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Abstract. The present investigation focuses on understanding the structure–electric conductivity correlation in
NASICON-type LiSn2(PO4)3 (LSP) powders prepared via solid-state reaction method. LSP powders synthesized at
different temperatures were characterized for their structural and electrical properties using lab source powder X-ray
diffraction (XRD), high-resolution synchrotron X-ray diffraction (SXRD) and complex impedance spectroscopy. LSP
powders prepared in 900–1000°C temperature crystallize in triclinic structure (space group, P 1) along with the small
amount of SnO2 (P42/mnm) impurity phase. Samples prepared at temperatures in 1050–1250°C range showed a mixed
rhombohedral (R 3c) and triclinic structure with the fraction of the triclinic phase decreasing with an increase in
calcination temperature. On further increase in the calcination temperature to 1300°C, LSP transformed to the rhombohedral structure. Moreover, temperature-dependent SXRD confirmed that the LSP powder exhibits a martensitic
behaviour, where a pure triclinic structure transforms into a pure rhombohedral phase at 170°C and retains a partial
rhombohedral phase on cooling back to room temperature. The highest value of conductivity was found to be *1.06 9
10–6 Scm–1 for the LSP powder with triclinic structure calcined at 900°C, with an associated activation energy of *0.24
eV. Rhombohedral LSP calcined at 1300°C exhibits the lowest conductivity and highest activation energy at room
temperature *1.12 9 10–8 Scm–1 and *0.39 eV, respectively. This decrease in conductivity for the supposedly highconducting rhombohedral phase is attributed to the drastic increase in the fraction of the SnO2 impurity phase, as
confirmed by the XRD analysis.
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Introduction

Lithium-based batteries are one of the most widely used
energy storage technologies owing to their high energy
density and power densities [1]. These batteries use liquid
electrolytes containing lithium salt dissolved in an organic
solvent. However, the corrosion of electrode, instability
with high voltage cathode material due to small electrochemical and lithium dendrite formation at the anode,
which results in short-circuiting, are some of the issues
associated with the flammable organic electrolytes [2].
Therefore, replacing liquid electrolytes with solid-state
electrolytes is one such solution that has become a fascinating area of current research in the field of lithium batteries [3,4]. Solid ceramic electrolytes have a wide
electrochemical window and inhibit the formation of dendrites at the anode side, which enables the use of highenergy cathode material and lithium metal as an anode,
thereby, improving the energy density [5]. In this regard,
perovskites, LISICON, thio-LISICONs, NASICON-type

and garnet-structured materials are being widely investigated for their potential use in lithium batteries [6,7].
The high thermal and chemical stability, low electronic
conductivity and suppleness of chemical substitution at
different sites are some of the properties that make NASICON-type materials attractive for applications as solid
electrolytes in alkali batteries [8–15]. Various NASICONtype compounds have been investigated for application as
solid electrolytes in lithium batteries. Most studied are on
mixed metal phosphates (LiM2(PO4)3) with rhombohedral
(R 3c) structure, as this structure provides facile Li? motion
via hopping of Li? among interstitial or vacant sites of the
crystal lattice. Further, efforts have been made to improve
the performance of the NASICON-type compound by
varying metal ions (Sn2?, Sr2?, Zr4?, Ti4?, Hf4?, Al3?,
etc.) [11,16–18]. Lang et al [8] reported an improvement in
the ionic conductivity of LiTi2(PO4)3 (LTP) with Al3?
substitution. Liu et al [19] synthesized Li1?x?yAlxTi2-xSiyP3-yO12 (x = 0.3 and y = 0.4) ceramic electrolyte with
ionic conductivity 1.33 9 10–3 Scm–1. Similarly, high Li-
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ion conductivity has also been reported in Al3? modified
LiGe2(PO4)3 (LGP) by a few groups [20,21].
The NASICON-type compound LiSn2(PO4)3 consists of
SnO6 octahedral and PO4 tetrahedra forming a unique 3D
diffusional framework and Li? ions present at two interstitial sites; the antiprismatic coordination sites (labelled as
Li1) and eight-fold coordination site (labelled as Li2) play a
significant role in conduction mechanism (shown in
figure 1a–b) [22–25]. The compound exists in two crystallographic phases, depending on the position of Li? at both
sites [22,26,27]. Martinez-Juarez et al [28] reported that
LSP when crystallizing in the monoclinic phase (Cc) at low
temperature have low ionic conductivity; on the other hand,
the high temperature rhombohedral (R 3c) phase has high
ionic conductivity. In contrast, Morin et al [29], and Iglesias
et al [26] reported the two-phases of LSP; the triclinic phase
(P1) at low temperature, and the rhombohedral (R 3c) phase
at high temperature [26,27,29]. Structural analysis carried
out in both phases confirmed different mobility proposed for
Li-ions in the two forms. The motion of Li? through the
diffusional framework depends on the size of the ion, the
site occupancy and the presence of the surrounding oxygen
ions, which plays a major role in determining the conductivity of the NASICON-type structure [8,30]. In a similar
agreement, Arbi and co-workers [31] used the neutron
diffraction technique to confirm the Li site position and its
conduction path in the triclinic and the rhombohedral phase
of the NASICON-type LiZr2(PO4)3.
One of the major bottlenecks in the development of
NASICON-type LiM2(PO4)3 is difficulty in the fabrication
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of dense ceramics. The primary cause of brittleness is an
anisotropic thermal expansion in NASICON-type systems.
The anisotropic thermal expansion of the rhombohedral unit
cell, where the coefficient of thermal expansion for the
lattice parameter in c direction of the unit cell is much
larger than that for the lattice parameter in a direction,
causes stress [32]. The stress arises due to this mismatch in
thermal expansion of adjacent randomly oriented grains and
results in the anti-sintering behaviour of these ceramics. As
such, fabrication of dense and mechanically robust pellets
of LSP becomes difficult. Martinez et al [28] added polytetrafluoroethylene polymer to LSP powder to achieve a
workable pellet for electrical conductivity measurements.
In this study, LSP powder samples were fabricated at
various temperatures in the range of 900–1300°C to
understand the effect of synthesis temperature on its crystal
structure. The structural triclinic–rhombohedral phase
transition for LSP powder calcined at 1000°C is also analysed during heating and cooling in 30–550°C temperature
range. Further, the conduction and relaxation mechanisms
using impedance and modulus spectroscopy are reported.

2.
2.1

Experimental
Synthesis

The ceramic compound LiSn2(PO4)3 was synthesized via
the solid-state reaction method. The precursors Li2CO3,

Figure 1. (a) Schematic representation of the NASICON-type rhombohedral structure showing the conduction path
formed from two SnO6 octahedra and three PO4 tetrahedra. (b) Li1 site (dark blue sphere), Li2 site (green spheres),
and oxygen atoms as the red spheres.
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Figure 2. (a) Powder XRD patterns of LSP powders calcined at various temperatures in 900–1300°C range. (b) Enlarged patterns in
2h region 19.5° to 22° of (a). Symbols bar (|), the asterisk (*) and hash (#) represent the major peaks for triclinic LSP (P 1),
rhombohedral LSP (R 3c) and tetragonal SnO2 (P42/mnm).

SnO2 and NH4H2PO4 (purity [99 %) were taken in the
stoichiometric ratio and thoroughly mixed using mortar and
pestle for 1 h. The powder was heated at 500°C for 12 h in
air in the first step. The obtained white powder was further
ground and then calcined at 700°C for 12 h. The cylindrical
pellets were prepared by pressing the calcined powder
uniaxially using a hydraulic press, which was then heated at
various temperatures ranging from 900 to 1300°C (in temperature step of 50°C) for 12 h in air. After sintering, the
samples were cooled down to 200°C at a rate of 5°C min–1
and then were naturally cooled down to room temperature.
During calcination, pellets were buried in the sacrificial
powder of the same composition to minimize the
volatilization of lithium and to avoid contamination from
the alumina boat.

2.2

Characterization

X-ray diffraction (XRD) measurements on LSP powders
calcined at various temperatures were carried out to

check the phase transformation with calcination temperature. The data were recorded by Cu-Ka radiation (k
= 1.54 Å) using a Bruker D2-Phaser diffractometer in
2h ranges from 10° to 80° with a step size of 0.02°.
Temperature-dependent synchrotron powder XRD was
performed on the selected LSP sample at various
temperatures in a 25–550°C range during the heating
and cooling cycle. The fine powder was used to perform the synchrotron powder XRD measurement at
extreme condition angle dispersive/energy dispersive
X-ray diffraction (EC-AD/ED-XRD) Beam Line (BL11) at Indus-2 synchrotron source, Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore,
India. For better resolution, data were recorded at the
lower wavelength (k = 0.629390 Å) in rotating (*150
rpm) capillary mode to minimize the orientation effects
in the samples.
The dielectric measurement on all samples was performed using a computer-controlled LCR metre (model:
ZM 2376, NF Corp). Temperature-dependent impedance
measurements were carried out in the range from room
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Figure 3. Typical Rietveld refinement profiles for LSP ceramic powders calcined at different temperatures; the insets of (a–h) show
the magnified pattern in 2h region 19.5° to 22°. The cross (9) symbol denotes the observed XRD data, the solid blue line depicts the
refinement curve, the thin green line indicates the profile difference. The vertical bars (|) in dark yellow and orange represent the
calculated Bragg positions for triclinic (P 1) and rhombohedral (R 3c) phase of the refined LSP pattern, respectively. The small grey
asterisk (*) indicates the position of the Bragg reflections from SnO2 (P42/mnm).
Table 1. Effect of calcination temperature on lattice parameters (a, b, c), and cell volume (V) for NASICON-type LiSn2(PO4)3 at 20°C.
Lattice parameters
Calcination temperature (°C)
900
950
1000
1050
1100
1150
1200
1250
1300

Space group
P
P
P
P
R
P
R
P
R
P
R
P
R
R

1
1
1
1
3c
1
3c
1
3c
1
3c
1
3c
3c

a (Å)

b (Å)

c (Å)

V (Å3)

a, b, c (°)

8.4076(1)
8.4099(1)
8.4240(1)
8.4102(2)
8.6605(4)
8.4096(1)
8.6353(6)
8.4113(1)
8.6332(2)
8.4098(3)
8.6287(1)
8.4101(7)
8.6315(2)
8.6285(2)

8.4438(1)
8.4470(1)
8.4669(2)
8.4465(1)
8.6605(4)
8.4455(1)
8.6353(6)
8.4480(2)
8.6332(2)
8.4477(3)
8.6287(1)
8.4420(5)
8.6315(2)
8.6285(2)

8.8913(2)
8.8975
8.8891(2)
8.9032(2)
21.6275(7)
8.89698(1)
21.5976(2)
8.8945(2)
21.5690(6)
8.8970(3)
21.5697(5)
8.8901(5)
21.5952(9)
21.5358(7)

459.96(2)
460.60(2)
461.69(3)
460.95(4)
1404.82(4)
460.41(1)
1394.71(2)
460.47(2)
1392.19(6)
460.61(7)
1390.72(6)
459.60(7)
1393.36(8)
1388.56(9)

118.1, 90.1, 119.7
118.1, 90.1, 119.7
118.1, 90.2, 119.7
118.18, 90.12, 119.6
90, 90, 120
118.12, 90.17, 119.7
90, 90, 120
118.21, 90.2, 119.6
90, 90, 120
118.1, 90.17, 119.7
90, 90, 120
118.1, 90.1, 119.7
90, 90, 120
90, 90, 120

temperature to 70°C using a customized Weiber temperature test chamber (ACM-22066-I). For these measurements, a certain amount of LSP powder was pressed
between two stainless steel rods acting as the ion-blocking

electrode in a custom-made Swagelok-type cell. A sinusoidal signal with 1 V amplitude was applied over 1 Hz to
1 MHz frequency range for impedance and modulus
measurements.
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Figure 4. (a) Synchrotron powder XRD patterns for LiSn2(PO4)3 sample calcined at 1000°C during heating and
cooling cycle (bottom to top). (b) Enlarged view of 2h in 7.8° to 8.8° region of a. The dark yellow bars (|) show
 the orange asterisk (*) represents rhombohedral LSP (R 3c),
 and the dark grey hash (#) shows
triclinic LSP ðP 1Þ,
tetragonal SnO2 (P42/mnm).

3.
3.1

Results and discussion
Room temperature XRD

The phase purity of as-synthesized LSP powder was confirmed using room temperature XRD. Figure 2a shows the

room temperature powder XRD patterns of the sample
calcined at different temperatures in 900–1300°C range
with step temperature of 50°C. All the major peaks in the
XRD patterns for the sample calcined at 900–1000°C could
be indexed using a P 1 space group, suggesting the triclinic
structure. At 1050°C, additional peaks at *20.4° and
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Figure 5. Typical Rietveld refinement profile of synchrotron powder X-ray data during heating and cooling at selected temperatures
for LSP calcined at 1000°C. Experimental data are denoted by open circles (o), the calculated data after refinement are shown by a solid
 the orange
blue line, and the thin light green line denotes the difference curve. The dark yellow bars (|) show triclinic LSP ðP 1Þ,
asterisk (*) represents rhombohedral LSP (R 3c), and the dark grey hash (#) shows tetragonal SnO2 (P42/mnm).

*20.57° (figure 2b) appear belonging to R 3c space group,
suggesting the emergence of the rhombohedral phase. The
presence of the specified space group was confirmed by the
standard pattern of LSP from the crystallographic database
and Rietveld refinement of the synchrotron XRD data [29].
With further increase in the calcination temperature, peaks
in the XRD patterns corresponding to R 3c space group start
dominating over the peaks associated with P 1 space group,
as confirmed by changing trend in strong, sharp characteristic peaks of both the phases. The increasing intensity of

rhombohedral peaks and decreasing intensity of triclinic
peaks (20.0° and 21.05°), as presented in figure 2b, confirm
the phase change with calcination temperature in LSP
powder. Finally, at 1300°C, the XRD pattern of LSP powder shows the formation of the rhombohedral phase, and no
peak associated with the triclinic phase is apparent. The
low-intensity impurity peaks that appear in the sample
calcined at 950°C are recognized as tetragonal SnO2 with
the P42/mnm space group (JCPDS 77-0447). These peaks
become more intense with the increase in the calcination
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Effect of heating and cooling on lattice parameters, volume, for NASICON-type LiSn2(PO4)3 powder calcined at 1000°C.
Lattice parameters

Temperature (heating–cooling) (°C)
30
50
140
170
300
550
300
170
140
50
30

Space group
P
P
P
R
R
R
R
R
R
R
R
P
R
P

1
1
1
3c
3c
3c
3c
3c
3c
3c
3c
1
3c
1

a (Å)

b (Å)

c (Å)

V (Å3)

8.411(1)
8.465(2)
8.4271(2)
8.6916(1)
8.6912(1)
8.6879(2)
8.6815(2)
8.6875(2)
8.6910(1)
8.6917(2)
8.6947(3)
8.4170(2)
8.6965(3)
8.4277(3)

8.45789
8.5063(2)
8.4755(2)
8.6916(1)
8.6912(1)
8.6879(2)
8.6815(2)
8.6875(2)
8.6910(1)
8.6917(2)
8.6947(3)
8.4839(2)
8.6965(3)
8.5590(3)

8.93107
8.9044(2)
8.9770(2)
21.6608(5)
21.6761(3)
21.7554(2)
21.8887(2)
21.7524(4)
21.6753(2)
21.6582(2)
21.6129(5)
8.9398(1)
21.5981(2)
8.8982(3)

465.16(3)
467.37(2)
468.33(3)
1417.12(7)
1417.99(3)
1422.09(3)
1428.72(3)
1421.75(6)
1417.87(3)
1416.98(4)
1414.97(7)
466.37(2)
1414.60(5)
464.33(3)

temperature. The increase in the intensity of these peaks
suggests a high fraction of SnO2 impurity phase due to the
increasing non-stoichiometry caused by the volatilization of
lithium from LSP powder at high temperatures.
Figure 3a–h depicts the Rietveld refinement of XRD data
for LSP powder calcined at different temperatures. The
lattice parameters estimated using the refinement of XRD
data are provided in table 1. It is observed that with the
change in calcination temperature, the phase transforms
from triclinic to rhombohedral. At 900°C, the refinement of
XRD data is performed by the triclinic phase [S.G. P 1, a =
8.4076(1) Å, b = 8.4438(2) Å and c = 8.8913(1) Å, formula
unit volume (V/Z) = 229.98(2) Å3]. The observed and calculated XRD patterns show a good fit with values for the
goodness of fitting factor: Rexp, Rwp, Rp and GOF were 2.82,
5.72, 3.75 and 2.03, respectively. A combination of triclinic
[S.G. P 1] and rhombohedral [S.G. R 3c] phases along with
tetragonal SnO2 [S.G. P42/mnm] impurity phase was used
for the refinement of the XRD pattern of LSP powders
calcined at 1050, 1100, 1150, 1200 and 1250°C. For the
sample calcined at 1300°C, the refinement of the XRD data
is performed using rhombohedral phase [a = 8.62851(26) Å
and c = 21.53585(78) Å, formula unit volume (V/Z) =
231.43(9) Å3] along with a tetragonal SnO2 [S.G. P42/mnm,
a = 4.7389(2) Å and c = 3.1869(2) Å, formula unit volume
(V/Z) = 35.785(10) Å3] impurity phase and the values for
the goodness of fitting Rexp, Rwp, Rp and GOF were 4.07,
8.57, 6.81 and 2.10, respectively. It is clear from table 1 that
the volume of the primitive LSP unit cell increases slightly
(1.07%, from 229.98 Å3 for triclinic phase for sample
heated at 900°C to 232.45 Å3 for rhombohedral phase
sample calcined at 1100°C). In the antiprismatic site (Li1),
Li is surrounded by six oxygen atoms forming trigonal

a, b, c (°)
117.9, 90.2,
117.9, 90.3,
118.1, 90.4,
90, 90, 120
90, 90, 120
90, 90, 120
90, 90, 120
90, 90, 120
90, 90, 120
90, 90, 120
90, 90, 120
118.1, 90.2,
90, 90, 120
118.0, 90.2,

119.5
119.7
119.7

119.5
119.6

coordination and SnO6 octahedra as well as PO4 tetrahedra
are corner-sharing forming a stable skeleton. The orientation of SnO6 octahedra and PO4 tetrahedra are reported to
be in perpendicular and parallel direction, respectively, to
the c-axis in the NASICON-type structure. The increase in
calcination temperature results in triclinic distortion in a
structure which is an analogy to the monoclinic distortion
that occurs in LiZr2(PO4)3 [24]. This progressive change in
occupancy of lithium from the Li2 site (eight-fold coordination) to the Li1 site (antiprismatic) with the increase in
calcination temperature, result in structure change from
triclinic to rhombohedral. The change in occupancy of Li
sites is also responsible for the slight volume change, and
therefore, in enlarged bottleneck size, which is expected to
facilitate faster Li? transport.

3.2

Temperature-dependent XRD

For a better understanding of the phase transition with
temperature and thermal expansion of the rhombohedral
unit cell, the synchrotron powder XRD has been conducted
on the LSP prepared at 1000°C. The data from room-temperature to 550°C, during heating and cooling, is shown in
figure 4. XRD pattern at the bottom (at 30°C) is during
heating, and the topmost pattern (at 30°C) is during the
cooling cycle after reaching the maximum temperature
550°C, i.e., XRD patterns in the lower-half of figure 4 were
recorded at various temperatures during heating, while the
XRD pattern in the upper-half were recorded during cooling. At 30°C (during heating), all the major peaks (magnified view of the two sharp peaks at 8.03° and 8.56° is shown
in figure 4b) correspond to the LSP triclinic phase, and this
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Figure 6. The temperature variations of the lattice parameters (c and a) and volume (V) of the
rhombohedral LSP phase calcined at 1000°C during heating.

phase is maintained up to the temperature *100°C. On
heating the sample to *140°C, the new sharp and strong
internal doublet at 8.16° and 8.23°, indicative of rhombohedral phase, appears (as shown in figure 4b). Above
140°C, the outer doublet at 8.03° and 8.56° (i.e., triclinic
phase) disappears completely, leaving the two new peaks to
remain unchanged at *170°C. These results confirm that
the triclinic to rhombohedral phase transformation occurs
gradually and within a range of temperature from 100 to
170°C.
Synchrotron XRD patterns recorded at temperatures
between 170–550°C (during heating) and 550–80°C (during
cooling) remains unchanged, suggesting the stability of
rhombohedral phase (R 3c) in this range. The outer doublet
at 8.03° and 8.56° reappears as the sample cool down from
80 to 50°C; however, a significant fraction of rhombohedral
phase is present even after the sample is cooled down to

30°C. The Rietveld profile fit for the XRD patterns at
selected temperature during heating and cooling of the LSP
powder calcined at 1000°C is presented in figure 5. At
30°C, all the major peaks were refined with the triclinic
phase [S.G. P 1], and some minor peaks with tetragonal
SnO2 [S.G. P42/mnm]. The rise in temperature of LSP
powder at *140°C, the refinement of the synchrotron XRD
data are obtained by both P 1 space group and R 3c space
group, including impurity of SnO2. At *170°C, the triclinic
phase completely transforms to rhombohedral phase [S.G. R
3c]. The R 3c phase stabilizes at high temperature as no
phase change was observed when the LSP sample was
further heated up to 550°C. During the cooling of the LSP
sample from 550°C to room temperature, no significant
change is observed in high-temperature XRD data till 80°C.
At 50°C, the experimental and calculated XRD patterns are
the best fit using both triclinic and rhombohedral space
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Figure 7. (a–c) Room-temperature Nyquist plots for LSP sample calcined in 900 to 1300°C temperature range for 12 h. (d) The
equivalent circuit model used for fitting the Nyquist plots. Solid lines over the experimental impedance data (open symbols) show the
fitted data using the circuit model.

groups (table 2). Morin et al [29] and Iglesias’s [26] study
also support the above temperature-dependent triclinic $
rhombohedral phase transformation of LSP deduced in
SXRD results. The progressive motion of lithium from Li2
to Li1 site and rotation of tetrahedral groups is believed to
be the reason for a martensitic characteristic of structural
phase transition in LSP [33].
Figure 6 illustrates the variation of the lattice parameters
(a and c) and volume (V) of rhombohedral LSP phase with
temperature in 140–550°C range during heating. With the
increase in temperature, lattice parameter c and volume

V increase monotonically, whereas the lattice parameter
a exhibits a decreasing trend. The coefficient of thermal
expansion for a, c and V in 140–550°C temperature range are
–2.83 9 10–6, 2.56 9 10–5 and 1.99 9 10–5 K–1, respectively.
The anisotropic thermal expansion of the rhombohedral unit
cell is responsible for antisintering behaviour in many
NASICON ceramics. During sintering, stress is generated at
the grain boundaries between randomly oriented grains as a
consequence of anisotropic thermal expansion, which leads
to intergranular cracks and poor densification in LSP and
LiZr2(PO4)3-based ceramics [13,17,20,28].
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Table 3. The conductivity (at 30°C) and activation energy for
LSP powders calcined at different temperatures.
Calcination temperature
(°C)

Conductivity
(Scm-1)

900
950
1000
1050
1100
1150
1200
1250
1300

1.06
1.98
8.77
9.68
9.26
3.91
1.80
5.05
1.12

3.3

9
9
9
9
9
9
9
9
9

10–-6
10–-7
10–-8
10–-8
10–-8
10–-8
10–-8
10–-8
10–-8

Activation energy
(eV)
0.24
0.17
0.16
0.13
0.12
0.19
0.22
0.27
0.39

±
±
±
±
±
±
±
±
±

0.02
0.02
0.005
0.02
0.02
0.02
0.02
0.02
0.02

Conductivity

The impedance measurement was performed to examine the
calcination temperature-phase–electrical conductivity relationship in LiSn2(PO4)3. The Nyquist plots for the sample
prepared at different temperatures in 900–1300°C range are
given in figure 7. For all samples, impedance spectra show a
semicircular arc in the high-frequency region and a tail-like
feature in the low-frequency regime. The high-frequency
semicircular arc with an intercept at the x-axis ascribes to
the bulk contribution to the impedance. The tail corresponds
to the ion-blocking nature of the stainless-steel electrodes
and signifies a characteristic of ionic conduction [34]. The
decrease or increase in the low-frequency side of the
semicircular arc intercept at the x-axis symbolizes the
increase or decrease in conduction, respectively, with the
change in the synthesis temperature. The change in conduction with variation in calcination temperature is related
to the phase change, and change in impurity fraction present
in the LSP powder. The effective DC conductivity (rdc ) was
calculated using equation 1:
t
rdc ¼
;
ð1Þ
AR1
where t and A are thickness and surface area of the sample,
respectively; and R1 is the bulk resistance. The bulk resistance (R1) was determined by fitting the complex impedance data using the equivalent circuit (shown in figure 7d).
The fitted data are denoted by solid lines plotted on the
experimental Nyquist plots in figure 7a–c) and show a good
match between the experimental and fitted data. The circuit
model consists of the constant phase element in parallel
with resistance, which together is in series with the other
constant phase element (i.e., (CPE1||R1) ? CPE2) [35]. The
phase elements CPE1 and CPE2 in the equivalent circuit
denote the constant phase elements associated with the bulk
of the sample and the sample–electrode interface,
respectively.
The calculated value of the room temperature (= 30°C)
conductivity for LSP powders calcined at different
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temperatures is given in table 3. The highest value of
conductivity *1.06 9 10–6 Scm–1 is observed for the
sample prepared at 900°C. The total conductivity (at 30°C)
obtained for LSP sample sintered at 1300°C with rhombo is lowest *1.12 9 10–8 Scm–1. The
hedral phase (R 3c)
decrease in the value of conductivity for samples calcined at
higher temperatures could be attributed to the increase in
SnO2 impurity as well as distortion in the LSP unit cells.
Preliminary chronoamperometry tests suggested mixed
electronic and Li? conductivity in these samples and values
reported here are for total conductivity. The impact of the
increase in the calcination temperature on the ionic conductivity has several components. First, the fraction of SnO2
impurity phase increases, which is detrimental to the Li?
transport; there is a gradual transformation of triclinic phase
to the rhombohedral phase, which should facilitate better
Li? motion; volatilization of lithium increases, which
reduces the effective concentration of Li?. Further,
volatilization of lithium and increase in fraction of SnO2
impurity phase creates significant defects in LSP unit cell.
D

0000

Sn
Sn þ O2 !VSn þ 4h þ SnO2

ð2Þ

1
D
0

2Li
Li þ O2 !2VLi þ 2h þ Li2 O
2

ð3Þ

A small deviation from the expected monotonical
increase/decrease in trend in the conductivity values for
sample calcined at 1050, 1150 and 1250°C could be due to
competing effect of change in the crystal structure, impurity
fraction and extrinsic defects due to the volatilization of
lithium.
Figure 8a and b represents the temperature-dependent
complex impedance measurement curve for the LSP calcined at 900 and 1250°C. The shifting in the x-axis intercept
of the semicircular arc on the low-frequency side towards
the left is due to the increase in the conductivity with the
rise in sample temperature. The ln(rR1) vs. 1000/T plot for
these samples is shown in figure 8c. The conductivity
increases with the increase in temperature as confirmed by
linear fitting using the Arrhenius relation:
EA
rR1 ðT Þ ¼ Aeð kT Þ ;

ð4Þ

where EA is the activation energy, A is the pre-exponential
factor, k is the Boltzmann constant, and rR1 is the conductivity (calculated from the fitted value of R1) at temperature T [36]. The values of EA for different samples are
provided in table 3. Values of EA for some of the samples
are considerably lower than those reported for LSP, LZP
and LATP in literature [11–13,17,25,28,31]. It should be
noted that the impedance analysis in this investigation in a
narrow temperature range near room temperature. At such
temperatures, conduction could be due to the movement of
extrinsic defects. The concentration of extrinsic defects for
a given sample remains constant with temperature; therefore, the activation energy depends only upon the mobility
of these extrinsic defects [37]. In the high-temperature
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Figure 8. Representative temperature-dependent complex impedance spectra for LSP sample calcined for 12 h at: (a) 900 and
(b) 1250°C. The solid curve over the Nyquist plot shows the fitting of complex impedance spectra using the equivalent circuit model
(shown in figure 7d). (c) ln(rR1) vs. 1000/T curve for LSP sintered at 900 and 1250°C. The solid line represents linear fitting using the
Arrhenius equation.

regime, thermally activated intrinsic defects dominate the
conduction and EA is observed both because of the motion
of mobile species and the enthalpy of defects formation
[38].

3.4

Modulus spectroscopy

Modulus spectroscopy is used to separate the components
with variable capacitance and similar resistances. Complex
modulus plot is dominated by the component with the least
capacitance; accordingly, it provides an alternate approach
to analyse the contribution of the bulk in the relaxation

mechanism by suppressing the electrode effect. Complex
modulus is given as:
M ¼

1
¼ M 0 þ jM 00 ¼ jxC o Z 
e

ð5Þ

where M0 and M00 are the real and imaginary parts of electric
modulus, respectively. These real and imaginary parts can
be calculated from the complex impedance and sample
dimensions using below equations:
M 0 ¼ xCo Z 00
00

0

M ¼ xC o Z :

ð6Þ
ð7Þ
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Frequency dependence of M0 and M00 for different LSP samples.

Figure 10. The modulus scaling M00 /M00 max vs. f/fmax for
LiSn2(PO4)3 samples synthesized at different temperatures.

Figure 9 presents the frequency-dependent plot of real
(M0 ) and imaginary part (M00 ) of modulus for different LSP
samples. M0 shows a continuous dispersion with increase in
frequency and tends to attain saturation at high frequency
(figure 9a). The behaviour at high frequency is attributed to
the short-range mobility of charge carriers. Figure 9b shows
the variation in the imaginary part (M00 ) of modulus with
frequency for LSP powders prepared at different temperatures. In the low-frequency region, the magnitude of M00 is

almost zero. This region allows the drifting of Li? and
hopping from one site to another over a long-range. The
frequency where the value of M00 tends to attains a wellresolved peak is relaxation frequency (fmax), which is
associated with the conductivity relaxation process. In the
dispersion region of M0 , the asymmetry is observed in M00
patterns. In the high-frequency region, the Li? confined
within their potential well suggests the short-range motion.
The maximum value of M00 implies a change in mobility of
Li? from long-range to short-range distance. Figure 9 shows
that the relaxation peak changes with phase transition from
triclinic to rhombohedral. For sample calcined at 1250 and
1300°C, two relaxation peaks are observed, which could be
due to the segregation of significant SnO2 impurity phase at
grain boundaries.
The asymmetric broadening of M00 peak in the high-frequency region attributed to a non-exponential conductivity
relaxation. This suggests the non-Debye-type relaxation due
to the spread of relaxation with different time constants.
The master modulus curve obtained for M00 /M00 max vs. f/fmax
plot for LSP powders (as shown in figure 10) follows
Bergman fitting. The scaled modulus spectra merge into a
single master curve for all samples, suggesting the thermally independent dynamic motion of Li-ions in the
material. The fitting curve approximated from Kohlrausch–
Williams–Watts (KWW) function is as follows [39]:
M} ¼

M}
 max    
b
b
1  b þ 1þb
b f max
þ ff
f

ð8Þ

max

The stretched exponent parameter (b) described by
Bergman representation of a KWW decay function confirms
the polydispersive-type relaxation. The value of b1 for all
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LSP samples was found to be in 0.70–0.82 (±0.03) range,
and b2 was found to be *0.75 ± 0.04.
The results of this investigation show that the formation
of the impurity SnO2 phase during high-temperature calcination severely degrades the ionic conductivity. To achieve
the pure rhombohedral LiSn2(PO4)3 phase with fast Li?
conduction, better strategies in terms of different synthesis
methods, optimized processing parameters, use of sintering
aids, aliovalent doping, etc. need to be adopted.

4.

Conclusions

LiSn2(PO4)3 (LSP) was synthesized using the solid-state
reaction method. Rietveld refinement of XRD data confirmed that the LSP crystallizes in NASICON-type triclinic
 phase when calcined at different temperatures in
ðP1Þ
900–1000°C range. In the temperature range from 1050 to
1250°C, the triclinic phase coexists with rhombohedral. At
1300°C, structure completely forms the rhombohedral
phase with SnO2 impurity. Additionally, SnO2 impurity
content increases with increase in calcination temperature
from 900 to 1300°C. Temperature-dependent XRD results
confirmed that the triclinic to rhombohedral phase transformation occurs gradually and within a range of temperature from 100 to 170°C along with a temperature hysteresis
in phase transformation. Triclinic phase exhibited the
highest conductivity *1.06 9 10–6 Scm–1 at 30°C, and
sample calcined at 1300°C (rhombohedral phase ? impurity
SnO2 phase) has the lowest conductivity *1.12 9 10–8
Scm–1. The observed variation in conductivity of the sample
was attributed to the competing effect of change in the
crystal structure, impurity fraction and extrinsic defects due
to the volatilization of lithium.
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[35] Hernández M A, Masó N and West A R 2016 Appl. Phys.
Lett. 108 152901
[36] Laidler K J 1984 J. Chem. Educ. 61 494

Bull. Mater. Sci.

(2021) 44:177

[37] Norhaniza R, Subban R H Y and Mohamed N S 2010 Adv.
Mater. Res. 129–131 338
[38] Mustaffa N, Adnan S B R S, Sulaiman M and Mohamed N S
2014 Ionics 21 955
[39] Williams G and Watts D C 1970 Trans. Faraday Soc. 66
80

