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Abstract: Replacing liquid electrolytes with solid-state conductors is one of the key challenges to
increasing the safety and energy density of next-generation Li secondary batteries. In this work, the
NASICON-type Lij1x AlxZry Tip_x—y(POyg)3 with 0 < x, y < 0.2 solid electrolytes were synthesized us-
ing solid-state and sol-gel techniques at various sintering temperatures (800, 900, and 1000 °C). Their
morphology and conducting properties were studied to determine the optimal dopant content and
synthesis method. Lij yAlg2Zrg1Tiy 7(PO4)3 and Lij 1Al 1Zrg»Tip 7(POy4)3 prepared at 900 °C using a
solid-state reaction exhibit the highest total conductivity at 25 °C (7.9 x 10~* and 5.4 x 1074 Scem ™1,
respectively), which is due to the optimal size of lithium transport channels, as well as the high
density of these samples. The potential profile of Li | Lij 5 Aly2Zr( 1 Ti; 7(POy4)3 | Li cells was retained
during cycling at a current density of 0.05 mA cm~2 for 100 h, indicating a high interfacial Li
metal/electrolyte stability.

Keywords: NASICON; solid electrolyte; LTP; LATP; Zr doping; Al doping; conductivity; sol-gel;
solid state reaction; all-solid-state battery

1. Introduction

The modern energy industry focuses on energy efficiency and renewable power
sources [1-3]. At the same time, the dependence of renewable sources on the weather
and their disability to generate power when it is needed requires the simultaneous use of
energy storage technologies, among which lithium-ion battery (LIB) storage is the most
popular [4,5]. Currently, most commercial LIBs contain liquid electrolytes comprising
lithium salts with large anions dissolved in aprotic solvents [6]. However, such systems
suffer from safety issues. To overcome these problems, increased attention is given to
polymer and solid electrolytes [7-9]. All-solid-state batteries (ASSBs) can provide fast
charging, higher energy densities, a wide range of operating temperatures, a long cycling
life, and operational safety [10].

Sulfides are considered as perspective solid electrolytes, which, due to the higher
polarizability of sulfur ions, show an outstanding conductivity at room temperature (up to
1072 Scm™1) [11,12]. However, they are very hygroscopic and easily hydrolyze to release
hydrogen sulfide. The Li;LaszZryO;-based garnets are promising materials [13,14], but
they contain a large proportion of expensive rare elements, have serious problems with
air/moisture stability, and are very hard to process.

In this regard, a relatively low-cost NASICON-type (Na Super Ionic CONductor)
AxMy(POy); (A represents the mobile Li*, Na* or K* ions, M typically represents tetravalent
(Zr**, Ti**, Ge**) or trivalent (Fe3*, Cr3*, In3") cations) that are stable to the moisture and air
received particular attention [15-21]. At room temperature, LiZry(PO4)s NASICON-type
materials have low-temperature triclinic modifications and show low ionic conductivity.
However, their doping by trivalent cations allows for the stabilization of a highly conductive
rhombohedral phase already at room temperature [22].
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Lithium titanium phosphate also attracted much attention. At room temperature, the
ionic conductivity of LiTiy(POy)3 is relatively low (about 10-7 S em™1). However, it can
be increased by partial substitution of titanium for three- and pentavalent cations [23-25],
e.g., the conductivity of LijxCrxTip_«(PO4)s solid solutions approached 103 Sem~1 [26].
Since chromium-containing materials can be easily reduced, aluminum doping is even
more promising. Lij Al Tiy_«(PO4)3 materials are considered promising solid electrolytes
for ASSBs [27-31].

In the NASICON-type phosphates LixMy(POy)3, ionic conductivity is mostly deter-
mined by the concentration of mobile carriers-lithium defects. In addition, the mobility
of lithium ions is determined by the size of channels for their transport, which in turn
is determined by lattice parameters and the radius of the structure-forming tetra- and
trivalent elements M. It is, therefore, to be expected that isovalent substitution can also
lead to an increase in conductivity by optimizing the size of conducting channels. For
example, the isovalent substitution of titanium by zirconium results in an increase in the
LiZr,Tiy_«(PO4)3 conductivity [32,33].

Co-doping is very promising in some cases, for example, co-doped zirconia materi-
als show the highest conductivity among zirconia-based electrolytes [34] and in garnet-
structured electrolytes [35]. From this point of view, the co-doping of NASICON-type elec-
trolytes with iso- and heterovalent cations can be beneficial. However, there are relatively
little data on such doping of lithium-conducting NASICONs. Most studies are focused on
lithium titanium phosphate co-doped with Ge** and AI** [36-40]. Zhang et al. synthesized
Lij 4Alp 4Ti1 6—xGex(PO4)3 (x = 0-1.0) materials by a sol-gel method at 900 °C. In this system,
Lij 4Alg4Ti1 4Geg2(POy)3 had the highest conductivity of 1.3 x 1073 Scem 1 at 25 °C [39].
The bulk conductivity of Lil+XTiz_X_yA1XGey(PO4)3 (02 <x<0.8,y=0.8,1.0) fabricated by
solid-state reaction at 950 °C was in the range 2-7 X 10~*S em ™1 at 25 °C [40]. Kothari et al.
reported the synthesis of Lij 3Alp3_xGaxTi1 7(PO4)3 system with x = 0.01, 0.03, 0.05, and 0.07,
in which the highest conductivity of 3.1 x 1076 S cm ™! was observed at 25 °C for the sample
with 3 at.% gallium [41]. In the system Lij,x—yAlkNbyTiz_x_y(POy)s, the highest lithium-
ion conductivity of 7.5x 107* S em ™! at 25 °C was found for Lij 3A1y5Nbg»Ti; 3(POy)3 [42].
Wang et al. reported transport and interface properties of Te-doped Lij 3Aly3Ti; 7(PO4)3
with the highest total ionic conductivity of 7.0 x 10~* S em ™1 for Lij 3Alg 3Teg 03 Ti1.67(PO4)3
electrolyte [43]. LiTip(POy4); co-doped with zirconium and aluminum is much less investi-
gated. There is only one study of such electrolytes, to the best of our knowledge. Rai et al.
prepared Lij 3Aly3Tij 7—«Zrx(PO4)3 (0 < x < 0.2) via a solid-state reaction at 950 °C, which
at 25 °C shows the highest conductivity of 2.3 x 107> S cm~! when x = 0.1 [44]. Since for
Lij+xAlTip_x (PO4)3 (LATP), the highest conductivity is achieved for 0.3 < x < 0.4 [45,46],
in the case of co-doping of LiTiy(POy); with Zr** and AI**, the greatest effect is expected
to be for materials with a small degree of titanium substitution, as at a higher dopant con-
tent, defect association plays an important role, resulting in conductivity decrease [47,48].
Thus, the ionic conductivity of NASICON-type solid electrolytes can obviously be im-
proved by changing co-doped elements and their ratio. Moreover, the data reported
indicate that more investigations are needed to identify new composition ranges with
higher ionic conductivity.

In this work, new Lij 1y AlxZry Ti_x—y(POy); electrolytes with an unexplored composi-
tion range (0 < x, y < 0.2) were synthesized to determine if the LiTiy(PO4)3 conductivity
could be further increased by co-doping and, if so, to identify the composition with the
highest conductivity. Since a sol-gel route in some cases allows for the fabricating of
solid electrolytes at a reduced temperature and due to this achieving an improvement of
morphology and conductivity, to optimize synthesis processes, the samples were synthe-
sized via a solid-state reaction and a sol-gel technique at various sintering temperatures
and periods. These synthesis methods were used as the most simple and accessible syn-
thesis methods without scale-up limits. The interfacial stability of the material with the
highest conductivity was tested too. The optimization of the composition and synthesis
method allows for the production of novel high-conductive Lij,xAlxZryTiy x—y(PO4)3
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(0 < x, y < 0.2) with conductivity up to 7.9 x 10* S cm~!. Moreover, a co-doping strategy
with the optimization of the combination and ratio of co-dopants was shown to be useful
to further improve the conductivity of solid electrolytes.

2. Materials and Methods
2.1. Material Preparation

Citrate (citric acid-assisted) sol-gel and solid-state reaction techniques were used
to prepare LijxAlxZryTi; « y(POyg)s (0 < x, y < 0.2) using LiCO; (Merck, Rahway,
NJ, USA, ACS reagent >99.0%); (BuO)4Ti (Alfa Aesar, Haverhill, MA, USA, 98+%) or
TiO, (Chimmed, Moscow, Russia, 98%); (PrO)4Zr (Sigma-Aldrich, St. Louis, MO, USA,
70 wt. %) or zirconium hydrogen phosphate Zr(HPOy); (Sigma-Aldrich, St. Louis, MO,
USA); AI(NO3)39H, 0O (Sigma-Aldrich, St. Louis, MO, USA, 99.997%) as starting materials.
To prevent possible lithium losses during high temperature sintering [49], 5% excess of
LipCO3 was taken in all cases.

2.1.1. Solid-State Synthesis

Stoichiometric amounts of Li,COj3, TiO,, NH4H, POy, Zr(HPOy),, and AI(NO3)3'9H,O
were ground in an agate mortar, calcined at 500 °C to remove water and ammonia, and
subjected to ball-milling in a Fritsch Pulverisette 7 classic line ball mill (agate grinding bowls
and balls, ethanol medium) at 400 rpm for 16 h. After drying, prepared precursors were
pressed into pellets (mold diameters were 6 and 14 mm for conductivity and electrochemical
stability tests, respectively) at 800 MPa and sintered under a layer of the same material
in platinum crucibles at 800, 900, and 1000 °C for 5 h. In addition, the precursors of
Lil‘zAIO.zzro'lTi1.7(PO4)3 and Lil.zAIO.ZZI'O‘]Ti1.7(PO4)3 samples were sintered at 900 °C
for 10 h.

2.1.2. Sol-Gel Method

Stoichiometric amounts of (BuO)4Ti and (PrO)4Zr were dissolved in a mixture of
HNOj3 and C,H50H (1:5 v/v ratio) to prevent hydrolysis. Li;COs3, aqueous solutions of
Al(NO3)39H,0, NH4H,POy, and citric acid (Chimmed, Moscow, Russia, 99.99%) were
added to the prepared solution. Citric acid was used as a chelating agent (the molar ratio of
citric acid to all metal ions was 2:1). The obtained solutions were kept at 90 °C for 10 h until
a gel formation, then heated at 250 and 500 °C for 5 h. The prepared mixtures were ground
in an agate mortar, pressed into pellets, and sintered under a layer of the same material
in platinum crucibles at 800 and 900 °C for 5 h. In addition, the Lij ;Aly,Zrg 1Ti; 7(PO4)3
sample was ball-milled at 400 rpm for 8 h, pressed into pellets, and re-sintered at 900 °C
for 10 h.

Further in the text, the sample labels contain the synthesis method “sg” and “ss
represent sol-gel and solid-state methods, respectively), sintering temperature and period,
for example, Lil.2AIO.erollTili7(PO4)3_SS_900-5h.

”

2.2. Characterization Technigues

To analyze phase composition, X-ray diffraction (XRD) patterns were recorded at
25 °C using a Rigaku D/MAX 2200 (Cu K« radiation, the 2 ©® range of 10-65°, a step size
of 0.02°). The unit cell parameters were determined using Jana 2006 software [50]. NMR
spectra were recorded on a Bruker AV400 on *'P nuclei at 162 MHz with magic angle
spinning (MAS, rotation speed 8 kHz) at 25 °C. The chemical shift (5) was referenced
to 85% H3PO,4 aqueous solution. To analyze the morphology and element distribution
scanning electron microscopy (SEM, Tescan Amber) with EDS was used. The temperature
dependence of ionic conductivity of the samples was measured using an Elins Z1500 PRO
impedance meter in a frequency range from 10 Hz to 2 x 10° Hz, an AC amplitude of
80 mV. Ag paste was applied to both sides of cylindrical pellets to form an electrical contact
(symmetrical Aglsample| Ag cells). Activation energies of Li* transfer were calculated
from the slopes of Arrhenius conductivity plots in the temperature range of 25-200 °C



Batteries 2023, 9, 59

40f 15

by linear least square method using Origin8.0 software (OriginLab Corp., Northampton,
MA, USA). To describe electronic conductivities of the samples and evaluate the ionic
conductivity contribution to the total conductivity of the samples, DC-polarization tests
with an applied voltage of 10 mV were performed using an Elins P-40X potentiostat. Since
the instability of titanium-containing phosphates with the NASICON structure in contact
with Li metal is known, symmetrical Li | sample | Li coin cells (CR2032) were assembled
in the purified Ar-filled glovebox to study the interface stabilities of prepared materials
against Li. The cells were cycled using an Elins P-20X8 potentiostat at 0.05 mA cm 2.

3. Results and Discussion
3.1. X-ray Diffraction Analysis

The XRD patterns of LijxAlxZry Ti; _x—y(POy4)3 (0 < x, y < 0.2) samples prepared by a
sol-gel route at a final sintering temperature of 800 °C are shown in Figure 1a. They exhibit
reflections of the NASICON structure (LiTiy(POy)3, card #35-0754 (PDF-2)), space group
R-3c. The presence of AIPOy as an impurity, as reported in refs. [27,51] was not detected in
the prepared samples. Only in the case of the Lij 5 Alg2Zr 2 Ti; ¢(PO4)3 X-ray diffraction
pattern, there were some very weak reflections of titanium pyrophosphate (Figure 1a). With
an increase in the sintering temperature to 900 °C, a weak impurity peak appeared at ~27.4°,
which was attributed to (110) TiO; (rutile, card #21-1276 (PDF-2)). Other intense rutile
lines at ~36° (101) and 54.3° (211) overlapped with reflections of LijxAlxZryTiy _xy(PO4)3
(Figure 1b).
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Figure 1. XRD patterns of Lij;x AlxZryTiy_x—y(POy4)3 (0 < x, y < 0.2) prepared by a sol-gel method
at 800 (a), 900 °C (b) and by a solid-state reaction at 800-1000 °C (c). The Miller indices (hkl) are
indicated above the diffraction peaks in (a).
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The samples were prepared via a solid-state reaction at 800 °C and contained a small
amount of TiP,O7 and unreacted TiO, (rutile) (Figure 1c). Single-phase materials were
prepared by increasing the sintering temperature up to 900-1000 °C.

The unit cell parameters of LiZryTiy (POy)3 increase with an increasing degree of
titanium substitution (Table 1) since the radius of titanium ions (r = 0.61 nm) is noticeably
smaller than that of zirconium (r = 0.72 nm). At the same time, the introduction of aluminum
ions (r = 0.53 nm) leads to a decrease in the unit cell parameters of LigyxZryAlxTipx—y(POy)s,
despite the introduction of additional lithium ions into interstitials.

Table 1. Unit cell parameters of LijyxAlxZryTiz x y(PO4)3 (0 < x, y < 0.2) prepared by a sol-gel
route at 800 °C.

Composition alA ¢ A

LiTiy(PO4)3 8.5129 + 0.0008 20.878=+ 0.004
LiZry1Ti1 9(PO4)3 8.5238 + 0.0003 20.982 + 0.002

Lij 1Zrg1Alg1Ti; §(PO4)3 8.5109 + 0.0006 20.956 + 0.003
Lij Zrg1Aly 2 Ti; 7(POy)3 8.5158 + 0.0005 20.942 + 0.002
LiZry,Ti; §(PO4)3 8.5727 £+ 0.0006 21.036 + 0.002

Lij 1ZrgpAlg1Ti1 7(PO4)3 8.5355 + 0.0005 21.000 + 0.003
Lij pZrgpAly 2 Tip 6(POy)3 8.5203 + 0.0006 20.917 + 0.002

1 Unit cell parameters are given in hexagonal setting, a = b.

3.2. SEM

SEM images of surfaces of the Lij pAlg»Zr(1Ti; 7(PO4)3 and Lij 1Aly 1 Zrg2Ti1 7(POy)s3
samples prepared by a sol-gel route are shown in Figure 2a—d. For Li; pAly2Zrg1Ti 7(PO4)3
and Lij 1Aly1Zrg,Ti; 7(POy)s sintered at 800 °C, most of the grains are about 1 pm in
size, although there are smaller grains of ~100 nm, and the samples are rather porous
(Figure 2a,c). When the sintering temperature is increased to 900 °C, the formation of more
cohesive and larger (up to 3—4 pm) grains can be seen (Figure 2b,d). A similar trend was
observed for the samples prepared by solid-state reaction at 900 °C (Figure 2e,f). At the
same time, increasing the sintering time from 5 to 10 h does not lead to visible changes in the
microstructure of materials (Figure S1a,b). However, further grain growth (up to 2-6 um)
occurs with increasing sintering temperature to 1000 °C (Figure 2£h). It should be noted
that the density of materials increases with the sintering temperature increase. Since there
are no phase changes, an increase in density can only be caused by an increase in the sample
sintering. For example, the relative density of materials prepared by a sol-gel route at
800 °C is in the range of 77-80% and increases to 86-88% when the sintering temperature is
increased to 900 °C. The density of materials prepared by a solid-state reaction is noticeably
higher. It is 87-88% for the samples sintered at 800 °C and rises to 89-92% and 93-94% for
materials sintered at 900 and 1000 °C, respectively.

According to the data of energy dispersive microanalysis, the distribution of Ti, Al,
P(Zr), and O atoms in the prepared samples is uniform and corresponds to the initial
stoichiometric compositions (Figure 2i).

3.3. NMR Spectroscopy

NMR spectroscopy provides information on the local environment of atoms in the
structure and could confirm the incorporation of zirconium and aluminum ions into the
lithium-titanium phosphate structure. In the 3'P MAS NMR spectrum of LiTiy(PO,)3, only
one resonance line at —27.5 ppm is detected [52-54], which can be assigned to the P(OTi),4
phosphorus environment. The 31p MAS NMR spectra of the LijxAlxZryTir x—y(POy)s
samples show only one asymmetrically broadened peak with a maximum at  ~ —27.7 ppm
and a shoulder at more positive values of 6 indicating the presence of additional lines
(see spectra deconvolution in Figure 3). The intensity of the shoulder increases with the
increasing degree of titanium substitution for aluminum and zirconium. The presence
of additional lines can be attributed to different local P(O4Ti4__mAlnZry) environments
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of phosphorus atoms. In accordance with a lower polarizing ability of aluminum and
zirconium than that of titanium, the lines corresponding to local P(O4Tis—n_mAlnZrm)
environments are shifted to more positive values compared to $ of a P(OTi)4 phosphorus
environment (—27.7 ppm). Since the titanium substitution for Zr and Al has the same effect
on chemical shifts, the lines corresponding to the same degree of titanium substitution
(n+m) in the P(O4Tis— (n4m)AlnZrm) phosphorus environment with different n and m
values overlap and form weakly resolved shoulders. Their correct decomposition and
assignment in the presence of two dopants (Zr and Al), as in the case of 3'P MAS NMR
spectra of Lij xAlxZryTi; x—y(POy)3, is impossible. Individual components in the 3lp
MAS NMR spectra of LillAlo_lZI‘O.lTil_g(PO4)3 and Lilthlohzzro_lTilj(PO4)3 can only be
determined for P(O4Ti4—(m+n)(Al/Zr)m+n) environments (Table 2).

@ | (b)

AT O BN e -
JLi 1 ,]Alo_ 1Zl'0_2Ti 1 _7(PO4)3_Sg_900-5h

Figure 2. Cont.
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Figure 2. SEM images of surfaces of Lij yAlg»Zrg 1 Ti; 7(POy)3 (a,b,e f) and Liy 1 Alg 1Zrg»Tiy 7(PO4)3
(c,d,gh) prepared by a sol-gel route and sintered at 800 (a,c) and 900 °C (b,d) and by a solid-
state reaction at 900 (e,g) and 1000 °C (f,h); element (Ti, P/Zr, Al) mapping and EDX data for
Lij 9 Aly2Zr 1 Tij 7(PO4)3_sg_800 (i). All the materials were sintered for 5 h.

i1.2’A\|0.22r0.1-|- i1 .7( PO4)3—Sg—8OO

A
ALIHAMZ%JHS(POJ%SQ800
A

1 Al Ti (PO,), sg_800

|, a.u.

Lizr, Ti, (PO,),_sg_800

-20 -25 -30 -35
5C'P), ppm

Figure 3. 31p MAS NMR spectra (black lines) and their deconvolution (peaks (blue) and sum spectra

(magenta)) for the Li1+XA1XZryTiZ,X,y(PO4)3 (x=0,0.1,0.2; y =0, 0.1) samples prepared via a sol-gel
route at 800 °C.
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Table 2. Chemical shifts 5(3'P) of components in 3lp MAS NMR spectra of the Lij, AlxZry
Tip—x—y(PO4)3 samples.

Sample 5CP), ppm Assignment
LiZI‘Q.l Til.9(PO4)3_Sg_800 7%?22 PI()(()S%T;%)I_)
—27.56 P(O4Tig)
Lil_zAIO.zTil.g(PO4)3_Sg_800 —27.24 P(O4T13A1)
—26.65 P(O4TipAly)
—27.59 P(O4Tiy)
Li1'1AlovlZro'lTi1_7(PO4)3_Sg_800 —27.28 P(O4Ti3ZI‘) + P(O4T13A1)
—26.52 P(O4TipAly) + P(O4Tip ZrAl)
2757 P(O4Tig)
Li1'zAlovzzI'O'lTi1_7(PO4)3_Sg_800 —27.11 P(O4Ti3ZI‘) + P(O4T13A1)
—26.17 P(O4TipAly) + P(O4Tip ZrAl)

3.4. Ionic Conductivity

Figure 4 shows the Nyquist plots (—Z" vs. Z) of the Lij  Alg 2Zr( 1 Ti; 7(POy4)3 sample at
various temperatures. The selected impedance spectra are typical for the materials prepared.
A characteristic impedance spectrum consists of a depressed semicircle and a straight line
in the high- and low-frequency spectrum regions, respectively. It is worth noting that the
semicircle does not come out of the origin. The impedance spectra can be interpreted by the
equivalent circuit approach using an equivalent circuit as shown in Figure 4. The straight
line is well described by a constant phase element CPE3, corresponding to the accumulation
of charge on blocking electrodes. CPE is often used instead of a capacitor due to various
reasons (the electrode porosity, rough interfaces between electrodes and ceramic electrolyte,
etc.) [45]. Semicircle is related to the grain boundary resistance. It can be described by the
parallel connection of a resistor R2 and a constant phase element CPE2. The resistance
R1 is determined by the distance between the origin of the axes and the intercept of the
semicircle with the Z’ axis at high frequencies and corresponds to the bulk resistance. The
low-frequency intercept of the semicircle with the Z' axis represents the total resistance (Ry).
The R; values were recalculated into the conductivity values using the following equation:

ot = h/(R:S), 1)

where o} represents the total conductivity, and h and S represent the pellet thickness and
area, respectively.

Figure 5 shows the temperature dependences of the total conductivity of
LiyxAlxZryTip_«y(POy)3 prepared by a sol-gel route at 800 °C. According to the data
obtained, the titanium substitution for Zr leads to a significant increase in the conductivity
of LiZryTi; _y(POy); when y = 0.1 (Figure 5a). However, as the zirconium content increases
to y = 0.2, the opposite effect is observed, and the conductivity of LiZr(,Ti; g(POy)s is
comparable to that of lithium titanium phosphate (Figure 5b). Similar results were re-
ported by Venkateswara Rao et al. [33]. The co-doping of LiTiy(POy)3 by zirconium and
aluminum results in a significant conductivity increase (Figure 5). The reasons for this
may be an increase in the concentration of charge carriers (lithium ions in interstitials) or
optimization of the size of lithium transfer channels. A further increase in the aluminum
content to x = 0.2 leads to an increase in the Lij . AlcZrg1Tij 9_x(PO4)3 conductivity, while
the conductivity of LijxAlxZrTij s x(PO4)3 changes much less. This may be due to low-
conductive impurities at interfaces of Lij Al 2ZrgTi; (PO4)3 (see XRD data, Figure 1a)
or the defect association. The conductivity of LATP (Li; 3Aly3Ti; 7(PO4)3) prepared by the
same procedure is comparable with that for LiZrg 1 Ti; 9(PO4); and somewhat lower than
LiTiy(POy)3 co-doped with aluminum and zirconium, with the same total degree of substi-
tution (Figure 5a). Based on the data obtained, the compositions Lij 5 Aly2Zrg 1Ti; 7(PO4)3
and Lij 1Alg1Zrp;Ti; 7(PO4)3 seem to be the most promising.
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tures. Lines represent the fits of complex impedance spectra.
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Figure 5. Arrhenius plots of total conductivity for Lij,x AlxZryTiy_x—(PO4)3 prepared by a sol-gel

route: (a) y =0.1, x=0-0.2 and (b) y = 0.2, x = 0-0.2.

An increase in the final sintering temperature to 900 °C leads to a further increase
in conductivity of Lij pAly»Zrg1Ti; 7(PO4)3 up to 1.5 x 1074Scem~tat25°C (Figure 5a).
The reason for this is an increase in the sample density (Figure S2) and a decrease in
the contribution of the grain boundary resistance due to an increase in the particle size.
The activation energies of conductivity are listed in Table 3. The activation energies of
the LijxAlZryTip_x—y(POy4); samples vary between 26 and 42 kJ mol~! without any

clear trend.
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Table 3. The total conductivity at 25 °C and activation energies (E;, calculated in the temperature
range of 25-200 °C) for the Lil+XAlXZryTiz,X,y(PO4)3 samples.

Sol-Gel Route Solid-State Reaction
Sample Oy500, S em™1 k}ainillll Sample 0,500, Sem™1 k}zinillfll

LiTi, (POy)3_800-5h 41 %1077 37 Lij 2 Alg»Zrg1Ti; 7(POy)3_800-5h 25 %1075 41
LiZrg1Ti1 9(POy4)3_800-5h 49 x 10°° 28 Li; 2 Aly»Zrg 1 Tiy 7(PO4)3_900-5h 62 x 1074 30
Lij 1 Alg1Zrp1Tip (POy)3_800-5h 3.7 x 1075 32 Lij»Alg2Zry1Tip 7(PO4)3_900-10h 7.9 x 1074 30
Liy 2 Alg2Zrg 1 Tiy.7(POy4)3_800-5h 7.2 x 1073 30 Liy 2 AlgpZry1Tiy 7(POy4)3_1000-5h 7.8 x 1075 33
Lil'zAlo_QZI‘g'lTill7(PO4)3_900-5h 1.5 x 1074 31 Lil'lA10_1ng'zTi1_7(PO4)3_800-5h 5.1 x 1075 32
Lil'zAlo_Qng'lTi]47(PO4)3_900-10h1 6.8 x 10_4 25 Lil'lAlo}]ng'zTi1.7(PO4)3_900-5h 45 x 10_4 26
LiZI‘O'zTil‘g(PO4)3_800-51’1 3.2 x 1077 42 Lil.lAlo'lzI‘O‘zTil](PO4)3_900-101’1 5.4 x 1074 28
Lij 1 Aly 1 Zrg»Tit 7(POy4)3_800-5h 6.7 x 107 26 Liy 1Aly1Zrg5Ti; 7(PO4)3_1000-5h 2.8 x 10~* 28
Li; 1Aly1Zrg,Tip 7(POy4)3_900-5h 5.5 x 1075 26

Li; 2Aly2Zr»Tip 6(POy4)3_800-5h 3.5 x 1075 33

Li; 3Alp3Tiy 7(POy)3_800-5h 8.0 x 10~ 36

! The sample was prepared by a sol-gel route at 800 °C, then ball-milled, pressed into pellets, and sintered again
at 900 °C for 10 h.

The samples prepared by the solid-state reaction method exhibit significantly higher
conductivities than the samples of the same composition prepared by a sol-gel route
(Figures 5 and 6a). The conductivities of materials prepared by a solid-state reaction increase
when the sintering temperature is increased from 800 to 900 °C (Figure 6a). At the same
time, it was unexpected that materials sintered at 1000 °C exhibited lower conductivities
than the samples sintered at 900 °C, despite an increase in their density and grain size. A
possible reason for this is the different microstructures of these samples. In the samples
sintered at 1000 °C, the number of grains with a size of 5-10 um significantly exceeded that
in the samples sintered at 900 °C (Figure 2e-h). Grain boundaries through which lithium
ions should migrate are therefore more disordered in the samples sintered at 1000 °C and, as
a result, there may be a poorer interfacial contact between grains. Moreover, the deposition
of low-conductive impurities at interfaces can be enhanced due to the acceleration of
diffusion processes with increasing temperature. Since, according to XRD data, these
impurities do not form a separate phase, their total amount should be small. It can be noted
that the formation of X-ray amorphous phases is quite typical for conducting composites.
Amorphous materials, firstly oxides, are often introduced to enhance sorption processes
at interfaces and, as a result, increase the conductivity [55]. However, in NASICON-type
materials, the formation of additional interfaces leads to the opposite effect [56-58]. The
reason for this is that when a cation moves through the interface between grains with an
increased concentration of cations in interstitials, the transfer can be slowed down due
to the creation of an electrostatic barrier for moving cations [57]. It should also be noted
that an increase in the non-conductive additive concentration, as in this case, leads to a
maximum on the dependence of conductivity on concentration [57,58].

For use in ASSBs, solid electrolytes are required to have an ionic conductivity of about
1073-10"* S em ! and form dense structures with good mechanical strength. According to
the results obtained, the synthesis of electrolytes by a solid-state reaction with sintering at
900 °C can be considered the most suitable. To further improve contacts between grains and
optimize the conductivity of samples, the sintering time was increased from 5 to 10 h. How-
ever, this led to a slight increase in the conductivities of the Lij y Al 2Zr¢ 1 Tij 7(PO4)3_ss_900
and Lij 1Al 1Zrg,Ti; 7(PO4)3_ss900 samples from 6.5 x 1074 t079 x 1004 S em~! and
from 4.5 x 107* to 5.4 x 107* S cm ™!, respectively (Figure 6b). At room temperature, the
total ionic conductivity of Lij pAly 2Zrg 1 Ti1 7(PO4)3_ss_900-10h was found to be higher than
that reported for Li; 3Alg3Zrg1Tiy ¢(PO4)3 (2.3 x 107> Scm™1) [44].
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Figure 6. Temperature dependences of total conductivity for (a) LijpAlgrZrg1Ti;7(PO4)s

and Lij 1Aly1Zrg,Ti; 7(POy4)3 prepared by solid-state reaction and sintered at different temper-
atures for 5 h and (b) LijAlg,Zrg1Ti; 7(POy)3_ss_900, Lij AlgqZrg,Tip7(POy)3_ss_900, and
Lij pAlgZrg 1 Tij 7(PO4)3_sg_900 sintered for 5 and 10 h.

Since the grain sizes of materials prepared by a sol-gel route and a solid-state reaction
method are close, it can be assumed that a lower conductivity of the samples prepared
by a sol-gel route is determined by their lower density. To increase the density of pellets,
the samples prepared by a sol-gel route at 800 °C were ball-milled, again pressed into
pellets, and sintered at 900 °C for 10 h. Despite the fact that the surface microstructure
of Lij pAly2Zrg1Tij 7(POy4)3_sg_900-10h remained practically unchanged if compared to
Liy 2Alg2Z11Ti; 7(PO4)3_sg_900-5h (Figures 2b and Slc), its conductivity approaches the
conductivity of materials prepared by a solid-state reaction.

3.5. Transfer Number and Electrolyte Stability

The contribution of the electronic component to the total Lij 2 AlyZrg1Ti7(POy)s3
conductivity was determined using a potentostatic polarization method. Figure S3 shows
the current curve at a polarizing voltage of 10 mV. The initial current (Ip) sharply decreases
with time, reaching a stationary value of 9 x 101" A. The final (steady-state) current (Iss) is
due to moving electron holes since Li* ions are blocked by the silver (blocking) electrodes.
corresponding to the electronic conductivity of 3.98 x 1072 S cm~!. The transfer number
for lithium ions (ny;4) in Lij pAlg2Zr¢ 1 Ti; 7(PO4)3, calculated by Equation (2), is 0.999.

npi. =1 — I /I, )

To study the electrochemical stability of Lij 2 Alg2Zr¢ 1Ti 7(PO4)3_ss_900 against Li,
galvanostatic cycling of a symmetrical Li | Lij y Al 2Zr¢ 1 Tij 7(PO4)3_ss_900-10h I Li cell was
performed at a current density of 0.05 mA cm 2. The cell potential profile practically
does not change during 100 h of cycling (Figure 7), which indicates the stability of the
electrolyte against lithium and the absence of pronounced growth of dendrites. This
stability is determined by kinetic factors [59]; however, this shows the possibility of using
these electrolytes in lithium metal batteries.
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Figure 7. The voltage profile for symmetrical Li | Lij  Aly 2Zrg 1 Tij 7(PO4)3_ss_900-10h | Li cell at a
current density of 0.05 mA /cm?.

4. Conclusions

In this work, novel Lij,xAlxZry Ty _xy(POyg)3 (0 < x, y < 0.2) electrolytes with a high
lithium conductivity were prepared by a sol-gel and solid-state synthesis. The co-doping
of LiTiy(PO4)3 with zirconium and aluminum at low degrees of titanium substitution
leads to an enhancement of ionic conductivity. The optimal conditions for the synthesis of
LiyxAlxZryTip_xy(POy)3 electrolytes with high conductivity were determined. At room
temperature, Lij yAlg»Zry 1 Ti 7(PO4)3 prepared by a solid-state reaction with sintering at
900 °C for 10 h exhibits the highest ionic conductivity of 7.9 x 107* S cm~!. The potential
profile of the Li | Lij pAlp2Zrp 1Ti1 7(PO4)3 | Li cell practically does not change during 100 h
of galvanostatic cycling indicating its high stability against lithium. These results suggest
that Lij pAlg2Zr1Ti; 7(POy4)3 material is a promising solid electrolyte for lithium metal
batteries. This research proves that the co-doping strategy is beneficial to design solid
electrolytes with high conductivity for their use in ASSBs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /batteries9010059/s1, Figure S1: SEM images of surfaces
Of Lil'zAIO.zzrollTi1.7(PO4)3_SS_900-10h (a), Lil.l Alo'lZrO.zTil.7(PO4)3_SS_900-10h (b), Lil'zAlo‘zzro'l
Ti1 7(PO4)3_sg_900-10h (c).; Figure S2. The dependence of the total conductivity at 25 °C on relative
density for the LijxAlxZryTiy_x—y(POy4)3 (0 < x, y < 0.2) samples.; Figure S3: The dependence of
polarization current on time for the Lij , Alg»Zrg 1 Ti; 7(POy4)3_ss_900-10h sample.
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