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A B S T R A C T

The solid electrolyte, Li3PO4 has been prepared by a wet chemical reaction. The crystal structure of Li3PO4 was
measured at room temperature by a high resolution powder diffraction (HRPD) at the Neutron Scattering Lab-
oratory, National Nuclear Energy Agency (BATAN), Indonesia. Another series of neutron data at 3 K and 300 K
were measured by an ECHIDNA at Australian Center for Neutron Scattering, ANSTO, Australia. Based on how
neutron and X-rays interact with matter, it is also important to perform the x-ray diffraction on Li3PO4. The
purpose is to understand the insight crystal structure of Li3PO4 from two different methods. Both refinement
results showed that crystal structure belong to the β-Li3PO4 with orthorhombic phase P m n 21 (31), with the
lattice parameters are a¼ 6.1168Å, b¼ 5.2498Å, c¼ 4.8723Å. Fourier method employed to reveal the main
difference between neutron and X-rays sources. It is clearly shown that Li atom is visible to neutron. The negative
scattering length of Li (�1.90) gave a negative intensity in the neutron Fourier map. In contrast to neutron, X-Ray
interacts with electron gave a positive intensity but the heavy atom P dominates the intensity due to its high
number of electron. The neutron can provide more detail in the structure information. By comparing the 300 K
data with data 3 K, the Li-ions diffusion can be observed from the neutron Fourier maps, and the Li-ions elon-
gation pathway can be seen from the 3-D structure model. It can be concluded here that neutron is an indis-
pensable tool to observe the lithium ion battery materials.
1. Introduction

Research on solid electrolytes as a battery component has been
rapidly growing due to the increasing demands of portable electronic
devices and safety issue [1]. Generally, the solid electrolyte exhibits high
ionic conductivity at ambient temperature, so that it can be used to
replace the existing liquid electrolyte [2,3]. Silver phosphate glasses, for
example AgI–AgPO3 and Ag2S–AgPO3 have several advantages compared
with other poly-crystals and ceramic solid electrolytes. Although, AgI-
–AgPO3 exhibits high ionic conductivity of ~10�3 S/cm, but the poten-
tial difference between Ag and I is only 0.67 V [4–7]. Recently, the
researchers have been focusing on the study of the simplest ionically
conducting phosphate glasses belong to the family xM2Oþ(l-x)P2O5
where M is an alkali, primarily on the high-alkali glasses such as Lithium
[8,9]. Kartini et al., followed this study by performing a thorough study
of the xLi2OþyP2O5 series and of the ternary series Li2OþP2O5þLiI [10].
ovember 2017; Accepted 27 Novemb
The ionic conductivity of LiPO3 is ~10�8 S/cm, and it increases to
10�6 S/cm for (LiI)0.3(LiPO3)0.7 [10]. The LiI–LiPO3 serves as an ideal
model for examination of the ion dynamics and the transport phenomena
in superionic conducting glasses [11–13].

Furthermore, the Li3PO4 has been proved to be a good candidate for
solid electrolyte, due to its easy in preparation, low cost, high melting
temperature and good compatibility with the electrode materials. These
materials are technologically important for solid electrochemical devices
such as batteries, fuel cells and sensors. Solid electrolytes with the Li3PO4
–type structures can also be model objects for studying the effect of
various factors on ionic conductivity. Mechanisms of Liþ diffusion in
crystalline γ - and β- Li3PO4 electrolytes from first principles was studied
by Du and Holzwarth [14]. Dabas et al., studied the crystallization ki-
netics, structural and conduction characteristics on Lithium rich phos-
phate glass [15]. Raman spectroscopic study of phase transitions in
Li3PO4 was done by Popovic et al. [16]. Recently Ayu et al., studied the
er 2017
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Fig. 1. High resolution powder diffractometer ((DN3)) installed at the
Neutron Scattering Laboratory, National Nuclear Energy Agency
(BATAN) Indonesia.
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crystal structure of Li3PO4 by X-ray diffraction [17].
However, there are no comparative studies on Li3PO4 solid electrolyte

by using both neutron scattering and x-ray diffraction. Neutron scattering
is a very important technique to investigate crystal structure of electrode
and electrolyte materials. The unique properties of neutrons, which allow
detection of light elements such as lithium ions, are indispensable. The
utilization of neutron scattering facilities at BATAN will provide signif-
icant contributions to the development of improved lithium ion battery
technologies [18]. Due to this reason, the crystal structure of Li3PO4 was
measured by a high resolution neutron diffraction in order to explore the
potential of using neutron in study of lithium ion battery materials. The
main purpose of this study was to investigate the crystal structure of
Li3PO4 prepared by wet chemical reaction measured by both x-ray and
neutron diffractions. Furthermore, in order to investigate the lithium ion
diffusion in Li3PO4, two sets neutron data at 300 K and 3 K were
measured by an ECHINDA at ACNS, ANSTO Australia.

2. Experiment

2.1. Sample preparation of Li3PO4

In this study, Li3PO4 has been prepared by wet chemical reaction. The
appropriate amounts of lithium hydroxide, LiOH (Aldrich, 99.99%) and
phosphate acid, H3PO4 (local material, waste product) with the molar
ratio 3:1 were mixed at room temperature. It was mixed on the magnetic
stirrer to obtain a homogenous solution. The molten mixture was then
filtered and dried at100 �C, to remove the water. The result of this pro-
cess produced white powders. Detail preparation has been described
elsewhere [19]. The sample preparation was conducted at the Integrated
Battery Laboratory of the Advanced Materials Division, National Nuclear
Energy Agency (BATAN), Indonesia.

2.2. X-ray diffraction experiment on Li3PO4

The crystal structures of Li3PO4 powders prepared by wet chemical
reaction were measured at room temperature by PANalytical Empyrean
diffractometer equipped with PIXcel 1D detector that located at the
Advanced Materials Division, National Nuclear Energy Agency (BATAN)
Indonesia. The data were collected using copper Kα (Cu Kα) radiation
which operated at 45 kV and 40mA, scan range from 10� to 80� [2θ], step
scan of 0.02� [2θ] and time per step of 27 [s].

2.3. Neutron diffraction experiment on Li3PO4 at BATAN

The neutron diffraction experiment was conducted by a high resolu-
tion powder diffractometer ((DN3)) installed at the Neutron Scattering
Laboratory, BATAN, Indonesia, as shown in Fig. 1. About 10 grs of white
Li3PO4 powders was loaded into a 12mm diameter Aluminum can. The
sample was put on the holder centered to the neutron beam coming from
the reactor. A hot-pressed Ge (331) monochromator was used with an
89� take-off angle yielding a wavelength of 1.8223 Å. Patterns were
collected at ambient temperature over the 2θ range of 10–150� with a
step size of 0.05�. Detail experiment on HRPD has been described else-
where [20].

2.4. Neutron diffraction experiment on Li3PO4 at ANSTO

Neutron diffraction data were subsequently collected on the high-
resolution powder diffractometer Echidna at OPAL reactor, the Austra-
lian Centre for Neutron Scattering, Australian Nuclear Science and
Technology Organization (ANSTO), NSW-Australia. The angular region
10<2θ/�<147.5 was scanned in steps of 0.05� at temperatures of 300
and 3 K using neutron wavelengths of 1.6215(5) and 2.4395(5) Å,
respectively. Data analysis was again performed using the Rietveld
method. Detail experiment has been described elsewhere [21].
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3. Result and discussions

The main purpose of this study was to investigate the crystal structure
of Li3PO4 prepared by wet chemical reaction measured by both x-ray and
neutron diffractions. A comparison between both patterns is shown in
Fig. 2 [5]. The wavelength for x-ray diffraction is λx ~1.54Å (from CuKα
target) and for neutron λn~1.82 Å (from Ge (331) monochromator). It is
clearly seen that the information provided by both patterns were totally
different. Due to its high intensity at lower angle, x-ray data showed a
better purpose for unit-cell indexing but x-ray decays with increasing
scattering angle due to the effect of the x-ray scattering factor, in contrast
to the neutron data where the peaks are still intense at high scattering
angle provides better structural information. A distinct different with
both patterns came from the way of radiation source interact with the
matter; where x-rays interact with electron while neutron interact with
nucleus.

In order to analyze the crystal structure of Li3PO4 prepared by wet
chemical reaction, both data were fitted with Rietveld method used
General Structure Analysis Software (GSAS) with the same Crystallo-
graphic Information File (.CIF) from PANalytical - Inorganic Crystal
Structure Data (PAN-ICSD). Diffraction patterns of both neutron and x-
ray are shown in Fig. 2(a) and (b), respectively.

Table 1 shows a quantitative analysis of both patterns. Apparently
both techniques has similar results, confirmed that the sample consist a
single phase of Li3PO4. Both refinement results showed that crystal
structure belongs to the β-Li3PO4 with orthorhombic phase Pmn21. The
additional combined refinement was employed to get the advantages of
both techniques [22].

The crystallite size was determined by Whole Powder Pattern
Modeling (WPPM) method that implemented in PM2K software [23].
NIST-SRM 640d (Si-disk) is used to subtract the instrumental broadening
contribution. Fig. 3 shows the result from PM2K refinement. The mean
crystallite size of Li3PO4 prepared by wet chemical reaction is 18.6 nm,
which is smaller than solid state reaction results as confirmed by Ayu
et al. [17].

As described in previous work, Li3PO4 is dimorphic, with two
different crystal structures of β and γ Li3PO4, as shown in Fig. 4. The low
temperature, (γ polymorph has an ordered wurtzite structure) in which
lithium and phosphorus are ordered over one set of tetrahedral sites in an
approximately hexagonal close packed oxide array. The high tempera-
ture, β polymorph has a closely related structure with tetrahedrally co-
ordinated cations. According to Popovic, the β to γ transition occurred
above 580 �C [16]. The transformation β-γ Li3PO4 involves half of the
cations, both lithium and phosphorus, in a filled to empty tetrahedron
jump. Strong P-O bondsmust, therefore, break and reform in this process.



Fig. 2. Diffractograms of Li3PO4 from a) Neutron and b) X-Ray measured at room temperature.
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At the same time, oxide ions undergo small shuffles to accomplish the
h-c-p to t-p transformation. The transformation β-γ Li3PO4 appears to be
continued since crystals of β retained their optical continuity and quality
on transformation to γ [24].

Since the wet chemical reaction occurred at a relatively low tem-
perature, must be only lower temperature phase that matched to this
crystal structure. The results showed that these lattice parameter values
were close to the lattice parameters of β-Li3PO4 phase, obtained by
Holzwarth in previous research [25]. Therefore, Li3PO4 prepared by wet
chemical reaction belongs to β-Li3PO4 phase as shown in Fig. 4 (a). The
low temperature phase of Li3PO4 was formed due to low temperature
condition of the wet chemical reaction [23,26,27]. Keffer et al.,
confirmed that solid-state reactions or crystallization from the melt at
temperatures above the transition temperature are known to produce the
high-temperature form, while precipitation from an aqueous solution at
or near room temperature results in the low-temperature form [28].
Fig. 3. Crystallite size distribution of Li3PO4.
3.1. Fourier analysis

In the earlier section, it has been clearly shown that both neutron and
x-ray data provided typical single phase low temperature β-Li3PO4 with
very small discrepancy due to nature and refinement process. However,
in further detail analysis the neutron will show the insight of the β-Li3PO4
structure, based on how neutron and x-rays interact with matter. Table 2
shows a value for the neutron scattering lengths of Li, O and P together
with their atomic number to allow a simple comparison with the x-ray
case. A direct comparison can be made by multiplying f (0�) value by the
classical electron radius, re, equal to 2.818 fm. However, x-ray scattering
lengths are rarely used in practice since the proportionality constant re is
Table 1
Rietveld refinement result.

Neutron X-Ray Combined

Formula/Unit Crystal Li3PO4 Li3PO4 Li3PO4

Space Group (No.) Pmn21 (31) Pmn21 (31) Pmn21 (31)
Calculate Density (g/cm3) 2.56 2.59 2.44
Weight Fraction (%) 100 100 100
Lattice Parameters: a (Å) 6.1168(7) 6.1238(9) 6.1314(5)

b (Å) 5.2498(6) 5.2502(2) 5.2567(5)
c (Å) 4.8723(2) 4.8763(1) 4.8833(3)
alpha (�) 90 90 90
beta (�) 90 90 90
gamma (�) 90 90 90

WRp 17.08 5.15 6.45
Rp 13.22 3.91 4.40
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ignored for most practical purposes.
Therefore, Fourier method was employed to reveal the main differ-

ence between neutron and x-rays sources. The 001 plane was taken as 2D-
slice from its 3D-structure as shown in Fig. 5 (a) and (b), respectively.

Fourier maps taken from 2D-slice of 001 plane of β-Li3PO4 crystal
structure represented neutron and x-ray are shown in Fig. 6(a) and (b),
respectively. It is clearly shown on Fig. 6(a) that Li atom is visible to
neutron but not to x-ray Fig. 6 (b). As listed in Table 2, the negative
scattering length of Li (�1.90) gave a negative intensity in the neutron
Fourier map, while the others two atoms O and P have a positive scat-
tering lengths b of 5.803 fm and 5.130 fm, respectively. In contrast to
neutron, x-ray interacts with electron gave a positive intensity but the
heavy atom P dominates the intensity due to its high number of electron.
In this case, the atomic number Z of Li, O and P are increasing from 3, 8 to
15, respectively. This shows a distinct different of both Fourier maps
coming from the way of radiation source interact with the sample, where
x-rays interact with electron and neutrons interact with nucleus. Fig. 7(a)
and (b) show the 3-D Fourier maps of Li3PO4 from neutron and x-ray,
respectively. It is clearly seen in the 3-D Fourier maps that the interaction
of neutrons with the Li atoms only depend on the scattering lengths,
hence negative 1.9 fm.



Fig. 4. The crystal structure of (a) β- Li3PO4 belongs to the orthorhombic phase P m n 21 (31) and (b) γ Li3PO4 belongs to the orthorhombic phase P n m a
(62) [25].

Table 2
Neutron scattering length and x-ray scattering factor of Li, O and P.

Element Neutron Scattering Length, b
(fm)

X-Rays Atomic scattering factor, f (0�)
Z

Li �1.900 3
O 5.803 8
P 5.130 15
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3.2. Li-ions diffusion path

As explained earlier that the neutron can provide more detail in the
structure information. Furthermore, neutron can observe the Li-ion
diffusion from its thermal vibration [20]. For this purpose, the Li3PO4
identical sample has been measured by ECHIDNA high-resolution pow-
der diffractometer at OPAL reactor, ANSTO, Australia [21]. The data
ware collected at various temperatures, but in this research only 3 K and
300 K were analyzed as shown in Fig. 8(a) and (b). The Rietveld refine-
ment results in Fig. 8 show a good agreement between the data and the
model with wRp less than 1.2% and Rp less than 0.9% for both
temperatures.

As earlier described, the Fourier maps of neutron data will provide
Fig. 5. a) Li3PO4 crystal Structu
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more information about the experimental results. Fig. 9 (a) and (b) show
the Fourier maps of neutron data at 3 K and 300 K, respectively. Fig. 9
shows a lithium anisotropic displacement view from a*, b-axis horizontal
and c-axis vertical. It is clearly observed the position of Li-ions pointing
by yellow arrows at both temperatures. By detail inspection, as the
temperature increases, the displacement (yellow arrows) along b-axis
and c-axis increases. The Li-ion diffusions was due to the thermal vi-
bration from 3 K to 300 K.

In Li3PO4 crystal structures, there are two crystal-graphically ineq-
uivalent Li sites denote as Li1 (trigonal bi-pyramidal) and Li2 (tetrahe-
dral). The anisotropic thermal vibration from Rietveld refinement further
showed that there are two possible directions for lithium to diffuse; along
the c-axis (Fig. 10) and the b-axis (Fig. 11). The results are in good
agreement with the result from first principle approximation using den-
sity approximation (LDA) by Yaojun A. Du and N. A. W. Holzwarth [14].
They reported that the migration barriers for vacancy diffusion via
direct-hop mechanism to be 0.55, 0.71 and 0.72 eV along the b-axis
(Li2-Li1-Li2), c-axis (Li2-Li1-Li2) and a-axis (Li1-Li1-Li1) respectively.
The elongation of Li-ions diffusion along their pathways has also been
described on the cathode material LiFePO4 by Nishimura et al., [29] and
M. Saiful Islam, et al. [30].
re b) 2D-slice of 001 plane.



Fig. 6. (a) Neutron and (b) X-Ray Fourier 2D contour maps of Li3PO4.

Fig. 7. (a) Neutron and (b) X-Ray Fourier 3D surface maps of Li3PO4.

Fig. 8. Neutron diffraction data of Li3PO4 at (a) 3 K and (b) 300 K.
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Fig. 9. Neutron Fobs map of Li3PO4 at (a) 3 K and (b) 300 K.

Fig. 10. Anisotropic lithium vibration
(green thermal ellipsoid) and the expected
diffusion path (red dash line) in Li3PO4 at
300 K along c-axis. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 11. Anisotropic lithium vibration
(green thermal ellipsoid) and the expected
diffusion path (red dash line) in Li3PO4 at
300 K along b-axis. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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4. Conclusion

It is important to study solid electrolyte Li3PO4 for improving the
safety of lithium ion battery. The wet chemical synthesis is successful
method on producing a high quality single phase Li3PO4 with a well
characterized size distribution. It has been shown, how important the
neutrons diffraction for observing the Li-ions in lithium ion battery
components. The main different, neutron Fourier map shows the existing
of lithium ion much stronger compared with X-ray Map (Fobs). This is
due to the neutrons see the scattering length rather than atomic number.
Therefore, light atom such Li-ion is clearly observed. Due to the inter-
action with nucleus, neutron diffraction provides more detail in the
structure information such as occupancy, atomic and thermal displace-
ment. Combined refinement between x-ray and neutron gave stronger
restriction in structural model such as small perturbation in lattice dy-
namics, occupancies, positions and temperature factors. Furthermore, by
comparing neutron data measured at very low temperature 3 K and at
300 K, the lithium ion diffusions are indicated and the elongation di-
rection in clearly observed. The neutron scattering is indispensable tool
for study lithium ion battery.
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