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Abstract

Nanocrystalline triple-doped ceria based solid electrolyte materials (CuMn,,,; Zr, Ce, 0, where x = 0,
0.02, 0.04, 0.06, 0.08 and 0.1, as well as CM0.08Mn0.02ZFyCeO.Q-yOZ’ where y = 0 and 0.1) for intermediate tem-
perature solid oxide fuel cells were successfully synthesized by co-precipitation method with sonication and
sintered at 1150 °C for 4 h in air. Relative densities of all the samples were above 90-96%. All systems were
characterized by XRD, SEM-EDS and TG-DSC-MS for the investigation of structure and microstructure with
elemental composition. The electrical conductivity of these materials was measured by AC impedance spec-
troscopy in the temperature range of 500-750 °C in air. It was shown that Cu,, ,sMn, ,,Zr, ;Ce, 4O, ceramics
possessed the maximum conductivity of 8 - 1073 Sjem at 600 °C in air.
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I. Introduction

Fuel cells are electrochemical energy conversion de-
vices that convert chemical energy from the fuel directly
into electricity (and heat) without involving the process
of combustion. Among many types of sustainable en-
ergy sources, SOFC (solid oxide fuel cell) devices have
shown the highest performance, the most efficient and
the cleanest power-generation in the applied technol-
ogy. There is no optimal operating temperature for fuel
cells. The appropriate fuel cell technology to choose for
a given application is a function of the required perfor-
mance, lifetime, cost, fuel, size, weight, efficiency, start-
up time, waste heat quality, etc. However, it is clear that
lowering the operating temperature of SOFC can unlock
a wider range of potential applications, including some
that have previously been the domain of low tempera-
ture fuel cells [1,2]. There is a trend to move to lower
temperatures of operation, into the so-called intermedi-
ate temperature (IT-SOFC) range of 500-750 °C [3,4].

Most attention is paid to the development of elec-
trolytes for IT-SOFC. The properties of the electrolyte
have a major impact on fuel cell performance and this
electrolyte should have the following characteristics:
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high oxide ion conductivity (> 1073 S/cm) and low elec-
tronic conductivity; excellent thermal and chemical sta-
bility in relation to the reactant environment and the
contacting electrode materials; low cost and environ-
mentally benign [5].

Doped ceria is considered to be a promising elec-
trolyte. It was demonstrated that the maximum ionic
conductivity occurred at 10-20mol% doped systems.
A range of dopant cations, especially cations of rare-
earth elements (REE), has been investigated and it was
found that samarium (SDC) and gadolinium doped ceria
(GDC) are the most promising, but the cost of rare-earth
oxides is very high [6-8]. Co-doping enhances the ionic
conductivity of ceria-based electrolytes. A decrease in
the total conductivity and an increase in the activation
energy of Sm>" and Gd>" co-doped ceria electrolyte
were demonstrated because of the decreased mobility
of oxygen vacancies [9,10].

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 for IT-SOFC. A more afford-
able approach is to introduce sintering additives into
the starting material. The results of studies of the in-
fluence on the sintering and the conductivity of GDC of
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cobalt, copper, manganese, iron and nickel oxides were
obtained. It is shown that the introduction of these addi-
tives in the amount of 1-5 mol% significantly increases
the rate of shrinkage, reduces the sintering tempera-
ture and increases the total conductivity. In this case,
the greatest effect is achieved when Cu and Mn are in-
troduced [11-17]. In general, the addition of transition
metal oxides enhances the densification rate of ceria.
However, almost all of these activators exert an unde-
sirable effect in the electrical property by increasing the
electronic component of the conductivity. To solve this
problem, it is proposed to use solid solutions (in this
work containing Mn, Cu and Zr), which will provide
high density and ionic conductivity.

II. Materials and methods

Cu-Mn-Zr co-doped ceria ceramic powders with
different compositions (Cu,Mn,, , . Zr, ,Ce, ;O,, where
x = 0, 0.02, 0.04, 0.06, 0.08 and 0.1, as well as
Cuy gsMny ,Zr,Cey 4., O,, where y = 0 and 0.1) were
synthesized by co-precipitation method. Stoichiomet-
ric amounts of precursor salts (Ce(NO,);-6H,0,
ZrO(NO;), - 7H,0, Cu(NO,),-3H,0, Mn(NO;),-
4 H,0 purchased from Acros Organics, 99.9%) were
dissolved in concentrated nitric acid (68%) with the
salt concentration of 0.667M. After dissolution of
salts, this mixture was added to distilled water, giving
concentration of 0.1 M. Then, the co-precipitation was
carried out by the addition of 2.5M KOH solution up
to pH = 11. Ultrasonic processing (35kHz, 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,0/C,H;OH = 9), dried at 150°C for 12h 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 the muffle furnace [18].

The as-obtained powders were pressed into pellets
(with 10 wt.% binder made of 5wt.% aqueous solu-
tion of polyvinyl alcohol) with 5mm in diameter and
2 mm in thickness at 71 MPa. The pressed pellets were
sintered at 1150°C for 4h in air with heating rate of
4 °C/min.

All powders and ceramics were characterized by
XRD (Rigaku MiniFlex 600, CuKa radiation). Crystal-
lite sizes (dxgp) were determined by the Scherrer equa-

tion using the full-width at half maximum after account-
ing for instrumental broadening with germanium as ref-
erence. The average crystallite sizes were calculated not
on a separate peak, but with all planes during the fit-
ting of the spectrum. Thermal analyses were performed
by TG-DSC-MS (Netzsch STA449F3) and the samples
were heated to 1350 °C at the rate of 10 /min in air. Mi-
crostructure of the sintered samples was investigated by
SEM-EDS (TESCAN VEGA 1II SBU with INCA En-
ergy 300 energy dispersive spectrometers).

Symmetric cells for the impedance studies (Elins
Z-350M impedance meter, the frequency range from
0.1Hz to 4MHz at the amplitude of AC signal of
30 mV) were prepared by deposition (brushing) of plat-
inum paste onto both sides of the electrolyte pellets, dry-
ing at 150°C for 1h and annealing at 900 °C for 4 h
in air. A platinum wire was used as current collector.
To separate the ionic contribution from total conductiv-
ity, Wagner’s polarization technique with an electrical
loader (Solartron 1285A Potentiostat) was used to cal-
culate the ionic transport number by imposing an ex-
ternal fixed DC voltage (1.5 V) across the electrolyte
(DC current was monitored as a function of time on
application of a fixed DC voltage across the symmetric
Clelectrolyte|C cell) [19,20].

II1I. Results and discussion

3.1. Microstructure

It is observed that the pellets could be sintered almost
to its theoretical density value at low temperatures (i.e.
at 1150°C). According to TG-DSC (Fig. 1), this tem-
perature is sufficient to remove surface residual compo-
nents (H,O and CO, formation) and form dense ceram-
ics.

The XRD patterns of the sintered electrolytes are
shown in Fig. 2. All peaks reflect the typical fluorite
structure of ceria. The average crystallite size calcu-
lated using Scherrer formula was about 7-9 nm for the
synthesized powders (Table 1). This also affected the
formation of a small amount of the individual copper
oxide phase (~3 wt.%) in the samples with higher Cu-
doping (x = 0.1). The elemental compositions of the
sintered pellets were determined through EDS analysis.
The mole fractions in all the compositions were either
equal or nearly equal to nominal with a small excess of
copper, since it is known that copper is located mainly

Table 1. Some samples’ characteristics

dxgrp [nm] a [nm] a [nm] Relative density
Sample (powder)  (powder) (ceramics) [%TD] EqleV]

Mn, ,Zr, ,Ce, 4O, 7 5.3816 5.3777 96 1.66
Cu, ,Mn, (sZr, ,Ce, (O, 6 5.3781 5.3703 92 1.50
Cuy o4Mny o¢Zr, ,Ce, cO, 7 5.3788 5.3739 92 1.46
Cuy osMny o4 Z1, ,Ce, cO, 7 5.3832 5.3766 93 0.87
Cu, osMn,, 3, Zr, ,Ce, (O, 8 5.3845 5.3792 96 0.37
Cu, sMn, ;,Ce; 4O, 9 5.4064 5.4092 90 0.63
Cu,,Zr,,Ce; 3O, 8 5.3886 5.3730 91 1.16
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500 to 750°C) are presented in Fig. 4. The sam-
08 ple with the lowest conductivity value is the copper-
free system (Mn,,Zr, ,Ce,¢0,). Improved conductiv-
ity was observed after the addition of copper. The
maximum conductivity was found for the sample
Cu osMn ,Zr,, ,Ce, 3O, and at 600 °C it was ogp0°c =
8- 1073 S/cm. A sharp decrease in the electrical conduc-
tivity was observed in the sample with higher Cu-doping
(i.e. Cuy,Zr,,Ce,40,) and this is due to the forma-
04 tion of CuO phase. The addition of zirconium is known
to be beneficial as a high-temperature stabilizer of ce-
o) 70 ) 550 1000 1200 ria lattice (T > 700 °C), which is also observed. Thus,
Temperature [*C] the sample without Zr (Cu, sMn, ,,Ce(, 4O,) showed a
lower electrical conductivity (less than 5 times). These
results demonstrate that co-doping with the optimal ra-
tio can improve the conductivity of ceria based elec-
trolytes. When compared with other electrolytes, sin-
T UnosdioaCeos02 tered even at a higher temperature, the electrical con-
— Cuo.02Mng.08Zr0.1Ce0 802 .. .
— Cug,04Mno 06Zr0.1Ce0.602 ductivity of the developed systems is comparable or
OliioaMria.04Zfo.{Ge0.602 higher than samples doped with REE at 600 °C [22-30].

— Cup.08Mno 02Zr0.1Ce0 802 . . >
— CugsMno 02Ce0 02 Activation energies (E,) of samples were calculated
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Figure 2. XRD patterns of sintered ceramics

on the ceria surfaces of the lattice, which was previ-
ously confirmed by XPS method [21]. The change in
the lattice parameter of the sintered samples in compar-
ison to those for the synthesized powder was observed

(Table 1). Thus, the decrease in the crystal lattice pa- Figure 3. SEM micrograph of Cu, ,sMn, 0, Zr, Ce, 5O,
rameter a was observed, which could be associated with ceramics

an increase in the degree of incorporation of dopants

into the crystal lattice (Table 1). The incorporation of A+

dopants in the ceria crystalline lattice is also confirmed
with the shift of XRD peaks, which is the most obvi-
ous when smaller Zr replace Ce cations (i.e. the samples
Cug gsMny 4, Ce 4O, and Cuy sMn, ;,Ceq 47 ; O,).

The samples heated at 1150 °C have the relative den-
sity of 90-96 %TD, calculated as the ratio of densities
determined by hydrostatic weighing and XRD based
cell parameter. Microstructural analysis of the samples
by SEM (Fig. 3) demonstrated that the average grain 5
size was less than 2 um. The absence of pores in the im-

T ® Mng 1Zrp 1Ceg 802

@ Cug 02Mng 08Zro 1Ceo 802
® Cuo.04Mno.06Zr0.1Ce0.802
e @ Cuo06Mno.04Zro.1Ce0.802
® Cup 08Mno.02Zr0.1Ce0.802
m Cug08Mng 02Cep 902

® Cup 1Zro.1Cen 802

log o [S/cm]

ages of the microstructure also confirms the high density . ¢
of the obtained materials. 10 11 12 13 14
1000/T[1/K
3.2. Impedance analyses i
The results of the total ionic conductivity measure- Figure 4. The total electrical conductivity of ceramics as a
ments performed in air at different temperatures (from function of temperature
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Figure 5. Complex impedance spectra measured at 600 °C in air of the sintered samples

6]

The calculated activation energies (E,) for all samples
are represented in Table 1. The minimum value of ac-
tivation energy for the sample Cu,, sMn,, 1,Zr,, ,Ce, sO,
may be due to the interaction between concentrated oxy-
gen vacancies and dopant cations in the lattice [31].
The increase in the concentration of mobile ions
(oxygen vacancies) leads to the enhanced ionic con-
ductivity of doped ceria. The decreased mobile oxygen
vacancies lead to decrease in the total ionic conduc-
tivity due to the formation of local defects in the ce-
ria structure, i.e. at higher dopant concentrations, the
increased probability of dopant clusters lead to forma-
tion of deep traps that accommodate the oxygen va-
cancies and restrict the diffusion of oxygen vacancies
[22]. The highest ionic conductivity is achieved when

E,
o--Tzo'o-exp(—k'T)
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the sample possesses both the lowest activation energy
of conduction and the highest pre-exponential term. It is
well known that the ionic conduction in doped ceria oc-
curs by oxygen ion migration via a vacancy mechanism,
and it is mainly determined by the Coulombic inter-
actions between defects having opposite charges: posi-
tively charged oxygen vacancies and negatively charged
dopant. These associations of defects dissociate with the
increase in temperature, releasing mobile charge car-
riers. In the sample Cu,sMn, ,,Zr,,Ce,0,, the ac-
tivation energy of conduction has the dominating ef-
fect on the conductivity, which is associated with the
binding energy of defect clusters (dopants and associ-
ated oxygen vacancies). A study has shown that doped
ceria-based electrolytes exhibit electronic conductivity
mainly at high temperatures (>1000 °C) [3]. Moreover,
the oxide ion transference number of co-doped ceria
electrolytes was 0.86—0.94 at 600 °C, and slightly in-
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Figure 6. Complex impedance spectra at 600 °C in air of
sample: a) Cu, sMn, (,Zr,,Ce, 0, and b)

CuygsMny 4, Cey 4O,

creased as the temperature increased.

Impedance graphs of the sintered samples at tem-
perature 600 °C are shown in Figs. 5 and 6. Generally,
impedance spectra consist of graphs with real part Z’ on
x-axis and negative imaginary part Z” on y-axis known
as complex impedance spectra and they are materials
characteristics giving the conducting nature. The com-
plex impedance plot (the Nyquist plot) of an electrolyte
material is generally characterized by three succes-
sive semicircles: grain (bulk; higher frequency), grain
boundary (moderate frequency), and electrode (lower
frequency) contributions. In the frequency range from
0.1 Hz to 4 MHz, one impedance semicircle is observed
(Fig. 5), where semicircle is attributed to the electrode
polarization resistivity, associated with the chemical re-
action between adsorbed O, molecules and electrons to
form oxide ions at the interface (O, +4e™ — 2 0%).
The total impedances decreased with increasing tem-
perature and shifted to a higher frequency (at tempera-
tures 500750 °C, not shown). The bulk resistance (R,)
and grain boundary resistance (R,;) contributions were
not well resolved due to their similar relaxation times
of charge carriers in both bulk and grain boundaries
[32]. Nevertheless, for the sample Cu,, ,;Mn,, ;,,Ce; O,
(Fig. 6b) there are three semicircles, which consists of
three parallel resistances (R) and constant phase ele-
ments (CPE) connected in series. In the temperature
range of measurements the impedance diagrams show
similar features and the electrode resistance decreases
with the temperature increase.

IV. Conclusions

The Mn-Cu-Zr co-doped ceria electrolytes were
successfully prepared by the simple co-precipitation
method and sintered at a low temperature of 1150°C

for 4h in air. All samples were characterized by pow-
der X-ray diffraction, scanning electron microscope
and energy dispersive spectroscopy. The sintered sam-
ples are fluorite-type ceria-based solid solutions and
they have single phase cubic structure with dense
microstructure. The results showed that the system
Cu gsMn ,Zr,, ,Ce, 3O, possessed the maximum con-
ductivity of 8 - 1073 S/cm at 600 °C in air. The prospect
of using transition metals as dopants was demonstrated.
For the material’s cost, these elements are more eco-
nomically viable than rare earth elements.
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