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a b s t r a c t

A sulfide-based Li-argyrodite, Li6PS5X (X ¼ Cl, Br, I), is a promising solid-state electrolyte candidate for
next-generation all-solid-state batteries. The compound features high ionic conductivity, which is
attributed to the high polarizability of sulfur and anion site disorder, providing advantageous crystal-
lographic geometries for Li-ions to occupy and diffuse. However, the chemical instability of Li6PS5Cl
during cycling limits its implementation in practical applications. This study employs graphene fluoride
as a conductive agent for the cathode composite to alleviate the undesirable decomposition reactions at
the electrolyte interface. The combined measurements of time-dependent X-ray photoelectron spec-
troscopy and electrochemical analysis confirmed that graphene fluoride significantly enhances the
chemical stability of the electrolyte interface, yielding a stable cycling performance.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The application of lithium-ion batteries (LIBs) has widely
expanded over the past two decades, from small electronic devices
to electric vehicles. Compared to other rechargeable battery con-
figurations, LIBs offer a large capacity, higher voltage, and longer
cycle life. In addition, the recent development of newmaterials and
engineering optimization has significantly increased the energy
and power densities of LIBs. However, the safety perspective of LIBs
has not been fully addressed yet. In fact, many safety issues are
related to the flammable carbonate-based organic electrolyte that
overheating during the charge and discharge process triggers
thermal runaway. This safety risk becomes more critical as the cell
size increases and more cells are produced.

All-solid-state batteries (ASSBs) comprising a Li metal anode,
solid-state electrolytes (SE), and cathode are ideal to meet both
safety and high-energy-density requirements. By replacing a
flammable solvent electrolyte with an inflammable SE, the growth
X. Chen), dkkim@kaist.ac.kr
of lithium dendrites can be alleviated, reducing the risk of short-
circuit formation and catastrophic accidents. In this regard,
various SE candidates have been proposed, such as polymers [1,2],
inorganic oxide [3e5], metal halide [6], and sulfide-type com-
pounds [7e11]. Among these candidates, a lithium argyrodite-type
Li6PS5X (X ¼ Cl, Br, I) has arisen as a promising candidate for SEs in
ASSBs. For instance, Li6PS5Cl features a high Li ionic conductivity of
10�2 to 10�3 S/cm at room temperature [12], which can be
explained by anion site disorder and high polarizability of sulfur
[13e17]. On the flip side, a shortcoming of Li6PS5Cl is its phase
instability related to two major decomposition pathways: electro-
chemical decomposition, in which the oxidation of Li6PS5Cl yields
the side products such as LiCl, polysulfides, and elemental sulfur;
and chemical decomposition at the interface between SE/active
material or SE/conductive agent, triggered by adsorbed water or
specific functional groups on the surface [18e22].

Recently, much attention has been paid to improving the
chemical stability of SEs while maintaining the high ionic con-
ductivity of ASSBs. In particular, within Li-argyrodite SEs containing
cell, undesirable chemical reactions occur at the interface of anode/
SE [18], cathode/SE [20,21], and conductive agent/SE [22]. For
example, the chemical decomposition of Li6PS5Cl has been
observed on the cathode with an oxygen-containing conductive
agent [22]. Studies have reported that the addition of F-containing
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compounds can alleviate side reactions at the lithium metal sur-
faces due to the formation of LiF-enriched electrolyte interface [23].
Thus, we envisage that using graphene fluoride (GF) over conven-
tional conductive agents could enhance the phase stability of
Li6PS5Cl. GF is a nonstoichiometric fluorocarbon featuring semi-
ionically or covalently bonded CeF in the graphene skeleton. The
nature of the CeF bond can vary depending on the degree of
fluorination and distribution of the fluorine [24,25]. A higher de-
gree of fluorination changes the electron distribution of the gra-
phene skeleton from sp2 to sp3 hybridization and simultaneously
introduces defects, which transform the conductive character to a
semi-conductive one [6,26,27].

To test our hypothesis, we introduced GF as a conductive agent
and prepared a cathode composite comprising of Li6PS5Cl, GF, and
LiCoO2. Time-dependent X-ray photoelectron spectroscopy (XPS)
results have revealed a significant improvement in interfacial phase
stability of Li6PS5Cl. This might be related to fluorine dissociation
that resulted in LiF formation, which presumably led to a stabilized
interface between SE and a conductive agent. Furthermore, the
electrochemical performances noticeably improved compared to
that of containing commercial carbon black (CB) as a conductive
agent. Our results demonstrate a simple and effective way to
improve the vulnerable SE interface without compromising the
existing battery cell structure.

2. Materials and methods

2.1. Synthesis of Li6PS5Cl

The Li6PS5Cl was prepared following the previous report [11].
Lithium sulfide (Sigma-Aldrich, 99.98% trace metals basis), phos-
phorus pentasulfide (Sigma-Aldrich, 99%), and lithium chloride
(Sigma-Aldrich, ACS reagent, � 99%) were mixed in the stoichio-
metric proportion and underwent high energy ball milling (plan-
etary micro mill Pulverisette 7, Fritsch) for 20 h. All processes of
synthesizing Li6PS5Cl were carried out under an argon atmosphere
(O2 < 0.5 ppm, H2O < 0.1 ppm), and tungsten carbide jar and balls
were used in the high energy ball milling.

2.2. Synthesis of GF

GF was synthesized from commercial graphite fluoride flakes
(ACS material, 56e61 wt% F) using a microwave-induced exfolia-
tion method described in a previous report [28]. Graphite flakes
(Sigma-Aldrich, 332416) were used as a ‘catalyst’ to trigger the
rapid exfoliation of graphite fluoride. The graphite flakes (~1 g)
were placed in an alumina crucible (3 mL), and graphite fluoride
(50 mg) was added on top without mixing. The crucible was then
placed in the microwave oven (Breville, 900 W) and subjected to
microwave irradiation at 900 W for 15 s in a fume hood at ambient
conditions. The product was left in the fume hood for an additional
10 min to remove any gaseous species that evolved during the re-
action completely. The product was then dispersed and washed in
ethanol (30 mL), allowing the large graphite flakes to sink to the
bottom while the exfoliated GF was temporarily stabilized in the
supernatant. GF powder was separated by vacuum filtration of
supernatant.

2.3. Preparation of Li6PS5Cl and composite electrodes

For the preparation of Li6PS5Cl and conductive carbon com-
posite, the as-synthesized Li6PS5Cl was mixed with commercial CB
(LION Chemical, ECP600JD) or prepared GF in the weight ratio of
75:5 or 96:4 by grinding with mortar and pestle. All processes were
carried out under an argon atmosphere.
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The composite with the weight ratio of 75:5 was stored in a
sample vial and kept in an Ar-filled glove box for aging. A small
amount of composite powder was retrieved after aging for 1 and 14
days to conduct time-dependent XPS analysis. The composite with
the weight ratio of 96:4 was used as a working electrode for cyclic
voltammetry (CV) analysis without aging time.

For the preparation of composite cathodes, conductive car-
bon (CB or GF), Li6PS5Cl, and LiCoO2 (LCO, obtained from LG
Chem, Republic of Korea) were mixed in a weight ratio of 1:4:5
using mortar and pestle.

2.4. Physical characterizations

X-ray powder diffraction (XRD) was carried out at room tem-
perature using MPD (PANalytical) X'Pert multipurpose X-ray
diffraction system with Cu Ka radiation (l1 ¼ 1.54051 Å,
l2 ¼ 1.54433 Å) in BraggeBrentano q to q geometry. Samples were
tested using an air-tight XRD sample holder, where the powder
sample was put and sealed with polyimide film under an argon
atmosphere. The XRD patterns were analyzed using X'Pert High-
Score Plus software.

XPS was carried out on Thermo ESCALAB250Xi high-resolution
X-ray photoelectron spectrometer with a monochromatic Al Ka
(1486.68 eV) X-ray source with a power of 160 W and 500 mm
spot size. 100-eV pass energy was used for survey scans, 20-eV
pass energy for region scans, and a photoelectron take-off angle
of 90�. The resultant spectra of CB and GF were calibrated using
graphite C1s peak at 284.5 eV, while Li6PS5Cl and composites
were calibrated using adventitious C1s peak at 284.8 eV. The XPS
depth profile was done by regional scans after sequential etching
using Ar ion beam (1 keV). The etching schedule is 15 s for 10
times and then 30 s for 20 times. The etching rate is 0.2 nm/s on
Ta2O5. The depth profile sample was prepared by pressing GF and
Li6PS5Cl pellets face to face for 30 min and stored under an inert
atmosphere for 7 days. The pressed pellets were separated,
and the GF pellet surface was analyzed for XPS depth profile
analysis.

Four-point probe method was used to measure the bulk re-
sistivity of CB and GF pellets. The measurement was conducted on
Kaivo four-point probe resistance tester with a liner four-probe. CB
and GF pellets were prepared by pressing the powder under the
pressure of 10 MPa, followed by measuring the thickness by a
micrometer. The pellet sample was put horizontally on the stage,
and the four-probe system was loaded at the center of the sample
surface. The resistance (R0) was recorded until the monitor showed
a steady value. The measurement was conducted 5 times on both
the top and down surfaces of a pellet sample. The measured elec-
trical resistance and calculated electrical resistivity of GF and CB are
summarized in Table S1.

Scanning electron microscopy (SEM) images were obtained us-
ing FEI Nova NanoSEM 450 field-emission scanning electron mi-
croscope. The acceleration voltage of the electron beam was 5 kV,
and the spot size was 3 nm. Elemental mapping was acquired by
Energy-dispersive X-ray spectroscopy (EDS) at the same SEM in-
strument operating at an acceleration voltage of 15 kV and spot size
of 3 nm.

Transmission electron microscopy (TEM) images were obtained
using JEOL JEM-F200 operating at an accelerating voltage of 200 kV.
The TEM samples were prepared by directly drop-casting GF
dispersion onto a 200-mesh holey carbon Cu grid.

2.5. Electrochemical characterizations

All the electrochemical evaluations were performed using 2032
coin cells at room temperature. Cyclic voltammetry was carried out
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on Bio-logic (VMP3, France) potentiostat. The measurements were
conducted in the voltage range of 0e4 V for 5 cycles (scan rate of
0.05 mV/s). The galvanostatic charge-discharge performance of the
ASSBs was performed by Won-A-Tech battery cycler (WBCS 3000,
Korea) under a constant current with cut-off voltages of 2.8 and
4.2 V vs. Li/Liþ.

3. Results and discussion

The presence and surface morphology of the prepared Li6PS5Cl
phase were characterized using SEM and XRD. The SEM image
(Fig. 1a) confirmed the granular shape with an average particle size
of 1 mm. The XRD pattern (Fig. 1b) was consistent with a reference
value and previous reports [11]. The broad diffraction peak in the
range of 2q ¼ 15e25� was attributed to the usage of a polyimide
film to prevent oxygen contact. Additionally, a small trace of
tungsten carbide was identified, where the tungsten carbide phase
originated from jar and ball used in planetary milling. The XPS
spectra of S 2p state (Fig. S1) showed a doublet peak at 161.3 and
162.5 eV, which was assigned to the S 2p3/2 of PS43� in the Li
argyrodite. These analyses results suggest the successful synthesis
of Li6PS5Cl.

The TEM image of the microwave exfoliated GF (Fig. 2b) dis-
played thin and electron-semitransparent sheets with crumples.
The selected area electron diffraction pattern inset acquired from
the imaging area showed diffraction spots with hexagonal sym-
metry, indicating a highly crystalline structure in GF sheets. A high-
resolution TEM image on the edge of a GF sheet (Fig. S2) verified the
few-layer structure and the formation of a highly crumpled
morphology associated with the defects and residual CeF bonds,
resulting in a nonplanarity of the lattice. Additionally, SEM and EDS
confirmed the uniform distribution of C, O, and F elements on the
GF sheets (Fig. 2c).

The XPS survey (Fig. 2d) shows the GF is composed of C
(91.03 at.%), O (3.33 at.%), and F (5.34 at.%). The C/F ratio changed
significantly from 1 for the starting graphite fluoride to 17 for GF.
The O content in GF increased from <1 at.% for the graphite fluoride
to>3 at.%, due to the oxidation of GF during rapid heating in air. The
high-resolution spectra in the C 1s region (Fig. 2e) were decon-
volved into five peaks corresponding to sp2/sp3 hybridized CeC
(284.5 eV), CeO (286.0 eV), C]O (287.1 eV), CeF (290.8 eV), and
CF2 (291.9 eV). The spectra of F 1s region (Fig. 2f) showed two
deconvoluted peaks, which are assigned to the covalent CeF bond
and semi-ionic CeF bond [29,30]. These spectra confirm the pres-
ence of fluorine in the GF structure. To demonstrate the electrical
conductivity of GF, both CB and GF were tested by the four-point
probe method as the experimental section described.
Fig. 1. (a) SEM image showing the surface morphology of Li6PS5Cl. (b) XRD pattern of th
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The phase stability of the Li6PS5Cl/CB and Li6PS5Cl/GF compos-
ites was investigated and summarized in Fig. 3. Time-dependent
XRD was conducted on Li6PS5Cl/CB composites on the 2nd and
14th day and compared with pristine Li6PS5Cl. There was no
apparent difference between the XRD patterns, implying negligible
changes in the existing phase. The XRD patterns of the Li6PS5Cl/GF
composite were measured under the same conditions, which
showed a similar trend with no noticeable changes in phase
composition.

To gain further insights into the Li6PS5Cl decomposition suffered
by conductive carbon, time-dependent XPS analysis (Fig. 4a) was
conducted and revealed a phase change in sulfur over time. After
24 h of fabricating Li6PS5Cl/CB composites, new signals of elemental
sulfur (S0), oxidized compound sulfites (SO3

2�), and sulfates (SO4
2�)

were confirmed at 162.7, 166.6, and 168.2 eV, respectively [20e22].
The samplewasmaintained up to 14 days of mixing, and the ratio of
the sulfur derivatives consistently increased, reflecting instable
nature of Li6PS5Cl phase. In case of P 2p state of XPS spectra
(Figs. S3a and b), we did not observe phosphorus sulfides or
phosphates in the chemical decomposition process. In comparison
to the Li6PS5Cl/CB composite, the Li6PS5Cl/GF sample displayed
substantially improved chemical stability. There was no noticeable
increment after 24 h of mixing (Fig. 4b), and the side reactions were
minimized up to 14 days. This observation is quite interesting as the
oxygen-containing functional groups were considered as a
contributor to the phase decomposition of Li6PS5Cl [22], but GF has
a higher percentage of oxygen (3.33%) than CB (0.98%) (Figs. S4a
and b).

Notably, a gradual increase in the LiF peak was confirmed at
685.5 eV within the fluorine spectra of Li6PS5Cl/GF (Fig. 4c). The
thickness of LiF is ~15 nm, estimated by XPS depth profile analysis
(Fig. S5). The LiF formation is possibly attributed to the reaction
between GF and Li6PS5Cl, where highly ionic conductive argyrodite
structure provides Li diffusion [31,32], promoting an interfacial
reaction with CeF bonds. Considering the chemical stability dif-
ference between Li6PS5Cl/CB and Li6PS5Cl/GF composites, we sus-
pect the formation of LiF-enriched layer improved the interfacial
stability of the Li6PS5Cl/GF. Several studies have pointed out the
crucial role of LiF in the formation of stable solid electrolyte inter-
phase layer [33e35]. In addition, the CeF bond in GF can be
dissociated and fluorine can act as a nucleophile [36e39]. Taken
together that (i) GF has higher O content compared to CB, (ii)
decomposition reaction was suppressed in the presence of GF, and
(iii) the LiF peak is only observed in Li6PS5Cl/GF composite, we
suspect that a LiF-enriched interfacial layer acts as a protective
layer between Li6PS5Cl and GF interface.
e as-synthesized Li6PS5Cl (top) and the reference from the ICDD database (bottom).



Fig. 2. (a) Chemical structure of GF (b) TEM image of GF with the selected area electron diffraction pattern (inset). (c) Elemental mapping of GF sheets measured by SEM-EDS. (d)
Survey XPS spectra and high-resolution XPS spectra of (e) C 1s and (f) F 1s state of GF with Gaussian fitting results.

Fig. 3. XRD patterns of (a) Li6PS5Cl/CB and (b) Li6PS5Cl/GF composites after collected on the 2nd and 14th days.

Fig. 4. XPS spectra of S 2p state of pristine Li6PS5Cl compared to (a) Li6PS5Cl/CB and (b) Li6PS5Cl/GF composites at 1st and 14th day. (c) XPS spectra of F 1s state of pristine GF
compared to Li6PS5Cl/GF at 1st and 14th day.
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The diminished degradation of the Li6PS5Cl phase in the
Li6PS5Cl/GF composite is expected to be related to the passivation
effect of LiF. Although GF inherently contains a higher content of
oxygen element than the CB, our XPS results (Fig. 4) imply that
the passivation driven by GF effectively stabilizes the Li6PS5Cl
interface.

After confirming the substantially improved chemical stability
of Li6PS5Cl by forming composite with GF, we evaluated the elec-
trochemical performances of ASSBs. The cyclic voltammetry profile
of Li6PS5Cl/CB displayed a significantly large anodic current at the
initial cycle (Fig. 5a), which is similar to the previous report [22].
The intensity of the anodic peak was 50 mA at the 1st cycle and
gradually decreased to 10e30 mA in subsequent cycles. In contrast,
the Li6PS5Cl/GF electrode featured a reversible redox profile
(Fig. 5b) that was 1000-fold lower than the CB-containing cell. It is
suspected that unusual anodic current flow reflects decomposition
reaction in Li6PS5Cl/CB.

Next, we fabricated ASSBs and performed a galvanostatic cycling
test. The cathode composites were composed of a conductive agent,
Li6PS5Cl, and LiCoO2, in a weight ratio of 1: 4: 5, respectively.
Fig. 5. CV profiles of the (a) Li6PS5Cl/CB and (b) Li6PS5Cl/GF half-cell. (c) Voltage profile of th
cells with LiCoO2 cathodes (0.034 mA, 0.025C). (e) Schematic of cathode/electrolyte interfa
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Hereinafter, we refer to CB comprising of the cathode as CB@SE-LCO
and GF one as GF@SE-LCO. The galvanostatic profile (Fig. 5c) of both
samples displayed reversible charge-discharge behavior with a
single pseudo-plateau at approximately 3.8 V. In the 5th cycle, the
CB@SE-LCO cell exhibited 40 mAh/g discharge capacity, while the
GF@SE-LCO electrode exhibited a much higher discharge capacity
of 60 mAh/g. Moreover, GF@SE-LCO featured a relatively smaller
over-potential than the control CB@SE-LCO, which is possibly
related to the conformal planar contact of GF. The electrochemical
impedance measurement confirmed that GF@SE-LCO displayed
smaller interfacial resistance than CB@SE-LCO (Fig. S7). Compared
to the point contact of CB, a larger surface contact of GF is expected
to alleviate current localization, which provides efficient electron
pathways throughout the composite electrode [40]. The rate
capability of the ASSBs at high current rates of 0.05C and 0.1C was
evaluated (Fig. S8 a & b). GF@SE-LCO exhibited an enhanced ca-
pacity at 0.05C, but the performance deteriorated at 0.1C. A similar
trend was observed at the CB@SE-LCO counterpart. From the
cycling perspective (Fig. 5d), CB@SE-LCO showed a significant
voltage drop followed by an abrupt capacity decay after the 18th
e 5th cycle and (d) cycling performance of the CB@SE-LCO and GF@SE-LCO containing
ce of CB@SE-LCO and GF@SE-LCO.
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cycle. In contrast, GF@SE-LCOmaintained its initial capacity over 20
cycles. The average Coulombic efficiency of CB@SE-LCO and,
GF@SE-LCO from the 1st~20th cycles was 72.7% and 95.5%,
respectively. The relatively low Coulombic efficiency of CB@SE-LCO
is attributed to the severe decomposition of SE throughout
repeated cycles. On the other hand, the significantly high
Coulombic efficiency of GF@SE-LCO reflects that implementing GF
as conductive carbon generates LiF protective layer and effectively
suppresses SE decomposition. These galvanostatic cycling results
highlight the critical role of GF as a conductive material, not only as
a conventional conductive agent but also to induce the formation of
the LiF-enriched layer. The observation of the LiF at the Li6PS5Cl/GF
interface (Fig. 5e) suggests that the formation of LiF can yield a
stable SE/conductive carbon interface, thereby improving overall
electrochemical stability.

4. Conclusion

By employing GF as a conductive agent, we attempt to address
the chemical instability of Li6PS5Cl and the limited electrochemical
performances of ASSBs. Our findings suggest a dual role of GF,
providing a conductive pathway within the electrode and acting as
a pivotal component of a stable interface layer. The diminishment of
undesirable reactions of Li6PS5Cl most likely arises from the LiF-
enriched layer, generated at Li6PS5Cl/GF interface, resulting in
substantially improved electrochemical performance. Our
approach shows that the formation of a conductive but chemically
stable layer is a promising approach to overcome the chronic phase
stability of Li-argyrodite.
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