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x/3O4 spinel solid solutions: order
and disorder phase transition, cations distribution
and adjustable microwave dielectric properties

Xianghu Tan,a Huanfu Zhou, *a Yuxin Tang, b Di Zhou,c Pushkar Kanhere,b

Qiuling Tayb and Xiuli Chena

A series of spinel solid solutions Li4x/3Co2�2xTi1+2x/3O4 (LCT, 0.2 # x # 0.8) were synthesized and their

structures and microwave dielectric properties were characterized in detail. The distribution of cations at

A and B sites in the lattice has been analyzed by using Rietveld refinement. The microstructure and

dielectric properties were studied by scanning electron microscope and microwave network analyzer.

The solid solutions undergo a discontinuous B-site, Li/Ti order–disorder phase transition from

a disordered cubic phase to an ordered cubic phase with increasing x values from 0.4 to 0.6. With

increasing the A-site lithium content, the LCT ceramics exhibit improved dielectric permittivity 3r (20.3–

26.5), high Q � f value ($29 400 GHz) and a tailored temperature coefficient of resonant frequency sf
from �40 to 10 ppm per �C. Optimized microwave dielectric properties were achieved for the

composition with x ¼ 0.8: 3r ¼ 26.5, Q � f z 29 400 GHz and sf z 10 ppm per �C. A correlation

between the cation distribution and microwave dielectric loss is discussed in detail.
1. Introduction

The development of miniature, lightweight and low cost
microwave devices advanced dielectric materials with excellent
dielectric properties (high quality factor (Q � f), near-zero
temperature coefficient of resonant frequency (sf) and
moderate relative permittivity), and low bulk density.1–3 Some
commercial materials, such as Ba(Mg1/3Ta2/3)O3 (BMT) and
Ba(Zn1/3Ta2/3)O3 (BZT),4,5 possess a high quality factor (Q � f >
150 000), but high density and expensive cost restrict their
applications in microwave devices. Other materials, such as
(Zr1�xSnx)TiO4, BaTi4O9, Ba2Ti9O20, are low cost materials,6–8

however, a high sintering temperature together with a long
annealing time is necessary to obtain densied ceramics. So,
the search for new microwave dielectric materials with excellent
properties, low cost and bulk density is in rapid progress owing
to the drive for further system miniaturization.9–11

The spinel compounds have a general formulation of AB2O4

which crystallize in the cubic (isometric) crystal system. For this
structure, the oxide anions are arranged in a cubic close-packed
lattice and the cations A and B occupy some or all of the
g, Guilin University of Technology, Guilin

om
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octahedral and tetrahedral sites in the lattice. A and B can be
divalent, trivalent, or quadrivalent cations, including Mg, Zn,
Fe, Mn, Al, Cr, Ti, and Si. Many spinel compounds have been
widely investigated due to their outstanding magnetism (such
as CoFe2O4, Ni0.5Zn0.5Fe2O4, ZnFe2O4, etc.)12–14 and electro-
chemical properties (such as LiMn2O4, LiCo0.5Mn1.5O4,
Li4Ti5O12, etc.).15–17 Some compounds, such as ZnAl2O4,
MgAl2O4, Mg2TiO4, etc. also exhibited perfect microwave
dielectric performance,18–20 however, high sintering tempera-
ture restricted their further applications. Recently, the micro-
wave dielectric properties of Li-based spinel compounds
Li2MTi3O8 (M¼ Zn, Mg) have been reported by Sebastian et al.,21

Zhou et al.22 These materials not only showed excellent micro-
wave properties, but also exhibited low sintering temperature,
cheap raw materials cost and low bulk density. Antic et al.23

reported that a complete range of spinel-like solid solutions
Li4x/3Co2�2xTi1+2x/3O4 (0 # x # 1) forms between Li4Ti5O12 and
Co2TiO4. Fang and Zhou24,25 reported that two intermediate
compounds LiCo0.5Ti1.5O4 and Li2/3CoTi4/3O4 exhibit good
microwave dielectric properties, cheap cost and bulk density.
However, the relationship between the structure andmicrowave
dielectric properties of Li4x/3Co2�2xTi1+2x/3O4 solid solutions has
not been well-established. In this work, Li4x/3Co2�2xTi1+2x/3O4

spinel series compounds were synthesized. The phase structure,
cation distribution, order–disorder phase transition, micro-
structure and dielectric properties of these ceramics have also
been investigated. Finally, correlations between the cation
distribution and microwave dielectric loss are also addressed.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental procedure

Specimens of the Li4x/3Co2�2xTi1+2x/3O4 (LCT, 0.2 # x # 0.8)
ceramics were prepared by the conventional mixed oxide route
from the high-purity raw powders ($99%, Sinopharm Chemical
Reagent Co. Ltd, Shanghai, China) of Li2CO3, Co2O3 and TiO2.
The stoichiometric proportions of the above raw materials were
mixed in the high-purity alcohol medium using zirconia balls
for 4 h. The mixtures were dried and calcined at 900 �C for 6 h in
air. With subsequent ball-milling, the powders were mixed with
5 wt% polyvinyl alcohol and pressed in to pellets of 12 mm in
diameter and 6–7 mm in height by uniaxial pressing under
a pressure of 200 MPa. The pellets were heat-treated at 550 �C
for 4 h to remove the organic binder and then sintered at 1050–
1150 �C for 2 h with a heating rate of 5 �C min�1 in air.

The crystal structures of the specimens were analyzed by an
X-ray diffractometer (CuKa1, 1.54059 Å, Model X'Pert PRO,
PANalytical, Almelo, Holland) with CuKa radiation generated at
40 kV and 100 mA. Data of a quality suitable for Rietveld
renement were collected over a 3 h range of 10–120�. Structural
analysis has been done using Rietveld renement program
Topas 4.1. As 0.2 # x # 0.4, the parameters of Co2TiO4 were
chose as a starting model. But when 0.6 # x # 0.8, the starting
model was Li2CoTi3O8. It should be noted here that in order to
avoid changing the multiplicity, the Wyckoff sites 8a and 16d
with specic site symmetry in the structure with space group
Fig. 1 XRD refinement of Li4x/3Co2�2xTi1+2x/3O4 series: (a) x¼ 0.2 and (b) x
phases. Indexed peaks are the superstructure of the ordered spinel phas

This journal is © The Royal Society of Chemistry 2017
Fd�3m were xed and not rened, neither for the sites 4b, 8c,
12d, and 24e sites with specic symmetry in the P4332 space
group. The bulk densities of the sintered samples were
measured by the Archimedes method. Aer polishing and
thermally etching, the samples were coated with gold and per-
formed using a eld emission scanning electron microscope
(FESEM, JEOL JSM-7600F). Raman spectra were collected with
a WITEC CRM200 Raman System (488 nm laser, 2.54 eV, WITec,
Germany). Dielectric behaviors in microwave frequency were
measured by the TE01d shielded cavity method using a Network
Analyzer (Model N5230A, Agilent Co., Palo Alto, California) and
a temperature chamber (Delta 9039, Delta Design, San Diego,
California). The temperature coefficient of resonant frequency
(sf) was calculated by the formula as following:

sf ¼ fT � f0

f0ðT � T0Þ ; (1)

where fT, f0 were the resonant frequencies at the measuring
temperature T (85 �C) and T0 (25 �C) respectively.

3. Results
3.1 Cations distribution and crystal structure

The phase structure and cation distribution of
Li4x/3Co2�2xTi1+2x/3O4 (LCT) ceramics have been investigated by
XRD renement. Some of the intensities are not t particularly
well, this may mainly results from the deviation between the
¼ 0.4, were disordered phases, (c) x¼ 0.6 and (d) x¼ 0.8 were ordered
e.

RSC Adv., 2017, 7, 51670–51677 | 51671

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10438c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 2
:5

2:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nominal and rened composition, as it is indeed difficult to get
an accurate position and ideal occupancy for Li atoms from
XRD data due to its low scattering factor to the X-ray. As to
a Rietveld renement based on powder XRD data (not single
crystal renements), several R-indices, such as Rwp, Rp, Rexp

et al., are used to check on the quality of the t, and renement
Rwp is statistically the most meaningful indicator of the overall
t since the numerator is the residual that is minimized in the
least squares procedure. Here, although the GOF (¼ Rwp/Rexp)
value seems a bit high, the considerable low Rwp values for all
these Rietveld renements make the tting results acceptable
and reliable. Fig. 1 shows the XRD patterns of all the products in
Li4x/3Co2�2xTi1+2x/3O4 series. It can be seen that as the x values
increased from 0.4 to 0.6, additional superstructural peaks
appeared in the XRD patterns. All these reections were indexed
satisfactorily on the basis of a cubic unit cell [Co2TiO4 (PDF: 00-
018-0428)] (Fig. 1(b)). The appearance of extra peaks agreed well
with the previous report.22 In Leonidov's work,26 the reections
viz. (110), (210), (211), (221), and (310) which belong to
Table 1 Crystal structure data and cation composition of Li4x/3Co2�2xTi

Atom Site x/a y/b

x ¼ 0.2, (Li0.12Co0.87Ti0.01)(Li0.15Co0.73Ti1.12)O4, space group Fd�3m, disord
Co 8a 0 0
Li 8a 0 0
Ti 8a 0 0
Co 16d 5/8 5/8
Li 16d 5/8 5/8
Ti 16d 5/8 5/8
O 32e 0.3802(2) 0.3802(2)
Rexp ¼ 0.92, Rwp ¼ 4.17, Rp ¼ 1.74, GOF ¼ 4.52, DW ¼ 0.39, a ¼ 8.4308(3

x ¼ 0.4, (Li0.16Co0.83Ti0.01)(Li0.37Co0.37Ti1.26)O4, space group Fd�3m, disord
Co 8a 0 0
Li 8a 0 0
Ti 8a 0 0
Co 16d 5/8 5/8
Ti 16d 5/8 5/8
Li 16d 5/8 5/8
O 32e 0.3802(2) 0.3802(2)
Rexp ¼ 0.75, Rwp ¼ 1.62, Rp ¼ 0.83, GOF ¼ 2.15, DW ¼ 0.95, a ¼ 8.4137(4

x ¼ 0.6, (Li0.31Co0.69)(Li0.49Co0.11Ti1.4)O4, space group P4332, ordered pha
Li 4b 5/8 5/8
Co 8c 0 0
Li 8c 0 0
Ti 12d 1/8 3/8
Co 12d 1/8 3/8
O 24e 1/8 1/8
O 8c 3/8 3/8
Rexp ¼ 0.85, Rwp ¼ 1.66, Rp ¼ 0.98, GOF ¼ 1.95, DW ¼ 0.51, a ¼ 8.3898(2

x ¼ 0.8, (Li0.6Co0.4)(Li0.47Ti1.53)O4, space group P4332, ordered phase
Li 4b 5/8 5/8
Co 8c 0 0
Li 8c 0 0
Ti 12d 1/8 3/8
O 24e 1/8 1/8
O 8c 3/8 3/8
Rexp ¼ 1.09, Rwp ¼ 3.86, Rp ¼ 2.01, GOF ¼ 3.55, DW ¼ 0.38, a ¼ 8.3748(3

51672 | RSC Adv., 2017, 7, 51670–51677
superstructural peaks, appeared in XRD pattern due to the
ordering of Li ion and Ti ion at octahedral site. Therefore, the
sample, x ¼ 0.6 exhibits cation ordering (Li : Ti ¼ 1 : 3) on the
octahedral sites, resulting in a superstructure that could be
rened in the P4332 space group [Li2CoTi3O8 (PDF: 01-
0891309)]. The crystallographic data for Li4x/3Co2�2xTi1+2x/3O4

compounds obtained by the Rietveld renement are listed in
Table 1. All the Bragg reections were indexed on the basis of
a cubic symmetry. With increasing the x values, the LCT
samples undergo a disorder–order phase transition from the
space group Fd�3m to P4332. Antic et al.23 reported that
Li4x/3Co2�2xTi1+2x/3O4 (0.5 # x # 0.875) exhibited 3 : 1 cation
ordering with an ideal composition x ¼ 0.75, i.e., Li2CoTi3O8. In
our work, as the x value exceeds 0.6, the 1 : 3 ordered structure
at the octahedral site is represented by lithium (4b) and tita-
nium (12d), although the titanium sublattice contains some Co.
The crystal structures of Li4x/3Co2�2xTi1+2x/3O4 series for x ¼ 0.4
and x ¼ 0.6, obtained from the Rietveld renement data, are
demonstrated in Fig. 2. It can be seen that as x ¼ 0.4, the crystal
1+2x/3O4 series

z/c Occ Beq

ered phase
0 0.8738(3) 0.6727(1)
0 0.1162(3) 0.6727(1)
0 0.01(1) 0.6727(1)
5/8 0.3832(2) 0.6727(1)
5/8 0.1508(3) 0.6727(1)
5/8 1/2 0.6727(1)
0.3802(2) 1 1

)

ered phase
0 0.8299(1) 0.759(4)
0 0.1601(5) 0.759(4)
0 0.01(1) 0.759(4)
5/8 1/2 0.759(4)
5/8 0.3663(3) 0.759(4)
5/8 0.1337(2) 0.759(4)
0.3802(2) 1 1

)

se
5/8 0.9797(6) 0.8899(2)
0 0.6898(1) 0.8899(2)
0 0.3102(5) 0.8899(2)
�1/8 0.952(3) 0.8899(2)
�1/8 0.048(2) 0.8899(2)
3/8 1 1
3/8 1 1

)

5/8 0.8(1) 1.239(6)
0 0.4(1) 1.239(6)
0 0.6(1) 1.239(6)
�1/8 1 1.239(6)
3/8 1 1
3/8 1 1

)

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Crystal structure of Li4x/3Co2�2xTi1+2x/3O4 series for x ¼ 0.4,
where 8a is the (Li0.16Co0.83Ti0.01)O4, 16d is the (Li0.37Co0.37Ti1.26)O6;
(b) x ¼ 0.6, where 8c is (Li0.31Co0.69)O4, 12d and 4b are the (Li0.49-
Co0.11Ti1.4)O6.

Table 2 Raman active modes of Li4x/3Co2�2xTi1+2x/3O4 compounds

Li4x/3Co2�2xTi1+2x/3O4

Disordered cubic
phase

Ordered cubic
phase

Raman mode
(cm�1) x ¼ 0.2 x ¼ 0.4 x ¼ 0.6 x ¼ 0.8

A1g 710 710 710 704
F2g 521 521 523 527
Eg — — 404 399
F2g 346 348 350 351
F2g — — 264 265

Fig. 3 (a) Raman spectra of the Li4x/3Co2�2xTi1+2x/3O4 series, (b) high-
resolution Roman spectra of Li4x/3Co2�2xTi1+2x/3O4 (x ¼ 0.6 and 0.8)
ceramics in the range of 200–600 cm�1.
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was a disordered phase in which cations occupied 8a and 16d
Wyckoff's positions. When the x ¼ 0.6, the crystal became
ordered phase and the cations occupied 8c, 4b, and 12d
Wyckoff's positions. The Li at 4b position and Ti at 12d position
formed a 1 : 3 order in the octahedral.

3.2 Raman analysis

Fig. 3 illustrates the Raman spectroscopy of Li4x/3Co2�2xTi1+2x/3O4

ceramics. Comparing with the powder XRD techniques, Raman
spectroscopy reects a short-range environment of the oxygen
coordination around the cations in oxides or compounds. The
positions and relative intensities of the Raman modes are
sensitive to coordination geometry, oxidation states, and Jahn–
Teller distortions.27,28 For the disordered spinel-type compounds
(Fd�3m space group), ve optic modes are Raman active: 32e (O):
A1g + Eg + 2F2g, 8a (cations): 1F2g. Ordering of the cations on
octahedral sites will reduce the crystal symmetry from Fd�3m to
P4332. As a result, the number of Raman active modes will
increase dramatically (5A1 + 12E + 17F2). Accordingly, atoms in
all Wyckoff's position are Raman active: 8c: (1A1 + 2E + 3F2), 4b:
(1E + 1F2), 24e: (3A1 + 6E + 9F2), 12d: (1A1 + 3E + 4F2). Therefore,
the phase transition in Li4x/3Co2�2xTi1+2x/3O4 can be easily
recognized from Raman spectra. As the x # 0.4, three weak and
This journal is © The Royal Society of Chemistry 2017
broad bands around 350, 530, and 700 cm�1 could be observed.
When the x value reaches 0.6, the Raman spectrum shows
stronger and intense Raman bands at 710, 526, 404, 356 and
264 cm�1, which is probably the consequence of the 1 : 3
ordering of lithium and titanium in the octahedral sublattice. In
Bouchard's work,29 Raman spectra of LiCo0.5Ti1.5O4 (x ¼ 0.75)
ordered spinel compound exhibit intense, broad bands at 700
and 400 cm�1 and minor bands at 528, 349 and 262 cm�1, which
agree well with the results of the ordered samples for x ¼ 0.6 and
0.8. The Raman active modes were assigned and the results were
listed in Table 2.
RSC Adv., 2017, 7, 51670–51677 | 51673
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Fig. 4 SEM of Li4x/3Co2�2xTi1+2x/3O4 ceramics: (a) x ¼ 0.2, (b) x ¼ 0.4, (c) x ¼ 0.6 and (d) x ¼ 0.8. Inset shows the enlarged SEM of (a).
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3.3 Microstructure analysis

The surface images of the Li4x/3Co2�2xTi1+2x/3O4 ceramics have
been examined by SEM and showed in Fig. 4. All samples
exhibited uniform grain growth and few pores can be observed.
The average grain size is about 50 mm, with reasonably good
close packing of grains. Through enlarging some part of the
grains, the step growth mechanism will be revealed [as seen in
the inset of Fig. 4(a)].
3.4 Microwave dielectric properties

The microwave dielectric properties of Li4x/3Co2�2xTi1+2x/3O4

series compounds sintered at their optimized temperatures are
listed in Table 3. With increasing x values, the optimized sin-
tering temperature of solution decreased from 1125 to 1075 �C.
The ceramics obtained a high relative density (over 95%). The
permittivity was corrected by the Rushman–Strivens formula:30

3r.c. ¼ 3r.m. � (2 + P)/2(1 � P), where P is the porosity, 3r.c. and
3r.m. are the corrected permittivity and measured permittivity,
respectively. The measured permittivity increased from 20.3 to
Table 3 The relative permittivity, Q � f and sf values of
Li4x/3Co2�2xTi1+2x/3O4 series sintered their optimized temperature

Li4x/3Co2�2xTi1+2x/3O4 x ¼ 0.2 x ¼ 0.4 x ¼ 0.6 x ¼ 0.8

Sintering temperature (�C) 1125 1100 1075 1075
Relative density (%) 96 95.4 95.8 95.7
3r.m. 20.3 20.9 24.8 26.5
3r.c. 21.6 22.4 26.4 28.3
Q � f (GHz) 67 400 65 300 43 300 29 400
f (GHz) 7.81 7.32 7.08 6.27
sf (ppm per �C) �40.1 �32 �15.8 10

51674 | RSC Adv., 2017, 7, 51670–51677
26.5, sf value improved from �40.1 to 10 ppm per �C and Q � f
value deceased from 67 400 to 29 400 GHz. In a word, the
ceramic for x ¼ 0.8 exhibits good microwave dielectric proper-
ties with: 3r.m. ¼ 26.5, Q � f ¼ 29 400 GHz, and sf ¼ 10 ppm
per �C (Table 3).
3.5 Infrared reectivity

Fig. 5 presents the IR reectivity spectra of Li4x/3Co2�2xTi1+2x/3O4

(x ¼ 0.2 and 0.8) ceramics ranging from 50 to 1000 cm�1. It is
seen that the infrared spectra were tted by 7 resonant modes
corresponding with the infrared reectivity peaks and the
reectivity intensities of bands below 300 cm�1 become weaker
for x ¼ 0.2. For x ¼ 0.8, the infrared spectra were tted by 13
resonant modes and the bands above 700 cm�1 become weaker.
Fig. 5 IR reflectivity spectra of Li4x/3Co2�2xTi1+2x/3O4 (x ¼ 0.2 and 0.8)
ceramics ranging from 50 to 1000 cm�1.

This journal is © The Royal Society of Chemistry 2017
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There spectra have been analyzed by using the classical
harmonic oscillator model based on the standard Lorentzian
formula [eqn (2)] and the Fresnel formula [eqn (3)]:

3*ðuÞ ¼ 3N þ
Xn

j¼1

upj
2

uoj
2 � u2 � igju

; (2)

RðuÞ ¼
�����
1� ffiffiffiffiffiffiffiffiffiffiffiffi

3*ðuÞp
1þ ffiffiffiffiffiffiffiffiffiffiffiffi

3*ðuÞp
�����
2

; (3)

where 3*(u) is complex dielectric function. 3N is the dielectric
constant caused by the electronic polarization at high
Fig. 6 The calculated permittivity 30(u) and loss 300(u) obtained from the fi

data (the red dots represent the experimental values that measured by u

This journal is © The Royal Society of Chemistry 2017
frequencies. upj, uoj and gj are the plasma frequency, the
transverse frequency, and damping factor of the j-th Lorentz
oscillator, respectively. n is the number of transverse phonon
modes. R(u) is the IR reectivity.

Fig. 6 shows the calculated permittivity 30(u) and loss 300(u)
obtained from the ts of the infrared reectivity together with
the experimental microwave data. It is seen that the calculated
permittivities are a little smaller than the measured ones in the
microwave range. Meanwhile, the calculated and measured
dielectric losses have the same order of magnitudes. Therefore,
it can be concluded that the microwave dielectric properties of
ceramics are mainly caused by the polar optical phonons.
ts of the infrared reflectivity together with the experimental microwave
sing TE01d method).
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Fig. 7 (a) Relative permittivity vs. polarizability per unit volume, (b) Q � f as a function of x value, and (c) s and Li occupation in tetrahedral as
a function of x value.
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4. Discussion

For the Li-based spinel compounds, the cations distribution in
the octahedral and tetrahedral plays an important role on
tailoring the properties. Fig. 7(a) illustrates the relationship
between the ionic polarizability per unit cell volume (av) and
relative permittivity. The variation of relative permittivity
through the compositional evolution is dependent on the ionic
polarizability per unit cell volume (av).31 The av increased from
0.1488 to 0.1536 with increasing x values, which results the
increase of relative permittivity. The sf values increased from
�40 to 10 ppm per �C with increasing x values. The behavior of
the change of sf in this solid solution is similar to K2NiF4 type
ceramic SrLaAlO4–Sr2TiO4 system.31 The origin of sf is related to
linear expansion coefficient aL and dielectric constant variation
with temperature (s3). Mathematically, the relationship is:

sf ¼ 1

f

vf

vT
¼ �

�
aL þ 1

2
s3

�
; (4)

where s3 is the temperature coefficient of the permittivity and aL

is the linear thermal expansion coefficient of the dielectric
material which is usually positive. For most of the electronic
ceramic materials, aL is about +10 ppm per �C, indicating the
signicant inuence of s3 on sf. 3r increases with increasing x
value, the polarizability per unit cell volume increases. Mean-
while, the long range coupling of Ti4+ is improved through
decreasing the Co2+ concentration. These effects drive s3 more
negatively, which in turn makes sf increase toward zero and
positive further.

The Q � f values of Li4x/3Co2�2xTi1+2x/3O4 series ceramics
decreased with increasing the x values [as shown in Fig. 7(b)].
The microwave dielectric losses included intrinsic loss which
51676 | RSC Adv., 2017, 7, 51670–51677
were mainly contributed by the lattice vibrational modes
and extrinsic loss caused by densication/porosity, grain
sizes, secondary phases and oxygen vacancies. For the
Li4x/3Co2�2xTi1+2x/3O4 series ceramics, the changing Q� f values
were related to the lattice vibrational loss and conductivity loss.
From the XRD analysis, as the x values increase from 0.4 to 0.6,
the crystal system changed from a disordered to ordered phase,
indicating the increase of Q � f values. For the same composi-
tion for LCT compounds, an ordered phase exhibits a higher
Q � f value than the disordered phase. The similar phenom-
enon was observed in Ba3MM0

2O9 (M¼Mg, Ni, Zn; M0 ¼ Nb, Ta)
perovskite compounds.5,32 Fig. 7(c) illustrated the relationship
between the conductivity, lithium content in tetrahedral and
x values. It can be seen that the conductivity and lithium
content in tetrahedral increased with increasing x values.
Higher lithium content in tetrahedral induced a higher
conductivity loss. As a result, the Q � f values decreased.
Besides, the atoms must overcome much force because of the
shrinkage of the cell. These two factors induced the higher
dielectric loss for the Li4x/3Co2�2xTi1+2x/3O4 series compounds.
Li4x/3Co2�2xTi1+2x/3O4 exhibited good microwave dielectric
performances, but high sintering temperature (1075–1125 �C)
limit their further industrial applications, we will try to reduce
the sintering temperature of Li4x/3Co2�2xTi1+2x/3O4 ceramics in
the next work.
5. Conclusions

In this paper, Li4x/3Co2�2xTi1+2x/3O4 spinel series compounds
were synthesized. The phase structure, cation distribution,
order–disorder phase transition, microstructure and dielectric
properties of these ceramics have also been investigated.
This journal is © The Royal Society of Chemistry 2017
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Structural analysis showed that the Li4x/3Co2�2xTi1+2x/3O4 series
undergo a discontinuous phase transition from a disordered
cubic phase to an ordered cubic phase with the changing x
value. Li4x/3Co2�2xTi1+2x/3O4 ceramics exhibit relatively high
dielectric permittivity 3r of 20.3–26.5, modest Q � f values of
29 400–67 400 GHz and temperature coefficient of resonant
frequency sf from �40 ppm per �C to 10 ppm per �C. Finally,
correlations between the cation distribution and microwave
dielectric loss are also addressed.
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