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Abstract: All-solid-state batteries (ASSBs) are gaining traction in the arena of energy storage due
to their promising results in producing high energy density and long cycle life coupled with their
capability of being safe. The key challenges facing ASSBs are low conductivity and slow charge
transfer kinetics at the interface between the electrode and the solid electrolyte. Garnet solid-state
electrolyte has shown promising results in improving the ion conductivity but still suffers from poor
capacity retention and rate performance due to the interfacial resistance between the electrodes. To im-
prove the interfacial resistance, we prepared a composite consisting of LiyLay 75Cag 25211 75Nbg 25012
(LLCZN) garnet material as the ceramic, polyethylene oxide (PEO) as the polymer, and lithium
hexafluorophosphate (LiPFg) as the salt. These compounds are mixed in a stoichiometric ratio and
developed into a very thin disc-shaped solid electrolyte. The LLCZN provides a lithium-ion transport
path to enhance the lithium-ion conduction during charging and discharging cycles, while the LiPFg
contributes more lithium ions via the transport path. The PEO matrix in the composite material
aids in bonding the compounds together and creating a large contact area, thereby reducing the
issue of large interfacial resistance. FESEM images show the porous nature of the electrolyte which
promotes the movement of lithium ions through the electrolyte. The fabricated LLCZN/PEO/LiPFg
solid-state electrolyte shows outstanding electrochemical stability that remains at 130 mAh g~! up
to 150 charging and discharging cycles at 0.05 mA cm~2 current. All the specific capacities were
calculated based on the mass of the cathode material (LiCoQO5). In addition, the coin cell retains 85%
discharge capacity up to 150 cycles with a Coulombic efficiency of approximately 98% and energy
efficiency of 90% during the entire cycling process.

Keywords: all-solid-state batteries; garnet solid-state electrolyte; lithium-ion transport; electrochemical
stability

1. Introduction

All-solid-state batteries (ASSBs) are positioned to lead the battery industry as they seek
to overcome the enormous drawbacks of conventional lithium-ion batteries (CLIB), which
include leakage, flammability, and environmental toxicity [1-3]. The predominant issue in
CLIBs is the selection of a more versatile electrolyte that can operate under any extreme
condition without compromising the performance and retention capability of the cell.
Most of the liquid electrolytes are composed of lithium hexafluorophosphate (LiPFg) salt
dissolved in organic solvents, such as ethylene carbonate (EC), propylene carbonate (PC),
dimethyl carbonate (DMC), and their mixtures. Unfortunately, the organic-solvent-based
system is extremely flammable, especially in overstressed conditions such as overcharging,
short-circuiting, extrusion, and elevated temperatures [4]. These drawbacks limit the use
of CLIBs in the automobile and aviation industries, where high energy density and, most
importantly, safety are required [1,4-7].
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Substituting liquid electrolytes with solid electrolytes is gaining ground as a viable
solution for the previously mentioned issues. For example, ASSBs possess increased
mechanical strength and thermal tolerance over their CLIB counterparts [1]. A solid-
state electrolyte (SSE) also greatly simplifies the architecture of the battery, since the SSE
doubles as both an electrolyte and a separator. However, SSEs still need to satisfy the four
central electrochemical performance characteristics for electrolytes, which are conductivity,
potential window, interfacial kinetics, and transference number [8,9]. In general, SSEs
should have: (i) a lithium-ion conductivity greater than 10~*S em~! at 20 °C, (ii) mechanical
stability and toughness to permit the creation of large-area and thin layers that do not break
during device assembly or in situ charge-discharge cycling, and (iii) a strong adhesion and
large contact area to a lithium anode to allow a low-impedance plating /stripping of Li
across the anode/electrolyte interface over long cycle life. In addition, strong bonding of Li
to SSE tolerates pulverization of cathode on charge/discharge cycling [9,10]. To this end,
a variety of solid-state electrolytes have been proffered, each with unique properties [11].
These can be classified into two categories: organic and inorganic.

Organic SSEs, also known as solid polymer electrolytes (SPEs), such as polyethylene
oxide (PEO), and other polycarbonate-based SSEs, such as PEC (polyethylene carbonates),
PPC (polypropylene carbonates), and PTMC (polytrimethyl carbonates), exhibit good flexi-
bility, good stability with lithium metal, and easy large-area membrane fabrication [12,13].
In particular, PEO, the most widely investigated Li-ion conducting polymer due to its
flexibility and strong binding characteristics, has a high transference number, averaging
one Li* per every four ethylene oxide sites [14]. However, solid polymer electrolytes suffer
from low ionic conductivity, low mechanical strength, a limited electrochemical window,
and cannot withstand lithium dendrite formation [15-20].

On the other hand, the classic inorganic solid electrolytes, made out of materials such
as oxides (e.g., perovskites, garnets), sulfides, hydrides, halides, borates or phosphates and
thin-film lithium phosphorus oxynitrides (LIPON), possess high ion conductivity at room
temperature in the range of 1077 to 1073 S cm ™! [8]. In addition, inorganic solid electrolytes
are mechanically stable and show superior Li* transference numbers [1,11,21,22]. Yet,
inorganic solid electrolytes encounter problems in terms of their optimum performance due
to their hardness, brittleness, large grain boundary resistance, poor interfacial resistance,
and relatively difficult fabrication process. To overcome these drawbacks, myriad addi-
tional inorganic materials, such as NASICON (sodium superionic conductor and Li-ion
conducting sodium superionic conductor), perovskite-type, garnet-type, lithium superionic
conductor (LISICON), sulfides and hybrid solutions are being investigated [1,10,12,23,24].
Unfortunately, despite these advantages, poor wetting properties of garnet SSE and molten
Li metal create microscopic gaps at the interface. As a result, it generates large interfacial
resistance between the garnet electrolyte and electrode material due to its rigid ceramic
nature [25]. To address the issue of large interfacial resistance, other researchers proposed
an all-solid-state electrolyte using LisLazTa;Oq, (LLTa) and LiyLazZr,Oq, (LLZ) due to
their stable nature against lithium metal and their high ion conductivity. Their findings
showed a high total conductivity of 3 x 107* S ecm~! at 25 °C which is better than the other
families of solid-state electrolytes mentioned earlier. Furthermore, the study also suggested
that zirconium containing lithium garnet is an encouraging solid ceramic electrolyte for
all-solid-state lithium-ion rechargeable batteries. The rigid framework of elements such as
oxygen, zirconium and lanthanum in the garnet structure results in negligible mobility at
operating temperatures and, therefore, the ionic motion is due to the transport of lithium
ions [26-28].

Composite solid electrolytes that combine the advantages of both their organic and
inorganic components have shown favorable outcomes [29-35]. One type of compos-
ite, known as a ceramic/polymer solid electrolyte (CPSE), specifically, shows promise.
Chen et al. synthesized CPSE where the ceramic component is the garnet LLZTO, the
polymer part is PEO, and salt is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Their
battery demonstrated a discharge capacity of 127 mAh g~! during the first 50 cycles, with
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an ideal Coulombic efficiency of 100%, showing good and stable electrode/electrolyte
interfaces during the cycling [14]. In addition, Appetecchi et al. used PEO-LiCF3503-based
CPSE materials and observed that the conductivity of a host polymer and its interfacial be-
havior in contact with lithium metal can be improved by the addition of ceramic fillers [34].
The PEO-LiPFg system reported by Magistris et al. showed a significant higher ionic
conductivity of 107* S cm~! at temperature above the melting point of PEO at ~60 °C.
However, the LiPF4 underwent thermal decomposition and reduced to LiF, which evolves
gaseous by-products at a temperatures beyond 100 °C. The PEO-LiPFg system did not work
at room temperature, but worked at elevated temperatures [36]. The PEO-LiTFSI-LLZTO
(PLL) composite electrolyte with 40% LLZTO content reported by Zhao et al. had an ionic
conductivity of 1.2 x 107> S cm™! at room temperature with the application of liquid
electrolyte. The PLL ionic conductivity increased with increasing testing temperatures. The
PLL composite electrolyte impedes dendrites in Li metal anodes because of the addition
of LLZTO particles and the reduction in the crystallization of PEO [37]. Although mas-
sive progress has been accomplished as a result of these undertakings, more successful
techniques are still urgently needed to further improve the performance of the CPSEs.

Hence, we investigate a novel CPSE consisting of LiyLaj 75Cag 25211 75Nbg 25012 (LL-
CZN) garnet material as the inorganic ceramic, PEO as the organic polymer, and lithium
hexafluorophosphate (LiPFg) as the ionic salt. This LLCZN/PEO/LiPFg CPSE is synthe-
sized via a facile sol-gel and pelletizing technique, and then characterized and evaluated by
X-ray diffraction (XRD) (Rigaku, Wilmington, DE, USA), field emission scanning electron
microscopy (FESEM) (Hitachi, Santa Clara, CA, USA), Fourier-transform infrared spec-
troscopy (FTIR) (Perkin Elmer, Bridgeport, CT, USA), thermogravimetric analysis (TGA)
(Shimadzu scientific instrument, Columbia, NY, USA). Brunauer-Emmett-Teller (BET)
analysis (Quantachrome, Ashland, KY, USA), and galvanostatic electrochemical testing
(MTI Corporation, Richmond, VA, USA) for its suitability in all-solid-state lithium-ion
batteries.

2. Experimental Section
2.1. Materials Preparation

The schematic of the sol-gel synthesis method for LLCZN powder is shown in
Figure 1. Stoichiometric quantities of LINO3 (99.99%, Sigma Aldrich, St. Louis, MI, USA),
La(NO3)306H,0 (99.9%, Sigma Aldrich, St. Louis, MI, USA) Ca(NO3),e4H,0 (99.9%,
Sigma Aldrich, St. Louis, MI, USA), ZrO(NO3),e6H,0 (99.9%, Sigma Aldrich, St. Louis, M1,
USA) and NbCl5 (99.9%, Sigma Aldrich, St. Louis, MI, USA) were dissolved in deionized
water with 10% more addition of the LiNOj to recoup the evaporated Li during exposure
to high temperatures. Additionally, ethylene glycol (Sigma Aldrich, St. Louis, MI, USA)
and citric acid (Sigma Aldrich, St. Louis, MI, USA) in a mole ratio of 1:1 are added to the
solution. Thereafter, the solution was heated on a hot plate at a temperature of 120 °C for
12 h to obtain a gel-like precursor. This material was dried at 400 °C for 10 h and further
calcined at 800 °C for another 10 h to produce the LLCZN powder. Finally, the calcined
LLZCN powder was sintered at 1050 °C for 12 h and grounded in a clean mortar and
pestle to obtain a smooth LLCZN powder as prepared in a similar fashion as in previous
reports [38—40].

PEO with a molecular weight of 1,000,000 g mol~1 was dried in a vacuum oven (MTI
Corporation, Richmond, VA, USA) for 24 h at a temperature of 50 °C, while the LiPFq
salt was dried in a vacuum oven at 80 °C for 12 h. The sintered LLCZN, dried PEO, and
dried LiPFs powders were kept in an argon-filled environment at <0.5 ppm H,O and O,
levels to prevent exposure to oxygen and water in the atmosphere. The 1:1:1 mass ratio of
LLCZN/PEO/LiPF; was weighed and mixed in an opaque plastic vial and placed on a
roller for thorough mixing for 24 h. This mixed powder was pelletized using a hydraulic
press with an applied force of 22,000 pounds to obtain a flat disc of solid-state electrolyte.
The thickness of the as-prepared composite solid-state electrolyte disc was approximately
250 pm. Subsequently, electron beam evaporation technique was used to grow a 7 nm thin
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amorphous layer of SiO, on the pellet at the anode side at a growth rate of 0.24 A s~ ! with
a current of 4 mA and a voltage of 10 kV. This will help to reduce the interfacial between
the electrode and the solid polymer electrolyte [41].
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Figure 1. Schematic representation for the synthesis of (a) LLCZN powder via sol-gel method and
(b) composite LLCZN/PEO/LiPFg in a ratio of 1:1:1 by weight.

2.2. Sample Characterization

To observe the crystal structure of the synthesized LLCZN and the composite LLCZN/
PEO/LiPFg powder, X-ray diffraction was performed with Cu K-alpha radiation at 40 kV
and 40 mA over the 2-theta range of 10° to 70°. The surface morphology of the synthesized
LLCZN and the composite LLCZN/PEO/LiPFg solid-state electrolyte was characterized by
FESEM. The identification of the functional groups and molecular structures of materials,
which in this case includes the organic and polymeric motifs in the solid-state electrolyte
and its components were obtained using FTIR in the range of 500 cm~! to 4000 cm 1.

Thermogravimetric analysis (TGA) was performed to assess the thermal stability of
the LLCZN/PEO/LiPFg powder prior to Brunauer-Emmett-Teller (BET) surface analysis
to determine the thermal stability of the composite solid-state electrolyte powder. This was
also used as a baseline for the degassed temperature in the BET analysis. Approximately
5 mg of the sample was placed in a platinum crucible and then placed into a Shimadzu TGA
50-50H thermogravimetric analyzer. Nitrogen gas with a flowrate of 30 mL was allowed
into the pyrolyzing unit to ensure an oxygen-free atmosphere. The sample was heated from
room temperature to 600 °C at a heating rate of 10 °C min~! [42].

The Brunauer-Emmett-Teller (BET) surface area, the pore volume, and the pore size
of the LLCZN/PEQO/LiPFg solid-state composite are measured using surface area analyzer
NOVA 200e. The LLCZN/PEO/LiPF; solid-state composite powder was degassed at
60 °C as a result of the low melting point of the PEO for 24 h before being adsorbed, and
desorbed with N, at —196 °C. The surface area was evaluated using a multi-point BET
model. The pore size distribution was obtained from the desorption isotherm based on the
Density-Functional Theory (DFT) model inbuilt software, while the total pore volume is
calculated at a relative pressure (p/po) range of 0.0-1.0. All the models for the BET analysis
are built in the NovaWin Software, (Quantachrome, Ashland, KY, USA).
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The ionic conductivity of the pristine LLCZN/PEO/LiPFg disc and the LLCZN/PEO/
LiPFg disc with E-beam ultrathin-layer-coated SiO; layer at room temperature was mea-
sured with CHI660D electrochemical impedance spectroscopy (EIS) (CH Instrument, Shang-
hai, China) with an applied frequency ranges from high (10° Hz) to low (0.01 Hz). The
conductivity measurement was performed at a room temperature. The discs were 250 pm
thick with an electrode surface area of 0.50 cm?. The ionic conductivity was calculated
using the following formula:

d
RS

where 4 is the ionic conductivity, d is the thickness of the LLCZN/PEO/LiPF; disc, S is the
area of the electrodes contacting with the LLCZN/PEO/LiPF4 composites disc, and R, is
the bulk resistance. The R, can be derived from the Nyquist impedance plot [43].

)

2.3. Battery Assembly and Electrochemical Characterization

The ASSB was assembled in a 2032 coin cell, using composite LLCZN/PEO/LiPF¢ as
an electrolyte, LiCoO, (LCO) (MTI Corporation, Richmond, VA, USA) as cathodic active
material, and Li foil (MTI Corporation, Richmond, VA, USA) as an anode. The cathode
slurry was composed of 80 wt.% LCO, 10 wt.% carbon black, and 10 wt.% polyvinylidene
fluoride (PVDF) powder (Sigma Aldrich, St. Louis, MI, USA) in N-methyl-2-pyrrolidone
(NMP) solvent (Sigma Aldrich, St. Louis, MI, USA). The resulting slurry was coated
on a steel plate, partially dried in the open, and kept at 120 °C in a vacuum oven (MTI
Corporation, Richmond, VA, USA) for 12 h for further drying. The active material loading
on the steel plate was calculated as 5.8 mg cm 2. The ASSB is assembled in an argon-filled
glove box (Mbraun Inc., Stratham, NH, USA) with the application of a small amount of
lubricating liquid electrolyte (1 M of lithium hexafluorophosphate (LiPF) in a 1:1 ratio of
propylene carbonate (PC) and dimethyl carbonate (DMC), (Sigma Aldrich, St. Louis, MI,
USA) between the cathode and the composite LLCZN /PEO/LiPFg solid-state electrolyte.
A BST8-WA (MTI Corporation, Richmond, VA, USA) eight-channel battery analyzer was
used to analyze the cycling performance and capacity of the coin cell. The channel of
the analyzer had an independent constant-current source in a range of 0.05-1 mA that
was programmed and controlled using computer software. Batteries were cycled at room
temperature (22-25 °C) with a voltage range of 3 V to 4.5 V at different constant currents.

3. Results and Discussion

The X-ray diffraction graph of the pristine LLCZN powder exhibits a strong peak at
26 = 30.8° corresponding to the (420) plane, as shown in Figure 2. In addition, the XRD
data match the cubic garnet phase of LisLazNb;Oq, (PDF 80-0457), which is the closest
crystalline structure reported for LLCZN [40], indicating that our synthesized LLCZN is
in a pure cubic phase. The pure cubic phase garnet could lead to a higher lithium-ion
conductivity than the tetragonal garnet phase [40]. The XRD data of pristine PEO (Sigma
Aldrich, St. Louis, MI, USA) and pristine LiPFy (Sigma Aldrich, St. Louis, MI, USA)
were not examined, because these materials were purchased and not synthesized in our
laboratory.
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Figure 2. Powder X-ray diffraction patterns of as-prepared LLCZN via sol-gel technique and
LLCZN/PEO/LiPFg composite powder samples.

The XRD results of the composite LLCZN/PEO/LiPFs powder clearly show similar
peaks as the pristine LLCZN. As depicted in Figure 2, the sharp diffraction peaks of
the LiPFg in the composite are observed at 26.8°, which matches the results of Jian-wen
Liu et al. [44]. Furthermore, the XRD pattern of the PEO in the composite reveals that the
peaks around 19.2° and 23.4° match the XRD peaks described by Ahmed et al. [45] and
Bhide et al. [46], signifying the semi-crystalline nature of this polymer. Based on the XRD
peaks exhibited in Figure 2, there is an indication that the composite LLCZN/PEO/LiPFg
exhibits the same pure cubic phase as pristine LLCZN by itself. Furthermore, the XRD of
the composite material demonstrates that the LLCZN ceramic powder is polycrystalline in
nature, without any substantial impurity phases. A change is observed within the XRD
pattern of the as-prepared LLCZN/PEO/LiPFg composite electrolyte as a result of the
presence of LiPF¢ and PEO. This indicates that the pristine LLCZN garnet, PEO, and LiPFg
are very stable during the preparation process.

The FESEM imaging technique is used to see the surface morphology of the as-
prepared composite LLCZN/PEO/LiPFs powder before pelletizing. The images, shown in
Figure 3a—d, indicate that, instead of forming distinctive shapes or arrays, the electrolyte
forms an aggregate with particles growing on top of each other or interconnected. The
higher magnification images demonstrate that the material is low in density with an abun-
dance of highly interconnected porous structures that favors the lithium-ion intercalation
through the electrolyte.
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Figure 3. FESEM images of surface morphologies for the composite LLCZN/PEO/LiPFs powder for
solid-state electrolyte before cycling at different magnifications of (a) 10.0 um, (b) 20.0 pm, (c) 50 um,
and (d) 100 pum.

Figure 4 presents the FT-IR spectrum of the individual component materials of the
CPSE composite, as well as the IR absorption spectrum of the CPSE. The mid-IR spectrum is
divided into four regions as follows: Region A (500 to 1500 cm 1) is the fingerprint, Region
B (1500 to 2000 cm 1) is the double bond, Region C (2000 to 2500 cm™ 1) is the triple bond,
and Region D (2500 to 4000 cm ') is the single bond. The composite material shares several
spectral peaks with the component materials, particularly in the “fingerprint region” of
the IR spectrum (500-1500 em™ 1), A large number of peaks were observed for PEO, LiPFg,
and the composite. However, LLCZN, made from different types of higher-mass elements,
shows closely spaced frequency vibrations that are typically observed in the fingerprint
region. The presence of these bands would be expected to obscure the identification of any
of the other components of the composite in this spectral range. However, in the higher
frequency range of the spectrum, there are some distinct peaks indicating the presence of
each of the individual materials in the composite. Since the relative intensities are a function
of both the amount and the absorptivity of the material, the spectra shown in Figure 4
indicate the presence of signature functional groups to confirm the existence of each of the
component materials in the composite. The observation of strong peaks at 2890 cm ! and
1280 cm ™! in the IR spectrum of the PEO sample is due to the C-H stretching vibration,
which is visible in both pristine PEO and in the composite structure. A small but sharp
vibration peak at 3750 cm ! corresponding to an O-H vibration along with a pronounced
frequency tail appears in both the pristine LLCZN and the composite. The sharp peak
at 3607 cm~!, which only appears in LiPFg, can also be seen in the composite material.
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Taken together, it can be seen that our prepared composite contains each of the component
materials [46-50].
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Figure 4. FTIR spectra of composite, LiPFs PEO, and LLCZN.

Figure 5 shows the thermogravimetric analysis of the LLCZN/PEO/LiPF4 composite.
As seen in Figure 5, the composite electrolyte exhibited a massive weight loss between
360 °C and 460 °C, which is a result of the decomposition of PEO and LiPFgs. The weight
stabilized at 500 °C, and consisted mainly of the LLCZN garnet material because of its
superior thermal stability. The remaining mass of 32.1% of LLCZN/PEO/LiPF4 composite
was the LLCZN in the composite, while pristine LLCZN (the insert) accounted for 99.1%
at 600 °C. The loss of <1% of the remaining mass of the LLZCN can be attributed to
experimental error. Additionally, LLCZN serves as a barrier between the anode and the
cathode in case the polymer in the composite starts to melt at elevated temperatures [49].
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Figure 5. Thermogravimetric analysis (TGA) of LLCZN/PEO/LiPFg composite and the insert is
pristine LLCZN powder.
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Volume of N, (cm3g-)

Figure 6a shows the adsorption and desorption of N, on the LLCZN/PEO/LiPFq
composite. It can be observed that as the pressure increased, the volume of N, adsorbed
increased until the pores in the LLCZN/PEO/LiPF4 composite became saturated, as in-
dicated by the desorption curve. Increasing the relative pressure increases the volume of
nitrogen adsorption. At a relative pressure of nearly 0.95, the pores were filled to the brim,
holding a nitrogen volume of approximately 1.4 cm® g~! of the sample. By releasing the
pressure, the nitrogen began to desorb or evaporate. At a subsequent pressure of around
0.8, almost all the nitrogen was desorbed, giving rise to a narrow hysteresis, as shown by
the desorption isotherm curve in Figure 6a. According to the international union of pure
and applied chemistry (IUPAC) classification, this hysteresis is similar to type 1, which
is associated with microporous materials consisting of well-defined cylindrical-type pore
channels or agglomeration of compact uniform spheres [50]. It is also observed that the
surface area and pore volume of the LLCZN/PEO/LiPFy4 composite were 0.114 m? g~ ! and
7.92 x 10~* cm~3 g1, respectively. The modal pore width was registered as being 402 A, as
depicted in Figure 6b, which shows that the LLCZN/PEO/LiPF4 composite is nanoporous
enough for lithium-ion movement during the charging and discharging process.

1.6 25
14 { @) P (b)
12 1 Surface Area = 0.114 m2g-" .I.mzo ] Pore width = 402}/
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Figure 6. Brunauer-Emmett-Teller (BET) analysis of LLCZN/PEO/LiPFg composite: (a) adsorption—
desorption isotherm curve and (b) pore size distribution.

The ionic conductivities calculated from the Nyquist plot (Figure 7) for the LLCZN/PEO/
LiPFs composite with and without e-beam were 3.6 x 107%Scmland 3.0 x 107%*Scem™~},
respectively, and are in line with literature values for garnet materials. This is an indication
that the ionic conductivity of our as-prepared LLCZN/PEO/LiPF; composite is almost the
same as the LLCZN/PEO/LiPF4 composite with e-beam.

Figure 8 represents the voltage-time profile of the first four cycles of a cell made with
LiCoO, | LLCZN/PEO/LiPFg | Li at different subsequent currents. It is observed that, as the
current increased, the required time used for the charging and discharging decreased. At a
current density of 0.05 mA cm ™2, it took approximately forty hours to charge and discharge
each of the four cycles, Figure 8a. As we ramped up current density to 0.10 mA cm ™2, the
charging and discharging time decreased to approximately seventeen hours, Figure 8b.
As we further increased the current to 0.24 mA cm 2, the charging and discharging time
further decreased to approximately five hours, Figure 8c. The current of 0.50 mA cm~2,
which was close to the capacity of the battery analyzer, yielded a charging and discharging
time of approximately one and half hours, Figure 8d. Finally, we ramped down the current
and set to the original starting current of 0.05 mA cm~2 (final), and the charging and
discharging time reduced slightly to 35 h, Figure 8e. This confirms that our device did not
break down after subjecting it to different currents.
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Figure 7. The electrochemical impedance spectra of LLCZN/PEO/LiPF, composite with and with-
out e-beam.

Figure 8a—e show the discharge/charge curves for the first 20 cycles of the cell at dif-
ferent currents. At a current density of 0.05 mA cm 2, the cell delivered a specific discharge
capacity of 166 mAh g~! during the 1st cycle, which gradually decreased to 162 mAh g~!
at the 4th cycle, Figure 8a, which is slightly higher than the practical capacity for LCO
(140 mAh g~1). This excess increase in practical capacity could be a result of the porous
nature of the LLCZN/PEO/LiPFg solid-state electrolyte. Thereafter, we increased the
current density to 0.10 mA cm~2 and recorded a specific discharge capacity of 150 mAh g~
for the 1st cycle, which decreased to 145 mAh g~! at the 4th cycle, as shown in Figure 8b.
Figure 8c shows the specific discharge capacity of 104 mAh g~! throughout the entire 4th
cycling when a current density of 0.24 mA cm 2 was applied. Upon further cycling, we
raised the current density to 0.50 mA cm~2 and the specific discharge capacity drastically
decreased to 65 mAh g~ for the whole four cycles, Figure 8d.

To monitor capacity recovery, we re-ran the test at the lower current density of
0.05 mA cm~2 (final). It was noticed that the specific discharge capacity ramped up
to 152 mAh g~! during the 1st cycle and gradually decreased to 150 mAh g~! at the 4th
cycle, as shown in Figure 8e. This is an indication that our device did not significantly
break down during electrochemical testing under different currents. Interestingly, it was
also observed that the specific discharge capacity was nearly the same for all four cycles
under the applied current density values of 0.24 mA cm~2 and 0.50 mA cm 2, Figure 8c,d.
This can be attributed to the fact that the electrode/electrolyte interfaces were stable during
cycling at these currents. Furthermore, the improved stability of PEO in the composite at
high voltages of 3-4.5 V in our current study was caused by the surface modification of
the SiO, coating layer via the e-beam technique. The coating layer reduced the oxidation
of PEO at high voltage. The summarized cycle range, and the corresponding current and
current densities used for the electrochemical testing, are listed in Table 1.

Table 1. Cycle range for different currents, current densities expressed in terms of area and mass.

Cvdle Range Currents Current Density Current Density
¥ (mA) (mA cm~2) (mA g1
1-4 0.0945 0.05 8.50
5-8 0.189 0.10 17.0

9-12 0.475 0.24 43.0

13-16 0.945 0.50 85.0

17-20 0.0945 0.05 8.50
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The cycling performance of a LiCoO, | LLCZN/PEO/LiPF; | Li cells in terms of specific
capacity and specific energy, as well as their Coulombic and energy efficiencies, are depicted
in Figure 9a,b, respectfully. The rate performance study for four cycles conducted at
individual current densities of 0.05, 0.10, 0.24, 0.50 and 0.05 mA cm 2 at room temperature
(22-25 °C), as shown in Figure 9a, yielded specific discharge capacities of 162, 152, 104,
65, and 152 mAh g~! and Coulombic efficiencies of approximately 98% for all of the
current densities not included in intercurrent transitions. Additionally, it was observed that
the specific capacities increased with decreasing current densities, because lithium-ions
diffusion occurs at lower densities. Similarly, specific discharge energy for the current
densities above resulted in 663, 586, 393, 230 and 594 Wh kg~! and energy efficiencies of
approximately 90% for the entire 20 cycles, as shown in Figure 9b. The trends for both
specific capacity and specific energy graphs follow the same sequence. Figure 9c shows the
voltage—capacity curve of the coin cell for 130 cycles at a current density of 0.05 mA cm 2
(after subjecting it to 20 cycles at different currents as shown in Figure 9¢,d, making it a
total of 150 cycles). Again, as we increased the number of cycles, a minimal reduction
in discharge capacity was observed, from 145 mAh g~! to 130 mAh g~!, in a voltage
range of 3-4.5 V at room temperature (22-25 °C). This capacity is still high compared
to what has been reported in the literature for a similar composite solid-state electrolyte
(LLZTO/PEO/LiTFSi), which reached a specific capacity of 127 mAh g~ after 50 cycles [10].
The cell retained 85% discharge capacity up to 150 cycles, with a Coulombic efficiency of
98% during the cycling process, Figure 9c.
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(b) specific energy cycling performance; (c) charge-discharge curve at 0.05 mA cm~?2 for selected
cycles; (d) cycling performance.
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4. Conclusions

In summary, LLCZN/PEO/LiPFg solid-state electrolyte was synthesized using a facile
sol-gel and pelletizing technique. The PEO matrix in the composite aids in bonding the
composite solid-state electrolyte and electrodes to create a large contact area at the interface,
thereby reducing the issue of large interfacial resistance and the battery continuously
shows excellent electrochemical performance for many cycles. The LLCZN favors the
movement of lithium-ions in the composite to enhance the lithium-ion conduction during
charging and discharging cycles, whiles the LiPF4 contributes more lithium ions into the
composite via the transport path. The crystal structure and the identification of the chemical
bond/species of the prepared composite solid electrolyte are confirmed through XRD
and FTIR analysis which showed that the fabricated composite exhibit strong interaction
between the pristine compounds. In addition, FESEM images at different magnifications
revealed that the material is low density in nature and consists of highly interconnected
porous structures with a size of 402 A as confirmed by the BET data analysis. The prepared
LLCZN/PEO/LiPFg solid-state electrolyte is used in a cell that has a strong electrochemical
response and shows outstanding electrochemical stability, which remains at 130 mAh g !
up to 50 charging and discharging cycles at 0.05 mA cm~2 current after subjecting the same
coin cell to a high-current-rate performance test. Furthermore, the coin cell retains 85%
discharge capacity up to 150 cycles with a Coulombic efficiency of approximately 98% and
energy efficiency at 90% during the entire cycling process.
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