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Abstract

Phase composition, microstructure and electric response of Li gsSn,Nip gs_,O (x = 0, 0.025, 0.05, 0.1) ceram-
ics were systematically investigated. Colossal dielectric permittivity (>5000) is observed in the frequency range
of 10°—10° Hz at room temperature which becomes highly frequency-independent with increasing temperature.
Secondary Sn-rich phase is detected in the grain boundary regions and it has a remarkable influence on the
dielectric properties. Impedance spectroscopy analysis demonstrates that the microstructure is electrically het-
erogeneous, consisting of semiconducting grain and insulating grain boundary. Defect dipoles or polyvalent
cations induced at high temperature may activate an electron hopping process under electric field, resulting
in the enhancements of grain conductivity and polarization effect. This behaviour should be considered as the
origin of the observed dielectric response.
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I. Introduction at high frequency regions. Therefore, such explanation

) ) is still under discussion, and it is necessary to make a
In past decade, NiO-based ceramics have attracted g rther study of it.

considerable attention for the potential application in

electronic products such as memories and filters. Nan . micine oxide to regulate the microstructure and elec-
et al. [1] have firstly discovered giant dielectric con- ¢ properties of high dielectric materials. It can be in-
stant (&’) and relative low dielectric loss (tan¢) near ferred that small addition of SnO, to pure BaTiO; would
room temperature in (Li,Ti)-doped NiO ceramics. It was produce well-defined grain boundaries [11]. In SnO,
a new type of lead-free and non-ferroelectric oxides doped CaCu;Ti; O, ceramics, Sn** ions located at grain
remaining high &’ in wide temperature and frequency  pqyndaries would make a dragging effect on the move-
ranges [1,2]. For (A,B) co-doped NiO ceramics, the di- et of grain boundary [12]. The changes at the grain
electric properties can be tuned by varying the compo-  :1ndary would influence the dielectric properties for

sition of a.dditive.A and B ions (A = Li, Na, K, Mg e needs of the capacitors industry. In addition, both
and B = Ti, Al Si, Fe, V, Ta). Impedance spectroscopy  yajences of Sn and Ti ions are tetravalent. The radius

analysis showed a heterogeneous microstructure con- ¢ g4+ (0.69 A) is comparable to that of Ti** (0.61 A),
sisting of semiconducting grains and insulating bound- and more close to that of NiZ* (0.69 A). It is expected
aries [1,3-8]. The origin of dielectric response is deem  (; jnvestioate the effect of Sn doping on microstructure
to be induced by a strong interfacial polarization at grain .4 Jielectric response of NiO-based ceramics. In this
boundary layers. Free .charge ca.lrriers start to move fre- paper, Li,Sn co-doped NiO ceramics was prepared suc-
quently under an applied electric field, and accumulate  cogopyfly, and the dielectric properties were studied sys-
gradually at two sides of insulating grain boundaries re- o atically. The results suggested that the microstruc-
garding to the BLCs model [9]. However, Thongbai e ;e was mainly heterogeneous. Sn doping had great

al. [10] have found that the dielectric response is mainly impact on grain and grain boundary conductivity, and
attributed to two different mechanisms in whole fre- .40 major contributions to the electric response in

quency range: i) the space charge polarization at low <o materials
frequency regions, and ii) the defect-dipole polarization

The rutile crystalline structural SnO, is seemingly a
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0.05, 0.1), were prepared by a conventional solid-state
reaction method. The samples with different Sn concen-
trations are referred to as LN, LSN1, LSN2 and LSN3,
respectively. The purity of raw materials (Li,CO3, SnO,
and NiO) was over 99.5%. The stoichiometric mixture
of starting materials was ball-milled with ethyl alcohol
for 10h, and then calcined at 1000 °C for 5h. The cal-
cined dark green powders were ground and mixed with
4 wt.% solution of polyvinyl alcohol (PVA). The pow-
ders were pressed into discs with diameters of 10 mm
and thickness of ~0.9 mm at 200 MPa. Finally, organic
binder was burned out and the discs sintered at 1200-
1350°C for 5h in air. After cooling to room tempera-
ture naturally, the surfaces of the discs were polished
and coated with Ag electrodes, and fired at 550 °C for
good ohmic contacts.

The phase compositions were investigated using a
Bruker X-ray diffraction (CRD, Bruker D8 Advance).
Microstructure and elemental analysis of the sam-
ples were performed using a scanning electron micro-
scope (SEM) (QUANTAQ400, FEI) with energy dis-
persive spectroscopy (EDS). The relative density of the
samples was measured and calculated by Archimedes
method with distilled water as an immersion medium.
Impedance analysis and dielectric properties were mea-
sured using WK6500 LCR Meter in frequency range
from 100 Hz to 1 MHz with oscillation voltage of 1.0 V.
The measurements were carried out at temperatures
ranging from —80 to 350 °C. Valence states of cations
were characterized using X-ray photoelectron spec-
troscopy (Thermo ESCALAB250XI).

II1I. Results and discussion

XRD patterns of LiggsSn,Niggs5_,O (x = 0, 0.025,
0.05, 0.1) ceramics sintered at 1350 °C for 5h are pre-
sented in Fig. 1. Diffraction peaks are mainly indexed
to cubic NiO phase in space group Fm3m (JCPDS 78-
0429). It shows main peaks at 37.3°,43.3°, 62.9°, 75.4°
and 79.4° corresponding to the (111), (200), (220),
(311) and (222) planes, respectively. No other phase
peak was detected in LN ceramics, indicating that Li*
has successfully substituted Ni** site. The lattice param-
eters of the LN, LSN1, LSN2 and LSN3 samples were
estimated using Cohen’s least mean square method to
be 4.178,4.176,4.180 and 4.171 A, respectively, which
were comparable to that of NiO (4.177 A). Secondary
SnO, phase was observed obviously in Li,Sn doped NiO

=
(a) 8 * 8Sn0,
= 5
FLSN3 x| 8 =
—_ * - N
5 0 o
3_ K I & A** T o
£y
> [ LSN2
2 -___L_Ll_al__k_._._k.._._l\_a___
c
|5 !
= [ LsN1 Lk
= A A L A
LN
n I n I .L_JL. I r I L. I .LJ‘_T—
10 20 30 40 50 60 70 80 90

2 Theta (degree)

Figure 1. XRD patterns for Lij¢sSn,Niges_,O (x = 0, 0.025,
0.05, 0.1) ceramics sintered at 1350 °C for 5h

ceramics. The relative intensity ratio of SnO, peaks, in
particular, was enhanced gradually with increasing Sn
concentration. Despite the same ionic radius of Sn** and
Ni** (0.69 A), the charge difference between Ni2* and
Sn** is large. This makes it difficult to form the solid so-
lution, indicating the presence of separate SnO, grains.

Figure 2 shows SEM images of Lig o5Sn,Niggs5_,O (x
=0, 0.025, 0.05, 0.1) ceramics sintered at 1350 °C for
5h. SEM images of the LSN2 sintered at 1200-1350°C
for Sh are presented in Fig. 3. The mean grain sizes
and relative densities were listed in Table 1. It can be
seen that grain size as well as density increases with
increasing sintering temperature. The microstructure is
heterogeneous and consists of many large grains sepa-
rated by small grains. Figure 4 displays the results of the
regional elemental mapping of the LSN3 ceramics. The
elements Sn, Ni and O were captured, and no Li was de-
tected because of its lower atomic mass [13]. According
to the distribution of each element, the large grains refer
to NiO while the small grains represent SnO,. More-
over, it is worthy to note that separated Sn-rich phase
becomes enriched with the increase of Sn concentration.
That may prevent the diffusion of grain boundary and
suppress the growth of grain.

Figure 5 shows the frequency dependence of dielec-
tric behaviour for Lig g5Sn,Nip 95O (x = 0, 0.025, 0.05,
0.1) ceramics at room temperature. & is over 5000,
and nearly stable in the frequency range of 10°-10° Hz.

Table 1. Physical properties of Lig ¢sSn,Niges_,O (x = 0, 0.025, 0.05, 0.1) ceramics sintered at different temperatures

Sample Sintering condition Mean grain size [um]  Relative density [%]

Lig 95Nig.950 1350°C/5h 5.12 87.0
Lig,05Sn0,025Nig.9250 1350°C/5h 5.68 89.1
Lig.05510,05Nip.900 1200°C/5h 2.13 82.4
Lio,osSl’lo}osNio,()oO 1250 OC/5 h 3.98 88.5
Lig.05Sn0,05Nip.90O 1300°C/5h 5.04 90.3
Lig.05Sn09,05Nip.90O 1350°C/5h 5.86 91.5
Lig.05Sng.10Nig 850 1350°C/5h 4.87 91.6
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Figure 3. SEM images for Lig5SngsNi.99O ceramics sintered at 1200-1350 °C for Sh
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Figure 4. Elemental mapping of Lig ¢sSng 19Nig 350 ceramics
sintered at 1350 °C for Sh
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Figure 5. Frequency dependence of £” and tan 6 of
Lig.05Sn,Nigos5_,O (x = 0, 0.025, 0.05, 0.1) ceramics
at room temperature
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Figure 6. Frequency dependence of £’ and &” at different
temperatures for Lig ¢sSngsNip99O ceramics

Meanwhile, &’ visibly decreases with increasing Sn con-
centration. The values of tan ¢ of the LN, LSN1, LSN2
and LSN3 ceramics at room temperature and 5S0kHz
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Figure 7. Arrhenius plots of relaxation time for
Lig¢sSn,Nig95_,0 (x = 0.025, 0.05, 0.1) ceramics
sintered at 1350 °C for Sh

were approximately 0.434, 0.324, 0.303 and 0.298, re-
spectively, indicating that tan § decreases with Sn dop-
ing significantly. Figure 6 illustrates the frequency de-
pendence of dielectric response at various measured
temperatures for the LSN2 ceramics sintered at 1350 °C.
Colossal & values are exhibited over the frequency
range of 10°-10° Hz above 40 °C, which is about three
orders of magnitude higher than that of the pure NiO
ceramics [14]. A typical step-like decrease in &’ was ob-
served at high frequency, indicating a Debye-type relax-
ation occurring [1]. Furthermore, &’ strongly depends on
frequency at low temperature. As the measured temper-
ature increases, the value of &’ visibly increases and be-
comes more frequency-independent. The dielectric re-
laxation peak of &” was observed and gradually shifted
to higher frequencies with increasing temperature. This
dielectric behaviour can be ascribed to the Maxwell-
Wagner effect corresponding to a step-like decrease in
&’ [15-17]. On the basis of the BLCs model, the low-
frequency response of colossal permittivity dielectrics
is attributed to the interface polarization. On the other
hand, the electric properties of grain boundary should
be a main factor at intermediate-frequency, while at the
high-frequency they may be originated from the bulk
[18]. Generally, polarization effect of NiO-based ma-
terials is produced and enhanced by increasing tem-
perature, revealing a thermal-activated relaxation. Fig-
ure 7 demonstrates the relationships between In(r) and
1000/T for the LSN1, LSN2 and LSN3 ceramics. These
plots are best fitting line following the Arrhenius law:

T = Tgexp

0

i T (1
where E, is the activation energy and kg is the Boltz-
mann constant. The values of E, for the LSN1, LSN2
and LSN3 were calculated to be 0.347, 0.312 and
0.298 eV, respectively, which is comparable to the val-
ues of 0.126-0.483 eV for those reported for NiO-based
ceramics [4,7,10].
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Figure 8. Impedance complex plane plot for: a) Lig ¢sSn,Niges_,O (x = 0.025, 0.05, 0.1) ceramics sintered at 1350 °C for 5h and
b) Lig.05sSn¢,05sNig 90O ceramics at selected temperatures
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Figure 9. Frequency dependence of Z" at different
temperatures for Liy gsSng ¢sNi.09O ceramics (inset shows
Arrhenius plot of E, and E;, for Lij ¢sSn,Nig9s_,O where

x = 0.025, 0.05, 0.1)

The impedance spectroscopy measurement is widely
used to better understand the characteristics of electric
response in dielectrics, especially caused by bulk and
grain boundary. An equivalent circuit model containing
two parallel RC elements (R,C, and R,,C,;) has been
introduced. The element R,C, at high frequencies de-
scribes the semiconducting grains, while the element
R, Cyp, at low frequencies delineates the insulating grain
boundaries [19]. Figure 8a shows the impedance com-
plex plane plot for the LSN1, LSN2 and LSN3 samples
at room temperature. It can be seen that the addition of
Sn has a great influence on the grain boundary resistivity
(Rgp). The Ry, increases with increasing Sn concentra-
tion, which may be associated with the secondary SnO,
gathered at the grain boundary regions. Figure 8b and
inset show impedance complex plane plot at high and
low temperatures for the LSN2 sample, respectively.
The R, and Ry, decrease with increasing temperatures
overall, and the value of R, is much smaller than that of
Rgp. This manifests a heterogeneous structure consisting
of semiconducting grains and insulating grain bound-
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aries. According to the EDS result, Sn-rich phase was
accumulated at the grain boundaries to form an insulat-
ing barrier, implying the origin of differences on elec-
trical properties of grain and grain boundary. It should
be responsible for the colossal dielectric response of the
Li,Sn co-doped NiO ceramics [7].

Figure 9 demonstrates the frequency dependence of
Z" at different temperatures for the LSN2 sample. Z”
peak corresponding to a thermally-activated electric re-
sponse at low frequency was observed. As temperature
increases, the peak position shifts to higher frequency
ranges, and the peak height decreases. It is ascribed
to the effect of grain boundary [20,21]. Inset in Fig. 9
shows the Arrhenius plots of conduction and activation
energies of grain (E,) and grain boundary (E,;). The
values of E, were 0.295, 0.290 and 0.265eV and of E,
were 0.345, 0.364 and 0.426¢eV for the LSN1, LSN2
and LSN3, respectively. It is significant that the conduc-
tion activation energy of grain is smaller than that of
grain boundary, confirming the different electrical trans-
port mechanisms for grain and grain boundary.

NiO is a Mott-Hubbard insulator at room tempera-
ture [22]. However, introduction of monovalent or other
valence state cations leads to an increase in the conduc-
tivity of NiO [15]. Figure 10 illustrates the XPS analysis
of Ni2ps3,; peak of the LSN2 ceramics. The Ni2p3/, peak
region is divided into two peaks ascribed to the contri-
bution from Ni** and Ni**. Monovalent cations doping
such as Li* or Na* ion doping may cause the transfor-
mation of Ni** adjacent into Ni** to keep charge neu-
trality [1,15,23]. In addition, some crystallographic dis-
tortions are induced because of the comparable radius of
Li*, Sn** and Ni** ions. More importantly, defects can
be introduced to the sample due to the different valences
of ions as follows:

Li,0 == 2 Li, + Vi + 0o 2)
S$n0, 2 Snft + Vi, +2 0 3)

According to the EDS observation, V¢S might be gen-
erated in the grain while V{, might be responsible for
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Figure 11. Frequency dependence of o 4¢ at different
temperatures for Lig9sSng sNi.99O ceramics

the insulation of the grain boundary. Thus, the defect
dipoles (V¢ — 2 Liy,) and polyvalent cations (Ni** and
Ni**) may enhance the conductivity of the grain, and
partially influence dielectric permittivity of the Li,Sn
co-doped NiO samples.

Figure 11 shows the temperature dependence of AC
conductance (o 4¢) of the LSN2 ceramics in the fre-
quency range from 10% to 10 Hz. In general, the AC
conductance is often expressed according to the AC
power law [24]:

ogac=0pc+A-f" )
where opc is the DC conductance and A - f" is
the frequency-dependent component. At sufficiently
low frequencies, o4¢ is dominated by opc, which is
independent of frequency, but strongly temperature-
dependent. As frequency increases, o4¢ is dominated
by the component A - " gradually. This is because o 4¢
originates from the hopping conduction process [25—
27]. Since temperature is sufficiently low, hopping is not
active, and electric field does not influence the hopping

10.
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conduction. As temperature increases, electron hopping
starts, more charge carriers are produced (e.g. V¢ and
Ni**) and the polarization effect enhances. The applied
electric field begins to influence the hopping process
with increasing frequency. This improves charge carri-
ers’ drift mobility, and long range motion does not oc-
cur. Thus, the value of o4¢ increases moderately.

IV. Conclusions

A series of Li,Sn co-doped NiO ceramics was fab-
ricated by a conventional solid-state reaction method.
Phase composition, microstructure and electric re-
sponse were studied systematically. Impedance analysis
demonstrated an electrically heterogeneous microstruc-
ture. Secondary Sn-rich phase was accumulated at the
grain boundaries to form an insulating barrier, indicat-
ing the different conduction mechanism of grain and
grain boundary. Colossal & of over 10* was obtained
at high temperatures which became highly frequency-
independent. Polyvalent cations or defect dipoles par-
tially influence the conductivity inside the grains, and
result in colossal dielectric properties.
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