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Density functional theory calculations were conducted to investigate the electronic structures of rutile
TitgOs32, TitzsNbaINOs,, and TigzsNb,INOs; systems. High density (Nb + In) co-doped rutile TiO, ceramics
were successfully prepared by one modified solid state method. XRD, XPS, Raman scattering and FT-IR
measurements were performed to investigate the structural properties of the (Nb + In) co-doped rutile
TiO, ceramics annealed in different atmospheres. The lattice parameters for the (Nb + In) co-doped
rutile TiO, ceramics were enlarged slightly after they were annealed in air and oxygen. Raman scattering
results indicate that the E5 modes are quite sensitive to oxygen vacancy in comparison with the other
Raman active modes. The ceramics annealed in oxygen at 873 K exhibit the best dielectric performance
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DOI: 10.1039/c9ra00564a with giant dielectric permittivity (>14 000) and small dielectric loss (<0.2) over the frequency range from

rsc.li/rsc-advances 40 Hz to 1 MHz.

1. Introduction

Recently, dielectric materials with colossal permittivity (CP,
>10%) and sufficiently low dielectric loss are attracting great
attention motivated by the increasing demands owing to the
miniaturization and multi-functionality of apparatus used in
high charge-storage capacitors and high speed integrated
circuits.'? Several kinds of materials with giant dielectric
permittivity have been proposed, for instance, BaTiO;-doped
perovskite,* CaCu3Ti O, (ref. 5) and rock salt-type Lig o5Tig.02-
Nig.930.° However, none of them has demonstrated a colossal
dielectric permittivity and quite low dielectric loss over a broad
frequency range so far. So it is urgent to find such a material
that possesses giant dielectric permittivity, quite small dielec-
tric loss and can be used in many application areas such as in
super capacitors and energy storage. According to the Varia-
tional Density Functional Perturbation Theory, rutile TiO, can
possess unusually large static dielectric permittivity.” Since Hu
et al.® reported the excellent dielectric performance of (Nb + In)
co-doped TiO, ceramics in 2013, great attention has been drawn
to the TiO,-based giant dielectric materials thanks to its
elemental abundance and low toxicity in recent years.>**?
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It should be noted that both the intrinsic and extrinsic
factors could affect the excellent dielectric performance of TiO,-
based ceramics. Several mechanisms have been proposed and
developed to describe this excellent dielectric response. Hu
et al.® considered that the highly localized electron-pinned
defect dipoles favorite the colossal permittivity and low dielec-
tric loss in (Nb + In) co-doped TiO, ceramics, which is known as
the EPDD model. Li et al.*®* proposed a model of internal barrier
layer capacitance, known as the IBLC model, to explain the
excellent dielectric performance in (Nb + In) co-doped TiO,
ceramics. In addition, the surface barrier layer capacitor (SBLC)
effect and non-ohmic sample-electrode contact have also been
reported to contribute to the colossal dielectric response in (Nb
+ In) co-doped TiO, ceramics."***

In this work, we report (Nb + In) co-doped TiO, ceramics with
giant dielectric permittivity and small dielectric loss over the
frequency range from 40 Hz to 1 MHz. High density ceramics
were prepared by one modified solid state method. To under-
stand how the doped elements and annealing conditions affect
the dielectric properties of the TiO, system, the electronic
structures for the pure and (Nb + In) co-doped rutile TiO, were
studied by conducting related density functional theory (DFT)
calculations. XRD, XPS, Raman scattering and FT-IR measure-
ments were performed to investigate the structural properties of
oxygen deficient (Nb + In) co-doped rutile TiO, ceramics. The
results indicate that annealing in air and oxygen leads to the
lattice parameters enlarged slightly and the Raman active E,
modes are quite sensitive to oxygen defects. The ceramics
annealed in oxygen at 873 K exhibit giant dielectric permittivity

This journal is © The Royal Society of Chemistry 2019
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(>14 000) and small dielectric loss (<0.2) over the frequency
range from 40 Hz to 1 MHz.

2. Experimental and calculation
details

The raw materials used in this work are Anatase TiO, (99.8%,
Sigma Aldrich), Nb,Os (99.9%, Sigma Aldrich) and In,O;
(99.999%, Sigma Aldrich) which are heated in oven at 423 K for
4 hours to completely remove any absorbed water. The ceramics
were prepared in a rubber hose and then pressed by using
hydrostatic press system. The ceramics were heated to 1773 K at
a rate of 2 K min~" for 10 h followed by cooling down to room
temperature naturally. Disk ceramics with the same thickness
were cut from the rod. In order to investigate the effects of
oxygen defects on the structural and dielectric properties, some
of the obtained ceramics were annealed in air for 72 h at 873 K,
and some samples were annealed in oxygen for 72 h at the same
temperature.

Phase analysis of as-prepared (Nb + In) co-doped rutile TiO,
ceramics was performed in the 2-theta range from 2° to 90° by
using a GBC MMA X-ray diffraction instrument. Raman scat-
tering experiments were applied to obtain additional informa-
tion on the internal atom vibrations of as-prepared samples by
using a JOBIN YVON HR800 Confocal Raman system with the
632.8 nm He-Ne laser. The laser was focused on the sample
powders through a microscope equipped with a x100 objective.
Fourier Transformed Infrared (FT-IR) spectra of sample
powders were recorded using the KBr method in the range 400-
1500 em™". The samples were prepared by grinding a mixture of
the sample powders and KBr powders in an agate mortar and
then pressing them in the usual way. X-ray photoelectron
spectroscopy (XPS) is conducted using a SPECS PHOIBOS 100
Analyzer installed in a high-vacuum chamber with the base
pressure below 10~ ® mbar, X-ray excitation was provided by Al
Ka radiation with photon energy v = 1486.6 eV at the high
voltage of 12 kV and power of 120 W. The XPS binding energy
spectra were recorded at the pass energy of 20 eV in the fixed
analyzer transmission mode. Analysis of the XPS data was
carried out by using the commercial Casa XPS 2.3.15 software
package. To construct parallel-plate Pt/TiO,/Pt capacitors, the Pt
electrodes (99.99%) were coated by a sputter coater (Edwards
sputter coater AUTO 306) in vacuum around 2.00 x 10> mbar
at room temperature. The dielectric behaviour was studied
using an Agilent 4294A Impedance Analyzer from 40 Hz to 1
MHz at room temperature in air ambience.

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP),'*'” with the ionic potentials
including the effect of core electrons being described by the
projector augmented wave (PAW) method.'®* A plane-wave
energy cutoff of 400 eV is used in all calculations. All struc-
tures are geometrically relaxed until the total force on each ion
was reduced to be less than 0.01 eV A~'. Heyd, Scuseria and
Ernzerhof (HSE) hybrid functional® is used in the electronic
band structures and density-of-states calculations.
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3. Results and discussion

Fig. 1a-c shows the XRD patterns for the as-prepared (Nb + In)
co-doped TiO, ceramics, which indicates that all samples show
the same crystal structure as rutile structured TiO, with slightly
changed lattice parameters. Specifically, compared to the un-
annealed sample, the air-annealed sample and oxygen-
annealed sample show much larger lattice parameters due to
less oxygen defects. Fig. 1d shows the calculated electronic band
structures and density of states for stoichiometric rutile TiO,,
revealing that the stoichiometric rutile TiO, exhibits an indirect
electronic band gap around 3.1 eV with the conduction band
extrema at M point and valance band extrema at I" point, which
is in good agreement with the experimental value of 3.0 eV.
Fig. 1e-f shows the differential charge density distributions of
Ti;6035, Tii3Nb,InO3,, and Ti 3Nb,InO3; compounds. It indi-
cates that the oxygen defects as well as the dopants of indium
and niobium could lead to the charge redistributed in rutile
TiO, particularly near the dopants and oxygen vacancies.
Specifically, the introduction of niobium leads to delocalized
electrons, while the introduction of indium yields obvious
localized electrons and oxygen vacancy holds back the delo-
calized electron caused by niobium doping. According to the
EPDD model, the highly localized electron-pinned defect
dipoles caused by the introduction of indium and niobium
could benefit the dielectric performance of the rutile TiO,.
Therefore, the redistributed charge could affect the dielectric
properties of this system.

Rutile structured TiO, belongs to P4,/mnm space group with
two formula units in one primitive cell. According to group
theory, its optical phonon irreducible representation can be
given by the following formula,

Topt = Atg + Asg + Ay + 2By + Big + By + E; + 3E, (1)

All E modes are two-fold degenerate. The A,,, By, and E,
modes are IR active, whereas the By, Eg, A;; and B,, modes are
Raman active which are normally located at around 143 cm ™"
447 cm™', 612 cm™ ' and 826 cm ™', respectively.?>* And the Ay,
modes are Raman inactive. Four first-order Raman active
modes and one second-order modes located at about 238 cm ™"
were present in the Raman spectra of as-prepared rutile TiO,
samples and their corresponding eigenvectors were displayed in
Fig. 2. Obvious red-shift of the E, modes (447 cm™ ") can be
observed after the annealing process compared to the other
Raman active modes. It can be ascribed that E, modes are
related to the libration motion of the oxygen atoms along the C,
axis, while Byg, B, and A;, modes are all Ti-O stretch or
breathing modes® which can be found from the Raman active
mode's eigenvectors shown in Fig. 2a. Therefore, the E, modes
are more sensitive to oxygen defects than the other Raman
active modes.

Fig. 3 shows the FT-IR transmittance spectra of the obtained
(Nb + In) co-doped TiO, ceramics. All ceramics show a broad
band located at 500-800 cm ' which can be ascribed to the
characteristic vibrations of the Ti-O-Ti network structure.?>*
Specifically, compared to the un-annealed ceramics, the oxygen-
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Fig. 1

(a—c) XRD patterns for the as-prepared (Nb + In) co-doped TiO, ceramics; (d) calculated electronic band structures and density-of-states

for stoichiometric rutile TiO,; (e and f) differential charge density distributions of Ti;gO=, TijzsNb,INOs3,, and Ti;zsNb,INO3; compounds. Yellow and
blue colors indicate the positive and negative values of electron quantities, respectively. The isosurface value is set to 0.02. Red, grey, purple and
blue spheres refer to oxygen, titanium, indium and niobium atoms, respectively.
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Fig.2 (a) Raman active modes' eigenvectors of rutile TiO, (the sizes of
eigenvectors have been enlarged to clarify the movements of atoms);
(b) Raman spectra of as-prepared (Nb + In) co-doped rutile TiO,
ceramics.
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Fig. 3 FT-IR spectra of the obtained (Nb + In) co-doped TiO,
ceramics.

annealed and air-annealed ceramics exhibit sharper peaks
thanks to the intensified Ti-O-Ti bonds leaded by the less
oxygen vacancies in ceramics.

Fig. 4i provides the survey spectra and high resolution Ti 2p,
O 1s,Nb 3d and In 3d core level spectra of as-prepared ceramics.
It is indicated that In an Nb are successfully incorporated into
rutile TiO, crystal lattice. Fig. 4ii shows the characteristic 2p3,
and 2p;, spin doublet from Ti'" located at 458.69 and
464.15 eV, respectively, with a peak separation of 5.46 eV. The O

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (i) XPS survey spectra of as-prepared (Nb + In) co-doped TiO, ceramics, (i) the XPS spectra of Ti 2p band, (iii) the XPS spectra of O 1s band,

(iv) The XPS spectra of In 3d band, (v) the XPS spectra of Nb 3d band for un-annealed ceramics (a), air-annealed ceramics (b) and oxygen-

annealed ceramics (c).

1s region (Fig. 4iii) was composed of two peaks located at about
530.9 and 531.7 eV corresponding to the two different Ti-O
bonds (bond length: 1.9818 A and 1.9412 A, respectively) existed
in the rutile TiO,. Two characteristic peaks of 3ds/,, and 3d;,
were present in the high resolution Nb 3d and In 3d core level
spectra (Fig. 4iv and v) which indicated the presence of In** and
Nb>* in all samples. For the prepared ceramics, it is indicated
that all peaks in the core level spectra of oxygen-annealed
samples shifted to higher energy compared to the other
samples. It is related to the less oxygen defects in ceramics.
Fig. 5 shows the frequency dependence of dielectric
permittivity and dielectric loss of (Nb + In) co-doped rutile TiO,
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Fig. 5 Room temperature frequency dependence of dielectric
permittivity (a) and dielectric loss (b) for (Nb + In) co-doped rutile TiO,
ceramics.
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ceramics at room temperature. All ceramics exhibit slowly
decreased dielectric permittivity with increased frequency. The
dielectric loss for un-annealed ceramics was as high as 50 at
40 Hz and then sharply decreased to around 0.2 when the
frequency is higher than 0.05 MHz. The air-annealed and
oxygen-annealed ceramics show less frequency dependent
dielectric loss with values around 0.2 in the whole measured
frequency range. Compared to the un-annealed and air-
annealed ceramics, the oxygen-annealed ceramics show
higher dielectric permittivity ranging from 1.4 x 10" to 3.0 x
10" over the frequency range from 40 Hz to 1 MHz. It should be
noted that the air-annealed ceramics exhibit the lowest dielec-
tric permittivity among all ceramics and comparable dielectric
loss with the oxygen-annealed ceramics in the measured
frequency range. Furthermore, the dielectric performance of the
air-annealed and oxygen-annealed ceramics was almost
unchanged after polishing followed by recoating Pt electrodes,
indicating that the oxygen entered the ceramics and became
stable during the long-time annealing process. The complicated
air and oxygen annealing effects on the dielectric performance
of the (Nb + In) co-doped rutile TiO, ceramics prove that it is
hard to clearly point out which mechanism is the main reason
for the excellent dielectric performance of rutile TiO,-based
ceramics. Not only the localized electron-pinned defect dipoles
but also the internal barrier layer capacitance could benefit the
dielectric performance.

4. Conclusions

DFT calculations using the HSE hybrid functional confirmed
that the stoichiometric rutile TiO, exhibits an indirect elec-
tronic band gap around 3.1 eV, which is in good agreement with

RSC Adv., 2019, 9, 8364-8368 | 8367
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the experimental value of 3.0 eV. After annealed in air or oxygen,
both the structural and dielectric properties of the as-prepared
ceramics exhibited much difference. The lattice parameters
were enlarged slightly and became more and more close to the
theoretical values which can be confirmed by the Raman
results. FT-IR results further proved that all samples are rutile
structured TiO, and XPS results give evidence of Nb and In
doped in samples successfully. The ceramics annealed in
oxygen showed larger dielectric permittivity (>14 000) and
smaller dielectric loss (<0.2) in the frequency range from 40 Hz
to 1 MHz compared to the others.
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