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The Lig 4LasZr; 7Mp3012 (M = Mo and Cr) and Li; _ 5xLasZr, — yW,04; (x = 0.1-0.5) solid lithium-ion conductors
were prepared by conventional solid state reaction method. The results indicate that partial substitutions by W
and Mo ions can stabilize the garnet-like cubic phase of Li-La-Zr-O at room temperature, while the Cr ions sub-
stitution cannot even at a content of 15 mol%. The total conductivity of the Li; _ 5,LasZr, — 4W,01> lithium con-
ductor is the highest at x = 0.2 (8.7 x 107> S/cm), and decreases with the increasing W substituting
concentration. The Lig 4LasZr; 7M00 3012 has a higher total conductivity than that of Lig 4LasZr; 7W 3015. Different
from one apparent peak in the Li;LasZr,0;, samples, two prominent relaxation-type internal friction peaks re-
lated to the short range diffusion of lithium ions were observed in each W or Mo substituted Li;La3Zr,0;, com-
pounds. The high-temperature IF peaks locate at about 365.9 K and 358.9 K at 1 Hz, corresponding to an
activation energy of 0.49 and 0.51 eV for the W and Mo substituted Li;La;Zr,0,, compounds, respectively. Con-
sidering the crystalline structure, it was suggested that the lithium ionic diffusion between 48g(96h)-24d corre-
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sponds to the low-temperature peak and 48g(96h)-48g(96h) to the high-temperature peak.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The large-scale applications of rechargeable lithium ion batteries for
electronics and power sources need high safety electrolyte materials
with high lithium ion conductivity. Comparing with liquid organic-
polymer electrolytes, solid electrolyte materials can well satisfy the re-
quirements of high safety. Furthermore, the solid electrolytes generally
exhibit more advantages, such as high mechanical performance, and
low toxicity. However, the lower lithium ionic conductivity or electro-
chemical stability limits their actual application in rechargeable lithium
batteries [1-4].

The Li ion conducting garnet-type oxides Li-La-M-0O (M = Nb, Ta,
Bi, Zr) have been considered as one kind of promising electrolytes be-
cause of their high conductivity and stability with metallic lithium
[5-8]. Especially the so-called stuffed lithium garnet Li;La3Zr,0;; has
attracted much attention due to its relatively high ionic conductivity
(3 x 1074 S/cm at 25 °C, which is now approaching that of organic elec-
trolytes [9]) but negligible electronic conductivity as a solid electrolyte
for lithium batteries.

The Li;LasZr,01, compound exhibits two different phase structures:
tetragonal (space group I41/acd) and cubic (space group la3d) phases
[10]. For the tetragonal Li;LasZr,015, the lithium ions distribute in an or-
dered state, and all Li sites with the same symmetry are either fully oc-
cupied or completely empty, which leads to a poor lithium ionic
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conductivity. However in the cubic phase, lithium ions distribute in a
disordered state and the Li sites with the same symmetry are only par-
tially occupied. The partial accommodation and disordered distribution
of lithium ions result in the high conductivity [11]. It has been proven
that the conductivity of the tetragonal phase is two orders of magnitude
lower than that of the cubic phase [12]. Hence it is a key issue how to
prepare the cubic phase Li;LazZr,045.

So far, there are two ways to effectively prepare the Li;La3Zr,01,
based cubic phase. One is the long time sintering at temperatures of
1200 °C or above, which has also been thought to be the key factor con-
trolling the transformation from tetragonal to cubic [9]. The other is the
partial cationic substitution. Recent studies showed that the existence of
cubic structure at room temperature is attributed to the substituting by
cations such as aluminum [9,13,14], yttrium [15] or tantalum [16] ions.
For example, it is suggested that a possible chemical reaction between
the molten precursors (LiCO5 or LiOH) and the crucible wall during
the heat treatment results in the introduction of Al ions into the garnet
crystal and stabilizes the cubic phase at room temperature [9]. In addi-
tion, doping aluminum [17] or tantalum [16] could induce the formation
of the stable cubic LLZ at 1000 °C or 1120 °C, respectively, which is help-
ful for preparing the bulk ceramic with a higher density at a lower tem-
perature. Therefore, for the cubic phase formation and conductivity
enhancement it is necessary to explore the suitable substituting ele-
ment and its optimum substitution concentration.

In view of the conducting essence in solid state lithium electrolytes,
as the ionic conductivity in the lithium electrolytes mainly depends on
the migrations of lithium ions via vacancies, it is necessary to gain a
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fundamental understanding of the key factors that control fast ion diffu-
sion. So far, although a number of studies have been carried out to inves-
tigate the crystal structure and conductivity of the garnet-type lithium
electrolytes based on experimental investigation and theoretical simu-
lation, the underlying mechanism of lithium ion migration is still con-
troversial. The internal friction (designated as IF) is a measure of the
ability of materials to dissipate mechanical energy. As a technique sen-
sitive to the ion migration, this method has been successfully employed
to investigate the transport properties of oxygen ions [18] and lithium
ions [19,20]. Different from the electrochemical impedance spectros-
copy, the IF method can distinguish different short range migration pro-
cesses of point defects in detail, because different migration processes of
defects will be related to different characteristic IF peaks, which corre-
spond to different peak positions, peak shapes as well as relaxation
parameters.

Cr, Mo and W are group VIB elements with hexads. Substitution of
each M®™ for Zr** in Li; _ »LasZr, — yM,0;, electrolytes can result in
two more intrinsic lithium vacancies, and thus adjust the lithium con-
ductivity of the Li;LasZr,01, electrolytes. In another side, Cr, Mo and
W with different ionic radius may lead to a change in lattice constant
of Li;LasZr,01; electrolytes which also has a large impact on the lithium
conductivity. So in this paper the IF method combining with AC imped-
ance spectroscopy was employed to investigate the effect of partial sub-
stitution of W, Cr and Mo elements on the cubic phase stabilization and
lithium ionic conductivity and the detailed lithium ionic diffusion mech-
anism in cubic phase Li-La-Zr-0 based garnet like electrolytes.

2. Experimental details

Polycrystalline powders of Lig 4LasZr; ;Mg 301> (M = Mo and Cr) and
Li; _ ayLasZry - yW,01, (x = 0.1-0.5) were synthesized by the solid
state reaction method. A mixture of Li,CO3 (99.99%), La;03 (99.99%),
Zr0; (99.99%), W05 (99.995%), CrO3 (99.9%) or MoO3 (99.9%) in the
above mentioned ratio was prepared as the precursors. The detailed
synthesis processes have been reported in our previous work [21].

The phase composition of all the investigated M-substituted
Li;LasZr,01; oxides was characterized with X-ray diffraction (XRD) pat-
terns by using Cu-Ka radiations at room temperature in a scanning
range from 10° to 70° with a step of 0.033°. Structural refinement was
done using the Fullprof suite of Rietveld software [22], in which the
pseudo-Voigt function was used as the profile function.

The lithium ionic conductivity of the M-substituted Li;LasZr,0+, pel-
lets at different temperatures was measured using a computer-
controlled frequency response analyzer (Hioki 3531 Z-Hitester) in the
frequency range from 42 Hz to 5 MHz at a voltage amplitude of
0.05 V. Silver paste served as electrode was painted on both side of
the wafer-shaped samples and sintered at 873 K for 1 h. All samples
were stabilized at a measured temperature for at least 30 min at the be-
ginning of the impedance measurement.

The measurements of low frequency internal friction (IF) were car-
ried out on a computer controlled inverted torsion pendulum in the
forced vibration mode with a heating rate of 1 K/min, and the measure-
ment frequencies were chosen as 0.5 Hz, 1 Hz, 2 Hz and 4 Hz, respec-
tively. The maximum torsion strain amplitude was kept at 1.5 x 10>
in all the measurements. The size of the strip samples is about
50 mm x 4 mm x 1 mm.

3. Results and discussion
3.1. XRD analysis

Fig. 1(a) shows the measured powder XRD patterns for the
Lig 4LasZr; ;Mg 3012 (M = Cr, Mo and W) ceramics sintered at 1373 K
for 9 h. It can be seen that the powder XRD patterns of samples
substituted with W and Mo exhibit the pure cubic garnet like structures
without any impurity phases. The study reveals that the substitution of
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Fig. 1. (a) Powder XRD patterns of Lig 4LasZr; 7Mo3012 (M = W, Cr, Mo) ceramics sintered
at 1373 K for 9 h. Inset in (a): the enlarged diffraction (213) and (426) lines. (b) The
powder XRD patterns of Li; _ 54LasZr, — 4W,0;, (x = 0.1-0.5) ceramics sintered at
1373 K for 9 h.

Zr by 15 mol% W or Mo can completely stabilize the Li-La-Zr-O garnet-
like cubic phase. However, a significant tetragonal splitting is observed
in the Lig4LasZr, ;Crg301>, as evidenced by the enlarged local (213)
and (426) diffraction lines in the inset [11]. In addition, the XRD pattern
of Cr substituted sample exhibits additional reflection corresponding to
impurity phase of La,;Zr,0; (JCPDS: 17-0450) and Li,CrO, (JCPDS: 31-
0715). This illustrates that Cr substituting is not an effective way to sta-
bilize the cubic phase of Li-La-Zr-0 garnet-like ceramics because its
ionic radius (0.044 nm, VI coordination) is too small in comparison
with that of Zr ions (0.072 nm). Therefore, the following investigations
will not cover the Cr substituted samples.

To investigate the effect of substitution content, Li; _ ,.LasZr, —
W01, (x = 0.1-0.5) samples were prepared. Fig. 1(b) shows the
XRD patterns of Li; _ pLasZr, — \W,012 (x = 0.1-0.5) ceramics powders
sintered at 1373 K for 9 h. It can be seen that the main diffraction peaks
of the Li; _ 5xLasZr, — W01, with x = 0.1 exhibit tetragonal phase and
additional weak reflections correspond to minor impurity phase of
La,Zr,0; (JCPDS: 17-0450) and La,03 (JCPDS: 22-0369). When the W
substituting concentration reaches x = 0.2 or higher, only pure
garnet-type cubic phases are detected and no other impurity phases
are found in the XRD patterns. This implies that the W substitution at
Zr sites with concentration of 10 mol% (x = 0.2) or higher can stabilize
the cubic phase of Li-La-Zr-O garnet-like ceramics at room
temperature.

The single garnet-like phases Lig4lasZr;;Mop30> and Li; _—
axlasZry — 4W,0q2 (x = 0.2-0.5) can be all well indexed by space
group Ja3d, and the fitting result of Lig 4LasZr; 7Wg 3015 is shown for ex-
ample in Fig. 2. The cell parameters of the W and Mo substituted sam-
ples with x = 0.3 are determined from the refinement, which are
about 12.93(3) A and 12.94(9) A, respectively. The cell parameter of
the W substituted samples is in agreement with the value reported in
reference [23].
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Fig. 2. The observed, calculated, Bragg positions and deference of the Rietveld refinement
from the X-ray diffraction patterns of cubic Lig 4LasZr; 7Wq 305 using a space group la3d.

Fig. 3 shows the variation of lattice parameters of the Li; _ 5yLasZr,
«W,012 with W concentrations. It is found that the cell parameter de-
creases linearly with the increasing W content, which obeys the so-
called Vegard's law. The substitution of smaller W®™ (ionic radius
~0.060 nm) for the larger Zr** (~0.072 nm) under the same six-
coordinate environments leads to decrease of the lattice constant [24].
In addition, the cell parameter of Mo sample is also smaller than that
of Li;LasZr,0,, sample, which is also attributed to the smaller ionic ra-
dius of Mo (~0.059 nm, VI coordination).

3.2. lonic conductivity

The lithium ionic conductivity of the Li; _ »LasZr, — yMO1, (M =
Mo, x = 0.3 and W, x = 0.2-0.5) ceramics is determined by AC imped-
ance spectroscopy. The complex impedance spectra of Li; _ ,LasZry —
W,012 (x = 0.2-0.5) pellets at room temperatures and
Lig 4LasZr; 7M00 301> at 303 K and 323 K are presented in Figs. 4 and 5,
respectively. As well known, the impedance spectrum of the bulk mate-
rials usually shows three semicircles or two semicircles in high-
frequency and a low-frequency tail, which correspond to the bulk resis-
tance, grain boundary or interface resistance, and electrode reaction im-
pedance, respectively. However, in the present case not every
impedance spectrum has the two depressed semicircles observed on
the high frequency side in the Nyquist spectrum, such as
LigeLasZr; sWo2012 and Lig 4LasZr; 7M003012. The observed impedance
spectra for grain resistance and grain boundary resistance overlapped
with each other and cannot be obviously separated from the impedance
plots. Hence the total sum of the bulk and grain-boundary contributions
is therefore used to evaluate the conduction properties of Li; _
oxlasZry — xM, 01> (M = Mo, x = 0.3 and W, x = 0.2-0.5) in our case,
similar to the case of other garnet-like Li—-La-M-0 (M = Bi, Ta, Zr) lith-
ium conductors [6,11,25]. At the lower frequency range, a typical polar-
ized tail is observed in each AC spectroscopy, indicating that the
investigated garnet-like Li; _ 5yLasZr, - yW,Oq2(x = 0.2-0.5) and
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Fig. 4. Impedance spectra of Li; _ 5yLasZr, — W01, (x = 0.2-0.5) pellets measured at
room temperature.

Lig 4LasZr; 7M 301> compounds are actually ionic conductors [26]. The
total lithium ionic conductivity can be determined according to the
equation oy = L / (SR;) (where L and S are the thickness and area of
the sample, respectively, and R; is the total resistance including the
bulk and grain boundary resistance). The corresponding results are
listed in Table 1.

The temperature dependence of the total conductivity of Li; _
awlasZry — yW,0;, (x = 0.2-0.5) and Lig4LasZr; ;M0q301, samples
was shown in Fig. 6. According to the Arrhenius relation: oT = Aexp(—
E / kT) (where A is the pre-exponential factor, E is the activation energy
and T is the absolute temperature), the activation energy E for lithium
ionic transport in the Li; _ jyLasZr, — yW,0q3 (x = 0.2-0.5) and
Lig.4LasZr; 7Mo0g 301> samples can be determined. The activation ener-
gies are in the range of 0.45-0.49 eV and listed in Table 1. The obtained
activation energy data are typical for lithium ion diffusion in cubic
garnet-type lithium electrolytes and comparable to the reported value
of 045 eV [23].

From the experimental results it can be seen that the total conduc-
tivity of the Li; _ 54LasZr, — 4W,015 lithium conductors exhibits the
highest value at x = 0.2 (8.7 x 10> S/cm), and decreases with the in-
creasing W substituting concentration in the range of x = 0.2-0.5. It is
well known that the lithium ionic conductivity depends mainly on the
mobile lithium ions concentration (denoted by n) and the mobility of
the lithium ions (denoted by D). According to the principle of charge
compensation, each M®* substitution for Zr** in Li; _ lasZr, _
«Mx01, electrolytes can result in the decrease of two lithium ions to
maintain electrical neutrality. With the increasing W substituting con-
centration, the value of n decreases gradually, which may lead to the de-
crease of total lithium ionic conductivity. And again, the lattice constant
evidenced by the XRD results decreases gradually with the increasing W
substituting concentration, and the narrower lithium ions migration
channels caused by larger lattice distortion is unfavorable for lithium
migration in lattice. These points finally lead to the decrease of the
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Fig. 5. Impedance spectra of Lig 4LasZr; 7M00 301, pellet measured at 303 K and 323 K.
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Table 1
The total lithium ionic conductibility and activation energy of Li; _ 5 LasZr, — (W01, (x = 0.2-0.5) and Lig 4La3Zr; ;M0 301, samples.
Li; — yLasZr, — M0, M=W M = Mo
x=02 x=03 x=04 x=0.5 x=03
E(eV) 0.45 0.46 0.48 0.49 0.45
(£+0.02 eV)
o(S/cm) 8.7x107° 58x 107> 42x107° 35%x107° 7.6x107°

(£0.1 x107°S/cm)

lithium ions mobility, and as a result M® ™ partial substitution for Zr* ™ in
Li; _ o lasZr, — yM,04; electrolytes result in a larger activation energy
which increases from 0.45 eV to 0.49 eV with the increasing W
substituting concentration. The mobility of the lithium ions may be
the more important factor leading to a decreased lithium ionic conduc-
tivity for Li; _ 5xLasZr, — y\W,013 (x = 0.2-0.5) samples comparing with
the influence of lithium ions concentration n. The similar situation has
been reported in Ref. [27].

The total conductivity of Lig4LasZr;;Mog 301> samples is about
7.6 x 107> S/cm at 303 K and 1.8 x 10~* S/cm at 323 K. Comparing
with the value of W substituted sample (5.8 x 10™° S/cm at 303 K
and 1.4 x 10~4 S/cm at 323 K, respectively) with the same substituting
level of 0.3, the Lig 4LasZr; ;M0 30, sample has a higher lithium ionic
conductivity. The total conductivity at the same temperature is mainly
controlled by the mobility of Li ions. The higher total conductivity of
the Lig 4La3Zr; ;M09 301, sample may be attributed to the lower activa-
tion energy of 0.45 eV comparing with the value of 0.46 eV for
Lig4LlaszZr; 7Wp3012 sample. The lower activation energy in the
Lig 4LasZr; ;Moo 30, may be attributed to the larger lattice constant by
Mo partial substitution comparing with that of W substituting, which
may supply a wide migration pathway for lithium ions diffusion.

3.3. Internal friction (IF)

Fig.7(a) and (b) present the temperature dependence of the internal
friction (IF) (Q~!) and the relative modulus (M) at four different fre-
quencies of 0.5 Hz, 1 Hz, 2 Hz, and 4 Hz for Lig 4LasZr, 7Mo302 (M =
W, Mo) samples. Two well developed IF peaks (labeled as Py, and
Pwy for W substituting sample and Py and Py, for Mo substituting
sample, respectively) are observed in the temperature spectra for each
frequency, accompanied by a corresponding decrease of modulus near
the peak position. The peak positions all shift obviously toward higher
temperature with the increasing measurement frequency, while the
peak height or relaxation strength hardly changes with frequency. It
demonstrates that these peaks should be associated with a thermally
activated relaxation process [28], such as the short-distance jump pro-
cesses of lithium ions or vacancies.

Fig. 8 shows the IF spectrum of Li; _ p4LasZr; — yW,015 (x = 0.2-0.5)
at 1 Hz. It can be seen that the relaxation strength of the two IF peaks is
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Fig. 6. Temperature dependence of total ionic conductivity of the Li; _ 5,LasZr, - W01,
(x = 0.2-0.5) and Lig 4LasZr; 7M00 301> compounds.

all closely related to the W concentration and decreases with the in-
creasing W concentration in the range of x = 0.2-0.5. According to
the theory of point defects relaxation, the relaxation strength of the IF
peak is proportional to the concentration of relaxation species and the
square of the dipole shape factor based on the concept that each point
defect behaves like an elastic dipole [28]. Therefore, from the variation
of the relaxation strength of the two prominent relaxation peaks with
W substituting content, the LigglasZr §Wy 01> samples should have
higher concentration of relaxation species than the LigLaszZr; sWg 501,
samples. Fig. 9 shows the IF spectrum of Lig4LaszZr;;Mog3012,
Lig4LasZr; 7Wo 301, and Li;LasZr,04; at 1 Hz for comparison. In the
Lig.4LasZr; 7Wo 3012 samples, the two prominent separated IF peaks
are located around 290 K and 365 K with a peak height as high as
0.035 and 0.015, respectively. For the Lig4LasZr; 7M00301, samples
however, although the peak positions are similar with that of W-
substituted sample, the peak height of the low-temperature peak is
about two times that of W-substituted sample but the high-
temperature IF peak is lower. However in the Li;LazZr,0,, only one ap-
parent peak with a height of about 0.10 was detected, according to the
existence of mutual interaction among lithium ions, the only one IF
peak can be decomposed into two closely overlapped peaks as shown
in Fig. 9 [11]. By contrast, the IF peaks in the Li; _ »yLasZr, — yMyO12
(M = Mo and W) were splitted into two well separated IF peaks.
Hence on one side, the two apparently separated IF peaks observed in
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Fig. 7. Temperature dependence of the internal friction (Q~') and the relative modulus
(M) of the Lig 4LasZr; 7W( 3012 (@) and Lig 4LasZry ;Mo (3012 (b) samples measured at
four different frequencies (0.5, 1, 2 and 4 Hz) with a heating rate of 2 K/min.
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Fig. 8. W substitution concentration dependence of internal friction spectra at 1 Hz in the
Li; _ oxlasZr, — yW,04; (x = 0.2-0.5) samples.

the hexad substituted Li;LasZr,04, electrolytes demonstrate convinc-
ingly the rationality of two sub-peaks assumption in Li;LaszZr,0, sam-
ples. On the other side, it means that the peak position of the high-
temperature IF peak at 1 Hz shifts to higher temperature of about
365.9 Kand 358.9 K for W and Mo substituted Li;LasZr,0;, compounds,
respectively. Comparing with that of Li;La;Zr,01, sample, the shift of
the peak position is probably due to the larger activation energy and a
decreased mobility of the lithium ions as discussed later. In addition,
the lattice constant evidenced by the XRD results is about 12.965 A for
Li;LasZr,01, electrolyte [11], which is much higher than the value of
12.933 A for Lig4lasZr,7Wo30;, electrolyte and 12.949 A for
Lig 4LasZr; ;M0 30+,. The larger lattice distortion may be the other rea-
son for the peak position shift of the high-temperature IF peak.

The common theoretical models for relaxation-type peaks are Debye
model or coupling model. The Debye model is for the system where the
mutual interaction between the relaxation species is small enough to be
neglected. However the coupling model is usually for the system with a
strong mutual interaction among high concentration lithium ions. In
lithium electrolytes, the diffusion processes of lithium ions are not iso-
lated but collaborative in nature because of the strong mutual interac-
tion among high concentration lithium ions. And it is well known that
the mutual interaction among high concentration lithium ions can be
well described by the coupling model [29,30]. Hence in this paper it is
assumed that the two IF peaks in Li; _ yxLasZr, — yM;0q2 (M = Mo
and W) can also be fitted by the coupling model. According to this
model, the correlation function C(t) can be separated into two regions
by a crossover time t, that is,

C(t) = exp(—t/t*) fort<t, (1)

C(t) = exp{—(t/t)“} fort>t, ()
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Fig. 9. Internal friction spectra at 1 Hz of the Lig 4LasZr; 7W( 3012, Lig 4La3Zr; 7Mo003042 and
Li;LasZr,0¢, samples.
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Fig. 10. Fitting results of the internal friction spectrum at 1 Hz for the samples of
Lig 4La3Zr, 7Wy 3012 based on the coupling model.

where 3 is the coupling parameter with a value between 0-1 that is an
indicator of the degree of correlation or cooperativity in the relaxation
process originating from the mutual interactions. Coupling parameter
3 decreases as the coupling strength increases. 7 and 7 are the coupled
and decoupled relaxation time, respectively. The t. was chosen as
10~ '2 s for metals and ionic conductor [31]. Based on the continuity
of relaxation functions at t = t, and the Arrhenius law 7 = 7Tpexp(E /
kT), we have

—BE 3)
1n(7p)

= p1n(7o) + (1—P)In(tc) (4)

where E* and E are the decoupled and coupled activation energies, 7o*
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Fig. 11. Arrhenius plots of the two sub-peaks (P, and Py peaks) in (a) Li; — o4LasZr, —
«W,012 (x = 0.2-0.5) and (b) Lig4LasZr; 7M0g3012.
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Table 2
Relaxation parameters of peak P; and Py in Li; _ 5LasZr, — (W01, (X = 0.2-0.5) and Lig 4LasZr; ;M0 301, samples.
Li; _,lasZr, M M=W M = Mo
O12 x=02 x=03 x=04 x=05 x=03
P12 PHZ PL3 PH3 PL4 PH4 PL5 PHS PL3 PH3
E (eV) 1.19 1.74 1.20 1.57 1.35 1.23 1.28 1.16 1.54
(£0.07 eV)
7o (s) 33x107%2  23x107%° 17x107% 85x1072* 21x107%2* 50x107%° 71x107%2 64x107" 15x107%' 38x10"%
B 0.26 027 0.29 0.31 0.32 038 0.35 0.44 0.3 0.33
E* (eV) 0.31 0.47 0.35 0.49 0.39 0.51 0.43 0.56 0.35 0.51
(£0.02 eV)
To* () 34x107"° 39x107'® 15x107'" 76x107'® 80x107'® 17x107"® 60x107'® 19x107" 22x107'" 36x10°'¢

and T are the pre-exponential factors of decoupled and coupled relax-
ation time, respectively.

By using the above coupling model combined by a nonlinear fitting
method of the IF spectrum [19] the two prominent IF peaks observed
in the Li; _ 5LasZr, — MO (M = Mo and W) compounds can be
well fitted by two IF peaks, as shown in Fig. 10, in which the fitting result
of the IF peaks measured at 1 Hz for the Lig 4La3Zr; ;W 301, samples are
particularly presented as the example. It can be seen from Fig. 10 that
the relaxation strength of the low-temperature IF peak (labeled as
peak P;) are much higher than that of the high-temperature IF peak (la-
beled as peak P;) in both W-substituted and Mo-substituted samples. As
for the coupling parameter (3, it is determined in the range of 0.26-0.44,
which implies a relatively strong mutual interaction during lithium ion
diffusion.

Through the nonlinear fitting of the IF curves, the peak temperature
(Tp) of the two peaks under different measuring frequencies can be de-
termined, and the corresponding coupled activation energy E and the
pre-exponential factor 7o can thus be obtained in terms of the shift of
peak temperature with measured frequency. In Fig. 11, the correspond-
ing Arrhenius plots of the two relaxation peaks of Li; _ pyLaszZr, _
«M,01> (M = W, Mo) are presented, where the solid lines are the linear
least-square fittings. The coupled relaxation parameters E and 7 can be
deduced according to the Arrhenius relation, and the decouple relaxa-
tion parameters E* and 7," calculated based on the Eqgs. (3) and (4)
are listed in Table 2.

The fitting results indicate that the values of 7y* in the order of
10~16-107'° s falls in the range of typical values for processes of
point defect relaxation, whatever for W or Mo substituting samples.
Moreover, the decoupled activation energy of the high-temperature
peak in the range of 0.47-0.56 eV is also in good agreement with the
value of 0.45-0.49 eV for lithium ion diffusion obtained in conduction
measurement. However for the low-temperature IF peak, the decoupled
activation energy is in the range of 0.31-0.43 eV, which is lower than
that of conduction measurement. It is the large difference between the
activation energies of the two peaks that results in the large separation
of the two IF peaks.

o O*
© Octahedral 96h sites | {b)
@ Octahedral 43¢ sites
U Tetrahedral 24d sites

Fig. 12. Sketch map of the lithium environments in garnet-like structure L-L-M-O:
(a) migration routes for lithium ions via 48 g (96 h)-48 g (96 h); (b) migration routes of
lithium ions via 24d-48 g (96 h).

Different from the conductivity that is related to the average effect of
long distance migration of carriers, the IF peaks reflect the short diffu-
sion processes of lithium ions under periodic stress. It is suggested
that the coexistence of two peaks in W and Mo substituted samples
should have at least two different routes for lithium ion migration in
the cubic Li; _ yLasZry, — yMy012 (M = W, Mo) [11]. In the garnet-like
cubic phase, the lithium ions distribute in a disordered state, and all Li
sites with the same symmetry are only partially occupied with occupan-
cies of about 88% at octahedral sites and 56% at tetrahedral sites, as ex-
perimentally predicted by neutron diffraction patterns [32]. Therefore
there are plenty of intrinsic lithium vacancies to facilitate lithium ions
migration in the cubic phase. The ab initio calculations further revealed
that most of Li ions at the octahedral sites are actually deviated from
their original central 48g sites and approach the 96h sites because of
the Coulombic interaction [33]. Further considering the structural
framework, the interstitial tetrahedral sites (24d) are surrounded by
face-sharing octahedral sites, which actually exclude the possibility of
direct diffusion among the neighboring tetrahedral sites. Therefore,
the diffusion routes for lithium ions in cubic L-L-M-0 systems have
only two possibilities: 48g(96h)-48g(96h) and 48g(96h)-24d, as
shown in Fig. 12(a) and (b), respectively. From the crystal structure of
Li-La-M-0 system, the diffusion distance between a tetrahedral 24d
site and one of the nearest octahedral 48g(96h) sites is about
1.9898 A, which is much shorter than the diffusion distance among
the two neighboring 48g (or 96h) sites (2.5307 A), and would corre-
spond to a lower diffusion activation energy [34]. Hence for the IF
peaks in Li; _ yyLasZr, — yM,O12 (M = W, Mo), it can be suggested
that the higher peak at lower temperature may be originated from the
jump process among the nearest octahedral 48g(96h) sites and tetrahe-
dral 24d sites i.e. 48g(96h)-24d, owing to its lower diffusion barrier, as
shown in Fig. 12(b). Accordingly the lower peak at higher temperature
may be originated from the jump process among the neighboring octa-
hedral 48g(96h) sites, i.e. 48g(96h)-48g(96h), because of the higher dif-
fusion barrier.

4. Conclusions

The effects of hexad substitution and the substituted concentration
on lithium ion diffusion in Li; _ ,yLasZr, - \M,0;, (M = Cr, Mo,
W) lithium conductors are investigated by AC impedance spectroscopy
and internal friction (IF) techniques. The W substituted sample with
x = 0.2 has a highest total conductivity of 8.7 x 107> S/cm, and the
total conductibility of the Li; _ yyLasZr, - yW,0;5 (x = 0.2-0.5) de-
creases with the increasing W substituting concentration. Two promi-
nent relaxation IF peaks were observed in the garnet-like Li; _
axLasZry — xM,012 (M = Mo, W) electrolytes, which was associated
with the short distance diffusion of lithium ions or vacancies. The IF
data were well analyzed using the coupling model. The relaxation
strength of the IF peak decreases with the increasing W substituting
concentration. The decrease of the relaxation strength of the IF peaks
and total lithium ionic conductivity are all ascribed to the decreased
lithium ions concentration n as well as the decreased mobility of the
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lithium ions induced by the substitution of Zr** by W and Mo®*. The
two IF peaks can be assumably ascribed to the two possible lithium ion
diffusion routes via vacancies, i.e. 48g(96h)-24d for the low-
temperature IF peak with a lower activation energy and 48g(96h)-
48g(96h) for the high-temperature IF peak with a higher activation en-
ergy. The obtained experimental results also confirmed that different
from the conductivity measurements, the IF method can be used as a
sensitive and potential probe to explore the local diffusion process of
carriers in detail in solid lithium electrolytes.
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