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ABSTRACT: LiTa,POg with a recently discovered framework
structure and a bulk conductivity of 1.6 X 107> S cm™, exhibits

high potential as an electrolyte material for solid-state batteries. We

have improved the ionic conductivity of LiTa,POg via elemental § °¢

substitution. In this study, we use ab initio molecular dynamics ¢

simulations to select the substituted elements and find that interstitial ;8 107 F \‘\.\

Li* ions improve Li* ion mobility in the bulk. Consequently, we E \\\‘\

synthesize Li,, Ta, Hf. POy, in which part of Ta’" in LiTa,POg is S 109k © Dowuk:LTPO

substituted with Hf** for introducing interstitial Li* ions. -2 © Do, : Hi-subsfituted LTPO
. e .o e —_ _ =} ° DNMR'LTPO

Li, ,Ta, ¢Hf,,POy exhibits a total conductivity of 9.2 X 10 *Sem™! £ ® Dy Hi-substituted LTPO

at 300 K, over twice higher than that of unsubstituted LiTa,POy. 0 1095 25 30 35

Further, pulsed-field-gradient nuclear magnetic resonance indicates 1000/ T (K™

that the Li* ion diffusion coefficient of Li,,Ta, ¢Hf,,POy in the bulk

(2.0 X 107® cm? s7" at 330 K) is twice as high as that of LiTa,POg (1.2 X 107® cm® s7'), with the activation energy reduced from
0.30 to 0.27 eV. This improvement in the bulk diffusion can be attributed to the higher dimensionality of the conduction paths with
introduced interstitial Li* ions.

KEYWORDS: LiTa,POyq Hf-substitution, Solid-state batteries, Oxide solid electrolytes, Ionic conductors, PEG-NMR, Diffusion

1. INTRODUCTION magnetic resonance (PFG-NMR).”"** Ab initio molecular
dynamics (MD) simulations suggested that LTPO has low-
dimensional ionic conduction pathways.”>** Dai et al.
examined the positions of the Li* ion sites in LTPO using
the bond valence site model.”” They demonstrated that the Li*
ion conduction pathway in the LTPO is quasi-one-dimensional
along the c-axis. The low-dimensional conduction pathways
can reduce the grain boundary and bulk conductivity of
polycrystalline materials because they are easily disconnected
at antisite defects or grain boundaries.”* There have been
recent reports of elemental substitutions in LTPO that increase
ionic conductivity, for example, the substitution of M* (Zr,
Ce, Te) for Ta**°~*® or the substitution of Si** for P**.**

In this study, we perform ab initio MD simulations to
explore substitution elements that enhance the Li* ion
diffusion in LTPO. The MD simulations suggest that
introducing interstitial Li* ions increases the Li" ion diffusion
coefficient. Based on this prediction, Ta*" in LTPO is partially

Solid-state lithium batteries are expected to be the next-
generation energy storage devices. Various lithium-ion
conducting materials have been developed as key materials
for practical applications of solid-state lithium batteries. The
highest conductivity among sulfide-based electrolytes reaches
1072 S cm™,"* which is comparable to that of liquid
electrolytes. Although solid-state batteries have been suffering
from high interface resistance between the sulfide electrolytes
and cathodes, it has been reduced by interposing a buffer layer
between the electrolyte and cathode.”* Thus, sulfide-based
solid electrolytes are currently being developed for applications
in electric vehicles.” However, sulfide-based electrolytes
decompose in humid atmospheres and release harmful
hydrogen sulfides.”” In contrast, solid-oxide electrolytes are
stable and thus usable in atmospheric conditions. Recently,
garnet-type®™'> and LISICON-type'*~"> oxide electrolytes
have gained considerable research attention. However, such
solid oxide electrolytes still have challenges to overcome,'®™"’
so it is important to continue developing new materials. Received:  July 9, 2024

Kim et al. reported LiTa,POg (LTPO) as a solid-state Revised: ~ November 1, 2024
electrolyte with a new framework structure.”® The total and Accepted: November 4, 2024
bulk conductivities of LTPO are 2.5 X 10™* and 1.6 X 107 § Published: November 15, 2024
em™! at 25 °C, respectively. Ishigaki et al. confirmed the high
bulk conductivity of LTPO using pulsed-field gradient nuclear
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Figure 1. (a) Li" ion diffusion coefficients computed by MD calculations. Black indicates the diffusion coeflicient for stoichiometric LTPO, red
indicates the diffusion coefficient for LTPO with interstitial Li*, and blue indicates the diffusion coefficient for LTPO with Li* vacancy defect. (b)
Trajectories of Li* ions in Hf-substituted LTPO obtained by MD calculations at 600 K. Ta/Hf ratio represents the amount of Hf substitution in the

unit cell (8[Li,,, Ta, HfPOg]).

substituted with Hf*. The substitution has increased the total
conductivity by more than twice, and it has reached 9.2 X 107*
S cm™! in the Hf-substituted LTPO. In addition, PFEG-NMR
reveals that the bulk diffusion improves.

2. METHODS

2.1. Calculation of Elemental Substitution in LTPO. First-
principles density functional theory calculations were performed using
the Vienna ab initio simulation package (VASP),” where the
projector-augmented wave (PAW) pseudopotentials30 were consid-
ered, and exchange-correlation energy was treated using the Perdew—
Burke—Ernzerhof gradient-corrected functional.>’ The bulk LTPO
was modeled using a supercell containing 96 atoms with eight formula
units. To study the structural properties, the wave functions were
expanded into plane waves using a kinetic energy cutoff of 520 eV,
with Brillouin zone integrations sampled using a 2 X 2 X 2 k-point
grid. The optimized lattice parameters of bulk LTPO were a = 9.84 A,
b =1171 A ¢ = 1091 A, and = 90.51°, consistent with the
experiment values™ within an error of 2%. To investigate the Li*
diffusion in the LTPO systems, MD simulations were performed using
a plane-wave energy cutoff of 400 eV and I'-point sampling of the k-
space with a time step of 1 fs in the canonical (NVT) ensemble. The
defective LTPO with an interstitial Li* and a Li* vacancy was modeled
using an 8-formula-unit supercell with a Li* ion being added and
removed, respectively. For the Hf-substituted LTPO, we considered
three different types of Ta sites (8f, 4e, and 4a) and their
combinations as the Hf substitution sites. The Li* ion diffusivity
was estimated from the atomic trajectories obtained by MD
simulations at temperatures of 600—1200 K for 100 ps.

2.2. Synthesis of Li;,Ta, Hf,POg. Li,, Ta, Hf PO, (x = 0.0,
0.1, 0.2) was prepared using the sol—gel method. LiOH-H,O
(Kojundo Chemical Laboratory) and NH,H,PO, (FUJIFILM Wako
Pure Chemical Corporation) were dissolved in deionized water. HfCl,
(FUJIFILM Wako Pure Chemical Corporation) and TaCl; (RARE
METALLIC) were dissolved in anhydrous ethanol (FUJIFILM Wako
Pure Chemical Corporation). The HfCl, solution, TaCl, solution, and
LiOH aqueous solution were mixed, and the NH,H,PO, aqueous
solution was added dropwise to the mixed solution. The composition
of the mixed solution was as per the target composition, with only the
LiOH aqueous solution mixed in excess of 10% of the target
composition. The mixed solution was stirred at 353 K to accelerate
gelation. Following the progression of the gelation of the solution, it
was dried at 393 K for 15 h, with the resulting powder crushed in a
mortar. The ground powder was calcined in an alumina crucible at
873 K for 12 h under an oxygen atmosphere to synthesize amorphous
Liy, Ta, HfPOg The amorphous Li,, Ta, HfPOg powder was
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ball-milled with ethanol at 350 rpm for 16 h and dried at 353 K for 6
h, with the dried powder crushed in a mortar and vacuum-dried at
473 K for 15 h. The resulting powder was uniaxially pelletized at 70
MPa for 10 min and then sintered at 1273 K for 12 h under an oxygen
atmosphere. The Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) measurements confirmed that the compo-
sition of the sintered pellets was consistent with the target
composition (Supporting Information Table S1). The relative
densities are 82%, 78%, and 92% for LiTa,POyg, Li, Ta; Hf,,POq,
and Li, ,Ta, gHf,,POy, respectively.

2.3. Sample Characterization. Powder X-ray diffraction (XRD)
was performed on crushed sintered pellets to analyze the crystal
structures of the samples. The measurements were conducted using a
SmartLab (Rigaku) at 40 kV and 30 mA with Cu Ka, radiation (4 =
1.54056 A) monochromatized via a Johansson-type curved mirror.
Scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) were performed to observe the
microstructure of the sintered pellets. The sample surfaces for the
SEM measurements were ion-milled using an ArBrade5000 system
(Hitachi High-Tech). A JEM-ARM 200F system (JEOL) was used for
STEM, and energy-dispersive X-ray spectroscopy (STEM-EDS) was
performed to obtain elemental imaging. The ionic conductivities were
measured via impedance spectroscopy using a high-frequency
impedance system (4990EDMS-120 K, TOYO) in frequency and
temperature ranges of 20—10° Hz and 200—440 K, respectively. Gold
electrodes were formed on the sintered pellets via sputtering. The
activation energy E, of conductivity ¢ was calculated using the
Arrhenius equation,

oT = o,¢ [ E, ]
= o.-exp| ——2

0 €XP kT )
where T is the absolute temperature, o, is the pre-exponential factor,
and kg is the Boltzmann constant.

2.4. Li* lon Diffusion Coefficient Measurements by PFG-
NMR. Diftusion coeflicients were measured at 273—93 K using an
ECA-400 NMR system equipped with a diffusion probe (JEOL). The
resonance frequency of the "Li nucleus was 155.4 MHz, the 90° pulse
width was 16 us, and the chemical shift for ’Li was calibrated to 1 mol
L' LiCl solution at 0 ppm. A pulsed gradient stimulated echo
(PGSTE) sequence was used.”> The decay of the PFG echo signal is
generally expressed as the Stejskal—Tanner equation:>>*

S 222( 5)
=2 = exp| Dy} A - 2
So exp[ re 3

)
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Figure 2. XRD patterns for LTPO, Hf01-LTPO, and Hf02-LTPO
samples. All peaks without symbols are assignable to the LTPO phase.
The crosses are peaks attributable to the LiTa;O4 phase, and the
triangles are peaks attributable to the LiHf,(PO,); phase.
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where S/S, is the intensity ratio of the echo signal, D is the diffusion
coeflicient, y is the gyromagnetic ratio, g is the magnitude of the
magnetic field gradient, J is the duration of the magnetic field gradient
pulse, and A is the interval between the magnetic field gradient pulses
(ie., diffusion time). The range of g is 0.1—12 T m™". The values of 5
and A were setto 6 =1 ms, A = 100 ms for LTPO and 6 = 1 ms, A =
30 ms for Hf-substituted LTPO, based on the T, and T, relaxation
time measurements (Supporting Information Figure S1).

3. RESULTS AND DISCUSSION

The MD simulations in this study suggest that introducing
interstitial Li* ions enhances the Li* ion conduction in the
LTPO. Figure la compares the Arrhenius plots of the Li* ion
diffusion coefficients obtained via the MD simulations in
LTPO, those with the Li* vacancies, and those with interstitial
Li* ions. The term “interstitial Li” refers to the excess Li
introduced by the Hf substitution, which was initially placed at
the 4b site. After the MD calculation, the position of the excess
Li will be indistinguishable from the original Li. The activation
energy of LTPO with Li* vacancies (calculated to be 0.25 V)
is almost the same as that of normal LTPO. However, the
interstitial Li* lowers the activation energy to 0.19 eV,
indicating that introducing interstitial Li* improves the ionic
conduction in LTPO.

First-principles calculations and MD simulations also suggest
that the partial substitution of Ta®" with Hf** that introduces
interstitial Li* ions will enhance the ionic conduction in LTPO.
The ionic radius of six-coordinate Hf** is 0.71 A, close to that
of six-coordinate Ta®>" (0.64 A), and the decomposition energy
is lower than 100 meV atom™ obtained by the first-principles
calculations (Supporting Information Table S2). This result
indicates that the Hf-substituted LTPO can be synthesized as a
metastable phase. In undoped LTPO, a quasi-two-dimensional
honeycomb framework of Li* ion diffusion pathways in the be-
plane has been reported.”> The quasi-two-dimensional
diffusion pathway is also confirmed by MD calculations in
this study (Figure 1b left). Furthermore, MD simulations of
Hf-substituted LTPO show that Hf substitution widens the
cross-linking channels between the two-dimensional conduc-
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Figure 3. (a) XRD patterns of LTPO, Hf01-LTPO, and Hf02-LTPO samples in the 26 range of 32.6—34.0°. (b) Rate of change for lattice
parameter with Hf substitution. (c) Rate of change for the lattice volume with Hf substitution.
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Figure 4. SEM cross-sectional images of (a, b) LTPO, (c, d) Hf01-LTPO, and (e, f) Hf02-LTPO samples.

tion pathways along the bc-plane, which will facilitate three-
dimensional ionic conduction (Figure 1b right).

Figure 2 shows the XRD results of powders ground from the
LiTa,POgs Li; Ta, oHf, ,POg (Hf0O1-LTPO), and
Li,,Ta, ¢Hf,,POg (Hf02-LTPO) sintered samples. In all
samples, most reflections are assigned to the LTPO structure
in the space group C2/¢,"°"***° and a small amount of
LiTa;Og appears as an impurity.””** Furthermore, NASICON-
type LiHf,(PO4);**~*" is observed as an impurity in the Hf01-
LTPO and Hf02-LTPO samples. Results of the Rietveld
analysis and the relative abundance of LTPO and impurities
are shown in Supporting Information Figure S2 and Table S3.
The XRD patterns in the 32.6—34.0° range are enlarged in
Figure 3a, which indicates that Hf substitution shifts the 312
reflection to a lower angle and the 004 reflection to a higher
angle. Figures 3b and 3¢ show the rates of change of the lattice
constants and volume, respectively, calculated from the
diffraction angles. The values of the lattice constants are
shown in Supporting Information Table S4. With Hf
substitution, the lattice constant ¢ decreases, whereas the
lattice constants a and b increase. The lattice volume also
increased, which indicated that Hf*, with a larger ionic radius

10900

than Ta', is substituted for Ta in LTPO. Such changes in
lattice constants are consistent with the results of first-
principles calculations (Supporting Information Table SS,
Figure S3).

Figure 4 shows the SEM cross-sectional images of the
LTPO, Hf01-LTPO, and Hf02-LTPO sintered samples. The
Hf01-LTPO and Hf02-LTPO samples have larger particle sizes
than the LTPO sample. Moreover, more impurities are present
in the Hf-substituted samples than in the LTPO samples.
STEM-EDS measurements confirm that these impurities
correspond to those observed by XRD (Figure S). Figure Sa
shows the LTPO phase; an impurity of Ta oxide is observed,
which is identified as LiTa;Og by the XRD. In addition to these
two phases, the STEM-EDS maps in Figure Sb suggest the
presence of phosphate and hafnium phosphate in the Hf02-
LTPO sample. The hafnium phosphate should be
LiHf,(PO,);, which is detected in the XRD. On the other
hand, the XRD pattern does not show the presence of any
other phosphates, which is probably because the phosphate is
amorphous lithium phosphate. The LiHf,(PO,) and lithium

hosphate have an ionic conductivity of 1077—107° §
em %% and are hence not expected to inhibit ionic

https://doi.org/10.1021/acsaem.4c01773
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Li, ,Ta, gHf, ,PO,

Figure 5. STEM-EDS images of (a) LTPO and (b) Hf02-LTPO samples. In the elemental mapping, O, P, Hf, and Ta are represented in green,

cyan, yellow, and magenta, respectively.

conduction in the Hf-substituted LTPO samples significantly.
Furthermore, point analysis of the EDS spectra in the LTPO
phase indicates that Hf is substituted into the LTPO phase of
the Hf02-LTPO sample (Supporting Information Figure S4).
From the TEM-EDS analysis, the Hf composition in LTPO
phase is determined as x = 0.009 and x = 0.076, for Hf01-
LTPO and Hf02-LTPO, respectively. Kwatek et al. inves-
tigated the solubility limit in the Zr-substituted system
Li;,,Zr,Ta, ,POg, which has a similar ion radius to Hf, in
detail using 'P MAS NMR and XRD.** The solubility limit is
x = 0.055—0.075, which agrees with the concentration
determined by TEM-EDS. Since Hf is similar in the ionic
radius to Zr, the LTPO phase in the Hf01-LTPO and Hf02-
LTPO samples seems to have a Hf composition close to the
solubility limit.

Figures 6a—d show the Nyquist plots for the LTPO, Hf01-
LTPO, and Hf02-LTPO samples at 300 K. The impedance
diagram of the LTPO sample consists of two semicircles,
corresponding to the bulk and grain boundary resistances,
respectively, and a spike (Figure 6b). The total and bulk
conductivities of LTPO sample are 3.9 X 10™* S cm™" and 2.5
X 107 S cm™', respectively, consistent with previous
studies.””™** The total conductivities of both Hf01-LTPO

and Hf02-LTPO samples are higher than that of the LTPO
sample, with values of 8.6 X 107* S cm™ and 9.2 X 107* S
cm™!, respectively. This increase in total conductivity is
attributed to the reduction of grain boundary resistance caused
by grain growth. Although the two semicircles clearly divided
for the LTPO sample are merged for the Hf-substituted LTPO
samples, deconvolution of the spectra using the equivalent
circuit in Figure Ge yields a bulk conductivity of 1.4 X 107> S
cm™ for both Hf01-LTPO and Hf02-LTPO samples, lower
than that of the LTPO sample—further discussed in
comparison to the PFG-NMR results. As a reference,
Supporting Information Table S6 shows the bulk and grain
boundary capacitances for each sample at 300 K, calculated
from the frequencies at the top of the semicircles. The
impedance spectra for 200—400 K are shown in Supporting
Information Figure SS. Figure 7 shows the temperature
dependences of the total and bulk conductivities derived
from the spectra. Figure 7a indicates that the Hf substitution
decreases the activation energy of the total conductivity. The
activation energies of total conductivity for the LTPO and Hf-
substituted LTPO samples in the temperature range of 400—
440 K are 0.35 and 0.26 eV, respectively, and 0.50 and 0.40 eV
in the range of 200—220 K, respectively. These results are

https://doi.org/10.1021/acsaem.4c01773
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Hf02-LTPO samples are deconvoluted using (e) the equivalent circuit. Closed circles in Figure 6b—d show the frequencies at the top of semicircles

for bulk and grain boundary parts.

compared to those of previous studies on elemental
substitution with Si,** Zr,”° Te,”” and Ce”® in Supporting
Information Figure S6. The Hf-substituted LTPO sample in
this study has a total conductivity comparable to that of Si-
substituted LTPO (the highest conductivity reported in
previous studies). The activation energy for bulk conduction
in the LTPO sample increases significantly below 250 K;
however, this increase is suppressed in the Hf-substituted
LTPO (Figure 7b). The temperature where the activation
energy changes in the LTPO can be related to the phase
transition temperature of LTPO, where the monoclinic angle

10902

changes,” suggesting that Hf substitution suppresses the phase

transformation of LTPO at low temperatures.
Figure 8 shows the temperature dependence of the bulk

conductivity diffusion coefficient, D, yy, obtained from the
impedance spectroscopy and self-diffusion coeflicient, Dy,
determined by PFG-NMR for the LTPO and Hf02-LTPO
samples. The conductivity diffusion coefficients are calculated
from the bulk conductivity, oy, using the Nernst—Einstein

equation:
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where e is the elementary charge, z is the valence state of the
carrier ion, and n is the carrier density. The value of n for the
LTPO sample is 8.0 X 10*' cm™, determined based on the
crystal structure,”® while that for the Hf02-LTPO sample is set
to be 1.2 times higher based on the ICP-AES result. The Dy
value for LTPO is 2.0 X 107% em? s7! at 333 K, whereas that
for Hf02-LTPO is 5.8 X 107 cm® s/, indicating that the Li*
ion diffusion coefficient increases with Hf substitution. Ishigaki
et al. rezported a Dy value of 1.2 X 1078 cm? s7! for LTPO at
330 K,”"** consistent with the Dy value in this study. The
activation energies in the 300—400 K range are 0.30 and 0.27
eV for the LTPO and Hf02-LTPO samples, respectively. The
Hf substitution reduces the activation energy of bulk
conduction in LTPO, as predicted by the MD simulations.

The Haven ratio (Dyyr/Dy, pui) of the LTPO sample is
approximately 0.1, smaller than that of other oxide electro-
lytes,'*”*" probably owing to the strong correlation between
the Li* ions""** induced by the low-dimensional paths of Li*
ion conduction. In the Hf02-LTPO sample, the Haven ratio is
approximately 0.6, comparable to that of other oxide
electrolytes. This increase in the Haven ratio can be
interpreted in two ways. The first is the effect of impurities
on bulk resistivity. Figure 6d shows the depression of the
semicircle corresponding to the bulk resistive component,
attributed to the inclusion of ionic conductive impurities in the
Hf-substituted LTPO sample, such as the NASICON phase.
Therefore, the actual bulk conductivity of the Hf-substituted
LTPO phase can be much higher. In this case, the actual
Haven ratio in the Hf-substituted LTPO phase would be less
than 0.5. The second is the higher dimensionality of the Li
conduction pathways upon Hf substitution, as shown in Figure
1b. Higher diffusion pathway dimensions generally result in a
higher correlation factor for the self-diffusion coefficient.” In
addition, the higher dimensionality of the conduction pathways
is expected to reduce the many-body correlation between Li
ions, affecting the ionic conductivity. While ions must move
simultaneously with neighboring ions in a restricted con-
duction pathway, if the conduction pathway has multiple
branches, ions can bypass neighboring ions, reducing the
many-body correlations between ions. Therefore, higher
dimensionality of conduction pathways can increase the
Haven ratio via an increase in Dyyy and a decrease in D,.
The larger Haven ratio of Hf-substituted LTPO suggests a
higher dimensionality of the ionic conduction pathways.

In this study, we observed the effect of Hf substitution in
LTPO, although a systematic composition dependence on
physical properties such as EIS, T1, and T2 in Hf01-LTPO and
Hf02-LTPO is not observed. There are two possible reasons
for such composition dependence. The first is that the
prepared composition exceeded the solubility limit of Hf,
which leads to the generation of impurities inhibiting ionic
conduction. The second is that LTPO is a metastable material.
Thus, slight differences in the thermal history or atmosphere
during synthesis can affect ionic conductivity. To further clarify
the effect of Hf substitution in the bulk, it is necessary to
quantify Hf substitution dependence in detail.

4. CONCLUSION

This study reveals that Hf substitution enhances ionic
conduction in LTPO. The first-principles MD simulations
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predict that introducing interstitial Li* ions decreases the
activation energy for ionic conduction in LTPO. Hf
substitution at the Ta sites employed in this study for
generating interstitial Li* enhances grain growth and decreases
grain boundary resistance, improving the total conductivity.
PFG-NMR measurements have revealed that the Hf
substitution reduces the activation energy and increases the
diffusion coefficient in the bulk. A comparison of D, 1,y and
Dyyr between the substituted and unsubstituted LTPO
suggests that the Hf substitution weakens the correlation
effect between Li" ions originating from low-dimensional
conduction pathways in LTPO. Thus, this study indicated that
Hf substitution in LTPO can effectively improve conductivity.
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