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The appearance of colossal permittivity materials broadened the choice of materials for energy-storage appli-
cations. In this work, colossal permittivity in ceramics of TiO, co-doped with niobium and europium ions
((Eug sNbg 5),Ti; O, ceramics) was reported. A large permittivity (e, ~ 2.01 x 10°) and a low dielectric loss
(tand ~ 0.095) were observed for (Eug sNbg 5),Ti; xO2 (x = 1%) ceramics at 1 kHz. Moreover, two significant
relaxations were observed in the temperature dependence of dielectric properties for (Eu, Nb) co-doped TiO,

ceramics, which originated from defect dipoles and electron hopping, respectively. The low dielectric loss and
high relative permittivity were ascribed to the electron-pinned defect-dipoles and electrons hopping. The
(Eug.sNbyg 5)xTi;.xO2 ceramic with great colossal permittivity is one of the most promising candidates for high-
energy density storage applications.

1. Introduction

The continually increasing demands of microelectronics applica-
tions have led investigators to be interested in searching for new ma-
terials with colossal permittivity [1,2]. In prior decades, much colossal
permittivity materials have been investigated, such as BaTiO3; [3,4],
CaCu3Ti4012 [5—9], (Ba, Sr)Ti03 [10,11], NiO [12], Ba(Feo_sNbO's)Og
[13], Ko.3M0O3 [14] etc. Unfortunately, none of these materials meet
the high-energy density storage application requirements.

Recently, a novel colossal permittivity material, (In, Nb) co-doped
rutile TiO, material was extensively investigated, which possesses high
relative permittivity (> 10* and low dielectric loss (< 0.05) over a
very broad temperature range from 80K to 450K [15]. In the mean-
time, the electron-pinned defect dipoles (EPDD) model has been de-
veloped to interpret the excellent dielectric performance of (In, Nb) co-
doped rutile TiO, ceramics. According to the EPDD model, the electron
produced by Nb-doping is localized in
2In3* + V' + 2Ti3* + 2Nb°* + Ti**defect clusters, which result in the
high permittivity and low dielectric loss in (In, Nb) co-doped TiO,
ceramics [15]. Afterwards, the dielectric properties of other co-doped
TiO,, systems such as Ga®>* + Nb°* [16], Bi®* + Nb>* [17], Sm®* +
Ta®* [18], AI®* + Nb°* [19], Er®" + Nb°* [20], Mg?* + Nb°™*
[21], Ca®* +Nb°* [22], Zn®* + Nb°* [23], Y3+ + Nb°* [24], Mg?™*
+ Ta®* [25] and Sm®* + Nb®* [26] co-doped TiO, ceramics are in-
vestigated, experimental results as shown in Fig. 1. All of these ex-
perimental results indicate that co-doped TiO, with bivalent or trivalent
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ions and pentavalent ions usually present colossal permittivity effect.
However, the effect is sensitive to the type of acceptor ions and the
concentration of doped ions. Therefore, it is necessary to further re-
search high-performance colossal permittivity material systems using
appropriate acceptor and donor co-doped. Hu et al. pointed out that co-
doping trivalent In®* ions with a big ionic radius and Nb>* ions are
favorable to form triangular (In;*V;'Ti**) and diamond shaped
(Nb>*Ti3*Ag; (A = Ti3*/In3*/Ti**)) defect clusters in rutile TiO, [15],
while an intergrowns, intermediate, and metal-ion-rich structure is
founded in co-doping smaller AI®* ions and Nb°" ions [27]. Con-
sidering the larger ionic radius of Eu®>* ions (rg, = 108.7 pm) than In®>*
ions (1, = 94 pm), it is expected to obtain higher permittivity and
lower dielectric loss in (Eu, Nb) co-doping TiO, by formation larger
local defects clusters.

In this work, (EugsNbgs),Ti;xO> (x = 0%, x=1%, x = 3%,
x = 5%, x = 10%) ceramics were synthesized by a conventional solid-
state reaction. The phase composition and microstructure are carefully
characterized. The dielectric permittivty and dielectric loss of the (Eu,
Nb) co-doped rutile-TiO5 as functions of frequency and temperature are
systematically studied. High permittivity (e, ~ 2.01 x 10°) and low
dielectric loss (tand ~ 0.095) are achieved in (EugsNbg 5)0.01Tip.99002
ceramics. Additionally, XPS results are obtained to evidence the ex-
istence of defect dipoles and the correlation between defect dipoles and
colossal permittivity.


http://www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2018.04.026
https://doi.org/10.1016/j.jeurceramsoc.2018.04.026
mailto:wangzhou@sust.edu.cn
https://doi.org/10.1016/j.jeurceramsoc.2018.04.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2018.04.026&domain=pdf

Z. Wang et al.

10° 3
this work J. Am. Ceram. Soc.
4 122]
s |Phys.chem:.Chem. Phys. .-~ T R ®
10 ----[20]---@ J. Matér. Chem. C
J. Mater. Chem. A [286]
- 2@ ® :
Q™ e -9 J. Mater. Chem. A
J.'M.?(er.;c‘{:em‘ c : [17]1 §
10°- [2§3l§ :
10° — — — T —
0.00 0.05 0.10 0.15 0.20 0.25
tan &

Fig. 1. Comparison of ¢, and tand of co-doped rutile TiO, ceramics with dif-
ferent acceptors and donors at 1 kHz.

2. Experimental procedure

Samples of (EugsNbgs),Ti;. 02 (x = 1%, 3%, 5% and 10%) were
prepared by the solid state sintering method. TiO, (98.0%), Nb,Os
(99.5%) and Eu,03 (99.99%) were used as raw materials in this work.
These raw materials were weighed accurately according to their che-
mical compositions, and subsequently were mixed by a planetary ball
milled for 4h with deionized water as the medium. All of the mixed
powder was calcined at 1200 °C for 2 h, and ground in an agate mortar.
Then, the mixed powder was pressed into pellets of ~10mm in dia-
meter and ~1.0mm in thickness by cold isostatic pressing process.
Finally, these samples were sintered at optimum temperatures to obtain
dense ceramics. The sintered samples were pasted silver on both sides
and annealed at 650 °C for 15 min for electric testing.

Phase composition and crystal structure of these samples were
characterized using X-ray diffraction (XRD) (D/max-2200PC Japan)
and Raman spectroscopy (Renishaw-invia Britain). Rietveld refinement
results of XRD were obtained by the GSAS software. The surface mor-
phology of these samples was observed by field emission-scanning
electron microscopy (FE-SEM) (FEIQ45 + EDAXOctanePrime America).
The dielectric properties of these ceramic samples were measured using
a precision impedance analyzer (Agilent-E4980A). The oxidation states
in (Eug sNbg 5)0.01Tip.0902 ceramics were analyzed using X-ray photo-
electron spectroscopy (XPS) (AXIS SUPRA Britain). The XPS spectra
were fitted by the CasaXPS software.

3. Results and discussion

Fig. 2(a) shows the XRD patterns of (Eug sNbg 5),Ti;.,O> ceramics at
different x in the 20 range of 20°-80°. The results suggest that a main
phase of rutile-TiO, is confirmed in all ceramics samples. However, a
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small amount of secondary phases is observed in (EugsNbg s),TijxO2
ceramics with x > 1%, which is owing to that concentration of Eu and
Nb ions exceeds over their solubility. According to the Hume-Rothery
rule, a substitution solid solution is more likely to be formed if the
mismatch of ionic radii is less than 15% [28]. In accordance with this
rule, the mismatch of Eu and Ti ionic radii (]|74.5-108.7/
74.5| = 45.9%) is much higher than the in finite solid solution's upper
limit, and that of Nb and Ti ionic radii (|74.5 — 78/74.5| = 5%) is far
less than the in finite solid solution's upper limit. As a result, Eu®>* ions
are hard to substitute for the Ti** ions in the [TiOg] octahedron and the
secondary phases Eu,Ti»O; and EuNbTiOg presented in ceramics.
Fig. 2(b) shows Rietveld refinement results of XRD pattern of
(Eug.sNbg 5),Ti;.,O2 ceramics with x = 1%. The ceramics of x = 1% is
determined as a rutile crystal structure of space group P42/ mnm with
a=4.60(1) A and ¢ = 2.96(5) A, where Eu®* ions and Nb®* ions
substitute for the Ti** ions site of TiOs.

Fig. 3(a) shows the Raman spectra of (Eug sNbg s),Ti;.O> ceramics
at different x under excitation with a 532nm wavelength Ar™ laser.
There are four Raman active fundamental modes: 143 cm ™1, 447 cm ™},
612cm~'and 239cm 1. 143 em ! (B;g) corresponds to O—Ti—O bond
bending mode, the 447 cm™'(E,) mode corresponds to oxygen atom
liberation along the c-axis out of phase, while 612 em~! (A1g) corre-
sponds to Ti—O stretch mode [29]. These confirmed the existence of the
rutile TiO,. Meanwhile, it is noteworthy that the peak at ~239 cm ™" is
a multi-phonon peak for the second-order effect [30]. It is generally
believed that the peak is induced by the internal stress/strain and
partial reduction of the TiO, grains. It might be caused by doping ele-
ments with different radii in the host lattice. Fig. 3(b) demonstrates the
detailed Raman shift of E; and A, as functions of doped content x. Eg
mode shows a slight blue shift as x increasing, which can directly prove
the existence of oxygen vacancies [31]. A;; mode shows a slight red
shift as x increasing, which should be attributed to certain factors (e.g.,
doping, lattice distortion, and partial reduction of the TiO, grains [32]).
Raman spectroscopy analysis is in consistent with XRD result. The main
phase of all ceramic is rutile phase.

Fig. 4 illustrates the dielectric properties of (EugsNbg 5)xTii.xO2
ceramics at different frequency and compositions. As shown in
Fig. 4(a), compared to pure TiO, and 0.5% co-doped TiO,, other (Eu,
Nb) co-doped TiO, samples exhibited ultra-high relative permittivity
(> 10°), which is superior to the reported materials of (Nb, In) and (Nb,
Er) co-doped TiO, (~10% [15,20]. The dielectric properties of TiO,
samples with co-doped 0.5% (Eu, Nb) similar to that of undoped TiO,
[33], which may be due to destruction of the intrinsic dipolar effect
[34,35]. The mechanism of this phenomenon is not yet clear. Inter-
estingly, tand of (Eug sNbg 5),Ti;xO> ceramics with x > 1% increased
with decreasing frequency in a low-frequency range (< 10°Hz) (see
Fig. 4(b)). According to the results of XRD patterns, this is possibly
attributed to the secondary phase. Fig. 4(c) shows the ¢, and tand of
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Fig. 2. (a) XRD patterns of (EugsNbg 5),Ti;.xO2 ceramics. (b) Rietveld refinement results of XRD pattern of (Eug sNbg 5),Ti; O ceramics with x = 1% are given by

the GSAS software.
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