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The overall conductivity of crystalline lithium ion conductors is generally low due to the large grain boundary resistance.
In order to improve the grain boundary conductivity, NASICON structured Li,, Al Sn, (PO,); has been studied in this paper.
Samples Li, ,Al,,Sn, s(PO,); with the desirable amount of Al, made of a mixture of not-treated powders and treated powders
in various ratios, are prepared to investigate the mixing effect on the grain boundary conductivity. The grains morphology
of samples has changed from spherical shapes to rectangular shapes upon mixing, which indicates a liquid (or glass) phase
formation during sintering. The overall conductivity peaks at 20 % of not-treated powders. The increase in the overall
conductivity is attributed to the increase of grain boundary conductivity, not the grain conductivity. The reason accounting
for the enhancement of the grain boundary conductivity is attributed to a less-resistive grain boundary as indicated by the

grains morphology changes observed.

INTRODUCTION

The standard lithium-ion battery has been the
leading energy storage device since the mid 1990s due
to its high power densities and long cycle life. A source
of the high power density of the Li ion battery is its high
operation voltage (~ 3.8 V), under which, water used
as an electrolyte in most batteries, is decomposed into
hydrogen and oxygen. Thus, flammable liquid organic
electrolytes with a greater toleration to such high voltages
must be used instead to avoid inherent safety issues, such
as explosion. But organic liquid electrolytes still suffer
from the disadvantages of flammability, safety concerns,
leakage, corrosion and miniaturization difficulty.

To solve this safety problem, solid state lithium
ion conductors have been extensively studied in the last
decades for their application in lithium batteries [1-9].
Current researches show that crystalline materials with
a NASICON (Na Superlonic CONductor) structure,
are promising candidates to replace organic liquid elec-
trolytes. System Li, Al Ge, (PO,); (LAGP) [10-11],
Li,., Al Ti, (PO,); [3,4,6,11,12] and Li, Al Zr, (PO,);
[13-14] were investigated by various research groups,
among which LAGP exhibits conductivities in the range
of 10°- 10™ S:cm™ and appears to be the most stable.
Polycrystalline materials, however, generally have low
overall conductivity due to the large grain boundary
resistance, which is normally one order of magnitude
higher than that of the grains. Intensive investigations

have been carried out to reduce the grain boundary
resistance of crystalline materials, thus to improve the
overall conductivity of lithium ion conductors. Methods
to accomplish this improvement include the develop-
ment of a glass-ceramic process and use of sintering
to increase the density. Methods, including adding Si
[12], excessive lithium [15], and etc, have also been
tried by various groups since these second phases were
believed to introduce some space charge layer, adjust
compositions and modify the grain boundary, thus
affect the ionic conductivity. These methods have been
successful in some extent. But these dopants, in essence,
are not ionic conductors, which could limit their effect to
improve the ionic conductivity further.

Since polycrystalline lithium ion conductors are li-
mited by the high grain boundary resistance, doping of
some less crystallized counterpart into the system could
help to introduce some intermediate phases into the
grain boundary region, thus to reduce the grain boundary
resistance. Apart from large grain boundary resistance,
the use of expensive raw material of germanium in
LAGP has prevented them from being of a real practical
interest. Relatively cheap Sn, having the same valence
as Ge*" and even bigger ionic radius which can increase
the space for lithium ions to migrate, makes a possibly
suitable candidate to replace Ge*'. Thus, a series of
Li, Al Sn, (PO,); materials with varied x has been
prepared and efforts have been attempted to improve
the grain boundary conductivity by mixing powders
thermally treated at different temperatures in this study.
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EXPERIMENTAL

A series of Li,, Al Sn, (PO,); (x =0, 0.2, 0.4, 0.6
and 0.8) materials has been prepared by solid state
reaction method in this study. Li,CO; (> 99 %), Al(OH),
=99 %), SnO, (> 99 %) and NH,H,PO, (> 99 %) are
starting materials and purchased from Sigma-Aldrich.
Firstly, starting materials in stoichiometric ratio were
weighed and mixed thoroughly in a pestle mortar for each
composition. Secondly, all the mixtures were calcined
at 700°C for 2 hrs to remove any volatile components
and the resulting mixtures were assigned as not-treated
powders (i.e. less crystallized powders). Thirdly, these
not-treated powders were reground and pressed into
pellets of 15 mm diameter using a press (769YP-24B,
Tianjin Keqi Co. Ltd.) at a pressure of 10MPa, and
then the pellets were sintered in a box furnace (Nanjing
Kejing Co. Ltd.) at 900°C for 2 hrs (The heating/cooling
rate was 3°C-min™") to study the effect of the aluminum
doping.

Once the optimal doping amount of Al has been
acquired, above-mentioned not-treated powders of the
optimal composition were thermally treated at 900°C for
2 hrs at a rate of 3°C'min™ and the resulting powders
were then reground to achieve treated powders of better
sinterability. Then the not-treated powders, in different
weight percentages of 10 %, 20 %, 30 %, 40 % and 50 %,
were mixed with treated powders in a pestle mortar
thoroughly. The mixture of not-treated and treated
powders was pressed into pellets of 15 mm diameter
using the press at a pressure of 10MPa and subsequently
sintered at 800°C for 2 hrs at a heating/cooling rate of
3°C-min™ to study the mixing effect.

All the sintered pellets were polished, painted
with silver paste on both top/bottom sides and heated
at 150°C for 1 h for electrochemical impedance spectra
(EIS) analysis. The EIS measurements were carried
out using a PARSTAT2273 station (Princeton Applied
Research) by applying a stimulus amplitude of 10 mV
over the frequency range of 0.1 Hz — 2 x 10°Hz at room
temperature.

The microstructures were examined by using a field
emission scanning electron microscope (JSM-7800F).
Crystallographic phases analysis was carried out by X-ray
diffraction with a D/max-2500J/pc diffractometer using a
Cu K-radiation source (4 = 0.15418 nm). The density of
the samples was determined by the Archimedes method
using water as the immersion fluid.

RESULTS AND DISCUSSION

The effect of trivalent AI** doping

Trivalent AI** is widely doped to replace tetravalent
ions in NASICON structured lithium ion conductors
like LiGe,(PO,); and LiTi,(PO,), to improve the overall
conductivity for several factors. The crystal structure

of NASICON materials consists of a three-dimensional
rigid framework with MO octahedra and PO, tetrahedra
sharing common corners. Li' ions may occupy two
interstitial positions: M1 sites of six fold coordination
with oxygen atoms and M2 sites of eight fold coordination
with oxygen atoms. Both sites alternate along the channels
forming a three-dimensional conduction network. The
different connectivity makes the relative occupancy of
M1 and M2 sites a key factor to determine the ionic
transport of the NASICON materials. When all the M1
sites are occupied by lithium, all the pathways for long-
range ion motion are blocked by the own ionic carriers.
The appropriate substitution of M*" with trivalent ions
like AI**, Fe*" or Cr** promotes the occupancy of M2
sites, liberating part of the formerly blocked M1 sites
and expanding the ionic conduction pathways, which
improves the ionic conduction eventually. Additionally,
it produces an increase in the carrier (Li") content in
order to compensate the charge difference caused by
the doping of trivalent ions. The enhancement on ionic
conductivity is also attributed to the increase of den-
sity after incorporating of trivalent ions. For the same
reason, aluminum amounts were varied in samples
Li,.,Al,Sn, (PO,); (0 < x < 0.8) to study the effect of
Al doping in this paper. The relationship between total
conductivity and Al doping amounts is shown in Figu-
re 1. It can be seen that the total conductivity achieved
as high as 2.46 x 10°S ecm™ which peaked at x = 0.2. This
conductivity is higher than the value of Cr or Cr and V
substituted LiSn,(PO,),[16-17]. The total conductivities
of Li,, AL,Sn, (PO,); (0 < x < 0.8) decreased with the
Al doping amounts once x exceeded 0.2 and were all
lower than the un-doped sample. Therefore, the optimal
doping amount of Al is determined as 0.2 here for further
investigations.
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Figure 1. Total conductivities of samples Li,. Al,.Sn, (PO,),.

Figure 2 illustrates the SEM micrographs for the
fractured cross-sections of LiSn,(PO,); and Li, ,Al,,Sn, ¢
(PO,);. Itis evident that there was a change in morphology
for un-doped LiSn,(PO,), and doped Li, ,Al,,Sn, ((PO,),.
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For un-doped LiSn,(PO,),, the particles were loosely
gathered, while doped Li,,Al;,Sn,((PO,); exhibited
a very dense and well-packed structure with fewer
pores. The relative density of sample LiSn,(PO,); was
measured as 75 % while the relative density of sample
Li, ,Al;,Sn, 4(PO,); was measured as 80 %. It seems
that the doping of Al helped to increase the density of
the sample, which partially explains the increase of the
conductivity observed as described previously. Another
possible explanation for the enhanced conductivity
could be attributed to an increase in the mobile Li" ion
concentration as a result of charge compensation.

Figure 2. SEM micrographs of the fractured cross-sections of
Li; ALSn, (PO,);.

As shown in Figure 3, X-ray diffraction examina-
tions show that sample Li,. Al Sn, (PO,); without Al
doping has mixed phases of LiSn,(PO,); (49-1175),
SnP,0,(29-1352) and SnO,(41-1445), among which
phase SnP,0, is the main phase instead of LiSn,(PO,);.
While phase LiSn,(PO,), started to dominate in the
sample Li, ,Al,,Sn, (PO,);, with minor traces of SnO,
and SnP,O, impurity. Beyond x = 0.2, some as-yet-
unidentified phases appeared. The conductivity of

Li, Al Sn, (PO,); peaked at x = 0.2 as observed in
Figure 1, which can be partially attributed to the phases
transformation from impurity phases of SnP,0, and
SnO, to a desirable phase LiSn,(PO,);. The decreased
conductivity is possibly attributed to the as-yet-uniden-
tified phases formation as the doping of Al increased
further.
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Figure 3. XRD patterns of Li;, Al,Sn, (PO,); (x=0,x=0.2).

The mixing effect of not-treated
powders and treated powders

The main drawback of polycrystalline lithium ion
conductors is the low grain-boundary conductivity.
Heterogeneous dopants like Si could be detrimental
to the properties of ionic conductors. Therefore
homogenous dopants are introduced in this study as
attempting to improve the ionic conductivity.

As the total conductivity of Li;, Al Sn, (PO,),
maximized at x = 0.2, composition Li,,Al,,Sn, ((PO,),
is the study object in this section for determining the
optimal mixing ratio of not-treated powders and treated
powders. The mixing ratios of not-treated and treated
powders were varied as 10 %, 20 %, 30 %, 40 % and
50 %. The total conductivity was plotted versus the
mixing ratio of not-treated powders, shown in Figure 4.
It was found that the plot of the total conductivity
versus mixing ratio of not-treated powders exhibits
as a parabolic curve. As seen in Figure 4, the total
conductivity of samples increased as the mixing ratio
of not-treated powders up to 20 %, and then it dropped
when the mixing ratio exceeded 20 %. It maximized
at 20 %, which shows that the total conductivity of
Li, ,Aly,Sn, 4(PO,); can be enhanced by mixing a certain
amount of less crystallized powders.
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Figure 4. The total conductivity versus the mixing ratio of not-
treated powders.

SEM photographs of Li,,Al;,Sn,4(PO,); made
of 0 %, 20 % and 40 % of not-treated powders are
shown in Figure 5. It is noticeable that the addition of
not-treated powders made a very big difference on the
morphology of samples Li, ,Al,Sn, 4(PO,);. The sample
made of 0 % not-treated powders presented a relatively
dense structure with well-defined grains in spherical

H Grains
O Grain boundary

Conductivity (S cm™™)

0% 10%
Mixing ratio of calcined powders

20% 30% 40% 50%
Figure 6. Grains and grain boundary conductivity as a function

of mixing ratio.

shape, while for the samples made of 20 - 50 % not-
treated powders, the structure was still dense but the
morphology showed a mixture of rectangular shaped
grains and amorphous regions. The rectangular shapes of
the samples mixed with not-treated powders were very
different from the spherical shape of the samples with
0 % of not-treated powders. Also the grain sizes became
much smaller than those of samples with 0 % of not-
treated powders. Similar observation on morphology
change was observed by Chang et al. [18] when V was
substituted in Li,, Al Ti, P;O,, and by Norhaniza et al.
[17] when Cr and V was doped into LiSn,P;0,,. The
change of the grain morphology strongly reflects a
liquid (or glass) phase formation during sintering [4].
The relative densities of samples made of 0, 20, 40 and
60 % of not-treated powders were measured as 78, 83,
82 and 81 %. The relative density achieved the maximum
at 20 % of not-treated powders.

Besides the grains morphology change, the grains
sizes were reduced greatly when mixed with less crys-
tallized powders. For the sample made of 0 % not-
treated powders, the grain size was in the range of

Figure 5. SEM micrograph of the cross-sections of Li, ,Al,,Sn, 4(PO,); with varied ratios of not-treated powders.
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1 - 2 pm. While for the samples mixed with not-treated
powders, the size for the well-defined grains was less
than 1 pum. The amorphous areas seemed to increase
with the amount of not-treated powders.

To better understand the mixing effect of not-
treated powders and treated powders, the grain
conductivity and grain-boundary conductivity was also
plotted separately as a function of mixing ratio of not-
treated powders and treated powders. It can be seen
from Figure 6 that the grain conductivities of samples
made of mixed powders were all lower compared to
the sample made of 0 % not-treated powders. The
addition of not-treated powders had no positive effects
on improving of the grain conductivity. But the trend of
the grain boundary conductivities told a different story.
The grain-boundary conductivity reached a maximum at
20 %, which indicated an appropriate quantity of not-
treated powders, less than 20 % in this case, can enhance
the grain-boundary conductivity. This indicated that
although the grain conductivity was decreased by the
addition of not-treated powders, the enhancement of the
grain-boundary conductivity outweighed the negative
effect of the addition of not-treated powders on the grain
conductivity.

It is speculated that the role of not-treated powders
was to act as “bridges” to connect all the treated powders
together. These bridges, which helped to form a less-re-
sistive grain boundary by introducing a liquid (or glass)
phase during sintering as evidenced by the grain mor-
phology change described previously, facilitated the
migration of lithium ions in grain boundaries, thereby
resulting in enhanced grain-boundary conductivities.
The lower grain conductivity achieved by mixing
some not-treated powders is thought due to the lower
sinterability of grains originated from those not-treated
powders. As the not-treated powders increased further,
the increase of grain boundary conductivity due to a less
resistive grain boundary was overshadowed by a bigger
portion of grain boundary. Nyquist plot of Li;, Al.Sn,_
(PO,); with varied ratios of not-treated powders is
shown in Figure 7 for reference.
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Figure 7. Nyquist plot of Li,, Al .Sn, (PO,); with varied ratios

of not-treated powders.

CONCLUSIONS

Trivalent AI** has been doped into Li,, Al Sn,
(PO,); systems and the overall conductivity maximized
at x = 0.2. The enhanced conductivity upon doping of
AP was attributed to the increased density, a formation
of desirable phase with minor impurity and an increase
in the mobile Li" ion concentration.

The mixing effect of not-treated powders and
treated powders has been investigated by varying the
mixing ratio of not-treated powders from 0 % to 50 %.
The grains morphology of samples with 0 % not-treated
powders changed from spherical shapes to rectangular
shapes when mixed with not-treated powders, which
indicated a liquid (or glass) phase formation during
sintering. The overall conductivity peaked at 20 % of
not-treated powders. The enhanced overall conductivity
was due to the increase of grain boundary conductivity,
not the grain conductivity. The reason accounting for the
enhanced grain boundary conductivity is attributed to a
less-resistive grain boundary as indicated by the grains
morphology changes observed.
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