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A B S T R A C T

The LiNiPO4 ceramic for the LTCC technology was prepared via the traditional solid-state reaction route and its
dielectric properties were investigated for the first time. The best dielectric properties of LiNiPO4 ceramics with a
εr of 7.18, Q×f value of 27,754 GHz and τf of−67.7 ppm/°C were obtained in samples sintered at 825 °C for 2 h.
Rietveld refinement was firstly employed to study the crystal structure and dielectric properties of LiNiPO4

ceramics. Unfortunately, the relatively large negative τf was unfavorable to practical applications. Therefore, we
introduced TiO2, which possessed a considerable positive τf, to obtain a desired τf value. The prepared LiNiPO4

ceramics with 15 wt% TiO2 sintered at 900 °C for 2 h exhibited excellent dielectric properties of εr∼11.49,
Q×f∼10,792 GHz, τf∼−2.8 ppm/°C. The Ag co-fired experiments confirmed the excellent chemical compat-
ibility with LiNiPO4-TiO2 ceramics which might be potential dielectric LTCCs for high frequency applications.

1. Introduction

With the fast development of wireless telecommunication industry,
the miniaturization and integration of various components, such as
oscillators, antennas and filters, have attracted considerable attentions
[1]. Furthermore, the widespread use of mobile communication devices
accelerates the study for new technologies to integrate miniaturized
dielectric ceramic components [2]. To satisfy the demands for a wide
range of practical applications, the low temperature co-fired ceramic
(LTCC) technology, one of the most promising integration technologies,
has shown its great potential in the production of microwave devices
with excellent performances [3]. Therefore, the aspiration for ex-
ploiting high quality microwave products is in the process.

Generally, low permittivity (εr), high quality factor (Q×f) and near-
zero temperature coefficient of resonant frequency (τf) are the essential
factors of the microwave dielectric materials for the practical applica-
tions [4]. In addition, the selected dielectric materials for LTCC tech-
nology should have a good chemical compatibility with inexpensive
metal silver (Ag) which possesses low conductor loss and low electrical
resistance [5].

Recently, owing to the lower melting point of phosphate, some
compounds based on phosphorus, such as LiMPO4 (M=Fe, Co, Mn),
could be potential LTCC candidates [6]. However, the most studies for
LiMPO4 were merely focused on the magnetoelectric and electro-
chemical properties [6–9]. In 2010, Thomas et al. [2] firstly reported

that LiMgPO4 ceramics could be sintered very well at 950 °C for 2 h,
which exhibited excellent dielectric properties of εr∼6.6,
Q×f∼79,100 GHz, τf∼−55 ppm/°C. Later, Hu et al. [10] investigated
the dielectric properties of LiMnPO4 ceramics with εr∼8.1,
Q×f∼44,224 GHz, τf∼−90 ppm/℃. Besides, the LiMnPO4 ceramics
could be co-fired with Ag without any chemical reaction. Xia et al. [11]
reported the LiZnPO4 ceramics (εr∼5.3, Q×f∼28,496 GHz,
τf∼−80.4 ppm/℃) that could be as a potential candidate for LTCC
applications. To solve stability problems existed in LiMnPO4 system, the
TiO2 was used as an external additive to improve the τf value of
LiMnPO4 ceramics. Xia et al. [12] reported that LiMnPO4-19 wt%TiO2

ceramics maintained satisfactory dielectric properties of εr∼12.3,
Q×f∼38,671 GHz, τf∼6.7 ppm/℃ at 875 °C. However, few studies
have reported the dielectric properties and crystal structure of LiNiPO4

ceramics.
In this work, we synthesized the LiNiPO4 ceramics by the traditional

solid-state reaction method. The dielectric properties of LiNiPO4 cera-
mics were systematically studied along with the crystal structure.
Moreover, TiO2 was introduced to adjust the τf value to near zero.
Meanwhile, the chemical compatibility of LiNiPO4-TiO2 ceramics with
an Ag electrode was discussed. Rietveld refinement was employed to
study the crystal structure. What’s more, the chemical bond parameters
were achieved to investigate the correlation between dielectric prop-
erties and crystal structure.
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2. Experimental procedure

The high purity powders of NH4H2PO4, Li2CO3, NiO and TiO2 were
used as the raw materials. All the starting materials were weighted in

accordance with the stoichiometric compositions of LiNiPO4 and ball-
milled for 2 h with ethanol. The slurries were dried and sieved with a 40
mesh screen. Afterwards, the obtained samples were first pre-sintered at
550 °C for 2 h followed by a secondary calcination at 700 °C for 4 h.
After calcination, the LiNiPO4-x wt% TiO2 (x= 14, 15, 16, 17) mixtures
were prepared by pure LiNiPO4 and TiO2, and then ball-milled again in
ethanol medium for 8 h. After dried, the sieved powders were doped
with 8 wt% paraffin as a binder and pressed into cylinders with 15mm
in diameter and 6–7mm in thickness at 4MPa. Finally, the obtained
cylinders were fired at 550 °C for 2 h to exhaust the binder before sin-
tering at 750–850 °C for 2 h with the heating rate of 3 °C/min.

The phase composition was identified by X-ray diffraction (XRD)
(Rigaku D/max 2550 PC, Tokyo, Japan) with Cu Kα radiation
(V= 200 kV, I= 40mA). The diffraction pattern fitting was carried out
using the FULLPROF program. The microstructures of the sintered
samples polished and thermally etched were observed by a scanning
electron microscopy (SEM) (ZEISS MERLIN Compact, Germany). The
composition analysis was performed using an energy-dispersive X-ray
spectroscopy (EDXS) (Genesis MT XV 60) attached to the SEM.

The microwave dielectric properties of the sintered samples were
measured in the frequency range of 7–13 GHz with a network analyzer

Fig. 1. The variation of bulk and relative densities for LiNiPO4 ceramics.

Fig. 2. The SEM micrographs of LiNiPO4 ceramics sintered at various temperatures for 2 h: (a) 750 °C, (b) 775 °C, (c) 800 °C, (d) 825 °C, (e) 850 °C.
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(N5234A, Agilent Co., America). The permittivity was measured using
Hakki-Coleman method by exciting the TE011 resonant mode of di-
electric resonator [13]. The quality factor values were measured using
the TE01d mode by the shielded cavity method [14]. Temperature
coefficient of resonant frequency was measured in the temperature
range from 25 °C to 85 °C. It was obtained by the following formula:

=
−

−

×τ
f f

f T T
ppm

( )
10 ( / )f

2 1

1 2 1

6 ℃
(1)

where f1 and f2 represented the corresponding frequency at the tem-
perature of T1 and T2 respectively.

The bulk densities were measured by the Archimedes method. The
theoretical density was obtained as follows:

=ρ
V N
ZA

theory
C A (2)

where Z, A, VC and NA were number of atoms in the unit cell, atomic
weight (g/mol), volume of unit cell (cm3), and Avogadro constant
(mol−1), respectively. The relative density was defined by Eq. (3):

= ×ρ
ρ

ρ
100%relative

bulk

theory (3)

3. Results and discussions

Fig. 1 showed the variation of bulk and relative densities for Li-
NiPO4 ceramics sintered at the range of 750–850 °C. The theoretical
density of LiNiPO4 ceramics was calculated to 3.881 g/cm3. Obviously,
higher sintering temperature would result in a denser sample, because
the grains grew faster and more pores would be removed at a higher
temperature. The maximum value of relative density with 94.1% was
achieved at 825 °C, then a slight decreasing tendency with a further
increased temperature. The initial density with a relatively low value
was mainly due to the insufficient grain growth and many pores were
still left inside of the samples. When rising the sintering temperature,
the thermodynamic effects drove the smaller grain to the bigger one
and more and more pores were removed from the ceramic samples.
However, excessive sintering temperature would result in abnormal
grain growth and lots of pores couldn’t get out from the grains, which
eventually led to a decline in relative density. The details about the
direct change of density and pores would be discussed in the following
SEM analysis.

The SEM micrographs of LiNiPO4 ceramics at various temperatures
for 2 h were given in Fig. 2. It was easily found that the grains didn’t
grow well, which presented undense microstructure and many pores
still existed at 750 °C shown in Fig. 2(a). From Fig. 2(b)–(e), with a
continuously increasing of sintering temperature, the pores gradually
decreased and the grain size increased correspondingly. When the
temperature rose to 825 °C, well-distributed and dense microstructures
could be formed and the average grain size was around 3–5 μm, as
presented in Fig. 2(d). With the temperature further increased to
850 °C, some grains appeared excessive growth shown in Fig. 2(e). It
was quite simple to generate built-in pores which were not conductive
to the dielectric properties of ceramic samples. The discussion of above
SEM micrographs was consistent with the density analysis, which
confirmed that the morphology of LiNiPO4 ceramics was stronger in-
fluenced by the sintering temperature.

Fig. 3(a) presented the XRD patterns of LiNiPO4 ceramics at various
temperatures for 2 h. All the peaks of specimens matched with the
standard PDF card (JCPDS #88-1297) of LiNiPO4 phase without any
additional phase in all range. The structural refinement patterns of Li-
NiPO4 ceramics sintered at 825 °C for 2 h were depicted in Fig. 3(b),
where the blue line signified the discrepancy between the calculated
and observed intensities, the green short vertical lines marked Bragg
reflections positions. The reliability of refinement results was given by
the reliability factor of patterns (Rp) and reliability factor of weighted

Fig. 3. (a) The XRD patterns of LiNiPO4 ceramics sintered at various tem-
peratures for 2 h, and (b) structural refinement patterns of LiNiPO4 ceramics
sintered at 825 °C for 2 h.

Fig. 4. The coordination number and charge distribution of ions in LiNiPO4

ceramics.
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patterns (Rwp). The consequences could be acceptable only if the Rp and
Rwp were less than 15%. The orthorhombic structured LiNiPO4 ceramics
belonged to the Pnma space group. The refined lattice parameters in
LiNiPO4 ceramics were a=10.0251 Å, b=5.8596 Å, c=4.6762 Å and
V=274.69 Å3, the discrepancy factors were Rp=14.0% and
Rwp=11.8% which could be accepted. Four LiNiPO4 molecules were
contained in per unit cell. The A-site (Li+, Ni2+) cations that occupied
the 4a and 4c Wyckoff positions were octahedrally coordinated with
oxygen anions and B-site (P5+) cation occupying the 4c Wyckoff posi-
tion was tetrahedrally coordinated with oxygen anions.

In order to get a deep insight about the dielectric properties and
structural characteristics, the complex chemical bond theory was firstly
employed to study the LiNiPO4 ceramics. In our previous works, we
have successfully solved many problems about the correlation between
dielectric properties and crystal structure for some complex com-
pounds, like NdNbO4 [15,16]. Atomic coordination and all bond
lengths were obtained from the Rietveld refinement results (Supple-
mentary Information, Table S1). In the LiNiPO4 system, there were
three types of oxygen anions which were differentiated into O(1), O(2)
and O(3). On the basis of the structural data and the complex chemical
bond theory, the LiNiPO4 compounds could be decomposed as follows:

LiNiPO4=LiNiPO(1)O(2)O(3)2
=Li1/3O(1)1/2+Li1/3O(2)1/2+Li1/3O(3)1/2+Ni1/6O(1)1/4+Ni1/6O

(2)1/4+Ni2/3O(3)+P1/4O(1)1/4+
P1/4O(2)1/4+P1/O(3)1/2
=Li1/3O(1)1/2+Li1/3O(2)1/2+Li1/3O(3)1/2+Ni1/6O(1)1/4+Ni1/6O

(2)1/4+Ni1/3O(3)11/2+Ni1/3O(3)21/2+
P1/4O(1)1/4+P1/4O(2)1/4+P1/O(3)1/2
The coordination number and charge distribution of ions in the

LiNiPO4 ceramics were shown in Fig. 4. The effective valence electron
numbers of Li, Ni, P cations were ZLi= 1, ZNi= 2 and ZP=5. And in
each type bond, the effective valence electron numbers of O anions

were different. Specifically, ZO=−2/3 in LieO bond, ZO=−4/3 in
NieO bond and ZO=−5 in PeO bond.

The permittivities of LiNiPO4 ceramics with sintering temperatures
were depicted in Fig. 5. It could be easily found that the permittivity
firstly ascended to a maximum value of 7.18 at 825 °C, and then had a
descending. The variation tendency of εr was approximate to that of
density. Ordinarily, the permittivity of ceramics mainly depended on
the intrinsic parameters, such as polarizability, and extrinsic para-
meters, such as porosity and secondary phase [17]. In this paper, the
permittivity depended on the density and dielectric polarizability be-
cause of no second phase existed. Furthermore, as the specimens had a
high relative density (> 94% at 825 °C), the dielectric polarizability
played a more important role in affecting the permittivity. The theo-
retical dielectric polarizability (αtheo) of LiNiPO4 ceramics was calcu-
lated to be 11.69 based on the Shannon additive rule as follows:

= + + +
+ + + −α LiNiPO α Li α Ni α P α O( ) ( ) ( ) ( ) 4 ( )theo 4

2 5 2 (4)

where α(Li+)= 1.20 Å3, α(Ni2+)=1.23 Å3, α(P5+)=1.22 Å3 and
α(O2−)= 2.01 Å3 were reported by Shannon [18]. The observed di-
electric polarizability (αobs) was calculated to be 11.04 according to the
Clausius-Mossotti equation in Eq. (5) based on the measured permit-
tivity.

=
−

+

α
b

V ε
ε

1 1
2obs m

r

r (5)

where b, Vm and εr represented constant value (4π/3), the molar vo-
lume of specimens and the measured permittivity, respectively. It could
be found that the value of observed dielectric polarizability (αobs) was
approximate to that of the theoretical dielectric polarizability (αtheo).

It was easily known that the dielectric polarizability was in pro-
portion to the bond ionicity, so there was an inherent connection be-
tween permittivity and bond ionicity [19] (Supplementary Information,
Section 1). Fig. 6(a) plotted the corresponding graph of bond ionicity fi
(A/BeO) with the variation of A/BeO bonds and the detailed in-
formation of calculated results could be found in Table S2. The order of
bond ionicity was fi (NieO)> fi (PeO)> fi (LieO) observed in Fig. 6(a)
and the results indicated that the bond ionicity fi (NieO) made a more
significant contribution to the permittivity of LiNiPO4 ceramics.

The Q×f values of LiNiPO4 ceramics with the sintering tempera-
tures were also given in Fig. 5. It was seen that the Q×f value rose and
reached a maximal value of 27,754 GHz at 825 ℃, then showed a
downward trend, which was consistent with that of the density. On the
basis of SEM results exhibited in Fig. 2(a)–(d), the higher Q×f value
was mainly due to the less porosity. Further high temperature would
bring about irregular micromorphology, which was very bad for the
Q×f values.

Based on the complex chemical bond theory, the lattice energy was
employed to analyze the theoretical factor of the Q×f value [20]
(Supplementary Information, Section 2). Table S2 also presented the
calculated results of lattice energy and the graph of lattice energy Ucal

Fig. 5. The permittivity (εr) and Q×f values of LiNiPO4 ceramics with the
sintering temperatures.

Fig. 6. (a) Bond ionicity of fi (A/BeO) with the variation of A/BeO bonds in LiNiPO4 ceramics, (b) Lattice energy of Ucal(A/BeO) with the variation of A/BeO bonds
in LiNiPO4 ceramics, and (c) Bond energy of E with the variation of A/BeO bonds in LiNiPO4 ceramics.
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(A/B–O) with the variation of A/B–O bonds in LiNiPO4 samples was
depicted in Fig. 6(b). The concept of the lattice energy was defined as
the heat of dissociation of one mole of solid into its structural compo-
nents, which could be employed to evaluate the phase stability of a
crystal structure [21]. It was calculated that the average values of lat-
tice energy for Ucal (LieO), Ucal (NieO) and Ucal (PeO) were 329, 845
and 9352 kJ/mol, respectively. Due to the sequence of Ucal (PeO)>
Ucal (NieO)>Ucal (LieO), the Ucal (PeO) made dominating effects on
the Q×f values for LiNiPO4 ceramics. It was proposed that the Q×f
values of LiNiPO4 samples could be concluded by the changes of lattice
energy, especially the lattice energy of PeO bonds. The larger lattice

energy was, the higher Q×f value was.
Furthermore, as we all known, the shorter bond length was relevant

to the higher bond energy [22] which signified that a crystal structure
owns better stability. Based on the electronegativity and bond energy
theory reported by R. T. Sanderson, the bond energy of a complex
crystal could be obtained [23,24] (Supplementary Information, Section
3). The corresponding image of bond energy E with the variation of A/
BeO bonds was depicted in Fig. 6(c) based on the calculated data listed
in Table S3. The average values of bond energy E were 399.003,
365.232 and 627.584, for LieO, NieO and PeO bonds, respectively. As
a result of the sequence about bond energy of E (PeO)>E (LieO)>E
(NieO), it could be easily observed that the bond energy of PeO bonds
also played a crucial role in the LiNiPO4 ceramics for Q×f values.

For the practical applications, the stability (a nearly zero τf) came to
the first position. However, we didn’t obtain a desirable τf for LiNiPO4

ceramics. Therefore, TiO2 was introduced to optimize the τf values of
LiNiPO4 ceramics. Fig. 7 presented the XRD patterns of LiNiPO4-x wt
%TiO2 ceramics sintered at 900 °C for 2 h. It could be found that Li-
NiPO4 (PDF#88-1297) coexisted with TiO2 (PDF#21-1276) and no
additional phase was detected. This meant that there was no chemical
reaction between LiNiPO4 and TiO2. It was guessed that there was a
significant difference in the crystal structure of both substances so that
the chemical reaction was limited [25].

Fig. 8 exhibited the SEM images of LiNiPO4-x wt%TiO2 ceramics
sintered at 900 °C for 2 h. It was observed that all specimens containing
TiO2 displayed a significant difference in surface structures compared
with the samples without TiO2 in Fig. 2. Overall, the samples showed a
relatively dense microstructure, but the introduction of TiO2 had some
adverse effects on the density. It was obvious that there were two
substances observed separately. The conclusion obtained from this part
was consistent with the XRD images shown in Fig. 7. Owing to the high
sintering temperature of TiO2 about 1500 °C [2], the ions’ diffusion rate
of the new compounds would be relatively slow at the lower sintering

Fig. 7. The XRD patterns of LiNiPO4-x wt%TiO2 (x=14, 15, 16, 17) ceramics
sintered at 900 °C for 2 h.

Fig. 8. The SEM images of LiNiPO4-x wt%TiO2 ceramics sintered at 900 °C for 2 h: (a) x= 14, (b) x= 15, (c) x= 16, (d) x= 17.
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temperature. It could be supposed that the mixture of TiO2 made the
temperature upward and changed the grain morphology.

The dielectric properties of LiNiPO4-x wt%TiO2 ceramics as a
function of x value sintered at 900 °C for 2 h were listed in Table 1. With
the increment of TiO2 content, the permittivity and τf of the samples
gradually increased, which was probably owing to that TiO2 had a
larger εr (∼100) and a large positive τf [26]. Overall, the Q×f values
showed a downward tendency with the increase of TiO2 content, which
was perhaps because of the non-uniform mixing of phases leading to
adverse effects on Q×f values as shown in Fig. 8 [2,27]. What’s more,
as a result of the higher sintering temperature of TiO2, the samples with
various amounts of TiO2 might not be sufficiently densified at a rela-
tively low firing temperature, so that the Q×f values decreased in a
certain extent. The τf increased from −67.7 to +8.8 ppm/°C. It was
found that near zero τf could be obtained by tuning the amount of TiO2

and the LiNiPO4 with 15wt% TiO2 displayed a good value of
τf∼−2.8 ppm/°C.

Fig. 9 showed the EDXS line scanning analysis of the interface be-
tween the Ag electrode and the LiNiPO4-15 wt% TiO2 ceramics. It was
observed that the Ag profile declined sharply at the interface, which
indicated that Ag didn’t diffuse into the ceramics during the co-firing
process. Correspondingly, there were low amount of Ni and P in the Ag
electrode which also suggested that there was no chemical reaction
taken place at the interface. In conclusion, the LiNiPO4 ceramics with
15 wt% TiO2 were chemically compatible with Ag. Therefore, LiNiPO4

ceramic with TiO2 could be a potential material for LTCC applications.

4. Conclusion

In this paper, the dielectric properties and crystal structure of
LiNiPO4 ceramics were systematically investigated. The well dense
samples sintered at 825 °C for 2 h exhibited good dielectric properties of
εr∼7.18, Q×f∼27,754 GHz, τf∼−67.7 ppm/℃. Based on the complex
chemical bond theory, the bond ionicity fi (Ni-O) made a more sig-
nificant contribution to the permittivity and the lattice energy and bond
energy of PeO bonds played the crucial roles for Q×f values in com-
parison with LieO and NieO bonds. The τf was tuned to near zero with

the addition of TiO2. Especially, the LiNiPO4 with 15wt% TiO2 sintered
at 900 °C for 2 h still maintained satisfactory performance with
εr∼11.49, Q×f∼10,792 GHz, τf∼−2.8 ppm/°C and also showed great
chemical compatibility with the commonly used Ag electrode. Overall,
the LiNiPO4 ceramic could be a promising candidate for LTCC appli-
cations.
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17 12.29 10,723 +8.8

Fig. 9. The EDXS analysis of LiNiPO4-15 wt% TiO2 ceramics co-fired with Ag
electrode at 900 °C for 2 h.
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