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Abstract High performance X8R BaTiO3-based ceram-

ics with pure perovskite phase were prepared by

nanocomposite doping method. The phase structure,

dielectric and electrical properties and the ‘‘relaxorlike’’

characteristic of ceramic materials are systemically stud-

ied. According to XRD and TEM analysis, the nanocom-

posite dopants via sol–gel method are uniform and well

dispersive. The role of NiNb2O6 on dielectric properties

and phase structure of BaTiO3-based ceramics is investi-

gated. The properties comparison of samples prepared by

nano-doping and conventional process is accomplished.

SEM micrographs reveal that the grain size of BaTiO3-

based samples is more uniform by nano-doping process.

Meanwhile, bulk densities and dielectric properties are

enhanced. The 1.5 wt% NiNb2O6-doped sample sintered at

1280 �C shows the optimal dielectric performance

(er = 4160, tand\ 1.0 %, DC/C20 �C B ±15 %) that sat-

isfied EIA–X8R specification.

1 Introduction

The material systems with higher Curie temperatures are

desirable for MLCC applications at harsh working condi-

tions, e.g. aerospace, oil exploration and in civil fields. For

instance, the working temperature of an electronic control

unit placed in an automotive engine may be higher than

130 �C. Therefore, X8R ceramics (- 55 to 150 �C, DC/

C20 �C B ±15 %), whose properties are defined by the

Electronic Industries Alliance (EIA), are of increasing

importance in the rapidly growing electronics industry [1, 2].

The development tendency of multi-layer ceramic

capacitors (MLCCs) is high-capacitance small size, which

requires the dielectric materials achieving higher permit-

tivity with a uniform grain size [3]. As a ferroelectric per-

ovskite ceramic, BaTiO3 (BT) exhibits high permittivity at

room temperature. It is not only widely used as a conven-

tional ferroelectric but also recently introduced in compo-

nents of MLCCs [3, 4]. However, the sharply change in

dielectric constant at Curie temperature of BaTiO3 has lim-

ited its application due to a relatively narrow using temper-

ature range. Thus, BaTiO3 is chemically modified to meet the

required dielectric temperature characteristic by doping with

depressors. There are a series of co-doping systems for

achieving a good dielectric property, such as BaTiO3–

Yb2O3–MgO [5], BaTiO3–Nb2O5–Co3O4 [6], and BaTiO3–

Nb2O5–Ni2O3 [7], which only meet the X7R specifications

(- 55 to 125 �C, DC/C B 15 %). Several BaTiO3-based

X8R ceramics have been reported, such as BaTiO3–Y2O3–

MgO–SiO2 [8], BaTiO3–Y2O3–MgO–Mn3O4–SiO2–CaO

[9], which have low dielectric constant (er\ 3000). In this

study, CaZrO3 is chosen as the dopants to obtain a flat TCC

curve, which shifts the Curie point to higher temperature

[10], to replace Pb-based ceramics for environmental pro-

tection and human health [11].

BaTiO3-based ceramics result from the formation of a

‘‘core-shell’’ structure, with the core being a pure BaTiO3

phase and the shell of BaTiO3 with other oxide dopants [5–

9]. As the core-shell structure is unstable in thermody-

namics, the key issue for the formation of the core-shell

structure is not only the selection of proper additives that

react with BaTiO3 grains. The other important factor is the
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uniform distribution of the dopants around the BaTiO3

particles, especially when BaTiO3 grains become smaller.

For the conventional solid-state method, large particles of

the additives may induce local segregation of the additives

in the dielectric layers and cause an initial loss of the

insulation resistance of MLCCs. A new nanocomposite

doping process has been developed by researchers [8, 12,

13], which can be effective in controlling the particle size

of additives and enhance the mixed homogeneity of minor

constituents. In this study, the effects of nano-NiNb2O6 in

improving dielectric properties of the BaTiO3-based

ceramics has been researched.

2 Experimental procedure

2.1 Sample preparation

The NiNb2O6 nanopowders were synthesized by the sol–

gel process. Analytically pure (AR) Ni(NO3)2�6H2O and

Nb2O5 were used as the raw materials. Citric acid and

ethylene glycol were used as a chelating agent and reaction

medium. The experimental procedure for preparing the

NiNb2O6 nanopowders was shown in Fig. 1. Niobium and

nickel compounds were also prepared by solid-state

method (NiNb2O6 synthesized from NiO and Nb2O5 with

average particle size of 0.4 and 0.5 lm). The CaZrO3 was

obtained after calcining the mixture of CaCO3 and ZrO2 at

1000 �C for 2 h by conventional solid-state method. The

base material was BaTiO3 powder (Guoci Co. Ltd.,

China).BaTiO3 and all the additives were weighed and

mixed with deionized water by ball milling (using ZrO2

beads) for 4 h and then dried. After drying, mixed powders

were added in 7.0 wt% binder wax, and then pressed into

disks with 15 mm in diameter and 1 mm in thickness. The

disks were sintered at 1280 �C for 3 h in air, using a

heating rate of 5 �C/min. Silver was applied on both sides

of the as-fired samples to obtain the electrodes of capaci-

tors. The sample added with 0.5–2.0 wt% NiNb2O6

nanopowders were named as A05 * A20 respectively.

The sample B15 was prepared by adding 1.5 wt% NiNb2O6

which was obtained by conventional process.

2.2 Characterization

Phase identification and lattice parameters were character-

ized by X-ray diffraction (XRD) patterns, which were

obtained from D/MAX-B Model X-ray diffractometer (D8-

Focus; Bruker AXS GmbH, Karlsruhe, German) with CuKa

radiation at 40 kV and 40 mA. Microstructural properties

such as grain size distribution and morphology were

examined using a transmission electron microscopy (TEM,

JEM-2100F,JEOL, Ltd., Tokyo, Japan) and a field-emission

scanning electron microscopy (FE-SEM, S-4800; Hitachi,

Ltd., Tokyo, Japan). The bulk density of the samples was

measured by the Archimedes method. Dielectric loss and the

capacitance were measured by the use of capacitance meter

(HP4278A; Hewlett-Packard, Santa Clara, CA) at 1 kHz

from - 55 to 150 �C. The temperature was controlled by

GZ-ESPEC oven. Insulation resistivity was measured using

a high resistance meter (Agilent 4339B, Santa Clara, CA) at

room temperature. The frequency characteristics were

measured between 50 Hz and 100 kHz, using a TH2828S

automatic component analyzer.

3 Results and discussion

3.1 Characterization of nano-dopants

The gels are calcined in air at 600 and 800 �C for 2 h

respectively, and their XRD patterns are illustrated in

Fig. 2. The XRD indicates the presence of Ni2O3 (JCPDS

14-481) and Nb2O5 (JCPDS 19-862) at 600 �C, NiNb2O6

(JCPDS: 31-906) with phase pure is clearly found at

800 �C. The crystal structure of NiNb2O6 is orthorhombic

and all the d-lines match with reported values [14]. The

sharp diffraction peaks appear distinctly for the NiNb2O6

calcined at 800 �C. This indicates that NiNb2O6 changed

from amorphous to crystalline phase with increase of cal-

cining temperature [15]. TEM is used to further examine

the particle size, crystallinity and morphology of samples.

Figure 3 shows the TEM bright field images of the

NiNb2O6 calcined 600 and 800 �C. Figure 3a indicates that

agglomeration of particles is serious when NiNb2O6

Fig. 1 Flow chart for preparing the NiNb2O6 nanopowders by the

sol–gel process
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calcined at 600 �C. Meanwhile, it can be estimated that the

particle size of sample in Fig. 3b is nanoscale (an average

particle size of 63.9 nm) with better dispersion. Hence, a

relative higher calcining temperature of 800 �C need be

adopted to achieve well dispersive and crystalline nano-

dopants.

3.2 Dielectric properties and phase structure

of samples by doping NiNb2O6 nanopowders

Figure 4 presents the temperature dependence of the

dielectric constant er of the sample A05 * A20 at mea-

suring at 1 kHz. Two dielectric constant peaks are

observed in the dielectric constant-temperature curves (er-T

curves). The dielectric peak at about 130 �C is certainly

associated with the parelectric to ferroelectric transition of

the grain core,whereas the peak at lower temperature is due

to strong chemical inhomogeneity of grain shell [16, 17].

Ni2?, Nb5? cations are easier to diffuse into the crystal

lattice by using the NiO–Nb2O5 composite oxide as

dopants, which is attributed to the identity of (Ni1/3
2?Nb2/

3
5?)4? and Ti4? (The effective radius of Ti4? is 0.061 and

(Ni1/3
2?Nb2/3

5?)4? is 0.066 nm in the sixfold coordination [16])

as we reported previously [18]. Furthermore, the valence of

the complex (Ni1/3
2?Nb2/3

5?)4? is identical to Ti4?. It is

effective to inhibit the generation of oxygen vacancies

which are introduced to compensate for the charge defi-

ciency of Ni ions on Ti sites [19], as shown in Eq. (1).

NiTi½ �00, VO½ ��� for Ni2þ
� �

NiTi½ �0, 2 Vo½ ��� for Ni3þ
� � ð1Þ

A certain amount of (Ni1/3
2?Nb2/3

5?)4? ions substituting for

Ti4? ions forms the chemically inhomogeneous structure

and the compositional inhomogeneity might induce diffuse

phase transition characteristics, which results in a multi-

peaks character over a relatively wide temperature range.

Fig. 2 XRD patterns of NiNb2O6 nanopowders sintered at 600 and

800 �C

Fig. 3 TEM photos of

NiNb2O6 nanopowders sintered

at a 600, b 800 �C

Fig. 4 Temperature dependence of dielectric constant for samples

with various amounts of NiNb2O6 nanopowders sintered at 1280 �C
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Figure 5 shows the XRD patterns of various amounts of

NiNb2O6-doped BT-based ceramics sintering at 1280 �C.

When the doping amount of NiNb2O6 is\ 2.0 wt%, the

XRD results demonstrate that all the samples display a

desired perovskite structure, which indicates that the

NiNb2O6 have diffused into the BaTiO3 lattice to form a

solid solution. The dielectric constant decreases signifi-

cantly when 2.0 wt% NiNb2O6 nano-dopants is added to

BaTiO3 as shown in Fig. 4. Because (Ni1/3
2?Nb2/3

5?) 4? com-

posite cation would easily diffuse into the crystal lattice

and replace the Ti4? cation, and the redundant Ti4? cation

reacts with the BaTiO3 and forms a Ba6Ti17O40 (JCPDF

77-1566) second phase (low dielectric constant * 59)

[20]. In summary, the optimal dielectric properties are

achieved when 1.5 wt% NiNb2O6 nano-dopants is added.

3.3 Properties analysis of samples prepared

by nano-doping and conventional process

Figure 5 also shows the XRD patterns of the sample A15

and B15. It can be seen that two samples display a desired

perovskite structure, which indicates there is no secondary

phase in existence for both cases. As we know, the

tetragonal structure is characterized by (200) and (002)

peak splitting around 45� and the pseudo-cubic structure is

characterized by (200) peak around 45� [11, 21, 22]. The

diffraction peaks around 45� are separated from each other,

which indicate that the crystal structure of sample B15 is

typically tetragonal [23]. The two diffraction peaks merge

into one peak, confirming that the tetragonality (c/a ratio)

of sample A15 decreased as shown in Table 1. The grain

shell is considered to be non-ferroelectric phase, which

results in the decrease of ferrolectric percentage (tetrago-

nality) [22]. The tetragonality decreases, which suggests

that the volume fraction of the tetragonal grain core

decreases, whereas the volume fraction of the cubic grain

shell increases for samples prepared by nano-doping

method.

Figure 6 shows FE-SEM images of sample A15 and

B15, and no second phase is observed in both samples.

Coarse grains (* 1.0 lm) together with fine grains

(* 0.5 lm) are detected for sample B15, resulting in the

distribution of the grain sizes is uneven. Furthermore, the

pores and voids in existence lead to the relatively low

density (* 5.76 g/cm3). On the contrary, sample A15

exhibits a very dense, uniform and fine-grained

microstructure with smooth surface and clear boundaries.

The sintered density is about 5.89 g/cm3 using Archi-

medes’ method and the average grain size is\ 0.6 lm by

the linear interception method. This illustrates that the

nano-dopants could inhibit the grain growth more effi-

ciently and be helpful to form the dense and homogeneous

fine-grained ceramics.

As shown in Fig. 7a, the dielectric constant exhibits a

broadened and diffuse ferroelectric-paraelectric phase

transition for both samples. It is supposed that the substi-

tution of Ti sites by (Ni1/3
2?Nb2/3

5?) 4? in the shell regions of

BaTiO3 grains is responsible for this behavior. The

dielectric constant at room temperature is enhanced to 4160

(A15) via nano-doping, which satisfies EIA–X8R specifi-

cation as shown in Fig. 7b. The increasing of e20̊C can

attribute to the increasing grain size of fine-grained BT

ceramics [21]. The Curie temperature (Tc) of the sample

Fig. 5 XRD patterns of samples with various amounts of NiNb2O6

sintered at 1280 �C

Table 1 Lattice parameters of and electrical properties of NiNb2O6-doped BaTiO3 samples in room temperature

Sample NiNb2O3 content (wt%) c/a Eb (kV/mm) qv (1012 X cm) er tgd (%) Tc (�C) DC/C20 �C (%)

-55 �C 125 �C 150 �C

A05 0.5 1.0042 9.87 8.89 4284 1.067 128.2 -21.1 4.6 -18.3

A10 1.0 1.0027 10.21 10.95 4048 0.943 128.5 -12.1 6.3 -16.1

A15 1.5 1.0012 13.77 13.98 4160 0.854 128.7 -6.4 3.6 -13.7

B15 1.5 1.0036 10.09 8.92 4055 1.116 127.8 -12.3 18.1 -18.5

A20 2.0 1.0010 10.36 6.77 3503 1.097 128.7 -3.4 10.6 -12.4
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B15 is about 127.8 �C, Meanwhile, the Tc of sample A15

rise to about 128.7 �C. The Curie temperature increases,

which can also be explained by internal tensile stress model

the internal stresses are also responsible for the permittivity

increase [10, 12]. We deem that NiNb2O6 is mainly located

in grain shells, and the internal stress induced by the lattice

mismatch between cores and shells. The tensile stress

stabilizes the tetragonal phase and shifts Tc to a higher

point. In comparison with B15, the dielectric constant peak

of A15 at Tc is markedly depressed. The peak intensity is

associated with the volume fraction of the grain core [8].

Table 1 shows the dielectric properties of the sample A15

and B15.Insulation resistance of the sample B15 is lower

than 1013 X cm. However, resistance significantly increa-

ses via nano-doping and sample A15 shows resistance

larger than 1013 X cm. Owing to lower porosity, dielectric

loss of the sample A15 decreases to 0.854 %. These

intriguing properties of sample prepared by nano-doping

process make this material get qualified for practical

applications. Table 2 shows the dielectric properties of

some X8R materials which were prepared by nanocom-

posite doping method. Doping NiNb2O6 nanopowders is

more effective to improve the dielectric constant at room

temperature.

The variations of relative permittivity of NiNb2O6-

doped ceramic samples at various frequencies (50 Hz–

100 kHz) are shown in Fig. 8. A diffuse transition with

frequency dispersion above and around the permittivity

peak in the room temperature was observed. The permit-

tivity of the both samples decrease obviously with the

increasing frequency in the low-temperature

(- 55 * 110 �C), but no significant differences are

observed in high-temperature (110–150 �C) [24, 25]. The

variation width of the permittivity of sample B15 is slightly

smaller than sample A15. Due to the particular character-

istics of nanopowder, such as surface effect and small-scale

effect (large specific surface area, high interfacial energy,

and so on), the nano-doping ions behave a so strong ten-

dency to be incorporated into BaTiO3 lattice, the diffusion

length of nano-dopants is deeper than that of submicron

dopant. The average thickness of grain shell in the ceramic

prepared by nano-doping is larger than that of conventional

doping. The ‘‘relaxorlike’’ characteristic can be attributed

to the oxygen vacancies, which is certificated by Ciomaga

et al. [26] The experiment results proves the ‘‘core-shell’’

structure in another way: Curves in low-temperature rep-

resent non-ferroelectric phase (the shell) produced by ion

doping, which affected by frequency significantly. On the

contrary, curves in high-temperature mainly affected by

Fig. 7 Temperature dependence of a dielectric constant and b capac-

itance change for sample A15 and B15 sintered at 1280 �C

Fig. 6 SEM photos of samples

with 1.5 wt% NiNb2O6

prepared by a nano-doping and

b conventional process sintered

at 1280 �C
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pure BT, which is ferroelectric phase (the core), have little

difference with frequency [27]. So ‘‘relaxorlike’’ charac-

teristic is enhanced with the increase of ratio of the grain

shell due to the nano-doping process.

4 Conclusions

High performance BaTiO3-based ceramics with different

amounts of NiNb2O6 (0.5, 1.0, 1.5, 2.0 wt%) were syn-

thesized by nanocomposite doping method and well

sintered at 1280 �C. XRD indicated the nanocomposite

changed from amorphous to crystalline phase with increase

of calcining temperature. TEM showed the nano-dopants

acquired by sol–gel method are uniform and well disper-

sive, with an average particle size of 63.9 nm calcined at

800 �C. It showed great effects in improving properties of

the BaTiO3 ceramics by doping NiNb2O6 of nanopowders.

Due to the uniform nanopowders as well as uniformly

distributing in BaTiO3 matrix and coating the BaTiO3

particles completely, nano-dopants could inhibit grain

growth efficiently and be favorable to form desired core-

shell microstructure in the fine-grained BaTiO3 ceramics.

Besides, the new method played a crucial role to the sta-

bility of high-temperature dielectric properties, which shift

the Tc to a higher temperature. The ‘‘relaxorlike’’ charac-

teristic attributed to the increase of ratio of the grain shell

due to the nano-doping. As a result, the 1.5 wt% NiNb2O6-

doped sample exhibits the optimal dielectric properties

with high dielectric constant e20 �C = 4160, low dielectric

loss tand\ 1.0 %, and flat TCC curve DC/

C20 �C B ±14 %, - 55 to 150 �C, which satisfies EIA–

X8R specification.
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