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ABSTRACT: Transitional metal dichalcogenides represent one important type of anodes for emerging K-ion batteries. K ions are
stored through both intercalation and conversion reactions, but the detailed phase transition is not clear. It is believed that deep
potassiation would trigger the conversion reaction, which induces the fracture of particles and lead to fast capacity degradation.
Utilizing MoS: as a model material, the competition between intercalation and conversion is revealed, which shows a rate-dependent
behavior. The crystal structure of several newly discovered intermediate phases including KosMoS2 and K1.oMoS: is disclosed by
complementary experimental and calculational approaches. It shows that intercalation takes place even discharge down to 0V,
differing from the cases in Li-ion and Na-ion batteries. The intercalated compound preserves the layered structure of MoS2, which
avoids the structural collapse and maintains the integrity of the electrode for stable cyclic performance. This finding opens up a new
opportunity in the exploration of high capacity anode among layered transitional metal dichalcogenide families.

1. Introduction

Research on K-ion batteries (K1Bs) has been revived in recent
yearsS, The abundance of potassium element in earth renders
the forthcoming KIBs considerable advantage in sustainability
over Li-ion batteries, which are afflicted by the limited lithium
reserve.” Nevertheless, the large radius of K ions brings about
the difficulty in designing appropriate electrode materials for
attaining competitive energy densities. The similarities between
the alkali-metal ion intercalation chemistry greatly facilitate the
screening of promising compounds.® The reported several
candidate cathodes, such as Ko7CrO2 layered oxide,
K3V2(POs)2F3 polyanion and KFeMnCN Prussian blue, are
inherited from the analogs in Li-ion and Na-ion batteries®**.
These cathodes have delivered attractive performance in both
energy density and rate performance. Turning to the anodes,
studies are focused on three major categories including
intercalation, alloy and conversion electrodes?®3, In general,
the intercalation anodes such as graphitic carbon and K2TisO9
deliver more stable cyclic performance than the latter two types,
due to less strain during potassiation.’**> However, alloy and
conversion anodes, such as Bi, Sh, and transition metal

dichalcogenides (TMDs), could uptake more K ions for gaining
high capacities. 1620

TMDs like MoS2, MoSez, TiSz, VSez and ReS;, store the K
ions making use of conversion reactions to a large extent.?:%
Up to four K ions could be uptake, giving rise to a theoretical
capacity of over two times as that of a graphite anode, but also
cause the capacity degradation arising from enormous strains in
the electrode.?® To alleviate the large volume change during K
ion insertion, nanostructured electrodes are widely fabricated,
in particular, with nanocarbon materials incorporation.?%-%2
Thanks to these efforts, the capacity retention is significantly
improved, but some issues associated with nanomaterials,
including the low tap density and large irreversible capacity,
remain challenging. Parallel studies on engineering the solid
electrolyte interphase (SEI) are conducted to build elastic SEls
for accommodating the volume expansion and maintaining the
integrity of the electrode.®*% The strategy has been proven
effective in stabilizing the anodes of both Na-ion batteries and
KIBs with the utilization of glyme-based electrolyte,'9%
although their practical application is restricted by the narrow
electrochemical window of glyme solvent compared to
carbonate.37-%



In addition to the electrode morphology and interphase
structure, the cyclic stability also relies largely on the insertion
chemistry. Understanding on the phase transition of metal
dichalcogenides during K ions insertion is mainly deduced from
their lithiation and sodiation processes.**** Although alkali-
metal ion insertion chemistry shares many similarities, prudent
exploration is required since a simple extrapolation has proven
to be not enough in many cases. In general, both intercalation
and conversion take place during potassiation,??4%? but the
detailed process is still a mystery, which also brings about the
difficulty in analyzing the corresponding electrode stability. An
interesting work by Wu’s group is to utilize only the K ion
intercalation but avoid the conversion of MoS:z through shallow
discharge to 0.5V vs. K/K*, where an intercalated compound
Ko.4MoS: is formed.* It shows super-stable cyclic performance
because of intercalation-only behavior. Nevertheless, the
capacity is limited to 67mAhg™ due to a merely 0.4 K ion
intercalation. The detailed phase transition beyond x>0.4 in
KxMoSz2 is not clear. It is believed that deep discharge will
trigger the fully conversion of MoS: into Mo and K>S, leading
to the collapse of layered structure with associated rapid
capacity fading. In the current study, using the micro-sized
MoS: as a model material, we unveil the phase competition
between the intercalation and conversion, which shows a rate-
dependent reaction path and has significant implication on the
cyclic stability.

2. Experimental Section

2.1 Material and methods

Commercial molybdenum disulfide (powder, <2um, 99%)
were purchased from Sigma Aldrich. MoS. powder, vapor
grown carbon fibers (VGCF), super P and carboxymethyl
cellulose (CMC) with a mass ratio of 7: 1: 1: 1 in weight were
mixed by ball milling for 2 hours. A uniform slurry was
prepared by dispersed the mixture in deionized water. Then the
as-prepared slurry was coated on Cu foil to make a tape. After
being dried 80 °C for 12 hours, MoS:electrodes with a diameter
of 12 mm were used to assemble coin cell and Swagelok type
cell.

2.2 Materials characterization

The XRD patterns were collected by Rigaku Smartlab with
Cu-Ka radiation source at 45kV and 200 mA condition. XRD
cell holder with a beryllium window was employed to perform
in situ tests where the sample was coated on beryllium window
without Cu foil. Ex situ XRD measurements was conducted
with Swagelok type cells. The samples that coated on Cu
current collector at different discharge and charge states were
collected. The cells were disassembled in the glovebox and
washed with dimethyl carbonate (DMC). All TEM and STEM
were performed using JEOL JEM-2100F TEM/STEM operated
at 200 kV, which is equipped with Oxford INCA EDS detector.
STEM images were taken with a 13 mrad convergence angle
for the optimal probe condition. The sample was firstly
fabricated on a TEM grid in a glovebox with an inert Ar
atmosphere and then sealed into an argon-filled apparatus
before taking out into ambient air. Just before the observation,
the sealed bag was cut opened and then the sample was
transferred to a double-tilt beryllium holder (JEOL). All
Batteries were tested on LAND battery or Arbin system. In situ
Raman spectra were obtained by WITec alpha 300 confocal
Raman microscope (532 nm laser excitaion) with EL CELL

type cell. XPS spectra were obtained on Physical Electronic
PHI5600 machine (Al target).

2.3 Electrochemical measurements

All cells were assembled via two-electrode coin half cell
(CR2032) in the Argon-filled glovebox with 1m potassium
bis(fluorosulfony)imide (KFSI) in ethylene carbonate (EC)/
propylene carbonate (PC) as electrolyte and glass fiber
membranes as separators. The volume ratio of EC and PC is 1:
1. The MoS: electrode served as an anode and metallic
potassium was utilized as a counter/reference electrode. XRD
cell and EL CELL type cell were also assembed by the same
way.

2.4 DFT Calculations

DFT calculations were carried out with generalized gradient
approximation parameterized by Perdew-Burke-Ernzerhof
performed in the Vienna Ab initio Simulation Package***¢. The
optimized Perdew, Burke, and Ernzerhof functional (opt-PBE)
were utilized for van der Waals interactions, due to the better
consistence in the case of MoS: (Table S1).4” An energy cut-
off of 500eV was adopted, and the k-point was sampled
limiting the spacings <0.05A%. The energy and force
convergence criteria were 10°eV and 0.02 eV A, respectively.
Spin polarization was considered. When the energies of phases
are <10 meV per atom above the convex hull or just on the hull,
they were regarded as the thermodynamically stable structures
within DFT and temperature errors.*®* The equilibrium
potentials were calculated according to the following equation:

nK " +ne+MoS,—~K,MoS, (1)
= % _ E(KnMoSZ)-:Ee(K)-E(Mosﬂ ?)

where n is the number of electrons involved in the reaction,
U is the equilibrium potential of the reaction, E(KnMo0S2), E(K),
and E(MoS2) represent the computed total energies of KaMoS,
K, and MoS: at 0 K by DFT, respectively.

3. Results and Discussion

Commercial MoS: were directly used as active materials. The
microsized MoS; is not only beneficial to achieving high
Coulombic efficiency and tap density in batteries but also has
better crystallinity for high quality structural examination than
nanosized counterpart. SEM images in Figure S1 shows the
average particle size is around 1.43 um. They were mixed with
10% carbon super P (SP), 10% vapor grown carbon fibres
(VGCF) and 10% carboxymethyl cellulose (CMC) binder to
prepare the electrode. 1M KFSI in EC/PC were adopted as an
electrolyte since KFSI salt has been proven beneficial in
forming SEI.***° The voltage profiles of the cell cycled at
50 mA gtare given in Figure 1a. Three plateaus located at 1.06,
0.36 and 0. 09 V are observed in the first discharge, as seen from
the dQ/dV curve (Figure 1b), with an accumulative capacity of
537mAhg™. In comparison, the charge profile consists of a
sloping curve below 1.2V and a plateau at around 1.56 V with
a total capacity of 405mAhg?, corresponding to an initial
Coulombic efficiency of 75%. The large capacity loss is mainly
ascribed to the formation of SEI. The efficiency could be
increased with less amount of carbon SP (Fig. Sx). A dense SEI
layer with a thickness of around 25nm is coated on the MoS:
particles as shown in Figure S2a. It is composed of several
organic species such as O-C=0 plus inorganic particles



including K202/KOH as deduced from XPS result in Figure
S2b.

The subsequent discharge curve differs a lot from the initial
one, which is absent from any clear plateaus and only displays
a sloping feature. It indicates a different K storage mechanism
after initial potassiation. The profiles of the following cycles
have identical shapes with the 1st charge and 2nd discharge
ones. The capacity becomes stable starting from the 3rd cycle
as can be seen in Figure 1c. It is a surprise that the capacity does
not decrease much when the current density increases from
50mAg? to 1000mAg?. The low-rate cycling enables the
enlargement of d-spacing, facilitating the K ion transfer under
high-current rates as will be discussed later. A capacity of
302mAhg? is maintained when cycled at 1000 mAg?. It
suggests a fast K ion diffusion in MoSz, which is confirmed in

a

b

the galvanostatic intermittent titration technique (GITT) results
(Figure 1d and Figure S3). Despite the varied diffusion
coefficient in the first potassiation, which may due to the
complex phase transitions as will be discussed later, the
following K ions insertion/extraction delivers a stable and high
value in the order of 10t cm?s®. This value is comparable to
that in Na ion batteries, although K ion has a larger radius than
Na one.?* Lastly, the capacity is recovered to 380 mA h g™ when
the current density reduces to 100mAg?, demonstrating
superior reversibility. The obtained performance of microsized
MoS: is among the best in TMDs anode materials (Figure S4),
even comparable to the nanostructured composites. The
excellent cyclic stability in the microsized particles is out of our
expectation, which may imply a distinct reaction path and
deserve further investigation.
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Figure 1 Electrochemical performance of MoS2 anodes in KIBs. (a) The 1st, 2nd and 5th charge and discharge profiles; (b) the corresponding
differential capacity curves (dQ/dV); (c) rate performance, cycling stability and Coulombic efficiency; (d) diffusion coefficients as a function

of discharge and charge during the 1st and 2nd cycle.

In situ X-ray diffraction (XRD) was carried out to investigate
the phase transition of microsized MoS: anodes. A Swagelok-
type cell equipped with a Beryllium window was adopted for

the test. The cell was cycled between 0 and 3V at a low current
density of 10mAg?' for fully reaction. Based on the
electrochemical curves in Figure 1, the XRD patterns under



different charge/discharge depths during first discharge (D1),
first charge (C1) and second discharge (D2) were selected and
presented in Figure 2a. The pattern at open circuit voltage
(OCV) state agrees well with 2H-MoS: (PDF#37-1492).
Several peaks contributed by conductive carbon and Be window
are also observed. 2H-MoS: has a layered structure consisting
of covalently bonded S-Mo-S layers. The (002) peak of pristine
MoS; is located at 14.5°, corresponding to a d-spacing of 6.1 A.
Upon discharging to 0.9V, the (002) peak downshifts to 10.8°
together with the appearance of new peaks at 21.6°, which could
be assigned to the hexagonal Ko4MoS2 compound. This newly
formed compound has an expanded d-spacing of 8.3A. The
peaks from residual MoS; are also observed as an indication of
incomplete transition at this stage. With further intercalation of
K ions, a slightly right shift of (002) peak from 10.8°to 11.0° is
found, which suggests a small shrinkage of the unit cell. The
small contraction may result from a distortion of initial 2H
structure, leading to the formation of KyMoS.. The peak
intensity of this phase gradually decreases with continuously
discharging, accompanied by the appearance of a broad peak at
11.5° implying the formation of another phase K:MoS: (z>y) at
0.1 V. Itis counterintuitive to find that the d-spacing of K:MoS>
tends to be reduced with the intercalation of more K ions. Based
on previous studies the obvious constriction may attribute to the
phase transition from distorted 2H structure to more stable 1T
phase, similar to the Li, Na intercalated M0S;%%%, When the cell
reaches 0V, the KyMoS; disappears and only the K.MoS: is
maintained. Here the accurate value of y and z is difficult to be
determined from the capacity due to the possible involvement
of conversion reaction and concomitant electrolyte
decomposition, hence discouraging ones to reveal the detailed
crystal structure of the two phases based solely on the XRD
patterns.

To address the above issue, theoretical calculations were
conducted to figure out the compounds during the K ion
insertion. Figure 2b shows the formation enthalpy of all the
feasible potassium intercalated MoS: phases from the database
and Li analogs.®®® It suggests a reaction path of MoS:z-
KosM0S2-K1.0M0S2-K15M0S, upon potassiation. Apart from
the reported KosMoS: phase, the simulated XRD patterns of
KosMoS: and KioMoS, agree well with the KyMoS, and
K:MoS; phases that observed in the in situ XRD tests (Figure
2c). It reveals that the value of y and z equals to 0.5 and 1,
respectively. The KiMoS; is also confirmed by chemical
synthesis through ball milling of stoichiometric amount of
potassium and MoSz. KosMoS2 and KioMoS: belong to two
different phases of 2H and 1T, but with a distortion in the
structure. The parameters of the crystal lattice are given in
Table S2. Lastly, the calculation indicates the presence of
K1sMoSz, which is absent in the experimental results due
possibly to its unfavourable kinetics. Kis MoS: is not a layered
structure anymore (Figure S5), which may possess a higher
energy barrier to break/form the bonds.

Upon charging, the K ions are removed from KioMoS..
Interestingly, the main peak at 11.5° degree gradually shifts to
the left as a reflection of d-spacing enlargement. The end-phase
when charging to 3V, denoted as KxMoS: (x<1), recovers to
neither initial intercalated compound Ko4Mo0S2 nor pristine
MoS.. In the following K ion intercalation (2nd discharge), the
peak shifts back and finally restore to KioMoS: at 0V,
suggesting the reversibility of the insertion/extraction process
between KxMoS: and K10MoS: after 1st discharge. It is worth
noting that a small peak at 14.5° associated with unreacted
MoS:; exists at all the states, due to the incomplete reaction
arising from the relatively large particle size of the active
materials.
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Figure 2 Phase transitions of MoSz. (a) in situ XRD patterns of MoS: at different discharge and charge states, the corresponding voltage
profiles are given on the right. For clear visualization, enlarged XRD pattern between 10°-14° is put on the left. The letters stand for first
discharge (D1), first charge (C1) and second discharge (D2) with the followed numbers showing the capacity in mA hg=. (e.g. C1 167 means
the capacity is 167 mA h g of K ions de-intercalation in the first charge.) (b) Density-functional theory (DFT) calculation with VVdw-optPBE
corrections of MoSz electrodes. The solid line indicates the thermodynamically stable phases within DFT and temperature errors, while the
dashed line refers to the lowest formation enthalpy of each composition. The red dots show the structures in addition to the ones of the lowest
enthalpy. (c) The simulated and experimental XRD patterns. Insets are the calculated crystalline structures.

The phase transition is further investigated by in situ Raman.
As shown in Figure 3, the pristine MoS, at OCV condition
shows three peaks which can be assigned to Eig (281.3cm™),
El2 (378.2 cmt) and Aig (404.6 cm™?) vibration model of typical
2H structures. The intensities of E'»y and Aig peaks decrease
with K ion insertion as observed in the D1 84 sample, and
finally disappear in the D1 167 sample. Meanwhile, new peaks
located at 147cm?, 239.2cm?, 281.3cm?and 326.1cm’,
corresponding to the Ji, J2, Exg and Js of 1T structure, show up
and grow along with subsequent K ions insertion. This mainly
because 2H-MoS. with trigonal phase has been gradually
replaced by octahedral 1T-KioMoS: structure, which is
consistent with XRD results.> %8 At 0V, the initial 2H phase
completely vanishes and only the 1T phase is detected. It is
further confirmed with ex-situ test (Figure S6). This 1T phase
dominates the whole process without recovering to the pristine
2H structure in the following cycles, agrees well with the phase
transition between KxMoS; and K1.oMoS:; after first discharge
as demonstrated before in XRD tests. The 1T phase, which has

different vibration modes with pristine 2H phase, provides high
metallic conductivity and ion mobility, low energy unoccupied
states for excellent electrochemical performance.5%-?
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Figure 3 In situ Raman spectra of MoS: electrodes at different
states and the corresponding voltage profiles.

The combined calculational and experimental results
demonstrate that as high as one K ion per MoS:z could be
intercalated instead of 0.4 K ions. Nevertheless, the
intercalation behavior could only contribute a capacity of
167 mAhg?, which is much less than the reversible capacity of
353mAhg™. It signifies that conversion reaction must have
taken place although the XRD does not show clear traces. We
speculate that the conversion products, i.e., Mo and K»S, have
very tiny sizes and probably stay in amorphous states.
Therefore, TEM images after different cycles were collected to
examine the assumption and probe the morphology evolution of
the active materials, as shown in Figure 4. The selected area
electron diffraction (SAED) and high-resolution transmission
electron microscopy (HRTEM) of microsized pristine MoS2
indicate typical 2H phase and layered structure with d-spacing
of 6.1 A (Figure 4a and b). After discharging to 0V (Figure 4c
and d), the particles remain in microsize instead of breaking up.
HRTEM shows that it preserves the layered structure but with
an enlarged d-spacing of 7.9 A, which resembles the K1.0MoS;
phase revealed in XRD. Assisted by the SAED pattern and
HRTEM images (insets of Figure 4d, f, and H), metallic Mo
(PDF#42-1120) species with the d-spacing of 2.2A is
discovered with a poor crystallinity.'® The observations prove
that accompanying with intercalation process the conversion
reaction 4K+MoS; — Mo+2KzS also occurs, enabling the
detection of metallic Mo. When charging to 3 V, the layered
structure is maintained which has similar d-spacing with
K1.0MoS.. It does not return to pristine MoS: phase, agrees well
with in situ XRD tests. The metallic Mo species could still be
captured in a charged and cycled sample, reflecting the
conversion reaction is not fully reversible (Figure 4e and g). The
new ring of 3.5A in discharged, charged and cycled samples
may be ascribed to KxS.%

Co-occurrence of intercalation and conversion at 0V is
unusual. It differs a lot from previous observations during
lithiation and sodiation of MoS: in Li- and Na- ion batteries,
where all the intercalated compounds will be converted into Mo
and Li2S/NaS at a low voltage.®** To further confirm the
presence of K1.oMoS: phase, the fully discharge electrode at 0V

was disassembled and immersed in DI water for one day to
remove K ions, which is enlightened by Morrison and co-
workers who use forced hydration method to exfoliate MoS:
from LixM0S2.%® Interestingly, the phase is recovered to MoS:
with a clear layered structure, as demonstrated by XRD and
TEM in Figure S7. Note that it is impossible to restore the
MoS: phase through oxidation in water if the final reaction
products were only Mo and K.S. Therefore, the intercalated
phase Ki10Mo0S2 must be one of the reaction products at 0 V.
Moreover, it is found that only KxMoS: could be obtained
during electrochemical oxidation, but a fully de-potassiated
MoS: is acquired when sinking into water. We suspect that the
last de-potassiation step from KxMoS: to MoS: has very slow
kinetics, deterring the complete extraction of K ions through an
electrochemical process. It is partly supported by the fact that
short-time rinse with water cannot fully remove K ions. Instead,
continuous oxidation as long as one day in the water is required.

Preserve of the layered structure is essential to the integrity
of the electrode. To examine the long-term stability, TEM
images after 100 cycles are given in Figure 4g and h. It is noted
after repeated insertion/extraction, both integrity of the particle
and the layered structure are well kept. This is surprising as the
volume change arising from conversion and alloy anodes
always lead to pulverization of the particles, which is one of the
major reasons for their capacity degradation. The unity of the
electrode is ascribed to the intercalation behavior of KxMoS,
which is intact in the whole process and serves as a framework
to avoid the isolation of the particles. To examine the
distribution of the intercalation compounds and conversion
products, the high-angle annular dark field image (HAADF) in
scanning transmission electron microscopy (STEM) and
corresponding elements mapping of the samples at first fully
discharged, charged and cycled states are shown in Figure 4i,
S8 and S9. Mo, S and K elements are uniformly distributed in
these samples, signifying the reaction products of intercalation
and conversion are interlocking with each other. The schematic
of the discharge and charge process is shown in Figure 4j.
During the first discharge process, 2H-MoS: transfers to 1T-
K10MoS: with enlarged interlayer spacing. This broad, rigid
construction avoids the huge volume expansion during the K
ion intercalation reaction and maintains the structural stability.
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Figure 4 Morphology evolution of MoS: electrodes. TEM, corresponding SAED and HRTEM images of (a and b) pristine MoSg; (c and d)
after first discharge to 0 V; (e and f) the first charged to 3V; (g and h) after 100 cycles; Insets: HRTEM image of metallic Mo. (i) HAADF-
STEM image and corresponding EDS elemental maps of the first fully discharged MoS: electrode; (j) schematic diagram for phase transition

of MoSo.

It is found that the capacity decreases with increasing current
densities (Figure S10). An intriguing question is how the phase
transition is dependent on the current rates. Thus, we collected
the ex situ XRD patterns for the electrodes charge/discharged at
different current densities, and the results are compared in
Figure 5a. When cycling at 50mAg?, the phase transition
process is similar to those observed previously in the in situ
tests, where the K ions shuttle between K10MoS; and KxMoSa.
Once the current density increases to 500 mAg?, the MoS:
cannot be fully intercalated but a mixed phases of Ko.sMoS: and
KosMoS: are observed. It could be partly recovered to pristine
MoS: phase in the following charge. With further increasing on
the current density to 1000mAg?, an even shallower
intercalated compound Ko.sMoS: is found at 0V. The phase is
almost fully recovered to MoS:; in the subsequent charge. The

above findings signify a rate dependent phase transition
phenomenon in MoS,. It should be mentioned that the
conversion reaction still occurs under all the current rates.
Although more conversion is involved under slow rate, the
integrity of electrode is also maintained due to the presence of
intercalation for stable cycling. The capacity contribution from
intercalation and conversion is roughly calculated from the
reversible capacities of the electrode and the theoretical
capacities of each potassiation path. We suppose all the MoS2
participated in the reactions. The results are given in the inset
of Figure 5b. It can be seen that 63.8% of the total capacity
comes from intercalation at a high current rate of 2000 mA g,
while the value is only 27.5% for the cell tested at 50 mAg™.
The reason lies in the faster kinetics of intercalation than
conversion reaction.



«C 800 - 400
* Be substrate s Conversion 3
KxMoS2 v Cu 700 ] mm Intercalation 300 g
9 *k * * # K*C gv 200 E
-1 xMoS2 ol
> Pt A ~ JJGEDO o 600 100 %
3 ' : " K1.0MoS3 é 500 - B o Sl | @
@ | KMos: = 50 500 1000 ~
— Current density (mA g™)
> — NN o\ |
g 500 YD‘I"LQ’1 \ ' 'MoSi-il-KxMoSZ -'g 400 .\ww
I :"* . i~ —"~—D0V| T 300- —e—50mAg"
E Ko.4MoS2+ (l.'-!)! 5] —m— 500 mA g'1
. MC 3V 200 —v— 1000 mA g’
] g d
1000 JTA g L | Mgif/ 100 § SRR R R R R R R N N R RN R R N R RN AT
: n Ko.4MoS2 0
T T T T T T M T ! T ' I 4 1 4 1
10 15 20 25 30 35 40 45 0 10 20 30 40 50
C Two theta (°) Cycle
Fast +K" Intercalation Ko4MoS2
Conversion . Mo + KaS -K’
K
Medium  +K° Ko 44I\_/I082 -
MoS2 = -K KxMoS2 — MoS:2
Conversion Mo + K2S
Conversion Mo + KsS -K
Slow +K' Intercalation KxMoSs--- —K

K1.0MoSz

Figure 5 Rate-dependent phase transition. (a) Ex situ XRD pattern of first fully discharged (D 0 V) and charged (C 3 V) MoS: electrode with
different current density (b) cyclic performance of MoS: electrode at different current density (inset: ratio of the capacities contributed by
intercalation and conversion); (c) schematic of phase transition for MoS2 upon K ion insertion. Dash line indicates the process cannot be
achieved by electrochemical reaction but is possible through chemical oxidation.

Based on the above discussions, the phase transition of MoS:
upon potassiation is summarized in Figure 5c. Series
intermediate phases are unveiled during K ion intercalation. As
many as one K ion could be inserted into MoS,, differing from
0.4 K ion that reported previously. Nevertheless, the fully
potassiated phase only appears when discharging at a low
current density. Otherwise a shallow intercalated phase will be
observed under a fast discharge. Among the intercalated
compounds, only Ko4MoS: could return to pristine MoS: during
charge, while the recovery of MoS: from K-rich KosMoS; and
K1.0Mo0S:2 phases is only possible with chemical oxidation due
to slow kinetics. Turning to the conversion reaction, it occurs
only after the formation of Ko4MoS: phase as it is absent when
cut-off at 0.5V in the previous work.*? The reaction cannot be
avoided when discharging to 0V, no matter at a fast or slow
cyclic rate (Fig. Sx), but its contribution to the capacity will be
largely reduced with increasing current density. The conversion
reaction should be reversible based on the capacity obtained,
since single intercalation process would not lead to such a high
capacity. The cells deliver stable cyclic performance at both
high and low rates (Figure 5b), thanks to the presence of
intercalation behaviour, which preserves the layered
framework. To make an analogy, the intercalated compounds
such as K10MoS; severs as pillars in a house. As long as the
pillar stands, the house will not collapse although the inner
structure may be destroyed. It explains that a stable capacity of
about 360mAhg? is obtained under 50mAg?, although

conversion reaction is involved. The long-term cyclic
performance at 1000mAg? are presented in Figure S10,
showing excellent stability with capacity retention of 83% after
300 cycles.

4. Conclusion

In summary, using complementary calculational and
experimental methods, we unambiguously reveal the phase
transition process of MoS. during K ion insertion. Several novel
potassium intercalated phases including KosMoS: and
K1.0MoS: are discovered and their detailed crystal structures are
unveiled. Instead of fully conversion, which would destroy the
layered crystalline structure, the intercalation reaction occurs
even being discharged to 0V. The intercalation compounds
inherit the original morphology and play a vital role in
maintaining the structural integrity, which prevent the collapse
of the particles and result in excellent cyclic stability of
microsized MoSa.
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