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Composite polymer membranes based on polyvinylidene fluoride (PVDF) have
attracted attention as potential solid-state electrolyte candidates due to their
thermal stability and mechanical robustness. However, microstructural
heterogeneity and transport limitations remain key challenges. This study
investigates the effect of cryogenic treatment (Series A) and rGO incorporation
(Series B) on PVDF/AL,O;/CA composite membranes derived from palm kernel
shell (PKS)-based reduced graphene oxide (rGO). Morphological characterization
showed a reduction in pore size from 13—15 pm in the untreated membrane to 1.7—
2.6 pm in the 2-minute treatment, improving membrane uniformity. UV—-Vis
spectroscopy revealed an increase in apparent optical band gap from 1.34 eV to
1.44 eV with increasing cryogenic duration, suggesting improved structural
ordering within the composite membrane. Cyclic voltammetry (CV)
measurements conducted under aqueous Na.SO, conditions showed increased
current response and capacitance with increasing rGO content (Series B),
indicating enhanced interfacial electrochemical behavior. Electrochemical
impedance spectroscopy (EIS) performed on Series A samples demonstrated a
decrease in area-specific bulk resistance from 0.14 to 0.10 Q-cm?, corresponding
to an apparent ionic conductivity of 8.0 x 10-2 S/cm under the applied aqueous
screening configuration. The results indicate that cryogenic treatment primarily
governs bulk resistance reduction through pore refinement, while rGO
incorporation enhances electrochemical response under model aqueous
conditions. These findings highlight the role of structural control and biomass-
derived carbon fillers in tailoring composite membrane electrochemical

characteristics.

1. Introduction

Rechargeable lithium-based energy storage systems
have become widely adopted in portable electronics and
electric vehicles due to their high energy density and
operational stability [1]. One recent innovation in
lithium-ion battery development is the use of solid
polymer electrolyte (SPE), which offers higher thermal
stability, longer service life, and improved safety
compared to conventional liquid electrolytes [2]. Despite
these advantages, SPE still faces limitations such as low
ionic conductivity at ambient temperature and sensitivity

to moisture [3]. In solvent-free solid polymer electrolytes
(salt-in-polymer systems), room-temperature ionic
conductivity typically ranges from 10-5 to 103 S cm™,
depending on the polymer matrix, salt concentration, and
plasticization. = Composite  polymer  electrolytes
incorporating ceramic fillers may improve conductivity
by one to two orders of magnitude, while gel- or
hydrogel-based systems containing a significant liquid
phase can reach 10-2 to 10! S cm™. Therefore, careful
distinction between these systems is essential when
interpreting conductivity values and electrochemical
response parameters. In this context, electrochemical
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measurements, such as apparent capacitance derived
from cyclic voltammetry, are interpreted as indicators of
interfacial polarization rather than intrinsic charge-
storage properties of the electrolyte material itself [4].

To address these issues, various additives have been
introduced. Reduced graphene oxide (rGO) possesses
superior mechanical strength and electrical conductivity,
and it can be produced sustainably from carbon-rich
palm kernel shell (PKS) biomass [5]. In addition, alumina
(Al,0;) is recognized as an effective reinforcing material
that enhances the thermal stability and safety of SPE. The
combined incorporation of rGO and Al,O; may modify
polymer crystallinity, interfacial interactions, and
microstructural homogeneity. rGO is expected to
facilitate conductive pathway formation and improve
interfacial charge transfer, while AlLO; can act as a
ceramic stabilizing filler that disrupts excessive
crystallinity and enhances polymer—filler interaction [6].

Further improvement can be achieved through the
application of cryogenic engineering, which involves
processing below -150°C. Rapid cryogenic quenching
reduces molecular mobility, suppresses large-scale phase
separation during solvent evaporation, increases
nucleation density, and limits spherulitic growth within
semicrystalline PVDF matrices. In PVDF/CA/filler
systems, this may alter crystallization kinetics and
promote a more homogeneous pore distribution [7].
Cryogenic treatment has been shown to improve
microstructural uniformity and interfacial stability of
polymer-based electrolyte systems [8]. However, studies
that comprehensively integrate rGO from PKS, alumina,
and cryogenic processing remain limited.

The present study focuses on the synthesis of PVDF-
based composite membranes incorporating Al.0O; and
biomass-derived GO, engineered via controlled
cryogenic treatment to investigate structural and
electrochemical response behavior. The effects of
cryogenic treatment on morphology, crystallization
behavior, bulk resistance, and electrochemical
impedance response were systematically evaluated. The
use of rGO derived from palm kernel shell (PKS)
additionally contributes to sustainable material
utilization by valorizing agricultural biomass waste [9].
This work aims to elucidate the synergistic effects of
cryogenic microstructure control and rGO-AlLO;
incorporation on the electrochemical behavior of
composite membranes, providing insight for future
electrolyte material development.

2. Experimental
2.1. Materials and Equipment

The materials used in this study include alumina
nanoparticles (Al,0;), polyvinylidene fluoride (PVDF),
cellulose acetate (CA), reduced graphene oxide (rGO),
N,N-Dimethylacetamide (DMAc, 99.5%) as a solvent, and
deionized water as an additive solvent and washing
medium. Activated carbon derived from palm kernel shell
(PKS) was used as a sustainable carbon precursor for the
synthesis of graphene oxide (GO) prior to reduction to
rGO.

Table 1. Composition of PVDF-based composite
membranes (wt% of total solid content) A: cryo-time,
0% rGO | B: rGO% at 0 min cryo | C: cryo-time at 15%

rGO

rGO- Cryogenic

Tame (0 () (o P Ume
A1 70 25 5 0 0
Ao, 70 25 5 0 2
A3 70 25 5 0 4
B1 70 25 5 5 0
B2, 70 25 5 10 0]
B3 70 25 5 15 0
c1 70 25 5 15 0
Ca 70 25 5 15 2
3 70 25 5 15 4

All values are wt% relative to total solid content (PVDF +
AlO; + CA + GO = 100 wt%). Series definitions: A = cryogenic
time variation with 0% rGO; B = rGO content variation
without cryogenic treatment; C = cryogenic time variation at
fixed 15% rGO.

The instrumentation included a magnetic stirrer,
ultrasonicator, spin coater, oven, Teflon-coated
autoclave, freeze dryer, scanning electron microscope
(SEM), UV-Visible (UV—Vis) spectrophotometer, digital
micrometer, and Solartron Electrochemical Interface
1286 for cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS).

2.2. Synthesis of Reduced Graphene Oxide from Palm
Kernel Shell

Graphene oxide (GO) was synthesized from activated
carbon derived from palm kernel shell using a modified
Hummers method. 1 gram of activated carbon was
dispersed in 25 mL of concentrated sulfuric acid under
continuous stirring in an ice bath. Three grams of
potassium permanganate (KMnO,) were gradually added
to oxidize the carbon for three hours. Distilled water was
slowly introduced, followed by hydrogen peroxide (H-0.)
to reduce residual KMnO,. The mixture was centrifuged,
washed thoroughly, and dried at 90°C for 12 hours to
obtain GO powder. Reduction of GO into rGO was
performed via a hydrothermal method. Forty milligrams
of GO were dispersed in 200 mL of distilled water and
sonicated to achieve a homogeneous suspension.
Reducing agents, including hydrazine hydrate, tin(II)
chloride dihydrate (SnCl,2H.0), and ammonium
hydroxide (NH,OH), were added to induce hydroxide
formation. The mixture was heated in a Teflon-coated
autoclave at 120°C for six hours. The resulting rGO
nanocomposite powder was washed, dried, and
characterized using XRD to confirm the removal of
oxygen-containing functional groups and improvement
in graphitic quality [10].
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Figure 1. Schematic of the SPE fabrication process

2.3. Fabrication of SPE Membranes

Alumina nanoparticles (0.75 g) were dispersed in 21
mL of DMAc with stirring for 30 minutes, then heated to
70°C. Predetermined amounts of PVDF, CA, and rGO
(varied compositions) were added and stirred until a
homogeneous solution was obtained. The solution was
ultrasonicated for 30 minutes and left for 12 hours. The
homogeneous solution was deposited onto a clean glass
substrate using spin coating at 3000 rpm for 60 seconds
to obtain uniform thin films. The resulting thin film was
detached by immersion in a coagulation bath containing
DMAc: deionized water (1:4) for 30 seconds, followed by
immersion in pure deionized water for 12 hours to remove
residual solvents [11].

2.4. Cryogenic Treatment

Prior to cryogenic immersion, membranes were
preheated at 90°C for two hours to remove residual
solvent and promote initial polymer chain relaxation.
This step ensures a controlled semicrystalline starting
structure before rapid quenching. The membranes were
then immersed in liquid nitrogen for 0, 2, or 4 minutes to
evaluate the effect of cryogenic treatment duration. Rapid
quenching in liquid nitrogen suppresses large-scale
phase separation, increases nucleation density, and
limits spherulitic growth in semicrystalline PVDF-based
systems, thereby refining pore morphology [12]. Samples
were stabilized at room temperature for one hour prior to
characterization [13].

2.5. Characterization Techniques
2.5.1. The X-ray Diffraction (XRD) of GO and rGO

The X-ray diffraction (XRD) pattern of GO exhibits a
main diffraction peak at 26 = 10° corresponding to the
(001) plane, along with a weak peak around 26° assigned
to the (002) plane. In contrast, rGO shows the
disappearance of the (001) peak and the emergence of a
dominant peak at 26 = 26° corresponding to the (002)
plane.

This peak shift indicates the removal of oxygen-
containing functional groups and a higher degree of
reduction, confirming the restoration of the graphitic
layered structure. The calculated interlayer spacing (d-
spacing) of approximately 0.34 nm suggests a structure
approaching that of graphite, accompanied by improved
crystallinity [14].

The obtained diffraction pattern (Figure 2) confirms
the successful reduction of GO to rGO via a combined
chemical and thermal process. This structural
transformation is consistent with the typical
characteristics of conductive carbon materials and
supports their suitability as conductive fillers in PVDF-
based composite membranes.
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Figure 2. XRD patterns of GO and rGO
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2.5.2. Membrane Thickness Measurement

Membrane thickness (L) was measured using a
FRANK-PTI GmbH Universal Micrometer (Type S16502
0000, Germany) with +1 nm accuracy, following general
procedures consistent with ASTM D374 standard for
thickness measurement of solid polymer films [15]. Prior
to measurement, the membranes were conditioned at
room temperature (25 + 2°C) for 24 hours to ensure
dimensional stability and eliminate residual solvent
effects. Thickness was recorded at five different positions
on each sample to account for spatial variation, and the
average value was used for ionic conductivity calculations
(o = L/(Rb x A)). The relative standard deviation of the
measurements was maintained below 5%, indicating
acceptable thickness uniformity among samples.

2.5.3. Scanning Electron Microscopy (SEM)

The surface morphology of the samples was
examined using a JEOL JSM-IT100 scanning electron
microscope (SEM). Prior to imaging, the samples were
sputter-coated with a thin layer of gold/palladium to
enhance surface conductivity. Micrographs were obtained
at a magnification of 500x, and additional magnifications
were used to observe finer structural features.
Morphological analysis focused on pore size, uniformity,
and distribution to assess the effects of cryogenic
treatment and rGO—Al,O; doping [16].

2.5.4. UV-Vis Spectroscopy

The optical properties of the samples were measured
using a Shimadzu UV-2600 UV-Visible
spectrophotometer equipped with an integrating sphere
attachment for diffuse reflectance and transmittance
measurements. Spectra were recorded over the
wavelength range of 185-1100 nm, covering ultraviolet
and visible-near infrared regions. Baseline correction
was performed prior to each measurement using a
reference standard to minimize instrumental artifacts.
Peak shifts and absorption intensities were analyzed to
confirm the reduction of graphene oxide to rGO and to
investigate polymer chain regularity [17].

2.5.5. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) measurements were
conducted to compare the electrochemical response of
the composite membranes under aqueous model
conditions. Measurements were conducted using a
Solartron Electrochemical Interface 1286 connected to a
conventional three-electrode system. A platinum wire
was used as the counter electrode, a saturated Ag/AgCl (3
MKCI) electrode served as the reference, and the working
electrode was prepared by coating SPE membrane pieces
on a conductive substrate. The electrolyte solution (1 M
Na»S0,) was purged with high-purity nitrogen gas for at
least 15 minutes to remove dissolved oxygen. The
potential range was scanned between —0.2 Vand 0.8 V at
various scan rates (5, 10, 20, 50, and 100 mV s-1).

CV curves were analyzed to examine current
response and interfacial behavior. Specific capacitance
values were reported only as comparative electrochemical
response indicators and not as intrinsic electrolyte

performance parameters. It should be noted that the
three-electrode aqueous configuration does not
represent a lithium-ion cell environment but was
employed as a screening platform to compare
electrochemical response trends among samples. All
measurements were repeated at least three times to
ensure reproducibility [18].

2.5.6. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) was
conducted at the Electrochemistry Laboratory, Institut
Teknologi Sepuluh Nopember (ITS), using a Solartron
Electrochemical Interface 1286 Galvanostat to determine
ionic resistance (bulk resistance) and evaluate ionic
conductivity of SPE membranes subjected to cryogenic
treatment and rGO—-ALO; doping. EIS measurements
were conducted in a three-electrode aqueous
configuration (1 M Na,SO,;) to evaluate impedance
response under identical screening conditions.

Measurements were carried out over a frequency
range of 1 Hz to 1 MHz with a voltage amplitude of 10 mV
at room temperature. This configuration does not isolate
intrinsic through-plane bulk resistance as in a symmetric
blocking electrode setup (e.g., SS|/membranelSS).
Therefore, the extracted bulk resistance reflects a
composite electrochemical response under aqueous
conditions rather than intrinsic Li* transport within a dry
solid-polymer electrolyte. Nyquist plots were used to
analyze impedance data, with bulk resistance (Rv)
determined from the intersection of the curve with the
real axis (Z'). Data processing was performed using Origin
software to extract bulk resistance (Rv) and charge-
transfer resistance (Rct) values. Ionic conductivity (c) was
calculated using Equation (1).

L
g =
Ry X A

(1)

Where, o is the ionic conductivity of the membrane (S
cm™), L is the membrane thickness (cm), Ry is the bulk
resistance obtained from the high-frequency intercept of
the Nyquist plot (Q), and A is the effective contact area
between the membrane and electrode (cm2) [19].

3. Results and Discussion
3.1. Membrane Thickness

The thickness of SPE membranes was measured to
evaluate the effect of cryogenic treatment on dimensional
stability [20]. The measured thickness values ranged
between 77 and 81 pm across all samples, with no
significant variation as a function of cryogenic treatment
duration. For example, samples A1, A2, and A3 exhibited
average thickness values of 80 + 1 1m, 80 + 1 um, and 81 +
1 pm (mean + standard deviation, n = 5), respectively. The
small variation indicates that cryogenic treatment
duration does not significantly affect membrane
thickness. Thickness uniformity is more likely governed
by casting consistency and dispersion homogeneity of
PVDF, Al,0;, CA, and rGO within the precursor solution
rather than by post-treatment cryogenic exposure. A
summary of the SPE thickness measurement results is
presented in Table 3.
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Figure 3. SPE surface morphology of Series A membranes at 500x (200 pm scale) and 3000x (30 pm scale): (a) A1, (b)
A2,and (c) A3

Table 3. Results of SPE membrane thickness

measurements
Sample Membrane thickness

(um)
Al 80+1
A2 80+1
A3 81+1
B1 80+1
B2 80z+1
B3 801
a 801
2 81+1
@ 801

Values are expressed as mean + standard deviation (n = 5).

3.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis
revealed a strong influence of cryogenic treatment on
pore structure [21], as shown in Figure 3. Untreated
membranes (A1) exhibited relatively large and irregular
pores in the range of approximately 13—15 pm. This non-
uniform pore distribution can lead to uneven ion
transport pathways. With increasing cryogenic duration
(A2 and A3), pore size was significantly reduced to
approximately 2—4 pm, accompanied by improved pore
distribution uniformity [22]. In contrast, sample A2
treated cryogenically for 2 minutes shows a significant
reduction in pore size to approximately 1.7-2.6 pm,
accompanied by a more homogeneous distribution of
fillers. The reduction in pore size indicates improved
structural compactness and reduced void heterogeneity
within the membrane matrix. Sample A3, treated for 4
minutes, still exhibits relatively small pores (2—3 pm);
however, partial filler agglomeration begins to appear.
This densification suggests that extended cryogenic
exposure further suppresses pore growth and promotes
microstructural refinement.

Overall, these results confirm that cryogenic
treatment effectively controls pore growth, reduces
average pore diameter by approximately 87%, and
enhances morphological uniformity. The present SEM
analysis focuses exclusively on Series A (0% rGO) to
isolate the effect of cryogenic treatment. Morphological
evaluation of rGO-containing samples was not conducted
in this study, and therefore, no direct conclusions
regarding filler—cryo synergistic effects can be drawn
(23]

3.3. UV-Vis
UV-Vis diffuse reflectance spectroscopy was
conducted using a Shimadzu UV-2600

spectrophotometer in the wavelength range of 200-1000
nm [24]. The apparent optical band gap values, estimated
using the Kubelka—Munk function and Tauc relation
(assuming an indirect allowed transition), increased from
1.34 eV for A1 to 1.40 eV for A2 and 1.44 eV for A3. This
increase suggests improved structural ordering and
reduced defect-related absorption within the composite
membranes after cryogenic treatment. The observed blue
shift and reduced absorbance intensity may be associated
with denser polymer chain packing and refined
microstructure in sample A3.

Therefore, the 4-minute cryogenic treatment (A3) is
considered optimal in terms of structural refinement,
which correlates with reduced bulk resistance observed in
EIS measurements [25]. It should be noted that PVDF is a
wide-band-gap polymer, and the calculated values
represent apparent optical transitions of the composite
system rather than the intrinsic semiconductor band
structure. The extracted band gap values may be
influenced by light scattering, t—mn interactions in rGO,
defect states, and film thickness. Therefore, the
interpretation is limited to comparative structural
analysis among samples.
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Figure 4. UV-Vis spectra of SPE membranes: (a) A1,
(b) A2, and (c) A3
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Table 4. UV-Vis characterization results of SPE

Table 5. Cyclic voltammetry characterization results of

membranes SPE membranes
Sampl Wavelength Amax Specifi Positive Negative
e (nm) (A) Sample Scan rate Ca 1Zl?fi:;alrclce Peak Peak
p (V/s) P F Current Current
A1 272 0.5910 (F/g) (A) (A)
A2 268 0.3367 A1 0.02 8.087 0.005 -0.003
A3 266 0.2940 A2 0.02 13.8245 0.005 -0.004
3.4. Cyclic Voltammetry (CV) A3 0.02 50.8115 0.019 -0.009
Cyclic voltammetry (CV) measurements were Whatman  0.02 29.6325 0.010 -0.005

performed using a Solartron Interface 1286 to
comparatively evaluate the electrochemical response
behavior of the composite membranes under aqueous
Na.SO, model conditions [26], as shown in Figure 5. Ata
scan rate of 0.02 V s!, sample A1 exhibited low peak
currents (+0.005/-0.003 A) and a specific capacitance of
8.09 F g, a relatively weak interfacial electrochemical
response.

Sample A2 showed increased peak currents
(£0.005/-0.004 A) and a higher specific capacitance of
13.82 F g7, enhanced electrochemical activity associated
with cryogenic-induced structural refinement. The most
significant enhancement was observed in sample A3,
which exhibited peak currents of +0.019/-0.009 A and the
highest specific capacitance of 50.81 F g For
comparison, a commercial cellulose-based filter paper
(Whatman Grade 1) was tested as a porous reference
under identical aqueous experimental conditions,
yielding a specific capacitance of 29.63 F g-*. This value
was lower than that obtained for sample A3 under the
same measurement configuration. These results suggest
that cryogenic treatment improves the electrochemical
response of the composite membrane, as reflected by
increased CV curve area and current density (Table 5). It
should be emphasized that the CV measurements were
conducted in a three-electrode aqueous configuration
and therefore represent comparative electrochemical
screening rather than intrinsic lithium-ion electrolyte
performance. The specific capacitance values reflect
interfacial charge storage behavior within the composite
membrane under the applied testing conditions.

o015

-0.005

Vivi

Figure 5. Cyclic voltammetry results of SPE membranes
with varying cryogenic treatment durations

The effect of rGO content on electrochemical
performance is shown in Figure 6. Increasing rGO content
results in a larger CV curve area and higher peak current,
indicating enhanced interfacial electrochemical activity
associated with the conductive nature of rGO [27]. Sample
B1 exhibited the lowest peak current (0.0013 A) and
specific capacitance of 104.98 F g, while sample B3
showed the highest peak current (0.0025 A) and
maximum specific capacitance of 139.77 F g-1. This trend
(B3 > B2 > B1) confirms that increasing rGO content
enhances charge storage response and electrical
interaction within the composite membrane under
aqueous conditions. Since CV measurements were
performed only for Series A and Series B, no direct
conclusions regarding combined cryogenic—rGO
synergistic effects can be established in the present study.

Table 6. Cyclic voltammetry characterization results

with varying rGO content
Scan rate Spe;ific Peak current
Sample v capacitance (A, relative
(V/s) (F/g) order)
B1 0.02 104,98 0.0013
B2 0.02 124,51 0.0017
B3 0.02 139,77 0.0025
0.003 - ——B(1)
0.002 A
0.001
<
0.000
-0.001 4
-0.002

V(V)

Figure 6. Cyclic voltammetry results of SPE membranes
with varying rGO content
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Figure 7. Nyquist plots of SPE membranes obtained from EIS measurements: (a) A1, (b) A2, and (c) A3

3.5. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS)
results indicate that the apparent ionic conductivity
increases with increasing cryogenic treatment duration.
Nyquist plots (Figure 7) show a decrease in bulk
resistance (Ry) from 0.14 Q for A1 to 0.10 Q for A3.
Correspondingly, the calculated apparent conductivity
increased from 5.7 x 102 S cm-* (A1) to 8.0 x 102 S cm™!
(A3), based on Equation (1).

The reduction in Ry is attributed to improved
microstructural homogeneity and reduced pore
irregularity induced by cryogenic treatment, as observed
in SEM analysis. Since EIS measurements were conducted
only for Series A (0% rGO), the observed impedance
reduction reflects the effect of cryogenic treatment alone
[28]. Overall, the 4-minute cryogenic-treated membrane
(A3) exhibits the lowest bulk resistance and highest
apparent conductivity under the applied aqueous testing
configuration.

It should be emphasized that the three-electrode
aqueous configuration does not isolate intrinsic lithium-
ion transport within a dry solid polymer electrolyte.
Therefore, the reported conductivity values represent
apparent ionic behavior under Na.SO, model conditions
rather than intrinsic Li* conductivity. The magnitude of
the measured conductivity falls within the range typically
observed for hydrated or aqueous-assisted systems and
therefore should not be directly compared with dry PVDF-
based solid polymer electrolytes reported for lithium
battery applications.

Table 7. EIS characterization results of SPE membranes

sample  CPERENE o) (sjem)
A1 0 0.14 5.7 X107
A2 2 0.12 6.7 %107
A3 4 0.10 8.0 x 1072

4. Conclusion

This study investigated the effect of cryogenic
treatment and rGO incorporation on PVDF-Al,O;—CA
composite membranes derived from palm kernel shell
biomass under aqueous electrochemical screening
conditions. Cryogenic treatment significantly refined
membrane morphology and reduced bulk resistance.
Scanning electron microscopy (SEM) revealed a pore size
reduction of approximately 87%, indicating improved
structural compactness, while UV-Vis analysis showed
an increase in apparent optical band gap from 1.34 eV to
1.44 eV, suggesting enhanced structural ordering within
the composite matrix. Electrochemical impedance
spectroscopy (EIS) demonstrated a decrease in area-
specific bulk resistance from 0.14 to 0.10 Q-cm? after
cryogenic treatment, corresponding to an apparent
conductivity of 8.0 x 10-2S cmunder the applied aqueous
configuration. Cyclic voltammetry (CV) results showed
that increasing rGO content (Series B) significantly
enhanced current response and capacitance behavior,
indicating improved interfacial electrochemical activity.
These findings suggest that cryogenic processing
primarily governs pore refinement and bulk resistance
reduction, while rGO incorporation influences interfacial
electrochemical response within the composite
membrane system. The reported electrochemical
parameters represent screening-level behavior under
aqueous conditions and do not imply intrinsic lithium-
ion electrolyte performance. Further investigation using
solid-state lithium configurations is required to evaluate
true ionic conductivity and Li* transport properties.
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