© 2025. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

Tuning Ionic Conductivity and Structural Stability of

LiHf,(PO4); Solid Electrolytes through Al Substitution

Pratiksha Gami and Sunil Kumar*

Department of Metallurgical Engineering and Materials Science, Indian Institute of Technology

Indore, Simrol, 453552, India.

*Corresponding author, E-mail: sunil@iiti.ac.in


Sunil Kumar
© 2025. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
https://creativecommons.org/licenses/by-nc-nd/4.0/


Keywords: Solid-state batteries, NASICON, Ionic conductivity, and GCD.
Abstract

Rechargeable Li-metal batteries with solid electrolytes offer enhanced safety and higher specific
capacity than conventional liquid-electrolyte-based Li-ion batteries. However, low Li-ion
conductivity and high interfacial resistance between the electrolyte and electrode often hinder their
performance. In this study Al-substituted LiHf>(PO4)3 inorganic electrolytes are fabricated via the
conventional solid-state reaction method. The Rietveld refinement of room temperature X-ray
diffraction (XRD) data confirms a rhombohedral phase. The highest total ionic conductivity was
observed for 25% Al substitution at the Hf site (7.09 x 10 S cm™). The activation energy for total
ionic conductivity decreased from 0.50 eV to 0.29 eV with increasing aluminum substitution till x
=0.5. The Li-ion transference number was ~ 0.99, indicating that lithium-ion dominates the charge
transport in the material. Electrochemical stability tests using linear sweep voltammetry revealed
the ceramic electrolyte’s stability up to approximately 4.61 V. The Lii sAlo.sHf1.5(PO4)3 electrolyte
demonstrated a stable lithium plating/stripping in a Li||Li cell for over 170 h. Furthermore, when
employed in a solid-state Li||[LiFePO4 cell, it exhibited high Coulombic efficiency and decent

cycling stability, demonstrating its potential for use in high-temperature solid-state batteries.



Introduction

The increasing demand for consumer electronics and electric vehicles has intensified efforts to
develop high-energy-density rechargeable batteries, with Li-based technologies demonstrating
superior performance '°. Solid-state electrolytes offer distinct advantages over their liquid
counterparts, notably the prevention of electrode corrosion and enhanced battery safety ®°. All-
solid-state batteries utilizing alkali-metal anodes have attracted considerable attention due to the
low reduction potential (-3.04 V vs. SHE) and high specific capacity (~3680 mAh g!), which
significantly increases the energy density of the system '3, For optimal performance, solid
electrolytes must exhibit high room temperature (RT) lithium-ion conductivity, minimal interfacial
resistance with various cathode/anode, excellent stability in ambient conditions, and a wide
electrochemical window '%'®. The development of novel solid electrolytes that meet all these
criteria remains a considerable scientific and engineering challenge 2. Accordingly, various
classes of solid-state electrolytes are being extensively studied, including organic electrolytes and
ceramic electrolytes based on sulfides, halides, and oxides 2% **%°, Flexible organic electrolytes are
easily prepared and exhibit low interfacial resistance with lithium metal anodes >*3°. However,
they typically exhibit low lithium-ion conductivity (~ 1 x 10°® S cm™ at RT) due to the slow
segmental motion of the polymer chains. Additionally, their low lithium-ion transference number
(<0.5) leads to concentration polarization in all-solid-state batteries 3! 32, Sulfide-based electrolytes
offer higher lithium-ion conductivity (~ 1 x 10 S cm™), but they are highly sensitive to moisture
and exhibit narrow electrochemical windows ** 3*. On the other hand, oxide-based lithium-ion
conductors are more susceptible to ambient conditions, and some, such as the garnet electrolyte
LisLa3Zr2012, demonstrate excellent properties with a wide electrochemical window (>5 V), high

lithium-ion conductivity (1 x 10 S cm™) 3. Nevertheless, the fast lithium-ion/proton exchange in



garnets under ambient conditions leads to the formation of a Li,COs insulating layer on the surface,

increasing interfacial resistance with the lithium metal anode 338,

NASICON:-type electrolytes, like Lii.sAlosTi1.5(PO4)3 and Lii sAlo.sGe1.5(POs)3, have been widely
used due to their high lithium-ion conductivity and robust stability in moist air, attributed to the
strong covalent P>* - O? bonds ***2. However, the instability of Ti*'/Ge*" ions with lithium metal
still limits their practical application ****. Replacing Ti*"/Ge*" with more stable metal ions could
enhance their compatibility with lithium metal *>**7. This work explores the potential of Hf-based
NASICON electrolytes, which offer a promising alternative for improving stability and
performance in solid-state lithium batteries.

Lithium hafnium phosphate (LiHf2(PO4)3, LHP) crystallizes in a NASICON-type structure, but it
faces challenges due to a topotactic and reversible phase transition at low temperatures *% 4.
Research on LHP has been sparse, primarily due to difficulties related to its poor sintering behavior
and the contentious phase transition that occurs during its synthesis process 2. To date, the
substitution of aluminum (Al) into LHP has only been reported by Chang et al. and Zangina et al.,
focusing on the synthesis and electrical properties of prepared ceramic samples 3> 3. In this work,
we synthesized and characterized a series of Lij+—ALLHf.«(POs)s (x = 0, 0.2, 0.4, 0.5, and 0.6)
samples, employing X-ray diffraction (XRD), scanning electron microscopy (SEM), and
electrochemical impedance spectroscopy (EIS). The findings show that Al** doping enhances the
conductivity of the doped samples compared to the pure LiHf>(PO4);. Specifically,
LiisAlosHfi 5(PO4)3 (referred to as 0.5A1-LHP) exhibited the highest RT lithium-ion conductivity
of 7.09 x 10 S cm™'. Additionally, symmetric Li||Li cells and solid-state Li|[LiFePO4 cells were
fabricated, with the results substantiating the promising electrochemical performance of the 0.5Al-

LHP pellet.



Materials and Methods
Synthesis of ceramic solid electrolyte Lii+<AlHf2-«(PO4)3

The polycrystalline Lii+Al:Hf>.x(PO4)3 compounds with values of x = 0, 0.2, 0.4, 0.5, and 0.6
(denoted as xAl-LHP) were synthesized through a solid-state reaction method. The starting
materials included corresponding stoichiometric quantities of Li2COs, HfO», AlOs, and
NH4H>PO4. These components were thoroughly mixed using a mortar and pestle, then heated in
an alumina crucible at 500 °C, followed by 800 °C for 12 h. After this, the mixture was ground
again, and the resulting powders were compressed into pellets with a 10 mm diameter. Green
ceramic pellets were heated at varying temperatures to ascertain the optimal sintering and
calcination conditions (900 - 1000 °C). Sacrificial powder of the same composition was employed

to bury the pellets, mitigating lithium volatilization during sintering at temperatures above 950 °C.
Synthesis of Cathode

The cathodes comprised LiFeO4, super P, and polyvinylidene fluoride (PVDF) in an 8:1:1 mass
ratio. The powders were mixed using N-methylpyrrolidone in a beaker. A uniform film was coated
onto Al foil using the automatic slurry coater machine and dried at 60 °C for 6 h. The dried

electrodes were converted into 6 mm discs, yielding a mass loading of ~1.3 mg cm™.
Characterization techniques

The crystallographic structure of the xAl-LHP powders was characterized using X-ray diffraction
(XRD) measurements, performed on an Empyrean - Malvern Panalytical instrument with Cu Ka
radiation over a 20 range of 10° - 60°. Rietveld refinements of the XRD data were carried out using
TOPAS academic software to determine the crystallographic parameters >>. The morphology and

microstructure of the pellets, along with the distribution of elements, were analyzed using scanning



electron microscopy (SEM, JSM7500F) coupled with energy dispersive spectrometry (EDS).
Polished samples were utilized for ionic conductivity measurements. Silver electrodes were
applied on either side of pellets to act as the Li-ion blocking electrode for electrochemical
impedance spectroscopy (EIS) measurements, which were conducted using a Biologic instrument
across a frequency range of 100 Hz to 10 MHz. Before EIS measurements, the samples were
vacuum-dried at 100 °C to eliminate moisture. Impedance data were analyzed and fitted using EIS
analyzer software to calculate conductivity °°. The total conductivity (o) was determined using the
formula o = l/aR, where [ is the sample thickness, a is the area, and R is the resistance obtained
from the complex impedance plots. The activation energy (£4) for ionic conductivity was derived
from the Arrhenius equation (o = g9 exp(-E4/kT)), where oy is the pre-exponential factor, £ is the
Boltzmann constant, and 7 is the temperature. The 7.;" was quantified through direct current (DC)
polarization measurements, with an external voltage of 0.5 V applied to achieve a steady current.
The critical current density (CCD) was ascertained by probing various current densities at RT to
evaluate the maximum voltage tolerance with lithium metal. Linear sweep voltammetry (LSV)
measurements for Li||[SS cells were conducted to establish the stable voltage window for the
sample. Symmetric (Li||L1) and full cells (Li||LiFePO4) with liquid electrolyte on the cathode side,
employing the 0.5AI-LHP pellet as the solid electrolyte, were tested in CR2032 coin cells using a
Neware multichannel battery testing system. X-ray photoelectron spectroscopy (XPS) was carried
out using a Thermo Fisher Scientific Naxsa system equipped with a monochromatic Al Ko X-ray

source (E = 1486.6 eV).
Result and discussion

X-ray diffraction (XRD) analysis was utilized to examine the phase composition of the synthesized

ceramics. As shown in Figures S1-S5, the rhombohedral phase forms at 900 °C for the 0.2Al-LHP



composition and 950 °C for the 0.4Al-LHP composition. For the 0.5Al-LHP and 0.6AI-LHP
samples, the rhombohedral phase appears at 1000 °C. Rietveld refinement of the rhombohedral
phases across varying Al concentrations in Lij+Al;Hf>.«(PO4)s confirmed the R3¢ space group
(Figure 1). In the refinement plots, open black circles, red solid lines, and grey bottom lines
represent the observed, calculated, and difference profiles, respectively. The blue vertical bars at
the bottom indicate the Bragg positions of the reflections. Additionally, a low-intensity peak
belonging to the triclinic phase is observed at 20° (pink hash marks). An impurity phase, identified
as AIPO4 (green asterisks), is also observed **°7. In the non-stoichiometric LijAl;Hf>«(PO4)s
structure, the excess lithium resides at the partially populated II site (Wyckoff site 18¢), while Al
and Hf are randomly distributed at the 12c¢ site (Figure S6). The lithium occupancies were not

refined due to their low electron density.
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Figure 1. Rietveld refinement of powder XRD patterns for xAI-LHP with x = (a) 0, (b) 0.2, (c)
0.4, (d) 0.5, and (e) 0.6. The black open circles represent the observed data, the red solid line
denotes the refinement result, and the blue vertical bars indicate the Bragg positions of the

reflections.

The observed trends in the refined lattice parameters and unit cell volume of xAl-LHP are shown
in Figure 2. Up to 0.5Al doping, the smaller AI** (0.535 A) ions replace the larger Hf*" (0.71 A)
ions, leading to a continuous decrease in the lattice parameters (a¢ & c), resulting in an overall
decrease in the unit cell volume (V). However, the saturation of A’ in the structure implies a
solubility limit of approximately x = 0.5, beyond which elevated AI** concentrations induce a
pronounced decline in the xAl-LHP phase fraction . The emergence of a secondary AIPO.4 phase
is detected, and this structural reconfiguration induces an expansion of the ‘c’ parameter, thereby
increasing the unit cell volume *°. To elucidate the expansion of the unit cell, Figures 2(d)-(e)
depict the correlation between the volumes of the LiOs and MOg octahedra, along with the PO4
tetrahedra, as a function of the nominal lithium content. The observed increase in the c-axis and
unit cell volume appears to correspond closely with the enlargement of the LiO¢ octahedral
volumes, as these structures are oriented along the z-direction (see Figure S6). The Li(6a) site
shares a face with the (Hf/Al)Os octahedra along the z-direction, promoting lithium movement
along the c-axis due to weaker Coulombic repulsion in this direction. While this factor alone does
not account for the volume increase observed in the 0.6Al system, the enhanced occupancy of the
adjacent Li(36f) sites, which amplifies Coulombic repulsion, likely contributes to the observed
expansion of the LiO¢ polyhedra. This behavior can be attributed to a structural adjustment that

minimizes Coulombic repulsion within the system 3% 66! Al these verify the proposed hypothesis



that substituting Hf*' for AI’* may generate a similar influence to substituting AI** for

Z*/Ti*"/Ge*", which stabilizes the rhombohedral phase at RT 3% 6263,
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Figure 2. Variation of lattice parameters and unit cell volumes as a function of aluminum
content (xAl): (a) Lattice parameter a, (b) lattice parameter c, (c) unit cell volume (V), (d)

volume of PO, (e) volume of Al/HfOs, and (f) volume of LiOe.

Figure 3 presents the scanning electron microscopy (SEM) images of sintered pellets of
Lii+AlLHf«(PO4); for various values of x, corresponding to the R3¢ phase. For the LiHf>(PO4)s
pellet (x = 0), sintered at 1000 °C for 10 h, grains of varying sizes are observed, with noticeable

inter-grain porosity. The relative density of this pellet is approximately 72%. In contrast, with the



introduction of AI** doping, a noticeable reduction in inter-grain pores is observed, leading to a
significant improvement in the relative density up to x = 0.5 (Table S1). For the x = 0.6
composition, the grains are considerably larger. To assess the distribution of elements within the
grains and grain boundaries, energy dispersive spectroscopy (EDS) was performed. The EDS
results, presented in Figure S7, show that both Hf and Al are evenly distributed throughout the

sample.

Figure 3

Figure 3. SEM micrographs of rhombohedral (a) 0AI-LHP, (b) 0.2AI-LHP, (c) 0.4AI-LHP, (d)

0.5AI-LHP, and (e) 0.6AI-LHP pellets.

Temperature-dependent impedance spectroscopy was conducted to investigate the influence of Al
substitution on the ionic conductivity, with the impedance data presented in Figure 4. For
compositions with x < 0.5, the Nyquist plots exhibit two distinct semicircles corresponding to grain
and grain boundary resistances (Fig. 4(a-c)). At lower frequencies, a tail is observed, which can be

attributed to the ion-blocking behavior of the silver electrodes. To model the impedance response,



an equivalent circuit consisting of (Rg||Qg)+(Rep||Qeb)+Qel was used, where subscripts g and gb
indicate the grain and grain boundary contribution, respectively, and R & Q represents the
resistance & constant phase element. Qe accounts for the constant phase element of the blocking
electrodes. For compositions x = 0.5 and 0.6, only a single depressed semicircle is observed at high
frequency (representing the bulk and grain boundary responses), accompanied by a long tail at
lower frequencies. In this case, it is challenging to deconvolute the contributions from the grain
and grain boundary components separately. Therefore, the equivalent circuit (R¢||Q)+Qel, where t
represents the total (grains and grain boundaries) contribution, was used to fit the impedance data.
Figure S8 displays a Bode plot of the impedance data, illustrating the consistency with the
proposed equivalent circuit and confirming the quality of the fit, which suggests the presence of
two distinct dielectric relaxations in the low- and high-frequency regions for samples with x up to
0.4. The total ionic conductivity reaches a maximum value of ~ 7.09 x 10 S cm™ for x = 0.5. The
enhanced ionic conductivity observed in the Al-substituted samples is thought to result from an
increase in lithium content and a modification of the structural framework that facilitates Li-ion
migration °% 5 The reduction in grain boundary conductivity with Al substitution can be
attributed to the enhanced densification of the material. However, when the Al doping level
exceeds 0.5, the total conductivity decreases to 2.18 x 10 S cm™! due to the increase in the fraction
of impurity phases (AIPO4), which negatively affects the ionic transport ®!. Previously, Zangina et
al. reported the highest AC conductivity of approximately 2.5 x 10 S cm™" in the Lii+AlHf-
+(PO4); composition at x = 0.25 >°. Additionally, Chang et al. demonstrated that Li* conductivity
increases proportionally with sample density, with the highest recorded value of 1.1 x 10 S cm’!

observed in the spark plasma sintered Lii sAlosHf1 s(PO4)3 >,

Figure 4
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Figure 4. Nyquist plots of (a) 0AI-LHP, (b) 0.2AI-LHP, (c) 0.4AI-LHP, (d) 0.5AI-LHP, and (e)
0.6AI-LHP pellet at room temperature. The solid lines represent the fitted results. The (a-c) were
fitted using the equivalent circuit model (Rq||Qg)+(Rab||Qen)+Qei, while (d-e) were fitted using

the circuit model (Rt||Qt)+Qe.

Figure 5a illustrates the temperature-dependent total ionic conductivity of rhombohedral
LiiALHf.4(PO4)3. A clear linear relationship between log(a,) and 1000/T is observed for all Al-
doped compositions, which aligns well with the Arrhenius equation. The activation energy (E,) is
determined from the slope of the fitted straight line. The E, decreases progressively with increasing
x, ranging from 0.50 eV at x = 0 to 0.29 eV at x = 0.5, followed by a further increase for x = 0.6
(0.34 eV), following a trend similar to ionic conductivity (Figure 5(b)). The activation energies
observed in this study for Lii sAlosHf1.5(PO4)3 are significantly lower than those reported for pure
LiZr2(PO4)3 (0.43 - 0.56 €V) and LiSn2(PO4)3 (0.68 €V), suggesting a more efficient Li" transport

in the Al-doped LHP system 666,



Figure 5
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Figure 5. (a) Temperature dependence of conductivity for xAI-LHP, with dashed lines
representing linear fits to the Arrhenius equation, and (b) Variation of activation energy (E,) and

total conductivity with x in Lij+xAlL:Hf>-«(PO4)3.

Direct current (DC) polarization measurements were conducted at room temperature to evaluate
the lithium-ion conductivity component of the 0.5AI-LHP sample, employing silver (Ag) blocking
electrodes. As depicted in Figure 6(a), an initial rapid decay in current was observed, eventually
reaching a steady state. This behavior is attributed to the blocking nature of the Ag electrodes,
which impede lithium-ion movement, allowing only electronic charge carriers to contribute to the
steady-state current. The lithium-ion transference number (7;;*) was calculated using the formula
tri* =1 - (I / Liota), where liotal denotes the initial current, and I¢” is the steady-state current. The
calculated #;;* value of ~ 0.99 confirms the predominantly ionic nature of conduction in the 0.5Al-

LHP sample.

The interfacial compatibility between the NASICON electrolyte and electrodes is crucial for the
electrochemical performance of solid-state batteries (SSBs). Impedance spectroscopy
measurements on the 0.5A1-LHP pellet with lithium metal electrodes, which are non-blocking for

lithium 1ions, revealed a single depressed semicircle (Figure 6(b)). This observation confirms



lithium-ion conduction within the 0.5A1-LHP electrolyte. Galvanostatic cycling tests of lithium
stripping and plating at a current density of 0.01 mA-cm™2 demonstrated high stability over 170 h,
with a minimal increase in voltage polarization from approximately 0.11 V in the 1% cycle to ~
0.15 V in the 173" cycle. This slight rise in polarization is attributed to the gradual formation of a
passivation layer (Figure 6(c)). This suggests robust interfacial stability between lithium metal and
the as-prepared NASICON electrolyte. Additionally, critical current density (CCD) measurements
performed at various current densities indicated a CCD value of 0.07 mA cm? (Figure 6(d)). In
contrast, the 0.4Al and 0.6Al compositions exhibited higher initial overpotentials, which increased
from 0.36 V (1% cycle) to 1.07 V (29" cycle) and from ~0.21 V (1% cycle) to ~0.24 V (29 cycle),
respectively, indicating progressive interfacial degradation consistent with their lower ionic

conductivities (Figs. S9-S10).
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Figure 6. (a) Current vs. time response for the Ag|Li1.sAlosHf1.5(PO4)3|Ag cell under a 500 mV

DC voltage. (b) Nyquist plot for the Li|Li; 541lo.sHf1.5(PO4)3|Li symmetric cell at 25 °C. (c)



Galvanostatic cycling of Li stripping/plating in a symmetric cell at a current density of 0.01

mA-cm™. (d) Li plating/stripping behavior at varying current densities.

Linear sweep voltammetry (LSV) measurements conducted on Ag|0.5AI-LHP|Li cells revealed an
electrochemical stability window of ~4.61V (Figure 7(a). This value was determined by
identifying the crossover point of two tangent lines on the LSV curve, a method commonly
employed in electrochemical analysis 7°. The observed stability is attributed to the structural
integrity of the NASICON framework, which effectively accommodates the substitution of

hafnium with aluminum without compromising electrochemical performance.

To further assess the practical applicability of 0.5AI-LHP electrolyte, solid-state cells were
assembled using LiFePO4 (LFP) as the cathode and lithium metal as the anode. These cells
demonstrated an initial discharge capacity of 158 mAh g, with a retention of ~87% after 100
cycles at a rate of 0.1C (0.02 mA cm™) at room temperature (Figure 7(b-c)). Post-cycling SEM
and EDS analyses revealed no signs of surface irregularities or notable chemical changes (Figure
S11). Additionally, the XPS spectra (Al 2p, Hf 4f, and P 2p) before and after cycling showed no
changes, indicating chemical stability of the ceramic electrolyte interface with lithium metal
(Figure S12). Figure S13 shows the solid-state cell performance at different C-rates. Upon
increasing the current, the specific capacity decreases to ~122 mAh g! (at 0.3C) and ~82 mAh g’!
(at 0.5C). This reduced specific capacity is due to the high resistance of the ceramic electrolyte,
which becomes the rate-determining factor. The cell nearly regains its initial discharge capacity of
156 mAh g! when the current decreases back to 0.1C, demonstrating that there is no irreversible
capacity loss. High cycling stability and capacity retention underscore the potential of 0.5A1-LHP

as a viable electrolyte material for high-voltage SSB applications.

Figure 7
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Figure 7. (a) The LSV curve of Li|Li; sAlo.sHf1.5(PO4)3|SS, (b) charge-discharge curve, and (c)

cycling performance of the Li| Li; sAly.sHf1.5(PO4)3|LiFePOy cell at 0.1C.
Conclusions

A rhombohedral NASICON-type solid electrolyte, Lii+AliHf>.«(POs4)3, was synthesized using the
solid-state reaction method. With increasing Al content, the lattice parameters and unit cell volume
of the material decreased till x = 0.5. Among the samples analyzed, Lii+xAlLLHf2-+(PO4); with x =
0.5 exhibited the highest Li-ion conductivity (6 =7.09 x 10> S! cm™) and a low activation energy
of 0.29 eV. The Li-ion transference number was approximately 0.99, indicating that Li-ion
conduction predominates in the material. In galvanostatic lithium plating-stripping tests, a

symmetric Li|0.5AIl-LHP|Li cell demonstrated stable lithium plating-stripping for over 170 h,



showing a stable interface between electrolyte/electrode. Due to the excellent stability of
Li15AlosHf> 5(PO4)3, the solid-state Li||LFP cell showed stable cycling, maintaining high capacity
(~ 87 % capacity retention) and Coulombic efficiency. These findings suggest that Al substitution
in NASICON-type electrolytes enhances both ionic conductivity and anodic stability, making

0.5AI-LHP a promising candidate for next-generation solid-state batteries.
Supporting Information

Supplementary data include room temperature XRD patterns of all Al-substituted LiHf2(POa)s
samples, crystal structures, EDS mappings of rhombohedral samples, fitted Bode plots of their

impedance spectra, and a table of their relative densities.
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Figure S1 Room temperature powder XRD patterns of 0AI-LHP samples sintered at different

temperatures.
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Figure S2 Room temperature powder XRD patterns of 0.2AI-LHP samples sintered at

different temperatures.
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Figure S3 Room temperature powder XRD patterns of 0.4AI-LHP samples sintered at

different temperatures.
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Figure S4 Room temperature powder XRD patterns of 0.5AI-LHP samples sintered at

different temperatures.
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Figure S5 Room temperature powder XRD patterns of 0.6AI-LHP samples sintered at

different temperatures.
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Figure S6 Crystal structure of Al-doped Li1+xAl,Hf.,(PO4)3, here in MOg M is AI/Hf.
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Figure 87 EDS mappings of various elements of (a) 0AI-LHP, (b) 0.2AI-LHP, (c) 0.4AI-LHP,

(d) 0.5A1-LHP, and (e) 0.6AI-LHP pellet.
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Figure S8 Fitted Bode plots of room temperature impedance data of (a) 0AI-LHP, (b) 0.2Al-

LHP, (c) 0.4A1-LHP, (d) 0.541-LHP, and (e) 0.6A1-LHP pellet.
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Figure S9 Galvanostatic cycling of Li stripping/plating in a symmetric

Li|Li; 4Alo.4Hf1.6(PO4)s3|Li cell.
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Figure S10 Galvanostatic cycling of Li stripping/plating in a symmetric

Li|Li1.sAlo.sHf.4(PO4)s|Li cell.
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Figure S11 (a) SEM image and (b) EDS mappings (Al, Hf, and P) of cycled electrolyte pellet

0.541-LHP.

Intensity (a.u.)

Binding Encrgy (¢V)

Figure S12 Fitted XPS spectra of fresh (al-a3) and cycled (b1-b3) 0.5AI-LHP: (al, bl) Al 2p,

(a2, b2) Hf 4f, and (a3, b3) P 2p regions.
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Figure S13 Rate performance of Li|Li; sAlo.sHf1.5(PO4)3|LiFePOy cell.
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Table S1: Relative density of various LiiAlHf:«(PO4); pellets at different x.

X (Al content) Relative density (%)
0 72 +0.01
0.2 78 £ 0.008
0.4 80 + 0.005
0.5 86 +0.01
0.6 83 +0.008
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