10 wt.% binder made of 5 wt.% aqueous solution of polyvinyl
alcohol) with a diameter of 10 mm a thickness of 1 mm at
150 MPa. The pressed pellets were sintered at 1000°C for 4 h
in air with a heating rate of 4°C/min.

All powders and ceramics were characterized by XRD
(DRON-3M, Cu, -radiation). Thermal analyses were
performed using TG-DTA (Netzsch STA449F3) and the
samples were heated to 1300°C at a rate of 10°C/min in air. The
microstructure of the sintered samples was investigated using
SEM-EDS (TESCAN VEGA II SBU with INCA Energy 300
energy dispersive spectrometers). The relative density of each
sintered sample was determined by the Archimedes method.

Symmetric cells for the impedance studies (Elins Z-350M
impedance meter, the frequency range from 0.1 Hz to 4 MHz
at the amplitude of AC signal of 30 mV) were prepared by
deposition (brushing) of platinum paste onto both sides of
the electrolyte pellets, drying at 150°C for 1 h and annealing
at 900°C for 4 h in air. A platinum wire was used as a current
collector. To separate the ionic contribution from the total
conductivity, the Wagner’s polarization technique with an
electrical loader (Solartron 1285A Potentiostat) was used
to calculate the ionic transport number by imposing an
external fixed DC voltage (1.5 V) across the electrolyte (DC
current was monitored as a function of time by applying a
fixed DC voltage across the symmetric C| electrolyte | C cell).
The evidence of the adequacy of the selected models and the
accuracy of the modeling were included in supplementary
material.

3. Results and Discussion

The designation of the samples and their main characteristics
are presented in Table 1 (the numbers of the samples in the
table and in the figures correspond to each other). Fig. 1a
shows the XRD spectra of powders where a single fluorite
phase of ceria was detected that confirms the complete
dissolution of dopants into the ceria lattice and also the purity
of the final products. There are obvious deviations in the
diffraction peak positions, indicating the formation of a solid
solution. The thermal stability of solid solutions in air was
estimated by the TG-DTA method (Fig. S1, supplementary
material). The endothermic peak at 1050-1300°C is
associated with the formation of additional phases. XRD
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Table 1. Some characteristics of samples: powders (T, =500°C) and ceramics (T, =1000°C).

sint

No. Sample dXRD, nm a, nm a, nm E eV Ogorco Relative
(powder) (powder) (ceramics) @ 107 S/cm density, %

1 Cu, ,sMn, ,,Ce, ,0, 9 5.4064 5.4092 0.63 1.61 93

2 Cuy sMn, ,Sm, 1,Ce, 5.0, 10 5.4078 5.4093 1.62 0.12 96

3 Cuy sMn, ,Nd, ,.Ce, 4:0, 8 5.4156 5.4174 133 1.19 89

4 Cug osMn, ,Biy 0:Cey 50, 8 5.4130 5.4102 1.01 0.04 94

5 Cuy xMn, ,Tig 4:Ce, 150, 7 5.4005 5.4092 0.75 0.09 94

6 Cuy M1, 1,91, :Ce, 40, 7 5.3991 5.4087 1.01 0.04 94
*sample numbers in the table and in the figures correspond to each other
pattern of the calcined powders at 1300°C (Fig. 1b) shows
that both phases of the ceria solid sol.utlon anfi other phases —1 o o Ceria-based solid solution
were formed. All peaks reflect the typical fluorite structure of (111)

. . . e CuO
ceria. In all samples, there is a phase of CuO. Initial system ~ —2 A Nd.CuO
1 has only this phase, in turn, the spinel Cu, Mn O, is —3 s C 2 Mn4 o
formed in system 2, indicating that samarium “extrudes” e e e
copper and manganese out of the ceria lattice; while other 4 o K”-SBls-SMn7027
dopants form with copper or manganese the corresponding m KCuy;Ti 50,
phases shown in the figure. In general, the addition of a —S ¢ KMn(Sn;0,) 0(220)
third dopant, leading to a complication of the solid solution, 6 ¢ K,;NaMnO, (\
reduces the stability of the solid solution (the appearance of ‘ o °©
additional phases shifts from 1250 to 1050°C). Therefore, (200) / (311)
based on this, a sintering temperature of 1000°C is selected

(Fig. S2, supplementary material). The relative density of
the ceramic obtained at this temperature calculated as the
ratio of the densities determined by hydrostatic weighing
and by XRD data on the basis of cell parameters was more
than 90% (Table 1). The formation of an additional phase
and its melting at higher temperature range (>1300°C) leads
to densification. The ceria grain was covered by a solidified
melted phase [18].

Scanning electron microscopy (SEM) analysis of a sample
plays a vital role in the investigation of surface morphologies.
The sintered doped ceria pellet was sputtered with gold
coating in order to enable the SEM characterization. After
sintering at 1000°C for 4 hours, all the sintered samples were
composed of nearly fully dense structures and had a uniform
structure (Fig. 2). This is in good agreement with the relative
density of the samples. The mean grain size was found to be
1 pm according to the SEM results. All samples prepared
from the synthesized powders had good sinterability and
relatively uniform grain size distribution. In samples 1, 2,
and 4, the intercrystalline fracture was observed, and in 3, 5
and 6, it was transcrystalline. Energy dispersive spectroscope
characterization was used to study the elemental distribution
of all the compositions and presence as well as the percentage
of elements within the compositions. The sintering approaches
influence the final ceramics properties, so for this goal EDS
analysis was used to characterize the stability of the chemical
composition being described by the following formulas:

1 — CuU.OSSMn0A023ceO.894OZ’ 2 — Cu0.072Mn0AOZSSmO.O42CeOASG102’
3 - C:uO.OGOMnO.O4ONdOAO70C:e0.83OC)2’4 _CuOAO71MnOA024B10.056ce0A84902’
5 - Cu0.089Mn0.028T10A047ceO.83602’6 - CuO.O78Mn0.0228n0A044ceO.856 2°

In this study, the conductivity of the samples was
calculated from their resistances obtained by the AC
impedance measurements (Fig. 3). The conductivity without
adding any dopants is higher, which is apparently associated

25 35 45 55
20, degree

b

Fig. 1. (Color online) XRD patterns of powders calcined at 500 (top
figure) and 1300°C (bottom figure).

154



Zagaynov et al. / Letters on Materials 11 (2), 2021 pp. 152-157

Fig. 2. SEM images of cross-sectional fracture surfaces of ceramics (cleavage, scale bar 10 pm).

with low activation energies (Table 1, using the Arrhenius-
Frenkel relation), however, as the temperature rises, the
conductivity of samples 2 and 3 begins to increase rapidly,
and at a temperature of 670-700°C it already exceeds.
The conductivity of the electrolyte is related to the relative
density, grain size, and oxygen vacancy concentration [19].
The higher the relative density of the electrolyte, the greater
the conductivity. It is possible that asymmetric voids may
alter the transport properties of oxygen ions and thus
reduce the conductivity. For the electrolyte samples studied
here, the relative density is almost the same, so we ignored
the influence of the relative density on the conductivity.
The influence of the grain size on electrical conductivity
is mainly determined by grain resistance and grain
boundary resistance. When the grain size is too large and
is accompanied by non-uniform growth, a large number of
lattice mismatches is generated in the grain, thus preventing
the movement of oxygen ions (that is, the grain resistance
increases) and reducing the conductivity; when the grain size
is small, the grain boundary resistance will increase, thereby
reducing the conductivity. However, this parameter can be
ignored as the grain size is almost uniform and the same for
all samples. It may be attributed to the increase in the defect
interactions, which consequently reduce the mobile oxygen
vacancy concentration, but, as mentioned, with increasing
temperature the conductivities are higher than that of
sample 1 [6]. Increasing the dopant concentration initially
enhances the ionic conductivity. However, at a certain doping
level, the conductivity reaches its maximum value and then
decreases due to the low mobility of defect associates. The
extent of formation of these associates increases with the
increasing ionic-radii mismatch of dopant cations with
respect to the host cation.

The ionic conductivity is related to the number of oxygen
vacancies and the oxide ion mobility. Pure ceria is a poor
oxide ion conductor. However, doping it with trivalent or
divalent dopant cations introduces oxygen vacancies (V)
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Fig. 3. (Color online) The Arrhenius total conductivity plots of the
doped ceria ceramics.

in the ceria lattice as charge compensating defects, which
increase the ionic conductivity. The study has shown that
doped ceria-based electrolytes exhibit electronic conductivity
mainly at high temperatures (>900°C). Moreover, the oxide
ion transference number of co-doped ceria electrolytes
was estimated. For samples 1, 5, 6 this value at 600°C was
0.86-0.87, for samples 2, 3 it was 0.94, and for sample 4 it was
about 0.98. Thus, the increased conductivity of sample 1 is
associated with a larger fraction of the electronic component,
rather than the oxygen ionic conductivity, which is necessary in
electrolytes. When compared with other electrolytes, sintered
even at a higher temperature, the electrical conductivity of
the developed systems is comparable with samples doped by
REE [20-22] at 600°C. However as known, CuO can form
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a ceria-CuO in the grain boundary. This phase, can melt at
a definite temperature and promote liquid phase sintering.
As a consequence, dense bodies can be formed quickly
due to the diffusion of liquid phase under capillary action,
along with grain rearrangement with an effect on the total
conductivity, thus creating only a REE-ceria solid solution as
an electrolyte [23]. The comprehensive data on the effects on
the electronic and grain boundary transport characteristics
will ameliorate the prediction of the effect of interdiffusion of
metal cations in complex ceria-based systems. In the future,
the effect of different transition metal cations could possibly
be exploited to improve the performance of ceria-based
materials by deliberately choosing a metal, depending on the
required characteristics of a ceria-based compound (high
oxygen ion conductivity, high mixed conductivity, etc.).

The impedance graph of the sintered sample at a
temperature of 600°C is shown in Fig. 4 (and Fig. S3,
supplementary material). Generally, impedance spectra
consist of graphs with real part Z' on the x-axis and
negative imaginary part Z" on the y-axis known as complex
impedance spectra. The complex impedance plot (Nyquist
plot) of an electrolyte material is generally characterized by
three successive semicircles: grain (bulk) (higher frequency),
grain boundary (moderate frequency), and electrode (lower
frequency) contributions. This figure reveals the presence

of three or uncompleted semicircle for different samples,
which corresponds to the contribution of the grain, grain
boundary, and electrode polarization, respectively. There is
no semicircle of the grain interior at high frequencies due to
the limitation of the frequency range of the test equipment
(from 0.1 Hz to 4 MHz). The total impedances decreased
with increasing temperature and shifted to a higher
frequency (at temperatures of 500 - 750°C). In some samples,
the contributions of bulk resistance (R ) and grain boundary
resistance (R ,) were not well resolved due to their similar
relaxation times of charge carriers both in the bulk and at
grain boundaries [24,25].

4. Conclusions

The doped ceria electrolytes were successfully prepared
by a simple co-precipitation method and sintered at a low
temperature of 1000°C for 4 h in air. In this study, all samples
had cubic fluorite phases and no secondary phase was
observed in the XRD analysis. It has been shown that using
tri-doped ceria can increase oxygen vacancies, therefore,
demonstrate an increase in the oxygen ionic conductivity
of the material. Overall results indicate that co-doped ceria
sintered at a temperature of 1000°C and below is a promising
material for application as solid oxide fuel cell electrolyte.
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Fig. 4. Complex impedance spectra of samples at 600°C in air with equivalent circuits.
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Supplementary material. The online version of this paper

contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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