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ABSTRACT

Perovskite-structured solid electrolytes are promising candidates for next-generation solid-state lithium batteries due to their high
ionic conductivity and structural stability. In this work, LissSr7/16_xCa,Hf;,4Nbs,4,03 solid electrolytes with various calcium con-
tents (x=0, 0.02, 0.05, 0.08, and 0.44) were synthesized via a sol-gel method, followed by high-temperature treatment.
Comprehensive structural and electrochemical characterizations were conducted to elucidate the effect of Ca®* substitution
on material performance. Increasing Ca** concentration induced a structural transformation from cubic perovskite to an uniden-
tified phase, suggesting a compositional limit for maintaining structural integrity. Among the investigated compositions,
Lis/gSTs 2/16Ca0.05sHE1 4Nb3,403 (LSCaHN) exhibited the highest ionic conductivity of 1.4 X 10~*S cm™! at room temperature, with
negligible electronic contribution. Cyclic voltammetry revealed limited electrochemical stability against lithium metal, attributed
to interfacial reactions that lead to electrolyte degradation. These findings highlight the importance of precise compositional
design to balance structural stability and ionic transport in perovskite-type solid electrolytes for solid-state battery applications.

1 | Introduction

Solid-state batteries (SSBs) with inorganic solid electrolytes are
expected to become one of the next-generation electrochemical
energy storage devices. Compared to lithium-ion batteries that
contain liquid electrolyte [1], SSBs promise safety advantages of
a nonflammable and thermally stable solid compound with a
potentially large electrochemical window, high density, and good
mechanical strength [2]. Furthermore, various inorganic solid
electrolytes, including garnet-type, perovskite-type, NASICON-
type, LISICON-type, and sulfides, as well as antiperovskites are

attractive due to their good Li-ion conductivity [1, 3-6].
Moreover, to realize the practical applications of SSBs, it is impor-
tant to develop solid electrolytes that exhibit a low electronic con-
tribution to the conductivity, low interfacial resistance between
electrode and solid electrolyte, high ionic conductivity, and a wide
electrochemical stability window [7]. Perovskite-type solid electro-
lytes (P-SEs) represent one of the candidates that can be applied in
SSBs. However, P-SEs still suffer from several problems, such as
high interfacial resistance, low total ionic conductivity, and poor
stability against lithium metal [1].
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Enhancing the low total ionic conductivity is of particular interest.
In solid electrolytes, lithium ions move through vacancy hopping
[8]. According to ion conduction principles, increasing the Li-ion
concentration [9], as well as the size of the transport channels
[9, 10], and ensuring the presence of vacancies can significantly
enhance Li-ion conductivity. Different chemical compositions
of P-SEs have been studied. The superionic La,/; ,LiTiO3
(LLTO) has been reported with a high bulk conductivity of about
103 Scm™ at room temperature [11-13]. However, LLTO is chem-
ically unstable against lithium metal, because lithium insertion into
LLTO at potentials around 1.8 V versus Li*/Li results in the appear-
ance of Ti**/Ti** redox, which limits battery performance [14]. The
substitution of Ba**, Ca**, and Sr** on the A-site and Nb°* and
Zr** on the B-site could suppress the reduction of Ti** in the
LLTO solid electrolyte [1]. Perovskite-type LizStr7/16Hf/4Ta3/403
(LSHT) reported by Huang et al. showed an ionic conductivity
as high as 3.8x107* Scm™' at room temperature. However,
LSHT was evidently chemically unstable against lithium metal
due to the reduction of Ta®" to Ta** [15]. It has been shown that
a simple substitution of zirconium by hafnium enhances the ionic
conductivity from 2.7 x 10™*S em ™ for LissSry16Z11/4T23/405 [16]
to 3.8 x 10™* Scm™* for LSHT. Bertrand et al. showed that incor-
porating calcium can increase the total ionic conductivity to
(3.6%1.0)x 10~* Scm™ for the P-SE (LSHT) at room temperature
[2]. Yu et al. synthesized perovskite-type Lis/gST7/16Z11/4Nb3/40;3
(LSZN) solid electrolyte with vacancies on the A-site, with a total
ionic conductivity of 2.0x 107> Scm™ at 30°C [7]. Meanwhile,
Kong et al. showed that the ionic conductivity was enhanced
by substituting zirconium with hafnium, reaching values of
2.91% 107> Scm™* at room temperature [1].

In this work, Li-Sr-Hf-Nb-O/(Ca-sub) (LSCaHN) solid electrolytes
were prepared via sol-gel method. Ionic and electronic contribu-
tions to the conductivity were studied by AC impedance spectros-
copy and DC polarization, respectively. The effect of composition
on structure and conductivity of LSCaHN was investigated.
Further, the materials were subjected to contact with lithium
metal, to investigate their chemical stability. The electrochemical
stability window was identified by means of cyclic voltammetry
(CV). A comprehensive understanding of the stability of perov-
skite-type materials against lithium metal and related degradation
mechanisms paves the way to designing new compositions with
high total ionic conductivity, allowing application possibilities
as separators, additives, or catholytes in SSBs. Calcium was selected
as a dopant on the Sr site due to its identical valence state (Ca**/
Sr**), which preserves charge neutrality and avoids the introduc-
tion of parasitic electronic conduction. Moreover, Ca is an earth-
abundant, low-cost, and nontoxic element, offering clear advan-
tages from both environmental and sustainability perspectives.
Ca-containing oxide ceramics are also compatible with established
ceramic processing and recycling pathways, enabling straightfor-
ward material recovery without complex separation steps. These
characteristics make Ca substitution particularly attractive for
the development of scalable and sustainable perovskite-based solid
electrolytes.

2 | Experimental Section

A sol-gel reaction procedure was adopted to prepare the perov-
skite-type LSCaHN powders with five target compositions,

namely Lis/sSTy/16_xCaHf; sNbs /405 (x = 0, 0.02, 0.05, 0.08, and
0.44). The raw materials, including LiNO; (Sigma-Aldrich, 99%;
20 wt% excess), SINO; (Thermo Scientific, 99%), Ca(NOs), X
4H,0 (Sigma-Aldrich, 99%), HfCl, (Sigma-Aldrich, 99.95%),
C,H,NNbOy x xH,O (Sigma-Aldrich, 99.99%), citric acid (CA)
(Sigma-Aldrich, 99.5%), and ethylene glycol (EG) (Sigma-
Aldrich, 99.0%), were selected as precursor materials. These mat-
erials were dissolved in 150 ml deionized water, with citric acid
and ethylene glycol in a molar ratio of CA/EG = 1:4. The mixture
was stirred at 150°C until a clear solution was obtained. At 150°C,
an esterification reaction occurred between the hydroxyl groups
of EG and the carboxylic acid groups of CA. Afterward, the tem-
perature was increased to 300°C until a dark-brown gel was
formed. The powder was calcined at 900°C for 12 h in an alumina
crucible. Green cylindrical pellets of diameter of 8 mm and thick-
ness ~1.4 mm were consolidated by uniaxial pressing at 1.5 tons
(293 MPa) for 1 min. Subsequently, the pellets were sintered at
1250°C for 12 h under air. The mother powder was used to cover
the pellets to reduce possible lithium loss.

Powder X-ray diffraction (XRD) was used to determine the crystal-
line phase and lattice parameters of the samples (2022 Malvern
Panalytical B.V.). A Cu-K,, radiation source was utilized in 26 range
from 10 to 90° with 0.02° step size at room temperature. Rietveld
analysis was performed using the software FullProf Suite.

Scanning electron microscopy (SEM) (Zeiss Leo 1530) was used
to analyze the morphology of the manually polished sintered pel-
lets. The SEM was operated at an acceleration voltage of 10kV,
and a working distance 5 mm. Before SEM analysis, a thin gold
layer (10 nm) was sputtered onto the samples (40s, 30 mA) to
avoid electrical charging.

Energy-dispersive X-ray spectroscopy (EDX) was used to investi-
gate the chemical composition of the samples. The acceleration
voltage was 20 kV, and the working distance was 8.5 mm.

Relative density values of ceramic samples were calculated geomet-
rically and by the Archimedes immersion method using isopropa-
nol as the immersion medium. The theoretical density was
determined according to the crystallographic parameters obtained

from Rietveld refinement to be 6.05g cm™>.

®Li and "Li MAS NMR spectra were acquired on a Bruker Avance
III 500 spectrometer equipped with an ultrashielded WB 500 MHz
magnet (11.74 T), giving resonance frequencies of 73.6 MHz for °Li
and 194 MHz for “Li. Spectra were referenced to the chemical shift
of CH;COOLi - xH,0. All measurements were performed at a spin-
ning speed of 22 kHz and a bearing gas temperature of ~298 K. °Li
MAS NMR spectra were collected using a single z/2 pulse of 3.5 ps
at 200 W. With a 4 s relaxation delay, 1200 scans were accumu-
lated. For longer delays, the number of scans was reduced to avoid
line broadening from magnetic-field drift; for a delay of 80s, 120
scans were used. For "Li spectra, a z/2 pulse of 1.6 ps at 200 W was
applied. A relaxation delay of 40s ensured full relaxation of all
spectral contributions, and 40 scans were accumulated. The Ca**-
doped Lig 3755T0.437Hf5 25Nbg 7505 (LSHN) pellets were ground to a
fine powder suitable for packing into 2.5 mm MAS rotors made of
zirconia and fitted with Vespel caps.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using an Omicron XM 1000 MKII system equipped
with an Al-Ka X-ray source (1486.6 €V). Photoelectrons emit-
ted from the sample surface were collected using a SPECS
Phoibos 150 analyzer. The X-ray source was operated at
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15kV and 20 mA. The acquired spectra were analyzed using
CASA XPS software.

The ionic conductivity was measured from 25 to 50°C by alter-
nating current electrochemical impedance spectroscopy (AC-
EIS) in a (Solartron SI 1260) impedance/gain-phase analyzer
in a frequency range from 1 MHz to 10 Hz and at an applied
voltage amplitude of 50 mV under He atmosphere. The samples
were 1-1.5 mm in thickness and between 7 and 8 mm in diam-
eter. Both sides of the ceramic pellets were polished (grit size
1200) and sputter coated with Au (thickness around 80 nm)
to act as ion blocking electrodes for conductivity measurements,
and were mounted inside cryostat (Janis STVP-200-XG), as
shown in Figure S1. Direct current polarization measurements
were conducted with the same pellet configuration at 1V
for 48 h.

To examine the electrochemical stability window, a coin cell was
assembled with LSCaHN serving as the cathode. The cell assembly
process took place in an inert atmosphere within an Ar glovebox.
For the cathode composition, LSCaHN, Super C65 carbon, and pol-
yvinylidene fluoride (PVDF, Solvay, Solef 5130) were mixed in a
weight ratio of 94:3:3. The mixture was dispersed in N-methyl
pyrrolidone (NMP, Merck KGaA, >99.5%). A blender (Thinky,
ARE250) was used to mix the slurry at 2000 rpm for 3 min until
homogenized. The slurry was then applied onto 0.03 mm-thick
Al foil using a film applicator (Erichsen Coatmaster, 510) with
an operating rate of 1.5 mm s~ and 140 pm slit size, and then dried
at 120°C overnight in a vacuum drying oven (Binder, VDL53) to
ensure adequate adhesion and removal of solvents. Electrodes were
cut into 13 mm-diameter disks using an electrode cutter. In the cell
configuration, Li metal was used as anode, glass fiber (Whatman,
GF/D) as separator, and 95 pL of LP57 (1 M LiPFg solution in 3:7
by weight of ethylene carbonate and ethyl methyl carbonate) as
electrolyte. CV measurements were carried out at a scan rate of
0.5mV s to investigate the cathode’s voltage stability and electro-
chemical properties. This setup allowed for a detailed evaluation of
LSCaHN under electrochemical cycling.

3 | Results and Discussion
3.1 | Compositional Consideration

The base material in LSZN or LSHN can be considered being
SrHfOs, which has a perovskite-type cubic structure. For LSHN,
Hf*" in SrHfO; can be substituted by Nb>*, while Sr** can be par-
tially substituted by Li*. Hence, the substituted perovskite-type
material can be written as LiSr,_Hf;_,Nb,0;. Considering the
charge-neutrality condition [7]

Z+2(1-x)+5y+4(1-y)=6 @
Thereby, z = 2x — y. The defect reaction equation can be written as
(2x —y)LiOy5 + (1 —x)SrO + (1 —y)HfO, + yYNbO,5  (2)

Using Kroger-Vink notation

(Zx_y)Li,Sr + (1 _x)srgr + (1 _y)Hf)IC{f +beHf + (y_x)VlS,r
+30%

According to the ion diffusion relationship, the ionic conductivity
can be expressed as

c=nqa 3)

where n is the charge-carrier concentration, q the number of
charges, and a the mobility of Li*. In the mechanism of free
vacancy migration for the diffusion of Li*, ¢ is directly propor-
tional to the product of Li* concentration (i.e., c(Li§,) = 2x —y)
and A-site vacancy concentration (i.e., c(V§)=y—x). Thus,
Equation (3) can be written as

o =K c(Lig,)e(Vg,) = K(2x = y)(y - x) “

where K is a proportionality constant. Therefore, the conductivity
is a function of a curved surface with regard to x and y, taking
y=constant. The first derivative of the conductivity is repre-
sented by

do
2 =K@y—4) 5

Therefore, when this derivative is equal to zero x = 3 y.

3.2 | Crystal Structure and Microstructure

The XRD patterns collected from the Lis/sSry/16_,Ca,Hf;4Nb3/403
(x=0.0, 0.02, 0.05, 0.08, and 0.44) samples are shown in Figure S2
(Supporting Information). For all LSCaHN samples, the main
reflections belong to the cubic perovskite structure. In addition,
a small HfO, impurity phase was found, with its fraction increasing
with increasing Ca®* content. This phenomenon can be explained
by the tolerance factor of the perovskite structure. The tolerance
factor is calculated using the following equation

_ _Ra+Ro ©
V2 (Rg +Ro)
where ¢ is tolerance factor of ABO; compounds, and R4, Rp, and
Ry, are the radii of Li*, Sr**, and Ca?* on the A-site and of Hf**
and Nb>* on the B-site and the anion site O*". The values are
shown in Table 1. It is evident that the tolerance factor is much
lower than 1, which indicates that it is difficult to achieve a stable
perovskite structure. The excess of Hf ** prefers to form impurity
phases, such as HfO,. Furthermore, it is obvious that the (100)
reflection of the Ca®*-containing materials in Figure S2 shifts to
higher 2-theta angles with increasing calcium concentration due
to the smaller radius of Ca®* (1.34 A at CN = 12) relative to that
of Sr** (1.44 A at CN = 12), where CN is the coordination num-
ber. Rietveld refinement of the lattice parameters, as shown in
Figure 1, revealed no significant changes for the samples with
x= 0, 0.02, and 0.05; however, the refinement could not be per-
formed for x=0.08, as the structure starts to decompose with
increasing calcium content and becomes unidentifiable upon full
replacement of strontium by calcium. The crystallite sizes were
determined to be in the range from 107 to 126 nm for all samples.

SEM images of the LSCaHN pellets are shown in Figure 2 and
indicate good intergranular contact. The grain size was 3-7 pm
for the Lis/gSry/16-xCaHf;/4Nb3/,03 (x=0, 0.02, 0.05) samples;
however, for x=0.08 imaging showed a melting phase during
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TABLE 1 | Tolerance factor, density, conductivity, and activation energy for the LSCaNH samples.
Samples Lattice parameter/A  Tolerance factor  6(s°c)/S cm™  Density/g cm™>  Activation energy/eV
LSHNO 3.988 0.8175 1.7859E~° 6.05 0.41
LSCay,HNO 3.989 0.8172 1.21671E~* 5.99 0.37
LSCay osHNO 3.990 0.8167 1.42453E7* 5.85 0.34
LSCayosHNO — 0.8033 4.79494E° 5.92 0.37
(a) (b) (c)
1Ca0.0 o Experimental [Ca0.02 o Experimental Ca0.05 o Experimental
Fitted data Fitted data i Fitted data
L difference L difference difference
I Braggs position I Braggs position - I Braggs position
’; Goodness of fit (%) -3.46 | — | Goodness of fit (;2) -7.36 '; Goodness of fit () -5.15
af : st .
= ‘é % Er E % g = A ! § i % g
i i ﬁ 'R " i fal [ .
r lPm3m | | | [l [ I ]
- | 1 ] Pm3m 1 I 1 | 1 1 I L L P121/ct LU U 0 11 T 1 VL LB LTI T OO
:nz:!‘llv:" LU I 1 11 U O U DO R IR U O I R _P‘ 2ech L L L it ‘l ‘[ + J‘
by —— i ; PR e 2 PR : . . A . , . A
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 8 9 10 20 30 40 50 60 70 80 90
20 (%) 26(°) 20 (°)
FIGURE1 | XRD patterns and Rietveld refinement plots for the crushed pellets after sintering at 1250°C: (a) x = 0, (b) x = 0.02, and (c) x = 0.05. XRD

= X-ray diffraction.

EHT = 10004V
WwD= 50mm
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Mag* SO00KX Time :10:1127
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s

Date :22 Jul 2024
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FIGURE 2 |
0.05, and (d) x=0.08. SEM = Scanning electron microscopy.

sintering and therefore the grain size could not be determined.
This change in morphology has a significant influence on the
electrochemical properties of the sintered samples.

The EDX elemental mapping of the sintered pellets, demonstrat-
ing a uniform distribution of Sr, Ca, and Nb throughout the mate-
rial, is shown in Figure S3. The EDX map shows that segregation
of Hf was observed, suggesting the presence of a secondary phase,

EHT = 1000V
WwD= 50mm

Signai A = intens
Mag= 500KX

Date 22 Jul 2024
Time :10.29.23

EHT = 10004V
WD= 50mm

Signai A= inLens
Mag= 500KX

Date 22 Jul 2024
Time 102228

zE1ss|

SEM micrographs of the cross section of Liz gSr7,16-xCaHf;4Nbs/403 samples sintered at 1250°C in air: (a) x =0, (b) x=0.02, (c) x =

likely HfO,, as corroborated by the XRD measurements. For
comparison, the EDX mapping of the sample without Ca, shown
in Figure S4, does not show such segregation, indicating that Ca
incorporation may play a role in the phase separation.

°Li MAS NMR was performed on the undoped sample and on the
sample with 0.05 Ca doping (Figure 3). Owing to the low natural
abundance of the °Li isotope (7.5%), the average distance between
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(b)

0.6 ppm
LU

-2 -1 0 1 2 3 4 -2 0 2 4

S8/ ppm 6/ ppm
FIGURE 3 | °Li MAS NMR spectra of the perovskite samples without
Ca (a) and with Ca doping (b), measured at a spinning speed of 22 kHz
and at ambient temperature. For each sample, spectra were recorded
using two relaxation delays, 4 and 80s.

®Liions in the lattice is larger than for "Li, leading to weaker dipolar
coupling. In addition, the quadrupole moment of Li (spin I =1) is
by a factor of 50 smaller than that of “Li (spin I = 3/2). These char-
acteristics often make °Li favorable for structural characterization.
However, its lower abundance and lower intrinsic sensitivity
require substantially longer measurement times.

Figure 3 shows the °Li MAS NMR spectra recorded with two
different relaxation delays. In general, a longer delay allows a
larger fraction of spins to relax before the subsequent 90° pulse,
which is particularly relevant for slowly relaxing species. In the
undoped perovskite (Figure 3a), a second signal at 0.1 ppm app-
ears when using a delay of 80s, whereas it is absent with a 4s
delay. The main resonance (at ca. 1 ppm) remains unchanged,
indicating that this component relaxes comparatively quickly.
For the Ca-doped perovskite (x = 0.05, Figure 3b), two contribu-
tions at 1 and 0.6 ppm are resolved with a delay of 80s. Although
the signal-to-noise ratio is lower for the measurement with
d; =80s, the longer delay improves the separation of the two
components relative to the spectrum recorded with d; =4s.

Figure 4 compares the °Li MAS NMR spectra of the undoped and
Ca-doped perovskite in one diagram. The main line of the
undoped sample is narrower and symmetric, while the weaker
secondary contribution appears below 1ppm. In contrast, the
Ca-doped sample exhibits at least two distinct components that

a b
( ) 1.0 ppm ( ) 1.0 ppm AN
\ BLi
— Ca0.0
Ca0.05
d; =80s
0.6 ppm
AN
PWPTRERTC Operb oAb
T T T T T T T T T T T T T
-2 0 2 4 6 -3 -2 -1 0 1 2 3 4
S/ ppm S8/ ppm

FIGURE 4 | SLi MAS NMR spectra measured at a spinning speed of
22 kHz and at ambient temperature. The Ca-doped perovskite is directly
compared with the undoped sample. Spectra for both materials are shown
for a relaxation delay of 80s (a) and 4s (b).

merge into a broad, asymmetric line. The comparison suggests
that the narrow resonance of the undoped material is also present
in the Ca-doped sample but is broadened and overlapped by an
additional contribution. We cannot exclude that even the narrow
line reflects a small intrinsic distribution of local environments.
Enhanced dynamics in the Ca-doped sample may also contribute
to the observed line broadening.

Because of the higher natural abundance of “Li, stronger "Li-'Li
dipolar interactions lead to faster relaxation and higher signal
intensity, but at the cost of reduced spectral resolution. Figure 5a
compares the two samples directly, while Figure 5b,c shows the
effect of different delay times for each sample. The undoped mate-
rial exhibits a spectrum consisting of an intense, narrow resonance
at 0.9 ppm, overlapped by a weaker signal at lower chemical shift.
The intensity of the broad component increases when the delay
time is extended from 1 to 20s, indicating a slower relaxation pro-
cess. However, no further change is observed between 20 and 200,
demonstrating that all “Li sites are fully relaxed after 20s. The Ca-
doped sample shows a broader and slightly asymmetric resonance.
Increasing the delay time only marginally affects the line shape,
causing a slight increase in asymmetry at longer delays.

MAS NMR results indicate that Ca doping significantly alters the
local Li environment and likely also the lithium occupancy. In
addition, the doping increases the ionic conductivity, as shown
in the following section and in Table 1. This behavior may arise
from several factors.

1. Structural changes due to Ca incorporation:

Increasing the Ca content leads to structural modifications, as
observed in the XRD patterns. Complete substitution of Sr by
Ca results in an unidentified structure. Since Ca®" (~1.34 A) is
smaller than Sr** (~1.44 A), replacing Sr by Ca induces lattice
shrinkage and further introduces distortions. These distortions
may alter the size of diffusion channels or increase migration bar-
riers, ultimately affecting ion transport.

2. Other conductivity mechanisms:

Although Li diffusion appears hindered, adding dopants may
enhance the mobility of other charge carriers, which influence
the overall conductivity but do not directly affect lithium migra-
tion. Additionally, changes in site occupancy and defect interac-
tions caused by doping might further impact the ion migration
pathways.

These factors suggest that while the conductivity increases, it is
controlled by processes other than direct Li-ion mobility. More
research, like computational modeling and advanced spectros-
copy techniques, could shed light on how lattice changes, defect
chemistry, and ion transport are correlated in the doped material.

3.3 | Electrical Properties

To further assess the impact of calcium incorporation on LSHN
conductivity, AC impedance spectroscopy measurements were
conducted on the LSHN and LSCaHN samples. The Nyquist plots
of the electrochemical impedance for the samples are shown in
Figure 6a. All samples exhibit a single semicircle in the high-
frequency range, which makes it challenging to differentiate
between bulk and grain boundary contributions to the conductiv-
ity. The spectra were fitted with type model (R(R//CPE)(R//CPE)
CPE), as a result, the measured conductivity is considered as the

Batteries & Supercaps, 2026

50of 11

5UBD1 T SUOWILIOD dARER1D 3|qedt|dde ay) Aq pausenob ake sajoie YO ‘8sn Jo sajnJ Joj Ariq1auluQ AS|IAA UO (SUORIPUOI-PpUe-SWR)WI0D B[ IM AReIq 1 pU 1 uO//:SANy) sUoRIpuoD pue swd | aUl8es “[9202/S0/8T] o Ariqiauluo A1 ‘@1Bojouyae | In4 Iniisu| Bynsie Aq 2z6005202 1¥ed/200T 0T/I0p/wod A3 1m Akelq puljuoadoine-Ansiwaydy//sdny woiy papeojumoq ‘v ‘9202 ‘€2299952



0.87 ppm

) c )
TLi © 0.3 pPM._ L

Ca 0.05
1s
dy=—20s
200s

&/ ppm

6/ ppm

T T T T T T T
-6 -4 -2 0 2 4 6
8/ ppm
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of total ionic conductivities for different systems, where the connecting lines are merely a guide to the eye [2, 10].

total conductivity of the material. The Nyquist plots have been nor-
malized to account for the geometrical factors specific to each sam-
ple, with the data representing measurements taken at 25°C [2, 10].
The calculated total conductivity values are shown in Figure 6b and
compared to other systems, in which calcium has been used as a
dopant. This comparison provides insight into the influence of Ca
doping on ionic conductivity of the different systems. The total con-
ductivity was calculated as follows

d
= _—— 7
77 RxA @
where d is the thickness, A is the area of the pellet, and R rep-
resents the resistance. Figure 7a displays the temperature-depen-
dent total conductivity of LSHN. It follows the Arrhenius
equation, which is given as

_% —Eq
a—Txexp(kT) (8)

where o, is the pre-exponential factor (constant), k is the
Boltzmann constant, and T is the absolute temperature in
Kelvin. The plot of conductivity against 1000/T follows the
expected linear trend. This indicates thermally activated ion

conduction, where the slope corresponds to the activation energy
(E,) for ion transport in the LSHN samples, as shown in Figure 7b.
The linearity of the plot suggests that no phase transitions occur in
the measured temperature range, and the conduction mechanism
remains consistent throughout this temperature regime.

One important prerequisite of advanced solid electrolytes is a
negligible electronic partial conductivity (ideally <10™® Scm™)
[17]. In this work, the electronic conductivity was determined
by potentiostatic polarization. The applied voltage for polariza-
tion was 1V, and Au electrodes were used as ion blocking elec-
trodes. In Figure S5, the decrease in current with increasing
polarization time can be seen. Finally, once the current reaches
steady state, the electronic partial conductivity can be calculated
using the following equation

_de
TUxA

©

where, I is the steady-state current, U is the applied DC voltage
(1V), A is the area of the blocking electrode, and d represents the
thickness of the pellet.

As expected, the electronic conductivities of the samples were in
the order of 107° S cm ™, which is about five orders of magnitude
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lower than the measured total conductivity, showing that the
electronic contribution to the conductivity can be neglected,
which makes the materials suitable ionic conductors.

3.4 | Chemical Stability of LSCaHN Electrolyte
against Lithium Metal

The color change of the LSCaHN pellet from white to black after
a 15-minute exposure to lithium metal indicates that the material
is chemically unstable in contact with lithium. This reaction with
lithium metal suggests a decomposition process that compro-
mises the integrity of the LSCaHN structure, rendering it unsuit-
able for applications where stable contact with lithium is
required, such as in SSBs with a lithium metal anode.

To further investigate the nature and extent of this instability, XPS
was employed to analyze the oxidation states of the constituent ele-
ments before and after lithium exposure. The XP spectra of the pel-
lets for x=0 and 0.05, shown in Figure 8, provide insight into the
elemental composition and potential changes in oxidation states
after contact with lithium. This analysis helps in understanding
the decomposition products formed during the reaction and the
specific interactions contributing to the material’s instability in a
lithium-rich environment. The Li 1s core-level peak is observed
at a binding energy of ~55eV, as shown in Figure 8a. According
to the literature, this binding energy is characteristic of both lithium
carbonate and lithium oxide, indicating the possible presence of
these lithium-containing species in the samples. Consistent with
this observation, the C 1s and O 1s spectra shown in Figure 8b,c
exhibit features corresponding to carbonate species, with peaks
at ~289 eV in the C 1s spectrum and ~532 eV in the O 1s spectrum,
respectively [18]. Furthermore, in the O 1s spectrum (Figure 8c), in
addition to the carbonate-related peak, a distinct peak at ~529 eV
associated with metal oxide is also observed. This confirms the coex-
istence of lithium carbonate and metal oxide species on the sample
surface, with relative fractions of ~80% carbonate and 20% oxide as
determined from the O 1s peak deconvolution. The existence of
metal oxide is further observed in the XP spectra of Sr 3d, Nb
3d, and Hf 4f at 133, 206, and 16 eV, respectively [19, 20]. These
peak positions closely match those of Sr 3d and Nb 3d in
Sr,NbO; and Hf 4f in HfO, [19, 20]. In Sr,NbOs, Sr has a stable +2
oxidation state, whereas Nb has a multivalent oxidation state

between +4 and +5. Correlating the XP spectra with literature
results, it can be deduced that Nb is present in multivalent form
(between +4 and +5), Sr is +2, and Hf is +4 in the current material
system. Interestingly, the peak positions of the XP spectra of
Sr 3d, Nb 3d, Hf 4f, Li 1s, C 1s, and O 1s show no change with
addition of Ca, indicating no changes in the valence state of these
elements. This indifference in valence state is likely due to lack of
difference in oxidation state between Sr** (host) with Ca** (dop-
ant). Furthermore, XPS measurements were performed on x=0
pellets after exposure to lithium metal and compared with the spec-
tra of the as-synthesized pellets. The Li 1s spectrum shows a signif-
icantly higher intensity relative to the Sr and Nb 3d spectra, as
shown in Figure S6a, indicating an increased lithium content in
the system. Additionally, The O 1s spectrum of 0 Ca shown in
Figure 8c indicates that the surface consists of ~20% metal oxide
and 80% carbonate species. In contrast, upon contact with lithium
metal Figure S6b, the metal oxide contribution is significantly
reduced to less than 2%, while the carbonate component dominates
(>98%). This observation suggests that lithium deposited on the pel-
let surface is transformed into lithium carbonate upon contact.
Despite the differences observed in the O 1s peak deconvolution,
the Li 1s spectra in Figure S7c,d show no significant peak splitting
or binding energy shift after contact with lithium. This is expected,
as Li,CO; and Li,O possess nearly identical Li 1s binding energies,
which can obscure any discernible peak splitting in the Li 1s
spectra.

AC-EIS measurement of the Liz/sSr7/16_Ca,Hf;/4Nbs,,05 (x = 0.05)
sample after contact with lithium metal shows evidence of changes
in the grain boundary resistance. This observation suggests that the
reaction between the material and lithium metal not only alters the
surface chemistry, but also induces chemical and possibly morpho-
logical changes at the grain boundaries throughout the pellet thick-
ness. Despite these changes, the activation energy for ion transport
remains largely unaffected, as shown in Figure 9. This indicates that
the bulk ionic pathways are relatively stable, and the changes are
confined to grain boundary regions. The electronic conductivity of
2.2%x107° Scm™ was measured and is shown in Figure S8, show-
ing no change in electronic behavior after lithium exposure.

SEM analysis, shown in Figure 10, was performed to further
investigate the microstructural changes of the sample cross sec-
tion before and after contact with lithium metal. The SEM images
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X-ray photoemission spectra of pellets of Lis/gSr;/16_xCa,Hf;,4Nb3/403 (x =0, 0.05) before lithium metal contact, corresponding to ele-

mental orbitals of (a) Li 1s, (b) C 1s, (c) Ols, (d) Sr 3d, (e) Nb 3d, and (f) Hf 4f.

revealed an increase in surface roughness of the grains after
interaction with lithium, suggesting a change in morphology
at the grain boundaries. The rough layer forming at the grain
boundaries could be Li,COj;, as suggested by XPS, which can

increase grain boundary resistance, as measured by EIS.
Complementary EDX analysis confirmed the segregation of
HfO, within the sample as detected before lithium exposure,
images are shown in Figure S9.
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3.5 | Electrochemical Stability

CV of a half-cell is shown in Figure 11 using LSCaHN powder as
the active material. The tests reveal that Li-ions can be inserted
into this material in the potential range from 0.5 to 1.6 V versus
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Li*/Li during the initial lithiation in a half-cycle, indicating that
the LSCaHN electrolyte is, in addition to the chemical instability,
electrochemically unstable when in contact with lithium metal at
potentials below 1.6 V, thus limiting applications to higher poten-
tials only. In addition, the CV curves display prominent oxidation
and reduction peaks of Nb>* in the potential range between 1.2
and 1.6 V [21], which confirms the presence of a reversible redox
process. These peaks suggest that lithiation and delithiation of
the material can occur repeatedly, maintaining the material’s
capacity for reversible electrochemical reactions within this
potential range. LSCaHN solid electrolyte cannot be used in
Li metal anode-based battery cells due to the narrow electro-
chemical stability window and chemical instability. However,
a stable electrochemical window was identified between 2.0
and 4.0V versus Li*/Li, which can enable various applications
in medium-voltage SSBs. As a separator between, e.g., titanate-
based anode and LiFePO, (LFP) cathode, the perovskite-type
electrolyte would facilitate efficient ion transport, thus minimiz-
ing interfacial resistance and enabling stable operation with suit-
able electrode-active materials. When employed as protective or
buffer interlayer, their intrinsic ionic conductivity permits unin-
terrupted lithium migration while simultaneously suppressing
parasitic interfacial reactions through electronic insulation and
chemical robustness. As a cathode surface coating, it can preserve
ion accessibility to the active material while providing a chemi-
cally stable barrier that mitigates electrolyte decomposition and
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possible transition-metal dissolution. Further, in thin-film micro-
batteries, the perovskite electrolyte might support high rate capa-
bility and stable cycling.

4 | Conclusions

The perovskite-type oxide LSCaHN was successfully synthesized
via the Pechini method and crystallizes in a cubic perovskite
structure (space group Pm3m). EDX analysis confirmed uniform
distribution of Ca within the grains, as well as Hf segregation.
The material exhibits a total Li-ion conductivity of 1.4 X
10~ Scm™ at 25°C, an activation energy of 0.38 eV and negligi-
ble electronic contribution to the conductivity, underscoring its
potential as a solid electrolyte. Nevertheless, its electrochemical
stability is limited to the range from 2.0 to 4.0 V versus Li*/Li,
and it demonstrates pronounced chemical reactivity toward lith-
ium metal, which constrains its applicability in lithium-based
systems.

®Li and "Li MAS NMR reveal a redistribution of Li ions within
the crystal lattice induced by doping. Broader NMR lines may
also result from dynamic effects, which appear to be more pro-
nounced in the Ca-doped sample. To further elucidate the influ-
ence of Ca on the total ionic conductivity and charge-
carrier characteristics, particularly given the material’s composi-
tional complexity, complementary computational studies are
warranted.

Overall, the combined structural, electrochemical, and composi-
tional analyses highlight the intricate interplay between doping,
stability, and transport properties in this perovskite-type electro-
lyte. These insights provide a foundation for rational composi-
tional design and optimization of related materials for use in
next-generation energy storage systems.
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