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Abstract. The rare-earth titanate Er,Ti,O; nanoceramic prepared by the modified

combustion technique exhibits cubic pyrochlore structure with the space group Fd3m.
Powder XRD and vibrational spectroscopic tools have been used for structural
identification and confirmation. The detailed optical and photoluminescence (PL)
properties of the sample have been analyzed using UV-Vis diffuse reflectance spectroscopy
and PL spectroscopy. Impedance spectroscopic studies have revealed that the material
exhibits conduction by hopping of ions, which increases with temperature. Z-View
software has been used to fit the impedance data and deduce the electrical parameters of the
samples from the equivalent circuit. The grain activation energy is less than that of grain
boundary, which implies that grain conduction is predominant in the sample. The optical
and electrical studies confirm that the material is a possible candidate to fabricate optical
devices and construct solid oxide fuel cells.
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1. Introduction

The pyrochlore oxides with the general formula A,B,0;
has achieved a remarkable place in the materials research
industry due to their various properties that can be
tailored to generate material with desired properties.
These materials find applications in many fields such as
optical, nuclear waste removal, catalysts and semi-
conductor industries [1-4]. They can be also used as
photocatalysts, thermal barrier coatings and solid oxide
fuel cells (SOFC) due to moderate ionic conductivity
[5-7]. The titanium-based pyrochlore oxides have
brought up many applications in the areas of techno-
logical interests depending on the chemical elements
involved [8-12]. It is also possible to develop solar cells
and microelectronic devices using titanium-based
materials [13]. The insulating pyrochlore rare-earth
oxides (A;B,0;) have the face-centered cubic crystal
structure with the space group Fd3m, where A is the
larger transition metal and B* ions are smaller one,
situated at the sublattices of corner-sharing tetrahedra and
occupy the sites 164 and 16¢, respectively, having the
D5, symmetry [14]. Many rare-earth metal oxides are
known for their special photoluminescence properties

that can be used for display applications. These
nanoscale phosphor materials have good luminescence
characteristics, stability in high vacuum, and absence of
corrosive gas emission under electron bombardment [15].
Spin Teller effect leads to lattice distortion but no spin
order is noticed in Er,Ti,O; prepared by conventional
solid-state reaction [16].

This paper reports the structural, vibrational, optical
and electrical characterizations of rare-earth titanate
Er,Ti,O; nanomaterial prepared by the modified
combustion technique for the first time.

2. Experimental

The rare-earth titanate Er,Ti,O; nanoceramic (hereafter
abbreviated as ETO) was prepared through the modified
combustion technique [17, 18]. Stoichiometric amounts
of the starting materials were weighed and dissolved in
suitable solvents. Citric acid (C¢HgO;,°H,0) was used as a
complexing agent and aqueous ammonia — as a fuel
reagent. Er,O; was dissolved in concentrated nitric acid
and ZrOCl,'8H,0 in double distilled water and titanium
isopropoxide (C;,Hp304Ti) in methanol. These solutions
in a glass beaker were mixed well by using a magnetic
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stirrer. pH of the solution was adjusted to a value just
above 7 to get a successful combustion. The clear solu-
tion was heated using a hot plate at 250 °C in a ventilated
fume hood. The solution boiled and on persistent heating
got auto-ignited to produce combustion product. This

powder was annealed for 2 hours in an oxygen
atmosphere at 600 °C to eliminate the presence of
organic impurities generated due to combustion.

The XRD patterns of the materials were recorded at
room temperature using a Bruker D8 X-ray powder
diffractometer with CuK, radiation of the wavelength
1.5405 A in a widerange of Bragg angle with a step size
of 0.02. Raman spectra were measured using an alpha
300 RA spectrometer with 532 nm DPSS laser with the
power 70 mW. The Fourier transform infrared (FT-IR)
spectra of the compounds were tested with the spectrum
2 Perkin—Elmer Fourier transform infrared spectrometer
by using KBr pellets. The UV-Vis diffuse reflectance
spectra were recorded with the Perkin—Elmer Lambda 35
UV-Vis spectrophotometer by using an integrated sphere
accessory (Labsphere = RSA-PE-20). The photo-
luminescence spectra were obtained using the JASCO
FP-8500 spectrofluorometer with SCE-846 accessory.
The impedance and related parameters were measured
using the computer controlled LCR meter Hioki Hi
Tester 3532 50, as a function of temperature over a wide
range of frequencies (100 Hz...5 MHz) and temperatures
(350 °C...850 °C). The sample powders were mixed with
1 wt.% solution of binder polyvinyl alcohol and
uniaxially pressed in a hydraulic press at the pressure
close to 190 MPa to produce cylindrical pellet with the
thickness 2 mm and 12 mm in diameter. The pellet made
from the sample ETO was heated up to 1400 °C and
obtained a density of more than 97% of the theoretical
one. The density values of the pellet were determined
using Archimedes principle. Conducting silver paste
contacts were applied to two parallel surfaces of the
pellet and preheated at 900 °C for 1h for impedance
measurements.

3. Results and discussion

The powder XRD pattern of ETO nanoceramic has been
shown in Fig. 1. This pattern can be well indexed with
ICDD file No. 73-1647, which gives the structure of an

ideal cubic pyrochlore belonging to Fd3m [227] space
group with Z = 8. The powder XRD pattern of the sample
ETO is comparable to earlier reports for Er,Ti,0; [16].
The crystallite size was determined from the broadening
of corresponding X-ray spectral peaks by using the
Scherrer formula. The average crystallite size is found as
13.90 nm and the unit cell parameter is 10.1371. The line
broadening in the XRD pattern indicates the nanonature
of the material.

Fourier transform infrared spectroscopy is
extensively used for studying the nature of metal-oxygen
bonds in the pyrochlore oxides. The infrared active optic
modes in pyrochlores are generated from the bending and
stretching vibrations of the metal-oxygen bonds. The
infrared lattice vibration frequencies of the pyrochlore
compounds with the general formula A,B,0; gives seven
IR-active optic modes from a group theoretical analysis
[19]. FT-IR transmittance spectrum of the nanopowder
samples over the range 400 to 1000 cm™ is given in
Fig. 2. In this study, a total of three characteristic IR
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absorption bands are identified. The strong band
observed at 455 cm™' is originated from the stretching of
RE-O’ and is assigned to Fj,. The medium absorption
band at 561 cm™' and the broad absorption band shown as
a shoulder at 694 cm™ are related with the Ti-O
stretching vibration in TiOg octahedron and are assigned
to F;, band. The band at 561 cm™! with the shoulder

694 cm™' occurs as the characteristic absorption bands in
the titanium pyrochlore spectra [19, 20]. The above
absorption bands give the evidence that the prepared
sample is of pyrochlore structure.

Raman spectroscopy is more surface oriented than
XRD because an excitation energy in the near IR region
is less penetrating than X-rays. A comparison of Raman
spectroscopy with XRD can be used to study the
difference between the surface and bulk configurations
of pyrochlore powders [21]. The obtained Raman
spectrum of ETO is shown in Fig. 3. The bands in the
Raman spectra are tentatively assigned to symmetry
species by comparing with previously published Raman
spectra of pyrochlore oxides. The weak band at 124 cm™
is present due to the vibration of the crystal lattice. The
strong band at 524 cm™' is assigned to Aj, mode, which is
attributed to RE-O stretching [20, 22, 23]. The weak
band at 870 cm™' is generated due to the second-order
Raman scattering [24]. Both Raman and FT-IR
vibrational spectroscopic studies agree well with the
XRD analysis.

UV-visible diffuse reflectance spectroscopy is a
useful spectroscopic technique that probes into the
electronic structure and domain size of transition-metal
oxides. The UV-Vis optical absorption spectra of the
sample ETO recorded in the diffuse reflectance mode in
the range 200 to 700 nm are given in Fig.4a. It is
observed that ETO exhibits an almost similar absorbance
in the broad UV-visible region with absorption edges at
365 nm, which is assigned to the intrinsic bandgap
absorption of the sample.

Determination of the optical band gap was
performed using the Tauc equation, which gave the
dependence on the photon energy in the high energy
absorption region [25]. According to this relation, the
band gap (E,) of material is as follows:

ochv=B(hv—Eg)'”, (1
(1-R)

F(R)=—L

(R) TR @)

where the absorption coefficient (o) is proportional to
F(R) the Kubelka—Munk function, R represents the
reflectance (%), h is the Planck constant, v represents the
frequency of the incident photon, B is the energy
independent constant, and m is an index representing the
nature of electronic transition. The value of m =2 for an
indirect allowed transition, m =3 for an indirect
forbidden transition, m =1/2 for a direct allowed
transition, m = 3/2 for a direct forbidden transition [26-
28]. E, values were obtained by extrapolating the slope,

to (ochv)l/2 =0, in the Tauc plot given in Fig. 4b. Thus,

the band gap energy value obtained for ETO is 3.39 eV.
This value is comparable to E, value deduced from the
absorption spectra [29].
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Table 1. Transitions corresponding to different wavelengths of ETO.

Excitation
wavelength (nm)

Compound
(nm)

Emission wavelength

Element Lower-upper transition

416

ETO 365

Ti °F,-"D°

436

Er 3H5 - OAO6

530

Er 3H5 - OAO5

Fig.5 shows the photoluminescence emission
spectra of nanocrystalline ETO. The luminescence is a
visible emission with broad spectral lines at 416, 436 nm
for ETO. The complete emission lines of the sample
with corresponding elements producing emissions are
identified with the data book of R. Payling and P. Larkins
and are given in Table 1 [30]. The origin of the
luminescence may be related to oxygen vacancies or
impurities or from the self-trapped excitons, which cause
loss of exciton energy through lattice relaxation [31]. In
the emission spectra, each wavelength represents a
different type of electronic transition caused by a specific
structural arrangement. The defects and disorders in the
powder may cause a wide band of photoluminescence
emission in the visible spectra of light [32]. The results
indicate that nanocrystalline ETO is a promising
candidate for photoluminescence applications.

The frequency dependent AC conductivity (G) were
calculated from the observed conductance (G) of the
sample, measured with the LCR meter, at various
temperatures and frequencies using the equation:

o= Gl 3)
A ’ (
where [ is the thickness of the pellet, and A is cross-
sectional area of the pellet. The variation of conductivity
with temperature at different frequencies is plotted in
Fig. 6. It is clear from the figure that the conductivity
increases with increasing the frequency and temperature.
The trend of a frequency independent conductivity
shown by the sample at low frequencies is caused by the
random diffusion of charge carriers via hopping. At
higher frequencies, & exhibits dispersion, increasing
exponentially and finally becoming almost linear [33].
The conductivity plots of the sample also show
prominent transition after 600 °C. These transitions can
be associated with the higher oxygen vacancy content in
the sample at high temperatures [34]. The conductivities
obtained previously for the pyrochlore structured
ErTi,0; at 1000 °C is 1.3-107 S-em™ [35]. For the
present  study, the obtained conductivity is
1.04-107 S/m at 750 °C and 1 MHz. The enhancement of
AC conductivity of the material at higher frequencies
may be due to reduction in barrier properties of the
material with rise in temperature [36].

Activation energies of the conductivity follow the
Arrhenius behavior given by the relation:

ETO
0424 [ m 100Hz b4
e 500Hz
—a&— 1kHz J
v— 5kHz
< 10kHz /
0.08 4 »— 100kHz /
| |—e— 1MHz o

0.10

0.06

Conductivity (Sm™)

0.04 o

0.02

0.00

T T T
600 700 800

Temperature (°C)

1 = T
400 500

Fig. 6.

ETO
-1.24

1.4

-1.6

In(s) (S/m)

-1.8 4

2.0 4

224

-2.4 - T T T T T T T
0.9 1.1 1.3
1000/T (K")

Fig. 7.

6 =0, exp(-E,/KT), 4)
where oy is a pre-exponential factor that gives the
effective number of oxide mobile ions, E, represents
the activation energy, K is the Boltzmann constant, and
T represents the absolute temperature. The activation
energy values of the samples obtained from the
Arrhenius plot in Fig. 7 is 0.24 eV. The result is close to
the activation energy value of ionic conductivity in
oxygen containing conductors. This proposes that
conduction in the compound is mainly related with the
oxygen ion mechanism [35].
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The impedance spectroscopy is the most consistent
method to determine the electrical properties of the
materials like bulk, grain boundary, and electrode
process. When the dielectric is polarized due to the
application of an electric field, it may undergo hopping
between sites arranged in three-dimensional arrays, this
hopping charges can contribute to the conductivity. The
impedance diagram can represent this kind of hopping
effect in the dielectrics. The complex impedance plots of
ETO within the temperature range 400 up to 850 °C are
shown in Fig. 8. In the two semicircular arcs on the
complex plane plot, the completed arcs representing the
combined contributions of grain and grain boundary
effect, and the incomplete arcs show the electrode
polarization. In the sample, due to the increase of
relaxation frequency of grain polarization, the semicircles
of grain conduction changes into an inclined spike at
high temperatures. But at the same time, the arc related
with the electrode polarization increases at high
temperatures due to the increase in the relaxation
frequency of electrode polarization [37].

The complex impedance spectrum can be
interpreted by means of an appropriate equivalent circuit
of parallel resistance — constant phase element for the
prepared sample. It simulates the non-ideal capacitive
behavior for a depressed semi-circle that deviates from
the ideal Debye relaxation [38]. This non-ideal behavior
may be caused by the difference in grain orientation,
grain boundary and defects in the structure. The
experimental data is fitted using the Z-View software and
the circuit parameters obtained with the best fit of data is
tabulated in Table 2.

Z-View software gives the values of grain
resistance (R,), grain boundary resistance (R,;), constant
phase element for grain (Q,) and for grain boundary (Q,;)
of the fitted spectra within 2-3% of the experimental
error. Q, and Q,, values are used to calculate the
capacitance of grain and grain boundary by using the
relation with a parameter ‘n’ that represents deviation of
capacitance from ideal behavior [39]
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Table 2. Resistance (R,, R,;), capacitance (C,, C;) and relaxation time (t,, Ty;) of grain and grain boundary of ETO.

T(°C) | R Q) | Ru(Q) ng Mgp Co(F)-107" | Co(F)-107 | 1,(5)107 | 1y(s5)-107°
450 5567 2295 0.938 | 0.899 12.368 2.158 6.885 4.953
500 4303 1490 0.999 | 0.879 6.051 1.108 2.604 1.652
550 2484 1349 0.959 | 0.961 4.086 0.370 1.015 0.499
600 1419 1061 0.924 | 0.991 3.653 0.194 0.518 0.206
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The best fit for ETO in a representative temperature
with corresponding equivalent circuit is shown in Fig. 9.
The grain and grain boundary relaxation times T, T,
were calculated using the equation:
T=RC. (6)

The values of T, and T, were plotted against the
inverse of temperature to yield Arrhenius plot of bulk
and grain-boundary relaxation, as shown in Fig. 10.

The grain and grain boundary activation energies of
ETO are 0.95 and 1.17 eV, respectively. These values of
activation energies are close to those found in the
literature for ionic conductors [40, 41]. The difference in
the activation energies for conduction and relaxation
processes shows that relaxation involves only the
hopping energy of the carriers between the localized
states, whereas the conduction mechanism involves
hopping energy as well as disorder and binding energy of

polarons [42, 43]. This result suggests that the same type
of charge carriers are responsible for the conduction and
relaxation processes. The straight line graphs in the
Arrhenius plot also support this assumption.

4. Conclusion

The nanocrystalline ETO has been prepared using the
modified combustion technique. X-ray diffraction
analysis exhibits the cubic crystal structure of the
compound at room temperature. Raman and FT-IR
spectroscopic studies confirm the cubic pyrochlore
structure. UV-Vis diffuse reflectance spectroscopy
provides the band gap energy values of the material. The
photoluminescence spectra of the sample show strong
emission within the visible range of spectrum. The
electrical conductivity of the sample as a function of
temperature shows linear behavior over the entire
temperature range. Impedance plane plots obtained
within the frequency range 100 Hz to 5 MHz show
mainly the bulk and grain boundary phases. The decrease
in grain and grain boundary resistances with temperature
suggests a thermally activated conduction mechanism.
Thermal activation has been found to be of hopping type,
and the mobility of charge carriers increases with
increasing temperature. The activation energies of grain
and grain boundary as well as the electrical conductivity
values prove application of these materials for fabrication
of electrolytes in solid oxide fuel cells.
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