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The Impact of Lithium Tungstate on the Densification and
Conductivity of Phosphate Lithium-lon Conductors
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Frank Tietz,® % Michael Wolff,®’ Wolfgang Rheinheimer,” Sven Uhlenbruck,®
Olivier Guillon,™%¢ and Dina Fattakhova-Rohlfing*> > 4

Phosphate lithium-ion conductors are outstanding electrolyte
materials for solid-state lithium batteries. As polycrystalline
ceramics, they must be sintered at high temperatures. Lithium
tungstate Li,WO, (LWO) is reported for the first time as an
effective sintering aid to reduce the sintering temperature for
one of the most common solid-state lithium-ion conductors,
Li; sAlysTi; s(PO,); (LATP). While densification of LATP without
sintering aids requires temperatures of at least 950°C to obtain
a relative density of 90%, here relative densities of 90-95 % are
achieved even at 775°C when 5 wt.% of LWO are added. At

Introduction

Solid-state lithium ion conductors are intensively investigated
as electrolytes for the next generation of lithium ion batteries
(LIB), as they hold a promise to improve energy density,
mechanical stability and safety of LIBs" Among different
classes of solid ionic conductors such as sulfide, polymer and
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800 °C the LATP containing 5-7 wt.% LWO densifies to a relative
density of 97.2%. The ionic conductivity of LWO containing
LATP is generally higher than that of pure LATP sintered at the
same temperature. LATP containing 7 wt.% LWO shows high
ionic conductivity of 4.4x10* S/cm after sintering at 825°C. A
significant reduction in sintering temperature, an increase in
density and in the ionic conductivity of LATP as well as its non-
toxicity render LWO a very promising sintering aid for the
development of LATP-based solid state batteries.

halogenide electrolytes, ceramic oxide and phosphate electro-
lytes attract attention due to their reasonably high conductivity
at room temperature, chemical and electrochemical stability,
scalable synthesis, and simple processing.” The most inves-
tigated solid-state ceramic Li* electrolytes are the garnet
Li,La;Zr,0,, (LLZO) and the NaSICON type systems with the
general formula Li,, ALTi,(PO,); (0<x<0.5) (LATP).'**! The
LATP system offers many advantages such as high ionic
conductivity (1071073 S/cm), high oxidation stability, mechan-
ical strength and low density and thus high specific energy of
the battery cells.”’ Moreover, LATP consists of abundant and
inexpensive constituents and can be produced on a large
scale.®™ The combination of these properties makes LATP
electrolytes technologically and economically attractive, with
some LATP-based solid state battery concepts already being
commercialized.”

In spite of progress achieved in the last years, there are still
persisting challenges that limit the use of LATP in batteries.
Effective ion conduction as well as mechanical strength can
only be achieved when the powder particles are well-sintered
to a high-density microstructure. The consolidation and
densification of LATP generally requires elevated temperatures
of >900°C.* However, due to an anisotropy in thermal
expansion coefficient, the densification and grain growth at
high temperatures and subsequent cooling can result in
mechanical stresses and even cracks which decrease the total
ionic conductivity.” High sintering temperatures can also lead
to severe chemical reactions with active materials on the
cathode side, which may result in a complete failure of the
battery cell and should be avoided.”” Due to these reasons, the
lowering of the processing temperature and the reduction of
sintering time are desirable for the mitigation of processing-
induced reactions at the interfaces between the cathode and
the solid electrolyte.”

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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One of the most common approaches to decrease the
densification temperature of polycrystalline materials is the use
of sintering aids that wet the interfaces between the primary
particles and lead to densification at lower temperatures (so
called transient liquid phase sintering).®” Numerous compounds
including Li,B,0,,% Li;P0," Li,B0,® LiBO," LiF,"" Li,CO,, "
LiBF,"® and Bi,0,""® have been studied as sintering aids for the
densification of LATP and it was demonstrated that a reduction
of the sintering temperature to 800 °C can be achieved. Still, our
knowledge on possible sintering aids is incomplete and needs
to be improved for high-performance LATP-based solid state
battery concepts. Our motivation is to avoid the disadvantages
connected to high sintering temperatures, by lowering the
temperature. The approach chosen here used Li,WO, as
sintering aid.

Lithium tungstate (Li,WO,), a material with a low melting
temperature of 742°C,"™ was investigated in this study as a
sintering aid for a LATP electrolyte for the first time. A detailed
analysis of the densification behavior, evolution of the micro-
structure and impact on the conductivity demonstrates that
lithium tungstate significantly reduces the sintering temper-
ature and yields a very high ionic conductivity.

Results and Discussion

To ensure the compatibility of the obtained results, all experi-
ments described in this work were obtained using the same
batch (500 g) LATP, which was synthesized by SASSR (see
Experimental part for the synthesis details). The elemental
composition according to inductively coupled plasma optical
emission spectroscopy (ICP-OES) matched well to the nominal
composition (Table 1).

According to Rietveld refinements presented later in Fig-
ure 4, the reaction product corresponds mainly to a rhombohe-
dral LATP phase containing 5% of Li,TiPO; and even less Al(PO,)
as impurities.

To investigate the influence of LWO on the sintering
behavior of LATP, the calcined powder was ground in a
planetary ball mill. The LATP powders after ball milling have a
mean particle size of 0.21 pm with a bimodal particle size
distribution with the presence of small particles between
0.1 um and 0.5 um as well as larger agglomerates with sizes
between 1.1 pm and 8 um, which was determined by Laser
diffraction (Figure 1a).

The pellets were sintered at temperatures ranging from
750°C to 900°C for 4.5 h. The strong effect of LWO on the
densification of LATP can already be deduced from the optical

Table 1. ICP-OES analysis of LATP sintered at 900 °C and crushed
(normalized to 3 mol phosphorus per formula unit).

Element’ Atomic ratio Nominal Composition Deviation [%]
Li 1.42 15 53

Al 0.47 0.5 6.0

Ti 157 15 47

P 3.00 3.0
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Figure 1. (a) Particle size distribution of LATP powder after ball milling. The
inset shows a SEM image of the milled particles. (b) Photographs of LATP
pellets containing different amount of Li, WO, (LWO) after sintering at 775 °C
for 4.5 hours.

appearance of the pellets. The diameters visibly decrease with
the increasing amount of LWO up to 7 wt.% (Figure 1b).
Dilatometry analysis recording the shrinkage curves of
pressed pellets is presented in Figure 2. For all pellet composi-
tions, no shrinkage occurs up to 650°C. Shrinkage at the
beginning of the measurement is attributed to mechanical
setting effects of the measurement cell, while the elongation
up to about 600°C relates to the thermal expansion. For the

0 e e ——
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g 0d — 9 wt% LWO
= 300 K/h
2 159 ( )

-20 .
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Figure 2. Shrinkage curves for a heating rate of 300 K/h for three additive

concentrations (relative densities: LATP — 86.2%, 5 wt.% — 81.0%, 9 wt.% -
73.8%).
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pure LATP (0 wt.% LWO), the onset of sintering is observed at
about 760°C and the densification plateau is reached at 985 °C.
The onset of sintering shifts to lower temperatures with
increasing LWO content to 700°C and 672 °C (first shoulder) for
the pellets containing 5 wt.% and 9 wt.%, respectively. For the
pellet with 0wt% LWO, the linear shrinkage by sintering
reaches 25% at 985°C. For 5wt.% LWO, the linear shrinkage
reaches 31 % at 880 °C, after which the shrinkage rate decreases.
A second shoulder is observed at around 800°C associated
most likely with the melting of LWO at 742°C. For 9 wt.% LWO,
the densification curve shows two shoulders as well. The first
part of shrinkage occurs between 672°C and about 750°C,
followed by a second one between 750°C and 940°C, where a
linear shrinkage of about 26 % is reached.

In general, the occurrence of two shoulders in a densifica-
tion curve implies the existence of two different sintering
mechanisms.®”! As LWO melts at 742°C,™ the second shoulder
from 750°C for 9 wt.% LWO is very likely attributed to liquid
phase sintering as detailed later. As the dilatometry is
performed with a heating rate of 300 K/h up to temperatures of
1100°C and no holding time only low relative densities were
achieved. It shows the temperatures at which shrinking
behavior is changing. The relative densities cannot be com-
pared with the results from the sintering studies (Figure 3) with
a holding time of 4.5 h at an elevated temperature.

The strong impact of the LWO on the sintering behavior of
LATP also becomes obvious in the relative density after
sintering for 4.5h (Figure 3). Pure LATP shows only little
densification below 950°C. Sintering does not start before
825°C and the density reaches only 70% at 900 °C. Significant
densification of pure LATP requires temperature of 950°C, but
still does not reach more than 90%. In contrast, the addition of
3 wt.% LWO results in significant densification (80%) already at
800°C and 90% at 825°C. For LWO concentrations of 5 wt.% or
higher, relative densities of around 80-85% are obtained
already at 750°C, and densities of 90-95% are achieved at
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Figure 3. Change of the relative densities with the sintering temperature for
varying amounts of Li, WO, (LWO) additive.
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775°C. This again agrees well with the melting temperature of
LWO at 742°C. At a temperature of 800°C the LATP containing
5-7 wt.% LWO densifies nearly completely to a relative density
of 97.2%, which increases even further to 98.4% for the pellet
containing 9 wt.% LWO.

The relative density for the samples containing 5-7 wt.%
LWO starts to decrease slightly at higher sintering temperatures.
For 9 wt.% the decrease was only observed for 900°C. This
behavior is likely attributed to excessive grain growth along
with formation of micro-cracks during cooling® due to the
high anisotropy of the thermal expansion coefficient."® This
effect is strongest for the largest grain size and, consequently,
the highest sintering temperature.

The relative densities described above agree well with the
microstructure of the pellets analyzed by scanning electron
microscopy (SEM). Thus, for 5wt.% LWO with 80% relative
density (750°C, 4.5h, Figure4a), the SEM images reveal
incomplete sintering with sintering neck formation between
the powder particles. The average pore size is about 0.74 um
(max. 3.5 pm).

The 5wt.% LWO pellet sintered at 800°C to 96% relative
density (Figure 4b) shows a very dense microstructure with few
isolated pores with an average size of 0.59 pm, which are
apparently responsible for the remaining 5% porosity.

However, the SEM analysis also identifies the presence of
isolated particles with the brighter light grey contrast (Fig-
ure 4b, marked with red circles). In a separate analysis with
backscattered electrons detector (BSE, not shown in Figure 4b),
these particles appeared with brighter contrast in comparison
to the matrix. As in BSE imaging a higher average atomic
number results in brighter contrast, these particles are likely
enriched with tungsten. This was confirmed by energy
dispersive X-ray spectroscopy (EDX) (Figure 4d inset).

Similar particles with a brighter contrast than the LATP
phase are observed for the sample sintered at 825 °C However,
here, there are two different types of second phase particles
which are clearly different in contrast and, likely, different in W
concentration (Figure 4c¢, blue and red circles).

For the sample sintered at 900 °C (Figure 4d, 6b), which has
a lower relative density (91%) as compared to the pellet
sintered at 800°C, the second phase particles change their
morphology. Instead of isolated particles, a partially continuous
network is formed along the grain boundaries. The grain size
increases significantly to 10 um.

The EDX analysis of these bright areas (Figure 4d, inset)
indicates a high local W concentration, while the bulk phase
matches well with LATP (Ti, Al, P, and O). The strong growth of
the LATP crystals at 900°C is accompanied by the formation of
micro-cracks (Figure 4d), which is typically attributed to the
anisotropy in thermal expansion of the LATP crystal
structure.>*?

The X-ray diffraction (XRD) analysis (Figure 5) of the pellets
containing 9 wt.% LWO indicates a NaSICON structure of LATP
(ICSD PDF2: 00024 0660:7930) as the major phase after
sintering at 900°C . For the LATP without any LWO, small
amounts of LiTiPOs (ICSD PDF2: 00-044-0083) and Al(PO,) (ICSD
PDF2: 01-072-7638) as impurities were detected for both the

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 4. SEM images (with BSE) detector) of LATP - 5 wt.% LWO pellets sintered at: a) 750 °C, b) 800 °C, with the red circles labelling the W-enriched particles
with the brighter light grey contrast, c) 825 °C with the red and blue circles labelling the two W-enriched phases, and d) 900 °C. An inset in Figure 4d shows
EDX results of an LATP grain (1) and a white area at the grain boundary (2). Ti lines detected in the white domains (point 2) are attributed to the emission of
Ti atoms from neighboring LATP grains due to a large excitation volume of several um® ranging into neighboring areas.

powder and the pellets sintered at temperatures of up to
950°C. After sintering the LWO-containing pellets at 900°C,
AI(PO,) is no longer detectable, but an additional phase appears
in the diffractogram whose relative amount increases with the
increasing concentration of LWO in the initial mixture. Surpris-
ingly, this new phase does not correspond to LWO, but was
identified as WO; (ICSD PDF2: 01-075-2072:31823).

Combining the results of XRD, SEM and EDX analysis, the
dark grey areas in the SEM images showing the presence of Ti,
Al and P can be assigned to LATP. The white areas observed in
the SEM images can be assigned to the WO;, while the light
grey areas could correspond to a low amount of a Li-W-O phase
that is below the sensitivity limit of the XRD analysis (W
containing phase like some Li-enriched tungsten oxide phase).
The presence of WO, (melting at 1473°C) indicates that the Li
ions of LWO diffused into the LATP structure and were
integrated into the material during sintering. It is also possible
that some amount of Li evaporates from the liquid LWO phase
after melting.

As the melting temperature of LWO is reported as 742 °C,™
it can be suggested that the sintering of LATP powder in the
presence of LWO takes place via a liquid phase mechanism.

A detailed discussion of liquid phase sintering is given by
Wang et al."” who have demonstrated that the mass transport
of lithium through the liquid phase by a solution-precipitation
mechanism supports the sintering process. Another process
supporting densification is the redistribution of the liquid by
capillary stresses and solution precipitation.

ChemElectroChem 2022, 9, €202101366 (4 of 9)

Figure 6b shows the microstructure of the W-rich second
phase pockets after sintering. Analogous to the small second
phase particles in Figure 4c, the presence of two different W-
rich phases is observed (as there are bright pockets with two
distinctly different brightness), with one of them being
identified as WO;. Beyond the two W-rich second phases,
lamellae of LATP were formed in the pockets.

The microstructure and phase composition of the second
phase points to a mechanism where liquid LWO is formed
initially. As the temperature is increased during sintering, parts
of the main phase LATP are dissolved in the melt. During
cooling parts of the liquid phase solidify, likely by eutectic
solidification."” This leads to the formation of lamellae and
particles within the molten tungstate, resulting in the structure
shown in Figure 6b, and leaving pockets of melt. As the
temperature decreases further, the remaining liquid solidifies as
well leading to solid WO; and an unknown solid phase. The
suggestion of a liquid phase sintering mechanism in the
presence of LWO is supported by the formation of melt films
wetting the grain boundaries as visible in the SEM images along
a grain boundary (Figure 6b, green circle and Figure 4d). Likely,
the reaction of the molten LWO and the formation of an
eutectic melt result in the second shoulder of the densification
curves observed in Figure 2.

In the sintering temperature range between 825°C and
900 °C the morphology of the second phase changes. At 825 °C,
no lamellae could be observed. At 900°C the pellet containing
5 wt.% LWO showed large areas of W-rich melt (mean diameter
2.3 pm; max 22.3 um) containing large (0.9 um) LATP lamellae
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are likely seeds formed in the melt. These observations indicate
9 wit% that the chemical reaction and subsequent decomposition of
the liquid second phase occurs between 825 °C and 900 °C.
| Ll i) . Note that this temperature range agrees with the second
7 wt% shoulder of the densification curves in Figure 2. Likely the
increase in molten W-rich phases at lower sintering temper-
l = uL_.‘.,l_J_Ll T N S S atures leads to the ability of grain rearrangement by liquid
o Wt% I " phase transport, resulting in higher densities. At the same time,
w l “‘ | o i ln ni L a competing process is grain growth in general resulting in very
3 Wt% large grain sizes and crack formation, which is a common
phenomenon observed in LATP, and reduces the density.”®
> I 5 e N U SN DU ] lonic conductivity as a function of sintering temperature for
‘» 0 wt%: b 14 different LWO concentrations has been determined using
ac) XX N E electrochemical impedance spectroscopy (EIS, Figure 7). The
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Figure 5. X-ray diffraction patterns of LATP-LWO pellets sintered at 900 °C
with different amounts of LWO as indicated. XRD pattern labelled as 9 wt.%
powder not sintered refers to the calcined powder.

as well as some small LATP grains (0.5 pum) (Figure 6b), which
are very different from the morphology of LATP sintered at the
same temperature without LWO addition (Figure 6a). The
lamellae point to eutectic solidification. The small LATP grains,

1Hz. In general, the Nyquist plots (Figure 7 insets) of the
sintered LATP-LWO pellets show one semi-circle at high
frequencies, corresponding to the transport across the grain
boundaries (107" to 107 F)" and a straight line at medium
and low frequencies, associated with the capacitive charging of
the electrodes. For the fitting of the impedance plots a “brick-
wall” model discussed by Irvine etal. was used,"® which
describes polycrystalline ceramics as three-dimensionally ar-
ranged cuboid particles (bricks) separated by grain boundaries.
This is an acceptable simplification for more complex grain
shapes and can be somewhat mitigated by the use of a non-
ideal capacitor, i.e., a constant phase element."® An equivalent
circuit model was used to fit the data (Figure 7a—e) consisting
of constant phase element CPE1 (representing the blocking
electrodes) in series with a parallel circuit of R2 and a constant
phase element CPE2 (representing the grain boundary resist-
ance) and a bulk grain resistance R1. The bulk grain impedance
can be generally resolved as a second semicircle at lower
temperatures, however only the real part of the grain
impedance (R1) can be observed at room temperature. The sum
of R1 and R2 corresponds to the total resistance R, composed
of the bulk and the grain boundary resistance. The total ionic
conductivity is then calculated by the ratio of thickness of the
sample d and product of the total resistance and the area A of
the sample o,,,=d/(R,; X A).For every additive concentration the
processing parameters and the corresponding highest ionic
conductivity is listed in Table 2 as example. The data includes

900°C - 4.5 h - 5wt % LWO

Figure 6. SEM images of the samples sintered at 900 °C: a) pure LATP [BSE] and b and c) LATP with 5 wt% LWO additive [BSE] (green circle: wetting of grain

boundary).
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Figure 7. lonic conductivity and relative density in relation to the sintering temperature of LATP pellets containing a) 0 wt.% b) 3 wt.%, ) 5 wt.%, d) 7 wt.%
and e) 9 wt.% LWO. Insets show the impedance spectrum and the fitting curve for the most conductive sample and the equivalent circuit used). f) lonic
conductivity and relative density related to LWO concentration at 825 °C and lines showing the maximum values achieved for the sample without LWO
sintered at 950 °C (Note: conductivity in all diagrams is plotted in logarithmic scale).

also the measured values used for the calculation of the total
ionic conductivity.

Figure 7 portrays the total ionic conductivity derived from
the resistance values for the different LWO contents in relation
to the sintering temperature. For all samples, the ionic
conductivity increases significantly with the sintering temper-
ature (up to an optimum temperature value discussed above)
and is proportional to the increase in the relative density.

ChemElectroChem 2022, 9, 202101366 (6 of 9)

The ionic conductivity of LWO-containing pellets is gener-
ally higher than that of pure LATP sintered at the same
temperature. For the sintering temperature of 825°C, at which
pure LATP does not sinter and shows a very low ionic
conductivity of 3.7x107°S/cm, the pellets containing 3 to
7 wt% LWO show high ionic conductivity of 1.7x10*-4.4x
10~* S/cm. However, for the sample containing 9 wt.% LWO the
ionic conductivity is rather low (5.8x107°S/cm) in spite of a

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 2. Fitting parameters R2 and CPE2 (CPE-T: Amplitude; CPE-P: degree
of deviation from ideal case) in relation to the LWO concentration and the
sintering temperature.

LWO Temperature  R1 R2 CPE2-T CPE2-P Oy

[wt%] [°C] Q] [Q] [mS/cm]
950 56 203 572x107° 093 0.35

3 900 45 435 165107  0.67 0.24

5 800 64 242 2.58x107°  0.81 0.41

7 825 59 138  853x10° 093 0.44

9 875 57 1059  7.12x10°%  0.71 0.13

high relative density (98.4%) (Figure 7f). A possible explanation
for the lower values is the presence of highly resistive grain
boundaries due to a wetting layer of WO; as observed in the
SEM images.

The highest total ionic conductivities were obtained for the
samples with the additive concentration of 5 wt.% sintered at
800°C, reaching a value of 4.1x10*S/cm, and for the 7 wt.%
LWO sintered at 825 °C reaching the conductivity of 4.4x10*S/
cm, both with relative densities of 96 %. The conductivity of the
samples containing 7 wt.% and sintered at 825°C (4.4x107*S/
cm) is higher than the value 3.5x107*S/cm (88%), which
however was achieved for the reference pellets sintered at a
much higher sintering temperature of 950°C. The sintering
temperature was decreased by 150 K compared to pure LATP.

This study shows the effect of two competing factors on the
ionic conductivity: The relative density and resistive WO; films.
The relative densities can be significantly improved with the
addition of LWO. A viable density (>90%) is reached at a
lowered sintering temperature of 775°C for 5, 7 and 9 wt.%
LWO. The highest relative density is reached for 9 wt.% LWO
sintered at 875°C, but the ionic conductivity for this sample
was recorded with 1.3x107*S/cm. The whole data set for
9wt.% shows low ionic conductivities, while the relative

densities are high. Therefore, there is a competing factor that
hinders ionic conduction in these highly dense samples. WO,
films were identified at the grain boundaries by XRD and SEM
and it is argued that these layers are introducing additional
resistance in the samples. As the amount of WO, at the grain
boundaries increases with a higher LWO addition it can be
argued that with 7 wt.% a threshold is reached. For higher
additive concentrations the contribution from the resistive films
begins to dominate.

It should be mentioned that the quality of LATP powder
critically depends on the synthesis and processing conditions
and that the batch of LATP powder used in this work did not
reach the highest conductivity mainly due to the presence of
LiTiPOs impurities in the microstructure, which were present
after sintering for all of the samples. It can therefore be
expected that even higher conductivity values may be obtained
with the LWO sintering aid for LATP powders with higher phase
purity and optimized powder morphology.

Table 3 gives an overview of conductivity values reported in
the literature achieved for different LATP materials with differ-
ent sintering aids together with the values obtained in this
work. The comparison of conductivity values for different
polycrystalline materials is generally difficult, as the total
conductivity depends on the bulk ionic conductivity (upper
conductivity limit) of LATP phase as well as the grain size
distribution and shape, which differ for different materials and
whose impact cannot be compared systematically. In general,
Table 3 shows that the sintering temperature is significantly
decreased to temperatures as low as 800 °C with the addition of
LWO and the ionic conductivity for such a low sintering
temperature is exceeding many results from other studies. The
table contains a few examples with higher conductivity values:
(i) GeO,,*" which was, however, sintered at a much higher
temperature (950°C). The cost of Ge is an aspect that renders
the use of GeO, very improbable; (ii) Bi,O," was used in

Table 3. lonic conductivity of published LATP ceramic materials with the used sintering aid, the recorded sintering conditions, density and obtained ionic
conductivities.
LATP composition Sintering aid lonic conductivity Sintering conditions Density Ref.
S/cm %
Li; 5Alo3Tiy (PO,); - 3.8x10°* 1080°C, 1 h 89.8 [9b]
Li; 3Alo3Ti; 7(PO,); Li;BO; (15 mol%) 9.8x107° 740°C, 1 h 92.4 [9b]
Li; 5Alg5Ti; ,(PO,)5 Li;PO, (15 mol%) 29x10™* 820°C,1h 92.7 [9b]
Li; 3Alo3Ti; 7(PO,)s Li,CO; (15 mol%) 3.8x107* 840°C, 1h 95.5 [9b]
Li; sAlosTiy 5s(PO,); - 29x107* 900°C, 5 h 92.5 [2b]
Li, sAlysTi; s(PO,)5 Li,B,O;, (0.5 wt.%) 58x107* 900°C, 5 h 92 [2b]
Li1 sAlsTiy s(PO,); - 6.9%x107* 880°C,5h 95 [19]
Li; 3Alo5Ti; 7(POL)3 - 7x107* 980-1000°C, 2 h 95.9 [3]
Li; 4Alo 4Geg, Tiy 4(POL); - 1,2x1073 900°C, 14 h 953 [20]
Li; 4Alo 4Ti; 6(PO,); GeO, (3 wt.%) 1.15x1073 950°C, 7 h 933 [21]
Li; 5Alg5Ti; ,(PO,)5 LiBO, (1 wt.%) 3.5x10™* 800°C,2h 97.1 [10]
Li; 3Alo3Ti; 7(PO,)s LiBF, (3 wt.%) 85x107* 800°C, 6 h 98.2 [12]
Liy 4Alo4Ti; 6(POL)3 - 1.83x107* 900°C, 6 h 97 [22]
Li, sAlysGe, 5(PO,); B,0; (0.05 wt.%) 6.9%x107* 825°C, 5 h (recryst.) [23]
Li; 5Alg5Ti; ,(PO,)5 LiF (0.1 n) 1.1x107* 800°C 94.2 [11]
Li; 4Alo4Ti; 6(PO,); Bi,O; (1 wt.%) 9.4x10™* 850°C [13]
Liz 3Alo3Ti1(PO,); WO, (5 wt.%) 549x10°* 950°C, 4 h [24]
Li1_3A|o‘3Ti1_7(PO4)3 - 1.15x107* 950°C, 12 h (recryst.) [25]
Liy sAlosTi1 5(PO,); - 3.5x107* 950°C, 4.5 h 88 This work
Li; sAlosTi; 5(POy); Li,WO, (5 wt.%) 41x107" 800°C, 45 h 96 This work
Li; sAlosTi; 5(PO,)5 Li,WO, (7 wt.%) 44%x107* 825°C,4.5h 96 This work
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combination with 25 K higher sintering temperatures (850 °C);
LiBF,'? delivered high ionic conductivity at the same sintering
temperature, however, the composition of the original LATP
powder was different to the LATP material used in this work.

Overall, the sintering aid LWO offers the potential of
reduced sintering temperatures while maintaining the high
conductivity of LATP. For the processing of solid-state batteries,
this decrease in sintering temperature might limit the decom-
position of cathode active materials and the amount of
chemical reactions at the interface between cathode and
electrolyte.

Conclusion

An approach to lower the sintering temperature of LATP is the
use of a sintering aid. In this work LWO was used for the first
time as a sintering aid for the densification of Li, sAlysTi; 5(PO,);.
It enables sintering the material at 800°C to sufficiently high
density while at the same time maintaining the high total ionic
conductivity. With the addition of LWO the microstructure was
improved even for temperatures as low as 800°C showing less
pores leading to a better contact between the grains. This
coincided with an increase in relative density from 61% for the
LATP sample to 96 % for LATP mixed with 5 wt.% of LWO. Even
higher relative densities for samples with 9 wt.% LWO lead to
significantly reduced ionic conduction due to the formation of
highly resistive WO; films at the grain boundaries. The relative
densities decreased when the sintering temperatures exceeded
825°C due to excessive grain growth and microcrack formation.
An addition of 7 wt% of LWO was most successful for the
densification (96%, 825°C) as well as for the conductivity (4.4
x 107* S/cm). Significant reduction in sintering temperature and
at the same time increase in the ionic conductivity of LATP
achieved with only a small weight fraction of LWO render LWO
a very promising sintering aid for the development of LATP-
based solid-state batteries.

Experimental Section

The synthesis of Li, sAlysTi; 5(PO,); is based on a solution-assisted
solid-state reaction (SASSR) as described elsewhere.” Typically, a
stoichiometric amount (211.13 g) of lithium dihydrogen phosphate
LiH,PO, (97 %, Alfa Aesar, A16987) was dissolved under continuous
stirring in water (3 L) at room temperature followed by the addition
of an aqueous solution of aluminum acetate (816.72 g, Alfa Aesar
A11620). The Al content was determined via gravimetric analysis
resulting in a concentration of 4.1 wt.% based on two measure-
ments. Afterwards, 133 ml of phosphoric acid H;PO, (85%, BASF,
50488884) was added resulting in a mixture with a pH value of 2. In
the final step, 571.49 g of titanium(IV) isopropoxide Ti[OCH(CH,),l,
(97 %, Acros, 194700010) was added resulting in a white precipitate.
The suspension was stirred for 4h at room temperature. The
temperature was monitored and kept below 40°C. The reaction
mixture was dried at 80°C for 48 h. The retained solid white
agglomerates were placed in an Al,O; crucible and heated to 600 °C
for 5 h with a heating and cooling rate of 180 K/h. After calcination,
the powder was crushed in a mortar and further milled by a
planetary ball mill (Fritsch Pulverisette 7, 500 rpm) for 3 h using

ChemElectroChem 2022, 9, 202101366 (8 of 9)

10 mm zirconia balls. After milling, the mixture including the balls
was put in a bottle with ethanol and placed on a roller bench for
12 h. Li,WO, (99%, Alfa Aesar, 43366) was milled in the same
manner. The milled and dried LATP was combined with 3, 5, 7, and
9 wt.% of milled Li,WO, (LWO), dispersed in ethanol, and mixed on
the roller bench using 10 mm zirconia balls (12 h). Subsequently,
the powder mixture was dried and sieved (100 um).

The stoichiometry of the powders and crushed sintered pellets was
determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES). The powders were characterized by laser
diffraction (Horiba LA 950 V2) to gain information on the particle
size distribution. The measurement was conducted in ethanol and
the suspension was ultrasonicated to break up agglomerates. X-ray
diffraction (XRD) patterns were recorded using a Bruker D4 X ray
diffractometer.

The powders, mixed with a few drops of glycerine to facilitate the
pressing procedure (4 drops/1g), were pressed to pellets in a
13 mm die at a pressure of 75 MPa. The relative geometric green
density was 55%. The samples were sintered in Al,O; crucibles in a
muffle furnace at temperatures between 750°C and 900°C for
4.5 hours. The heating rate was 60 K/h to 500°C and 300 K/h to the
sintering temperature. The cooling rate was 60 K/h. The height,
diameter and weight of the pellets were recorded to calculate their
density. To evaluate the sintering behavior, the dilatometric
shrinkage was determined for pressed pellets without glycerine
having a diameter of 8 mm and height of 1.8 mm (DIL 402C,
Netzsch). A constant heating rate of 300 K/h was applied to a final
temperature of 1100 °C.

Cross-sections were prepared for scanning electron microscopy
(SEM) by embedding the samples in EpoFix® resin and subsequent
grinding and polishing with water free media. The samples were
sputter-coated with platinum. SEM images were acquired with a
Zeiss Ultra 55 SEM scanning electron microscope at 8 kV. Energy-
dispersive X ray (EDX) analysis was conducted at an operating
voltage of 10 kV using a X-Max EDX detector with 80 mm? detector
area (Oxford Instruments) and Inca acquisition software.

For conductivity measurements, the surface of the pellets was
polished with grinding paper (starting at 800 up to 4000) followed
by the application of gold electrodes (blocking electrodes) by
sputtering. These samples were fixed in EL cells® in an Ar filled
glovebox. Impedance spectra were recorded at room temperature
in the range from 7 MHz to 1 Hz (VMP 300; Biologic SAS) and fitted
with Z view software (Scribner Associates Inc.).
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