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ABSTRACT

The impact of different Li;LasZr,0s, (LLZO) fillers irrespective of dopants on the electrochemical
performance of solid polymer electrolytes (SPEs) is systematically investigated. LLZO particles doped
with Al and Ta/Nb were synthesized via electrospinning (Al-LLZO) and solid-state reaction (bulk Al-LLZO
and Ta/Nb-LLZ0O), alongside a commercial LLZO Ref. Three SPE composites S1 (electrospun Al-LLZO), S2
(bulk Al-LLZO), and S3 (Ta/Nb-LLZO) were fabricated by dispersing the fillers into a PEO-LITFSI matrix.

Among them, S2 exhibited the highest ionic conductivity (1073 S cm™ at 60 °C), outperforming S1 and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

S3 (107* S cm™). All SPEs demonstrated a stable electrochemical window of 2.5-4.2 V, confirmed via

cyclic voltammetry. Symmetric cell testing revealed that the Ref sample, with smaller and more

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

uniformly distributed LLZO particles, achieved the lowest overpotential. Full-cell cycling with NMC811

(cc)

|| SPE || Li-metal at 60 °C yielded discharge capacities of 80—115 mAh g™ for S2, S3, and the Ref,
whereas S1 underperformed. Despite these variations, the solid polymer electrolytes demonstrate
promising stability in contact with both Li metal anode and NMC811 cathode, highlighting its potential

for use in high voltage solid-state batteries at the elevated temperatures.
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The rapid expansion of the electric vehicle (EV) industry has significantly increased the demand for
lithium battery technology over the past decade®. Practical applications such as in EVs, robotics, and
drones require high performance lithium batteries that meet key criteria, including cost effectiveness,
energy density, safety, and cycle life. Specifically, these batteries must achieve an energy density greater
than 1000 Wh/L and a specific energy above 500 Wh/kg, making it crucial to advance existing lithium

technologies to meet these demands?.

Currently, commercial lithium batteries use non aqueous, organic solvent-based electrolytes, which are
highly flammable, unstable during cell cycling, and pose risks during high temperature operation
particularly due to dendrite formation when lithium metal is used as the anode. SPEs present a
promising alternative to address these issues. SPEs offer improved safety and thermal stability
compared to their liquid counterparts®. They are typically developed by dissolving lithium salts within
a polymer matrix. So far, the most extensively studied polymers include polyethylene oxide (PEO),
polymethyl methacrylate (PMMA), and polypropylene oxide. These materials generally exhibit a low
transference number for alkali ions (such as Li*), which are interacting with the polymer matrix with
the anion typically serving as the primary charge carrier. This presents a challenge for their use in
devices due to polarization effects. Among these, PEO-based solid SPEs are the most widely researched
because some of them form stable complexes with salts and offer high ionic conductivity compared to
other polymer hosts. PEO is known to form stable complexes with various lithium salts, including
lithium tetrafluoroborate (LiBF,4), lithium iodide (Lil), lithium perchlorate (LiClO4), lithium bromide
(LiBr),  lithium  chloride  (LiCl), lithium  hexafluoroarsenate  (LiAsFs), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). Among these, the PEO-LITFSI and PEO-LiClO,4 system are

the most extensively investigated*?®.

Research indicates that the conduction of Li* ions in polymer electrolytes is linked to the local

segmental motion of polymer chains, which is more favourable in the amorphous phase of the polymer
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electrolyte than in the crystalline phase® Therefore, enhancing the SPE material to prDqu:olo_llggg%tgl o e

feature amorphous regions is crucial for achieving high ionic conductivity at room temperature.

Various methods to improve ionic conductivity in SPEs include incorporating one or more salts into the

1011 ‘modifying the polymer host'*13, and treating the SPEs by exposing them to X-rays,

polymer matrix
ultraviolet rays, electrons, ion beams, etc. . Other approaches involve using blended polymer
electrolytes 1°, plasticizers?®, and inorganic fillers 1”8, These latter can be classified into two categories:

active fillers such as lithium lanthanum zirconate (Li;LazZr,0,, LLZO) and Lip.33Lae.557TiOs (LLTO) and

inert fillers, such as SiO,, Mo,C, and Al;0s.

According to the literature, major challenges hindering the commercialization of solid-state batteries
(SSBs) is formation of lithium dendrites and the volume changes that occur during charging and
discharging, unstable interface specifically with high voltage cathodes, and mechanical integrity of the
polymer cells. The strong mechanical properties of garnet materials can effectively improve the
mechanical integrity, consequently, the mechanical stability of garnet materials is a critical factor in
evaluating their suitability as solid electrolytes. However, challenges related to interfacial stability

remain under investigation. One promising approach to address this issue involves the incorporation

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of doped inorganic fillers, which can potentially improve both interfacial compatibility and overall
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electrochemical performance.® 2°

(cc)

Lately, the cubic garnet type inorganic solid electrolyte Li;LasZr,0q> (LLZO) has gained significant
interest due to its chemical stability with lithium metal, wide electrochemical window (> 5 V vs. Li/Li*),
and high ionic conductivity (> 10™* Scm™ at 25 °C)*" 22.Numerous studies have explored the influence
of ceramic rich composites in polymer matrices. In one study, Choi et al®. examined various
concentrations of the tetragonal phase LLZO (0, 42.5, 52.5, 62.5, 72.5, and 82.5 wt%) in a PEO matrix.
They observed the highest ionic conductivity at 60 °C (~103 Scm™) at 52.5 wt% LLZO in the polymer

composite. In another study, Cai et al.?

reported a composite electrolyte based on a 3D LLZO
framework, which exhibited a Li* transference number of 0.61 and an ionic conductivity of 10™* S

cm™ at room temperature.
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To enhance stability and ionic conductivity, researchers have also explored the doping efégg%&r&%ﬁ%@@;goﬁsg

particles. A few examples of dopants used in LLZO include aluminium (AI**), gallium (Ga3*), niobium
(Nb%*), and tantalum (Ta®*) among others. Kim et al. ?° studied the effect of Al doped LLZO in a PEO-

. 26 reported

LiClO4 polymer matrix and achieved ionic conductivities of 10~ Scm™ at 70 °C. Chen et a
Al doped LLZO incorporated into a PEO polymer matrix. The resulting SPE exhibited an ionic
conductivity of 6.19 x 10™* Scm™ and a electrochemical voltage window of 5.6 V at 60 °C. An all-solid-
state lithium battery with the configuration LFP || SPE || Li-metal delivered a specific capacity of 143
mAhg" over 115 cycles at 0.5C. In another study, Ahn et al. 27 investigated AI** and Nb%* co-doped LLZO
(referred to as NAL), synthesized via the sol gel Pechini method. This doped LLZO was incorporated into
a PEO polymer matrix with succinonitrile (SN). The final electrolyte composition, PEO/LITFSI-SN—NAL
(PLS—NAL), exhibited an ionic conductivity of 3.09 x 10* Scm™ at room temperature. The LFP || PLS—
NAL || Li-metal battery delivered a specific capacity of 152.3 mAh g™ at 45 °C and 129.9 mAh g™ at
room temperature. Reis et al. 2 developed a PEO-based composite polymer electrolyte using Nb-doped
LLZO, this electrolyte achieved an ionic conductivity of 10 S cm™ at 60 °C and delivered a specific

capacity of 185 mAh g™ for C/20 at 60 °C and capacity retention of 68% after 50 cycles at C/5 with

NMC811 cathode.

In this work, LLZO particles doped with Al and Ta/Nb were synthesized using two different routes.
Al-doped LLZO (S1) were prepared via electrospinning, while bulk Al-LLZO (S2) and bulk Ta/Nb-LLZO
(S3) were obtained through a conventional solid-state reaction, allowing us to directly compare the
influence synthesis method on the resulting LLZO filler properties such as morphology, surface defects
and their influence on the cycling performance. Solid polymer electrolytes (SPEs) were subsequently
fabricated by incorporating S1, S2, S3, and a commercial LLZO reference powder (LLZO-1920M, denoted
as Ref) into a PEO-LITFSI matrix. For clarity, the resulting SPE composites are referred to as Ref, S1, S2,
and S3 throughout the manuscript. The electrochemical performance of these materials was then
evaluated in combination with a high-voltage cathode, NMC811. As the aim of this study is to evaluate

how LLZO fillers with different synthesis histories and surface chemistries interact with the PEO LiTFSI
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polymer matrix, rather than to compare specific dopant strategies, these mater|aIDsO|:pl6q\6§t§gD5§;5035£
representative basis for assessing filler polymer interfacial behaviour in composite solid polymer

electrolytes.

EXPERIMENTAL PROCEDURES
LLZO synthesis

Solid state synthesis route:

The LLZO samples were synthesized using the solid-state reaction method as shown in Figure 1 (a). The
La,03 and ZrO, were used as precursors were used in stoichiometric ratios, but a 10-15% excess of the
lithium precursor was used to compensate for lithium losses during synthesis. Various stoichiometric
amounts of dopant precursors (Al,0s, Nb,Os, or Ta,0s) were also incorporated. The solid precursors
were mixed and refined using ball milling in isopropanol for 10 hours, then dried at 100 °C for 24 hours.
The resulting powder was calcined in air at 900 °C for 8 hours, followed by ball milling for reduction of

particle size. The ball milling speed was between 10.000 rpm to 12.000 rpm. A second calcination was

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

subsequently applied to the homogenized powder under the same conditions as the first. The final

material was ball milled again and processed to adjust the particle size distribution to meet application

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

requirements.

(cc)

Synthesis of LLZO by Electrospinning:

For the synthesis of Al-LLZO, electrospinning process was performed followed by thermal treatment
was carried out following the preparation of a polymeric solution as shown in Figure 1 (b). This solution
was formulated by mixing the precursor salts (i.e., Li, La, Al and Zr) with PVP in DMF and acetic acid.
To optimize the polymeric solution, 20 wt % excess Li was used, and a suitable ratio between the
precursor salts and the polymer (1:1.6) was selected. For the electrospinning process (Fluidnatek, LE-
500) The conditions used were flow rate of 9 ml h'%, voltage of +25 -27 KV (injector) and -17-23 KV

(collector), collector cylinder speed of 300 rpm, needle to collector distance of 15-18 cm, six syringes
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with 23-stanless steel needles, temperature was approx. 21 °C and relative humidity appB%)l(:.lél_!;o%ﬂg%}gg;‘S&”égg
entire process took approx.6 h. Once the electrospinning process was completed under optimal
conditions, the thermal treatment was performed in a furnace under a dry air flow of 10 L/h, with a
controlled heating rate of 0.5-5 °C/min up to 700-950 °C for 3-9 hours. After this step, the air
atmosphere was replaced with argon to prevent the formation of Li,COs. The synthesized Al-
LLZO nanomaterials were then subjected to various physicochemical characterization techniques. X-
ray Diffraction (XRD) was used to identify the crystalline phases, while high resolution scanning
electron microscopy (HRSEM) provided insights into the morphology and size of the nanoflakes.
Inductively coupled plasma mass spectrometry (ICP-MS) was employed to determine the metal
elemental composition while elemental analysis (EA) was conducted to detect any impurities present

in the samples. A summary of the physical properties of the synthesized particles obtained through the

different synthesis routes, including crystalline impurities and carbon content, is provided in Table S2.

(a)
Li,CO
2 3 -~ Do sviithetiad Particle size
Ball milling it Calcination Y processin
JPA = 10}1 mixture LLZO 8
9002C-8h

L3203 - q

Y Y m ©
- - - - - I
Zr0, l”! = @
. Drying s
Doping agent 1009C - 24h

(Al,05, Nb,0, Ta,05)
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ii Nanoflakes
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Figure 1. Schematic representation of (a) Solid-synthesis of Al and Ta/Nb LLZO particles and (b) synthesis Al-doped
LLZO particles by electrospinning.

PEO-LLZO electrolyte preparation:

The PEO-LLZO solid polymer electrolytes (SPEs) were prepared using LLZO as a ceramic filler. Three
LLZO samples synthesized in this work were used as primary materials: S1, an Al-doped LLZO powder

obtained via electrospinning; S2, a bulk Al-doped LLZO prepared by solid-state reaction; and S3, a bulk

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Ta/Nb-doped LLZO also synthesized by solid-state reaction. These materials were selected to evaluate

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

the effect of dopant chemistry and synthesis route on the performance of the resulting composite

(cc)

electrolyte. For comparison, a commercial LLZO powder (LLZO-1920M, Nanomyte, NEI Corporation,
USA) was used as a reference material and is denoted as Ref. In all SPEs, 40 wt% LLZO particles were

incorporated, as this loading provided the best balance of mechanical robustness and processability.

Poly(ethylene oxide) (PEO, M, = 600,000 g mol™) was purchased from Thermo Scientific, and LiTFSI
(lithium bis(trifluoromethanesulfonyl)imide; Thermo Scientific, PO H27307) was used as the lithium
salt. All solid materials were dried in a Blichi oven at 50 °C overnight prior to use. Anhydrous acetonitrile
(ACN), employed as the solvent for SPE preparation, was purchased from Sigma-Aldrich. Electrolyte
preparation was carried out inside a dry room with a dew point of -50 °C. Initially, 0.18 g of LiTFSI were

dissolved in 23 g of ACN and sonicated for 60 seconds at room temperature (RT) using Sonotrode
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$26d7. To this solution, 1.8 g of LLZO (40 wt%) were added and dispersed and sonicated f 091%%%@;18003?5”;
further to this solution 2 g of 600K PEO was added and stirred at RT overnight. Once the homogenised

solution was formed, it was coated using a doctor blade on siliconized PET substrate. The applicator

gap for blade coating was set to 800 um.

Finally, the SPE was dried at 60 °C overnight under vacuum in a Binder oven, then punched into 18 mm
diameter disks (Figure 2) and vacuum dried at 60 °C in a Blichi oven overnight. All dried samples and

components were stored in an argon-filled glove box.

Figure 2. Schematic representation of solid polymer electrolyte preparation.

XRD

X-ray diffraction (XRD) measurements were conducted to evaluate the phase purity and crystal
structure of the samples. The analysis was performed using a Malvern PANalytical X'Pert Pro MPD
diffractometer (XRD Facility, Institut Catala de Nanociencia i Nanotecnologia), equipped with a Cu Ka
radiation source (Ka = 1.54187 A). Measurements were carried out at room temperature over a 20
range of 10° to 60°, with increments of 0.05°.

ICP-MS

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was performed using an Agilent 7500

Series ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA). Prior to measurement, the
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samples were weighed, digested in a 70% nitric acid (HNOs) solution, and processed in g&:?&%}gﬁggﬁl&ggg

microwave at 250 °C. After digestion, the residue was diluted for the analysis of the target elements.
SEM

SEM images were captured using a ZEISS Supra 40 electron microscopes operated at an acceleration
voltage of 3 kV. The samples were mounted on holders with silver paste in a dry environment to
minimize exposure to ambient conditions during transfer to the microscope, the samples were stored
in a sealed container, which was opened only immediately before being placed into the instrument.
lonic conductivity

The ionic conductivity was evaluated using electrochemical impedance spectroscopy (EIS) in a coin cell
setup to maintain a consistent and uniform pressure across all samples. Measurements were
conducted using a Biologic VMP-300 potentiostat. The frequency range spanned from 1 Hz to 1 MHz,
with a signal amplitude of 10 mV. The electrochemical behaviour of the material was studied over a
temperature range of 20 to 70 °C. Prior to each measurement, the samples were equilibrated at the
target temperature for 1 hour to ensure thermal equilibrium. To extract key parameters, the Nyquist

plots were fitted using Z View 3.0 software. lonic conductivity was then calculated using the following

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

equation:

o=1/(RbxA)

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.
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where o is the ionic conductivity (S cm™), l is the thickness (cm), A is the contact area (cm?), and Rb (Q)

is the bulk resistance of the SPE membrane.

Voltammetry and chronoamperometry

The anodic stability of the SPE was evaluated using linear sweep voltammetry (LSV) up to 5.5 V vs.
Li/Li*. Additionally, cyclic voltammetry (CV) was performed at a scan rate of 50 mV s™' to assess the
electrochemical stability of the electrolytes using Li| |SPE||carbon coated Al cell configuration. lon

mobility and interfacial stability at the Li| | SPE interface was investigated through chronoamperometry
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in Li| |Li symmetric cells, applying a constant potential of 10 mV. All electrochemical m§g|§lljor_(le(§13’1§5@§;50355g

were conducted using a Biologic VMP-300 potentiostat.

Cell fabrication and cycling protocol

Li | | Li symmetric cells and Li-metal || SPE | | NMC 811 full cells were prepared using CR2032 coin cell
components. The cathodes were fabricated in-house by applying a slurry comprising LiNbO; coated
NMC 811 (BASF), C65 (TIMCAL) and PVDF (SOLEF) in a weight ratio of 80:10:5:5 onto a carbon-coated
aluminium current collector, using NMP as the solvent. The coated cathodes were dried at 120 °C under
vacuum for 24 hours, followed by calendaring to reduce their thickness by 15%, thereby increasing
density and improving interparticle contact within the cathode structure. The calendared samples were
then cut into 15 mm disks and assembled into lithium metal cells to evaluate their electrochemical

performance in combination with the high energy density lithium metal anode.

For coin cell assembly, 16 mm diameter lithium disks were used, while NMC 811 cathodes with an
active mass of 3 mg cm™2 were cut into 15 mm diameter disks (1.76 cm?). Symmetric cell cycling was
performed using a Biologic VMP-300 potentiostat while maintaining the cells in a climate chamber at
60.0 £ 0.1 °C. Li-metal || NMC 811 full cells were cycled between 3.0 and 4.2 V at 60.0 £ 0.1 °C using a

battery cycler Maccor 4000 series, with currents corresponding to C/10 for long-term cycling.

Cell configuration
CR-2032

Cop (+]

PEO-bO}SstPE

! Prisiilre Li

Wave spring (0.4mm) . _

I
!
I
|
1

Cap () |
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Figure 3. Schematic representation of the coin cell configuration. View Article Online
DOI: 10.1039/D5YA00355E

RESULTS AND DISCUSSION

Physico chemical characterisation

Figure 4 presents the XRD diffraction patterns of the reference LLZO material with the sharp peaks at
approximately 17°, 21°, 28°, 30.0°, 34°, 36°, 43°, 45° and 51-53° proving its cubic phase %*. The weak
peaks between 21-23° and 30°, 47.52,572 belong to impurities from Li,COs3 and La,Zr,0-, respectively
%0, Figure 4 also confirms that the samples S1, S2 and S3 shows the cubic LLZO garnet structure
exhibiting similar major peaks as of Ref LLZO material with no significant peak splitting at 34-37° and
43-46° ruling out the presence of tetragonal LLZO3L. S1 shows minor impurities such as La,Zr,07 and
Li,COszand appears to have uniform phase formation still shows deviations in relative peak intensities
compared to the Ref pattern, suggesting anisotropic grain alignment during synthesis*2. Among the
three samples, S2 is like Ref in both peak positions and relative intensities, indicating uniform phase

formation. S3 also matches the Ref well but with slight deviations and only traces of impurity phases

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

are detected. The weak peaks near 21-22° in S2 correspond to Li,CO;, likely formed from surface

reaction with atmospheric CO,, while the faint signal at 30.5°, 47.52 and 572 suggests minor La,Zr,0;

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

residuals. These impurities are barely detectable in S3. The consistent sharp and narrow diffraction

(cc)

peaks across all samples and the Ref indicate high crystallinity, large grain size, and negligible
microstrain. The excellent overlap in peak positions further confirms that no lattice distortion or

compositional inhomogeneity is present within experimental resolution 34,
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Figure 4. XRD pattern of LLZO from different sources, S1- Al-doped LLZO , synthesized via electrospinning
(black), S2- bulk AI-LLZO (red), S3- bulk Ta/Nb-LLZO (blue) and Ref- commercial LLZO (green).

ICP-MS and carbonate content

The stoichiometric ratios of all LLZO samples used in this study are reported based on experimentally
measured ICP-MS elemental compositions: S1 contains Li (5.8 wt%), La (3.0 wt%), Zr (2.0 wt%) and Al
(0.2 wt%); S2 contains Li (5.1 wt%), La (48.6 wt%), Zr (10 wt%) and Al (0.09 wt%); S3 contains Li (4.99
wt%), La (43.8 wt%), Zr (17.6 wt%); and the commercial reference LLZO contains Li (6.28 wt%), La (3
wt%), Zr (2 wt%) and Al (0.24 wt%). These values represent the actual elemental composition of the
materials and are used throughout the study when discussing their structural and electrochemical

behaviour.

The ICP-MS analysis for S1 (Table 1) suggests a stoichiometry of Lis 1Las 1Zr,Alo 26017.5 versus a theoretical
stochiometric Lis2slasZr,Alg2401,, evidencing a rather large formation of amorphous Li,O, and other
oxide species due to a considerable excess of Li (20 wt% excess) to avoid the loss of Li during thermal

treatment and fast cooling process. Kashif Khan et al., demonstrated that the formation of an exterior
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Li,O; layer on LLZTO particles reduces crystallinity and improves Li-ion conductivity at chopi; 5@5«(3)?3’ ACk, e
thereby, significantly enhancing the electrochemical performance of PEO-based composite

electrolytes®.

The elemental analysis of the carbon (total carbon: elemental + organic + inorganic) (Table 2) was
performed to determine the presence of Li,COs, which is very usual to be present on the surface due
to the contact with air and passivates the material. A carbon content of S1, S2, and S3 samples is around
1.7, 0.82, and 1.35 wt%, respectively, suggesting the presence of various organic/inorganic carbonate

compounds on the particle surface that could be possibly formed during synthesis and processing.

The surface characteristics of LLZO particles play a crucial role in governing their interaction with PEQ,
influencing the electrolyte's structural properties across different scales, as well as lithium-ion
transport and interfacial stability. Surface degradation of LLZO not only results in the formation of LiOH
and Li,COs layers but also facilitates Li*/H* exchange, which can substantially affect lithium-ion
dynamics, especially in proton-rich environments. As a result, LLZO with elevated surface carbon
content is more likely to trigger unwanted parasitic reactions at the LLZO/PEO-LITFSI interface and

restrict ionic conductivity, ultimately compromising long-term electrochemical performance3®.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Although ICP-MS shows that S2 (Zr = 10 wt%) and S3 (Zr = 17.6 wt%) deviate from the reference value

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

(= 2 wt%), cubic LLZO phase formation is confirmed by XRD for all samples; thus, electrochemical

(cc)

comparisons are discussed in the context of the measured compositions and surface carbonate levels,

rather than assumed nominal stoichiometry.

Table 1. ICP-MS analysis of the solid fillers from various sources.

Element S1 S2 S3 Ref
% (W/w) | % (w/w) | % (w/w) % (w/w)
Li 5.8 5.1 4.99 6.28
Al 0.2 0.09 - 0.24
Zr 2 10 17.6 2
La 3 48.6 43.8 3
Nb - - <0.01 -

Ta - - <0.01 -
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Table 2. Elemental analysis of organic and inorganic carbon within the solid fillers.
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Sample Sample weight (g) | TOC EC TIC TC

% w/w % w/w % w/w % w/w
S1 0.0057 0.89 0.55 0.25 1.70
S2 0.066 0.53311 | 0.16606 | 0.11874 0.82
S3 0.0652 0.69229 | 0.19821 | 0.45707 1.35

The obtained results are presented in the table below in % w/w of each type of carbon:
- % w/w TOC: g of Total Organic Carbon per 100 g of sample.

- % w/w EC: g of Elemental Carbon per 100 g of sample.

- % w/w TIC: g of Total Inorganic Carbon per 100 g of sample.

- % w/w TC: g of Total Carbon per 100 g of sample

Morphology

To understand the morphology of LLZO particles SEM analysis was performed as shown in Figure 5. S1
shows a flake like shaped morphology after the thermal treatment, formed from a network of nanorods
with approximately 385 nm average length as demonstrated in Figure S1, which is believed to enhance
the ionic conductivity of the bulk LLZO material®’. S2 shows the morphology of grains with various sizes,
which, after sintering at 900 °C, have been reduced and arranged in a compact way, which may help in
increasing the ionic conductivity of the electrolyte material and reduce the resistance of the battery. In
S3 the doping of Nb/Ta resulted in the formation of larger particles due to the solid-state synthesis

route®,
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Figure 5. SEM morphology of LLZO particles from different sources: S1- Al-doped LLZO, synthesized via
electrospinning, S2- bulk AI-LLZO, S3- bulk Ta/Nb-LLZO and Ref- commercial LLZO.

The interaction between the polymer matrix and inorganic fillers plays a crucial role in determining the
mechanical, thermal, and ionic conductivity properties of PEO-based composite electrolytes, as well as
their interfacial compatibility with lithium anodes and NMC cathodes. SEM is widely employed to
evaluate the compatibility between different components of SPEs by identifying phase separations,

pore formation, and surface roughness, which collectively influence interfacial stability.

The morphology and size of solid fillers also significantly affect the surface characteristics and overall

structure of SPEs. Based on the literature, Smaller and more uniformly distributed particles provide a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

larger polymer—filler interfacial area, which can facilitate Li* transport along the interfacial regions and

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

improve interfacial exchange kinetics. In addition, oxide ceramic fillers may interact with lithium salts

(cc)

through Lewis’s acid-base interactions, promoting salt dissociation and increasing the concentration of
mobile Li* ions. The polymer-ceramic interface can also generate space charge regions where ionic
defect concentrations are modified, creating additional pathways for Li* migration. Furthermore, the
presence of well-dispersed fillers can influence the segmental motion of PEO chains by reducing
polymer crystallinity and increasing the amorphous fraction, which is known to enhance Li* mobility in

PEO-based systems3942,

As shown in Figure 6, the S1 based composite electrolyte exhibits a distinctly uneven surface, attributed
to the relatively large LLZO particle size. In contrast, the Ref sample displays a smoother surface with a

more homogeneous distribution of filler’s particles. On the other hand, the S2 and S3 based composite
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electrolytes, which possess larger particle size in comparison to [REF], present a granularDmOP[é)_Rg if\‘g(%”s“s”é
Additionally, some visible pores are observed within their structures, which is a common feature of
PEO-based electrolytes prepared via solvent casting. These pores are primarily formed due to the rapid
evaporation of acetonitrile during the fabrication process. Higher magnification surface images (Figure

S3) clearly demonstrate that samples S2 and S3 exhibit smoother surface features, which can

potentially contribute to more uniform Li-ion exchange at the interface and enhance the efficiency of

Li plating and stripping.

Figure 6. Surface SEM micrographs of composite polymer electrolytes, each prepared from PEO (PEO:LITFSI =
16:1) and containing 40 wt% LLZO filler particles. The composites differ only in the type of LLZO used: Ref —
commercial LLZO; S1 — electrospun Al-doped LLZO; S2 — bulk Al-doped LLZO; and S3 — bulk Ta/Nb-doped LLZO.

Electrochemical characterisation

lonic conductivity
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The ionic conductivity of PEO-based solid-state electrolyte with different LLZO samples is shown in

Figure 7. The S2 SPE exhibits the highest ionic conductivity for the entire temperature range even when

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

compared to the Ref. The conductivity at RT is 10* Scm™ and reaches up to 10 Scm™ at 50 °C which is

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:08 PM.

an acceptable value for state of art SPE electrolytes. The flake like morphology of the electrospun S1

(cc)

LLZO leads to poor interparticle connectivity, thereby limiting the establishment of effective solid—solid
contact. Non uniform dispersion of the flakes within the PEO matrix, together with variations in
interfacial contact, contributes to heterogeneous ionic pathways and restricts overall ionic transport.
Nevertheless, the ionic conductivities of the various samples remain within a narrow range over the
investigated temperature window, however, at lower temperature the conductivity of all samples is
limited primarily segmental relaxation of the PEO chains overshadowing differences introduced by the
fillers . The particle size and morphology of the solid fillers (Figure 5 and Figure S2) dictate the degree
of interparticle connectivity. Non-homogeneous particle size and uneven distribution lead to

heterogeneous ion-transport pathways within the composite electrolyte, which directly influences the
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overall ionic conductivity. Moreover, the conductivity results can be correlated to the XRB)OSZ ?Q%WH@C‘S Online

1:10.

Ref sample show the cleanest cubic LLZO patterns with minimal impurities, which agrees with their
higher ionic conductivity. In contrast, S1 and S3 exhibit slight deviations and minor impurity peaks,
consistent with their lower conductivities due to reduced structural purity and increased resistance to
Li* transport. ICP-MS and elemental analysis results where S1 sample shows more surface impurity

across LLZO particles .

Cyclic voltammetry, Linear sweep voltammetry and constant voltage tests

SPEs possessing broad electrochemical window are crucial to use in advanced Li battery technology
especially when using high voltage cathodes. CV and LSV were performed at 60 °C for all these SPE’s in
Li| | CPE| |carbon coated Al current collector cells. Cycling voltammetry experiments were conducted
to evaluate the kinetic reactions in the electrolyte Figure 8 (a). All the electrolytes show stable
performance in wide voltage window of 2.5 to 4.5 V without the appearance of significant oxidation or
reduction peaks. S1 electrolyte shows a steep increase in oxidation peak at 4.5 V. Whereas, all the
electrolytes are stable at rather high voltages and, thus, are expected to be stable with high voltage

cathodes such as NMC 811.

LSV was performed to evaluate the electrochemical stability of the SPE within the voltage range of 1V
to 5.5V Figure 8(b). Despite a small increase of current at ~2.9 V which may correspond to interfacial
activation and initial ion/electron exchange. The main oxidation process, however, was triggered above
4.0 V across all samples. The Ref sample exhibited oxidation stability up to 4.5 V, while the S2 sample
remains stable up to 4.25 V before a sharp rise in current was detected. In contrast, S1 and S3 showed
an earlier onset of current increase, beginning at approximately 4.0 V. Such a behaviour in these SPE
may be attributed to the framework differences between PEO-LLZO components, which are likely

influenced by LLZO particle size and morphology and presence of impurities or inorganic by-products

39/D5YA00355E
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formed during synthesis and electrolyte fabrication. Such factors can significantly aﬁgg(gl}aqSBgljiE%fYﬁf\goﬁsg

voltage oxidation potential and determine the onset of unwanted parasitic reactions?* 4> 46,

Beyond voltage stability, the ability of stable solid electrolyte interphase (SEI) formation that leads to
preferable ions exchange at the interface is critical for extending the cycling lifespan. Therefore,
chronoamperometry, performed using Li | | Li symmetric cells, is a valuable technique for assessing Li
plating/stripping behaviour, ion exchange rate and stability at the Li || SPE interface. This method
involves applying a constant potential and monitoring the current until it reaches a sustained steady-
state phase. Figure 8(c) presents the results of the chronoamperometry experiment applying a 10 mV
constant potential. Among the tested samples, S2 exhibits the highest current in both the steady-state
(Iss) and triggering (lo) phases, indicating lower interfacial resistance and enhanced charge transport,
which contribute to improved ion mobility and interface stability. Conversely, samples S3, Ref, and S1

show lower lp and Iss currents, still exhibiting a stable plateau with no signs of significant instability.
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Figure 8. (a) Cyclic voltammetry and (b) Linear sweep voltammetry of Li | | SPE || Al-C cells and (c)
Chronoamperometry of Li | | SPE || Li cells with different LLZO-containing polymer electrolytes.

Symmetric cell cycling

To understand the lithium ions transport properties and lithium plating/stripping performance,
Li| |SPE]| | Li symmetrical cell cycling performance was evaluated at 60 °C with different current rates
(0.01 mA, 0.02 mA, 0.03 mA, 0.05 mA, 0.1 mA and 0.2 mA) and 0.05 mAh.cm™ plating/stripping
capacity. The polarization evolution was systematically studied throughout the process. The voltage
response in these SPE’s is shown in Figure 9 at different current rates. Beside the ion transport
properties, cycling performance of the SPEs filled with LLZO particles in various size and morphology,
is correlated to its structure at the interface with lithium metal. While higher magnification surface
images (figure S3) clearly demonstrate that samples S2 and S3 exhibit smoother surface features, which
can potentially contribute to more uniform Li-ion exchange at the interface and enhance the efficiency
of Li plating and stripping. Figure 6 indicates various LLZO interface occupancy and Figure 8 (c) indicates
acceptable chronoamperometry stability, obtaining various overpotentials under an applied
galvanostatic current (Figure 9) suggests dependency of interface impedance with increasing LLZO
occupied interface. Therefore, Ref sample with smaller LLZO particle size and homogenous particle
distribution obtains lowest overpotential at all applied currents. S2, S3 and S1 samples show increasing
overpotentials due to embedded LLZO particles with larger particle size, respectively. Besides obtaining
higher overpotential, which suggests poor interface charge distribution and ion exchange and could

cause poor long-term cycling performance, all samples demonstrate arcing-type profile at all currents
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which indicates diffusion-controlled process at the interface*’. The Ref polymer eIectrDoolytlg_lg%YYS;‘S&”;gE
shows the lowest overvoltage, possibly resulting for the optimised interface with the electrodes.
However, in some cycles it shows a second overvoltage step indicating a change in the charge transfer
process, which could impact lithium plating/stripping process and long-term cycling performance,

however, further investigation is required to obtain a deeper and more conclusive understanding of

this phenomenon. 4,
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Figure 9. Li| | Li symmetric galvanostatic cycling at C-rates and 0.05 mAh cm plating/stripping cycling.

Full cell cycling

The voltage stability and long-term cycling performance was demonstrated with high voltage NMC 811
cathodes in Li-metal full cell at 60 °C. The formation phase was performed applying 2 cycles at C/30 up
to 4.2 V cut-off voltage. To evaluate the voltage stability of the SPEs with Li metal full cells, different
voltage steps (3.9, 4, 4.1 and 4.2 V) were applied at C/10, as shown in

Figure 10. S2, S3 and Ref SPEs demonstrate their ability to reach up to 4.2 V with a discharge capacity

of 80-115 mAh g While S2 is outperforming the rest, S1 SPE shows the poorest performance overall,
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delivering low discharge capacity < 50 mAh g during the formation cycle. On the other len%_l%gg%tgg&&;%

S3 shows less discharge capacity fluctuation at 4.2 cut off voltage for long term cycling with 58% and
50% capacity retention at the end of cycling respectively. Capacity fading of PEO electrolytes have
already been investigated in multiple studies and mostly referred to formation of carbonyl groups and
volatile degradation products such as 1,4-dioxane, therefore capacity fading with current PEO-based
electrolyte when it is in touch with high voltage cathodes is inevitable*. Moreover, as shown in Figure
8b, the onset of oxidation occurs in the range of 4—4.25 V across the samples, which can trigger
unwanted parasitic reactions and further aggravate discharge-capacity fading. Given that S1 has the
highest surface carbon content (Table 2) and a flake-like morphology, exacerbated parasitic reactions
at the cathode interface are a plausible contributing factor. In contrast, samples S2 and S3 exhibit higher
ionic conductivity, smoother surface morphology, and different dopant chemistries, all of which can
potentially have a positive impact on their cycling performance. However, as it is demonstrated here,
finding a suitable solid filler will not only improve mechanical integrity of the SPE but also the
performance and lifespan of the cell*®. The deviations from the ideal LLZO stoichiometry, together with
the clear presence of Li,COs; detected by ICP-MS and elemental analysis, are consistent with prior
reports showing that LLZO readily forms LiOH and Li,COs surface layers upon exposure to air as in the
case for S1, which significantly increase interfacial resistance, worsen Li wettability, and degrade

electrochemical performance .
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Figure 10. Li metal full cell cycling of SPE’s with NMC 811 cathode and Li-metal anode at 60 °C. Left side
Discharge capacity (mAh g) Vs Cycle number at different voltages Ref (black), S1 (green), S2 (red), S3 (blue).
Right side Voltage (V) Vs Capacity (mAh g*) C/30 pre-conditioning (black), C/10 first cycle (blue), C/10 last cycle
(red).

CONCLUSIONS

Two different synthetic strategy, electrospinning and solid-state synthesis has been developed to
produce LLZO particles incorporating various dopants, including Al and Ta/Nb. XRD analysis of samples
S1, S2, and S3 confirms the formation of the cubic garnet phase, as validated by reference LLZO
material. ICP-MS and elemental analysis reveal that sample S1 possesses the highest surface carbon

content, whereas S2 exhibits the lowest.

A novel composite solid polymer electrolyte (SPE) was developed via solvent casting, comprising a PEO
matrix, LIiTFSI salt, and LLZO particles. The electrochemical performance of these SPEs was
benchmarked against a reference SPE containing commercially available LLZO particles. Among the
samples, SPE S2 exhibited significantly enhanced ionic conductivity (~1073 S cm™) at 60 °C, compared
to S1 and S3 (~¥10™* S cm™), which is attributed to the compact grain arrangement observed in SEM. All
SPEs demonstrated a wide electrochemical stability window ranging from 2.5 to 4.2 V, as confirmed by

cyclic voltammetry and Linear sweep voltammetry, further indicated that SPE S2 possesses superior
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electrochemical stability. Symmetric cell cycling at a current density of 0.5 mAh g™ revegloqzdlotpoegg%lggf\g&”;‘gg
reference sample, characterized by smaller LLZO particle size and uniform distribution, achieved the
lowest overpotential across all applied currents. In contrast, samples S1, S2, and S3 exhibited higher
overpotentials due to the incorporation of larger LLZO particles. Full-cell cycling tests using the
configuration NMC811 || SPE || Li-metal at 60 °C showed that SPEs S2, S3, and the reference sample
could operate up to 4.2 V, delivering discharge capacities in the range of 80-115 mAh g'. Sample S1,
however, demonstrated inferior overall performance. The variation in surface carbon concentration is
found to correlate with the ionic conductivity and electrochemical performance of the samples when
employed in solid polymer electrolytes (SPEs). These findings underscore the critical role of LLZO
particle characteristics such as synthesis route, particle size, morphology, and dopant type in
influencing the electrochemical behaviour of PEO based SPEs. The incorporation of LLZO fillers

enhances interfacial stability in solid-state cell architectures, making the reported SPEs promising

candidates for further optimization in lithium battery applications.
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