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An efficient synthesis is used for the first time to prepare
CaCu3Ti4 – xWxO12 (x = 0.01, 0.03, and 0.05) electroceramics

for energy storage capacitors. CaCu3Ti4 – xWxO12 ceramics are

synthesized via flame synthesis of metal nitrates precursors in

nonaqueous solution using cheap, stable, and insoluble solid
TiO2 powder. The pathway yielded a CaCu3Ti4O12 (CCTO)

phase with the traces of CuO and CaTiO3 sintered at 1050°C
for 30 h. The SEM micrograph shows the grains with smooth
surfaces associated with cubical appearance and the size range

of 1.5–7, 2.0–7.5, and 2.0–8.0 lm for CCTWO01,

CCTWO03, and CCTWO05, respectively. The EDX and XPS

analyses show the presence of Ca, Cu, Ti, W, and O elements
confirming the purity of these ceramics. The complex impe-

dance and modulus (M) spectroscopy show that the dielectric

constant (er) values of the W-doped CCTO were dominantly

affected by the electrical properties of the grain boundary,
which is also evident from the SEM micrographs. The grain-

boundary resistance decreased with increasing tungsten content.

The activation energies for the grain boundaries were calcu-

lated from the impedance and modulus data using the slope of
the ln s versus 1/T and were found to be in the range 0.62–
0.67 eV.

I. Introduction

I N the last decade, ABO3 (where A and B are cations of
different sizes (A larger than B) and O is the anion) type

oxides materials have received wide attention owing to their
importance and potential impact in ceramic capacitor,
dynamic random access memory, transducers, microelec-
tronic, microwave device applications, and other electronic
devices.1–4 Among, calcium copper titanate, CaCu3Ti4O12

(CCTO), belonging to ABO3 family with a high dielectric
constant is the best choice. CCTO has a pseudo-cubic per-
ovskite structure with the space group of Im3 and the lattice
parameter of 7.391 �A.5–7 CCTO is a promising material for
many important industrial applications in microelectronics
and memory devices owing to its very high and thermally
stable dielectric constant (er � 104–105) in the temperature
range 100–600 K.8–10 The dielectric properties of the CCTO
have been improved by the various cationic substitutions at
Cu or Ti site.11–18 The cationic substitutions in CCTO signifi-
cantly affect its dielectric constant, dielectric loss, and electri-
cal properties by controlling the chemistry and structure of
the interfacial regions at the grain boundaries. There are two
types of substitutions: acceptor and donor. Acceptor cationic

substitutions are defined as cations with ionic charges lower
than the ions they replace, and donor cationic substitutions
are defined as cations with a higher ionic charge than the
ions they replace. There are only few reports were found on
donor cationic substitutions of Nb5+, Ta5+, and Sb5+ at Ti-
site in CCTO using conventional solid-state reaction.19–21

The dielectric properties of CCTO are also strongly depen-
dent on the processing conditions such as preparation
routes,22–24 sintering temperatures,25,26 and sintering dura-
tions.27,28 Synthesis method of CCTO ceramic has played a
significant role in determining the microstructural, electrical,
and dielectric properties. Among various preparation routes,
the sol–gel route is an easy, simplest, and most efficient route
for producing ceramic materials in bulk amounts with excel-
lent scope of microstructural and process control. Several
studies based on the sol–gel technique have been reported for
the preparation isomorphs of CCTO using an expensive
alkoxide, oxynitrate, or chloride of titanium as the titanium
source. Although significant progresses have been achieved in
the sol–gel techniques, there are a few problems such as Ti
source used in these techniques are very expensive, not easy
to handle, and extremely sensitive to the environmental con-
ditions such as moisture, light, and heat. In the window of
donor cationic substitutions and preparation routes of
CCTO, further detailed studies are necessary to better under-
stand its dielectric and electrical properties using appropriate
new chemical based routes. To the best of our knowledge,
there are no reports on the preparation of tungsten (W)-
doped CCTO ceramic using inexpensive solid TiO2 as a raw
material in nonaqueous solvent. The W6+-substituted ceram-
ics obtained by this route were characterized by various
physiochemical characterizations along with measurement of
their dielectric properties and impedance analysis.

II. Experimental Section

(1) Materials Syntheses
First, an stoichiometry amount of Ca(NO3)2�4H2O (97.0%,
Daejung), Cu(NO3)2�3H2O (99.0%, Junsei, Tokyo, Japan),
and H2WO4 (99.0%, Junsei) were dissolved in 100 mL
2-methoxyethanol (99.0%, Alfa Aesar, Lancashire, UK) to
prepare the CaCu3Ti4�xWxO12 (x = 0.01, 0.03, and 0.05)
ceramics abbreviated as CCTWO01, CCTWO03, and
CCTWO05, respectively. Then, stoichiometric amounts of
solid TiO2 (99.0%, Sigma-Aldrich, St. Louis, MO) in solid-
state form without any specification of the morphology and
particle size equivalent to the metal ions were added to the
solution. The stoichiometric amount of reactants and sinter-
ing conditions used for the synthesis of CCTWO ceramics
are listed in Table I. The resulting dispersion was sonicated
for 30 min. The well-dispersed solution was heated on a hot
plate using a magnetic stirrer in the temperature range 70°C-
90°C to evaporate the organic solvent until the combustion
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flame of the precursor appeared. The ignition process was
performed in air by self-propagating flame of metal nitrates,
which released a large amount of gases and produced a crude
black color powder of CCTWO. Moreover, the proposed
method did not require complexant agents as compared with
other self-combustion synthesis where the process involves a
self-sustained reaction in a homogeneous solution of different
oxidizers (e.g., metal nitrates) and fuels (e.g., citric acid, urea,
glycine, etc).29 The obtained combustion powders were then
pressed into cylindrical pellets using a hydraulic press and
sintered at 1050°C for 30 h in air in an electric furnace.

(2) Instrumentation
XRD measurements (Rigaku Ultima IV, Tokyo, Japan) were
performed to investigate the crystal structure of the ceramics
using Cu Ka radiation. The morphology of the fractured sur-
faces of the ceramics was investigated by SEM (Model JEOL
JSM7600F, Tokyo, Japan). EDX analyzer (model Inca X-
max, Oxford, UK) was used for elemental analysis. XPS
analysis was performed using a Thermo Fisher Scientific Ka
(Waltham, MA) in wide-scan survey mode and high-energy
resolution with AlKa (1486.6 eV). Data concerning the den-
sity measurement of sintered CCTWO01, CCTWO03, and
CCTWO05 ceramics were measured by the Archimedes
method using a pycnometer.30 For the measurement of
dielectric and electrical properties of the CCTWO ceramics
the silver paste was applied to both sides of the circular faces
of the ceramic pellets and measured using an impedance ana-
lyzer (Hioki 3522-50 LCR HiTESTER, Nagano, Japan) in
the frequency and temperature ranges of 1–105 Hz and 308–
500 K, respectively.

III. Results and Discussion

Figure 1 shows the XRD patterns of CCTWO01,
CCTWO03, and CCTWO05 ceramics sintered at 1050°C for
30 h. All the diffraction peaks were indexed based on the
body-centered cubic unit cell similar to undoped CCTO
(JCPDS 75-2188), confirming the formation of a major phase
of CCTO besides some secondary phases of CuO and
CaTiO3. The small amounts of secondary phases CaTiO3

and CuO appeared. The appearance of secondary phases
may be attributed to the (i) pure CCTO phase is only
obtained when the ratio of calcium, copper, and titanium is
very closed to the stoichiometric one as reported earlier.31,32

(ii) less solubility of W6+ ion in CCTO lattice and (iii)
charge neutrality are not maintained by electronic compensa-
tion due to the large disparity between the ionic charge of
W6+ than Ti4+ ions.

Figure 2 shows the microstructures of the CCTWO01,
CCTWO03, and CCTWO05 ceramics sintered at 1050°C for
30 h, indicating a slight increase in the grain size with
increasing W concentration. The SEM images of all the
ceramics show a bimodal distribution of the grains. The
small grains are distributed among the large grains of few
micrometers. The grain size ranges of CCTWO01,
CCTWO03, and CCTWO05 ceramics are 1.5–7, 2.0–7.5, and
2.0–8.0 lm, respectively. It is also observed that the
microstructures showed the abnormal grain growth. Based
on the CuO–TiO2 phase diagram, a eutectic point was
reported at 919°C.33 Cu-based eutectic melts were formed in

the interspace among grains and transforms into the CuO
liquid phase during sintering which leads to abnormal grain
growth and densification of the ceramics with increasing con-
centration of tungsten.34,35 The apparent densities of the
CCTWO01, CCTWO03, and CCTWO05 ceramics were
found to be 3.86, 3.94, and 4.34 g/cm3, respectively. It is also
clearly observed from the Fig. 2 that the ceramics shows the
porous microstructure. The volume fraction porosity of the
CCTWO01, CCTWO03, and CCTWO05 ceramics were
found to be 0.24, 0.22, and 0.14, respectively. The most sig-
nificant feature of CCTWO05 microstructure in Fig. 2(c) is
that grains are surrounded by the secondary phase of CuO
present at the grain boundaries, which is also detected in the
XRD pattern. The presence of the CuO phase is mainly
because of the Cu 2p diffusion from the inside to the surface
of the grains and oxygen missing from the grain boundaries
at high temperatures during the sintering process.36

To confirm the elemental compositions of CCTWO01,
CCTWO03, and CCTWO05 ceramics, the EDX analysis was
carried out. The atomic percentages of Ca, Cu, Ti, W, and O
in CCTWO ceramics obtained from EDX analysis are listed
in Table II and clearly show the presence of Ca, Cu, Ti, W,
and O confirming the purity of the ceramics. The grain-
boundary EDX analyses of CCTWO05 were also carried out
to confirm the presence of CuO and listed data in the

Table I. Experimental Conditions for the Synthesis of CaCu3Ti4 – xWxO12 (x = 0.01, 0.03, and 0.05) Ceramics

Specimen

Concentration of reactants in (g)

Sintering Temp. (°C) Duration (h)Ca(NO3)2.4H2O Cu(NO3)2�3H2O TiO2 H2WO4

CCTWO01 2.4345 7.3212 3.1948 0.1009 1050 30
CCTWO03 2.4345 7.3212 3.1303 0.3028 1050 30
CCTWO05 2.4345 7.3212 3.0657 0.5047 1050 30

Fig. 1. XRD patterns of (a) CCTWO01, (b) CCTWO03, and (c)
CCTWO05 sintered at 1050°C for 30 h.
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Table II. It is found that the atomic percentages of the grains
of CCTWO05 are in accordance with the stoichiometric ratio
of the CCTWO phase. In the case of grain-boundary, EDX
data show the secondary phase having up to 33.5% of Cu,
percentage, which is much higher than the CCTWO grains
along with the existence of W. Combined with the XRD
results, the secondary liquid phase was confirmed to be CuO
(or rich in CuO). The existence of W in both the grain and
grain boundary was clearly detected from the EDX data,
indicating that only some of the W6+ enters the lattice of the
CCTO ceramics and the remainder W atoms may concen-
trate at the grain boundaries, which may be responsible for
the appearance of the secondary phases of CuO and CaTiO3.

Figure 3 shows the representative XPS spectra of
CCTWO03 for Ca 2p, Cu 2p, Ti 2p, and W 4f metal ions.
From the full XPS spectrum in Fig. 3(a), it is clear that only
peaks corresponding to Ca, Cu, Ti, W, and O are appeared
proving the compositional purity of the ceramic. As shown
in Fig. 3(b), the peaks at 346.21 and 349.75 eV are assigned
to Ca 2p3/2 and Ca 2p1/2, respectively. Figure 3(c) clearly
shows the Cu 2p3/2 and Cu 2p1/2 spectra at 933.68 and
953.80 eV, respectively, together with satellite peaks on the
higher binding energy side which is similar to that earlier
reported for Cu2+ in CaCu3Ti4O12.

37 The binding energy
positions of both metals are related to the oxidation state,
which is agreed well with previous reports.38 Figure 3(d)

shows the XPS pattern of Ti 2p. Titanium is in the +4 state,
which is evident from the shape and symmetry of the peak.
Its binding energy of Ti 2p lies in the range 450–470 eV
showed two prominent peaks with their positions at 457.93
and 463.73 eV, corresponding to the Ti 2p doublet, namely
Ti 2p3/2 and Ti 2p1/2, respectively.

39,40 The typical doublet W
4f peaks, W 4f5/2 and W 4f7/2, are clearly visible in the W 4f
core-level spectra as shown in Fig. 3(e) at 42.80 and
36.38 eV, respectively, and in good agreement with the ear-
lier reports of the W 4f XPS spectra with same peaks at +6
oxidation state.41,42

Figure 4 shows the variation in the er of CCTWO ceram-
ics as a function of temperature at some fixed frequencies.
The er values for the CCTWO01, CCTWO03, and
CCTWO05 ceramics at 308 K and 1 kHz were 3145, 4750,
and 6022, respectively. Notably, the values of er slightly
increases with increasing tungsten concentration toward
lower temperature range which may be due to the slightly
increasing in the grain size of the ceramics. The dielectric
permittivity of the CCTO changes with the modification of
the grain size.43,44 According to the widely accepted internal
barrier layer capacitance (IBLC) model, the larger grains size
create the greater number of crystal defects than smaller
ones, which allows for more internal barrier layers and leads
to an increase in the dielectric constant.45,46 The dielectric
behavior can be divided into two regions for all the ceramics.
In the temperature region (<400 K), the dependence of er
on both the frequency and temperature is very weak, and
whereas at the higher temperature region (>400 K), er shows
the increasing trend for CCTWO01, CCTWO3 than the
CCTWO05 with strong frequency dispersion and temperature
dependence. The er is very high at 1 kHz and decreases with
increasing frequency at temperatures >400 K. Such a drastic
decrease in the er values at higher frequencies can be
described in terms of the interfacial space charge polariza-
tion,47 arising from the heterogeneous microstructures. The
space charge polarization increases with increasing tempera-
ture because of increasing in the dc conductivity. Thus, the
interfacial polarization is revealed as a rapid increase in the
er at high temperatures and low frequencies.

(a)

(c)

(b)

Fig. 2. SEM micrographs of (a) CCTWO01, (b) CCTWO03, and (c) CCTWO05 sintered at 1050°C for 30 h.

Table II. Atomic Percentages of Elements for CaCu3Ti4 – x
WxO12 (x = 0.01, 0.03, and 0.05) and CaCu3Ti3.95W0.05O12 in

the Grain and at Grain Boundary

CaCu3Ti4�xWxO12

At% of elements

Ca Cu Ti W O

x = 0.01 5.1 11.3 17.6 0.3 65.7
x = 0.03 5.3 11.8 17.2 0.5 65.2
x = 0.05 4.3 16.6 13.9 0.9 64.3
x = 0.05 (Grain) 4.6 13.6 18.3 0.05 63.4
x = 0.05 (Grain boundary) 0.5 40.6 1.6 0.08 57.2
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The variation in the dielectric loss (tan d) of the CCTWO
ceramics as a function of temperature at some fixed frequen-
cies is shown in Fig. 5. The values of tan d for the
CCTWO01, CCTWO03, and CCTWO05 ceramics at 308 K
and 1 kHz were 0.31, 0.22, and 0.34, respectively. Notably,
the overall values of tan d increase with increasing W con-
centration at all the measured frequencies. The tan d was
found to be lower at higher frequencies and increased with
decreasing frequency and increasing temperature, because of
the increase in the conductivity with increasing temperature.
Moreover, the values of the dielectric loss factor increase
very strongly with increasing temperature (>400 K) with a
dielectric relaxation peak in the temperature range 400–
450 K at 1 kHz for all the ceramics. This dielectric disper-
sion is related to a conductivity phenomenon, obeying the
Arrhenius-type thermal activation law.

The frequency dependence of the dielectric permittivity
and tan d of CCTWO ceramics at 328 K in the frequency
range 10–105 Hz are shown in Fig. 6. All the ceramics show
high er (>104) at the low-frequency region (f < 102 Hz), and
the dielectric permittivity increases with increasing W content
over the entire frequency range. The highest permittivity for
CCTWO05 was 9.6 9 103 at 100 Hz, whereas only 3.7 9 103

for CCTWO01 ceramic at 100 Hz. In addition, with increas-
ing frequency, the er steadily decreases approaching a con-
stant value at 104 Hz.

The frequency dependence of tan d at 328 K is shown in
Fig. 6(b). In the f range 10-102 Hz, tan d of all the ceramics
were increased rapidly with decreasing frequency, mainly
because of the effect dc conduction in the bulk ceramics.48

At low frequency, tan d of CCTWO ceramics were increased
with increasing x from 0.01 to 0.5. When f > 103 Hz, tan d
of all the ceramics were almost constant. The higher permit-
tivity and loss at the low frequency may be because of the
presence of interfacial polarization in these ceramics.49

Figure 7(a) shows the AC conductivity, log rAC versus the
reciprocal temperature (1/T), measured at 1 kHz for
CCTWO01, CCTWO03, and CCTWO05 ceramics, indicating
that W doping significantly changed the conductivity (rAC)
and making CCTWO5 ceramic more conductive than
CCTWO03 and CCTWO01. The inset of Fig. 7(a) shows the
trend of conductivity values of rAC at 308 K and 1 kHz for
CaCu3Ti4�xWxO12 (x = 0.01, 0.03, and 0.05) which seems
the similar conductivity behavior to the other materials.50–57

The results show an increasing trend in rAC with increasing
W concentration in the measured temperature range. The
high conductivity of CCTWO5 ceramic is responsible for the
high er of this ceramic, which also supports the presence of
the IBLC structure. The temperature-dependent rAC of all
the ceramics exhibited the Arrhenius-like behavior.58 The AC
conductivity dependence on the temperature of the ceramic
can be defined by the following equation:

Fig. 4. Variation in the er vs. temperature of (a) CCTWO01, (b)
CCTWO03, and (c) CCTWO05 sintered at 1050°C for 30 h at 1, 10,
and 100 kHz.

Fig. 3. XPS core-level spectra of (a) survey spectrum, (b) Ca 2p, (c)
Cu 2p, (d) Ti 2p, and (e) W 4 f for CCTWO03 sintered at 1050°C
for 30 h.
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rAC ¼ ro expðEa=kBTÞ (1)

where ro is the pre-exponential factor, Ea is the activation
energy, kB is the Boltzmann’s constant, and T is the absolute
temperature. The activation energy of the conduction was
estimated at 1 kHz from the slopes of the ln rAC versus 1/T
curve. At 1 kHz, the calculated values of Ea were 0.51, 0.50,
and 0.48 eV in the measured temperature range for
CCTWO01, CCTWO03, and CCTWO05 ceramics, respec-
tively.

Figure 7(b) shows the complex impedance spectrum (Z″
versus Z0, Nyquist plot) of CCTWO01, CCTWO03, and
CCTWO05 ceramics at 328 K. Complex plane impedance is
powerful technique which separates the contributions of
grains, grain boundaries, and electrode specimen interface
to the total resistance and capacitance, respectively, by
using the simplest equivalent RC circuit based on the brick-
layer model.59 It is observed from the Fig. 7(b) that the
experimental impedance data only cover a part of the arcs,
because of the limit of the measured frequency range. Only
a fraction of the grain-boundary arc is observed in all the
ceramics, composed of a resistor and capacitor joined in
parallel. The doping of W affected the bulk (Rg) and grain-
boundary (Rgb) resistance, and particularly for the grain

boundary. The values of the Rg and Rgb were obtained
from the intercept of the Z0 axis in the right (corresponding
to the low frequency) is the Rgb and the intercept with the
Z0 axis in the left (corresponding to the high frequency) is
Rg, as shown in the inset of Fig. 7(b). The values of the
resistance can be calculated manually from the arc and
listed in Table III, indicating that the Rg and Rgb decreased
with increasing W concentration. This phenomenon indi-
cates that W as the donor dopant affects the resistance of
the Rg and Rgb by producing oxygen vacancies during the
sintering process.60 It is also suggested that the effective
positive charge of W6+ in CCTO is compensated by the Ti
vacancies and creation of conduction of electrons, which
effect mainly on the potential barrier of GBs and responsi-
ble to decrease the values of Rgb and Rg. These results are
consistent with the previously reported supervalent cations
substitution in CCTO ceramic.19,61

Figures 8(a)–(c) show the variation in the imaginary part
of the impedance Z″ with frequency for some representative
temperatures of CCTWO01, CCTWO03, and CCTWO05.
All the spectra are characterized by the appearance of a
peak, shift in the peak position toward higher frequency, and
typical peak broadening with increasing temperature, which
behavior indicates the presence of a temperature-dependent
electrical relaxation phenomenon in the ceramics. Similar
type behavior has been reported for CCTO and other
perovskites.62, 63

Figures 9(a)–(c) show the variation in the imaginary part
of the electric modulus (M″) of the CCTWO01, CCTWO03,
and CCTWO05 with frequency at different temperatures. All

Fig. 5. Variation in dielectric loss (tan d) vs. temperature of (a)
CCTWO01, (b) CCTWO03, and (c) CCTWO05 sintered at 1050°C
for 30 h at 1, 10, and 100 kHz.

Fig. 6. Variations in (a) er and (b) loss tangent (tan d) vs.
frequency at 328 K for the CCTWO01, CCTWO03, and CCTWO05
sintered at 1050°C for 30 h.
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the ceramics exhibited asymmetric modulus peaks in the fre-
quency range 10–105 Hz. The observed asymmetry in peak
broadening indicates the spread of the relaxation time with
different time constants, supporting the non-Debye type of
relaxation present in the ceramics. The relaxation frequencies
shifted toward higher frequencies with increasing peak height

and increasing temperature, indicating the thermally acti-
vated behavior of the relaxation time.

Figures 8 and 9 show the temperature-dependent relax-
ation phenomenon in the ceramics. For these ceramics, the
most probable relaxation time (s) for the grain boundaries
relaxation was determined from the position of the relaxation
peaks in the Z″ versus f (Fig. 8) and M″ versus f (Fig. 9).
From these relaxation peaks, the relaxation frequency f was
deduced, and then the relaxation time was calculated using
the relation s = 1/x = 1/2pf, where x is the angular fre-
quency and f is the relaxation frequency. The s value of these
ceramics obeyed the Arrhenius linear relation.64 As a result,
the activation energy can be obtained by using the Arrhenius
formula as shown in Eq. (2)

s ¼ so expðEa=kBTÞ (2)

where so is the pre-exponential factor, Ea is the activation
energy associated with the relaxation process, kB is the Boltz-
mann’s constant, and T is the absolute temperature.

Figures 10(a)–(c) show the nature of the variation in the
relaxation time (s) with the 1/T obtained from the impedance
and modulus data of the CCTWO01, CCTWO03, and
CCTWO05. The Ea values are calculated from the slope of
ln s versus 1/T plots of the impedance, and modulus data are
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Fig. 7. (a) Plots of log rAC conductivity vs.1/T at 1 kHz: Inset
shows the trend of conductivities at 308 K, at 1 kHz, and (b)
impedance plane plots of Z” vs Z’ at 328 K: Inset shows an
expanded view of the high-frequency data close to the origin, for the
CCTWO01, CCTWO03, and CCTWO05 sintered at 1050°C for
30 h.

Table III. Grain and Grain-Boundary Resistance for

CaCu3Ti4 – xWxO12 (x = 0.01, 0.03, and 0.05) at 328 K

CCTWO01 CCTWO03 CCTWO05

Rg (Ω) 135.6 57.9 76.9
Rgb (Ω) 8.72 9 105 3.27 9 105 1.52 9 105

Fig. 8. Z” vs frequency at few selected temperatures for (a)
CCTWO01, (b) CCTWO03, and (c) CCTWO05 sintered at 1050°C
for 30 h.
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listed in Table IV. These activation energies of the CCTWO
ceramics are in close agreement with the values calculated for
the grain-boundary contribution previously reported.62

IV. Conclusions

In this study, we investigated the dielectric properties of the
CaCu3Ti4�xWxO12 (x = 0.01, 0.03, and 0.05) ceramics pre-
pared by flame synthesis method. A major CCTO phase was
obtained at 1050°C after 30 h, besides the minor phases of
CaTiO3 and CuO. The microstructures of the ceramics show
that the average grain size was slightly increased with
increasing W concentration. The dielectric property measure-
ment shows that the er and tan d values in the measured fre-
quency range at 328 K for W-doped ceramics were increased
with increasing W content. The impedance and modulus
analyses of these ceramics were proved to confirm the pres-
ence of the non-Debye type relaxation, which is temperature
dependent.
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Ea (eV) from Modulus 0.674 0.651 0.625
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