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Studies of transition metal dichalcogenides (TMDs) can be traced back to the 1970s but have been abandoned for a while

due to the fire hazard of lithium metal batteries. Herein, a new layered material CrSSe is reported, whose intercalative

capacity can achieve 190 mAh g with charges all compensated by anionic S and Se. Fascinating performances of half-cell

have also been presented, with a capacity retention rate of 81.5% upon 1000 cycles at 20C and high putout of 101.7 mAh

g even at 200C. In addition, an ideal way to build a type of full battery without lithium anode for CrSSe is also displayed

with the LizN film was synthesized on the electrode surface as lithium source. Overall, discovery of CrSSe enriches the

chemistry of TMDs and the application in full batteries opens opportunities for enabling the lithium-free cathodes to be

widely utilized in practical.

Introduction

Early studies on lithium intercalation in layered electrode
material dichalcogenides transition metal dichalcogenides
(TMDs) have led to the development of rechargeable lithium
battery, in which TiS, cathode was firstly constructed by Exxon
in the 1970s.! Then MoS, was investigated as a intercalative
cathode in lithium metal batteries after a dozen vyears.?
However, safety issues arising from dendritic lithium growth
and flammability of the organic electrolyte lead to
discontinuation of battery with lithium anode. From then on,
lithium contained layered oxides materials such as LiCoO,, LiNi;.
y€0,0,, and LiNiMn,Co;,,0, obtaining the same layered
structures with LiTiS,, namely the discharged state of TiS,, as
their relays lead the new era of battery cathode materials.3
Recently, the oxygen anionic redox reaction in Li-rich layered
cathode materials becomes the center of attention due to their
high energy density. Thus, it is very challenging to find new
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layered materials based on anion reaction for enriching the
intercalation chemistry and their potential applications in LIBs.
Layered disulfides have been considered as attractive
candidates for cathode materials of high-power
batteries thanks to their favorable intercalation kinetics and
high energy density.*® Titanium disulfide as the most classic one
exhibited a typical single-phase (solid-solution) reaction with
reversible cationic (Ti**/Ti3*) redox over the entire range of the
reaction, 0<x<1, in LiTiS,.*# 5 VS, with similar structural
evolution upon Li (de)intercalation experienced higher
reduction potential of the V4*/V3* couples for higher energy
densities.® 7 Based on the order of reduction potentials of
Ti#*/Tid*<V4/V3*<Cr**/Cr3*, CrS, may be more desirable for high-
energy density batteries as a cathode, but has not been
reported yet because of the unstability.® Interestingly, CrSe, has
been successfully synthesized and investigated.1® Here, CrSSe
was synthesized for the first time, in which the band of Cr-3d
lies below S-3p and Se-4p so that charge compensation from S
and Se has been permitted and the anionic redox reaction has
been realized.

lithium

To further promote its application in LIBs, LizN film has been
introduced to provide the lithium source needed for lithium-ion
migration between CrSSe cathode and soft carbon anode, which
is employed by depositing metal lithium film on the electrode
surface and then in situ being nitridated. Our results have
demonstrated that, new types of batteries with high-rate
layered cathode CrSSe, which based on anion reaction, have
been successfully realized.

Results and discussion
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Figure 1. (a) SEM images, (b) the refinement of XRD pattern and (c)
STEM images of CrSSe; (d) Cr 2p, (e) S 2p & Se 3p and (f) Se 3d XPS
results of CrSSe.

Physical, chemical and electrochemical properties of CrSSe
CrSSe was prepared via chemical deintercalation method by
oxidizing NaCrSSe with iodine, which has also been used
regarding the synthesis of CrSe, but failed for CrS,1° The
obtained product is a sort of greyish-black power and scanning
electron microscope (SEM) image reveals that it possesses a
shape of close-stacked platelets with a thickness range of 60
nm or so (Figure 1a and Figure S1). The rietveld refinement
result of X-ray diffraction (XRD) pattern of CrSSe sample is
shown in Figure 1b and Table S1, in which the low value of R
(Rwp = 1.79%, R, = 1.37%) stands for the excellence of fit. High
crystallinity is also presented, additionally, the Bragg
reflections all belong to the space group P-3m1 without
obvious impurities, showing the similarity with the structure of
CrSe,.' Three main peaks located at 15.2°, 35.2° and 44.7° can
be assigned to the crystal planes of (001), (101) and (102)
respectively, and the preferred orientation of (001) is
indicative to the two-dimensional (2D) nature of nanoflakes.
Table S1 lists the lattice parameters of refinement, in which
the interlayer spacing (c = 5.78 A) is about 2.43% lower than
that of CrSe, by replacing half amount of selenium atoms with
sulfur, leading to a higher energy density of battery served as
electrode.

The scanning transmission electron microscopy (STEM) image
in Figure 1c and Figure S2 further displays that atoms are
arranged in perfect order of O1-type stacking without any area
falling into disarray, which may lead to the formation of
dimers. Considered that Raman spectroscopy is sensible to
detect pairs of S-S, S-Se, and Se-Se dimers over the range of
150-600 cm?, none of the information can be seen in Figure S3
gives direct proof that no dimerization happens during the
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synthesis of CrSSe. Analysis of chemical components was then
conducted via measurements of X-ray photoelectron
spectroscopy (XPS) and ion-beam cleaning was done at first to
remove the surface contaminations. As shown in Figure 1d, the
high-resolution spectrum of Cr 2p presents single doublet at
584.9/575.6 eV, alluding to the trivalent state of chromium.12
Besides that, peaks centered at 162.5 and 163.5 eV in Figure
1e should be identified as the S species with core-hole effects
(S™, n<2).13 And pairs of Se 3p (Figure 1e) and Se 3d (Figure 1f)
at binding energies of 161.4/166.8 eV and 54.8/56.1 eV
demonstrate the presence of Se™ (n<2).14

Next, Li-storage properties of CrSSe were probed in half-cell
with metal lithium as the anode and Figure 2a shows the
charge/discharge curve obtained at 1C (1C=164 mAh g1).
Intercalation of exactly one molar lithium ion can be achieved
when discharging to 1.5 V. Moreover, no other plateau occurs
until 1.0 V while deeper lithiation can be realized with a
reversible capacity of about 190 mAh g=1. Then the conversion
reaction happens as continuously when decreasing the cutoff
voltage, with the discharge capacity reaches to 350 and 595
mAh g! or so when reaching 0.9 V and 0.6 V, respectively
(Figure 2b). XRD patterns of fully recharged electrodes further
demonstrate that (001) reflection of CrSSe at 15.2° can be
discerned even if the cell discharging to 0.9 V, indicating the
layered structure of material is still preserved even if the
conversion reaction has happened at this point. However,
none of the crystalline information can be seen as the
discharge cutoff voltage is down to 0.6 V, which means the
structure of CrSSe was totally collapsed after the conversion
reaction taking place in this degree (Figure 2c). Cycling
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Figure 2. (a) Charge-discharge curves of CrSSe within 3.5-0.6 V at 1C;
(b) initial discharged capacity, (c) XRD patterns of recharge
electrodes and (d) cycle performance at 1C for different voltage
ranges; (e) long-term cycle performance at 20C in 3.5-1.0 V, (f) rate
performance in 3.5-1.0 V and (g) CV profile in 3.5-1.5 V. All the
electrochemical tests were performed at room temperature.
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performance of the half-cell in various voltage windows at 1C
is then evaluated and shown in Figure 2d, where CrSSe can
stably cycle between 3.5 and 1.0 V, with a capacity of 176.9
mAh g1 after 150 cycles and retention rate of 91.8%. While in
the voltage window of 3.5-0.9 V, though the initial capacity is
up to 596.3 mAh g1, it undergoes a rapid decay right after that
and the 150t capacity only remains at 140.7 mAh g1. Partial
conversion reaction leads to the slight pulverization of active
material and the happening of much more parasitic reactions
with electrolyte, that’s why the cyclic stability has been
penalized to some extent.!> Several strategies such as element
doping, surface coating and modification approaches should
be studied to optimize the electrode surficial structure for the
improvement of electrochemical performance in terms of
cyclic stability in the future work. As the cell cycling within 3.5-
0.6 V, the destruction of crystal structure brings about
dramatic nanosizing of CrSSe particles, whose surface areas
being exposed bigger and bigger, making the conversion
reaction occur more and more thoroughly until be irreversible.
Consequently, the capacity raises unexpectedly in the first 13
cycles but suddenly loses all its capacity afterwards. Based on
the above analysis, 3.5-1.0 V is the optimum cutoff voltage
range, within which both a relative high capacity delivery and a
steady performance can be ensured. Following investigation in
Figure 2e demonstrates that remarkable long-term cyclability
can be realized even at 20C between 3.5 and 1.0V, for 81.5%
of the cell capacity still retains at the end of 1000 cycles with
nearly unchanged coulombic efficiency of 100% during the
overall process. The brilliant rate capability is also presented in
Figure 2f, in which the capacity output of 190.4, 175.3, 164.3,
155.0, 146.5, 135.3, 126.3, 114.7 and 101.7 mAh gt at 1, 5, 10,
20, 30, 40, 60, 150 and 200C, was achieved for lithium storage
respectively. And it can recover to 151.7 mAh g~ as soon as
the rate has been cut down to 20C.

Cyclic voltammetry (CV) measurements were also performed
for studying the intercalation process (Figure 2g). A pair of
symmetric peaks with undeformed shape can be detected at
different scan rates, providing the evidence of a highly
reversible electrochemical process. The anodic/cathodic peaks
settle at 2.78/2.56 V when recorded at 0.05 mV s! while shift
to 2.85/2.45V at 0.3 mV s'L. For there has no significant
Cr3*/Cr?* redox couple at 2.1/1.9 V 1617, the response over this
potential range should be correlated to the redox reaction of
S/Se in LIBs. In addition, the peak current (i,) increases
accompanied by the raising of scan rate (v) and i, presents a
linear dependence on v¥2 perfectly (Figure S4). According to
the slope of the function, the diffusion coefficient (D) can be
calculated to be 4.56 * 10 and 3.24 * 10° cm? s for the
lithation and delithiation process, respectively. For the particle
size of CrSSe is close to be 6 um, it will just need 90 s for Li* to
migrate, simply estimated according to the relationship
between diffusion length and time L?=Dt.?® In other words,
theoretical capacity can still be achieved even at 40 C by

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) In-situ XRD contour of CrSSe; (b) curves of the first cycle
and the corresponding charge states at which data of ex-situ XAS
have been recorded in sequence; XANES spectra at (c) S and (d) Se K-
edges; (e) DOSs of CrSSe and LiCrSSe with the Fermi level marked by
perpendicular lines.

calculation, though it has not been realized in practical due to
the low electron conductivity between active particles. As an
aside, the activation energy of Li* hopping in Li,CrSSe (0 < x < 1)
is found to be as low as 0.173 eV (when x = 0.5) compared with
0.4 eV for TiS, by simulation (Figure S5).1° The feature of 2D
layered structure for CrSSe gives rise to the high value of
diffusion coefficient and low diffusion barrier, which should be
liable for the superior kinetic properties of the electrode as
well as excellent cyclic and rate performance of the cell.

Structural evolution and charge compensation upon
electrochemical cycling

As depicted in the contour maps (Figure 3a), the structural
evolution of CrSSe was tracked by in-situ XRD on the initial
discharge and charge. The pristine CrSSe is a typical layered
material of O1 phase with (001) at 15.2° and (101) at 35.2° as
main peaks. Apparently, the total removing of native Bragg
reflections and emerging of new ones indicates that a

J. Name., 2013, 00, 1-3 | 3
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complete two-phase reaction is involved when embedding
lithium ions. The fresh peaks with high intensities at 14.2° and
41.4° can be respectively regarded as crystal planes (003) and
(104), or rather a new phase of 03 is formed for the newly
generated compound LiCrSSe with an expansion of distance
between two S/Se-Cr-S/Se slabs (¢/3 =6.21 A). It is also worthy
to notice that the structure of LiCrSSe is stably preserved upon
discharging to 1.5 V, implying that only the conduct of
intercalation happens to host in this potential range without
any decomposition. During the recharge process, the peak
evolution is exactly in the opposite way to the discharge one,
representing the reversible behavior of phase transformation
between CrSSe and LiCrSSe.

Subsequently, ex-situ x-ray absorption spectroscopy (XAS) was
carried out for respective elements Cr, S and Se to figure out
the variation of valence states in the electrochemical
reactions. The spectrum of Cr K-edge X-ray absorption near-
edge structure (XANES) and the corresponding Fourier
transformed extended X-ray absorption fine structure (FT-
EXAFS) are shown in Figure S6. Negligible changes of K-edge
position at about 5996 eV can be observed for discharged and
charged samples in Figure S6a, which all bears resemblance to
the feature of NaCrS,, a clear indication of limited participation
for Crions in the whole procedure of cycling. And slight shift
for the bond lengths of Cr-S/Se and Cr-Cr in FT-EXAFS spectrum
(Figure S6b and Table S2) confirms the limited valence change
of Cr. In spite of this, the different line shape in pre-edge
region upon the lithiation process of CrSSe should be related
to the variation of Cr-Crg hexagonal symmetry, for the intensity

of bond Cr-Cr in FT-EXAFS spectrum has obviously increased.
20-22

For the sake of checking the redox degree of S and Se in detail,
datasets of K-edge XANES at seven states of charge (Figure 3b)
were collected. A hump (enclosed by yellow square and
denoted as A) is embedded in the spectrum of S, whose area
varies systematically in pace with the sequence of charge
states (Figure S7). The damping of hump area upon lithiation is
a character of depletion in numbers for the underfilled states
of sulfur above the Fermi level. As observed more precisely in
Figure 3c, the hump A consists of a weak pre-edge at 2469.8
eV and intense edge jump measured to be 2471.0 eV. The pre-
edge peak, distinguished as S"~ (n<2), undergoes a substantial
drop of intensity and moves to 2469.0 eV at discharged state,
which is suggestive of the depletion of electron holes and
reduction of S ions.?% 23 While the broad edge can be split into
two peaks, which has been clearly recognized upon
discharging. One shifts toward a lower energy of 2470.6 eV
(denoted as B) and the other (denoted as C) still at 2472.2 eV
decreases in amplitude, ascribed to two bands of admixed S-
3p/Cr-3d states, 2% 2* which is a confirmation for S ions taking
part in the reductive reactions. Also, the complete overlap of
line shapes between the recharged and pristine states

4| J. Name., 2012, 00, 1-3
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Figure 4. (a) SEM image and EDS mappings (scale bar: 20 um)
corresponding to element Cr, S, Se and N for CrSSe-Li3N electrode;
(b) XRD patterns of electrode CrSSe, CrSSe-LisN and CrSSe-LisN after
first charge; (c) charge-discharge curves for CrSSe-LizN/Li half-cell;
(d) SEM images for pristine soft carbon electrode (up) and SC-LisN
(down); (e) charge-discharge curves for SC-LisN/Li half-cell.

confirms the reversibility of redox reaction for element sulfur.

Likewise, valence evolution can be monitored in the spectrum
of Se (Figure 3d). The observation of sharp peak shrinking at
12658.9 eV, assigned to the dipole allowed transition from 1s
to 4p,%> 26 js a direct illustration of the decreased density of
unoccupied Se-4p states in the vicinity of Fermi level when
charge being compensated. Moreover, the shift of bump at
~12667 eV, determined by the multiple scattering of
photoelectron in the neighboring p and d-like states, 2> 26
owing to the change of chemical environment around Se
atoms upon lithium uptake, which can be additionally certified
by the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) of Figure S8. The peak raised at 2.37 A,
corresponding to the distance of Cr-Se bond allowing for the
phase correction, which is reasonable to be a little smaller
than the bond length in CrSe,.?” It becomes slightly bigger to
2.42 A at the full state of discharge, indicating the valence
state change of Se. All the above changes, both the resonances
of XANES and EXAFS can be recovered closing to the pristine
state through deintercalation, providing strong evidences for
the reversible redox reactions of selenium.

Figure 3e is the density of states (DOSs) of Cr, S and Se in CrSSe
and LiCrSSe computed by density functional theory (DFT)
method to obtain the changing of electronic structure upon
(de)lithiation. The significant overlap of three bands in CrSSe,
which are respectively dominated by Cr-3d, S-3p and Se-4p,
shows strong hybridization between Cr and S/Se orbitals. And

This journal is © The Royal Society of Chemistry 20xx
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a kind of metallic behavior has been revealed, for bands all
spread across the Fermi level (E5), mainly due to the
involvement of Se in system of TMDs.?® While in the spectrum
of LiCrSSe, no unoccupied electronic states at the Fermi
surface indicate the feature of semiconductor with three
elements in the states of Cr3*, S and Se?, respectively. As
compared with pristine CrSSe, the distribution of DOS intensity
near Effor Cr in LiCrSSe is barely changed, which means that
participation of Cr ions in charge compensation is limited.
While states of S and Se are obviously getting filled by
electrons during lithium intercalation, refer to processes of
reduction in line with the results of XAS. Apart from this,
partial density of states (PDOSs) of S-3p and Se-4p for CrSSe
and LiCrSSe demonstrate similar charge distributions for
various positions of atoms without discrepancies in Figure S9,
which is a clarification of the uniformity of redox reactions for
atoms of S and Se.

Fabrication of full batteries with CrSSe cathode enabled by
LizN film

Concern for safety hazard of the lithium metal anode, soft
carbon is chosen as the alternative in fabrication of the full cell
to pair with CrSSe, in which a strategy has to be proposed to
meet the requirement of battery for lithium ions. As far as we
know, Li3N is considered to be an effective Li* donor with a
thermodynamic potential of degradation as low as 0.44 V.?°
Thus, LisN film was prepared directly on the surface of
electrode, which was done by depositing metal lithium and
reacting with nitrogen gas instantly within the thermal
evaporation device, serving as the prelithiation material in the
battery. As no lithium containing for CrSSe and soft carbon,
both can be prelithiated to configurate full batteries,
respectively.

After 4 um lithium film being deposited and nitridated upon
CrSSe (named as CrSSe-Li3N), the appearance of electrode
turns to wholly dusty blue (Figure S10) and newly-formed
grains can be clearly seen on the surface under SEM. Energy
dispersive spectrum (EDS) mappings also display the sparser
distributions of Cr, S, Se as well as a denser distribution of N
(Figure 4a), implying the presence of nitride coating. The XRD
measurement of the CrSSe-LisN was then performed in Figure
4b. The Bragg reflections of 22.9° and 28.3° are the clear
evidence of the existence of alpha-LisN. In addition, intensities
of peaks at 15.2°, 30.9° and 35.2° for CrSSe have weakened
with the (003) peak of LiCrSSe at 14.4° and peak at 26.5°
denoted as Li,S or Li,Se appeared, which means that insertion
and even part of conversion reactions have happened upon
lithium deposition at the surface of electrode, though the
inner remains to be CrSSe. In the first charge of the CrSSe-LisN
in half-cell (Figure 4c), short plateau voltages of 1.70 and 2.25
V indicate the oxidation of Li,S/Li,Se and the long plateau at
2.75 V indicates the deintercalation process with the XRD
pattern of recharged cathode being recognized as the oxidized

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Schematic illustrations for new types of full batteries;
charge/discharge curves of (b) CrSSe-LisN/SC and (c) CrSSe/SC-LisN
full-cells; (d) cycling performance at 0.5C.

state of product. Therefore, it can be concluded that CrSSe
which has been chemically lithiated can be reversed
electrochemically. However, as comparing the
charge/discharge curve of the second cycle with the half-cell of
CrSSe, though the specific capacity has no big changed, the
sloped region of voltage obviously gets bigger while the
platform gets shorter also with a faster capacity decay (Figure
S11), which related to the nanosized electrode after the
happening of initial conversion reaction.> 30

As the same thickness of LizN film was formed on soft carbon
(named as SC-Li3N) with similar morphology of grains at the
surface (Figure 4d), things are much easier for there is no need
to worry the structure degradation of electrode material. In
the half-cell of SC-Li3N in Figure 4e, the initial charge curve
presents a long plateau at 1.08 V, which is exactly the
decomposition potential of LisN. Since the second cycle, it
performs just like the half-cell of untreated soft carbon yet
with a better cycling stability (Figure S12), probably because
the LisN residue left on the electrode acting as the artificial SEI
layer and making the interface more stable.3!

Two types of full cells, that is, CrSSe-LizN/SC and CrSSe/SC-
LisN, were constructed subsequently, whose illustrations are
depicted in Figure 5a. The prelithiation processes of two cells
are quite different, for the battery of CrSSe-LisN/SC charge
while that of CrSSe/SC-Li3N discharge at first. In this case, it is
reasonable that the first charge capacity of CrSSe-LisN/SC is
much lower than that of CrSSe/SC-LisN full-cell because more

J. Name., 2013, 00, 1-3 | 5
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residue of lithium left on the surface of soft carbon to form the
solid electrolyte interface after the initial discharge process of
CrSSe-LisN/SC. Whereafter, both two cells can operate
reversibly and achieve the 2" discharge capacity of ~195 mAh
g* within 3.5-1.0 V (Figure 5b, c). As to the cycle performance,
obvious discrepancy can be seen after cycling 30 times. What's
more, 81.7% of the initial capacity left after 100 cycles for
CrSSe/SC-LisN while only 60.1% left for CrSSe-LisN/SC, as the
result of influences on electrode during the synthesis of LisN
film (Figure 5d). Anyhow, both two cells can be smoothly
operating, indicating our successful design of this kind of full
battery especially for the lithium-free cathode.

Experimental

Sample preparation

CrSSe was prepared by oxidation of NaCrSSe with iodine and
NaCrSSe can be obtained by the simple combination of
elements, which is a method originated by the synthesis of VS,
from LiVS,,32 in accordance with the equation expressed as
2NaCrSSe + I, = CrSSe + 2Nal (1)

The reaction occurs within the environment of acetonitrile to
make certain the depletion of iodine can be clearly checked by
the variation of solution color without the disturbance by
starch complexes. In a typical reaction, NaCrSSe was placed in
absolute acetonitrile with stirring firstly and treated with I,
solution drop by drop in Ar atmosphere. After the solution
becomes colorless, stirring was continued overnight. Then the
product of CrSSe should be filtered and washed with absolute
acetonitrile, finally dried in vacuum at 60°C.

Electrochemical measurement

In terms of the preparation of CrSSe cathode, active materials,
carbon black and poly(vinylidene difluoride) (PVDF) were
mixed with a weight ratio of 8: 1: 1, stirred in N-methyl-2-
pyrrolidione (NMP) for 8 hours, then uniformly coated on the
aluminum foil. It was dried within the oven of vacuum at 60 °C
before cut into round electrodes (diameter =12 mm) with ~1
mg of CrSSe contained for each. The anode of soft carbon can
be made just like the above procedures containing ~1.2 mg
active materials for each. The electrolyte was made up of 1M
lithium bis(trifluoromethanesulfonyl) imide dissolved in 1:1
volume 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
with 1 wt. % LiNOs. Coin cells of 2032-type were assembled for
all the electrochemical tests, in which the galvanostatic cycling
was carried out on Neware battery testers and cyclic
voltammetry measurements were investigated by Zahner
system.

Characterizations

Cr and Se K-edge XAS was measured at beamline 7-BM (QAS)
of National Synchrotron Light Source Il (NSLS-II) in Brookhaven
National Laboratory (BNL). The data were collected in the
transmission mode. The reference spectrum of Cr metal foil or
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Se were simultaneously collect during each measurement and
used for energy calibration. S K-edge XAS spectra were
obtained in the fluorescence mode at beamline 4B7A in Beijing
Synchrotron Radiation Facility and beamline 9-BM of Advanced
Photon Source (APS) at Argonne National Laboratory (ANL).
The X-ray absorption near-edge structure (XANES) and
Extended X-ray absorption fine structure (EXAFS) spectra were
processed using the Athena software package.33

Other data are recorded in Tianmu Lake Institute of Advanced
Energy Storage Technlogies (TIES) by X-ray Diffraction (Bruker
D8 Advance), scanning electron microscope (Hitachi Regulus
8100), scanning transmission electron microscopy (JEOL
ARMZ200F, 200 keV), Raman (Renishaw, INVIA REFLEX), X-ray
photoelectron spectroscopy (PHI-5000 Versa Probe III),
respectively.

Noted that all the above operations were employed within the
argon-filled glove box or the room of dry air, as NaCrSSe, CrSSe
and LisN are all sensitive to the moist air.

DFT+U calculations

The DFT calculations in the work were carried out based on the
projector-augmented wave (PAW) method using DFT theory,3*
executed with the VASP program.3® The Perdew-Burke-
Ernzerhof functional was used for exchange correlation.3¢ Spin
polarization was enabled. The CINEB calculationwas carried
out for searching the minimum-energy path.3” The effective
Ueff value was set to 3.5 eV for Cr as discussed in electronic
structure calculations on NaCrS,.2% 22 The plane wave cutoff
energy was set to 550 eV and 3 x 3 x 1 Monkhorst-Pack k-point
mesh was set for Li,CrSSe 2 x 2 x 1 supercells. The
convergence criterion is to confirm the total energy converged
to 2 meV per atom.

Conclusions

In summary, a novel transition metal dichalcogenides (TMDs)
CrSSe has been successfully devised and explored, for which
more than one complete lithium can be steadily
(de)intercalating, producing a capacity of 190 mAh g between
3.5-1.0 V, all contributed by the anionic redox of S and Se.
Besides, the impressive capacity retention of 81.5% for 1000
cycles at 20C and the awesome capacity of 101.7 mAh g at
200C, all presenting high-rate properties of CrSSe. Remarkably,
novel full battery configurations of CrSSe/Liz;N/electrolyte/C
and CrSSe/electrolyte/LisN/C are fabricated, in which LisN film
was in-situ generated on the surface of electrode as the lithium
source, avoiding the safety problem of lithium metal batteries
and promoting the application of lithium-free cathodes.
Moreover, it has been disclosed that usage of Li3N film on anode
for prelithiation is more proper than on cathode with a superior
cycle performance. All in all, creating of CrSSe is an excellent
supplement to the system of TMDs with durability, rate
capability, especially the dual anionic reaction which has never
been seen before, offering valuable clues for the design of other

This journal is © The Royal Society of Chemistry 20xx
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layered materials. Aside from this, invention of the
groundbreaking full battery makes these lithium-free cathodes
be taken advantage of without the necessary consideration of
metallic lithium anode, which should be the trend being well
accepted and moved forward in the near future.
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