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a  b  s  t  r  a  c  t

Nanostructured  TiO2 has shown  promise  as  a dielectric  material  for high  energy  density  ceramic  capaci-
tors because  of its high  dielectric  breakdown  strength  and  dielectric  constant.  Strategies  to increase  the
insulation  resistance  or to reduce  the  leakage  current  of  TiO2 include  doping  with  transition  metal  ions.
It is  shown  that  Mn  doping  followed  by  an appropriate  thermal  treatment  increases  the  grain  boundary
vailable online 3 March 2012
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nsulation resistance

resistivity  significantly  and  lowers  the dielectric  loss.  Electrical  measurements  along  with  electron  para-
magnetic  resonance  and  scanning  electron  microscopy  of Mn-doped  nanoscopic  TiO2 demonstrate  that
sintering at  900 ◦C leads  to  optimal  electrical  properties  that  are  correlated  with  a  non-uniform  distribu-
tion  of dopant  ions,  concentrated  at the grain  boundaries.  Nanostructured  TiO2 dielectrics  with  improved
insulation  resistance  are  promising  for  the development  of higher  energy  density  capacitors.
lectron paramagnetic resonance (EPR)

. Introduction

Energy storage capacitors with reduced volume are increas-
ngly in high demand for military applications in mobile platforms
ncluding vehicles, airplanes and ships. The key to the improve-

ent of energy storage capability of a capacitor is to increase
he energy density of the dielectric materials occupying most
f the volume of a capacitor. Dielectrics with high dielec-
ric constant, breakdown strength and insulation resistance are
equired for high energy density capacitor applications. Among
arious types of dielectric materials (ceramics, polymers, com-
osites), ceramics are the mostly widely used ones [1].  Due
o the advantages of high dielectric constant, ceramic capaci-
ors can easily achieve high capacitance density. However, high
nergy density cannot be readily accomplished without high
reakdown strength and insulation resistance of the dielectrics.
nergy density of multilayer ceramic capacitors (MLCC) are typ-
cally <2 J cm−3. There is an increasing interest in higher energy
ensity (>5 J cm−3) MLCCs particularly for pulsed power appli-
ations. Previous research showed that nanostructured titanium
ioxide (TiO2) ceramics exhibit significantly higher breakdown

trength than conventional microsized TiO2, making them suit-
ble for energy storage applications [2].  It was  also found
hat the dielectric properties of TiO2 are greatly affected by
mpurities (dopants) and defects [3] as well as processing
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conditions [4].  Earlier studies showed that Mn  doping can hinder
the reduction of BaTiO3 thereby suppressing one of the dominant
defects, oxygen vacancies [5,6]. Application of this method to TiO2
suggests that optimal amounts of Mn2+ suppress the reduction of
Ti4+ [7].

In order to further clarify the effect of the dopants on the
microstructural development and resultant dielectric properties
of TiO2, electron paramagnetic resonance (EPR) spectroscopy was
employed in the current study. TiO2 ceramics doped with man-
ganese were subjected to the EPR analysis and the results were
correlated with measurements of dielectric properties.

EPR signals arise from paramagnetic impurities, whether resid-
ual or intentional (from doping) or from paramagnetic defects such
as dangling bonds. For example, the oxygen vacancy is the predom-
inant defect in TiO2 and has an associated EPR response [8].  The
oxygen deficiency introduces an excess of electrons in the material
resulting in an increase of the electrical conductivity and dielectric
loss [7],  which has a deleterious effect on the material’s break-
down strength and insulation resistance. EPR also has been used
previously to investigate the nature of paramagnetic impurities in
various forms of TiO2. For example, in studies of photochemical
properties of vanadium-doped TiO2 particles for photooxidation
applications both surface VO2+ and interstitial V4+ species were
detected [9].  In another example, EPR was used to investigate the
environment of Mn4+ ions in Mn-implanted single crystals of TiO2

rutile [10]. In both of these cases, the hyperfine splitting char-
acteristics of the 51V and 55Mn  nuclei, respectively, were clearly
observed, indicating that the dopant ions were well dispersed in
the host crystal.

dx.doi.org/10.1016/j.jpowsour.2012.02.096
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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clustered along the grain boundaries and therefore consistent with
the impedance results.

In order to test this assertion, an EPR spectrum was  also obtained
for the same Mn-doped sample subjected to a post-anneal at
ig. 1. Pulsed DC testing of Mn-doped TiO2 sintered at 900 ◦C. (A) Applied voltage c
emperature measurements without annealing; red curve – after heat treatment in
eferred to the web  version of this article.)

Of particular interest in this investigation is the characteri-
ation of the Mn  ion environment in nanostructured TiO2 being
onsidered for capacitors with high energy density. Besides high
reakdown strength, such capacitors require high insulation resis-
ance for efficient charge storage under applied electrical field.

hether the dopant becomes segregated at the grain boundaries or
s uniformly distributed in the bulk will have a significant effect on
lectrical properties. Since the leakage current is closely related to
ielectric breakdown phenomenon and the dielectric loss (partic-
larly at low frequencies), reduction of electrical conductivity is of
ritical importance for successful application of dielectric materials
n high-energy density capacitors.

. Experimental

High purity TiO2 powders (Toho Titanium Co. Ltd., Chigasaki,
apan) were used as starting material [11]. Manganese (II) acetate
etrahydrate (99.99%, Sigma–Aldrich, St. Louis, MO)  was used for
oping of TiO2 powders with 0.05 mol% Mn.  A stock solution of Mn
recursor was prepared with high-purity anhydrate ethanol (99.5%,
igma–Aldrich) as the solvent. TiO2 powders were mixed with the
tock solution followed by ball milling of the slurry for 12 h and
ried under constant stirring on a hot plate. After grinding with
ortar and pestle, doped powders were first uniaxially pressed at

0 MPa  followed by cold isostatically pressing at 300 MPa. Disc-
haped samples were sintered in oxygen atmosphere at 900 ◦C
nd 1100 ◦C for 2 h. Microstructural characterization of Mn-doped
iO2 samples by scanning electron microscopy (SEM) are reported
lsewhere [11], and additional SEM images as a function of ther-
al  treatment are presented herein, using the methods previously

escribed [11].
Impedance data were collected at 550 ◦C with an impedance

nalyzer (Solartron 1260 Hampshire, UK) connected with Solartron
296 dielectric interface, and analyzed using Zview software.
xperimental data are normalized to the sample geometry and
quivalent circuit used for fitting of the results. Direct current mea-
urements were performed by a Keithley electrometer 6517A using
oltage pulses ±100 V. Data shown in Fig. 1 were obtained at room
emperature using a pulsed cyclogram for applied voltage (A) and
urrent response to this cyclogram (B). All measurements were
one in the temperature range from 200 ◦C to 550 ◦C so that conduc-
ivity of the material is sufficiently high to obtain a grain and grain
oundary response from the impedance spectra. To minimize the

urface conductivity of the samples due to humidity in the ambient
ir, DC measurements were conducted after heating of the samples
o 200 ◦C and cooling to room temperature in a chamber with dry
ir atmosphere.
am at ±100 V. (B) Time dependence of measured current, blue curve – initial room
ir. (For interpretation of the references to color in this figure legend, the reader is

EPR measurements were performed on a Bruker EMX  spectrom-
eter at room temperature (296 ◦K) and 77 ◦K on powdered samples.
First-derivative spectra were obtained with 100 kHz field modula-
tion, with 3.0 G amplitude. Quartz EPR tubes of 4 mm diameter were
filled with about 1.5 cm of material height at room temperature
and 0.75 cm of material height at 77 ◦K with comparable packing
density, and the EPR intensity data were normalized. The measure-
ments at room temperature were taken at 9.81 GHz and at 77 ◦K at
9.40 GHz, the difference in frequency being due to the glass-dewar
LN2 insert. Though measurements were performed at both temper-
atures, many of the most interesting features with adequate signal
to noise in the TiO2 samples were only observed at 77 ◦K and only
those results will be described in detail.

3. Results and discussion

The 77 K EPR spectra of undoped and Mn-doped TiO2 are
depicted in Fig. 2. The undoped sample gives a spectrum indistin-
guishable from cavity background. There are no features commonly
observed due to the presence of Fe impurities [12,13] nor is there a
signal attributable to oxygen vacancies, indicating that the den-
sity of these impurities and defects is less than 1015 cm−3. The
Mn-doped sample annealed at 900 ◦C presents only a relatively
weak and broad resonance. However if the Mn2+ ions were well dis-
persed in the structure one would expect a typical six-line pattern
due to the hyperfine interaction associated with the spin-5/2 55Mn
nucleus [10]. This result could be interpreted as the manganese ions
not being uniformly incorporated into the TiO2 structure, but rather
Fig. 2. 77 K EPR spectra of undoped (top), Mn-doped TiO2 annealed at 900 ◦C (mid-
dle), Mn-doped TiO2 annealed at 1100 ◦C (bottom).
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Fig. 3. Impedance spectroscopy of Mn-doped TiO2 sintered at 900 ◦C (solid dots) and
1100 ◦C (open circles), data obtained at 550 ◦C. The lines are fitting curves obtained
using the equivalent circuit.

Fig. 4. Temperature dependence of resistivity for Mn-doped TiO2 sintered at 900 ◦C
(red signs) and 1100 ◦C (blue signs). Grain resistivities (circles) and total resistivi-
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100 ◦C. In this case there are rich spectral features centered around
250 G and 3300 G. Care was taken not to expose the sample to addi-
ional possible paramagnetic impurities during the post-anneal so
t is believed that the principal effect of the higher temperature is
o facilitate diffusion of the dopant ions throughout the bulk of the
ample. The spectrum below is for the same sample subjected to

 second annealing at 1100 ◦C, and shows multiple sites with clear
yperfine structure. The higher temperature annealing alters the
istribution of the dopant ions to one that is more uniform through-
ut the bulk, which verifies our initial hypothesis that the 900 ◦C
nnealed sample has a non-uniform distribution of Mn  ions. In the
100 ◦C sample, there are two groups of g-values with 6 lines each
verlapping. An essentially identical spectrum has been reported
n Mn-doped TiO2 and assigned to substitutionally incorporated

n4+, in which the fine structure term splits the multiplets into a
ouble sextet resonance at 1000–1500 Gauss (g ≈ 4) and another
t around 3000 Gauss (g ∼ 2) [14]. Despite the complexity of this
pectrum, the main purpose here is to demonstrate that the lower
emperature annealing process leaves the dopant ions segregated
t the grain boundaries or otherwise clustered.

Because TiO2 powders were doped by surface coating of
he particles, clustering of Mn-ions at the grain boundaries
ccurs at low sintering temperatures. With the increase of
intering temperature, Mn-ions diffuse from the grain bound-
ries into the TiO2 grains. The binding nature and preferential
ites between Mn-ions and TiO2 is governed by the interfacial
eactions according to the phase equilibria in the MnO–TiO2
ystem. The diffusion process during the initial stage of interfacial
eactions may  lead to formation of localized phases such as
nTiO3, Mn2TiO4 or MnTi2O5 along the grain boundary region.

urther increase of sintering temperature and time would result
n diffusion of Mn-ions into the TiO2 grains and dilution of
opant concentration within the grain boundaries. Further studies
y utilizing of electron microscopy techniques are needed to
eveal the nature and distribution of Mn-  and Ti-ions along and
ear the grain boundaries of nanostructured TiO2 dielectrics
oward better understanding of the relationship between their
lectrical properties, microstructural evolution and defect
tructure. This point is addressed in greater detail
ater.

The effect of Mn  doping on the dielectric properties of TiO2
as reported in [11]. An optimized doping concentration of

bout 0.05 mol% led to reduced conductivity and loss tangent
s well as improved voltage breakdown strength and energy
torage capability of the dielectric due to generation of pos-
ible electron traps. Further increase of Mn  content resulted
n higher dielectric loss due to formation of oxygen vacancies.
ncreased grain-boundary resistivity was observed with higher

n-doping concentration, presumably due to segregation of Mn
olutes at the grain boundaries. Larger difference between the
rain and grain-boundary conductivity gave rise to space charge
olarization.

Comparison of impedance spectra for samples sintered at
ifferent temperatures is presented in Fig. 3. Cole–Cole plots
semicircles) shown in figure were measured at 550 ◦C and

learly represent two semicircles corresponding to grain and grain
oundary resistance. While semicircles of 900 ◦C sample are less
uppressed (more ideal), semicircles of 1100 ◦C sample are more
uppressed that may  be caused by Mn-ion diffusion from grain

able 1
itting results for impedance spectra (Fig. 1) obtained at 550 ◦C. For the sample sintered at 

ttings  were used for the sample sintered at 1100 ◦C: R1-C1 in the high frequency range a

Sintering temp. [◦C] R1 [Ohm] C1 [F] 

900 8.4e5 ± 0.3% 8.0e-12 ±
1100  6.0e5 ± 1.5% 1.0e-11 ±
ties were measured by impedance spectroscopy and DC method, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

boundaries into the grains. A suppressed semicircle of impedance
spectra indicates a non-uniform distribution of Mn-ions within the
grains. Fitting experimental spectra by an equivalent circuit con-
firms this suggestion. A good fitting within the entire frequency
range was  achieved for the sample sintered at 900 ◦C. In contrast,
the sample sintered at 1100 ◦C shows a distortion of both high and
low frequency semicircles. In this case, the high and low frequency
sections of the spectra are fitted separately to reveal formation
of a diffusive layer of Mn-ions as a “core–shell” structure within
the TiO2 grains. The corresponding parameters of the impedance
spectra and fitting errors are given in Table 1 for both samples.
Reduction of the conductivity is of critical importance for successful
application of dielectric materials in high energy density capaci-
tors, since conductivity is closely related to dielectric breakdown
phenomenon and dielectric loss (particularly at low frequencies).
A decrease in conductivity by appropriate amount of Mn  doping is

attributed to creation of electron traps due to the fact that Mn4+

and Mn3+ have higher tendency for reduction as compared to Ti4+

in dielectric ceramics such as BaTiO3 [15]. However, excessive dop-
ing of TiO2 with Mn  ions would result in a decrease of resistivity by

900 ◦C, the entire frequency range is fitted using an equivalent circuit. Two separate
nd R2-CPE2 in the low frequency range.

R2 [Ohm] CPE2 [F]

 0.25% 2.7e5 ± 1.2% 2.8e-9 ± 3.8%
 1.0% 4.5e5 ± 0.7% 4.3e-8 ± 2.7%
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ig. 5. SEM microstructural development of Mn-doped TiO2 samples sintered at 90
olished; (c) 900 ◦C fracture; (d) 1100 ◦C fracture; (e) 900 ◦C fracture. Scale bar is 5 

ormation of oxygen vacancies that can be expressed by the follow-
ng equations:

nX
Ti + e′ ↔ Mn′

Ti (1)

n′
Ti + e′ ↔ Mn′′

Ti (2)

nO  → Mn′′
Ti + VO

• + OX
O (3)

Fig. 4 shows the final results of electrical testing and includes
emperature dependence of grain resistivity (R1) calculated from
mpedance spectra and DC resistivity measurements. Grain resis-
ivity values for both samples are nearly the same with activation
nergy of 1.15 eV. DC resistivity of 1100 ◦C sample is nearly the
ame as R1 indicating that the impact of grain boundaries on over-
ll resistivity of the sample is rather small. On the contrary, there is

 significant (almost two orders of magnitude) difference between
he grain and DC resistivity of 900 ◦C sample, i.e. grain boundary
esistivity dominates overall resistivity of the sample. Hence, low
emperature sintering of TiO2 is necessary to prevent the diffusion
f Mn-ions from the grain boundaries into the grains while densifi-
ation of the dielectric is achieved. Sintering at higher temperatures

eads to diffusion of Mn-ions into the grains and diffusion of Ti-ions
nto the grain boundaries that are initially occupied by Mn-ions.

Finally, microstructural development of Mn-doped TiO2 sam-
les sintered at 900 ◦C and 1100 ◦C are shown in the SEM images
nd 1100 ◦C showing polished and fracture surfaces. (a) 900 ◦C polished; (b) 1100 ◦C
 (a)–(d), 1 �m in (e).

in Fig. 5. Polished and fracture surfaces of the samples reveal the
differences between their grain size and the residual porosity. The
average grain size of the samples sintered at 900 ◦C and 1100 ◦C
are ∼300 nm and 5 �m,  respectively. Because the Mn-doping con-
centration (0.05 mol%) in TiO2 was very low, the distribution
of Mn-ions along and near the grain boundaries could not be
resolved by SEM techniques. Further studies by utilizing transmis-
sion electron microscopy (TEM) techniques could possibly reveal
the nature and distribution of Mn-  and Ti-ions along and near
the grain boundaries of nanostructured TiO2 dielectrics, perhaps
resulting in a better understanding of the relationship between
their electrical properties, microstructural evolution and defect
structure.

EPR, SEM, and electrical results of this study support the conclu-
sions in Ref. [11] that low temperature sintering of Mn-doped TiO2
leads to a dielectric material with improved insulation resistance
suitable for development of high energy density ceramic capaci-
tors. Higher grain boundary resistance is attributed to the smaller
grain size and the segregation of dopants at the grain boundaries of
Mn-doped TiO2 sintered at lower temperatures (900 ◦C). Hence, we

propose that both effects (grain boundary composition and grain
size) are comparably important to obtain a lower leakage current in
TiO2 as a dielectric material for enhanced energy density capacitor
applications.
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. Summary

The effect of sintering temperature on Mn-doped nanostruc-
ured TiO2 dielectrics was studied by impedance spectroscopy, DC

easurements and electron paramagnetic resonance techniques.
t is shown that the insulation resistance of the sample sintered
t 900 ◦C was higher than that of the sample sintered at 1100 ◦C.
mpedance spectroscopy revealed that the grain boundary resis-
ance of 900 ◦C sample with smaller grain size was  significantly
igher as compared to the 1100 ◦C sample while resistivities of
rains were similar for both samples. EPR studies confirmed that
mprovement of insulation resistance is correlated with a non-
niform distribution of dopant ions, concentrated at the grain
oundaries.
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