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The effect of Mn-doping on dielectric properties of titanate nanowires
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Abstract

Mn-doped titanate nanowires (TNWSs) with system of MnyTizxO7 10

(NagesH1.04-3.42H,0) (where x = 0, 0.05, 0.10, 0.20, and 0.30) were e
fabricated a hydrothermal route at 130 °C for 24 h. The products were -y s 10% Mn
investigated by X-ray diffraction (XRD), scanning electron microscopy — Jtmmme v 20%Mn

] < 30% Mn

(SEM), and UV-vis spectroscopy. The nanowires were an average diameter
of about 10-50 nm and an average range length of micrometer scales. The 10"
dielectric relaxation in the MnTi3xO7 (NaogsH1.04-3.42H20) system was  «

determined by LCR Meter in difference frequency (10%-108 Hz) at various 10"

temperatures. The Mn-doped TNWs samples showed a giant dielectric \ 7%y

exhibit with a dielectric constant of about 10* at 30 °C and 1 kHz. They all Lo I\ lVIn-do ed TNWS
have a Debye-like relaxation based on the Maxwell-Wagner polarization. 10 A P .
The dielectric constant of Mn-doped TNWs significantly increased with 10 10 10 10 10
increasing doping levels. Frequency (Hz)
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Introduction

In the last decades, high dielectric constant ferroelectric
ceramics such as BaTiOs [1] and PbMg1sNb2303 have been
studies intensively [2]. The CaCusTisO1, ceramic has a
perovskite-like oxide structure, which exhibits a &" of about
10° over a wide temperature range from room temperature to
300 °C [3, 4]. In recent years, it was reported that titanate
nanotubes (TNTs) showed a &' of about 10— 10° at low
frequency [5 — 7]. The dielectric relaxation of TNTs base
was related to associated with their high grain conductivity,
which is the important factor contributing to the Maxwell-
Wagner polarization mechanism. Kasian et al. [6], have
added different contents of Co doping ions into TNTs with
5 — 40% and studied the dielectric properties of Co-doped
TNTs. After doping TNTs with Co ions, the &' increased
and tand significantly decreased. Replacing the precious
metal with a more common metal in TNTs can be
significantly improve dielectric properties. Among these
dopants, Mn has been reported to improve dielectric
response and sinterability in a certain extent due to the

modification of mixed valent structure. The addition of Mn?*
can reduce dielectric losses and increase the densification of
dielectric metals [24]. In addition, Mn?* substitution into
BZT can reduce tand to be less than 0.02 [25].
In this paper, we successfully prepared Mn-doped
TNWSs by a hydrothermal route at the temperature of 130 °C
for 24 h. The effects of Mn doping ions on the dielectric
properties of TNWs were studied and discussed in detail.

Materials and Methods

Mn-doped TNWSs were prepared by a hydrothermal
process using anatase-TiO;, MnN,OgxH,O and NaOH.
Typically, TiO, and MnN.OgxH,O were calculated
according to the stoichiometric composite A,
(Ti3_anx)O7-nH20 (AzzNao_ose H1,964)(Where X = 0, 0.05,
0.10, 0.20 and 0.30). The precursor was dissolved in 160 ml
of NaOH (10M) mixture solution under magnetic stirring for
24 h and followed by ultrasonic for 2h. The product was
transferred into a Teflon-line autoclave and sealed. After
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reaction at 130 °C for 24 h, the autoclave was cooled to room
temperature. Then, the product was washed using de-ionized
water several times until the pH was closed to 7 and dried at
70 °C in oven. The crystal structure of Mn-doped TNWs
were characterized by X-ray diffraction (XRD) using CuKa
radiation with A = 0.154060 nm (D2, Bruker, Germany). The
microstructure of prepared Mn-doped TNWSs was
characterized by scanning electron microscopy (FE-SEM,
Carl Zeiss, Auriga). Absorption of Mn-doped TNWs was
investigated by UV-Vis spectroscopy (Shimadzu UV-
3101PC). For dielectric measurements, electrodes were
painted with silver paste and dried at 70 °C for 5 min. The
dielectric properties were determined by using a Keysight
E4990A precision LCR meter as functions of frequency
(102 10° Hz) and temperature (-60 — 200 °C) at oscillation
voltage of 0.50 V.

Results and Discussion

Fig. 1 presents the XRD results for Mn-doped TNWs.
The results indicated that a single phase with monoclinic
trititanate (H.TisO7, JCPDF 47-0561) was detected in all
samples [8, 9]. For Mn-doped TNWs, as the Mn doping
concentration increases and there was a decrease in the
intensity of the peaks. This is attributed to the effects caused
in the substitute of the Ti** ions (0.68 A) by Mn? ions
(0.70 A) into the TNWs lattice [10, 11]. It was ascribed that
this phenomenon may be caused by the distortion of
crystalline order within the layers due to the ion-exchange
[11]. Consequently, the deformation of crystal lattice, which
resulted in a decrease in the crystallite size as clearly
indicated by the broadening peak and decreasing peak
intensity. The optical absorbance was measured by UV-Vis
spectroscopy (Fig. 2). The absorption peaks could be rather
divided into 2 groups. The first one is 5% Mn and 20% Mn,
their peak intensities reduced and shifted to the red. The
second group is an undoped, 10% Mn, and 30% Mn, their
peak intensities were higher than the first group and seemed
to stay still at the same position, did not show the red shift.
This can be understood as when the doping concentration is
high, the inconsistency in precipitation may lead the dopants
to form clusters. All the Mn-doped TNTs displayed
moderate absorbance in the visible light region in the range
of 400 — 800 nm like previous reports [12]. The red shift
associated with the manganese concentration increase, with
the related mechanism of charge transfer within structure
[10, 12 — 14]. The band gap (Ey) is the strength of the optical
absorption, as presented in eq. (1) [10, 15]:

ahv = A(hv-E,)? (1)

where a is the absorption coefficient, h is the Planck
constant, v is the photon’s frequency, A is a proportionality
constant and Eg is the energy band gap energy. The band
gaps applied of all the samples is shown in Table 1.
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Fig. 1 XRD patterns of Mn-doped TNWs with different
concentrations of Mn doping ions.
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Fig. 2 UV-vis absorption spectra of samples obtained at
room temperature.
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(a) Undoped

(d) 20% Mn

Fig. 3 SEM images of (a) undoped, (b) 5% Mn, (c) 10% Mn, (d) 20% Mn and (e) 30% Mn.

Fig. 3 shows SEM images of Mn-doped TNWs, all
products exhibited both nanowire-like structures and
particles. The average diameter of nanowires was ~10 — 50
nm and the length of the nanowires is about micrometers

scales. The &' of the Mn-doped TNWSs was calculated from
the capacitance value using the following eqg. (2)

_cd
&A

where C is capacitance using the material as the
dielectric capacitor, d the thickness of the sample, A the area
of the plate, and & the permittivity of the free space,
respectively. Figs. 4(a) — (d). illustrate the frequency
dependence of dielectric properties of Mn-doped TNWSs. As
seen in Fig. 4(a), the &'increases with increasing Mn2*
content (x = 0.05 — 0.20) to reach the maximum value of
5.50 x 10* at x = 0.20 (30 °C and 1 kHz) and then decreases
with increasing Mn?* content (x = 0.30). This may be due to
the amount of Mn doping leading to lower carrier mobility.
Some other previous works also reported that Mn doping has
a significant influence on the dielectric property [17, 18].
Fig. 4(b) shows the tand response of various frequencies at
temperature of 30 °C for undoped and Mn-doped TNWs.
The low values of tand for all the samples are nearly
independent of low frequency (102 — 10° Hz). All samples
show the rapid increase in tand at high frequencies (>10°
Hz).

&

O]

(b) 5% Mn

(c) 10% Mn

This is related to the dielectric relaxation process [19, 20].

Fig. 4(c) shows the influence of the Mn?* doping on
electrical properties of Mn-doped TNWSs, which was
characterized using impedance spectroscopy. Fig. 4(c) two
semicircular arcs is found in these complex plots. This is
attributed to the resistance of the insulating grain boundary
(Rgb) and the resistance of the grain (Rg) (as show inset (1))
[21, 22]. It is observed that Ry, value is much larger than Ry
value for all the sample. This result clearly indicates that the
dielectric behavior in all samples should be correlated to the
interfacial polarization or Maxwell-Wagner Polarization.
Under an applied electric field, free charges in the
semiconducting part were accumulated at the insulating
interface, producing the strong interfacial polarization. The
diameter of each semicircular arcs for both of the grain and
grain boundary responses, tends to decrease with increase
doping concentration. This result indicates that the Mn?*
doping affects the properties of TNWs by two possible apart
from, i.e., substitution into lattice and formation of an
impurity phase, with effect on the electrical properties of
Mn-doped TNWSs. The effect of temperature on dielectric
properties is shown in Fig. 4(d). The tends to increase with
increasing temperature. However, when the temperature

higher than 120 °C, the &' decreases with increasing

temperatures. This can be explained that the structure of
nanotubes was destroyed and changed into particles with

increasing temperature, leading to decreases in & .
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Table 1 Shows the dielectric constant (&), loss tangent
(tand) (at 30 °C and 10 kHz), and energy gap (Eg) of Mn-
doped TNWs.

Doping Level ¢’ tand Eg(eV)
x=0 4.10x10*  0.40 3.10
x =0.05 4.70x10*  0.30 2.44
x=0.10 5.40x10* 0.30 2.92
x=0.20 5.50x10* 0.20 2.38
x=0.30 450x10* 0.30 2.31

The semicircles diameter of the sample decreased as the
increasing temperature, confirming the semiconductor-like
behavior of these materials [23] (see in Fig. 4(c); inset (2)).
The effect of temperature on dielectric properties is shown
in Fig. 4(d). This result suggests that the addition of Mn

doping the increase of the &’ with the increase temperature.
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This dielectric exhibit is related to the dc conductivity [19].
The peak of &' decreases as increasing of temperatures
(>120 °C). These affect the structure of nanowires was
destroyed and transformed into particles, leading to
decreases in&’ .

Conclusion

The Mn-doped TNWSs were sucessfully synthesized by a
hydrothermal route. All the samples shown high dielectric
behavior with a dielectric constant of about 10% The
dielectric response have been explained on the basis of the
Maxwell-Wagner polarization mechanism. The increase in
&' with Mn?* doping was due to the increase in space charge
carriers or interfacial polarization. An increase in the
dielectric constant was thought to be the main cause for the
improvement of both Rg, and Ry of the TNWs.
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Fig. 4 Frequency dependence of (a) &', (b) tand, (c) impedance spectra of undoped and Mn-doped TNWs at 30 °C; inset (1)
of (c) impedance spectra at high frequency, and inset (2) of (c) impedance spectra plot at difference temperatures for the
30% Mn doped TNWs sample and (d) the temperature dependence of the dielectric constant (&' ) between -60 — 200 °C at

the difference frequency (102 10° Hz).
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