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Abstract
In this work, the nominal CaCu3−xMgxTi4.2O12 (0.00, 0.05 and 0.10) ceramics were prepared by sintering pellets of their 
precursor powders obtained by a polymer pyrolysis solution method at 1100 °C for different sintering time of 8 and 12 h. Very 
low loss tangent (tanδ) < 0.009–0.014 and giant dielectric constant (ε′) ∼ 1.1 × 104–1.8 × 104 with excellent temperature coef-
ficient (Δε′) less than ± 15% in a temperature range of − 60 to 210 °C were achieved. These excellent performances suggested 
a potent application of the ceramics for high temperature X8R and X9R capacitors. It was found that tanδ values decreased 
with increasing Mg2+ dopants due to the increase of grain boundary resistance (Rgb) caused by the very high density of grain, 
resulting from the substitution of small ionic radius Mg2+ dopants in the structure. In addition, CaCu3−xMgxTi4.2O12 ceramics 
displayed non-linear characteristics with the significant enhancements of a non-linear coefficient (α) and a breakdown field 
(Eb) due to Mg2+doping. The high values of ε′ (14012), α (13.64) and Eb (5977.02 V/cm) with very low tanδ value (0.009) 
were obtained in a CaCu2.90Mg0.10Ti4.2O12 ceramic sintered at 1100 °C for 8 h.

1  Introduction

Presently, investigation for high performance capacitors with 
efficient operation in a wider temperature range, especially 
in a high temperature region, has been extensively attempted 
due to the increasing demand of the materials in automobile, 
aerospace and military mobile communications industries 
and etc. [1]. In addition to high dielectric constant (ε′) and 
low loss tangent (tanδ) values, one important factor to be 
considered for good capacitor is the temperature stability of 
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 that must be less than 
± 15% in a given temperature range, which is practically 
dissimilar for different types of capacitor. For instance, 

X9R, X8R and X7R capacitors are allowed to operate in 
a temperature range of − 55 to 200 °C, − 55 to 150 °C and 
− 55 to 125 °C, respectively. From literatures, a number of 
articles concerning the temperature stability study of capaci-
tors have been mostly reported for X8R [2–5] and X7R [6] 
capacitors, but rarely for X9R capacitor [1, 7, 8]. Recently, 
in order to achieve the excellent Δε′ that satisfies the catego-
ries for X9R capacitor, attempt have been proposed on vari-
ous investigations by shifting the Curie temperature (Tc) in 
BaTiO3-based materials and other ferroelectric materials of 
perovskite type [7–11], as for examples. However, some of 
these compounds are complex with Pb as a constituent that 
can be easily decomposed at a high sintering temperature 
during the preparation process and cause seriously environ-
mental problems due to the toxicity of Pb.

Over the past decade, perovskite CaCu3Ti4O12 (CCTO) 
[12–17] compounds with giant dielectric constant and other 
novel giant dielectric materials [18–20] have been compre-
hensively studied, focusing on high performance capacitor 
as well. In general, CCTO [21] exhibits an ultra-high dielec-
tric permittivity (εʹ) without any detectable phase transition 
over a wide temperature range. In principle, the dielectric 
properties of CCTO strongly depend on the electrical het-
erogeneity of grains, consisting of n-type semiconducting 
grains and insulating grain boundaries (GBs) [15, 17, 22, 
23] i.e. the grain and grain boundary resistances are crucial 
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factors that affect the dielectric properties. Recently, many 
researchers reported that several CCTO-based compounds 
had demonstrated themselves to accomplish a category for 
the EIA code X7R capacitor [24, 25]. Moreover, several 
groups had successfully prepared materials, which could be 
applied for X8R capacitor by co-doping CCTO [5, 26] and 
doping Ca2Cu3Ti4O12 (CCTO/CaTiO3) [4] with some met-
als. To our knowledge CCTO-based ceramics with satisfac-
tional properties for X9R capacitor have not been reported.

Differently, many groups have focused their work on the 
study of CaCu3Ti4O12/TiO2 ceramics with excess molar con-
centration of Ti. For instance, Lin et al. [27] reported the 
successful preparation of TiO2-rich CCTO (CaCu3Ti4+xO12; 
x = 0.00, 0.5, 1.00 and 1.5) ceramics through a solid state 
reaction process. In this report, it was found that TiO2 sec-
ondary phase trended to increase with increasing Ti content, 
whereas ε′ and tanδ values decreased to ~ 4233 and ~ 0.03, 
respectively. Furthermore, nonlinear characteristics could be 
improved. In the work of Ouyang et al. [28], it was reported 
that TiO2 phase could modify the microstructural and elec-
trical properties of CCTO ceramics prepared by a sol–gel 
process. At room temperature (RT) and 0.1 kHz, they found 
that these ceramic samples exhibited ε′ value of ~ 5.5 × 104 
with tanδ value of ~ 0.2. Other than this, Hao et al. [29] had 
successfully prepared CCTO/xTiO2 (x = 0.0, 0.5, 1.0 and 
2.0) ceramics by a sol–gel process. They found that tanδ 
value at low frequency decreased with increasing Ti con-
tent, resulting from the presence of TiO2 secondary phase. 
Moreover, ε′ and tanδ values were relatively proportional to 
the amount of TiO2. Although various CCTO/TiO2-based 
ceramics have been widely studied, it was hard to fulfill all 
of the requirements for high dielectric performance, espe-
cially for the excellent value of Δε′ in a properly given tem-
perature range. However, it is evident that over all dielectric 
properties and Δε′ of CCTO-based ceramics can be signifi-
cantly improved by Mg2+ doping [30, 31] and co-doping 
with others metal [5, 26, 32]. For instance, very high per-
formance dielectric properties with appropriate Δε′ for X8R 
capacitor could be achieved by substitution of Mg2+ ions 
on the Cu2+ sites in the crystal structure of Ca2Cu2Ti4O12 
ceramics [4]. According to these reports, it is interesting to 
put forward effort on the study of Mg2+-doped CaCu2Ti4O12/
TiO2 ceramics with the presumption that overall dielectric 
properties and temperature stability of the dielectric con-
stant can be improved and benefit for the X9R capacitor. 
Therefore, it is the aim of this work to provide a different 
approach for the improvement of the overall dielectric prop-
erties with excellent Δε′ of CCTO-based ceramics by sub-
stitution of Mg2+ ions into a binary compound system of 
CaCu3−xMgxTi4O12/TiO2 ceramics. In order to accomplish 
this, a well-established polymer pyrolysis solution method 
(PP method) has been employed for the preparation of high 
performance CCTO-based ceramics [33, 34]. In this work, 

CaCu3−xMgxTi4.2O12 (x = 0.00, 0.05 and 0.10) precursor 
powders were prepared by a PP method. Effect of Mg2+ dop-
ing on the dielectric and non-ohmics properties, including 
the Δε′ were examined and discussed based on the promo-
tion of oxygen vacancy at GB. Surprisingly, very low loss 
tangent (tanδ < 0.009–0.014) and high dielectric constant 
(ε′ ∼ 1.1 × 104–1.8 × 104, at 1 kHz and RT) with excellent 
temperature stability less than ± 15% of Δε′ over a more 
wider temperature range of − 60 to 210 °C were achieved. In 
addition, the highest value of α ~ 13.75 and Eb ~ 5977.0 V/
cm were obtained. In order to clarify the effect of Mg2+ 
ions on the dielectric and non-ohmics properties of prepared 
ceramic samples, impedance measurements were performed.

2 � Experimental details

CaCu3−xMgxTi4.2O12 (x = 0.00, 0.05 and 0.10) precursor 
powders were prepared by a PP method. Cu(NO3)2·3H2O 
(99.5% Carlo Erba), Ca(NO3)2·4H2O (99.99% Kanto), 
TiC16H28O6 (75 wt% in isopropanol), Mg(NO3)2·6H2O 
(99.9% Kanto), (NH4)2S2O4 (99.95% Carlo Erba) and acrylic 
acid were used as starting materials. The complete details 
for the preparation of these powders were given elsewhere 
[34]. By the end of the process, the viscous blue gels were 
dried at 350 °C for 2 h, then ground to fine powders and 
calcined at 900 °C for 10 h. These calcined powders were 
pressed using the uniaxial compression at a pressure of 
150 MPa into pellets of approximately4.75 mm in radius 
and ∼ 1.2 mm in thickness. To obtain CaCu3−xMgxTi4.2O12 
(x = 0.00, 0.05 and 0.10) ceramics, these pellets were sepa-
rated for sintering at the same temperature of 1100 °C for 8 h 
and the others for 12 h. Effect of sintering time on the dielec-
tric and non-ohmics properties, including the temperature 
stability of εʹ were studied. The obtained ceramic samples 
CaCu3−xMgxTi4.2O12 sintered at 1100 °C for 8 h with differ-
ent Mg concentrations are denoted as Ti02/8, Ti02–Mg05/8 
and Ti02–Mg10/8 for x = 0.00, 0.05 and 0.10, respectively. 
Similarly, for those samples sintered at 1100 °C for 12 h, 
Ti02/12, Ti02–Mg05/12 and Ti02–Mg10/12 symbols are 
denoted for them with x = 0.00, 0.05 and 0.10, respectively.

Structural and phase composition of ceramic samples 
were investigated by X-ray diffraction (PW3040 Philips; 
Cu-Kα radiation; λ = 0.15406 nm). Microstructure and the 
dispersion of Mg, Ca, Cu, Ti and O elements in ceramic 
samples were studied by field emission scanning electron 
microscope (FESEM) coupled with energy dispersive X-ray 
spectroscopy (EDXS) (LEO SEM VP1450, UK). Prior to the 
measurements of dielectric constant (ε′) and dielectric loss 
tangent (tanδ) of ceramic samples, both surfaces of each 
sample were polished, subsequently cleaned and coated with 
Au using a Polaron SC500 sputtering unit. The measure-
ments of dielectric constant (ε′) and tanδ of ceramic samples 
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were performed in wide temperature (− 50 to 210 °C) and 
frequency (100 Hz–1 MHz) ranges using an impedance gain 
phase analyzer (Hewlett Packard Model 4294A). Nonlinear 
characteristics of ceramic samples were studied at RT using 
a high voltage measurement unit (Keithley Model 247). 
Nonlinear coefficients (α) were calculated by Eq. (1) and 
breakdown electric field (Eb) were determined at a current 
density (J) of 1 mA/cm2.

(1)� =
log(J2/J1)

log(E2/E1)

where E1 and E2 are the electric fields, corresponding to 
J1 = 1 mA/cm2 and J2 = 10 mA/cm2, respectively.

3 � Results and discussion

Rietveld refinement profile fits for the XRD patterns of 
Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceramics are 
shown in Fig. 1a–c and those of Ti02/12, Ti02–Mg05/12 

(a) (d)

(b) (e)

(f)(c)

Fig. 1   Rietveld refinement fitting profiles of Ti02, Ti02–Mg05 and Ti02–Mg10 ceramics sintered at 1100 °C a–c for 8 h and d–f for 12 h
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and Ti02–Mg10/12 ceramics are shown in Fig. 1d–f, respec-
tively. As seen in Fig. 1a–f the profile fits for the main 
peaks of all ceramics correspond to those of the standard 
CaCu3Ti4O12 (ICSD card No. 95714) with the detection of 
a minor diffraction peak of TiO2 secondary phase (ICSD 
card No. 26715) in all ceramics. From Rietveld refinement 
fitting profiles the CaCu3Ti4O12:TiO2 ratios were determined 
from the main diffraction peaks of each CaCu3−xMgxTi4.2O12 
ceramic and found to have the same value of approximately 
94:6. In addition, these main diffraction peaks in each of 
the XRD pattern can be perfectly indexed based on the bcc 
structure of a space group Im3 (204). Complete details for 
the analysis of various R (Rexp, Rwp, and Rp) values and 
goodness of fit (GOF) were given elsewhere [35]. From 
Rietveld refinement results, GOF values are found to be 
in a narrow range of approximately 1.0–1.4 for all ceram-
ics. The percentages of R (Rexp, Rwp, and Rp) factors for 
all ceramics are in the appropriate range of approximately 
5–10%. Lattice parameters (a) of Ti02/8, Ti02–Mg05/8, 
Ti02–Mg10/8, Ti02/12, Ti02–Mg05/12 and Ti02–Mg10/12 
ceramics were determined and found to be 7.387 (2), 7.388 
(2), 7.386 (3), 7.389 (8), 7.388 (1) and 7.390 (8) Å, respec-
tively. It is obvious that the lattice parameters (a) display 
no significant change with increasing Mg2+ concentration. 
This confirms the substitution of Mg2+ ion on the Cu site 
rather than the Ca site (having Ca2+ ion of large ionic radius 
1.00 Å) due to the nearly equal ionic radius of Cu2+ (0.73 Å) 
and Mg2+ (0.72 Å). Moreover, the obtained a values of all 
ceramics are comparable with those of CCTO ceramics 
(a = 7.391 Å) reported in literatures [21]. According to the 
Rietveld refinement fitting profile results, the theoretical 
densities (Dxrd) of Ti02/8, Ti02–Mg05/8, Ti02–Mg10/8, 
Ti02/12, Ti02–Mg05/12 and Ti02–Mg10/12 ceramics were 
determined and found to be 5.0591, 5.0574, 5.0608, 5.0586, 
5.0555 and 5.0534 g cm−3, respectively. It is remarkable that 
Dxrd values of all CaCu3−xMgxTi4.2O12 (Ti02–Mg) ceramics 
are less than that of CaCu3Ti4.2O12 (Ti02) ceramic due to the 
lighter atomic mass of Mg atom (24.304 amu) than that of 
Cu atom (63.546 amu).

Since ε′ and tanδ values with nonlinear J–E properties 
of CCTO ceramics are strongly dependent on their micro-
structure as generally reported in literatures [36]. Thus, 
morphology and microstructure of all ceramic samples were 
examined. As shown in Fig. 2a–f, are back scattered FESEM 
images of polished surface of CaCu3−xMgxTi4.2O12 ceram-
ics sintered at 1100 °C for 8 h and 12 h, respectively. These 
FESEM images reveal the microstructural evolution of grains 
in all ceramic samples as a result of sintering process. The 
mean grain sizes of Ti02/8, Ti02–Mg05/8, Ti02–Mg10/8, 
Ti02/12, Ti02–Mg05/12 and Ti02–Mg10/12 ceramics were 
found to be 8.433 ± 1.321, 5.343 ± 1.069, 7.016 ± 2.111, 
8.446 ± 1.756, 6.626 ± 1.677 and 7.348 ± 1.571 µm, respec-
tively. It is obvious that the mean grain sizes of Mg-doped 

ceramic samples sintered with different sintering time of 8 
and 12 h slightly decrease, comparing with their undoped 
counterparts. This might result from the solute drag mecha-
nism due to the substitution of Mg2+ ion of lighter atomic 
mass and smaller atomic radius, compare with those of Cu2+ 
ion, into the nominal composition of CaCu3−xMgxTi4.2O12 
ceramics. Slight change of the mean grain sizes is suggested 
to originate from the less difference in ionic radii of Mg2+ 
(0.72 Å) dopant and Cu2+ (0.73 Å) host ions. Furthermore, 
effect of sintering time can result in a slight increase of the 
mean grain sizes of all ceramics.

To observe the segregation of Mg2+ ions in the micro-
structure of all CaCu3−xMgxTi4.2O12 (x = 0.00, 0.05 and 
0.10) ceramics sintered at 1100  °C for 8 and 12 h, the 
EDXS spectra obtained at grain and GB with back scat-
tered FESEM images of each sample were examined. For 
illustration, back scattered FESEM image of Ti02–Mg10/8 
ceramic is shown in Fig. 3a with a marked point (1) for 
grain and point (2) for GB. However, EDXS spectra of all 
ceramic samples are not shown. The EDXS results indicate 
that Mg2+ ions can segregate at grains and GBs with prefer-
ence to be at GB. The Ca:Cu:Ti:Mg:O ratios at grain (1) 
and GB (2) of Ti02–Mg10/8 ceramic were determined and 
found to be 6.30:32.76:0.45:32.72:27.78 At.% and 6.80:3
0.56:0.00:33.28:29.36 At.%, respectively. The determined 
Ca:Cu:Ti:Mg:O ratios at grain and GB for other ceramic 
samples are listed in Table 1. In addition, sintering time sig-
nificantly affect the distribution of Mg2+ in grains and GBs 
as can be seen in Table 1 that Mg2+ ion in Ti02–Mg10/12 
ceramic can be detected at both of grain and GB regions, 
whereas that of Ti02–Mg10/8 ceramic can be only detected 
at grain regions. This result is similar to that reported in 
literature [4]. The dispersion of each Ca, Cu, Ti, Mg and 
O element in all CaCu3−xMgxTi4.2O12 ceramics were deter-
mined and observed by elements mapping using FESEM. As 
shown in Fig. 3b–f are the back scattered FESEM mapping 
images of Ca, Cu, Ti, Mg and O elements in Ti02–Mg10/8 
ceramic, corresponding to its back scattered FESEM image 
shown in Fig. 3a. These results confirm the existence of all 
major elements of Ca, Cu, Ti, Mg and O with homogeneous 
dispersion of them in grains and GBs. It is obviously seen 
in Fig. 3e that segregation of Mg2+ dopant in any specific 
region of the ceramic is not observed.

The frequency dependence of ε′ and tanδ for Ti02/8, 
Ti02–Mg05/8 and Ti02–Mg10/8 ceramics are shown in 
Fig. 4a and its inset. The determined ε′ values (at 30 °C and 
1 kHz) of Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceram-
ics were found to be 46,434, 12,902 and 14,012, respec-
tively. These ε′ values are summarized in Table 2. Notably, 
ε′ value of Ti02–Mg05/8 ceramic decreases by a factor of 
approximately four times compare with that of undoped 
Ti02/8 ceramic. However, for further increasing Mg-doping 
content, ε′ of Ti02–Mg10/8 ceramic slightly increase to a 
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value, which is higher than that of Ti02–Mg05/8 ceramic. 
It is obvious that the ε′ value of Mg2+-doped Ti02 ceramic 
is lower than that of undoped Ti02 ceramic due to the 
lower concentration of oxygen vacancy at grain boundary 
(GB), which is consistent with those reported in literature 
[37–41]. In addition, Han et al. reported that free charge 
carrier at GB could play an important role on the improve-
ment of dielectric properties of Y-doped CCTO ceramics 
[39]. Moreover, the ε′ values of Mg-doped Ti02/8 ceramics 
are almost stable over a wide frequency range from 100 Hz 
to 1 MHz, while that of undoped Ti02/8 ceramic greatly 
decrease with increasing frequency. It is also remarkable 
that ε′ values of Ti02–Mg05/8 and Ti02–Mg10/8 ceram-
ics are approximately 3.5 and 3.3 times lower than that of 
undoped Ti02/8 ceramic. However, these ε′ values are still 
large enough (higher than 104 at 30 °C and 1 kHz) and suf-
ficient for capacitor application. In addition to high ε′ value, 
tanδ value of high performance capacitor should be less than 

0.05. As shown in the inset of Fig. 4a, the red dashed line 
signifies tanδ value equal to 0.05. At 30 °C and 1 kHz, tanδ 
values of Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceramics 
are found to be 0.685, 0.011 and 0.009, respectively. These 
tanδ values are summarized in Table 2. It is obvious that 
tanδ values of Ti02–Mg05/8 and Ti02–Mg10/8 ceramics 
are smaller than 0.05 and both values are approximately 
30 times less than that of Ti02/8 ceramic in a wide fre-
quency range of 100 Hz–0.1 MHz. Figure 4b and its inset 
show the frequency dependence of ε′ and tanδ of Ti02/12, 
Ti02–Mg05/12 and Ti02–Mg10/12 ceramics. At 30  °C 
and 1 kHz, ε′ and tanδ values are found to be 199,083, 
18,000 and 11,086; and 0.823, 0.014 and 0.009 for Ti02/12, 
Ti02–Mg05/12 and Ti02–Mg10/12 ceramics, respectively. 
All of these ε′ and tanδ values are summarized in Table 2. 
It is interesting that tanδ values of the Ti02–Mg05/12 and 
Ti02–Mg10/12 ceramics are about 58 and 91 times less 
than that of undoped Ti02/12 ceramic, while the ε′ values 

Fig. 2   Back scattered FESEM 
images of Ti02, Ti02–Mg05 and 
Ti02–Mg10 ceramics sintered 
at 1100 °C a–c for 8 h and d–f 
for 12 h
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Fig. 3   a Back scattered FESEM 
image of Ti02–Mg10/8 ceramic, 
showing marked points (1) and 
(2) for grain and GB, respec-
tively. b–f Element mapping of 
Ca, Cu, Ti, Mg and O cor-
responding to back scattered 
FESEM image in a 

Table 1   Ca:Cu:Mg:Ti:O atomic 
ratios obtained from the EDXS 
results at selected point (1) 
large grain and (2) GB in all 
CaCu3−xMgxTi4.2O12 (x = 0.00, 
0.05 and 0.10) ceramics sintered 
at 1100 °C for 8 and 12 h

Sample Point Ca (At.%) Cu (At.%) Mg (At.%) Ti (At.%) O (At.%)

1100 °C for 8 h
 Ti02/8 1 7.09 27.56 0.00 37.32 33.41

2 5.42 21.51 0.00 26.27 46.51
 Ti02–Mg05/8 1 7.03 27.59 0.58 31.27 33.52

2 4.87 27.39 0.00 34.03 33.71
 Ti02–Mg10/8 1 6.30 32.76 0.45 32.72 27.78

2 6.80 30.56 0.00 33.28 29.36
1100 °C for 12 h
 Ti02/12 1 5.28 29.55 0.00 28.26 36.91

2 6.05 20.87 0.00 23.58 49.00
 Ti02–Mg05/12 1 6.57 27.56 1.18 31.23 33.45

2 7.41 40.92 0.00 35.16 16.51
 Ti02–Mg10/12 1 6.56 23.96 1.19 30.57 37.71

2 6.60 23.42 0.58 29.33 40.08
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of them are approximately 11 and 18 times less than that 
of undoped Ti02/12 ceramic. It worth noting that increas-
ing sintering time from 8 to 12 h, tanδ value of undoped 
Ti02 ceramic greatly increase, whereas those of Ti02–Mg05 
and Ti02–Mg10 ceramics slightly increase to a stable value. 
Moreover, ε′ values of Ti02 and Ti02–Mg05 ceramics are 
greatly increase with increasing sintering time from 8 to 
12 h, whereas that of Ti02–Mg10 ceramic slightly decrease. 
It is obvious that the increase of sintering time at the sin-
tering temperature of 1100 °C can greatly promote oxy-
gen vacancy and Ti3+, which play an important role on the 
improvement of electrical properties of these samples in con-
sistent with those reported in literature [16, 42, 43]. Notably, 
the very low tanδ (∼ 0.009 to 0.014) and giant ε′ (∼ 11,086 
to 18,000) values of the Mg-doped Ti02 ceramics are com-
parable with those reported in literatures [44–46]. Further-
more, the lowest tanδ value of 0.009 (at RT and 1 kHz) is 
achieved in both Ti02–Mg10/8 and Ti02–Mg10/12 ceramics. 
This tanδ value is approximately 1.4, 1.6, 4.0 and 4.3 times 
less than those obtained in (Y + Mg) co-doped CCTO [5], 
Ca2Cu3−xMgxTi4O12 [4], Na1/2Y1/2Cu3−xMgxTi4O12 [47] and 
(Sm3+and Mg2+) co-doped CCTO [32] ceramics, respec-
tively. It is notable that, all Mg-doped Ti02 ceramics sintered 
for 8 and 12 h demonstrate giant ε′ and very low tanδ values. 

Thus, it can be concluded that all Mg-doped Ti02 ceramics 
demonstrate very low tanδ and high ε′ over a wide frequency 
range, which is appropriate for capacitor application.

The temperature dependence of ε′ at 1 kHz for all ceramic 
samples sintered at 1100 °C for 8 and 12 h are shown in 
Fig. 5a, b, respectively. As seen in Fig. 5a, b, ε′ values of 
undoped Ti02/8 and Ti02/12 ceramics greatly increase with 
increasing temperature, whereas those of Mg-doped Ti02 
ceramics are almost stable in a temperature range of − 60 
to 210 °C. The greatly temperature dependence of ε′ in 
undoped Ti02 ceramics is similar to that observed in CCTO 
ceramics [53, 54]. Figure 5c, d display the temperature 
dependence of tanδ at 1 kHz for all ceramic samples sin-
tered at 1100 °C for 8 and 12 h, respectively. It is obvious in 
Fig. 5c, d that when the temperature is higher than 100 °C, 
tanδ of all Mg-doped Ti02 ceramics is higher than 0.05. In 
addition, tanδ values of both undoped Ti02 ceramics are 
higher than 0.05 through the whole temperature range from 
− 50 to 210 °C. The large increase in tan δ at high tempera-
tures of both undoped Ti02 ceramics is consistent with their 
great increase in ε′. It is likely that the large value of tanδ in 
a high temperature region is the most serious problem one 
that limit the potent application of CCTO-based compounds 
at high temperature. Therefore, it is evident that Mg dop-
ing in Ti02 ceramics can result not only in the temperature 
stability of ε′, but also simultaneously improve temperature 
stability of tanδ.

As shown in Fig. 5e, f are the Δε′ values of ceramic sam-
ples sintered at 1100 °C for 8 and 12 h, respectively. All of 
these values are evaluated at the frequency of 1 kHz from 
the following equation,

where �′
T
 and �′

30
 are ε′ at a temperature of T and 30 °C, 

respectively. In addition to high ε′ and low tanδ, a good 
capacitor should have Δε′ < ±15% over a wide tempera-
ture range. As seen in Fig. 5e, f, Δε′ of both undoped Ti02 
ceramics abruptly change in a very narrow temperature 
range of 10 °C. In contrast to this, Δε′ < ± 15% of both Mg-
doped Ti02 ceramics sintered for 8 h, as shown in Fig. 5e, 
are found to slowly vary in a more wider temperature range 
of − 60 to 170 °C and − 60 to 210 °C for Ti02–Mg05/8 and 
Ti02–Mg10/8, respectively. Similar behavior of Δε′ < ±15% 
is observed in Ti02–Mg05/12 and Ti02–Mg10/12 ceramics, 
as shown in Fig. 5f with temperature stability in a range of 
− 60 to 180 °C and − 60 to 210 °C, respectively. It worth 
noting that dielectric properties of both Ti02–Mg05/8 and 
Ti02–Mg05/12 ceramics satisfy the EIA X5R, X7R and X8R 
standard capacitor specification. Interestingly, Ti02–Mg10/8 
and Ti02–Mg10/12 ceramics satisfy the EIA X5R, X7R, 
X8R and X9R standard capacitors. In addition to the 

(2)Δ�� = 100 ×
��
T
− ��

30

��
30

(%),

(a)

(b)

Fig. 4   Frequency dependence of ε′ and tanδ (inset) of Ti02, Ti02–
Mg05 and Ti02–Mg10 ceramics sintered at 1100 °C a for 8 h and b 
for 12 h
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application for X–R capacitors, all Mg-doped Ti02 ceram-
ics have a potent use for other EIA code X–P capacitors, 
which is defined with the temperature stability condition 
that Δε′ < ± 10% should be in a temperature range of − 55 
to 125 °C and − 55 to 150 °C for the EIA code X7P and X8P 
capacitors, respectively. In Fig. 5e, f, the blue dashed lines 
are drawn to signify Δε′ < ±10%. As illustrated in Fig. 5e, it 
is clear that Δε′ < ± 10% for Ti02–Mg05/8 and Ti02–Mg10/8 
are in temperature ranges of − 60 to 150 °C and − 60 to 
170 °C, respectively. Similarly, these temperature ranges 
of Δε′ < ± 10% are found to be − 60 to 160 °C and − 60 
to 170 °C for Ti02–Mg05/12 and Ti02–Mg10/12 ceramics, 
respectively. Therefore, it can be concluded that, Ti02–Mg05 
and Ti02–Mg10 ceramics sintered for 8 and 12 h not only 
satisfy for the EIA code X–R capacitors, but also beneficial 
for the EIA code X–P capacitors. Furthermore, the tempera-
ture stability of Ti02–Mg05 ceramics also slightly increases 
with the increasing sintering time from 8 to 12 h. Notably, 
the achievement of excellent dielectric properties and a wide 

range temperature stability of ε′ in Mg-doped TiO2 ceramics 
are difficult to attain in other CCTO-based giant dielectric 
materials.

In this work, although the Δε′ < ± 15% of Mg-doped Ti02 
ceramics is stable in a temperature range comparable to 
those of other co-doped CCTO ceramics [5, 32], its perfor-
mance of temperature stability is better than those reported 
in a binary system of Ca2Cu2−xMgxTi4O12 ceramics [4] and 
other Mg-doped CaCuTi4O12 ceramics [44–46]. Thus, it is 
verified that Mg-doped CaCu3Ti4.2O12 ceramics prepared by 
the PP method can be successfully modified and categorized 
for the EIA code X9R capacitors. In this work, it is evident 
and can be concluded that dielectric properties, high ε′ and 
low tanδ with the excellent temperature coefficient Δε′, of 
Ti02 ceramics can be significantly improved by Mg2+ dop-
ing, follow with a proper sintering process treatment.

The nonlinear J–E properties of all ceramic samples were 
examined at RT. As shown in Fig. 6a, b are nonlinear J–E 
characteristic curves of Mg-doped CaCu3Ti4.2O12 ceramic 

Fig. 5   Temperature depend-
ence of ε′ (a and b), tanδ (c and 
d) and Δε′ (e and f) for Ti02, 
Ti02–Mg05 and Ti02–Mg10 
ceramic samples. a, c and e sin-
tered for 8 h. b, d and f sintered 
for 12 h

(a) (b)

(c) (d)

(f)(e)
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samples sintered at 1100 °C for 8 and 12 h, respectively. 
Nonlinear coefficient (α) and breakdown field (Eb) of all 
prepared ceramics can be determined from these J–E curves. 
The obtained α and Eb values of Ti02, Ti02–Mg05 and 
Ti02–Mg10 ceramics are summarized in Table 2. It worth 
noting that α and Eb values of Mg-doped Ti02 ceramics sig-
nificantly increase with increasing Mg2+ doping content. In 
addition, both α and Eb values are reduced by increasing 
sintering time. It is suggested that the enhancement of α and 
Eb values might arise from the immense increase of Rgb [14, 
55]. It is remarkable in Table 2 that the maximum Eb values 
observed in Ti02–Mg10/8 and Ti02–Mg10/12 ceramics are 
closely correlated with the highest values of Rgb and the 
lowest tanδ values with very high thermal stability of ε′. The 
values of α and Eb are comparable with those reported in 
literatures [13, 22, 24, 56]. Furthermore, the α values 
obtained in this work are higher than those of 5.1–7.9 
reported for CaCu3Ti4+xO12+2x (0.00 < x < 1.5) ceramics sin-
tered at 1100 °C for 3 h [27]. In order to understand the 
electrical respond at GBs of these ceramic samples, the 
potential barriers are discussed based on Schottky barrier 
[57]. Based on this type of barrier, the electrical current 
density (J) and the applied electrical field (E) are related by 
the relationship, ln

(

J
/

AT2
)

=
1

kBT

(

�E1∕2 − �B

)

 [58, 59], 

w h e r e  A  i s  t h e  R i c h a r d s o n  c o n s t a n t 
(∼ 1202 × 102 mA cm−2 K−2), kB is the Boltzmann constant 
(1.3806 × 10−23 m2 kg s−2 K−1), β is a constant related to the 

potential barrier width, and φB is the barrier high. As seen 
in Fig. 6c, d a good linear relationship of ln (J/AT2) versus 
E1/2 is obtained for ceramic samples sintered at 1100 °C for 
8 and 12 h. From the fitting results, the φB and β values of 
all ceramic samples are obtained and summarized in Table 2. 
It is also found that the φB value of Ti02 ceramic is greatly 
increased with Mg2+ doping. It is suggested that the forma-
tion of the electrostatic potential barriers at GBs is due to 
the present of Mg2+ ions. Moreover, the α and Eb values are 
directly promotional to the φB and 1/β values, respectively. 
In addition, it is suggested that reducing of the β value can 
increase the Eb value, whereas the α is improved by the 
increasing of φB values. Notably, φB values (0.957–0.970 eV) 
of these Mg2+-doped Ti02 ceramics are comparable with the 
φB values of the Na1/2Sm1/2Cu3Ti4O12 ceramics (∼ 0.964 eV) 
[60].

In order to further study the effect of Mg2+ doping on 
the resistance of grain (Rg) and grain boundary (Rgb), the 
Z* plots at 120 °C of all ceramic samples were performed 
as shown in Fig. 7a. Generally, the semicircular arcs at 
low and high frequency ranges in Z* plots correspond to 
Rgb and Rg, respectively [12, 61]. As seen in Fig. 7a for 
illustration, only the low frequency semicircular arcs 
are observed in Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 
ceramic samples. This behavior is similar to those of ceramic 
samples sintered for 12 h. In Fig. 7a and the inset (1), Rgb 
values of Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceram-
ics were estimated and found to be 3310, 1,030,000 and 

Fig. 6   a, b and c, d display J–E 
curves at RT and plots of ln (J/
AT2) versus E1/2 for ceramic 
samples sintered at 1100 °C for 
8 and 12 h, respectively

(a) (b)

(c) (d)
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1,750,000 Ω cm, respectively. These values are summarized 
in Table 2. As seen in the inset (2) of Fig. 7a, Rg values of 
Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceramics are esti-
mated from a nonzero intercept on the Z′ axis at high fre-
quency region and found to be 25, 59 and 45 Ω cm, respec-
tively. Similarly, Rgb and Rg values at 120 °C of Ti02/12, 
Ti02–Mg05/12 and Ti02–Mg10/12 ceramics were also esti-
mated and summarized in Table 2. It is notable in Table 2 
that Rgb values of Ti02/8 and Ti02/12 ceramics increase with 
increasing Mg2+ dopants, which is similar to those observed 
in literatures [5, 44, 47]. Furthermore, increasing sintering 
time from 8 h to 12 h can also increase Rgb values for Mg-
doped Ti02 ceramic samples with the opposite decreasing of 
these values as observed in undoped Ti02 ceramic samples. 
Thus, it is obvious that sintering time can significantly influ-
ence on the total resistance of the insulating parts i.e. Rgb 
of ceramic samples, as well. This might primarily originate 
from the GBs and/or outer surface layers. In addition, Rgb is 
observed to relate with the very high temperature coefficient 

of ε′ i.e. undoped Ti02 ceramic with low value of Rgb exhib-
its a poor temperature stability of ε′, whereas Mg-doped 
Ti02 ceramic samples with high Rgb value demonstrate the 
excellent temperature stability of ε′. Therefore, Mg-doped 
Ti02 ceramic samples of high performance dielectric proper-
ties with the excellent temperature stability of ε′ can be well 
described by their large Rgb values.

As shown in Fig. 8 and its inset are the temperature 
dependence of grain boundary conductivity (σgb) for ceramic 
samples sintered at 1100 °C for 8 and 12 h, respectively. As 
seen in Fig. 8, the plots follow the Arrhenius law,

where the values of σgb is defined by σgb = 1/Rgb, σ0 is the 
pre-exponential term, Egb is the activation energy for con-
duction at grain boundaries, kB is the Boltzmann constant, 
and T is the absolute temperature. Egb values are gener-
ally calculated from the slopes of the plots of Ln σgb ver-
sus 1000/T and found to be 0.419, 0.611 and 0.623 eV for 
Ti02/8, Ti02–Mg05/8 and Ti02–Mg10/8 ceramics, respec-
tively. As for Ti02/12, Ti02–Mg05/12 and Ti02–Mg10/12 
ceramics, the Egb values are found to be 0.413, 0.620 and 
0.625 eV, respectively. It worth noting that, Egb values 
of Ti02–Mg/8 and Ti02–Mg/12 ceramics increase with 
increasing Mg2+ doping concentration, which is consist-
ent with the increase of their Rgb values, indicating the 
decrease of oxygen vacancy concentration at GB. All 
calculated Egb values in this work are comparable with 
the conduction activation energy at GB of other CCTO 
ceramics (Egb ∼ 0.47–0.74  eV) [16, 42, 62] and Ln3+-
doped CaCu3Ti4O12 ceramics (Egb ∼ 0.55–0.76 eV) [63]. 

(3)ln �gb =

(

−Egb

kBT

)

+ ln �0

(a)

(b)

Fig. 7   a Impedance complex plane plots (Z*) at 120  °C of Ti02/8, 
Ti02–Mg05/8 and Ti02–Mg10/8 ceramics with inset (1) displays a 
magnification of the overlapped region and (2) displays an expanded 
view of high frequency data close to the origin. b Frequency depend-
ence of − Z″ in the temperature range of 130–210  °C for Ti02–
Mg10/8 ceramic

Fig. 8   Arrhenius plots of lnσgb for the Ti02, Ti02–Mg05 and Ti02–
Mg10 ceramics sintered at 1100  °C for 8  h with inset displays the 
same plots of ln σgb for these ceramics sintered for 12 h
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Remarkably, the highest Egb values are observed in both 
Ti02–Mg10/8 and Ti02–Mg10/12 ceramics, corresponding 
with the lowest tanδ values and the highest Eb values as 
revealed in Fig. 6a, b and the results summarized in Table 2. 
Consequently, it can be concluded that Mg2+ doping of Ti02 
ceramics can result in a large increase of Rgb, Eb and Egb 
values with the excellent temperature stability of ε′ and very 
high performance of dielectric properties (giant ε′ and very 
low tanδ).

4 � Conclusion

Very high temperature stability of ε′ < ± 15% in a range of 
− 60–210 °C with giant ε′ of 1.1 × 104–1.4 × 104 and very 
low tanδ of 0.009 are achieved in the CaCu2.9Mg0.1Ti4.2O12 
ceramics sintered at 1100 °C for 8 and 12 h. Sintering time 
can immensely improve the ε′ of CaCu3Ti4.2O12 ceramic 
with increasing tanδ value, as well. Mg2+ doping of 
CaCu3Ti4.2O12 ceramic results in the decrease of ε′ value 
with very low tanδ value, consistent with the immense 
increase of GB resistance (Rgb). Longer sintering time 
can reduce the Rgb of CaCu3Ti4.2O12 ceramic, but increase 
those of Mg-doped CaCu3Ti4.2O12 ceramics. In addition, 
the nonlinear J–E properties of Mg-doped CaCu3Ti4.2O12 
ceramics (α and Eb values) significantly increase with 
increasing Mg2+ doping content, especially for the Eb 
value. Consequently, it can be concluded that excellent 
dielectric properties i.e. very high ε′ and low tanδ with 
excellent temperature coefficient of CaCu3Ti4.2O12 ceram-
ics prepared in this work by the PP method can be sig-
nificantly improved by Mg2+ doping follow with a proper 
sintering process treatment. This improvement can be 
explained by the enhancement of electrical responses at 
GBs resulting from the existence of Mg2+ ions. Moreo-
ver, it is suggested that CaCu2.9Mg0.1Ti4.2O12 ceramics 
sintered at 1100 °C for 8 and 12 h can be applicable for 
high temperature semiconductor devices such as X8R and 
X9R capacitors.
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