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Abstract

Cobalt co-doped ceria-based samples with composition of Co,GdyCe 1,026 and Co,Nd., Ce1Ozs (y = 0.05 and 0.1 mol%),
have been prepared by EDTA-Glycol method and characterized to explore their use as a solid electrolyte material. Crystal
structure, microstructure, and ionic conductivity have been characterized by X-ray diffraction, scanning electron microscopy,
and impedance spectroscopy respectively. All the compositions have been found to be single phase with average crystallite size
between 18-32 nm. Density of all the compositions is more than 97.50% of the theoretical value for all the doped and co-
doped compositions. Results show that the samples cobalt co-doped exhibit higher ionic conductivity than the samples singly
doped with Gd and Nd ions. At 600°C, the sample Coo1Gdo1CeosO2s and CooosNdo.15CeosO2s exhibits maximum

total conductivity 0.0166 Sem'l and 0.0134 Sem’] respectively.
Keywords: Cobalt co-doped ceria, Nanocomposites, EDTA-Glycol method, ionic conductivity, Electrolyte.

LINTRODUCTION

Solid oxide fuel cells (SOFCs) have high power generating efficiency and applicable to a wide range of power
supplies, from small scale distribution power supplies to large scale thermal power generation. Low pollution,
high power densities, flexibility in using hydrocarbon fuels are the advantages of SOFC [1]. SOFC operating at
intermediate temperature (< 800°C) has received increasing attention as the low operating temperatures prolongs
the service life of SOFC and reduce the cost of materials processing and cell fabrication [2]. Solid oxide electrolyte
is a key component of SOFCs that affect the cell performance and the operating temperature to a large extent.
Solid oxide electrolytes based on ceria doped materials with sufficient electrical properties are being studied as
the promising candidate materials for use in intermediate temperature solid oxide fuel cells IT-SOFCs).

At present, doped ceria with cubic structure possesses highest ionic conductivity in the range of 450-750°C. High
ionic conductivity in doped ceria is arises from charge compensating oxygen vacancies related to aliovalent cation

conditions [3]. Ceria based solid electrolytes doped with various cations like La3+, Gd3+, Sm3+, pr3* etc., at
various dopant concentrations has been extensively investigated in order to get the electrolyte of high ionic
conductivity at reduced temperature. Trivalent cation enhances the chemical stability, the ionic conductivity
and suppresses the reducibility of ceria-based materials. Among the various dopants studied, gadolinia doped
ceria (GDC) and samarium doped ceria (SDC) have been reported to have the highest ionic conductivity

[4]. SDC materials shows high ionic conductivity [5-7], this is because, as a dopant Sm>*
the change in ceria lattice. Other than singly doped ceria, many studies have been reported on co-doped samples
and results suggest that co-doping may enhance conductivity even at moderate or intermediate temperatures [8-
11]. Ceria-based electrolytes, especially when doped with aliovalent cations (Gd or Sm) or co-doped with other
rare-earth elements (i.e., Pr, Er, Nd) or earth-alkaline elements (i.e., Co, Ca, Sr). These allow for an increase in
the overall concentration of oxygen vacancies and a tuning of their final electrochemical properties [2,3,4,5].
Co-doping of ceria has been found to be very effective for enhancement of conductivity in recent years [27-37].
Most of the co-dopants in these compounds contain d- block elements as a constituent.

Oxides of transition metal (e.g. Fe,O5, C0,05, SrO,, etc.) are some of the co-dopants suggested for decreasing
the sintering temperature as well as enhancing the ionic conductivity of ceria-based solid electrolytes. Co has
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previously been suggested as a sintering aid for CeO, [12]. M.A. Azimova et al. reported that co-doping is an
effective technique for reducing the required sintering temperature to form dense ceramics and enhance the
conductivity of ceria-based electrolytes [13]. In this work, cobalt co-doped CesSmy,0,s5 nanopowders were
synthesized. Mori et al. [11] reported that the ionic conductivity of (Lag5St0,Bagos).175Ce0.5250 1501 Was higher
than that of the respective singly doped ceria, and even that of CSO. Similarly, Van Herle et al. [6] found that
co-doped ceria with three, five, or ten dopants showed significantly higher conductivity in air (by 10-30%)
than the best singly- doped materials with the same oxygen vacancy concentration.

In the present work, in order to develop ceria-based electrolyte material, Col* co-doped ceria-based
nanocomposite materials of compositions CoyGdxyCelxO2-§ and CoyNdxyCelxO2-§ (y = 0.05 and 0.1
mol%) were prepared by using EDTA-Glycol method and the as- prepared materials were characterized by XRD,
SEM and UV-vis spectroscopy. The effect of the Co203 co-doping on crystallite size, relative density and
activation energy were investigated. Effects of co- doping on the structure and electrical conductivity were studied

in the temperature range of 300-800 © C.

2.Experimental

2.1 Method of synthesis

The pure CeO2 and Co,Gd,Ce,O,s and CoNd,,Ce,,O,5 materials were used by a modified EDTA-Glycol
method [14]. The highly pure Ce (NO3)3.6H20, Gd (NO3)3.6H20, Nd (NO3)3. 6H20 and Co(NO3)2.6H20
were used as the precursors. These salts were mixed independently in de-ionized water. Later on, all the solutions
were mixed in the correct ratio in order to form the solid solution of Co,Gd,,Ce 0,5 and CoNd,Ce,O,s
(y=0.05 and 0.1 mol%) composition. The calculated quantity of ethylenediaminetetraacetic acid (EDTA), dilute
ammonia and ethylene glycol (EG) was added to the nitrate solution. As obtained solution was stirred and kept
on a hot plate for heat treatment at 80°C which in turn forms a gel-like mass. The resulted mass was
combusted at 300°C for 2 hr followed by the calcination at 650°C for 7 hr to get final product in powder
form. The calcined ceria-based powders; pure CeO,, Gdy,Cers0,5 , GdyCersOss ,Cou1Gdy1CeosOss
,Ndy,Cey 50,5, Copos Ndy5Cens0,5 and CoyNd,;CeysO,5 were coded as CE, GC, CGC05, CGCI1, NC,
CNCO05 and CNCI1 respectively. On calcination, the obtained ashes were ground in agate mortar to get fine
homogeneous powders. Powder materials were uniaxially pressed into pellets with 6 mm of diameter and 2 mm
thickness, at 200 MPa. Sintering was performed in air for 10 h at a constant heating rate of 2°C/min in between
1150°C to 1250°C.

2.2 Characterization

Phase composition was examined by X-ray diffraction (XRD). The values of specific surface areas (Sger) of the
calcined powders were measured by Brunauer-Emmett-Teller (BET) nitrogen-gas adsorption method. The
densities of green and sintered pellets were calculated from the mass and dimensions of the samples, and
measured using Archimedes method in a water bath. The microstructures of the powders and sintered samples
were examined in a scanning electron microscope (SEM). The average grain size was measured by the intercept
method on the surface of polished and thermally etched sintered samples. The size of at least 300 grains was
considered. For electrical measurements, impedance spectroscopy was performed on sintered pellets of four
samples CE, GC, CGC05, CGC1, NC, CNCO05 and CNCI. The pellets were made by pressing 4 g of
powder at 200 MPa in a 25 mm die and were sintered for 6 hours at the temperatures 1150°C and 1250°C. The
densities of pellets pressed and sintered at 1250°C for 6 h as described above were determined from their mass
and dimensions. For electrical measurements, silver contacts were applied on both the flat surfaces and cured at
500°C for 15 min. An impedance analyzer (KEYSIGHT-E4990A) was used to characterize the impedance spectra
of sintered samples in the static ambient atmosphere in the frequency range 20 Hz to 5 MHz from 550 to 950°C.
The spectra were fitted using the Zsimpwin software and values for the total, bulk and grain boundary
conductivities were noted.

3. RESULTS AND DISCUSSION

3.1 XRD

All the CeO,, Gdy,Cers0s5, GdqiCeysOszs Coo1Gdy1CesOrs, Ndo;CegsOrs, Cogos Ndg15CeosOy5  and
Cop1Nd,1Ce( 50,5 powders were characterized by X-ray diffraction techniques and XRD patterns are presented
in Figure .1. All the samples exhibit a characteristic fluorite structure. A gradual enlargement in the XRD peaks
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for all the samples was observed with increase in cobalt concentration. In general, broadening of peaks indicates
the reduction in crystallite size. Diffraction pattern of all the Co co-doped powders were observed similar to that
of CeyyGdy 0,5 and CeyoNd, ;0,5 nanocomposites. No extra peaks were observed for Gd,05, Gd,O; or Co,0;.
This indicates that cobalt ions have properly dissolved in Co,Gd,, Ce,, O,5 and CoNd, ,Ce,,O,5 (y = 0.05 and
0.1 mol%) systems into the Gd and Nd sites and homogeneous solid solution had formed. It is generally accepted
that synthesis of ceramics by wet-chemical method is preferred to those employing reaction in the solid state,
because it gives rise to more homogeneous powders with controlled composition. The crystallite size (D)
was calculated using Scherrer equation

0.91 ,
D= BeosO (Equation 1)
Where, D is crystallite size, A is wavelength of X-rays (1.5418A), 6 is the scattering angle of the main reflection
and f3is the corrected peak at full width at half-maximum (FWHM) intensity.
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Figure : (1) XRD pattern of cobalt co-doped GDC and NDC nanocomposites.

A slight shift in the peak (1 1 1) towards the lower Bragg’s angle, was observed of the obtained data. This shift
is caused by the addition of the co-dopant species. The shift is towards the lower Bragg’s angle in the case of

the Gd and Nd dopants depends on lattice expansion and contraction; when Ce?* (lonic radii=97 pm) is

doped with higher ionic radii [31] Gd3* (Ionic radii = 107.8 pm) and Nd3* (111 pm), lattice expands, and
the peak shift is slight to the left. XRD data presented that, on addition of co-dopant, the (111) peak shifts
towards higher Bragg’s angle. This shift towards higher Bragg’s angle is due to the lattice contraction i.e. when

Ce?* ions is substituted with the ion of lower ionic radii CoS™ (Ionic radii = 68.5 pm).

Figure.2 shows the effect of cobalt concentration on the average crystallite size of the as-prepared samples calcined
at 650°C. One can see that the crystallite size (calculated from Scherrer equation) decreases with increase in the
cobalt concentration. Table.1 shows the lattice parameter (a) and the average crystallite size (D) of the samples
synthesized by EDTA-Glycol method. It was found that the unit-cell lattice parameter of Cey,,Co Sm ;0,5
solid electrolytes decreases steadily with increase of cobalt concentration as shown in Figure.3. Such a decrease

in unit-cell parameter can be considered to be due to the replacement of bigger Ce?t* ions (97 pm) by the smaller

Co>™* ions (68.5 pm).
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Figure : (2) Effect of Co co-doping on crystallite size of ceria-based materials.
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Figure : (3) Effect of cobalt co-doping on lattice parameters of ceria- based nanocomposites.

Table : (1) Lattice parameter A), average crystallite size (D), relative density, specific surface area (Spz7)
& average particle sizes (DBET) of Ce,, Co Sm, 0,5 electrolytes.

Sample Lattice parameter Crystallite size, D Relative SBET DBET
A) (nm) density (%)  (m¥/g)  (nm)
CE 5.425 32.34 68.45 28.53 29.70
GC 5.421 27.67 97.51 34.11 27.10
CGCO05 5419 18.09 99.34 55.80 13.5
CGCl1 5.417 21.00 99.05 49.32 16.2
NC 5.420 29.21 99.42 32.54 19.47
CNCO05 5418 19.47 99.17 52.47 17.91
CNC1 5.416 23.46 99.19 47.63 18.42
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The relative densities of CE, GC, CGC05, CGC1, NC, CNCO05 and CNC1 samples was obtained at sintered
temperatures 1150°C and 1250°C and are presented in Table.l. It is noticed that with increase in sintering
temperature, the relative densities of cobalt co-doped ceria- based materials increased from 68.54% to over 99%.

3.2 SEM

Figure .4 (A) shows SEM micrographs of CGC1 and CNCI1 samples obtained at 650°C. It can be seen that the
co-doped ceria powder calcined at 650°C displayed morphology with random sized particles. Figure .4(B) shows
micrographs of thermally etched samples at 1250°C. Micrographs of the surface of the sintered samples show
well-defined grains separated by grain boundaries. The samples sintered at 1250°C shows no porosity. No pores
are observed on the sample surface, which is consistent with the measured density of the sintered pellet.
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Figure: (4) (A) SEM images of samples CGC1 and CNC1 obtained at 650°C.

'?';5
S

.
W Signat A = inLans Date 14 .Jul 2025
Tima: 434794

Figure : (4) (B) SEM images of samples CGC1 and CNC1 sintered at 1250°C.
3.3 BET
The specific surface area values are presented in Table.1. The specific area was converted to particle size (DBET)
according to (Equation 2). From XRD results as well as BET measurements, it is clear that with increasing the
concentration of cobalt, particle and crystallite sizes decrease, while the specific surface area increases. The
possible reason behind this could be the reduction in the rate of crystal growth in ceria particles caused by the
incorporation of cobalt ions in to cubic lattice of Co,Gd,,Ce;,O,5 and CoNd, Ce,,O,s nanocomposites.

3
6x10

DBET = ———

Dth SBET

Where, Dth is the theoretical density of sample (g/cm’) and DBET is the average particle size (nm).

3.4 Tonic conductivity

Conductivity of doped ceria in air has been reported to be completely ionic in nature [34]. In this investigation,
the conductivity of samples was measured in air can be treated as oxide ion conductivity. Electrical conductivity
of the samples was studied using impedance analysis.

Figure.5 presents the Nyquist plots of the CE, GC, CGC05, CGC1, NC, CNCO05 and CNC1 samples at 300°C.

From Figure.5, it is clear that two arcs are clear and one arc is not clear. The splitting of curves depends on the
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sample nature, temperature, and applied frequency. The left side high-frequency curve is known as the grain
resistance, Rg, the middle region medium frequency curve is the grain boundary resistance, Rgb, and the right
side low-frequency curve is the electrode resistance. In the present study, electrode resistance is not considered
for total resistance calculation. It can be further noticed that the depressed semi-circles are present due to the
non-uniform distribution of the grains in the sample microstructure which corelates with SEM micrographs. The
total resistance is calculated by fitting the Nyquist plots using Zsimpwin software. The equivalent circuit models
were employed to fit the Nyquist plots; here, the constant phase element is used instead of a capacitor due to
the presence of depressed semi- circles in impedance plots.
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Figure : (5) Nyquist plots of CE, CGC05, CGC1, CNC05, CNC1 samples at 300°C

It is observed that the CE, GC, CGC05, CGC1 and CNCO05 samples exhibited lower total resistance whereas
higher resistance was observed for the sample CNC1. These results can be correlated with microstructure, i.e.
grain size. The sample CGCl1 exhibits a lower grain boundary resistance than the rest due to higher density.
Similarly, other samples’ grain and grain boundary resistance changed with the grain size.

The temperature dependent conductivity of Co,Gd,,Ce;,O,5 and CoNd,,Ce,,O,5 electrolytes sintered at
1250°C was obtained by plotting a logarithmic relationship between log(oT) and 1000/T (K") as shown in
Figure.6. However, the electronic conductivity of ceria can be significantly reduced upon the substitution of
metal ions. The electrical conductivity of doped ceria is influenced by several factors, such as the dopant ion,
the concentration of dopant ion, the oxygen vacancy concentration and enthalpy associated to defects. In this
chapter the conductivity of the co-doped samples was measured in air and treated as oxide ionic conductivity.
It was found that, the total conductivity of the sintered Co,Gd,,Ce,,O,5 and CoNd, ,Ce,,O,s (y = 0.05 and
0.1 mol%) samples. followed the order: CGC10 > CNCO05 > CGC05 > CNCI10.

A Usually, the oxygen vacancies are created due to substitution caused by co-dopant ions which increases the
ionic conductivity. In order to introduce mobile oxygen vacancies into the ceria-based compounds, tri- or divalent
dopants are added. One possible explanation for the increased conductivity with cobalt concentration is that
cobalt ions incorporated into the lattice of Co,Gd,,Ce;,0,5 and Co,Nd,,Ce;,O,5 to create oxygen vacancies.
The activation energy for conduction is obtained by plotting the ionic conductivity data in the Arrhenius relation
for thermally activated conduction. Activation energy can be calculated following the Arrhenius equation
(Equation 3):

o.7'= o, exp (5—;) (Equation 3)

where Egq is the activation energy for conduction, T is the absolute temperature, k is the Boltzmann constant and
0o is a pre-exponential factor. The equation can be linearised by plotting a logarithmic relationship between

log(o,T) and 1000/T (K*).
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Figure: (6) Arrhenius plots for total ionic conductivity of as-prepared samples.

Values of g, at 600°C for different compositions are given in Table.2. Values of ¢ , increase with increasing
cobalt content up to 0.1 mol% in Gd-doped ceria. First is the ordering of oxygen vacancies is suppressed due to

co-doping reported by Yamamura et al. [55]. This decreases the activation energy for migration of ol ion,
consequently increasing the conductivity. Second is due to scavenging effect of grain boundaries by cobalt co-
doping leading to increase in the grain boundaries as well as total conductivity. Third is that the ionic size

mismatch between Co* (68.5 pm) and Cet* (97 pm) [56]. Whereas, in case of cobalt co-doping in Nd-doped
ceria, the higher conductivity was observed at lower cobalt content 0.05 mol% (Table.2). Further studies on the
reasons for the decrease in the ionic conductivity of cobalt co- doped CNC than compared to undoped NC
would be the topic of the future research.

Table: (2) Total conductivity and activation energy of cobalt co-doped ceria.

Sample Total conductivity Activation energy
(Sem™) (eV)

CGCO05 0.0116 0.97

CGCl1 0.0168 0.94

CNCO05 0.0134 0.95

CNC1 0.0108 0.98

Mainly, the conductivity of ceria-based compounds in air is due to oxide ionic conductivity and the contribution
of an electronic conductivity is negligible [34]. On formation of mobile oxygen vacancies, the ionic conductivity
dominates the electronic conductivity. It was observed that the oxide ion mobility increases with increasing
temperature which in turn increases the conductivity at high temperatures. The activation energy for conduction
is obtained by plotting the ionic conductivity data in Equation.2. Figure .7 shows the variation of activation
energy with cobalt concentration in as-prepared ceria-based samples. One can see that, as the concentration of
cobalt increases from x = 0.05 to 0.1 mol% for Gd-doped ceria, activation energy tends to decrease from
0.96 to 0.94 eV. The minimum value of activation energy (0.94 eV) was observed for the composition
Cop1GdyCe 50,5. Such a decrease in activation energy is attributed due to the presence of attractive
interactions between dopant cations and oxygen vacancies. For the cobalt concentration x = 0.1 mol% in Co,Nd,
,Ce, O, electrolytes, the activation energy increases (0.98) causing the reduced oxygen ionic conductivity. The
ionic conductivity depends mainly on the mobile oxygen concentration. At higher dopant concentration,
the reduced ionic conductivity is the result of the formation of local defect structure [11] and lowering in
mobile oxygen vacancy concentration.
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Figure: (7) Effect of cobalt co-doping on activation energy (eV) of as- prepared ceria-based samples.

4.CONCLUSIONS

In summary, the solid solution with compositions coygd, ce; 0,5 and co,nd,ce;,0,5 (y = 0.05 and 0.1 mol%)
were successfully prepared by edta-glycol method. The crystal structure of all the samples calcined at 650°c was
fluorite. The calculated crystallite size obtained from xrd and bet have the diameters in the range of 18-32 nm.
A relative density of more than 97.50 % is achieved at comparatively reduced sintering temperature of 1250°c.

Additionally, cobalt co-doped co,nd,ce;,0,5 sample showed a fairly high ionic conductivity of 0.0166 sem™! at
600°c in air which further demonstrates the use of this material as electrolyte for it-sofcs.
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