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The objective of the present work is to use rare-earth oxide (Pr oxide) as dopant to Li-doped NiO ceramics
in order to obtain giant dielectric permittivity (¢') together with low loss factor (tan ¢). For that aim, NiO-
based ceramics of a formula LixPryNi;_x_,O (LPNO) with x=0.027 and y=0.001 and 0.005 have been
synthesized by usual solid-state reaction. Their structural characterization was carried out with X-ray
diffraction (XRD) and X-ray fluorescence (XRF). Their bulk dielectric properties at room temperature

have been studied in detail. A giant low-frequency dielectric permittivity (e’ ~ 10°-106) together with a

sl;gsé.Ch low loss factor (tan§ ~0.05-0.08) at room temperature was obtained. The giant values from dielectric

77.22.Gm permittivity were explained in the framework of core/shell model and the low loss factor was explained

77.84.Bw by the formation of grain boundaries rich with Pr oxide. Complex-impedance study shows a non-Debye

91.60.Ed type relaxation in the LPNO compounds. In general, the results of the present work suggest adopting
doping with rare earths in low concentrations in order to obtain giant dielectric permittivity together

Keywords: with low loss factor.
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1. Introduction

NiO-based ceramics of a formula AxByNi;_,_,0 (where A stands
for a monovalent element such as Li, Na, K and B stands for a
transition elementlike Ti, Fe, V, Ta, Al[1-5]) have attracted a consid-
erable attention due to their very high (giant) apparent dielectric
permittivity (103-10°) together with a non-perovskite and non-
ferroelectric properties. The permittivity (¢’) of such materials
remains constant in the temperature range around room tempera-
ture, —50 to 150°C[1,6]. In addition the giant permittivity remains
almost constant at low frequencies, then it rapidly decreases for
sufficiently high frequencies [1,3,4,7]. The giant permittivity of
such materials was explained by application of Maxwell-Wagner
(M-W) or interfacial polarization model [8]. In this model, the giant
dielectric polarization is resulted from the microstructural hetero-
geneous structure, which consists of grains and grain boundaries.
The grain substance has a semiconducting properties and the grain
boundaries (GBs) have an insulating properties [1,7,6,9]. Therefore,
by application of an electric field, the free charge carriers in the
semiconducting grain are accumulated at the two edge sides of
insulating GB thin-layers, producing strong interfacial polarization
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at the this boundary-layer capacitors (BLCs). This is responsible for
the observation of high-¢ due to small thickness of the GB, as pro-
posed by Wu et al. [1]. However, such explanation is still under
investigation and needs more data base, which is also necessary
before practical applications in devices that need giant-¢ and low
dielectric loss (tan §). However, the usually obtained loss factor for
such ceramics is high except in case of Kg5Tig.02Nigg30 (KTNO)
ceramic that exhibits high-¢ and low tané [4,10]. It is known that
the dielectric loss for these ceramics can be lowered by increase
in the resistance of GBs through changing the compositions of the
additives of A and B that tuned the dielectric properties [1,6]. Thus,
in this paper, we use Pr as B-element because Pr oxide has high
dielectric permittivity (among other rare-earth oxides) and good
insulating properties. Furthermore, Pr (and other rare earths) has
generally low solid solubility in NiO (analogues to ZnO [11,12])
mainly due to the ionic sizes. The Pr3* ion (0.1013 nm) is much
larger than Ni2* (0.069 nm) [13] therefore, incorporation of Pr3*
ion in NiO matrix would cause a big lattice distortion. For that rea-
son, one can expect that Pr oxide should mainly accumulate on
grain boundaries and thus enhances the isolation between grains
and reduces the dielectric loss. In this work we study, for the
first time, the structural and electrical properties of LixPryNijx_,0
ceramics, where x=0.027 and y=0.001 and 0.005. We will see
that these ceramics are oxides of giant dielectric permittivity, non-
perovskite structure, and have non-ferroelectric or paramagnetic


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:adakhil@sci.uob.bh
dx.doi.org/10.1016/j.jallcom.2009.08.155

32 A.A. Dakhel / Journal of Alloys and Compounds 488 (2009) 31-34

properties at room temperature. The results of the present work
will be explained within the framework of the core/shell model
i.e. electrically heterogeneous microstructure is responsible for the
observed giant-¢. The Li* ions doped into NiO matrix induces trans-
formation of some NiZ* ions into Ni3*, which convert pure NiO into
semiconductor meanwhile the transition metal dopant (like Ti, V,
or W [1,6,14]) is mainly accumulates on the grain boundaries. Thus
the interior of the grains is a semiconductor (mainly Li-doped NiO)
while the shell of the grains is a transition metal-rich insulating
boundaries.

2. Experimental details

In this work, NiO, Li(OH)-H,0 and PrgO;; (Fluka A.G.) were used as starting
materials. Stoichiometric amounts of starting material powders were well mixed
by an agate mortar and pestle, and calcinated in air at 1000 °C for about 20 h. Then,
the yield powder was pressed (750 MPa) into pellets 1-2 mm in thickness. Finally,
these pellets were sintered at 1300 °C for about 20 h. The obtained ceramic samples
(abbreviated as LPNO ceramic) were denoted as: LPNO-1 for Lig030Pro.001 Nip.9690
and LPNO-2 for Lig,030Pro.005Nio.9650 in addition to NiO:Li that is Ligg3Nig970. The
undoped NiO that passed the same calcination procedure was used as a reference.
For electrical measurements, aluminum thin film electrodes were vacuum deposited
on both faces of disc-shaped samples. For elemental analysis of the samples, the
energy dispersion X-ray fluorescence (EDXRF) spectroscopy method was used. The
exciting radiation was Cu K, and the detector was an Amptek XR-100CR detector.
For the structural analysis, the X-ray diffraction (XRD) method was used with a
Philips PW-1710 6-26 system with Cu K, radiation (0.15406 nm) and a step size of
0.02°. The dielectric and electrical responses were measured using a Keithley 3330
LCZ instrument, hp 4275A LCR meter, and Keithley model 6487 picoammeter. The
measuring frequency range was 100 Hz to 200 kHz with signal voltage 50 mV.

3. Structural characterization

Fig. 1 shows the energy dispersion XRF spectrum of the pre-
pared NiO:Li and LPNO ceramic samples. The spectrum shows Ni
Ka(7.47 keV), Pr Ly (5.03keV), Pr Lgy (5.48keV), and signal from
the Cu source of the X-ray tube. The signals from lithium and oxy-
gen cannot be detected with the used detector. No other significant
signals were detected.

The XRD patterns of samples NiO:Li, LPNO-1, and LPNO-2 are
depicted in Fig. 2 together with that of the reference undoped
NiO pressed disc. All samples exhibit a phase of NiO. The refer-
ence undoped NiO has a cubic FCC (Fm3m) structure with lattice
constant 0.42nm, which is almost identical with the standard
a=0.4172nm [15]. The (200) reflection of NiO has the highest
intensity, as that of the standard diffraction pattern. Doping of
NiO matrix with lithium Li ions (sample NiO:Li) is considerably
increases Bragg positions (26) of the reflections (Table 1). This signs
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Fig. 1. Corrected XRF spectrum of NiO:Li, LPNO-1, and LPNO-2 ceramics. The excit-
ing radiation was Ni-filtered Cu K, radiation.
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Fig. 2. XRD patterns of NiO, NiO:Li, LPNO-1, and LPNO-2 ceramics. The radiation
used was Cu Kq-line.

to a decrease in the NiO lattice parameter by about 1.6%; such fact
was also observed in other works of Refs. [16,17] and was explained
by the substitution of Ni2* sites with Li* ions, which have smaller
radius of 0.068 nm. The XRD of LPNO-1 shows a mixture of two cubic
structures different slightly by lattice parameter, one is NiO and
the other is Li-doped NiO. For praseodymium, due to its very small
solid solubility in NiO, one can expect that it mainly accumulates on
GBs; identical explanation was also given in works of Refs. [1,10,14]
on transition metals (Ti, V, W) and Al, and observed directly in
Ref. [6] by using scanning electron microscope (SEM). (It must be
mentioned here that such accumulation makes the samples inho-
mogeneous that was observed and supported by the measurements
of the ac-electrical properties in Section 4.) This accumulation grad-
ually inhibits the doping of Li into NiO matrix i.e. gradually inhibits
the formation of NiO:Li. The XRD of LPNO-2 shows a single NiO-
structure phase, identified to be of NiO grains slightly affected by
the presence of impurities of Pr and Li. Any crystalline second phase
was not detected in the present investigation (the second phase
might exist in a very small undetectable quantity). Thus, LPNO-2
sample consists of mainly NiO grains surrounding by boundaries,
which contains Pr-, Ni-, and Li-oxides in amorphous state, that have
no observable effect on the obtained XRD profile (like humps) due
to its very small amount. Therefore, the investigated sample has
heterogeneous core/shell structure containing NiO (for LPNO-2) or
mainly Li-doped NiO (for LPNO-1) grains and insulating Pr-, Ni- and
Li-oxide rich boundary layer; analogous to other giant dielectric
permeability doped NiO [1,6,14].

The average X-ray grain size (GS) given in Table 1 was calcu-
lated by Scherer’s relation [18] using the intense (2 00) reflection
of NiO-structure. The NiO grains grow in size due to the Li doping
(sample NiO:Li) that improve the crystallinity of the sample, as also
observed in Ref. [19]. The grain growth continued with addition of
Pr as in LPNO-1, and then followed by decreasing with more addi-
tion of Pr as in sample LPNO-2. This peak shift A(265¢¢) is resulted

Table 1

X-ray Bragg angle (26,00, °) for (200) reflection and its half-width ([26°]), aver-
age XR-grain size (GS), microstrain (&), and structural stress (o) for the prepared
reference pure NiO and NiO doped with Li and Pr (LPNO ceramics).

Sample 260700° [20°] GS (nm) &5 (1073) o5 (GPa)
NiO 43.09 0.52 16.5 - -

NiO:Li 43.86 0.32 27.0 -16.7 6.9
LPNO-1 43.27 0.16 53.8 -39 1.6
LPNO-2 42.96 0.32 26.8 +2.8 1.2
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from of a created strain (s =—A6(191)cot (1 01)), which is of order
(10~2 to 10-3) with estimated accuracy of 1.7 x 10~3. This strain
is caused by a compressive (for negative sign) microstress (o) that
can be estimated by: o5t ~ (3&5)B, where B is the average bulk mod-
ulus of NiO, which is about 138.3 GPa [20]. Values of &5 and o are
given in Table 1, where one can conclude that compressive stress
created in NiO-structure by Li* doping is removed gradually with
reduction of Li doping due to Pr addition.

4. Dielectric and electric properties at room temperature

It is known that normal, pure, and stoichiometric NiO is a
Mott-Hubbard insulator at room temperature of a very low elec-
trical conductivity about 10-13 S/cm [1]. Creation of NiZ* vacancies
disturb its lattice locally and transform it into p-type semiconduc-
tor [1]. p-Type semiconducting behaviour of NiO can be boosted
by doping with monovalent cations such as Li*, similar to that of
an acceptor impurity function [19]. However, the conductivity of a
pressed reference NiO disc in the present work is 4.23 x 10~7 S/cm,
whichis close to the range (10~ to 10-6 S/cm) usually found exper-
imentally by many researchers [19]. This means that the calcination
of the reference NiO creates structural Ni2* vacancies that improve
the conductivity. The dc-electrical conductivity of NiO is more
improved with Li*-doping becoming 4.76 x 10~% S/cm at room tem-
perature for NiO:Li sample of the present work. Thus with a little
Li doping (Ligg27Nig9730), a considerable increase in its conduc-
tivity takes place, in agreement with the results of Refs. [1,18,19]
obtained from NiO:Li thin film. The dc-conductivity of LPNO-1 was
3.34 x 106 S/cm and of LPNO-2 was 9.1 x 104 S/cm.

The frequency dependent of dielectric properties of the NiO:Li
and LPNOs samples measured in the range 100 Hz-200 kHz are
shown in Fig. 3. The real part of the dielectric permittivity, &,
of LPNO samples shows giant values and constant until about
100kHz where rapidly decreases. This behaviour is typical as
for other NiO-based ceramic systems [1,3,4,6] and was explained
by Maxwell-Wagner relaxation mechanism. The variation of Pr
molar% has clear effect on &’ as well as on loss factor tan é (inset of
Fig. 3). The giant-¢ property was also observed in NiO:Li due to the
Li* doping and GB effect. But the behaviour of ¢'(w) relationship of
NiO:Li is different from that of LPNO ceramics, it decreases quickly
by increasing of frequency. Thus the clear effect of Pr addition is
to change the ¢'(w) relationship behaviour as well as to reduce the
loss factor (tan¢), which is very important for practical applica-
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Fig. 3. Room temperature frequency dependence of dielectric permittivity, &', of
NiO:Li, LPNO-1, and LPNO-2 ceramics. The inset shows the frequency dependence
of loss factor, tan ¢, of the same samples.
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Fig. 4. Dependence of the dielectric permittivity, &', and loss factor, tan ¢ (the inset)
measured at room temperature and 10 kHz on the Pr dopant molar fraction (y) in
LixPryNi;_x_,O ceramics.

tions as mentioned in the introduction section to be one of the goals
of the present study. A minimum value of 0.05 was measured for
LPNO-1 at 3 kHz increases to 0.07 at 10 kHz. Fig. 4 shows the effect
of Pr addition to the prepared samples on the dielectric proper-
ties measured at 10 kHz. It is clear that accumulation of Pr oxide
on the GBs increases the ¢’ and decreases tan§ in such a way that
it becomes the smallest for LPNO-1. Numerically the & and tan§
values at 1kHz are 6.08 x 10> and 0.08 for LPNO-1, and 1.0 x 106
and 0.3 for LPNO-2. These new giant data suggest adopting doping
with rare earths with low concentrations in order to obtain giant-¢’
together with low loss factor. It was observed that the values of &
and tan§ at 10 kHz are almost constant by increasing temperature
to about 50°C; such result was also observed for other NiO-based
giant materials [1,10].

Complex-impedance spectroscopy method is usually used to
characterise the electrical properties of materials and their inter-
faces with electronically conducting electrodes [21] or to separate
out the bulk and GBs contributions [6]. Fig. 5 shows the frequency
dependence of real part (Z') and imaginary part (Z”) of the com-
plex impedance of the prepared samples. The relationship Z’(w) is
given in log-log scale in order to show the almost linear relation-
ship. The obvious effect of Pr addition appears at low frequencies,
which reflects the difference in the two kinds of the GBs (with and
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Fig. 5. Frequency dependence of real part (Z') and imaginary part (Z”) of the com-
plex impedance measured at room temperature for NiO:Li, LPNO-1, and LPNO-2
ceramics.
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Fig. 6. Nyquist impedance plots (in log-log scale) measured at room temperature
for NiO:Li, LPNO-1, and LPNO-2 ceramics. The dotted lines represent the theoretical
semicircles.
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Fig. 7. Frequency dependence of ac-conductance (G,.) measured at room temper-
ature for NiO:Li, LPNO-1, and LPNO-2 ceramics. The lines represent the theoretical
simulation according to the power-law model.

without Pr). Fig. 6 shows the Nyquist plots (in log-log scale) for
the samples. One semi-circular arc (dotted line) is totally appro-
priate only for data of NiO:Li, while it is not suitable to describe
all data points of LPNO samples. This can be explained that dielec-
tric response in NiO:Li comes from one major mechanism while
that of LPNO samples is due to more than one mechanisms, over-
lapped on each other at room temperature, which can be separated
in the studied frequency range by raising the temperature during
measurements (that is the subject of the future investigation).
Finally, the ac-conductivity is studied in the present work.
The ac-conductance (G,¢) of insulators is often expressed accord-
ing to the following relation: Gc = G4c(0) + Gac(w), where G4.(0) is
the dc-conductance of the sample and Gic(w) is the frequency-
dependent component. G,c(w) is typically expressed by a power
law Gac(w)=Asw’, where Ag is a coefficient [22]. According to the
correlated barrier hopping (CBH) model, the exponent s is related
to the maximum barrier height for hopping W), that has any value
less than energygap (Eg) and thus s<1 [23]. Wy must depend on

the film’s microstructure like the average grain size, texture ori-
entation, defect distribution, phase content, etc. However, none of
these factors was entered into (CBH) model derived originally for
uniform homogeneous non-crystalline insulators. Therefore, the
experimental value of s could be any value <1 and also s could take
values >1, as it was observed in some experimental results [24,25].
These results were explained due to the non-random distribution
of hopping centres because of structural and defect distribution
inhomogeneity [23], which causes enhancement of the frequency
exponent “s” by an additional factor depends on the type of inho-
mogeneity in the insulator [23,26]. Fig. 7 shows the frequency
dependence of ac-conductance G(w). The application of the above
model gives the following values for s: 0.67, 1.69, and 1.37 for
NiO:Li, LPNO-1, and LPNO-2, respectively. According to the CBH
model, these results clearly show the structural homogeneity of
Li-doped NiO and with Pr addition, the LPNO structures become
inhomogeneous.

5. Conclusions

It has been found that the Li and Pr co-doped NiO ceramics
exhibit a giant low-frequency dielectric permittivity, ¢ ~10°-106,
together with low loss factor, tan ¢~ 0.05-0.07, which is slowly,
varies with frequency till 100 kHz and almost temperature inde-
pendent till 50 °C. Such giant dielectric permittivity was explained
as consequence of the effect of the microstructural construction of
the sample that theoretically studied in the framework of core/shell
model. The low loss factor was explained by the accumulation of Pr
oxide together with Li-oxide on the grain boundaries. The results
of the present work suggest adopting doping with rare earths in
low concentrations in order to obtain giant dielectric permittivity
together with low loss factor.
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