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Abstract
High-permittivity dielectric core/shell structured Li0.01 Six Ni0.99−x O
ceramics (abbreviated as LSNO) have been successfully prepared. Analyses
of the ceramic microstructure and composition indicate that the dopants of
SiO2 are mainly dispersed into the grain boundaries and exist as the
insulating Ni2 SiO4 phase. All the LSNO ceramic samples exhibit high
permittivity, and the permittivity reaches about 1.2 × 104 for the LSNO-1
sample. The concentration of Si has a remarkable effect on the dielectric
properties of the LSNO ceramics. The origin of the high permittivity
observed in these LSNO ceramics is attributed to the Maxwell–Wagner
polarization mechanism and a thermally activated mechanism.

1. Introduction
Recently, a great deal of intensive research has been conducted
on high-permittivity dielectric materials for their use in
microelectronics devices, such as capacitors and memory
devices [1, 2]. The high dielectric permittivities are usually
observed in perovskite ferroelectric oxides, e.g. Pb(Zr,Ti)O3
(PZT) and Pb(Mg,Nb)O3 (PMN) [3, 4]. Another perovskiterelated material CaCu3 Ti4 O12 (CCTO) with an unusually
high permittivity of ∼104 –105 at room temperature has
been reported [5–7]. It was considered that the origin
of the large dipole moments in CCTO could be due to
the interfacial polarization mechanism, and no ferroelectric
transition akin to those in high-permittivity perovskites has
been observed. Lunkenheimer et al [8] discussed that many
colossal permittivity (CDC) observations are not intrinsic
in origin, and concluded that most of the CDCs reported
so far are based on Maxwell–Wagner-type extrinsic effects
due to contact effects, and grain boundary (GB) effects in
ceramic samples. Additionally, boundary layer capacitors
(BLCs) based on semiconductive perovskite oxides such
as SrTiO3 have also attracted attention.
These BLC
1
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ceramics are normally processed in the reductive and partial
oxidative atmosphere so that grains of the oxides become
semiconducting while GBs are insulating [9, 10]. At present,
high-capacitance ceramic capacitors with BLC and MLCC
(multilayer ceramic capacitors) structures are the potential
trend for obtaining high-density charge storage [11, 12].
In this report, a non-ferroelectric and non-perovskite highpermittivity core/shell structured material, Li0.01 Six Ni0.99−x O
(LSNO) ceramic, has been successfully synthesized. The high
dielectric permittivity behaviour observed in rocksalt-type
LSNO is similar to that observed recently in perovskite-like
CCTO. It was suggested that the high permittivity response of
LSNO could arise from the Maxwell–Wagner polarization (i.e.
interfacial polarization) mechanism and thermally activated
mechanisms, such as charge carrier transport, rather than
due to permanent dipoles. The LSNO-based ceramic shows
high permittivity, which makes such simple compounds
attractive for BLC applications and challenges the supremacy
of BaTiO3 -based compositions, which involve a complex
multistage process, e.g. involving high temperatures, reducing
atmospheres, and limited diffusion of oxygen and dopant ions
in the grain boundaries.
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Figure 1. Schematic processing technology of coated SiO2 /NiO
particles.
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2. Experimental
Ni(NO3 )2 ·6H2 O (A.R.), LiNO3 (A.R.), Si(C2 H5 O)4 (A.R.)
and CH3 CH2 OH were employed as raw materials. The specimens with nominal compositions Li0.01 Si0.05 Ni0.94 O (LSNO-1),
Li0.01 Si0.15 Ni0.84 O (LSNO-2) and Li0.01 Si0.25 Ni0.74 O
(LSNO-3) were prepared as shown in figure 1. Stoichiometric amounts of Ni(NO3 )2 ·6H2 O and LiNO3 were first mixed
and dissolved in an appropriate amount of distilled water to
get the clear solution, then added into a NH3 ·H2 O–NH4 HCO3
buffer solution at about 70˚C, and the mixture was agitated
continuously till the Ni2 CO3 (OH)2 –LiOH composite precipitate formed. The Ni(Li)O nanosized powders were obtained by
the decomposition of the above carbonate precursor at 400˚C
for 2 h, and the nanosized Ni(Li)O particles were dispersed into
CH3 CH2 OH–H2 O solution. Later Si(C2 H5 O)4 –CH3 CH2 OH
solution was added slowly into the above suspending solution, and then the solution was heated and stirred to form
the gel. The amorphous SiO2 /Ni(Li)O coated nanoparticles
were obtained after the dried gel was calcined at 800˚C for
1 h in air. Then, the resultant LSNO powders were pressed to
form green pellets 10 mm in diameter and about 1.2–1.8 mm
in thickness at a pressure of 10 MPa by using polyvinyl alcohol as a binder. Three LSNO ceramic samples (LSNO-1:
9.8 mm ×1.3 mm, LSNO-2: 9.7 mm ×1.7 mm and LSNO3: 9.5 mm × 1.8 mm) were prepared via traditional ceramic
processing and sintered at 1250˚C for 2 h in air. The sintered
ceramic samples were polished, and electroded by silver paint
on both sides of the disc-shaped samples fired at 650˚C for
30 min for dielectric permittivity measurements.
X-ray diffraction (XRD), transmission electron
microscopy (TEM) with selected area electron diffraction
(SAED), high-resolution transmission electron microscopy
(HRTEM) and scanning electron microscopy (SEM) equipped
with energy dispersive spectroscopy (EDS) were employed to
reveal the microstructure and phase composition of the LSNO
ceramics. Dielectric permittivity measurements were conducted in an evacuated dielectric cell. The dielectric response
of the specimens was measured using a HP 4192A gain phase
analyser over a frequency range from 100 Hz to 1 MHz and at
an oscillation voltage of 1.0 V.
1616

Figure 2. Typical XRD patterns of LSNO-2 composites and its
calcined powders.

3. Results and discussion
Three kinds of LSNO ceramic samples with nominal compositions Li0.01 Si0.05 Ni0.94 O (LSNO-1), Li0.01 Si0.15 Ni0.84 O
(LSNO-2) and Li0.01 Si0.25 Ni0.74 O (LSNO-3) have been synthesized with the technology flow shown in figure 1 combined
with traditional ceramic processing. As shown in figure 2, the
phase composition of as-prepared typical LSNO-2 precursor
powders includes the Ni2 CO3 (OH)2 phase, and the Li precipitates (e.g. LiOH, Li2 CO3 ) cannot be observed in the patterns
due to the small doping amount. The Ni2 CO3 (OH)2 phase
was changed to the NiO phase after pyrolysing the composites at 400˚C for 2 h. The resultant particles are the core/shell
structured amorphous SiO2 / Ni(Li)O nanoparticles. The amorphous SiO2 shell and Ni(Li)O core can obviously be observed
in the TEM, HRTEM and SAED patterns shown in figure 3,
and the average particle size of NiO and thickness of the amorphous SiO2 are 70 nm and 10 nm, respectively. As shown in
figures 4 and 5, the original shell/core structured particles can
be transformed into new grain/GB structured Ni2 SiO4 / Ni(Li)O
particles after sintering at 1250˚C for 2 h. The SEM micrographs imply that the core Ni(Li)O grains have grown to be
approximately 2.0 µm in the LSNO-2 ceramic sample, and the
dopants of SiO2 are mainly dispersed into the grain boundaries,
as proved by the EDS results shown in table 1.
Figure 6 shows the frequency dependence of the
permittivity ε of the LSNO samples at room temperature. The
permittivity values at 100 Hz for the LSNO-1, LSNO-2 and
LSNO-3 samples are 12 375, 6750 and 4964, respectively. The
ε value for the LSNO-1 sample is found to be nearly 600 times
larger than that for the pure NiO sample.
Normally, pure stoichiometric NiO is an excellent
insulator, with a room temperature resistivity of about
∼1013  cm, but introduction of Ni2+ vacancies and/or doping
with monovalent cations like Li+ can cause considerable
increase in the conductivity of NiO, and the conduction in NiO
is mainly due to thermal excitation of the mobilities (smallpolaron hopping) [13, 14]. Since the ionic radius of Li+ is
almost identical to that of Ni2+ , the majority of Li+ impurities
will substitute for the Ni2+ site. Since the second ionization
potential of Li is 40 eV larger than the third ionization potential
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Figure 3. TEM, SAED and HRTEM micrographs of LSNO-2 precursor particles. (a) TEM micrographs, (b) SAED patterns and
(c) HRTEM micrographs.

of Ni, charge neutrality is achieved by forming a Ni3+ ion for
every Li+ ion introduced into the lattice [15]. Since a Ni3+ ion
is a Ni2+ ion with an extra hole, Li+ impurities act as acceptors
and the conduction is p type and dominated by the free holes
in the 2p band. Additionally, due to the addition of SiO2 ,
one part of SiO2 reacted with NiO to form the Ni2 SiO4 phase
dispersing into the GB as shown in figure 4 and table 1, and
another part entered into the NiO grains and substituted for
the Ni site, which resulted in the formation of Ni vacancies as
follows:
NiO

x
(1)
SiO2 −→ Si••
Ni + VNi + 2Oo .
As an electric field was applied, two types of hopping
processes can occur in the LSNO system, i.e. the long-range
inter-well hopping and the short range intra-well hopping of
holes [16]. The frequency and temperature dependence of the
inter-well and intra-well hopping mechanisms are markedly
different from one another, and each has its respective
contribution to the dielectric properties in the LSNO samples.
When an ac field is applied, both inter-well and intra-well
hopping mechanisms do have a finite probability of occurrence,

and their relative probabilities are dependent on the energy
of the charge carriers, frequency of the applied signal and
concentration, mean site separation, depth and extent of
percolation of the potential wells.
As shown in figure 6, it can be seen that the permittivity
and dielectric loss decrease with increasing frequency. This
behaviour may be explained qualitatively by the assumption
regarding the mechanism of the polarization process. The
LSNO ceramics can be regarded as a dielectric material with
high concentration of hopping charge carriers. The large values
of ε at low frequencies in dielectrics with a high density of
hopping charge carriers may be understood on the basis of
the definition of polarization as the dipole moment per unit
volume [17].

p=
χα q α ,
(2)
α

where α takes into account all charged particles in the system,
q represents the respective charges and χ the displacement
under an applied electric field.
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Figure 4. XRD patterns of LSNO-2 powder particles and
as-sintered products at 1250˚C for 2 h.

As the signal frequency is increased to higher values, the
probability of occurrence of intra-well hopping becomes large
since the charge carriers do not get enough time for long-range
hopping before field reversal. At higher frequencies (e.g. in
the 1 MHz range), the charge carriers would barely have started
to move before the field alters its direction, and therefore, the
permittivity of LSNO ceramics may decrease substantially as
the frequency increases.
Normally, the Maxwell–Wagner polarization, also known
as the interfacial polarization, often arises in a material
consisting of grains separated by more insulating inter-grain
barriers [20]. The Maxwell–Wagner polarization model has
been successfully employed to explain the dielectric relaxation
with extremely high permittivity ceramics [21, 22] (e.g.
CCTO, BaFe1/2 Nb1/2 O3 , Gd0.6 Y0.4 BaCo2 O5.5 ). The common
interpretation assumes a whole series of boundary barriers and
grains, or even a series–parallel array of boundary barriers,
which arises if the material consists of grains separated by more
insulating inter-grain barriers as in boundary layer capacitors.
As previously reported [23], the resistivity of NiO can
be improved by doping by monovalent cations to several
orders of magnitude. The core/shell structured LSNO ceramics
consist of well-conducting grains, Ni(Li)O and nonconducting
or poorly conducting GB layers (e.g. Ni2 SiO4 ). Consider
the grain and GB to have different permittivities (ε1 and ε2 )
and different conductivities (σ1 and σ2 ), so that the complex
permittivities in the LSNO ceramics can be described as
ε1∗ = ε1 −

iσ1
,
ω

(3)

iσ2
.
(4)
ω
The total permittivity can be quantitatively approximated
by [22]:
L
.
(5)
ε∗ =
∗ −1
d(ε1 ) + t (ε2∗ )−1
ε2∗ = ε2 −

Figure 5. SEM micrographs of fractured surface for LSNO-2
ceramics.
Table 1. The results of EDS for the LSNO-2 sample.
Fractured surface of grain

Grain boundary

Element

Weight%

Atomic%

Weight%

Atomic%

O
Si
Ni
Si/Ni

8.79
3.64
87.58

25.30
5.97
68.73
0.08

15.38
15.70
68.92

35.68
20.75
43.57
0.48

According to the correlated Barrier Hopping model [18],
the inter-well hopping is the predominant process at low
frequencies. Normally, inter-well hopping corresponding
to the steady-state transport of charge carriers between the
electrodes does not contribute to polarization [19]. However,
in the LSNO samples, owing to the high density of defects

(e.g. VNi
) concentrated at the highly disordered GBs, there
will be a reasonable extent of percolation of adjacent defect
potential wells, and the inter-well hopping also contributes to
dielectric relaxation at low frequencies. Thus, large values of ε
can be observed for all the LSNO samples at low frequencies.
1618

Here, d is the particle size of the conducting grain (core), and
t is the thickness of the GB (shell), L = t + d. Since t  L,
σ1  σ2 , equation (5) can be simplified as follows:
ε1
ε2
1
+
(1 + (dε1 /Lε2 )) (d/L)(1 + (dε1 /Lε2 )) 1 + iωτ
1
ε1 ε2
+
,
(6)
=
ξ
ξ δ 1 + iωτ
where ξ = 1 + δε1 /ε2 , τ = ξ ε2 /δσ1 , δ = d/L.
At zero or very low frequency, equation (6) can be further
simplified as
Lε2
.
(7)
ε∗ =
d
Then equation (7) indicates that the permittivity is
controlled by the thin nonconducting layer. As for the LSNO
ceramics, the average Ni(Li)O grain size is about 2.0 µm, and
the thickness of the GB region with increasing doping SiO2 is
estimated to be about 5–15 nm, and the permittivity of Ni2 SiO4
is about 30 [24]. Therefore, the permittivity at low frequency
will be 4000–12 000, which is in good agreement with our
experimental data.
Additionally, high dielectric loss in the low frequency
region can also be observed, which is probably ascribed
ε∗ =
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Figure 6. Frequency dependence of permittivity and loss for various LSNO ceramics.
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Figure 7. Temperature dependence of permittivity for various
LSNO ceramics.

to the following: in the low frequency region, inter-well
hopping corresponding to the steady-state conduction is the
predominant process. Due to the overlapping of the defect
potential wells, only a small fraction of the total number of
holes executing long-range hopping reverse direction on field
reversal to contribute to polarization, while the majority of
the holes contribute to energy loss due to steady-state charge
transport between the electrodes, which was also observed
in the nanosized NiO materials [25].
The temperature dependence of the permittivity at 1 KHz
and 1 MHz for LSNO ceramics is shown in figure 7. The
variation of the permittivity with frequency is small at low
temperatures and at high frequencies. In the absence of a
field, the charge carriers that are bounded at different localized
states would show different dipole orientations. A hole
can hop between a pair of these centres under the action
of an ac field, leading to the re-orientation of an electric
dipole. This process would give rise to a change in the
permittivity. Figure 7 clearly shows the permittivity increase

with increase in the temperature over the entire frequency
range for all the samples, which indicates that the polarization
is partially due to some thermally activated mechanisms, such
as charge carrier transport rather than due to permanent dipoles.
This is in agreement with our discussion on the dielectric
relaxation mechanism and observed frequency response based
on hopping of holes. Actually, the activation energy Eg of
these three LSNO samples’ grains (e.g. LSNO-2 ∼ 0.201 eV),
fitted by the reverse temperature dependence of the dc
conductivity, as in the polaron theory, is nearly equal to
Ea (e.g. LSNO-2 ∼ 0.195 eV) fitted by the dependence of
dielectric loss on temperature at various frequencies (the
activation energy required for relaxation), which indicates that
the polarization relaxation is closely related to the conductivity
in the grain interior. A detailed analysis will be the subject of
a future publication [26].

4. Conclusions
Three kinds of high-permittivity dielectric core/shell structured
LSNO ceramics have been successfully prepared by chemical
synthesis combined with traditional ceramic processing. The
doping amount of SiO2 has great influence on the dielectric
properties due to the thickness of the GB, and the permittivity
varies from 103 to 104 at low frequency, which is in good
agreement with the calculated results. The high dielectric
loss is caused by the holes contributing to energy loss due to
steady-state charge transport between the electrodes. The high
dielectric response can be ascribed to the Maxwell–Wagner
polarization mechanism and thermally activated mechanism.
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