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Abstract

In this work, Gd-doped CeO:2 (Ce1xGdxO2-5; x = 0.0. 2.0, 4.0 and 6.0 wt %) nanocomposites
were prepared by EDTA-Glycol method. The influence of Gd doping on the microstructures and the
optical and ionic conductivity properties of these nanoparticles has been studied using X-ray
diffraction, FTIR, TEM, UV-VIS, SEM-EDS and impedance spectroscopy. It has been found that Gd
doping formed a homogeneous solid solution with ceria, with a significative reduction of crystallite
size. As compared to the pure ceria an improvement of total conductivity was achieved with a

maximum for the highest Gd concentration of 4 wt % in the temperature range of 550—-950°C.

1. Introduction

Solid oxide fuel cell (SOFC) is one of the most promising electrochemical devices for clean
power generation due to its efficient operation, fuel flexibility (ranging from hydrogen to hydrocarbons
and biogas), and relatively lower greenhouse gas emissions [1,2]. Comparable to other types of fuel
cells, SOFCs have the advantage of fuel flexibility i.e. are able to work with hydrogen, hydrocarbon
reformate and, in some conditions, with hydrocarbon fuels directly [3-5]. Furthermore, SOFCs are
highly promising due to their enhanced resistance to fuel contamination and versatility of applicable
combustible gases in comparison with other FC types. Presently, solid electrolytes for SOFCs working
in medium temperature region (400-800°C) often comprise cerium oxide doped with rare earth oxides

[6,7]. Ceria-based electrolytes possess an advantageous combination of high unipolar oxygen
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conductivity, chemical stability in carbon- and hydrogen-containing atmospheres and an inertness to
electrode materials, which makes them highly promising for medium-temperature fuel cells.

Being comparable with conventionally used zirconia with respect to electric performances,
CeO2-based electrolyte nanomaterials allow for a significant reduction of working temperature for fuel
cells, thus providing an increased durability and simplified structure [8,9].

In addition, doped ceria-based electrolyte materials, such as gadolinium-doped ceria (GDC) or
samarium-doped ceria, exhibiting an ionic conductivity than YSZ in the temperature range of 600—
750°C [10]. However, the functional limitation of doped ceria-based electrolytes is that they exhibit
appreciable electronic conductivity at higher temperature (= 800°C) and low partial pressure of oxygen
at anode side that dictates the operating temperature of the fuel cells [11-15].

Many methods including ultra-sonication, ball milling, microwave, sol—gel, mechanical alloying
and chemical-precipitation, etc. for the preparation of nanocomposite materials from the mixed metal
oxide precursors. [15-17]. From above all well-known methods, the chemical-precipitation process is
used as a competent technique for the production of nanomaterials, owing to effortlessness. This
move toward is extra operative for yielding homogeneity, particularly sample without impurities, tiny
particle size, and a short period of time. Ceria-based materials are serious candidates with samarium
[18-20] or gadolinium [21-25] substitution to increase the vacancy concentration.

In doped ceria, it has been reported that when the dopant ion radius is close to the critical
radius (1.038 A), then the doped ceria exhibits the highest oxygen ion conductivity. For this reason,
Gd doped ceria exhibits the highest oxygen ion conductivity among the doped ceria, as radius of Gd3*
(1.05 A) is closer to the critical radius (1.038 A) [26, 27]. However, the exact composition of CeOa-
Gd203 system that has maximum oxygen ion conductivity is still not well defined. Mori et al. [28, 29]
showed the domain structure in rare earth doped ceria grains and suspected that these domains
present in grains are responsible for the higher grain conductivity of Ceo.9Gdo.102-5. But, Kharton et
al. [30] reported the higher total conductivity for Ceo.2Gdo.202-5 which was possibly due to a
contribution of grain boundary conductivity. Moreover, although the Gd203-CeO2 system has been
reported by several authors, few works provide a comprehensive microstructural and electrical
analysis of 0, 10 and 20 mol% Gd20s-doped CeOz, formed by such low temperature, soft chemical

preparation routes. In this work, we synthesized Ce1xGdxO2-d4 (x = 0, 0.1 and 0.2) nanopatrticles by
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the sol gel combustion route for intermediate temperature electrochemical applications. The
synthesized materials are fully characterized by their structural, chemical, microstructural and
electrical properties. Gd doped ceria synthesized by solid-state reaction requires high sintering
temperature and time. Hence various wet chemical methods have been used for the synthesis Gd
doped ceria such as co-precipitation [31], combustion [32, 33], sol-gel [34, 35], hydrothermal [36],
EDTA-citrate complexation [37] and micro-emulsion [38]. To the best our knowledge, no reports are
available on synthesis of Gd doped ceria by EDTA-Glycol complexation method. Hence in this
investigation, we present a systematic study of effect of pH on structural, morphological and electrical

properties of Gd doped ceria solid solutions obtained by EDTA-Glycol method.

2. Experimental

2.1 Materials

In this work, for preparation of ceria based nanocomposites, highly pure Ce(NO3)3.6H20 and
Gd(NOs3)3.6H20 were use as the source of metal ions obtained from Sigma Aldrich. The other
chemicals used in synthesis Nitric Acid (HNOs, 65%, Merck), ethylene diamine tetra acetic acid
(C10H16N20s; Sigma Aldrich), ethylene glycol (C2HsOz2; Merck), were used as obtained without further

purification.

2.2 Method of Synthesis

The pure and Gd doped CeO2 materials were used by a modified EDTA-Glycol method [14].
The highly pure Ce(NOs3)3.6H20, Gd(NOs)3.6H20 were used as the precursors. These salts were
mixed independently in de-ionized water. During meanwhile 2, 4 and 6 wt % of gadolinium nitrate
solution were added to the above reaction mixture and continuously stirred for 30 min. The calculated
guantity of ethylenediaminetetraacetic acid (EDTA), dilute ammonia and ethylene glycol (EG) was
added to the nitrate solution. So formed 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 h
followed by the calcination at 550°C for 5 h. On calcinations, the obtained ashes were ground in agate

mortar to get fine homogeneous powders. Powder materials were uniaxially pressed into pellets with
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6 mm of diameter and 2 mm thickness, at 200 MPa. Sintering was performed in air for 10 h at a

constant heating rate (CHR) of 2°C/min in between 1150°C to 1350°C.

3. Characterization

Calcined powders were studied by X-ray diffraction (XRD) using a Miniflex 600 diffractometer
RIGAKU - Japan (Cu—Ka radiation). Data in an angular region of 26 in the range of 20-80° were
collected in a step-scanning mode (0:02 steps with a step-counting time of 2 s). The crystallite size,

D, of the calcined powders was estimated using the Scherrer equation:

_ 094
h Bcos6

(3.1)

Where, D is crystallite size, A is wavelength of X-rays (1.5418A), 0 is the scattering angle of the main
reflection and B is the corrected peak at full width at half-maximum (FWHM) intensity. FTIR of the as-
prepared samples were investigated by IR Affinity-1 Shimadzu- Japan. UV-visible spectra of the
samples were studied by using UV-1800 Shimadzu- Japan. SEM-EDS studies was performed on
Carl Zeiss NTS GMBH, Germany, SUPRA 55. TEM analysis was performed using Transmission
electron microscope CM 200 (Philips).

For electrical measurements, impedance spectroscopy was performed on sintered pellets of
four samples CE, CG2, CG4 and CG6. 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.

4. Result and discussion

4.1 XRD analysis

Structural Analysis Figure 1 shows the XRD pattern of the prepared cerium oxide sample. All

the diffraction peaks of (111) at 28.64°, (200) at 33.27°, (220) at 47.76°, (311) at 56.78°, and (400) at
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69.10° were indexed and well matched with standard JCPDS Card No. 65-5923. The patterns of
cerium oxide samples confirmed the cubic structure of the material. The sharp and high intense peaks
of XRD patterns confirm the high crystalline quality of the samples. The crystallite size of pure cerium
oxide was calculated from the diffraction peaks of XRD pattern using Scherer’s formula. The average
crystallite size was calculated using Scherrer equation were calculated from (111) peak and are

presented in Table 1. The size of Gd doped CeO2 nanoparticles decreased with increasing the
concentration of Gd. The average crystallite size of the crystals was found in between 43-45 nm with

slight expansion of lattice. The crystallinity of the powder became better during the calcination at
550°C. Crystalline phases corresponding to Gd203 could not be found for as-prepared powders,
indicating the formation of solid solution. A trivial expansion in the lattice constant upon doping has
been attributed to the substitution of the smaller Ce** ion (0.97A) by the larger Gd3* (1.053A) ions,
which caused strain and as light deformation no the structure. The introduction of Gd**, ions into Ce**
can cause a small shift in the cerium oxide peaks positions. Since the broadening of peaks could be

attributed not only to crystallite size, but also to stresses created in the structure.

(111)

Intensity (a.u.)

Diffraction angle 26 (degree)

Figure (1) XRD patterns of Gd doped CeO, powders obtained at 550°C.
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Figure (2) Plot against Gd concentration (mol%) for lattice parameter of as-prepared ceria-based

materials.

Table (1) 260 (deg.), crystallite size (nm) and d-spacing of pure and Gd-doped CeO; nanoparticles.

Sample Gd 2 Theta Crystallite size d-spacing Band Gap
(mol%) (deg.) (nm) (eV)
C 0.0 28.51 45.15 3.134 2.78
CG2 28.49 44 .24 3.132 2.65
CG4 28.47 42.58 3.130 2.49
CG6 28.44 44 .17 3.130 2.54
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Figure (3) 3.2 Crystal growth as a function of Gd concentration.
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Observed results are summarized and compared for better illustration in Figure 3. While the
crystal growth was slow until reaching 4 mol% of Gd, at higher concentration the crystal growth was

much faster.

4.2 FTIR spectra

Fourier transform infrared (FTIR) spectra of the as-prepared Gd-doped nanocomposites are

shown in Figure 4. Some distinctive absorptions peaks were observed at 3436 and 1630 cm™. Two

strong intense bands observed at 3429 and 1624 cm™L of pure and Gd-doped CeO2 samples are
attributed to (O—H) vibration modes of (H-bonded) water molecules, which was due to the physically
observed water on the sample surfaces [38, 39]. The strong band at 3429 cm™ is attributed to the v
(O—H) vibration modes of the water molecules adsorbed physically. In addition, some weaker
absorption peaks were also observed at around 2934, 2856, 1369, 1092, and 700 cm™. The bands
observed at 2934 and 2856 cm™ are due to the (C—H) bonds of organic molecules absorbed during
the sample preparation and handling [40]. Absorption at 1630 cm™ is assigned to a systematic
stretching vibration of the carboxylate (-COO-) group [17]. The peak at around 1092 cm™ indicates
the presence of the nitrate ions [18]. The bands observed in the lower frequency region at 700 and
430 cm™ are referred to the characteristic Ce—O vibration [19]. The band at 1369 cm™ is assigned to
the stretching vibration of carboxylate salts (COQO ) [41, 42]. The band observed at 1092 cm due to
the Cerium- Oxygen group with a larger double bond nature [43]. Two weaker bands observed at
852 and 735 cm are due to Cerium-Oxygen group having a lower double bond nature and of Ce—
O—-Ce chains asymmetric stretching vibration of metal oxide networks respectively. The strong band
noticedat 558 cm is due to the symmetrical stretching vibration mode of (Ce—O—Ce) or (Ce—O-Gd)
indicating the Gd ions doped Ceria nanoparticles [44]. It is to be noted that the length of the rare-earth
metals-oxygen bond changes with dopant concentration. These shifts in peaks confirm the dopant

stabilization in the host lattice [45].
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Figure (4) FTIR spectra of Gd-doped Ceria nanocomposites.
4.3 UV-VIS studies

The UV-VIS spectroscopic measurement was carried out to investigate the effect of Gd
concentration on the optical properties of CeO2 nanocomposites. Figure 5 shows the UV-VIS
absorption spectra recorded for pure and Gd-doped ceria. It can be seen that there is a strong
absorption band below 400 nm in the spectra for all the samples, which is due to the charge transfer
from O2 (2p) to Ce**(4f) orbitals in CeO2 [46]. The optical band gap values for the Gd-doped ceria
system can be estimated from the absorption spectra following Tauc's equation [47].

ahv = A(hv - Eg)”

where a is the absorption co-efficient, hv is the photon energy, Eq is the band gap energy, A is a
constant and n can have values of 1/3, 1/2, 2, and 3 for the direct forbidden, direct allowed, indirect
allowed, and indirect forbidden transitions respectively. The calculated values of Eg for all the as-
prepared samples are given in Table 1 Undoped ceria shows the highest band gap value of 2.79 eV,
and for Gd-doped ceria the values of the band gap decrease with the Gd concentration. Thus, the

absorption spectra of Gd3* doped ceria nanocrystals exhibit red shifts compared to that of pure ceria.
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Figure (5) UV-VIS spectra of Gd-doped Ceria nanocomposites.

In CeOg2, all valance Ce states, including the 4f states, are empty, and the system is a wide
gap insulator with a measured fundamental band gap of 6.0 eV between the valance and conduction
bands; this is formed predominantly by the O? (2p) to Ce** (5d) states respectively [48]. However, in
our present study, the band gap value of CeOz2 is much lower than 6.0 eV (Table 1). This is because
a small amount of Ce3* is present at the surface of CeO2 and one electron per Ce atom populates a
Ce 4f state, resulting in a decrease in the band gap value of ceria [49]. The red shift of the direct band
gap may be due to the presence of oxygen defect levels between the O2p and Ce4f levels that capture
the excited electrons and decrease the effective band gap [50]. Lastly, the doping of Gd ions creates
ground and excited f-energy states in the mid band gap of ceria. These energy states of Gd accept
many of the excited electrons coming from the O2p level which leads into the effective reduction in

the band gap., i.e. a red shift [51].
4.4 SEM and EDS spectra

The effect sintering temperature on morphology and density cannot be predicted by preliminary
analyses because at a comparable density, the microstructure is completely different as visible
in Figure 6. At sintering temperatures of 1150 and 1250°C, pure electrolytes have small grains with a
similar uneven and rough morphology. These samples are affected by the poorest densification with
an inadequate microstructure for the lowest sintering temperatures. By increasing temperature. The
microstructure is always revealing small grains, many cracks, and voids, but the morphology became

more uniform, and the relative density increases. The addition of Gd, make obvious a change in the
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microstructure according to sintering temperature. As reported for sample GC4 in Eigure

6 microstructure with clean grain boundaries was formed at 1250°C.

Figure 6 shows SEMmicrographs of sintered GC4 samples and EDS analysis of the Gd20Os doped
CeO:z2 crystals. The average size and size distribution of the synthesized particles were below 10
nm and uniform, respectively. The shape of the synthesized particles was nearly spherical. The
spectrum of Gd203 doped CeO:2 nanopatrticles according to a SEM - EDS analysis. The particles

show Gd, Ce and O pattern peaks Table 2.

sample CG4

Full Scale 1519 cts Cursor. 0.000

Figure (6) SEM of sample GC4 sintered at (A) 1150°C and (B) 1250°C (C) EDAX spectra of

sample GC4.

Table (2) Elemental composition obtained for EDS spectroscopy.

Element Weight (%) Atomic (%)
CK 7.20 29.37
OK 10.21 31.37
CuK 24.63 19.08
CeK 53.06 18.64
Gd K 4.96 1.55
Total 100.00
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4.5 Electrical Properties

The total resistance (Rt) of as-prepared sample can be obtained by utilizing the impedance
spectroscopy at different temperatures. The total electrical conductivity or was then calculated
according to the equation,

Rt = Rgrain + Rgrain-boundary (1)

The total electrical conductivity (or) was then determined from the following equation —
0=—— (2)

where, | is the thickness and A represents the cross-sectional area of the sample. It is reported that,
the conductivity of ceria-based electrolytes in air is based on ionic conductivity and the contribution
of electronic conductivity is negligible [52]. In this study, the conductivity of as-prepared samples
measured in air was treated as the oxide ionic conductivity only. The ionic conductivity (ot) in ceria-
based oxides is a temperature dependent and it can be expressed by the following empirical

relationship —
Eq
o:T = o,exp (k—T) (3)
where E, is the activation energy for conduction, T is the absolute temperature, k is the Boltzmann

constant and oo is a pre-exponential factor. The equation can be linearised by plotting a logarithmic

relationship between log(otT) and 1000/T (K).
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Figure (7) lonic conductivity of as prepared Gd-doped ceria nanocomposites at different operational

temperatures.
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Figure (8) Arrhenius plot of ionic conductivity for (1) sample Ce, (Il) sample CG2, (lll) sample CG4 and

(IV) sample CG6.

The Arrhenius plot of ionic conductivity for different dopant concentrations is presented in
Figure 8. The plots clearly reveal a linear increase of conductivity with temperature. Conductivity for
pure ceria is lowest and tends to increase with Gd concentration up to a maximum at 4 mol% (sample
CG4) and when Gd concentration is 6mol%, the conductivity is found to be declined. Conductivity of
CG2 is slightly higher than CG6. The activation energy of ionic conductivity calculated from Arrhenius

plot are obtained as 0.84 eV, 0.98 eV, and 1.15 eV for CG4, CG2, and for pure-ceria (CE),
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respectively; the activation energy of GDC is comparable with reported values [52-58]. The change
in the activation energy may be attributed to an order and disorder transition of the oxygen sublattice
caused due to successful substitution of Ce** ions by Gd** ions [59]. The activation energy is minimum
for the SDC. This decrease in activation energy may be due to the presence of attractive interactions
between dopant cations and oxygen vacancies [60]. Moreover, an increase in the Gd concentration
in the ceria structure, dopant process hinders oxygen arrangement causing an increase in the
activation energy and a decrease in the ionic conductivity for the ceria solid solutions. At lower
temperatures, the activation energy (Ea) depends on the defect association enthalpy (AH.) and
migration enthalpy (AHm) for conduction. At higher temperatures, activation energy is equal to only
the migration enthalpy (AHm), because a great part of the oxygen vacancies is free to diffuse [61].

The appearance of high oxygen ionic conductivity in the solid electrolytes is determined by the
formation of oxygen vacancies in the CeO2 matrix when Ce*" is replaced by Gd3* during the
dissolution of Gd20s in the lattice of CeOz, which can be described by the following quasi-chemical
equation [3].

Gd20s =23 2Gd},, + 304 + V'

Where Gdg, is a Gd** ion replacing Ce** and yielding a negative charge, V" is a positively charged
oxygen vacancy compensating the dopant charge, 0f is oxygen atom in a regular site with a neutral
charge. It was observed that, increased temperature in the range from 570 to 970°C leads to the
increase in electrical conductivity of all the samples. In addition, with an increase in the concentration
of Gd20s3, the specific electrical conductivity of the ceramics increases in the entire temperature range

in study. The highest specific electrical conductivity in the temperature range of 550-950°C (o: = 3.3

x 1072 Scmt at 750°C) is observed for the sample CG4 containing 4 mol.% Gd20Os.

Table (3) Total ionic conductivity of Nd-doped CeO: solid solutions at 750°C.

Total lonic Conductivity  Activation energy (eV)

(Scm™)

CE 1.02 x 10 0.79
GC2 2.34 x 10* 0.87
GC4 3.3x 1072 0.71
GC6 1.43 x 103 0.87
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It has been observed that the activation energy decreases with a rise in the dopant
concentration as shown in Table 3. The contribution of grain conductivity is a major factor for the total
oxide ion conductivity in the doped ceria samples [62]. Thus, the amount of Gd doping affects the
conductivity of the ceria. With the ascent in the Gd concentration, a huge expansion in the grain
conductivity was seen because of the improvement of the charge transporters emerging from the
creation of oxygen vacancies as a result of doping. This leads into the expansion of the crystal

structure.
5. Conclusion

The Gd-doped ceria nanocomposites with composition Ce1-xGdxO2-5 (x = 0.0, 2.0, 4.0 and
6.0wt%) were successfully prepared by using a EDTA-glycol method. The XRD, FTIR, UV-visible,
SEM-EDS analysis confirmed the formation of the single-phase solid solution. All as-prepared Gd-
doped ceria nanocomposites were sintered at the temperatures 1150 and 1250°C. The
nanocomposite containing 4wt% Gd showed an essentially upgraded oxide ion conductivity in the
order of 3.3 x 1072 Scm* at 750°C with a lower activation energy, Ea =0.71 eV. Thus, Gd-doped ceria

nanocomposites might be viewed as a potential electrolyte material for SOFC applications.
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