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Abstract

The recent revival of the research on Na, K ion batteries have twofold benefits. It not only
provides alternative energy storage technologies to Li ion batteries with potential advantages on
the cost but also enhances our understanding of charge storage through systematic studies on
alkali-metal ion batteries with increasing insertion ion sizes. Using MoS:z as a model material, the
structure evolution upon Li, Na, and K ions uptake are compared through in situ TEM. Despite
the larger size, K ions insertion shows better both electrochemical and structural stability. To
understand this paradoxical and counter-intuitive phenomenon, in situ XRD are carried out to
examine the phase transitions of MoS2 upon the ion insertion, while ex situ TEM are further
applied to have a close look at the structures at the nanoscale. Complementary DFT calculations
are performed to understand the kinetic/thermodynamic origins of the analogous stability. It
reveals that the less electrovalent K-S bond favors the intercalation process, resulting in the
preservation of layered structure for stable cycling. This study provides structural insight to

design stable electrodes for K-ion batteries.
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New concepts

Two-dimensional layered MoS: is among the most promising anode materials for alkali-metal
ion batteries due to the high theoretical capacity and large interlayer spacing. However, inferior
cyclic performance caused by structure collapse limits its wide applications. It is generally
believed that severer capacity degradation associated with extensive volume expansion shall
occur for K ion batteries because of its large ion radius. An unusual stability is observed during
the insertion of larger sized K ion than Na and Li ions, which differs from other anode materials
like Sb or Bi. With the help of in/ex situ TEM and in situ XRD, we reveal the different reaction
mechanisms of MoS2 upon Li/Na/K ions. The conversion reaction (destroying layered structure)
is inclined to take place after Li-ion inserting, while the intercalation reaction (maintaining
layered structures) dominates the K ion uptake. The origin of this abnormal phenomenon is
unveiled by the complementary DFT simulation, which shows the suppression of conversion
reaction owing to the less electrovalent of K-S bond. Our findings demonstrate that the charge
radius does not directly determine the battery stability, and the reaction pathway also plays a

critical role.



Introduction

The advantages of Li ion batteries (LIBs) over other metal ion systems rely on both the low
redox potential of Li*/Li (-3.04V vs. SHE) and the small size of Li ion (0.76 A).! With the
concerns about the sustainability of lithium sources, researches on sodium and potassium-based
technologies have been revived considering the close redox potential of Na"/Na (-2.71V vs.
SHE) and K'/K (-2.94V vs. SHE), which would enable the design of high-output-voltage
batteries.> * Similarities between alkali-metal ions are expected to smooth the development as the
knowledge on LIBs that accumulated in the past three decades can be largely applied to the Na
ion batteries (SIBs) and K ion batteries (PIBs).* ° Indeed, analogous systems from the
electrolytes to electrode materials are adopted in the alkali-metal ion batteries. For instance,
carbonate-based solvents, including ethylene carbonate (EC), dimethyl carbonate (DMC) and
diethyl carbonate (DEC) inherited from LIBs remain the most popular choices for the
electrolytes in SIBs and PIBs.%! Many materials are capable of storing all the Li, Na and K ion,
with hard carbon anode and A3V2(POas)2F3 (A represents Li, Na or K) cathode being the
representatives.'1® Nevertheless, a simple extrapolation from Li to Na, K system is undoubtedly
not enough. This is clearly reflected in the case of LiCoO2, the most successful cathode in LIBs,
whose NaxCoO2 and KxCoO2 counterparts fail to deliver attractive capacity and stability.!” 1
While the reasons for the varieties are complex, the large ionic size of Na (1.02A) and K
(1.38 A) ion is considered partly responsible. Uptake of ions with a large radius would lead to
enormous volume expansion and bring about potential structural damage to the electrode
materials. An example is the alloy anodes, which can accept several A ions to form A:M (A

represents Li, Na or K, and M denotes alloy anodes such as Bi and Sb); much more significant

volume expansion is induced in the formation of KxM than LixM and Na.M.'*2° Consequently,



stabilizing electrodes in PIBs is considered more challenging, necessitating the efforts on both
microstructure design and solid electrolyte interphase engineering.?!"3

Comparison studies between alkali-metal ion storage are expected to shed insights into the effect
of ionic carriers on the structural evolution of electrodes, which are somewhat lacking due likely
to the absence of appropriate host materials. MoS: has a large layered distance of 6.3 A, making
it an ideal material to accommodate alkali-metal ions with different sizes. It shows promising
theoretical capacities of about 670 mA h g™! via a four-electrons-transfer reaction when serving as
the anode in LIBs, SIBs, and PIBs.?*** Similar charge storage mechanisms are reported,
including the intercalation at a high voltage to form layered AMoS: (Equation 1) compounds
and the following conversion reaction to precipitate molybdenum metal and A2S (Equation 2).2!-
33 Herein, we fabricated MoS»/C nanofibers as a model material considering the advantages of
one-dimensional morphology for in situ experimental and statistics gathering. It reveals that
MoS2/C nanofibers in PIBs shows the largest volume expansion up to 140%, whereas the volume
changes in LIBs and SIBs are only about 103% and 123%, respectively. Counter-intuitively,
better structural stabilities and more stable cyclic performance during K ion insertion are
observed. Complementary in/ex situ transmission electron microscopy (TEM) and theoretical
calculations were conducted to study the origin of the difference in structural transformations

during Li, Na, and K ions insertion.

MoS, + A — AMoS, (1)
AMoS, + 3A — Mo + 2A,8 )

where A represents Li, Na or K.

Results and Discussion



MoS>/C nanofibers were prepared by electrospinning (Figure S1). The crystalline phase of the
nanofibers is identified by X-ray powder diffraction (XRD, Figure S2a), which is consistent
with 2H-MoS:2 (PDF#37-1492). A sharp peak at around 14.1 ° can be indexed to (002) plane of
MoS: and one broad peak at about 21.2 ° belongs to carbon that originated from carbonization of
PAN. The thermogravimetry (TG, Figure S2b) is performed to analyze carbon content in the
sample, which is estimated to be ~25%. The chemical state of Mo is examined by X-ray
photoelectron spectroscopy (XPS, Figure S3), which present two pairs of peaks at 229.0eV and

232.3eV in Mo3d spectrum, corresponding to Mo(IV) and Mo (VI) respectively. The small
amount of Mo (VI) species in Mo3d spectrum may originate from the oxide layer of the MoS2/C

nanofiber. [Ref] The morphologies of MoS2/C nanofibers are investigated by scanning electron
microscopy (SEM) and TEM. In Figure S4a, the MoS2/C nanofibers with an average diameter of
about 100nm present uniform thread morphologies after high-temperature treatment. TEM
images (Figure S4b and c) indicate that layered MoS:2 crystals are homogeneously dispersed in
the carbon nanofibers and the selected area electron diffraction (SAED) pattern (Figure S4b
inset) clearly shows the multi-crystalline feature of MoSz. In the high-resolution (HRTEM)
images (Figure S4d), MoS: crystals consist of 3-5 layers with an interlayer distance of 6.3 A.

In situ TEM examinations were carried out to explore the charge storage processes of MoS2/C
nanofibers uptake of different alkali-metal size ions with alkaline oxides on the surfaces as solid
electrolytes and the alkaline metal as the reference/counter electrodes (Figure S5). As shown in
Figure 1a and b, after the first 10 seconds of lithiation and sodiation, the interlayer spacing of
MoS: increases from 6.3 A to about 6.4 A and 7.0 A, respectively. While for the potassiation
process, the interlayer spacing is enlarged to a striking 7.9 A (Figure 1c). Despite the expansions

of layers distance by the alkaline atom invasion, the lamellar structure can be retained well in



three types of batteries. These processes are mainly involved with the intercalation reaction that
alkaline ions are inserted into MoS: to form layered AMoS: compounds, namely, LiMoS2,
NaMoS2, and KMoS2, respectively.’’** As for a deep reaction in in the following 12 seconds, the
layered crystals have almost entirely disappeared in the cases of lithiation because of the
conversion of LiMoS:2 to metallic Mo and LizS. Some of the layered crystals are preserved
during Na insertion, but the MoS: crystals are broken into small pieces. In comparison, the deep
potassiation process of MoS: displays a different phenomenon from the Li and the Na
counterparts that the layered crystals are unabridged with an enlarged interlayer spacing of 7.9 A.
In situ TEM movies of these three processes are given in supporting information (Movie S1-3).
Electron energy loss spectroscopy (EELS) maps (Figure S6-S8) confirm that Li, Na and K are
successfully inserted into MoS2/C nanofibers. The lattice width of MoS: crystals and the lateral
length of MoS2/C nanofibers are measured in real time and the detailed statistics are given in
Figure 1d and e. The expansion of interlayer distance becomes more severe with the increase of
intercalant size from Li to Na and K ions. Correspondingly, the lateral expansion of nanofibers
after taking Li and Na ions is roughly calculated to be 103% and 123%, respectively, while it

reaches nearly 140% for K ions uptake.
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Figure 1. In situ TEM images of MoS2/C nanofibers for (a) Li’, (b) Na* and (c) K" uptake at
different reaction stages (insets: magnified images with a scale bar of 2 nm). The statistic scatters
diagram of (d) lattice width of MoS:2 crystal and (e) lateral expansion of MoS2/C nanofiber in

real-time in situ TEM observations.



To exclude potential artifacts from in situ TEM setup, such as the use of A20 solid electrolytes,
we further performed in situ XRD and ex situ TEM on real LIBs, SIBs and PIBs, to investigate
the unexpected structural stability of MoS2 at various Li/Na/K ions insertion/extraction stages.
The in situ XRD patterns of MoS2/C nanofibers for K ion storage in the first and second cycles
are presented in Figure 2a. During the first discharging process, the intensity of the MoS:2 peak
located at 14.1 ° gradually decreases and a new peak at about 10.6 ° becomes more prominent,
which can be assigned to Ko4sMoS2 compound (PDF#27-0421). Then Ko4MoS: peak shifts to
11.1 ° after continuous K ions interpolation, where the formed compound is defined as KxMoS:
(x>0.4). Further insertion of K ions leads to the fully potassiated phase KMoS:> pertaining to a
broad peak at 11.3°, which agrees well with the 7.9 A interlayer spacing observed in TEM.
Turning to the charging processes, the wide peak of 11.3 © shifts back to 11.1 ° and no obvious
MoS: peaks emerge, indicating that KMoS2 can only return to KxMoS: (0.4<x<1.0) instead of
pristine MoSz. For the following discharging and charging processes, only KMoS: and KxMoS:2
appear on the stage and the corresponding XRD peaks show a periodic right and left shifts. The
K ions shuttle between KxMoS2 and KMoS: assures that the phase transition is completely
reversible in cycles. It should be noted that the interlayer spacing of KxMoS: shrinks during K
ion insertion, while it extends when K ion extraction. This inverse relationship between the
interlayer spacing and K ion insertion/extraction can be explained by the 2H-1T phase
transformation.*!*3 In the case of LIBs (Figure S9a), the peak of (002) facet gradually shifts to
13.7° after Li ion insertion, which can be attributed to the intercalated product-LiM0S2.** When
discharging to 0V, no obvious peaks can be recognized, indicating the MoS: is transformed to
small sized/amorphous Mo and Li2S.** When charging back to 3 V, no MoS: peaks are founded,

which means the layered structures of MoS: are largely vanished and cannot be recovered after



Li ion insertion/extraction. In first discharging process of SIBs (Figure S9b), two new peaks at
11.7° and 12.5° are observed, corresponding to Nao.sMoS2 and NaMoS: species, respectively.*?
After fully discharge to 0V, most of the layered NaMoS: are decomposed suggested by the low
intensity of the peak at 12.5°. It shows the similar phenomena with Li case that no peaks can be
found at fully charged 3 V, implying an amorphous or negligible crystallized MoS: are recovered
after Na ion insertion/extraction.

The above in situ observations are fully consistent with ex situ TEM characterizations on the first
cycle of real PIBs. The pristine MoS:2 crystals in the nanofiber are shown in Figure S10a and b.
When discharging to 1.0V, a large interlayer spacing of 8.3 A associated with Ko4MoS: is
observed (Figure S10c and d), corresponding to the 10.6 ° peak in in situ XRD. However, it is
not probed by in situ TEM probably due to the low-resolution limitation in real time observation
and fast reaction process of KosMoS2.** After discharging to 0.5V (Figure S10e and f), a
slightly shrunken layer distance of 8.0 A can be found arising from 2H-1T phase transformation,
which is related to the 11.1° peak from KxMoS:2 according to in situ XRD results. Some
unreacted MoS2 can be seen with the original interlayer distance of 6.3 A. For the fully
discharged state (Figure S10g and h), most of MoS: are converted to KMoS: with a contractive
distance of 7.9 A, as observed by both in situ TEM and XRD. Back to 3V (Figure S10i and j),
the interlayer distance is extended again to 8.0 A, indicating that KMoS: backtrack to KxMoS:
species. Thanks to statistic advantage of nanofiber composite that the MoS: crystals are scattered
in nanofibers independently, the layer numbers and lateral length can be readily measured. As
shown in Figure 2b, the layer numbers of MoS: crystal in nanofibers at different states are

counted. The original MoS: presents 3-5 layers, which almost does not change upon
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charge/discharge, confirming the stability of the layered crystals and the reversible reaction
between KMoS2 and KxMoSa.

Ex situ TEM characterizations were also carried out on LIBs and SIBs at the fully discharged
state, to be compared with PIBs. As shown in Figure 2d and inset, only dense Mo particles with
the lattice-plane spacing of 2.2 A (PDF#42-1120) are discovered in discharged LIBs, with no
trace of layered phases, implying that deep conversion dominates. The small sized metallic Mo
may be nondetectable in in siftu XRD. A small number of layered crystals are presented in
discharged SIBs (Figure 2¢), which are smaller and contain fewer layers with an expanded
interlayer spacing of 7.0 A, in agreement with the in situ TEM and in situ XRD observation in
Figure 1b. In contrast, many broad layered crystals with a large interlayer spacing of 7.9 A are
preserved in discharged PIBs (Figure 2f). The lateral lengths of layered crystals in both SIBs and
PIBs are counted at fully discharged state (Figure 2c). The average lateral length of pristine
MoS: crystals in nanofibers is about 5.2 nm. This value in SIBs dramatically decreases to ca
3.4nm after sodiation. Those layered crystals vanished in LIBs and SIBs have been presumably
converted to Mo and Li2S/NaxS species through conversion reactions. On the other hand, the
lateral length (4.9 nm) in PIBs does not show significant change after discharging to 0V, further

proving the better stability of the layered crystals during K ion storage.
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Figure 2. In situ XRD and ex situ TEM for MoS2/C nanofibers. (a) In situ XRD patterns in PIBs
in the first two cycles; The statistic histograms for MoS:z crystals of (b) layer numbers at different
states in PIBs and (c) lateral length in PIBs and SIBs; Ex situ TEM images at first fully
discharged state in (d) LIBs; (e) SIBs and (f) PIBs (Conversion reaction products in LIBs are
marked by circles and intercalation reaction products in SIBs and PIBs are marked by

rectangles).
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The electrochemical performances of MoS2/C nanofibers were tested in LIBs, SIBs, and PIBs
for exploring the consequences of structural transformation on the cyclic stability. The first
discharge and charge profiles of MoS2/C nanofibers in LIBs, SIBs, and PIBs are compared in
Figure 3a. Much longer plateaus are observed in LIBs and SIBs, indicative of the distinct
reaction paths. It can be seen more clearly in dQ/dV plots where sharp peaks are presented
during Li and Na insertion (Figure 3b). Consistent with the observed structural stability, MoS2/C
nanofibers demonstrate the most stable behavior in PIBs, with a capacity retention of about
99.4% after 200 cycles (Figure 3c and d). MoS2/C nanofibers presents a good rate performance
for PIBs (Figure S11), which is not affected by the larger radius of K ion, showing reversible
capacities of 212, 196.2, 186.4, 175.2mA hg! under increasing current density of 50, 100, 200
and 400mA hg’!, respectively. Note that the pure carbon nanofibers have a capacity of mere
100mAhg'! (Figure S12). Considering the 75 wt.% mass loading of MoS: in the composite, the
MoS: alone in the composite delivers a capacity of about 200m A h g™! at the high current density
of 500mA g!. In contrast, relatively rapid capacity decreases are observed in LIBs and SIBs,
retaining only 80.1% and 70.1% of the initial capacity, respectively. As is well-known, the
carbon host in the nanofibers would conduce to better cycling performance for active
materials.**® To exclude the interference of carbon, petal-like neat MoS2 was synthesized by the
hydrothermal method. As shown in Figure S13a, the prepared neat MoS: presents a pure 2H-
MoS: phase (PDF#37-1492) without any carbon signal. In TEM images (Figure S13b, c and b
inset), neat MoS2 present petal-like morphologies with a diameter of ca. 200nm and are
polycrystalline, as revealed by SAED. The HRTEM image (Figure S13d) clearly displays a
layered structure with an interlayer spacing of 6.3 A, which is the same as the MoS2/C

nanofibers. The cyclic performances of neat MoS:z in LIBs, SIBs and PIBs are given in Figure
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3c. Apparent capacity degradation in LIBs and SIBs is observed. In contrast, the neat MoS: in
PIBs realizes the most stable capacity of 170 mAh g after 200 cycles with a retention of 94.5%
(Figure 3d). Although petal-like structures of neat MoS2 cannot be maintained after 200 times
cycling in PIBs (Figure S14), the layered structures are remained in large extent with an
expanded d-spacing of 7.7 A after a prolonged cycling. Without protection from the carbon
nanofibers, the electrochemical stabilities of MoS2 show a more striking contrast between the
three types of batteries. It is reliable to conclude that MoS: intrinsically shows a more stable

cyclic performance in PIBs than in LIBs and SIBs.
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Figure 3. Electrochemical performance in LIBs, SIBs and PIBs. (a) Discharge and charge
profiles of MoS2/C nanofibers at first cycle at S0m A g''; (b) dQ/dV vs. voltage plots of MoS2/C
nanofibers at first cycle; (c) Cyclic performance of MoS2/C nanofibers and petal-like neat MoS:

at 500m A g''; (d) Retention percentage of MoS2/C nanofibers and neat MoS> after 200 cycles.

We further performed ex situ TEM to examine the morphologies of MoS2/C nanofibers cycled
200 times. As shown in Figure 4a and inset, all the lamellar structural MoS: are disappeared and
turned into dense nanoparticles after cycling in LIBs. Those particles can be indexed to the Mo
phase with a lattice plane spacing of 2.2 A (PDF#42-1120), which is one of the conversion
products. The layered crystals could no longer be found in SIBs after 200 cycles, and the
materials are changed to loose particles with low contrast (Figure 4c). The SAED pattern
(Figure 4c inset) suggests an amorphous phase without prominent diffraction spots or rings,
which is possibly amorphous Mo species by inferring from the Li case. Interestingly, many
layered crystals with a layer distance of about 7.6 A are observed in PIBs (Figure 4e and inset).
There are fewer layered crystals than the first fully discharged one (Figure 2f), possibly because
part of the layered MoS2 may be consumed through deep conversion reaction. The reaction
schematics are described in Figure 4b, d and f: the layered crystals in LIBs/SIBs are easily
converted to dense/loose particle structures after long cycles, whereas they are the most stable in

PIBs explaining the best cyclic stability in electrochemical tests.
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Figure 4. Ex situ TEM images and schematics of MoS2/C nanofibers in (a, b) LIBs, (c, d) SIBs

and (e, f) PIBs after 200 cycles.

The exceptional stability upon large K ion insertion suggests different thermodynamic/kinetic
processes governing the intercalation and conversion. Density functional theory (DFT)
computations were carried out to study the mechanisms. We first calculated the reaction enthalpy
of conversion from the intercalated compounds AMoS: (A represents Li, Na, and K) to A2S and
Mo. Such values could serve as the descriptor of the thermodynamic driving forces for the
conversion reactions. We specifically choose the intermediate intercalated compounds as the
reference for our calculation because they are the last intercalated compounds before the
conversion reaction actually happens in these three systems. The results are shown in Figure 5a,
Table S1, and Figure S15a. The decomposition enthalpies of AMoS: intercalated compounds

into Mo and A»>S are -4.46 eV/fu., -3.16 eV/fu., and -3.30 eV/fu. for A=Li, Na, and K,



respectively. This indicates a smaller thermodynamic driving force in the case of K for the
conversion to take place, leading to the preservation of a large quantity of the lamellar structures.
It is also interesting to note that, within the accuracy of DFT framework (as well as neglecting
the temperature effect), all the computed reaction enthalpies are negative, meaning the
conversion reactions are energetically favorable to take place even at a pretty low degree of
alkalization. Therefore, we speculate that the kinetic factor may play a critical role in the
conversion reaction as well since such intercalated compounds are observed in experiments. Due
to the lack of reliable methods to directly compute the energy barrier for the complicated phase
transition, we analyzed the bond characteristics of AMoS2, which may reflect their easiness of
conversion reaction. The charge distributions of LiMoS2, NaMoS2, and KMoS: are investigated
by the charge density difference (Figure 5b and S15b), which is defined by subtracting the
electron densities of Li/Na/K and MoS: from the electron density of LiMoS2/NaMoS2/KMoSo.
Taking KMoS: as an example, it is clear in Figure Sb that some charges are accumulated
between K and S atoms, suggesting their interaction or bonding. To have a better-quantified
view, Figure 5c and Figure S16 demonstrates the two-dimensional charge density differences
along the planes through Li/Na/K and Mo-S atoms. Interestingly, the charge depletion of Li atom
(down to -0.07 e bohr™®) is more severe than the one of K atom (down to -0.03 e bohr™*). The more
polar feature of the charge distribution between Li and S suggests the Li-S bond is more
electrovalent than the K-S bond.** The polarity is further supported by the Bader analysis
(Figure 5d and Table S2-4) that the Bader charges of alkaline atoms in LiMoS2, NaMoS:, and
KMoS: are +0.87, +0.83 and +0.74 e, respectively. The different polarity between Li/K-S bonds
may come from the more dispersed electron cloud of K due to the larger number of electrons.

When it comes to the conversion reaction, it is conjectured that the more polar bonds between Li
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and S atoms may kinetically facilitate the formation of Li2S by reducing the charge transfer
barrier. Shortly, the conversion reaction in the K-MoSz system is suppressed thermodynamically

(by the lower formation energy) and kinetically (by the less electrovalent K-S bond).
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Figure 5. DFT simulations. (a) The calculated structures for LiMoS2 and KMoSz; (b) charge
density difference distributions for KMoS2; (c) two-dimensional charge density difference of
LiMoS:2 and KMoS: across Li/K and Mo-S; (d) calculated changes in Li/Na/K atoms charges
(delta Q) of LiMoS2, NaMoS2 and KMoS:, respectively (a positive value of delta Q indicates

charges loss).

Conclusion
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The alkali-metal ion storage mechanisms from Li, Na to K case are studied by complementary in
situ experimental and calculation approaches. We articulate that a massive volume expansion of
about 140% occurs in K ion incorporation, but unexpected stability is observed. In situ TEM is
used to examine the structural evolution of layered MoS: upon Li, Na and K ions insertions,
indicating that most of the layered crystals are preserved in PIBs. Detailed reaction paths are
elucidated by in situ XRD and ex situ TEM. It is revealed that a large ratio of intercalation
reaction occurs during K ions uptake, giving rise to better structural and electrochemical stability
than Li and Na ions insertion. Layered MoS: tends to be transformed into tiny particles by deep
conversion reaction in the cases of LIBs and SIBs. Assisted by the DFT calculations, we unveil
the thermodynamic and kinetic origins of the anomalous stability in the insertion of K ions,
where relies on the less electrovalent of K-S bond arising from the larger dispersed electron

clouds of K atom than Li and Na ones.
Experimental section

Preparation of MoS/C nanofibers, carbon nanofibers and petal-like neat MoS;

MoS2/C nanofibers were prepared by electrospinning. Typically, polyacrylonitrile (PAN, 0.5 g)
was dissolved in dimethylformamide (DMF, 10mL). Ammonium tetra-thiomolybdate
((NH4)2MoSs4, 0.8g) was added under continuous stirring to get a uniform solution.
Electrospinning was conducted under a high voltage of 18 kV with a feed rate of 30 uL min™' to
obtain a film on Al foils. The film precursor was first stabilized at 250 °C for 4 hours in a Muffle
furnace before annealing at 900°C for 2 hours under argon atmosphere. After the annealing,
(NH4)2MoS4 decomposed to MoS:z, and PAN turn into carbon. The pure carbon nanofibers were
prepared by the same method without adding (NH4)2MoS4. In comparison, petal-like neat MoS:

was synthesized by a hydrothermal method.”® Ammonium heptamolybdate tetrahydrate
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((NH4)6M07024-4H20, 0.5mmol) and thiourea (NH2CSNH2, 7mmol) were dissolved in
deionized (DI, 35mL) water. The solution was kept in a S0 mL Teflon-lined stainless steel
autoclave at 220 °C for 18 hours. The final product was washed by DI water and ethanol before
drying at 80 °C overnight.

Electrochemical performance measurement

All cells were assembled via two-electrode CR2032 coin half-cell in Argon-filled glovebox.
MoS2/C nanofibers and carbon nanofibers were used as freestanding electrodes in batteries tests.
Neat MoS: electrodes were mixed with vapor grown carbon fibers (VGCF), carbon black (Super
P) and carboxymethyl cellulose (CMC) at a mass ratio of 7: 1: 1: 1 to make a tape on Cu current
collector and dried at 80 °C overnight under vacuum. 1 M LiPFs in ethylene carbonate (EC)/
dimethyl carbonate (DMC) with a volume ratio of 1:1, 1 M NaPFs in propylene carbonate (PC)
with 3 vol.% FEC and 1 M potassium bis(fluorosulfony)imide (KFSI) in EC/PC (volume ratio of
1:1) were adopted as electrolytes for LIB, SIB, and PIB, respectively. Glass fiber membranes
(Whatman, GF/D) were used as separators. All batteries were tested on LAND battery test
system.

Characterizations

The X-ray powder diffraction (XRD) patterns were collected by Rigaku Smartlab with Cu-Ka
radiation source at 45kV and 200 mA condition. For in situ XRD measurements, an XRD cell
with a beryllium window was employed. The morphologies of MoS2/C nanofibers were
examined on scanning electron microscopes (SEM, JEOL JSM-6335F). Thermogravimetric
analysis (TGA) was conducted using TGA/DSC3+ (Mettler Toledo) from 50 to 650 °C with a
heating rate of 15°C-min! in air. X-ray photoelectron spectroscopy (XPS) are performed on

Thermo Scientific Nexsa. TEM and scanning TEM (STEM) were performed using JEOL JEM-
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2100F TEM/STEM operated at 200 kV, equipped with a Gatan Enfina electron spectrometer. For
the in situ TEM study, the MoS2/C nanofibers were loaded onto electrochemical etched micro-
size tungsten tip and fixed with conductive silver epoxy. Another tungsten tip with submicron
size at the top was used to scratch fresh alkaline metal (Li, Na, or K) surface in an argon-filled
glove box and attached to a piezo-driven biasing probe built the Nanofactory TEM scanning
tunneling microscopy (TEM-STM) holder. Once the sealed holder was taken out from the
glovebox, it was inserted into the TEM column as quickly as possible for immediate in situ study
by TEM. The native A20 (A represents Li, Na or K) on the alkaline metal surface was severed as
a solid electrolyte. The voltage bias between alkaline metal tip and MoS: tip was applied to -5V,
which was higher than those applied in coin cells. It was necessary to use a slightly higher
potential in in situ TEM measurements to drive alkaline ions (Li", Na® and K) through the solid
electrolytes due to the poor ionic conductivity of solid electrolytes and high resistance between
these two electrodes.* In this case, the driving force in in situ TEM might be larger than those in
coin cells but didn’t show effective changes by comparing with the ex situ TEM results.”! >2
Therefore, the in situ TEM results were reliable. The three in situ videos were taken on 200, 250
and 100kX magnification for Li, Na and K with 0.5s exposure time, respectively. The
corresponding dose rate for Li, Na, and K system (units of the number of electrons per square
angstrom per second, " A2 s™!) was recorded and calibrated, equaled to 443, 764 and 122 ¢ A5’
! respectively. The ex situ TEM samples were prepared by disassembling the coin cell in the
glovebox and washing with dimethyl carbonate (DMC) to remove the residue electrolyte.

DFT simulations

DFT calculations were conducted under the generalized gradient approximation (GGA)

parameterized by Perdew-Burker-Ernzerhof (PBE) performed in the Vienna Ab initio Simulation
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Package (VASP).>>° To account for the van der Waals interactions, the optimized PBE
functional was applied.’® The energy cutoff for plane-wave basis set was 500 eV, while the k-
point was sampled with a spacing of less than 0.05 A-!. The convergence criteria for electron

self-consistency and force were 10°eV and 0.02eV A, respectively.
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