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Survey of Zirconium-Containing NaSICON-type Solid-State
Li* lon Conductors with the Aim of Increasing Reduction
Stability by Partial Cation Substitution

Asmaa Loutati,*™" 9 Philipp Odenwald,”“ Burak Aktekin,™ Joachim Sann,™
Olivier Guillon,™ "¢ Frank Tietz,**® and Dina Fattakhova-Rohlfing® > ¢

Various compositions of the series Li, . M*",Zr,_(PO,); where
M3t =AP*, S, Y** were prepared by solution-assisted solid-
state reaction, since they could have a higher reduction stability
as solid electrolytes in lithium batteries than in germanium- or
titanium-containing materials. The influence of substitution on
crystallographic parameters, density, and ionic conductivity
were investigated. The cation substitution of M** (M=Al, Sc, Y)
for Zr*" in LiZr,(PO,); stabilizes the rhombohedral NaSICON
structure (space group R3c) at room temperature and increases
the ionic conductivity significantly. Here, at 25°C and with a
consistent relative density of 94%-96%, an ionic conductivity
of 27%10°Scm™', 6.7x10°Scm™', and 3.6x10°°Scm™' was
achieved  with  the  compositions Li; 5SCy5Zr, 5(PO,);,
Li;5Yg,Zr, 5(PO,)5, and Li; ,Aly,Zr, 4(PO,);, respectively In compar-
ison with Li; ,,Sc,Zr,_(PO,);, the Y** substitution in LiZr,(PO,);
enhanced the ionic conductivity slightly and denoted the

Introduction

Li-containing NaSICON materials are currently receiving a great
deal of attention as solid-state electrolytes in electrochemical
energy storage systems due to their high ionic conductivity
and high chemical stability in air™? Within this class of
materials, the lithium aluminum germanium phosphates Li,
LAlLGe,_,(PO,); and lithium aluminum titanium phosphates Li,
LALT, (PO,); are the solid-state Li-ion conductors with the
highest ionic conductivity at room temperature.”’ Aono et al.”
studied the electrical properties of the materials Li,,
MTi, ,P;O,, (M=AI, Cr, Ga, Fe, In, La, Sc and Y), recording a
maximum total ionic conductivity of 7x10™*Scm™ at room

maximum Li* ionic conductivity obtained at room temperature.
However, substitution with AP* decreased the ionic conductiv-
ity. For the first time, this work provides a complete overview of
three series of solid Li-ion conductors in the Li,0-M,05-ZrO,-
P,O; system where M=Al, Sc, Y. Noticeable differences in the
chemistry of resulting compounds were observed, which likely
depend on the ionic radius of the cations being substituted.
The series with Sc showed complete miscibility from x=0 to
x=2 with a continuous change of the NaSICON polymorphs.
The series with Y showed a solubility limit at about x=0.3 and
higher substitution levels led to the increasing formation of
YPO,. The series with Al exhibited continuously decreasing ionic
conductivity until x=1, whereupon the investigation was
terminated due to its very low conductivity of about
107°Scm™.

temperature  (RT) for  Li;3Aly3Ti; P304, Similarly,  Li,
LAlGe,_,P;0,, materials exhibit very high ionic conductivity at
room temperature (RT) within a wide stoichiometry range.
Kumar etal. and Fu etal. reported that the materials
Li, sAl,sGe,sP;0,, and Li;,Al,,Ge,P;0,, have a total ionic
conductivity of 1072Scm™ and 107*Scm™, respectively.*®
However, the instability of Ti** and Ge*" against reduction to
Ti*™ and Ge?" in direct contact with lithium metal as anode still
raises many challenges,” causing severe performance degrada-
tion and restricting the application of NaSICON-type solid-state
electrolytes (SSEs) in all-solid-state Li metal batteries (ASS-
LMBs).2? Hence, there is still a need to develop Ti/Ge-free
NaSICON-type Li* ionic conductors with improved thermody-
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namic stability, although there is a long history of attempts to
achieve this. In the present work, the information on Zr-
containing NaSICON materials that has been gained during
recent decades was compiled and three series were revisited
with the aim of exploring and increasing their ionic conductiv-
ities with modern processing and sintering techniques.

The ionic conductivity of LiZr,(PO,); (LZP) was studied
numerous times and a wide range of ionic conductivity from
10°% to 10°°Scm™' was observed depending on the prepara-
tion method, final lithium stoichiometry, crystallographic
symmetry, density, and microstructure of the sintered
pellets.">" The ionic conductivity in NaSICON-type materials
can be significantly improved by partial substitution of
tetravalent metal cations with trivalent ones, resulting in
additional lithium ions in the structure and thus improving
charge carrier mobility."**'® Furthermore, the incorporation of
elements of different ionic sizes into the crystal structure of LZP
can adjust the size of bottlenecks of lithium transport pathways
and control the ionic conductivity. In this regard, several
NaSICON-type materials have already been
investigated.ﬁ,l1713,15,17723]

Mariappan et al. and Li et al."**" stabilized the rhombohe-
dral structure of LZP at RT by substituting Y>* for Zr*". The
authors studied the electrical properties of the compounds Li, .
Y. Zr, ,(PO,); where 0.1<x<0.2"? and 0.05 <x<0.2,%" respec-
tively, and obtained a considerably improved total ionic
conductivity of  07x10*Scm™ at  25°C®"  for
Liy 15Y015Zr185(PO,); densified by spark plasma sintering. The
authors reported that Y is a suitable substitution ion for Zr**
in LZP, causing an increase of the lattice parameters and cell
volume due to the different values of ionic radii of Zr** (0.72 A)
and Y** (0.9 A).2¥

Savitha et al.” and Zhang et al.”? examined the systems
Li,AlZr(PO,); (x=1.8, 2.0, 2.2) and Li,.,AlZr, (PO,); (x=0.2,
0.225, 0.25, 0.275, 0.3, 0.5), respectively, to obtain an ionic
conductivity of 44x107° Scm™' for the sample Li,,AlZr(PO,); at
400°C™®! and 3.1x107°°Scm™" for Li;g,75Al0275Zr725(PO,); at
RT.?? Cassel etal.”® obtained a stable rhombohedral phase
with Li;,Cag,Zr,4(PO,);, which exhibited an enhanced ionic
conductivity at RT of 1.2x1077Scm™" and 7.2x 1077 Scm™' for
the material prepared by solid-state reaction and by sol-gel
synthesis, respectively. Substitution with Sr was also inves-
tigated, and the compound Li, ,Sry,Zr, 4(PO,); prepared by the
sol-gel method achieved the highest ionic conductivity of 3.4 %
10° Scm """ The latter material was also prepared by Smith
et al"™ using classical solid-state reaction synthesis. Here, the
total ionic conductivity was 2.1x107°Scm™' with a relative
density of ~97 % after hot pressing.

The ionic conductivity of Li;Sc,(PO,); (LSP) was measured at
1077 Scm~".2¥ Amatucci et al. investigated the optimization of
LSP by substituting APF* and Y** for S*. The ionic
conductivities at RT were reported to be 1.5x107° Scm™, 5%
10%Secm™  and  5x107°Scm™'  for  LisSc,¢Aly4(PO,)s,
Li;Sc,5Yo5(PO,); and LiygSc, 4(PO,);, respectively.” Furthermore,
Li, 5S¢, 3Zro,(PO,); has an ionic conductivity of 2x107°Scm ™' .2¥

Suzuki et al. described the synthesis, structure, and ionic
conductivity of Li-ion conductors of Lis,,(Sc,_,Mg,),(PO,);,

| [22]
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Li;_s(Sc,_,M),(PO,); (M=Nb, Ta),*® and Li;_(Sc,_M,),(PO,);
(M=Ti, Zr, Sn, Hf).?**" |onic conductivity data of the members
of these solid solutions are summarized in Table S1 in the
supporting information.

Sato et al?® studied the system Li;_,(S¢, ,Zr,),(PO,);. The
best reported value of ionic conductivity was 1.04x107 Scm™'
at 150°C for the sample with x=0.05, but no value was
reported for ambient temperature.

The research results of the partial cation substitutions show
improvements in ionic conductivity, but the values still do not
meet the requirements for high battery performance. Moreover,
the results confirmed that most crystal structures for NaSICON
materials have rhombohedral symmetry with space group R3c.
Orthorhombic, monoclinic, and triclinic symmetry variations
appear less frequently, depending on composition, synthesis
conditions, and temperature. On the one hand, high sintering
temperatures stabilize the rhombohedral phase linked with fast
Li* ion conductivity. On the other hand, sintering at high
temperatures increases the evaporation of lithium species and
the occurrence of micro-cracks during cooling from high
temperature to RT. Therefore, stabilizing the rhombohedral
symmetry of the material at low sintering temperatures and
short dwell times is key to avoiding micro-cracks, limiting
lithium evaporation, and achieving high relative density and
high ionic conductivity. To this end, in this study, the Li, , M**
Lty {Si0,),(PO,);_, system where M** =AP*, S, Y** is re-
examined through the systematic optimization of sintering
conditions to further increase the ionic conductivity of
NaSICON materials. In addition, this work will provide a broader
insight into the properties of NaSICON materials substituted
with trivalent ions. In Figure 1, the materials presented in this
work correspond to the horizontally arranged green spheres
(y=0). In a separate publication, we will discuss the materials
with substitutions in the polyanionic sublattice, i.e, the
vertically arranged green spheres (with M*T=Sc*). The
thermal, crystallographic, microstructural, and electrical proper-

LisZr,(SiOy4); 3.0 1/’
?
25
°
2.0
o
N 1.5 . -
@ LizM,(SiQ4)(PO,),
1.0
5
’ )
4)3

LiZr,(PO,); 0.0

o

- .o
LizZr(PO,); .o

Figure 1. Exploratory research of NaSICON materials in the Li,O-M,0;-ZrO,-
SiO,-P,0; system. The orange surface corresponds to the compositional

limits of the NaSICON materials. The green spheres denote the investigated
samples. In this work, only the horizontally arranged spheres are discussed.

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e sspiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Afe1q Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[2202/TT/GZ] Uo A%igiTauliuo A8|IM ‘Auewss sueIyooD Aq /2002202 11ed/200T OT/I0p/wod A 1M Aeq 1 puljuoadoune-Alis IWsyd//Sdiy wolj pepeojumod ‘TT ‘240z ‘€2299952



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202200327

ties of the prepared samples are evaluated and discussed in
comparison with previously obtained results.

Results and Discussion
Scandium substitutions: Li,,Sc,Zr, ,(PO,); (0 <x<2)

For the investigation of the Li, ,ScZr, (PO,); series, the
substitution of zirconium with scandium was varied from x=0
to x=2 with intervals of 0.2. To obtain the optimum sintering
condition for each material and dense ceramics of a high
quality, the shrinkage behavior of the pellets was characterized
by dilatometry (see Figures S1a and 14a for the material where
x=0.2). The shrinkage was recorded during constant heating
until a shrinkage of around 23% was reached. The pressed
pellets were subsequently sintered in the furnace in air at
varying temperatures in 10°C steps between the temperatures
defined by 10% shrinkage (T10%) and 23 % shrinkage (T23 %)
in the corresponding dilatometry curve. After several sintering
tests in the same oven applying the same conditions (3 h,
300 K/h cooling and heating), the optimum sintering temper-
atures offering the highest relative densities were determined
and are listed in Tables 1 and 4. No significant shrinkage was
obtained below the listed temperatures. Above the listed
temperatures, the formation of micro-cracks was observed. For
the material where x=1.6, the sintering experiments were
performed only from 900°C to 985°C in 10°C steps, since the
pellets melted at about 1000°C. For samples where x=2, the
sintering experiments were also carried out only from 900 °C to
1000°C. The dilatometry curve showed expansion starting at
about 1000°C, and sintering at higher temperatures also
resulted in the expansion of the pellets and a very low density.

Figure 2 shows the XRD patterns of Li,_,ScZr, (PO,); (0<
x < 2) after sintering at the temperatures listed in Table 1. The
indexing of the reflections in the powder XRD patterns showed
that all compositions crystallize with a NaSICON structure. The
rhombohedral phase (R3c; Inorganic Crystal Structure Database
(ICSD) no. 191891)" was stabilized at RT for the composition
where x=0.2, similar to the substitutions with Ca or Sr in
LZP.'*® The diffraction peaks observed for x=0.2 were
assigned to a pure NaSICON structure without any impurity

Table 1. Optimized free sintering temperatures (°C) for Li, , ,M,Zr, (PO,);
where M=Sc, Y, Al. In all cases, a constant dwell time of 3 h was applied at
the given temperatures.

X M=Sc M=Y M=Al

0 1300 1300 1300

0.2 1280 1250 1250

0.4 1250 1250 1100

0.6 1250 1250 1050

0.8 1250 1100 1010

1 1200 980 950

1.2 1230 1000 -

1.4 1250 1000 -

1.6 985 980 -

1.8 1150 980 -

2 1000 980 -
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Figure 2. XRD patterns of LSZP where 0 <x <2 after sintering at optimum
conditions (Tables 1 and 4). The reference patterns at the bottom are taken
from the Inorganic Crystal Structure Database (ICSD), P21/n; ICSD no. 91112
(blue),®* Pbcn; ICSD no. 83913 (red),”® R3c; ICSD no. 191891 (black).?” The
symbols * and @ indicate Zr,0(PO,), and Sc,0;, respectively.

phase. For compositions where 0.4 <x<1.4, the XRD patterns
show the presence of a mixture of rhombohedral and
monoclinic (P2,/n; ICSD no. 91112)%Y symmetry. Moreover, for
the mixture of rhombohedral and monoclinic phases, the
orthorhombic phase (Pbcn; ICSD no. 83913)® appeared in
compositions where 1.6 <x<2, which is in good agreement
with the previous work by Sato et al. for Li;_,,SC, 5,Zf5,(PO,)5.*¥
The contents (in wt.%) of the different phases for all Li,,
Sc,Zr, (PO,); compositions are listed in Table 2 and presented
in Figure 16.

A significant amount of Zr,0(PO,), was detected as an
impurity in LZP. The formation of Zr,0(PO,), during the
sintering of Li,.,Sc,Zr,_(PO,); was also observed by Salkus
et al.”” Furthermore, in LSP (x=2) a small amount of unreacted
scandium oxide was found. The amount of orthorhombic
Zr,0(PO,), phase (space group Cmca; ICSD no. 1922)%* was
refined as 10 wt.% and that of monoclinic Sc,0; phase (space
group C2/m; ICSD no. 160218)%° as 4wt% according to
Rietveld analysis. In Figure 2, the impurity phase is denoted by
an asterisk for Zr,0(PQ,), and by a filled circle for Sc,0,.

The lattice parameters and cell volume of Li, ,,Sc,Zr,_(PO,);
(0<x<2) obtained by Rietveld refinement and structural
literature data of LZP"' are summarized in Table 2. The
refinements were performed on the basis of space groups
given in Table 2. For better comparison, the lattice parameters
and unit cell volume of rhombohedral (space group R3c) and
orthorhombic (space group Pbcn) symmetry were converted to
monoclinic symmetry (space group P2,/n). These converted
data are summarized in Table S2 in the supporting information.

The evolution of the XRD pattern of Li,,Sc,,Zr, 5(PO,); after
sintering at different stages of heat treatment is shown in

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Table 2. Lattice parameters, unit cell volume, space group, and content of NaSICON polymorphs in Li; ,,Sc,Zr, ,(PO,); (0 <x<2).
X Material a[Al b [A] clAl B[ VA% Space group Content [wt.%)]
0 LiZr,(PO,)," 8.8600(1) 8.8600(1) 22.065(1) 90 1500.04 Ric -
0 LiZr,(PO,), ¥ 8.808(1) 8.808(1) 22.517(3) 20 1512.85 R3c 90
0.2 Liy ,S€o,Z81 s(PO,)s 8.864(2) 8.864(2) 22.120(2) 90 1505.13 R3c 100
04 Li; 4SCo4ZH1 s(PO,)s 8.885(1) 8.885(1) 22.057(3) 90 1507.97 R3c 58
8.784(2) 8.967(3) 12.430(2) 91.017 978.89 P2,/n 42
06 Li; ¢SCo6Zt1 4(PO,)s 8.907(3) 8.907(3) 22.057(1) 90 1515.44 R3c 54
8.764(2) 8.974(2) 12.447(3) 91.170 978.73 P2,/n 46
0.8 Liy §SCo5ZH1 (PO,)s 8.895(1) 8.895(1) 22.057(1) 90 1511.36 R3c 52
8.759(3) 8.977(1) 12.434(3) 91.200 977.46 P2,/n 48
1 Li,ScZr(PO,); 8.839(2) 8.839(2) 22.057(2) 90 1492.39 R3c 50
8.750(3) 8.868(3) 12.353(1) 89.937 958.53 P2,/n 50
1.2 Li,S€;5Zr,5(PO,); 8.834(1) 8.834(1) 22.058(3) 920 1490.77 R3c 49
8.749(3) 8.885(2) 12.356(1) 89.862 960.49 P2,/n 51
14 Liy4SC; 4ZFos(PO,)s 8.839(2) 8.839(2) 22.058(3) 90 1492.46 Ric 42
8.776(1) 8.861(3) 12.361(2) 90.011 961.24 P2,/n 58
16 Liy6SC; 6ZFo4(PO,)s 8.846(1) 8.846(1) 22.057(1) 90 1494.76 Ric 32
8.789(2) 8.845(1) 12.395(3) 90.040 963.57 P2,/n 62
12.365(1) 8.785(2) 8.854(1) 920 961.8 Pbcn 6
18 Li65€15Z705(POL); 8.865(3) 8.865(1) 22.058(3) 90 1501.25 R3c 14
8.812(3) 8.845(1) 12.375(2) 89.822 964.53 P2,/n 72
12.371(2) 8.807(1) 8.841(3) 90 963.2 Pbcn 14
2 LisSc,(PO,), ¥ 8.809(1) 8.809(1) 22.058(2) 90 1482.35 R3c 7
8.816(2) 8.851(1) 12.286(1) 90.083 958.68 P2,/n 73
12.299(1) 8.856(2) 8.807(1) 90 959.3 Pbcn 16
: Contains 10 wt.% Zr,0(PO,),; **: contains 4 wt.% Sc,0;

Rietveld refinement was performed to obtain the lattice
parameters, unit cell volume, and crystallographic density (dy)

Figure 3. A significant change was observed in the patterns
upon increasing the sintering temperature. Initially at 900°C,

the reflection at 20 =20.37° was sharper than after sintering at
1000 °C, consisting of one intense reflection with a shoulder at
20=20.04°. At higher temperatures, the reflection started to
increase in intensity and at 1250°C it became a doublet with
the same intensity. Beyond 1250°C, the two neighboring
reflections converged and became a single reflection at

1280°C. In combination with the vanishing of other reflections, R3C

this indicates a phase transition to a higher crystal symmetry.

Analysis of XRD patterns from 900°C to 1200°C showed that 1280 °C

monoclinic symmetry was predominant compared to rhombo- - LJ

hedral symmetry. At 1250 °C, the rhombohedral symmetry was 0 |R3C+

dominant, and the Rietveld refinement showed 24 wt.% and c P2¢/n 1250 °C

76 wt.% for the monoclinic and rhombohedral phases, respec- _Z _.J\ N J‘A, JA \ Mob_ M

tively. At 1280°C, E P%/n + 1200 °C
the pure rhombohedral phase was stabilized. Kumar et al." — | R3C ' n )

also reported the formation of phase mixture in LZP consisting > ";‘2_;:“:‘)

of triclinic CT and rhombohedral R3c fractions. This phase » | 77 1000 °C

mixture differs from the result obtained here. The variation of % i | . W

crystallographic symmetry could be influenced by different T P2/n +

factors such as the temperature of the heat treatment and also - R3C . 900 °C

the use of different starting materials. However, as shown in _AMJ%M

Figure 3, sintering at 1280°C can provide the pure rhombohe- P24/nLZP [ICSD: 91112]

dral NaSICON structure. ‘ RIGLYZD licsp31ean]

In addition, at 900°C and 1000°C, the sample contained
different amounts of monoclinic ZrP,0,, (space group CicT;
ICSD no. 23014)"” as a secondary phase. However, no impurity
was detected at 1200 °C and above.
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of Li,,Scy,Zr,4(PO,); during phase evolution. The results of the
refinement are presented in Table 3. The increase in the
sintering temperature of the investigated compound leads to a

10 20 30 40 50 60
20/°

Figure 3. Phase evolution of Li, ,Sc,,Zr, §(PO,); after sintering at different
temperatures from 900 ° C to 1280°C. *: ZrP,0,,
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Table 3. Unit cell parameters and space group of Li; ,S¢c,,Zr, s(PO,); after sintering at different temperatures.

Temp. alAl b [A] clAl B Il VA% 7741 5] Space group Density [g/cm?]

[°c

900 8.910(1) 8.910(2) 22.057(1) 90 1516.47 252.7 R3c 3.26
8.806(4) 8.934(5) 12.360(3) 89.901(3) 972.40 243.1 P2,/n

1000 8.877(3) 8.877(1) 22.061(2) 90 1505.53 2509 R3c 3.24
8.816(2) 8.932(1) 12.373(1) 89.907(1) 974.31 2436 P2,/n

1200 8.861(1) 8.861(3) 22.065(2) 90 1500.38 250.1 R3c 3.23
8.818(2) 8.935(1) 12.373(1) 90.015(2) 974.85 243.7 P2./n

1250 8.848(1) 8.848(2) 22.114(1) 20 1499.0 249.8 R3c 3.23
8.817(1) 8.935(2) 12.374(1) 90.018(1) 974.82 243.7 P2,/n

1280 8.864(2) 8.864(2) 22.120(2) 20 1505.13 250.8 R3c 3.09

small increase of the unit cell volume up to 1250°C, while the
phase transition at 1280°C leads to a significant expansion of
the crystal lattice.

To study the impact of scandium substitution on ionic
conductivity for zirconium in Li;,,,ScZr, (PO,); impedance
spectra were measured at 25°C. The Nyquist plots of the
spectra are shown in Figure 4. A single semicircle is obtained in
the complex impedance plots for all samples at high
frequencies, which begins at the origin, with the exception of
the LZP and LSP samples. The straight line at low frequencies is
due to the ion-blocking electrode polarization. This is attributed
to the accumulation of the mobile charge carriers at the
electrolyte/electrode interface, indicating that the material is an
ionic conductor.®¥ The separation of grain and grain boundary
resistance from the impedance spectra of Li,.,Sc,Zr,_(PO,);
samples is therefore not possible at room temperature.
Mariappan et al. and Wolfenstine et al. have investigated the
impedance properties of Y-doped and Sr-doped LZP,

501 ex=02
ex=04

Z" [ kQcm

7'/ kQ cm

Figure 4. Nyquist plot of impedance spectra at 25°C of Li, ,,Sc,Zr, ,(PO,);
where 0 <x <2 after accounting for the sample dimensions. The equivalent
circuit is also shown.
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Table 4. Free sintering temperature and time, relative density, and ionic
conductivity at 25 °C for Li; ,Sc,Zr,_(PO,); (0 <x<?2).

X Material Sintering temperature  Relative 0 559

[°Cl and dwell time [h]  density [%] [Scm™]

0 LiZn,(PO,), 1300/3 88 54%1077
02  Li,Sco,Zrs(PO,); 128073 85 27%107°
04  Liy SCoaZris(PO); 1250/3 920 9.7%x10°°
0.6  Li ¢SCoeZr4(PO,); 125073 08 8.2x107°
0.8  LisSCoaZr5(POL); 125073 98 7.1%x10°
1 Li,ScZr(PO,), 1200/3 97 8.2x107
12 Liy,S¢i,Zros(PO,); 123073 9% 6.5%107°
14 Liy,SC,,Zros(PO,);  1250/3 94 56%107°
16 LireSCisZros(PO,);  985/3 90 27%x10°¢
1.8 LireSCi4Zr,(PO,);  1150/3 91 45x107°
2 LiSe,(PO,), 1000/3 87 6.5%107

respectively,"** and reported that the deconvolution of grain
and grain boundary resistances for these materials is not
feasible. The radius of the semicircle represents the increase of
resistivity with increasing x. However, this trend is not evident
for the unsubstituted sample LZP.

The impedance data were fitted using the given equivalent
circuit, as shown in Figure 4. The scandium substitution
generates a decrease in the total resistance and improves the
ionic conductivity until x=0.2 (see Table 4). With scandium
substitution in LZP, the total ionic conductivity at 25°C
increases from 5.4x 107 Scm™ for the unsubstituted LZP to
27x107°Sem™" for Li,,S¢y,2Zr,5(PO,);, showing the highest
ionic conductivity in the Li, . ,Sc,Zr,_,(PO,); series and exhibiting
a higher ionic conductivity compared to reported values
(Figure 5, Table S6, supporting information). Li;,Scy,Zr, g(PO,);
was used to determine the bulk conductivity by impedance
spectroscopy measurements below room temperature. In fact,
temperature-dependent measurements between —40°C and
100°C revealed two overlapping semicircles at low temper-
atures. From the fitted spectra the bulk ionic conductivity could
be determined and the value at 25°C amounted to 1.46X%
10~*Scm™". This value is about one order of magnitude higher
than the total conductivity, corresponding well to other Li*
and Na't ionic conductors.® The experimental details are
summarized in the Supporting Information (Figure S2).

As x increases further (x > 0.2), ionic conductivity decreases
continuously. However, at 25°C, all scandium-substituted
materials show ionic conductivity many times higher than that
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104 polymorphism in contrast to the Li,, ,ScZr,_,(PO,); material
518 — o—, investigated here.
107938 ¢ e S N For the end bers LZP (x= d LSP (x=2), th
158 \/ !%O or the end members (x=0) an (x=2), the
106"§ e om conductivities at 25°C vary by about seven orders of
‘TE 10745 magnitude.
S 08 ) 16 This strong scatter is largely dependent on the quality and
9 LisxSCZT2x(POL)s thermal history of the materials and can be explained by the
o 10°4 —0O— Sato et al., 199778 . . .
s 2 o Suzuki et al.. 19971261 following reasons: a) Depending on the heat treatment and
[Te] = -
6 10048 4 Bykov etal., 199017 8 processing (e.g., quenching), the rhombohedral high-temper-
S 4 i 25] . . .
1011 & 2 g::l‘;c;':: 626122?1[ ! ature phase can be stabilized below room temperature. This is
© Peng etal, 201142 well known for LZP** In turn, crystal symmetry strongly
1072 4 —m— this work O [43,44]

@  various references!!!19:20.22.3443-46.50]

1013 T T T . .
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Figure 5. Variation of the total conductivity of Li, ,,Sc,Zr, (PO,); as a
function of x. The ionic conductivity of LiZr,(PO,); (crossed squares) can be
divided up into the dimorphic nature of the material. The literature data are
listed in the supporting information (Table S6).

of pure LZPI°**1 Even the LSP exhibits a high ionic
conductivity of 6.5x 1077 Scm™' at RT.

Figure 5 gives an overview of the variation of the total ionic
conductivity at 25°C of Li,,,Sc,Zr,_,(PO,); where 0<x<2. It
also contains a literature review of different compositions
where X:0'[20,22,34,39,42-46] X:21[25,47,48] x— 1.8,[24] 16 SXSZ,m] and
14<x<2 In this work, at 25°C, the highest ionic con-
ductivity of this series was observed for the material where x=
0.2 (27x107°Scm™"). This high value of ionic conductivity
could not be associated with densification, since the relative
density of this material after one-step sintering was only 85 %.
However, the density was improved with a two-step sintering
approach, as described in Section 3.4. The purity of the material
could explain this high value of ionic conductivity, as it is the
only material in the series that was indexed as a pure
rhombohedral NaSICON phase without any trace of other
impurities. In contrast, the Li,ScZr(PO,); material with a higher
relative density (97%) was obtained using the one-step
sintering process, but yielded poor ionic conductivity (8.2x
1077 Secm™') at 25°C. Although XRD analysis (Figure 2) clearly
showed the presence of a mixture of rhombohedral and
monoclinic phases for 0.4<x<1.4 and rhombohedral, mono-
clinic, and orthorhombic phases for 1.6 <x <2, their conductiv-
ities are

higher. Therefore, the low conductivity of Li,ScZr(PO,); can
be considered as a local minimum along the series.

As previously reported, the Li, ,ScZr,_(PO,); materials
where 1.6 <x<2 show similar conductivities: higher than the
data of Salkus etal. (x=1.8; 2x10°°Scm™"),*¥ but lower than
the values reported by Suzuki et al.” and Sato et al.?® On the
one hand, the lower reported values of ionic conductivity could
be related to a low relative density, which was reported to be
only 70%, while 91% was obtained in this work. On the other
hand, the higher reported ionic conductivity could be ex-
plained by the better homogeneity and the absence of

Batteries & Supercaps 2022, 5, €202200327 (6 of 20)

affects the ionic conductivity. b) Heat treatment and
processing also affect the relative density, and there are many
examples where conductivity decreases exponentially with
increasing porosity. ) The final stoichiometry of the material is
very important, especially for the end members, since small
deviations of charge carriers (or vacancies at the other extreme)
of only 1-2% can lead to conductivity changes by several
orders of magnitude.***”

Yttrium substitutions: Li, ,Y,Zr, ,(PO,); (0 <x<2)

Yttrium was substituted for zirconium in Li,,,Y,Zr,_,(PO,); in a
stepwise manner from x=0 to x=2. According to the
shrinkage behavior of the Li,_,Y,Zr,_,(PO,); pellets (see Figur-
es S1b and 14a for the material where x=0.2) recorded with
dilatometry, the pressed pellets were sintered at different
temperatures. The sintering experiments in the furnace were
again carried out between T, and T.5,, in steps of 10°C in air.
The optimal sintering temperatures leading to the highest
relative densities are listed in Tables 1 and 7. For materials
where x> 1, sintering experiments were performed only from
900°C to 1000°C, as dilatometry measurements showed
volume expansion starting at around 1010°C, and sintering
experiments in the furnace led to deformation and partial
melting.

Figure 6 shows the reflections in the powder XRD patterns
of Li,,,Y,Zr,(PO,); after sintering at optimum sintering con-
ditions (Tables 1 and 7). The reflections observed for the sample
where x=0.2 were assigned to a pure and well-crystallized
rhombohedral (R3¢) NaSICON structure. Li, ,Y,Zr,_(PO,); where
x=0.4 crystallized as a mixed rhombohedral (R3c) and ortho-
rhombic (Pbcn) NaSICON structure. The materials where 0.6 <
x<1.6 contained the polymorph with the orthorhombic
symmetry (Pbcn). Furthermore, tetragonal YPO, (space group
14,/amd; ICSD no. 201131)®" was detected as a secondary phase
for 0.4<x< 1.6, as also observed by Li et al.?"” Starting from x
=0.8, but especially at x=1.8 and x=2, YPO, appeared as a
predominant phase with 95wt.% and 93 wt.%, respectively.
Moreover, small amounts (2-7 wt.%) of orthorhombic Li;PO,
(space group Pcmn; ICSD no.20208)"? were detected as an
impurity in the YPO,. Li;PO, is easily formed during the
synthesis

of LiZr,(PO,);, as described in Ref. [21]. The content of
rhombohedral and orthorhombic NaSICON phases as well as
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Figure 6. XRD patterns of Li, ,,Y,Zr, ,(PO,); where 0 <x <2 after sintering at
optimum conditions (Tables 1 and 7). The reference patterns of LYZP are
taken from the inorganic crystal structure database (ICSD), R3c; ICSD no.
191891 (black),?"” Pbcn; ICSD no. 83913 (red),”® YPO, (141/amd), ICSD no.
201131 (blue).®” The symbols * and @ indicate Zr,0(PO,), and Li;PO,,
respectively.

YPO, at different Y*" substitution levels from x=0.2 to x=1.6
are summarized in Table 5 and presented in Figure 16(b).

The XRD patterns of Li,,Y,,2Zr, s(PO,); from 900°C to 1200°C
show the presence of a phase mixture of rhombohedral and
monoclinic symmetry. At temperatures from 900°C to 1200 °C,
the intensity of reflections associated with the rhombohedral
phase increased significantly, and most importantly, at 1250 °C,
the material displayed a phase change to pure rhombohedral
symmetry. At 1280°C, in addition to the rhombohedral
symmetry, very small reflections of the monoclinic phase were
again observed in the pattern (Figure 7).

Unit cell parameters and space group of the
Li;5Yo,Zr,5(PO,); after sintering at different temperatures are
summarized in Table 6.

Rietveld refinement revealed rhombohedral and monoclinic
phase ratios of 40/50 wt.%, 60/40 wt.%, and 80/20 wt.% at

20/°

Figure 7. Phase evolution of Li,,Y,,Zr, s(PO,); after sintering at different
temperatures from 900 ° C to 1280 °C. The symbols +, *, and @ indicate
P,0Os, YPO,, and ZrO,, respectively.

900°C, 1100°C, and 1200°C, respectively. Furthermore, at
900°C, 2 wt.% of unreacted P,O; with space group R3c (ICSD
no. 16610)"* and 8 wt.% of tetragonal YPO, were detected as
secondary phases. At 1280°C, 20 wt.% of tetragonal ZrO, with
space group P4,/nmc (ICSD no. 97004)*" was detected.

The impact of substituting yttrium for zirconium in Li;
Y.Zr,_(PO,); on ionic conductivity was also investigated by
impedance spectroscopy at 25°C. The Nyquist plots of the
impedance spectra are shown in Figure 8. Here, only the
compositions where 0 <x<1 are shown due to the increasing
content of YPO, in the phase mixture that disproves the
conductivity data. Again, at room temperature only one
depressed semicircle is obtained at high frequencies starting at
zero, except for the compositions x=0 and x=1 whose
depressed semicircles did not begin at the origin.

The radius of the semicircle increases with increasing
yttrium substitution level from x=0.2 to x=1. Also, here the
most conductive material along the series, Li;,Yy,Zr,4(PO,)s,

Table 5. Lattices parameters, unit cell volume, and space group of LYZP where (0.2 <x<1.6).

X Material a[Al b [A] ciAl V(A% Space group Content Content YPO,
[wt.% ] [wt.%]

02 Liy ;Yo5Zr15(PO.); 8.872(2) 8.872(2) 22.221(1) 1514.74 R3c 100 0

0.4 Lir4Y04Zr1 (PO, 8.869(3) 8.869(3) 221401 1508.20 R3c 61 6

8.829(9) 12.438(5) 8.948(9 982.67 Pbcn 33

06 Liy 6YosZr4(POL); 8.831(3) 12.41(1) 8.951( 981.99 Pben 85 15

038 Li, §YosZt 2 (PO 8.819(1) 12.413) 8.921( 976.35 Pben 26 72

1 Li,YZr(PO,);*¥ 8.804(2) 12.372(1) 8.903( 969.74 Pbcn 30 68

12 Liy Y, ,Zr0s(PO,)5* 8.888(3) 12.355(1) 8.818( 968.31 Pben 35 63

14 Liy Y1420 (PO 8.886(2) 12.344(3) 8.820( 967.45 Pbcn 37 61

16 Liy oY, oZ00a (PO 8.882(3) 12.303) 8.830( 964.66 Pben 38 59

: Contains 2-7 wt.% Li;PO,
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Table 6. Unit cell parameters and space group of the Li,,Y,,Zr, 5(PO,); after sintering at different temperatures.
Temp. [°C] alhl b [A] c Al B VA% Space group
900 8.869(1) 8.869(1) 22.134(2 90 1507.79 Ric
8.876(2) 8.944(1) 12.468 89.903 989.8 P21n
1000 8.872(1) 8.872(1) 22,157 90 1510.37 R3c
8.857(2) 8.941(1) 12.475 89.902 987.8 P21n
1200 8.883(2) 8.883(2) 22.148 90 1513.51 R3c
8.861(1) 8.919(1) 12.475 89.801 985.9 P2;n
1250 8.872(2) 8.872(2) 22221 90 1514.74 R3¢
1280 8.885(3) 8.885(3) 22.181 90 1516.44 R3c
stoichiometry,"*?" as listed in Table S6 and shown in Figure 9.
50 :i:g_z The maximum value of ionic conductivity for Li,,Y,,Zr, 5(PO,); is
°x=04 . ot comparable to that of a similar material (x=0.15) sintered by
40 'i:g:g —m—”— spark plasma sintering (SPS), displaying a conductivity value of
g ox=1 7.1x107° Scm™'. The influence of the different sintering
S 304 process is discussed in Section 3.4.
= / As x increases further (x >0.2), the ionic conductivity
N / decreases continuously with a sharp decline at x=1, which is
T 204 / attributed to the rhombohedral — orthorhombic phase
/ transition and the increasing amount of YPO, phase, which was
10+ //’/_\/\\\ /// also reported elsewhere.” However, at 25°C, all yttrium-
;7 N / containing materials show an ionic conductivity several times
. ‘ . . . higher than that of LZP.%3%4"

Z' /| kQ cm

Figure 8. Nyquist plot of impedance spectra at 25°C of Li, ,,Y,Zr,_,(PO,);
where 0 <x <1 after accounting for the sample dimensions. The equivalent
circuit is also shown.

was used to determine the bulk conductivity by impedance
spectroscopy measurements below room temperature. In this
case, however, only one semicircle was observed even at
—40°C. Therefore, a deconvolution of bulk and grain boundary
resistance was not possible (see Figure 52).1'%*?

The resistance was obtained by fitting the impedance
spectra using the given equivalent circuit in Figure 8. The total
conductivity o, of the samples was calculated using Equa-
tion (2) and the values are listed in Table 7. Initially, the yttrium
substitution in Li,,Y,Zr,_(PO,); leads to an increase in ionic
conductivity. The total ionic conductivity at 25°C increases
from 54x107Scm™ for LZP to 6.7x107°Scm™ for
Li;5Yo,Zr,5(PO,); as the highest ionic conductivity in the Li;
Y.Zr,_(PO,); series and exhibits a higher ionic conductivity in
comparison to the reported values for the same

Aluminum substitutions: Li; , ,Al,Zr, ,P;0;, (0<x<1)

Aluminum was substituted for zirconium in Li,, Al.Zr,_,(PO,);
from x=0 to x=1. According to the shrinkage behavior of the
Li, ., AlLZr,_(PO,); pellets (see FiguresSic and 14a for the
material where x=0.2) recorded with dilatometry, the pressed
pellets were sintered at different temperatures between Ty,
and Ty in steps of 10°C in air. The optimal sintering
temperatures leading to the highest relative densities are listed
in Tables 1 and 10. For the material where x=1, the sintering
experiments were performed only from 900 °C to 950°C; higher
sintering temperatures resulted in melting.

The XRD patterns of Li, AlZr, (PO,); are shown in
Figure 10. For x >0.2, all compositions were identified as a
phase mixture of rhombohedral and monoclinic symmetry.
Impurity peaks can be observed in materials where x>0.4 and
were attributed to trigonal AIPO, with space group P3,2, (ICSD
no. 33746)."¥ The impurity peaks increase in intensity with
increasing AP substitution. This could be related to the limited
solubility and the low sintering temperatures, since the

Table 7. Free sintering temperature and time, relative density, and ionic conductivity at 25 °C for Li; ,Y,Zr, (PO,); (0<x<1).
X Material Sintering temperature [°C] Relative 045 °C
and dwell time [h] density [%)] [Scm™]

0 LiZr,(PO.)s 1300/3 88 54%1077
0.2 Li;,Yo,Zr5(PO,); 125073 89 6.7x107°
04 Lis 4Yo4Zr16(POL); 1250/3 94 48x10°°
0.6 Liy ¢Yo6Zr14(PO,); 125073 9 3.9%10°°
0.8 Li, sYosZr12(PO.)s 1100/3 91 2.7%10°°
1 Li,YZr(PO,); 980/3 89 7.5%1077

Batteries & Supercaps 2022, 5, 202200327 (8 of 20)

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e sspiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Afe1q Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[2202/TT/GZ] Uo A%igiTauliuo A8|IM ‘Auewss sueIyooD Aq /2002202 11ed/200T OT/I0p/wod A 1M Aeq 1 puljuoadoune-Alis IWsyd//Sdiy wolj pepeojumod ‘TT ‘240z ‘€2299952



Research Article
doi.org/10.1002/batt.202200327

Chemistry
Europe

European Chemical
Societies Publishing

Batteries & Supercaps
104 s
/ \.\o
T
Fay AN ®
< 10%4
E <&
o
0
~ 6 _|
o 10 .
Q
© Li1 Y Zr2.x(POy)s
107 4 —— Mariappan et al., 2018!'2
V. —A——a— Lietal, 201321
—v— Stenina et al., 2004%%
—o— this work
1 0-8 T T T T T T
0 0.2 04 0.6 0.8 1.0

X

Figure 9. Variation of total conductivity of Li, ,,Y,Zr,_,(PO,); as a function of
x. The crossed triangles denote the samples densified by spark plasma
sintering. The literature data are listed in the supporting information

(Table S6). For the ionic conductivity data of LiZr,(PO,),, see Figure 6.
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Figure 10. XRD patterns of Li,, ,Al,.Zr,_,(PO,); where 0 <x<1 after sintering
at optimum conditions (Tables 1 and 10). The symbols * and @ indicate
Zr,0(PO,), and AIPO,, respectively. For the reference patterns at the bottom,
see Figure 2.

materials where x=0.6, 0.8, and 1 have melting points of
1070°C, 1032°C, and 965 °C, respectively.

The unit cell volumes shown in Table 8 decrease with
increasing x in Li; AlLZr,_,(PO,); (0<x<1). Since the ionic
radius of AP* is much smaller than that of Zr**, this trend is
anticipated. While the rhombohedral lattice parameters almost
remain constant where x > 0.6, indicating the solubility limit of
AP* in the lattice, the monoclinic lattice parameters continue
to decrease slightly. This result is in good agreement with
reported data.’? For comparison, the rhombohedral lattice
parameters and unit cell volume were converted to monoclinic

Batteries & Supercaps 2022, 5, 202200327 (9 of 20)

symmetry (space group P2,/n) for all Li, Al Zr,_(PO,); compo-
sitions. The data are summarized in Table S4.

The XRD patterns of Li;,Aly,Zr,4(PO,); from 900°C to
1250°C is shown in Figure 11 and clearly show the presence of
a mixture of phases with rhombohedral and monoclinic
symmetry up to 1200°C. As the temperature increased, the
intensity of the reflections of the rhombohedral phase
increased significantly, and at 1250°C the rhombohedral phase
stabilized. The lattice parameters obtained after Rietveld refine-
ment are listed in Table 9. Furthermore, trigonal AIPO, was
detected as a secondary phase from 900°C to 1200°C. This
secondary phase formation was also reported by Amatucci
et al. for Li;Sc, ,Al(PO,);.>

The resistance was obtained by fitting the impedance
spectra (Figure 12) using the given equivalent circuit. The total

R3cj 1250 °C
n P2 1200 °C
£ R3q
C
2 oA
L P2/
[ o
= m ﬂ 1100 °C
=~ [ x* *
2 |P2/n
o |rR3C .
@ ‘LU 1000 °C
2 “ll
c P2/ 900 °C
— |rR3C A
P24/nLZP [ICSD: 91112]
R3C LYZP [ICSD:191891]

10 20 30 40 50 60
20/°

Figure 11. Phase evolution of Li; ,Aly,Zr, s(PO,); after different sintering
temperatures from 900 ° C to 1250°C. *: AIPO,.

604 ex=0
ex=0.2
ex=04
504 <x=06 R CPEel
ex=1
§ 40 *
G
X
= 30+
Y Y,
20 /
A
/
/
40 50 60
Z'/kQcm

Figure 12. Nyquist plot of impedance spectra at 25°C for Li, . ,Al,Zr, (PO4);
where 0 <x< 1 after accounting for the sample dimensions. The equivalent
circuit used for the fitting is shown in the inset.
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Table 8. Lattices parameters, unit cell volume, and space group of Li, , ,AlL.Zr,_,(PO,); where 0.2 <x<1.

X Material a[Al b [A] ciAl B[] VA% Space group Content [wt.%]
02 LiyAly>Zr, (PO, 8.858(1) 8.858(1) 22.140(1) 90 1504.46 Ric 98
0.4 Liy oAlyoZr1 (PO, 8.841(2) 8.841(2) 22.081(3) 90 1494.69 R3c 82
8.803(1) 8.929(3) 12.379(1) 89.801 973.01 P2,/n 15
06 Liy 6AlosZr1 4(PO,)s 8.831(1) 8.831(1) 22.072(2) 90 1490.71 R3c 71
8.804(2) 8.897(1) 12.419(2) 89.974 972.68 P2,/n 25
08 Liy sAlosZr1(PO,)s 8.831(2) 8.831(2) 22.071(1) 90 1490.64 R3c 60
8.810(1) 8.872(2) 12.391(2) 90.015 968.51 P2,/n 35
1 Li,AlZH(PO,); 8.831(2) 8.831(2) 22.070(1) 90 1490.57 R3c 53
8.807(1) 8.869(1) 12.388(1) 89.987 967.62 P2,/n 42

Table 9. Unit cell parameters and space group of Li; ,Aly,Zr, 5(PO,); after sintering at different temperatures.

Temp. [°C] a[Al b [A] c[A] I VIAY Space group
900 8.947(3) 8.947(3) 22.140(1) 920 1534.84 R3c
8.792(1) 8.892(1) 12.324(1) 89.801 963.47 P2,/n
1000 8.974(3) 8.974(3) 22.14002) 9 154412 R3c
8.791(1) 8.888(1) 12.328(1) 89.801 963.24 P2,/n
1100 8.887(1) 8.887(1) 22.140(2) 90 1514.32 R3c
8.801(1) 8.886(2) 12.338(1) 89.801 964.90 P2,/n
1200 8.855(1) 8.855(1) 22.140(1) 9 1503.44 R3c
8.817(2) 8.870(1) 12.475(1) 90.009 975.63 P2,/n
1250 8.858(1) 8.858(1) 22.140(1) 20 1504.46 R3c

Table 10. Sintering temperature and time, relative density, and ionic conductivity at 25 °C for Li, , ,ALZr, ,(PO,); (0<x<1).

X Material Sintering temperature Relative O 550
[°C] and dwell time [h] density [%] [Scm™1

0 LiZr,(PO,); 1300/3 88 54x1077

0.2 Li 2Alg,Zr; 5(POL); 1250/3 94 3.7%x10°°

0.4 Lis 4AlgaZr; 6(POL); 1100/3 92 9.5%1077

0.6 Li, 6AlgZr; 4(POL); 1050/3 91 6.8x1077

0.8 Li, sAlosZr; 5(POL)s 1010/3 90 52x107°

1 Li,AlZr(PO,); 950/3 87 83x107"
conductivity o, of the samples is compiled in Table 10. As in the 10
case of Li;,Sc,,Zr4(PO,); and Li;,Y,,Zr,4(PO,);, the material \QS\

000

with x=0.2 was used to determine the bulk conductivity by 106_6/0‘0/ Si—a
low-temperature impedance spectroscopy. However, as for

Li; Y0221, 5(PO,);, the impedance of bulk and grain boundaries ‘TE 107 4
could not be separated. (S

Figure 13 provides an overview of the evolution of total 9 108 4
A

ionic conductivity at 25 °C for LAZP where 0 <x < 1. In addition, z

literature data of total ionic conductivity (at 30°C) of different 6 10°4 Liy, AL ZF, (PO,)s
compositions between x=0 and x=0.5 are included.”” Elec- —0— Zhang et al., 2017122
trical characterization of the series revealed a maximum 10710 —A—this work A
conductivity of 3.7x107°Scm™' for the sample where x=0.2.

Further Al substitution resulted in a steady decrease in ionic 10" T T T T T

. n o - o 0 0.2 0.4 0.6 0.8 1.0

conductivity to 83x107"" Scm™' for x=1. At first sight, the
evolution of ionic conductivity is related to the phase purity of X

the samples: Li, Al Zr, ,(PO,); where x=0.2 is the only Figure 13. Variation of total conductivity of Li, , ,Al,Zr, ,(PO,); as a function
material in the series crystallizing as a pure rhombohedral of x. The literature data are listed in the supporting information (Table S6).

NaSICON phase, whereas the materials where 0.4<x<1 clearly ~ Forionic conductivity data of LiZr,(PO,);, see Figure 6.
showed the presence of a mixture of rhombohedral and
monoclinic phases (Figure 10). Indeed, the substitution of Al for
Zr in LZP can stabilize the structure to rhombohedral NaSICON
at room temperature and increase the ionic conductivity until
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x=0.2. Any further Al substitution resulted in phase mixture
and decreasing lattice parameters, which have an adverse
influence on ionic conductivity.

The results obtained in this study are slightly higher than
the reported values®” presented in Figure 13. The ionic
conductivity of Li; ,Aly,Zr, g(PO,); is higher not only in compar-
ison with the same reported material but also with the material
where x=0.275, which gave a maximum total ionic conductiv-
ity of 3.1x10°Scm~"*

Optimization of the sintering conditions of Li, ,M,,Zr, ((PO,);
(M=Sc, Y, Al)

Two-step sintering

The compositions where x=0.2 in the Li; M,Zr,_,P;0;, system
(M=Al, Sc, Y) showed the highest ionic conductivity for
scandium, yttrium, and aluminum substitutions. Therefore, the
three compounds with the compositions Li;,Scy,Zr, 5(PO,);,
Li;,Yo,Zr, 5(PO,)5, and Li,,Aly,Zr, 4(PO,); were selected to opti-
mize the sintering conditions, to improve the densification, and
to increase the ionic conductivity.

As described above, the shrinkage behavior of the afore-
mentioned compositions was recorded with dilatometry to
identify the optimal sintering temperature. The shrinkage was
measured during constant heating until a shrinkage of ~23%
was reached. The shrinkage curves of the three compounds are
shown in Figure 14(a). The pellet of Li;,Aly,Zr,4(PO,); shows
several shrinkage steps during the sintering process up to
1100°C, and no further shrinkage is observed up to 1400°C.
The sample of Li,,Sc,,Zr,5(PO,); shrinks continuously starting
from 650°C, followed by higher shrinkage rates at 1350°C and
1550°C, and ending at 18% shrinkage. In the case of
Li;,Yo,Zr,5(PO,);, a two-stage shrinkage behavior is observed.
The pellet shrinks sharply between 800°C and 1200°C with up
to 18% shrinkage. After a temperature interval without further
shrinkage, a second shrinkage starts at about 1400 °C. To reach
the optimal sintering conditions for the three compositions, a
series of sintering treatments was carried out from 1000°C to
1300°C with 10°C intervals for 3 hours in air (not shown here),
for which shrinkage was 7-12% and 11-18%, respectively.
Whereas sintering at low temperature resulted in high porosity
and low conductivity, sintering at high temperature led to the
formation of cracks and lithium evaporation. Furthermore,
optimizing the sintering conditions with two-step sintering
slightly enhanced the relative density of the sintered pellets of
the three materials (Table 11). Such sintering processes have
already been used in the past for solid state electrolyte.®=>®

The resulting densities of the different heat treatments are
shown in Figure 14(b). Pellets of Li;,Sc,,Zr,s(PO,); were first
exposed to 1280°C for a short time (0.25h), followed by
annealing at a reduced temperature (980°C) for a prolonged
period of time (3 h). The relative density increased from 82 % at
1280°C/3 h (one-step sintering) to 94% for the two-step
sintering protocol (1280°C/0.25 h and then at 980°C/3 h). In
the case of Li;,Yy,Zr;,5(PO,); the two-step sintering method

Batteries & Supercaps 2022, 5, €202200327 (11 of 20)
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Figure 14. a) Free sintering curves of Li, ,S¢y,Zr, g(PO,)3, Li;,Yo,Zr, 5(PO,);, and
Li, ,Aly,Zr, 5(PO,); samples up to 1600 °C. b) Relative densities obtained after
sintering under different sintering conditions. Filled symbols: one-step
sintering; open symbols: two-step sintering.

also resulted in a significant increase of relative density from
89% at 1250°C/3 h (one-step sintering) to 95% after 1250°C/
0.25 h and then at 980°C/4 h (two-step sintering). The improve-
ment of the relative density of Li;,Aly,Zr,5(PO,); was not as
successful compared to the other two materials. Here, the
relative density increased from 94% at 1100°C/3 h (one-step
sintering) to 96% at 1100°C/0.25 h and then at 980°C/3 h (two-
step sintering).

The two-step sintering method resulted in reproducible
relative densities of >90% for all three compositions. This
sintering procedure not only increased the density of the
specimens, but also reduced the loss of lithium oxide as the
samples remained at a high temperature for only a short period
of time.
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Table 11. Comparison of relative densities and ionic conductivity for the Li, ,M,,Zr, s(PO,); materials (M= Al, Sc, Y) using different sintering processes.
Material Sintering process Sintering temperature [°C] Relative 0 55c
and dwell time [h] density [%] [Scm™1
Li; ,S¢o,2r,5(PO,); One- step-sintering 1280/3 85 2.7x107°
Two-step sintering 1280/0.25+980/3 94 48x107°
FAST/SPS 1200/0.17 92 34x107°
Liy»Yo,2Zr 5(POL)5 One- step-sintering 1250/3 89 6.7x107°
Two-step sintering 1250/0.25+980/3 95 73%x107°
FAST/SPS 1150/0.17 94 7.0x107°
Li; ,Alg2Zr 5(PO,)5 One- step-sintering 1250/3 94 3.7%x10°°
Two-step sintering 1250/0.25+980/3 96 7.1%x10°°
FAST/SPS 1050/0.17 95 45x10°°

FAST/SPS

The two-step sintering process was very helpful in optimizing
the sintering conditions and improving the densification
process, but the dwell time is a parameter that needs to be
improved further. Therefore, to reduce the dwell time as well as
the sintering temperatures, the three selected materials were
sintered by high-pressure FAST/SPS for 0.17 hours at temper-
atures of 1200°C, 1150°C, and 1050°C for Li;,Scy,Zr;5(PO,)s,
Li;,Yo,Zr, 5(PO,)5, and Li; ,Alg,Zr, 4(PO,);, respectively. As a result,
higher relative densities were obtained compared to the one-
step sintering procedure but not as high as in the two-step
sintering process. The relative densities of materials sintered by
one-step sintering, two-step sintering, and FAST/SPS are listed

in Table 11. The two-step sintering method presents a simple
alternative compared with FAST/SPS technology, which is a
complex fabrication route and therefore industrially less
viable.®” Table 11 also shows that the ionic conductivity was
improved for the three compositions due to the increased
relative density.

Figure 15 shows SEM images of fracture surfaces of sintered
pellets of Li,,M,,Zr,4(PO,); where M=AI, Sc, Y after sintering
by one-step sintering, two-step sintering, and FAST/SPS. In
terms of the homogeneity of the materials, the SEM images
show that the two-step sintering process gives the best results
of the three samples compared to the other two sintering
processes. The two-step sintering process resulted in low
porosity and an almost crack-free microstructure without areas

Two step-sintering

Figure 15. SEM images showing the microstructure of Li, ,M,,Zr, s(PO,); (M=Al, Sc, Y) after sintering at different temperatures and dwell times (Table 10). The
white arrows indicate the micro-cracks and the black arrows show the areas with partial melting.
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of partial melting. In comparison, the one-step sintering
process leads to crack formation in all samples due to stronger
grain growth, while FAST/SPS enhances the partial melting of
materials where M=Sc, Y, although this is not pronounced in
the case of M=AIl. The SEM analyses provided the following
observations:

a) Sintering at high temperatures for a long time in the
furnace using the one-step sintering resulted in the
formation of pores and micro-cracks, which can be related
to the evaporation of Li,O and accelerated grain growth,
respectively. Weight loss related to the evaporation of Li,O
was observed by DTA/TG measurements (not shown here)
in the range of 1250°C to 1300°C.

b) The formation of micro-cracks is minimized by the two-step
sintering because the sample remains at a high temperature
for only a short period of time.

c) Partial melting after the FAST/SPS process, as observed
predominantly in materials where M=Sc, Y, can be
associated with the high temperatures applied, while this
phenomenon is far less visible for M=Al because of the
lower sintering temperature (Table 11). Therefore, a lower
sintering temperature leads to compact materials and high
densification, as shown in the SEM images for M=Al by
two-step sintering and FAST/SPS.

Discussion of the substitution-dependent chemistry

The evolution of the refined content of the rhombohedral,
monoclinic, and orthorhombic NaSICON phases and the unit
cell volumes as a function of x in Li; MZr,_P;0;, (M=AI, Sc,
Y) is depicted in Figure 16. For better comparison of the unit
cell volumes among the different space groups, the crystallo-
graphic data of rhombohedral and orthorhombic phases were
converted to the monoclinic cell volume.

The substitution of Zr** with SA* in Li;,,Sc,Zr,_(PO,); (0 <
x<2) stabilized the pure rhombohedral phase at RT for the
composition x=0.2. Compositions where 0.4<x<1.4 have a
mixture of phases with rhombohedral and monoclinic symme-
try. The rhombohedral phase content decreases while the
monoclinic modification increases with the substitution of S+
until both phases have an equal content at x=1. In addition to
these two phases, the orthorhombic phase appears in
compositions where 1.6<x<2 and increases with the Sc*
substitution. The contents (in wt.%) of the different phases for
this series of compositions are listed in Table 2 and presented
in Figure 16(a). The evolution of rhombohedral (0<x<?2),
orthorhombic (1.6 <x<2), and monoclinic unit cell volumes
(0.4<x<2) generally decreases with increasing x in Li,
S6Zr, (PO,);. Since S (0.745A) and Zr**t (0.72 A) have
similar ionic radii,® the differences in the unit cell volume of
the Li, ,,Sc,Zr,_(PO,); series (Figure 16b) are mainly caused by
the difference in the Li* concentration in the formula unit. For
the compositions x=1.6, 1.8, and 2, the difference between the
monoclinic and orthorhombic phases is only a slight twist of
the unit cell. Since the monoclinic and orthorhombic phases
are crystallographically very similar and have almost the same

Batteries & Supercaps 2022, 5, e202200327 (13 of 20)

unit cell volume as the rhombohedral phase at x=1.8 and 2,
the resulting compounds can be considered to be a single
phase with different short- and long-range distortions leading
to multiple diffraction peaks in the XRD patterns. These results
are consistent with previous work.”® More crystallographic data
can be found in the supporting information (Table S2).

The substitution of Zr** with Y** in Li, ,Y,Zr,_(PO,); causes
a decrease of the orthorhombic and rhombohedral unit cell
volumes (except for x=0.6, Figure 16d). This trend cannot be
caused by the different radii of Y>* and Zr*" ions, as the ionic
radius of Y** (0.9 A) is significantly larger than that of Zr**
(0.72 A).® Rhombohedral lattice parameters in Ref. [21] are in
accordance with the measured values. The previously men-
tioned substitution stabilized the pure rhombohedral phase at
RT for the composition x=0.2, showing the highest ionic
conductivity value in this series. The further substitution of Y**
first leads to a mixture of rhombohedral and orthorhombic
phases (x=0.4) and then to a pronounced formation of YPO,
(0.6 <x<2), resulting in lower ionic conductivity. From Fig-
ure 16(c), it can be deduced that the solubility limit of Y** is
about x=0.3. The decrease in ionic conductivity depends firstly
on the crystallographic results, i.e., the constricted orthorhom-
bic unit cell volume of the materials where 0.4<x<1.6, and
secondly on the increasing impurity of the materials. The
occurrence of both phenomena indicates the extraction of Y
and P from the NaSICON phase, leading to different NaSICON
compositions than expected. As an example, assuming the
complete separation of Y from the NaSICON phase, the
Li,YZr(PO,); compound splits into YPO, and Li,Zr(PO,),. Rewrit-
ing the latter composition as LisZr, ;(PO,);, it can be assumed
that NaSICON compositions such as Li,s[Zr, sLiys1(PO,); are
formed in which Li™ ions occupy Zr*' sites, indicated in
Figure 1 as the region behind the orange area in the x-y plane.
This aberrant NaSICON formation also explains the decreasing
unit cell volumes.

Substituting Zr*™ with AP* in Li;,,AlLZr, ,P;0,, (0<x<1)
also stabilizes the rhombohedral NaSICON structure at RT for
the composition where x=0.2 and decreases the unit cell
volume with increasing APP* content (Figure 16f), since the
ionic radius of AF* (0.535 A in sixfold coordination) is much
smaller than that of Zr** as anticipated.*® However, the
progressive substitution with APF™ (x>0.4) reduces the rhom-
bohedral unit cell volume, resulting in a NaSICON phase
mixture with rhombohedral and monoclinic symmetry and
leading to the formation of AIPO,. Substituting Zr** with A"
reduces the rhombohedral content and increases the mono-
clinic one (Figure 16e).

Nuclear magnetic resonance investigations confirmed the
presence of preferentially octahedral coordinated aluminum
(Aly) in Li, ., ALTi,_,(PO,);, but with increasing x a significant
proportion of Al was also found on tetrahedral sites (Al;).°"¢
The presence of Al; can be attributed to the segregation of the
AIPO, phase, which is in good agreement with the XRD results
of this work (Figure 10), but also to the limited substitution of
P** (0.17 A) with AP* (0.39 A in fourfold coordination)® in the
NaSICON structure, presumably leading to the progressive
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Figure 16. a, ¢, e) Evolution of the weight fraction of the NaSICON polymorphs (and YPO, in c); b, d, f) monoclinic unit cell volume as a function of x in
Li; ;M Zr,_,P;0,, where M=Sc, Y, and Al, respectively. Converted lattice parameters and literature data are listed in the Supporting Information.

destabilization of the lattice and the strong decline of ionic

conductivity for compounds where x > 0.6 (Figure 13).
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Electrochemical stability window

Characterization of electrochemical stability window using
cyclic voltammetry

In general, oxide and phosphate electrolytes feature higher
electrochemical stability and a broader electrochemical window
than sulfide, polymer, or liquid electrolytes.**¥ One of the
most promising Li-ion solid electrolytes with a NaSICON
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structure like LATP, however, still faces challenges in the low
voltage range due to the reduction of Ti*" to Ti*" in direct
contact with lithium anodes.®™™ For this purpose, selected
NaSICON electrolytes such as LiZr,(PO,); (LZP), Li;,Y,,Zr,4(PO,)5
(LYZP), and Li;Sc,(PO,); (LSP) were investigated with regard to
their reduction stability range.

Asymmetric cells in which the sintered pellets of the
selected materials LZP, LYZP, and LSP were sandwiched
between the Au and Li electrodes (Au|NaSICON|Li) were
investigated by cyclic voltammetry (CV). Similar characterization
was also performed for Li; ;AlysTi; s(PO,); (LATP) to compare its
electrochemical stability window with that of LZP, LYZP, and
LSP.

As mentioned earlier, titanium-containing materials are
instable against lithium®™ and indeed the cyclic voltammo-
grams of LATP shown in Figure 17(a) confirm the reactions
occurring during cycling. A pair of broad quasi-reversible peaks
corresponding to the Ti**/Ti** redox process is observed at an
average potential of about 2.6 V vs. Li*/Li, with the onset of
Ti*" to Ti** reduction starting as early as ~2.5V vs. Li*/Li and
the peak potential at ~1.7V vs. Li*/Li. The peak of the

40]a)

__r/

c4

Current / pA
8

50 jc2

corresponding oxidation process is observed at ~4.7 V vs. Li*/
Li*”® The current density decreases in the following cycles,
indicating a low Coulomb efficiency of this process. These
peaks are superimposed on the reduction current at negative
potentials below ~1 V, which correspond to the Li plating
process with a possible formation of Li alloys (e.g., Li—Au alloy
due to the reaction with the Au adhesion layer)."”

The substitution of Ti** with Zr** and Sc* significantly
increases the reduction stability of the resulting compounds, as
shown in Figure 17b-d. In contrast to LATP, a reduction process
is observed at much more negative potentials in LYZP, with a
reduction onset at ~1.5V vs. Li*/Li and a peak potential at
~0.5V vs. Li*/Li. The cause of this process is still unknown,
although it is thought to be the reduction of Zr**," which is in
good agreement with the detection of the Zr*" species in the
XPS. However, the exact origin of this process and the
compounds formed still needs to be confirmed. It should be
mentioned, however, that the reduction current is much lower
compared to LATP and that the current corresponding to this
process decreases sharply in the subsequent cycles. In the
reverse scan, a very small peak of an oxidation process is
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Figure 17. Cyclic voltammograms of a) LATP, b) LYZP, ¢) LZP, and d) LSP in Au|NaSICON |Li cells ranging from —0.5 to 5 V with a speed of 1 mVs™'.

Batteries & Supercaps 2022, 5, e202200327 (15 of 20)

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e sspiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Afe1q Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[2202/TT/GZ] Uo A%igiTauliuo A8|IM ‘Auewss sueIyooD Aq /2002202 11ed/200T OT/I0p/wod A 1M Aeq 1 puljuoadoune-Alis IWsyd//Sdiy wolj pepeojumod ‘TT ‘240z ‘€2299952



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202200327

observed at a potential of ~4V vs. Li*/Li, and in the second
reduction scan, a very small reduction peak is detected at
~1.7V vs. Li*/Li. This peak most likely corresponds to the
reduction of a compound formed during the oxidation scan,
but the origin of this process still needs to be explained.

LZP (Figure 17c) and LSP (Figure 17d) generally exhibit very
low currents and poor electrochemical performance due to
their low ionic conductivity in the range of 1077 S/cm, and LSP
in particular shows near-Ohmic behavior. LZP, similar to LYZP,
shows a linear onset of reduction currents at potentials below
~1V vs. Li*/Li. These currents can also be attributed to the
reduction of Zr** and Li plating at more negative potentials,
which are, however, poorly resolved due to the low ionic
conductivity of this compound and the resulting high resistive
polarizations. In the oxidation scan, a small oxidation peak is
observed at a potential of ~4 V vs. Li*/Li, with the correspond-
ing reverse reduction peak detected in the second reduction
scan. The potential of these peaks is similar to those of LYZP
and likely to have the same origin.

LSP (Figure 17d) exhibited the widest electrochemical
window of all the compounds studied, with no reduction or
oxidation peaks detected in the potential range from —0.5 V to
5V vs. Li*/Li, but showed high Ohmic polarization due to its
low ionic conductivity.

The conclusions about the reduction stability of the
investigated NaSICON materials obtained by CV measurements
are in good agreement with the optical appearance of the
pellets after contact with Li metal. As shown in Figure 18 b), f),
and j), no instant color change was observed for LSP, LZP, and
LYZP after direct contact with lithium metal. However, in the
case of the LATP electrolyte (Figure 18n), an immediate color
change from white to black was clearly observed after direct
contact with lithium metal. A longer exposure time with lithium
metal of up to 24 h did not lead to a color change in the case

g | I Q! !

5t

dy) |

LSP

LZP

LYZP

LATP

Before contact Instantaneous 24h contact After CV
Figure 18. a-d) Pellets of LSP, e-h) LZP, i-l) LYZP and m-p) LATP after different

exposure times with metallic lithium. The CV test was performed with
Au|NaSICON |Li cells.
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of LSP (Figure 18c), while the zirconium-containing materials
LZP and LYZP started to react locally, as shown in Figure 18(g
and k). In the case of LZP, only isolated black spots were
observed, while in the case of LYZP, the majority of the surface
was colored black. However, the chemical stability of these
materials to Li metal is much higher than that of LATP, which
reacted completely with the adhering Li metal and formed a
thick black layer on the entire surface.

After a cycling test of asymmetric Au|NaSICON |Li cells at
RT for 100 hours, no change was observed on the surface of
the LSP pellet, while LZP and LYZP showed some color
changes. LZP formed a considerable number of black spots,
and the LYZP showed a black layer on the surface of the pellet.
However, LATP reacted completely with lithium metal and
formed a very thick black layer on the surface, indicating the
low stability of the solid electrolyte in contact with lithium.

In order to measure the evolution of the interface resistance
(R) of a Li/NaSICON/Li cell with impedance spectroscopy,
Li;,Scy,Zr, gP50;, (LSZP) was coated with Li metal and the
measurements were performed first at instantaneous contact
with Li metal and then after every 24 hours until 120 hours of
contact with Li metal was reached. Fitting the semicircle at low
frequencies (Figure S3a) gave increasing R; values from 3.4 to
4.7 kQcm? with inceasing contact time (Figure S3b). The
interfacial resistance between LSZP and Li metal is rather high
and after removal of the Li electrodes the surface of the pellet
looked very similar to that of LZP (cf. Figure 18h and Figure S4
in the Supporting Information).

The experiments show that LSP has very good chemical
stability and no interaction with lithium, indicating the
possibility of its direct combination with the lithium metal
anode. LYZP and LZP exhibit much higher reduction stability
than LATP, but react to some extent in direct contact with
lithium metal.

Characterization of the black surface layer on Li,,Y,,Zr, ((PO,);
after cycling

After the cycling experiments, no indication of phase decom-
position was observed by XRD, i.e., the black layer coating the
surface of LYZP is most likely very thin or amorphous.
Therefore, XPS measurements were performed to explore
the reaction products in more detail. In the first set of
experiments, the black surface layer formed after cycling the
Au| LYZP |Li cell was investigated. For comparison, a second
set of measurements was applied to characterize LYZP after
heat treatment at 1000°C in an inert atmosphere (Ar) for
3 hours. Normalized C 1s, O 1s, P 2p, and Zr 3d XPS spectra of
these samples are shown in Figure 19 together with the spectra
of the reference sample. As seen in the C 1s spectra, there are
slight differences between the samples. The treated samples
indicate the formation of a small amount of high binding
energy species (e.g., at 288.6eV). Such a binding energy
corresponds to C=0/0—C—O related species, which might also
have formed during transport and the exposure of samples to
the ambient atmosphere. In the O 1s spectra, the reference
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Figure 19. XPS spectra of Li, ,Y,,Zr, 5(PO,); samples before and after reduction either via Li contact or heating in an Ar atmosphere at 1000 °C. Normalized C

1s, O 1s, P 2p, and Zr 3d spectra from left to right.

sample has two main peaks located at 531.4 eV and 532.3 eV.
After contact with Li metal, the position of the low energy peak
shifts to around 531.2 eV. However, upon high-temperature
heat treatment, a new peak appears at around 530.1 eV. This
may originate from near-surface phase transitions or reactions
due to the thermal instability of the material in an Ar
atmosphere, for example the formation of new oxide phases.
Unfortunately, it is not possible to make precise deductions at
this binding energy, since many metal oxide compounds
exhibit peaks at this energy region.

In the P 2p spectra, all samples seem to consist of closely
located spin orbit components of Li;,Y,,Zr;4(PO,);. However,
the sample that was in contact with Li metal shows a
contribution from a new set of peaks, which may originate
from the formation of Li;P at around 133 eV. It has previously
been reported that the reaction with Li can result in the
formation of LizZrOs and LisP."7’® In this case, however, no
additional crystalline phase was observed by XRD, which
implies that an amorphous layer may contribute to the shift of
the main O 1s peak to a lower binding energy In the heated
sample, the shift to a low binding energy is more significant
and the contribution can be easily identified with the formation
of the third peak (black). This clearly shows that the decom-
position products are different for the samples in contact with
Li and the heat-treated samples. The Zr 3d spectra also confirm
these differences (note that the brown peak in the Zr 3d
spectra is due to the P 2 s contribution). For the heat-treated
sample, the formation of a lower energy set of spin orbit peaks
(shown in blue) is much more intense and positioned at slightly
lower energies. The largest 3d 5/2 signal of the reference
sample appears at 183.2 eV, which is in very good agreement
with the binding energy of 183.1 eV for Zr** ions in Zr0,."" For
the sample that was heat-treated in Ar, the additional doublet
appears at a shift of about 1eV peaking at 182.2 eV of the
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larger signal. In the case of Li contact, peaks are again shifted
to lower energies (largest peak at 181.4 eV). The overall peak
shift agrees with a previous study on the interfacial stability of
Li and LZP" and with the binding energy of Zr*" (182.1-
181.8 eV depending on the experimental conditions).”” There-
fore, both reducing conditions lead to the formation of Zr*"
ions and are the reason for the black coloration.

Although the relative concentration of decomposition
products is not high, depth profiling (Figure S5) shows that the
formation of Li-rich compounds is not limited to the surface
and can be detected with high intensity after the sputtering
process. It shows that the reduced surface of the sample
reacted with the atmosphere during storage and transport after
the removal of the Li metal contact.

Conclusion

Materials in the Li,, M**,Zr,_(PO,); system where M=Al, Sc, Y
were synthesized by the solution-assisted solid-state reaction.
XRD investigations indicated that the samples contained differ-
ent polymorphs of the NaSICON structure and crystallized with
rhombohedral (R3¢) or monoclinic (P2,/n) symmetries, or a
mixture of both. In some cases, reflections of the orthorhombic
phase (Pbcn) were also detected in addition to those of the R3¢
and P2,/n symmetries. The purity and crystallographic structure
of the materials strongly affected the ionic conductivity. The
compositions where x=0.2 in the three systems showed the
highest ionic conductivity, as these compositions exhibited
high purity and a well-crystallized rhombohedral NaSICON
structure. lonic conductivity significantly increased from 5.4x
107Scm™ for the unsubstituted LiZr,(PO,); to 3.6x
10°°Sem™, 27x107°Secm™’, and 6.7x107°Scm™" for the
compositions  Li;,Aly,Zr, 5(PO,);,  Li;5Scy,Zr5(PO,);,  and
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Li;Yo,Zr, 5(PO,);, respectively, with a consistent relative density
of 94-96 %. Therefore, those three compositions were selected
from the systems to further optimize sintering conditions,
improve densification, and increase ionic conductivity using the
two-step sintering method and FAST/SPS. Sintering the materi-
als using the two-step sintering process resulted in the
reduction of pores and the minimization of micro-cracks
forming. The application of this sintering procedure not only
increased the density of the samples, but also reduced the loss
of lithium oxide because the samples only remained at a high
temperature for a short period of time. lonic conductivity was
improved for the three compositions by increasing the density,
and the highest value after optimizing the sintering conditions
was increased to 7.3x107°Scm™ for the composition
Li12Y02Zr1 8(PO)s.

The NaSICON materials LiZr,(PO,);, Li;>Mg,Zr;4(PO,); (M=
Sc, Y) and Li;Sc,(PO,); were selected and electrochemically
investigated with respect to their reduction stability. For
comparison, the electrolyte Li, sAlysTi; (PO,4); was also included
in the studies. Li;Sc,(PO,); proved to be chemically and
electrochemically very stable and might act as an anode
protection material in combination with lithium metal.

Experimental Section

Powder preparation. Powders in the Li,  M*",Zr, ,(PO,); system
were synthesized by the solution-assisted solid-state reaction (SA-
SSR) as described elsewhere.”” Stoichiometric quantities of high-
purity Li,CO; (Alfa Aesar, 99%), Sc,0; (Projector GmbH, 99.5 %), and
ZrO, (Saint-Gobain, 99.8%) were mixed in a quartz glass beaker
using H,0 to obtain a homogeneous aqueous suspension. Addi-
tionally, a corresponding amount of NH,H,PO, (Merck KGaA, 99 %)
was added during stirring. The whole mixture was stirred overnight
at 250 rpm and at 70°C for the slow evaporation of H,O. The
homogenized mixture was first heated up to 100°C and then the
dried solid mixture was calcined in an oven at 900 °C for 5 hours to
form an amorphous raw powder. The annealed powder was then
manually ground in an agate mortar and finally milled in a grinding
bowl with ethanol as the dispersing medium and with 5 mm ZrO,
balls using a planetary ball mill (Pulverisette 7 premium line, Fritsch
Germany) at 350 rpm for 5 hours before being subsequently dried
at 70°C for 6 h. The particle size distribution (PSD) of the dry milled
powders was verified with a laser scattering particle size analyzer
(Horiba LA-950 V2 with a 650 nm and a 405 nm laser source). The
resulting data were analyzed applying the Mie theory.*%*" The
powders after ball milling have a similar agglomerate morphology.
Furthermore, the PSDs of all powders are nearly identical with a
mean particle size of about 1.1 um. Therefore, any differences in
the sintering process are not related to the different particle sizes
of the pressed powders.

Thermal analysis. Differential thermal analysis/thermogravimetry
(DTA/TG) was performed on the calcined powders up to 1600°C in
air with heating and cooling rates of 300 K/h using the simulta-
neous thermal analyzer STA449F1 Jupiter coupled with the mass
spectrometer QMS 403C Aéolos from NETZSCH-Gerdtebau GmbH.
The dilatometry experiments were also carried out with a 402C
dilatometer from NETZSCH-Geratebau GmbH. During the measure-
ments, the change in length of the pressed pellets was recorded
until a shrinkage of 25% was reached.
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Pellet sintering. The annealed and freshly milled powders were
pressed into pellets at a pressure of about 150 MPa and freely
sintered in Pt crucibles. The sintering temperatures were extracted
from the shrinkage curves of the dilatometer measurements. After
sintering, the experimental density was determined geometrically.
The theoretical density was obtained from the X-ray diffraction
refinement results. In addition, to improve the densification
process, advanced sintering methods were used: firstly, a two-stage
sintering approach and secondly the field-assisted sintering
technique, also known as spark plasma sintering (FAST/SPS).?? By
applying mechanical pressure and fast Joule heating, FAST/SPS
enables the sintering of dense ceramics at lower temperatures with
much shorter dwell times than conventional free sintering. The
samples were sintered in a HP D 5 FAST/SPS device (FCT Systeme).
A graphite foil (SGL Carbon) with a thickness of 0.35 mm was
wrapped around the internal tube surface (diameter of 12 mm)
fully covering the internal wall of a metal mold composed of the
molybdenum-based alloy TZM (Plansee SE).

Subsequently, 2 g of NaSICON powder was filled in and sand-
wiched between two disks punched from graphite foil. The
graphite foil served to separate the powder sample from the
pressing tools to improve heat transfer and to facilitate the removal
of the sample from the mold. The sintering was performed at
temperatures of 1200°C, 1150°C, and 1000°C for the materials
Li155€02Zr15(POL);5, Lii2Yo22Zr1 (P05 and Liy,Alg,Zr (PO,);, respec-
tively. A uniaxial pressure of 50 MPa was applied with a dwell time
of 0.167 h in a vacuum. The heating rate was 600 K/h and a slow
cooling rate of 120 K/h was applied in order to obtain crack-free
samples. After ejection of the samples, the graphite foil was
polished off from all pellet surfaces using SiC sandpaper. All
samples were then thermally treated in air in a chamber furnace at
900°C for 4 h to restore oxygen stoichiometry and to remove
carbon residues.

Chemical analysis. The stoichiometry of the powders was con-
trolled before and after free sintering by inductively coupled
plasma optical emission spectroscopy (ICP-OES) using a Thermo
Scientific iCAP7600 spectrometer with optical scale and CID semi-
conductor detector, axial und radial reflection, and wavelengths
between 166 nm and 847 nm. 50 mg of powder was mixed with
0.5 g of lithium borate in a platinum crucible and fired for one hour
at 1000°C in a muffle furnace. The liquefied material was dissolved
in 30 mL HCl (5%). After dissolution, the sample solutions were
transferred to sample vials containing 0.5 mL of HF and filled to a
volume of 50 mL. This measurement was performed twice for each
composition.

Crystallography and microstructural analysis. The purity of the
sintered specimens was measured by X-ray diffraction (XRD) from
20=10° to 60° with a step size of 0.02° and a measurement time
of 0.75s. The measurements were recorded with a Bruker D4
Endeavor diffractometer using Cu K, radiation. The Rietveld
analysis refinements to determine the lattice parameters of the
resulting compounds were performed using the TOPAS V4.2
computer software (Bruker AXS 2008, Karlsruhe, Germany).

The microstructures of the polished cross-sections of the sintered
pellets were examined by scanning electron microscopy (SEM,
Ultra55, Zeiss).

Electrochemical characterization. Both sides of the prepared dense
pellets were dry-polished using SiC sandpaper up to 4000 grit.
Blocking electrodes were sputter-coated with gold onto both fresh
surfaces for 2 minutes (~30 nm) using a Cressington 108 coater.
Electrochemical impedance spectroscopy (EIS) was performed at
25°C in a climate chamber (VT 4002EMC, Votsch Industrietechnik)
using a BiolLogic VMP-300 multichannel potentiostat. The fre-
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quency was varied from 7 MHz to 1Hz with an amplitude of
10 mV. Impedance spectra were fitted using the software Zview®
(Scribner Associates Inc). The impedance data were fitted using the
equivalent. The electrical properties of the samples are represented
by a combination of a resistance (R) and a constant phase element
(CPE). The impedance of CPE is given by Equation (1) with n <1.0
and w=2mv as the angular frequency. The Cqy is related to the
capacitance C as written in Equation (2).2¥

1

= e o) w

'I _—
c=R—"cl @

R represents the long-range ionic conduction in the sample, CPE
represents the non-perfect capacity of the specimen, CPE,
describes the blocking electrode/electrolyte interface at low
frequencies.

After fitting the impedance spectra, the resistance was obtained by
extracting the lowest value of —Z” as the total resistance R. The
total conductivity o, of the samples was calculated from the values
R, L, and A using Equation (3)

U:LR 3)

in which L and A represent the pellet thickness and electrode
surface area of the specimen, respectively.

Cyclic voltammetry (CV) measurements were performed using the
VMP-300 potentiostat combined with the climate chamber and
operated in the potential range from 0V to 2V with a scanning
speed of 1mVs™". For CV measurements, a thin gold layer was
deposited on one side of the pellets and a lithium metal foil was
attached to the other side. The cell assembly and measurements
were performed in an Ar-filled glovebox and then sealed by hot
glue to avoid contamination from ambient air. The measurements
were carried out in Swagelok cells.

X-ray photoelectron spectroscopy (XPS). Samples after CV measure-
ment showing a black discoloration on the surface were analyzed
by X-ray photoelectron spectroscopy (XPS). XPS characterization
was performed using a PHI5000 Versa Probe Il instrument with
monochromatized Al-K, radiation (1486.6 eV). Samples initially
sealed into aluminum pouch bags for transfer purposes were
opened in an Ar-filled glovebox (H,0 < 0.1 ppm and O, <0.1 ppm)
and attached to an electrically insulating sample holder. This
sample holder was subsequently transferred into the XPS chamber
via an airtight transfer vessel. A dual beam charge compensation
was applied during the measurements. The analysis beam diameter
was 200 pm and the analyzer pass energy was 23.5 eV. For the Li-
contacted sample, Ar was sputtered onto the sample surface (2x
2 mm area) for depth profiling. The acceleration voltage was 1 kV
for the first 6 minutes (343 minutes) and 2 kV for the following 16
minutes (8 +8 minutes). Casa XPS software was used for the data
analysis. A linear energy calibration was applied to each spectrum
so that the hydrocarbon peak was positioned at 284.8 eV. For all
spectra, a Shirley background subtraction and intensity normal-
ization (divided by the maximum intensity value) was applied to
facilitate a comparison between the samples. During the peak
fitting, a Gaussian/Lorentzian peak shape GL(30) was used for all
peaks.
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