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Abstract

All-solid-state lithium-ion batteries (ASLBs) are regarded as the next generation of
energy storage devices owing to their excellent safety. However, the performance of ASLBs
has yet to reach that of currently commercialized liquid electrolyte-based lithium-ion batteries
due to numerous problems including the inferior ionic conductivities of solid electrolytes (SEs)
and poor solid-solid interfacial contact between the SE and active material particles. Herein,
dimensional control of SE particles using liquid phase synthesis is demonstrated and its
favorable impact on cell performance is investigated. Argyrodite LisPSsCI SE with high ionic
conductivity of 1.54 mS ecm™! and distinct 2D morphology was synthesized using 2D structured
reduced graphene oxide as the template. The SE particles with high aspect ratio improves the
long-range connectivity of the SE within the composite electrode and provides a well-
connected ionic transport pathway for charge-discharge. The electrochemical impedance
spectroscopy analysis of the composite electrode using electron blocking cell configuration
revealed threefold enhancement of the effective ionic transport within the composite. As a
result, superior rate performance was demonstrated with 2D SE composite electrodes at high

C rates.



Introduction

Lithium-ion batteries (LIB) are essential energy storage devices that have enabled the
development of the portable electronics and electric vehicles used today. The global LIB market
has grown over 80 times in volume in the past two decades as LIBs have been adopted in large
scale applications such as grid level stationary energy storage systems (ESS) [1-3]. However,
large scale applications of LIBs have raised serious safety concerns, which are inevitable with
the current battery system that utilizes flammable liquid electrolytes. Severe fires and
explosions have been reported worldwide in all kinds of devices utilizing LIBs, including

mobile devices, electric vehicles, and ESS [4-9].

An approach to fundamentally solve the fire and explosion hazard problems of current
LIBs is to replace flammable liquid electrolytes (LEs) with intrinsically nonflammable solid
electrolytes (SEs). Much research has been conducted in developing novel materials that can
be utilized as SEs for all-solid-state LIBs (ASLBs) [10-19]. Among candidate materials, sulfide
based SEs, especially Li-argyrodites, have received great attention due to their high ionic
conductivities, which rival those of LEs, and their mechanically compliant properties, which
enable more intimate contact at the active material-SE interface [20-22]. However, even with
sulfide SE with high ionic conductivity of >10 S cm!, the performance of ASLBs has yet to
reach that of conventional LE-based LIBs due to limited surface coverage of active material
and the restrained conduction network that results from spatial confinement of SE particles
within the composite electrode. Unlike LE-based LIBs, in which the electrolyte can easily wet
the active materials and ensure full contact between the active material and the electrolyte to
establish an ionic conducting network within the composite electrode, proper physical contact
is challenging in ASLBs due to the solid-solid contact between the active material and the

electrolyte; therefore, ionic connectivity must be taken into special consideration with ASLBs



[23,24].

To address this issue, using percolation theory to establish ionic connectivity within
the composite electrode of ASLBs has been studied [25]. Percolation theory describes the
formation of long-range connectivity within random systems. The percolation threshold, below
which macroscopic continuous phase does not exist, depends on the geometrical shape of the
dispersed particles [26]. It has been shown with mathematical calculations that the percolation
threshold varies inversely with the particle’s aspect ratio and thus long-range connectivity can
be more easily realized with particles with higher structural anisotropy. This theory was directly
implemented on the ASLB electrode system by Park and Kim et al. using computational
simulation. Park compared the percolation thresholds of 0-dimensional (0D), 1-dimensional
(1D), and 2-dimensional (2D) solid oxide electrolytes in 3-dimensional (3D) virtual space and
showed that lower volume fraction of SE is needed with 1D and 2D SE than with 0D SE to
form the shortest percolation pathway. In their ASLB, Lu et al. also demonstrated a 3D
interconnected structure made of 1D LisLa3Zr>O12 nanofibers to provide long-range transfer

pathways for Li ions [27].

In this work, we take the concept further and realize a 2D structured sulfide SE using
reduced graphene oxide (rGO) as the template and implement it in the composite electrode to
create a high performance ASLB. Using a scalable and cost-effective liquid phase process, 2D
structured argyrodite LicPSsCl (LPSCI) SE with high ionic conductivity of 1.54 mS cm™! was
fabricated using acetonitrile (ACN) as the solvent and rGO as the template. The as-formed 2D
LPSCI exhibits mixed electrical and ionic conductance owing to the electrically conductive
rGO template. 2D LPSCI was utilized with natural graphite (NG) to form composite electrodes
with enhanced performance that results from improved ionic transport within the composite

due to the 2D structured SE with high aspect ratio.



Results and Discussion

The fabrication process of 2D LPSCI is schematically illustrated in Figure la.
Stoichiometric amounts of Li>S, P>Ss, and LiCl were used as the precursors, ACN was used as
the solvent for liquid phase process, and rGO was used as the template for 2D morphology.
Various weight ratios of rGO to LPSCI precursors were prepared and, from here on, samples
will be denoted as GL1:x, in which 1:x is the weight ratio of rGO:LPSCI. Liquid phase
fabrication has the advantages of high scalability and low fabrication cost, and allows uniform
coating of SE on the rGO template. Among several solvent candidates reported in literature,
ACN was chosen due to its high compatibility with sulfide SEs [28-31]. After mixing all the
components, the mixed suspension was completely dried and sintered at 550 °C for 5 hours to
form the argyrodite phase [32-34]. 0D LPSCI, used as the reference sample, was synthesized
using the same procedure as above except that rGO was not added to the suspension. The size
of the SE particles was adjusted to below 20 pum, using a sieving procedure to minimize the

effect of particle size and to focus on the effect of the particle structure.

Fig. 1b shows scanning electron microscope (SEM) images of the rGO template and
the synthesized 2D LPSCI. The 2D flake-like morphology is distinct in both images, indicating
successful morphology control of LPSCI using rGO template based synthesis. In contrast, the
SEM images of a single 0D LPSCI particle shown at various tilted angles (Fig. S1) reveal round
0D morphology. For comparison, SEM images of the 2D LPSCI particle in Fig. 1b at various
tilted angles are also presented in Fig. 1c. A rough approximation of the aspect ratio of
GL(1:80), as observed in the SEM images, is 4.84:1. The energy dispersive X-ray spectroscopy
(EDS) mapping images of the 2D LPSCI in Fig. S2 show uniform dispersion of P, S, and Cl
elements on rGO, represented by C element signals, indicating conformal coating of LPSCI on

the rGO template.



The amount of rGO used to synthesize the 2D LPSCI was varied for optimal
performance. Various weight ratios of rGO to LPSCI precursors were prepared and analyzed
with SEM and EDS as shown in Fig. S3. All images indicate uniform coating of LPSCI on the
rGO surface. Close inspection of the SEM images reveals that as the weight ratio of rGO to
LPSCI precursors decreases, the particle morphology becomes closer to 0D. At a weight ratio
of 1:320, the amount of LPSCI is excessively high compared to the amount of rGO and small

LPSCl particles that do not adhere to the rGO surface can be seen in the EDS images.

The ionic conductivity of the 0D LPSCI was measured using electrochemical
impedance spectroscopy (EIS), as shown in Fig. 2a. LPSCI synthesized in liquid phase using
ACN solvent exhibits high ionic conductivity of 1.54 mS cm™ at room temperature, comparable
to that of mechanochemically synthesized LPSCI reported in literature [33,35]. The liquid
phase technique shows great benefits in terms of commercialization due to its high scalability
and yield. Using the proposed liquid phase technique, a large batch of 50 g LPSCI with high
ionic conductivity on the order of 10 S cm™ was synthesized in a single batch with yield as
high as 96%, using cheap lab-scale equipment (Fig. S4).

Interestingly, because of the use of electrically conductive rGO, the 2D LPSCI
exhibited mixed ionic and electronic conductance. rGO, used as template for 2D LPSCI, was
thermally reduced at high temperature and, as a result, a large amount of oxygen functional
groups were removed and some of the graphitic lattice was restored [36]. The Nyquist plot of
GL(1:20), shown in Fig. S5, displays distinctively different behavior compared to that of the
0D LPSCI. The best-fitting result of the experimental Nyquist plot using the equivalent circuit,
in the inset of Fig. S5, reveals ionic conductivity of 0.85 mS cm™ and electronic conductivity
of 5.47 mS cm™'. When rGO is used in excess, electrically conductive rGO flakes can form
long-range electronic connectivity in the SE matrix and simultaneously reduce the effective

ionic conductivity by hindering the flow of Li ions.



X-ray diffraction (XRD) analysis results of the synthesized LPSCI are shown in Fig.
2b. All samples show similar peaks corresponding to the argyrodite phase (space group F-43m)
of LPSCI [37]. Minor traces of LiCl, Li—2S, and Li3PO4 impurities were seen, as previously
reported in the literature, which are possibly the result of remnant precursors and residual
moisture in the mixed suspension [38]. Differences in peak intensities and peak positions
between 0D LPSCI and 2D LPSCI are almost negligible, which implies that the LPSCI coating
layer of 2D LPSCI is the same material as 0D LPSCI and it is also clear that rGO does not
induce an undesirable side reaction during LPSCI synthesis. The rGO XRD peak shown in Fig.
S6 could not be detected in the 2D LPSCI1 XRD patterns, indicating well-dispersed rGO during
the liquid phase synthesis. Although the ionic conductivities of 2D LPSCI could not be directly
measured due to the mixed conductance resulting from the electrically conductive rGO, from
the XRD results, we could deduce that the LPSCI coating layer of 2D LPSCI exhibits ionic

conductivity similar to that of 0D LPSCI.

Unlike conventional liquid electrolyte-based LIBs, the spatial configuration of the SE
and active material particles in the composite electrode must be carefully considered for high
performance ASLBs. Although the ionic conductivity of SE is an intrinsic material property,
the effective ionic transport within the composite electrode can differ depending on extrinsic
factors such as particle size, particle morphology, distribution, etc. The effective ionic
conductivities within the composite electrodes were analyzed with EIS using the electron
blocking cell configuration shown in the inset of Fig. 3a. Using this configuration, Li ion
transport resistance of the composite can be obtained by limiting the flow of electrons in the

cell [39]. The impedance at high frequencies resembles the resistance of the SE layers:

Zhigh f. :Relectrolyte

The impedance at low frequency resembles the sum of the SE layer resistance and the ionic



transport resistance within the composite layer:[39]

Zlow f.=Relectrolyte + Rion

Because the thickness of the SE layer was kept constant for all cells, the initial impedances at
high frequencies start at similar levels for all samples. However, at low frequencies, the EIS
plots of the composites made with 2D LPSCI contrast dramatically with that of the composite
made with 0D LPSCI. In general, the ionic transport resistance decreases for 2D LPSCI
composites. According to percolation theory, long-range connectivity can be improved for
particles with higher aspect ratio. Due to its 2D morphology, 2D LPSCI exhibits enhanced
effective ionic transport within the composite despite constant intrinsic ionic conductivity. The
calculated ionic transport resistances within the composites are compared in Fig. 3b. We note
that the ionic transport resistance of the NG:GL(1:20) composite could not be measured with
the proposed setup. This is most likely due to the extremely high tortuosity generated within
the composite when rGO is used in excess. Therefore, the composition of rGO:LPSCI must be
optimized to achieve the highest effective ionic transport conductivity. The effective ionic
transport conductivity within the composite of the NG:GL(1:80) was 2.9 x 10 S cm™, which
is 3 times greater than that of the NG:LPSCI (1.0 x 10% S cm™). The measured impedance

values and calculated ionic transport resistances of all composites are listed in Table 1.

To confirm the enhanced performance of the composite electrodes using 2D SE
particles, half-cell tests were performed using Li metal as the anode and LPSCI pellet as the
electrolyte layer. Fig. 4a and S7 provides cross sectional images of the composite electrodes
before the charge-discharge test. EDS mapping images reveal uniform distribution of LPSCI
SE and NG active material particles within the composite layer. The charge-discharge profiles
of each composite electrode at 0.1C rate for the first 3 cycles are shown in Fig. S8. All cells

exhibit specific capacities close to the theoretical capacity of graphite (372 mAh g'). The



specific capacities at the third cycle were 330, 326, 322, and 311 mAh g! for NG:LPSCI,
NG:GL(1:20), NG:GL(1:80), and NG:GL(1:320), respectively. As shown in Fig. S9, all cells
exhibited relatively low Coulombic efficiencies in the first cycle (below 78%), which is
attributed to the decomposition of LPSCI at the active material and electrolyte interface, as
previously reported in the literature [29,40]. Interestingly, although the 0D LPSCI composite
showed a capacity at 0.1C rate slightly higher than that of the 2D LPSCI composites, the 2D
LPSCI composites outperformed the 0D LPSCI composite at higher rates. As shown in Fig. 4b
and 4c, NG:GL(1:80) and NG:GL(1:320) outperform NG:LPSCI at all rates above the 0.3C
rate. The specific capacities of NG:LPSCIl, NG:GL(1:80), and NG:GL(1:320) at 1C rate were
216, 241, and 228 mAh g!, respectively. Calculating the capacity retentions at the 1C rate
relative to the specific capacities at the 0.1C rate, the capacity retentions of NG:LPSCI,
NG:GL(1:80), and NG:GL(1:320) were 65.3, 74.7, and 72.9%, respectively. The superior rate
performance can be attributed to the improved ionic transport within the composite, resulting
from the well-connected SE particles with high aspect ratio, as shown in the EIS analysis. In a
similar manner, NG:GL(1:20) exhibited relatively low specific capacity of 199 mAh g™ at 1C
rate, which was 61.1% of that at the 0.1C rate, due to impeded ionic transport within the

composite resulting from the extremely high tortuosity generated by excess amount of rGO.

The 2D LPSCI composites also demonstrated improved cyclic stability in comparison
to the OD LPSCI composite. Careful inspection of the cycling stability at 0.3C from the 29th
cycle to 78th cycle in Fig. 4b reveals enhanced cycling stabilities of NG:GL(1:80) and
NG:GL(1:320) than those of NG: LPSCI and NG:GL (1:20). More specifically, calculating the
capacity retention at the 78th cycle relative to the 29th cycle, the capacity retention of NG:
LPSCI, NG:GL(1:20), NG:GL(1:80), NG:GL(1:320) is 83.6, 82.9, 95.3, 92.8%, respectively.
The enhanced cyclic stability for NG:GL(1:80) and NG:GL(1:320) arise from the improved SE

percolation and thus higher effective ionic conductivity within the composite electrode. This



indicates facile transport of Li ions to all parts of the electrode, which enables most of the active
material to involve in continuous electrochemical reaction. On the other hand, composite using
0D SE particles displayed lower effective ionic conductivity within the composite which
indicates limited Li ion transport in the composite electrode. The amount of active material that

can actively involve in charge-discharge decreases, which led to lower cyclic performance.

To confirm that the improved rate performance resulted from the morphology control
of SE particles, the capacity contribution from rGO was also investigated. As shown in Fig.
S10, GL(1:80) SE was tested as active material for the charge-discharge test; it can be seen that
the capacity contribution from rGO was negligible. By simply modifying the morphology of
the SE particles, the entire cell performance can be improved, even with the same SE material

and electrode composition.



Conclusion

In summary, the morphology of sulfide SE particles was successfully modified using
rGO template method and the impact of this modification on the overall ionic transport within
the composite electrode and on the cell performance was examined. Using scalable and cost-
effective liquid phase synthesis, LPSCI SE particles with 2D morphology were synthesized by
conformal coating of LPSCI on rGO flakes. Due to the favorable ionic percolation that results
from the high aspect ratio of SE particles, the effective ionic conductivity within the composite
electrode was improved threefold and the favorable effect of this improvement on the rate
performance was examined via half-cell test. Furthermore, the synthesized 2D SE showed
mixed ionic and electronic conductance resulting from the electrically conductive rGO
template; we expect this type of SE to show better performance when used with nonconductive
active materials. The suggested morphology control is not limited to sulfide SEs, and we
believe the insights provided in this paper will contribute to realizing high performance ASLBs

suitable for commercialization.



Experimental Procedure

Fabrication of LPSCI SE

2D LPSCI was prepared by liquid phase process and subsequent heat treatment in
argon environment. A stoichiometric mixture of Li2S (99.9%, Alfa Aesar), P2Ss (99%, Sigma-
Aldrich), and LiClI (99.98%, Sigma-Aldrich) powders was added to ACN (anhydrous 99.8%,
Sigma-Aldrich) solvent and mixed using a magnetic stirring bar for 1 h. rGO powder was
subsequently added to the mixture, which was stirred for an additional 1 h. The mixed
suspension was dried on a hot plate at 120 °C until solvent was completely evaporated.
Remaining powder was heat treated using a muffle furnace at 550 °C for 5 h. Final sintered

powder was sieved with 20 pm sieve before use.

0D LPSCI was prepared using the same procedure as above, except rGO was not added
to the suspension. rGO powder, which was used as the template, was produced by thermally
reducing GO powder (GO-V50, Standard Graphene) at 1000 °C in vacuum for 10 h. rGO
powder was sieved with 20 pm sieve before use as 2D template. The entire process was

performed in an argon glove box.

Fabrication of composite electrode

Composite electrodes were prepared using LPSCI SE powders synthesized by the
procedure mentioned above. NG (LG Chem.) powders were used as active material. NG and
LPSCI SE were dry-mixed with weight ratio of 7:3 using a planetary centrifugal mixer (AR-
100, Thinky Mixer) without any solvent at 2000 rpm for 10 min. The mixed powder was

directly used as the composite electrode for the half-cell test and EIS analysis.

ASLB assembly

150 mg of LPSCI powder (Jeong Kwan Display Corporation) was cold pressed at 6



tons using a poly(ether ether ketone)(PEEK) mold with a diameter of 13 mm. On one side of
the cold pressed LPSCI pellet, 10 mg of composite electrode powder was spread and cold
pressed at 1 ton. On the other side of the LPSCI pellet, Li foil (300 um, Honjo Metal Co.) with
a diameter of 12 mm was attached. The entire cell was subjected to constant uniaxial pressure
by tightening the screws of a split type pressure jig with 4 Nm torque before conducting the

electrochemical measurements.

Electron blocking cell assembly

150 mg of LPSCI powder (Jeong Kwan Display Corporation) was cold pressed at 1
ton using a PEEK mold with a diameter of 13 mm. On one side of the cold pressed LPSCI
pellet, 30 mg of composite electrode powder was spread and cold pressed at 1 ton. Subsequently,
an additional 150 mg of LPSCI powder was cold pressed at 1 ton on top of the composite
electrode layer. On both sides of the entire pellet, Li foil (300 um, Honjo Metal Co.) with a

diameter of 12 mm was attached to make the electron blocking cell for EIS measurements.

Material characterization

Scanning electron microscopy (SEM, SEC SNE-4500M) and energy dispersive X-ray
spectroscopy (EDS, Bruker XFlash 640H Mini) were utilized for structural analysis and
elemental mapping, respectively. SE powders were sealed with polyimide film in an argon

glovebox before conducting X-ray diffraction (XRD, Rigaku, Smartlab) measurements.

Electrochemical characterization

Ionic conductivities were measured using electrochemical impedance spectroscopy
(EIS) with amplitude of 15 mV and frequency range of 10 MHz to 10 mHz. The fitting of the
experimental impedance was carried out with EC-lab software (BioLogic). The 2D LPSCI

samples for the conductivity measurements were prepared by cold pressing the SE powders at



6 tons. Electron blocking cell configuration was used for the ionic conductivity measurements
of the composite electrodes. All charge-discharge tests were conducted in a 60 °C chamber
using a cycle tester (Toyo System). Constant current/constant voltage (CC/CV) and constant
current (CC) modes were used for discharge and charge, respectively. The cut-off voltage was
set at 0 and 2 V and the cut-off current in the CV mode was set at one fifth of the original

current.
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Table 1

Calculated ionic conductivities within composite electrodes.

Sample Zpwt () Zint @ o (10° S/cm)
NG:LPSCI 11509 262 1.0
NG:GL(1:320) 8840 197 13
NG:GL(1:80) 4062 188 2.9

NG:GL(1:20) - 158 -
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Highlights

Argyrodite LisPSsCl solid electrolyte with 2D morphology was synthesized
High ionic conductivity was achieved with scalable liquid phase technique

2D morphology improves the ionic conduction within the composite electrode

All solid state lithium ion battery with enhanced rate performance was demonstrated
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