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In spite of the low-cost and abundant potassium resources, the potential commercialization of potassium-ion
batteries (PIBs) is still confined by the large-sized K ions and sluggish kinetic process. A flexible free-standing
advanced anode for PIBs is synthesized by tactfully incorporating dual anionic vacancies on MoSSe arrays in
combination of carbon nanofiber membrane (v-MoSSe@CM). The vacancy-rich MoSSe arrays in v-MoSSe@CM
dramatically enhance the adsorption of K* ions, leading to a higher capacity of 370.6 mAh g~ ! at 0.1 A g~! over
60 cycles as compared with that 168.5 mAh g~ of vacancy-free MoSSe@CM. Meanwhile, the density functional
theory (DFT) calculations demonstrate a facilitated ability for Kt insertion into v-MoSSe interlayers with a much
more negative adsorption value of —1.74 eV than that (0.53 eV) of vacancy-free MoSSe. The thousands of carbon
nanofiber-supported three-dimensional frameworks can not only inhibit the agglomeration of MoSSe nanosheets,
but also remit the volume expansion and avoid possible collapse of the nanostructures during cycling, resulting
into a high capacity retention of 220.5 mAh g~! at 0.5 A g~ ! after 1000 cycles. Therefore, this work uncovers the
relationship between vacancy engineering and potassium-ion storage performance, guiding a feasible route to
develop potential materials for potassium-ion battery.
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1. Main texts batteries (PIBs) promising prospect in large-scale stationary applica-

tions. However, the researches on PIBs are still in early infancy, and

The increasing demands for sustainable and green energy storage
systems have triggered the extensive researches on lithium-ion batteries
(LIBs) over past decades, which are regarded as the most promising de-
vices for consumer electronics and electric vehicles due to their high
energy density and power density [1,2]. However, the severely limited
lithium resources have already become one of the greatest challenges in
the further development of LIBs, making other earth-abundant alka-
li-metal elements (e.g. sodium [3] and potassium [4-9]) potential can-
didates for next generation batteries. As compared to the redox of
Na/Na' (—2.71 V), the K/K " shows a more negative potential of —2.93 V
vs. standard hydrogen electrode [10-12], which makes potassium-ion
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subjected to the large radius of K" ion. Therefore, the key point to ach-
ieve high-performance PIBs becomes on how to design artful anode
materials with suitable interlayer spacing for feasible inter-
calation/deintercalation of K™ ion [13-16].

Transition metal dichalcogenides (TMDs) belong to an important
family of alkali-ion intercalation materials, which have been widely used
as anodes in LIBs [17], sodium-ion batteries (NIBs) [18] and PIBs [15,
191, due to their lamellar crystal structure for efficient alkali-ion inter-
calation/deintercalation. However, a well grown TMD crystal would al-
ways confine the intercalation/deintercalation process in a parallel
direction as the crystal face. Therefore, a defect-rich structure may create
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new channels in perpendicular directions for faster transfer of alkali-ions
into the interlayer space. As a typical kind of point defects [20-22], va-
cancy engineering has already been discovered its positive effect in some
energy storage systems (e.g. nitrogen-doped carbon nanofiber@MoS,
nanosheets arrays with S-vacancies [23] and nanosheet assembled hol-
low single-hole Ni-Co-Mn oxide spheres [24]) as the incorporated va-
cancies can not only provide new ion channels but also act as activated
regions for ion adsorption. To our knowledge, the function of anionic
vacancy is still veiled in the area of potassium-ion battery, making it
necessary to conduct investigations to reveal the possible relationship
between vacancy engineering and potassium-ion storage behavior. In
another perspective, the drawbacks of TMDs are still obvious even after
vacancy incorporation (such as poor electrical conductivity and huge
volume expansion), which result into the poor rate performance and
short cycling lifespan of PIBs. Up to now, it has been regarded as an
effective method to solve the above issues by constructing TMDs-based
hybrid nanostructures with carbonaceous matrices [25-27]. However,
the majority of carbonaceous matrices are confined by the cumbersome
process for electrode preparation by blending conductive and binding
agents. The introduction of excess binding agents may severely affect the
release of electrochemical properties of electroactive TMDs. Thus, su-
perior binder-free and free-standing carbon matrices are urgently needed
for the development of PIBs. Electrospinning is a promising and
straightforward technique that produces free-standing nanofiber mem-
branes with unique three-dimensional (3D) fiber network, good struc-
tural stability, high flexibility and easily controllable thickness [28,29].
The carbonized nanofiber membrane (CM) is used as a good carbon
substrate material, which can improve the electronic conductivity and
efficiently avoid the tedious preparation process of electrodes by using
binders and conductive additives. In addition, the 3D network of CM can
also increase the number of electroactive sites by achieving the uniform
dispersion of TMD nanoparticles.
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Herein, a flexible free-standing anode was designed by anchoring
dual anionic vacancy-rich MoSSe arrays on an electrospun carbon
nanofibers membrane for high-performance potassium-ion battery. The
as-prepared dual anionic vacancy-rich MoSSe arrays in combination of
carbon nanofibers membrane (v-MoSSe@CM) deliver a higher capacity
of 370.6 mAh g~! at a current density of 0.1 A g~! after 60 cycles than
that (168.5 mAh g’l) of vacancy-free MoSSe@CM, which is due to the
much more negative adsorption energy of —1.74 eV for K ions after the
introduction of dual anionic vacancies. In addition, the porous interfi-
brous space in CM is beneficial to accommodating the volume expansion
and avoiding possible collapse of the nanostructures during cycling. As a
result, the v-MoSSe@CM composite exhibits good rate performance at a
series of current densities, and shows a high discharge capacity (220.5
mAh g™!) at a high current density of 0.5 A g~! after 1000 cycles,
demonstrating the promising application of v-MoSSe@CM in high-
performance PIBs.

The dual anionic vacancy-rich MoSSe arrays in combination of carbon
nanofiber membrane (v-MoSSe@CM) were prepared by using electro-
spun carbon nanofibers (CM) as a flexible substrate after undergoing
hydrothermal, washing, and annealing processes (Fig. 1a). Firstly, CM
substrate was produced by pre-oxidizing and carbonizing electrospun
polyacrylonitrile nanofibers membrane under an inert atmosphere. As
the scanning electron microscopy (SEM) image shown in Fig. 1b and S1,
the carbon nanofibers possess smooth surface and uniform diameter at
~370 nm. The well-connected three-dimensional carbon nanofibers
provide an excellent framework for further anchoring of v-MoSSe arrays,
making the hybrid as an integrity.

The final product of v-MoSSe@CM was displayed in Fig. S2, which
still maintains high flexibility and integrity after the hydrothermal re-
action. As revealed in Fig. 1c, MoSSe arrays are uniformly anchored on
the surface of carbon nanofibers, which are consisted of thousands of
ultrathin MoSSe nanosheets. The homogeneous anchoring of MoSSe
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Fig. 1. a) Schematic illustration of the preparation of v-MoSSe@CM. SEM images of b) CM, ¢) MoSSe@CM, and d) v-MoSSe@CM. e, f) HRTEM and TEM images of the

v-MoSSe@CM. g) Elemental mapping images of the v-MoSSe@CM.
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arrays prevents the severe aggregation of bulk MoSSe powder. As a
result, more exposed MoSSe surface can be obtained with increased
effective specific surface area of the MoSSe component. Meanwhile, the
v-MoSSe@CM displays an unchanged morphology after incorporating
dual anionic vacancies (Fig. 1d), which indicates that annealing process
only occurs within an atomic level. The loading content of v-MoSSe ar-
rays in v-MoSSe@CM is also calculated to be about 54.7% from the TGA
curves (Fig. S3). The high resolution TEM image of v-MoSSe@CM
(Fig. 1e) displays a typical interlayer spacing of ~0.65 nm, which is
between the values of MoS; and MoSe, (Figs. S4 and S5). The different
radius and electronegativity between S and Se atoms are beneficial for
the generation of crystal distortion after hydrothermal reaction process,
resulting MoSSe into a metastable status, which provides favorable
conditions for the successful and possible introduction of anionic va-
cancies [30,31]. In addition, the TEM image of the v-MoSSe@CM
(Fig. 1f) proves the successful anchoring of abundant v-MoSSe layers
with a close connection on the surface of carbon nanofibers. Meanwhile,
the TEM image of MoSSe@CM is displayed in Fig. S6, which also pro-
vides a compelling evidence to prove the unchanged micro-structure of
v-MoSSe@CM after the annealing process. Furthermore, the
energy-dispersive X-ray spectroscopy mapping images (Fig. 1g) demon-
strate the homogeneous spatial distribution of Mo, Se, and S elements
into the hybrid nanofibers.

As shown in the X-ray diffraction (XRD) patterns (Fig. 2a), all of the
MoS,, MoSSe and MoSe; display two broad diffraction patterns at 20 ~
32° and 55°, which correspond to (100) and (110) planes. Since the
radius of S atom is smaller than that of Se atom, the positions of
diffraction patterns for the MoSSe are located between those of the MoSy
and MoSey, which fairly agreed with the VegardQs law [30,32]. Fig. 2b
shows the XRD patterns of CM, v-MoSSe@CM, MoSSe@CM, and MoSSe.
The peaks at 20 ~ 24°, 32° and 55° indicate the coexistence of MoSSe and
CM compounds in both of v-MoSSe@CM and MoSSe@CM. Meanwhile,
their similar XRD patterns demonstrate that the annealing process has no
significant effect on the crystal structure of MoSSe. Furtherly, X-ray
photoelectron spectra (XPS) measurements were also carried out to
analyze the chemical composition and state of v-MoSSe@CM and MoS-
Se@CM. In the survey spectra of v-MoSSe@CM (Fig. S7), characteristic
peaks for C, Mo, Se, and S appear as the principal elements, which
demonstrate the successful generation of the hybrid without detectable
impurities. It is shown that two characteristic peaks located at 229.1 and
232.2 eV are observed from Mo 3ds,2 and Mo 3ds,, orbitals, suggesting
the dominance of Mo (IV) in the product (Fig. S8) [33,34]. For the
high-resolution spectra of Se 3p, S 2p and Se 3d shown in Fig. 2c and d, all
of these peaks slightly shift to lower binding energies with values be-
tween 0.2 and 0.6 eV after the annealing process, when compared with
those peaks in vacancy-free MoSSe@CM, indicating the successful
incorporation of sulfur and selenium vacancies in the v-MoSSe@CM
composite [22,35]. As the electron paramagnetic resonance (EPR) results
shown in Fig. S9, the v-MoSSe@CM composite displays two big sym-
metrical peaks in g = 2.002, while the MoSSe@CM composite shows a
straight line without any obvious peaks. It provides another convincing
evidence for the anionic vacancies in the v-MoSSe@CM composite [36],
agreeing well with the above XPS results.

In addition, there are thousands of possibilities for the potential dis-
tribution of dual anionic vacancies in v-MoSSe@CM. In order to simplify
the problem, three bivacant v-MoSSe models with different vacancy
distributions are constructed as bivacant model 1-3 based on the intact
MoSSe model (Fig. 2e). Under the guidance of density functional theory
(DFT) calculation, both of bivacant model 2 and 3 display higher relative
energy values of 0.0085 and 0.0239 eV, respectively, as compared with
the reference substance of bivacant model 1. These results indicate the S
and Se vacancies tend to be generated as adjacent anionic vacancy pairs
(bivacant model 1).

In order to demonstrate the function of dual anionic vacancy, v-
MoSSe@CM and other contrast samples are used as anodes in PIBs. In the
discharging process, the v-MoSSe@CM accepts the electron and creates
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reduction reaction, charging is the opposite (Fig. S10). Fig. 3a shows the
cyclic voltammogram (CV) curves of v-MoSSe@CM at a scan rate of 0.1
mV s~ ! between 0.01 and 3.0 V. In the first cycle, there are three
reduction peaks in the cathodic scan, and their peaks are located at 0.23,
0.68 and 0.82 V. However, these three reduction peaks disappeared in
subsequent scans, which are due to the formation of solid electrolyte
interphase (SEI) and slight change in the structure of electrodes to
accommodate the insertion of K* ions. Two peaks appear at 0.73 V and
1.86 V in the anodic processes, indicating that K* is extracted from the
anode. In the second scan, two new cathodic peaks appear at 0.99 and
1.29 V, which are related to two stages of the reactions from MoSSe to
K2S and KaSe. The reduction peak at 1.29 V can be assigned to the
insertion of K into the interlayers of MoSSe to form KMoSSe. The
second reduction peak at 0.99 V is associated with the conversion of
KxMoSSe to KoSe and K»S. Another anodic peak at 1.86 V corresponds to
the reaction from KjSe and KsS to MoSSe [19,37]. The anodic and
cathodic peaks are similar in the following scans.

To demonstrate the working mechanism of the electrodes, ex-situ
XRD was performed to characterize the electrode at different states
during the 10th discharge/charge process (Fig. 3b). The peaks of the full
charged (F-C) merge at 20 = 31.7°, 37.8°, 47.1°, corresponding to
MoSSe. In addition, other peaks at 20 = 30.2°, 39.2°, 49.3° and 54.5°
could be attributed to the crystals of Mo;sSej9 and Mo;s5S;9 that pro-
duced after the formation of SEI [38]. When discharged to 1.5V (D-1.5V)
and charged to 1.8 V (C-1.8 V), the new appeared peaks at 20 = 32.6°,
37.8°,57.6° could be regarded as the KyMoSSe. Furtherly, these peaks are
weakened or diminished when discharged to 1.0V (D-1.0 V) and charged
to 2.0 V (C-2.0 V). After fully discharged (F-D), the characteristic MoSSe
peaks diminish with another three appeared peaks at 20 = 34.2°, 50.5°
and 38.4° corresponding to (220) and (420) of KyS, and (311) of KsSe,
respectively, which indicates the formation of the potassium compound
via the conversion reaction at the end of the discharging process [39,40].
Based on the above discussion, the electrochemical reactions of the dis-
charge/charge could be described as the following steps:

MoSSe + xK* + xe = — K.MoSSe

K.MoSSe + (4—x)K* + (4—x)e” - K»S + KySe + Mo

The charge/discharge profiles of the v-MoSSe@CM at a current
density of 0.5 A g~! are shown in Fig. 3c. The discharge capacities are
295.6 and 245.6 mAh g~! for the second and tenth cycles, respectively,
and the capacity loss is attributed to some irreversible processes (such as
the formation of the SEI layer). The discharge capacity for the two-
hundredth cycle is 234.2 mAh g~! with a high Coulombic efficiency of
about 100%. The slow fading capacity from tenth to two-hundredth cy-
cles indicates the outstanding reversibility and stability of v-MoSSe@CM
anode.

To compare the rate performance of the v-MoSSe@CM, MoSSe@CM,
and MoSSe for PIBs, their specific capacities are recorded under different
current densities from 0.1 to 5.0 A g ! (Fig. 3d). The reversible capacities
for v-MoSSe@CM are calculated to be 389.6, 348.7, 315.6, 276.8, 250.8,
and 202.6 mAh g~ under different charge/discharge current densities of
0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g’l, respectively, which shows an
excellent performance compared to previously reported electrodes for
PIBs (Table S1). After 5 cycles under a current density of 0.1 A g71, v-
MoSSe@CM, bulk MoSSe, and MoSSe@CM anodes display capacities of
389.6, 99.8, and 193.7 mAh g}, respectively. After operating over 60
cycles under different current densities, a high capacity of 370.6 mAh g !
can still be maintained at a current density of 0.1 A g~ ! for v-MoSSe@CM
anode, demonstrating its superior rate performance. On the contrary, the
vacancy-free MoSSe@CM only shows a much lower capacity of 168.5
mAh g~! at a current density of 0.1 A g~!, which demonstrates the
positive role of anionic vacancy in enhancing the energy storage property
of PIBs. Long-term cycling stability is regarded as a crucial criterion for
the practical application of PIBs, which is also operated for v-MoSSe@CM
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Fig. 2. a) X-ray diffraction patterns of MoS,, MoSSe and MoSe,. b). X-ray diffraction patterns of CM, v-MoSSe@CM, MoSSe@CM, and MoSSe. c¢) High-resolution
spectra of the S 2p and Se 3p peaks of the MoSSe@CM before and after annealing process. d) High-resolution spectra of the Se 3d peaks of MoSSe@CM before
and after annealing process. €) Bivacant models with corresponding relative energies after incorporating three different types of dual anionic vacancies.

anode at a high current density of 0.5 A g ! (Fig. 3e). After 1000 cycles, a
high discharge capacity of 220.5 mAh g~! can still be maintained with a
capacity retention of 84.6% (Fig. S11). In addition, the excellent cycling
stability can also be demonstrated by the well-maintained CV curve for v-
MoSSe@CM after long-term cycling test as the one before cycling
(Fig. S12).
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To gain an in-depth understanding between the incorporated dual
anionic vacancies and enhanced PIBs performance, the density functional
theory (DFT) calculations are carried out. Firstly, the surface electronic
structures are revealed by density of states (DOS). As shown in Fig. 4a
and b, the bivacant model 1 shows a much narrower bandgap than that in
intact MoSSe model, indicating its better charge transfer ability after
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prepared v-MoSSe@CM, MoSSe@CM, and MoSSe. The unit for the current density is A g™’. e) Long-term cycling stability and Coulombic efficiency at a high current

density of 0.5 A g~* over 1000 cycles.

incorporating dual anionic vacancies. As the partial charge density
shown in Fig. 4c, the dual anionic vacancies in bivacant model 1 are
beneficial for the charge transfer from the inserted K™ ion to the v-MoSSe
surface, leading to a better connection between the v-MoSSe@CM anode
and KPFg electrolyte. In addition, the v-MoSSe shows a much more
negative energy for the insertion of K" (—1.74 eV) than that (0.53 eV) of
the intact MoSSe model, which demonstrates the initial anode-K™" state
can be easily achieved in the interlayer space of v-MoSSe arrays for v-
MoSSe@CM anode. As a result, the theoretical results prove that the v-
MoSSe can provide more efficient active sites for the store of K* ions,
showing their considerable consistency with the experimental observa-
tions (the enhanced PIBs property of v-MoSSe@CM anode).

Furtherly, the kinetic analysis for v-MoSSe@CM was conducted by
investigating its capacitive behavior. The CVs were carried out at stepped
scan rates (0.2-5 mV s’l) in a voltage range from 0.01 to 3.0 V (Fig. 5a).
The adjustable constant of b can be extracted from the slope by plotting

log(i) against log(v) as the following equations:

(€Y

i=av’

logi=loga + blogv 2

Where i is peak current, v is scan rate, a and b are adjustable constants.
Based on the value of b, the current can be controlled by two possible
processes as semi-infinite linear diffusion (b 0.5) and surface-
controlled diffusion (b = 1) [41,42]. As displayed in Fig. 5b, both the
anodic and cathodic processes for v-MoSSe@CM show good linear rela-
tionship with adjustable constant b values of 0.99 and 0.97, respectively,
suggesting that a fast kinetics is dominated by a surface process for
v-MoSSe@CM.

To further study the capacitive behavior, the capacitive contribution
ratio under different scan rates can be quantified through the following
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equations:
1(V) =k + k' )
1V) VP =k + kg “

where k;v and kav'/? represent the contribution of capacitance and ionic
diffusion, respectively [43,44]. After dividing v”2 on both sides of
Equation (3), Equation (4) can be obtained successfully. When charging
at scan rate of 0.2 mV s}, the capacitive contribution value is below 0.5
(Fig. S14), indicating that the charge storage behavior in v-MoSSe@CM is
dominated by the ionic diffusion process at a low scan rate. Fig. 5S¢ shows
the CV profile with the capacitive contribution at scan rate of 1 mV s},
from which the capacitive contribution value is fixed to be 0.576. With
increasing the scan rates, the capacitive charge contribution becomes
higher and finally reaches to a maximum value of 0.792 at a high scan
rate of 5 mV s ! (Fig. 5d and S15), meaning that capacitive behavior
would play a leading role towards capacity contribution at high scan rate.

In summary, a flexible advanced PIBs anode of v-MoSSe@CM was
synthesized by combining hydrothermal reaction and annealing process.
The introduced dual anionic vacancy-rich v-MoSSe arrays can effectively
improve its electrochemical performance by dramatically enhancing the
adsorption ability of Kt ions and accelerating the electron transfer during
electrochemical process. Therefore, v-MoSSe@CM displays a higher ca-
pacity of 370.6 mAh g~! at 0.1 A g~! over 60 cycles as compared with
that (168.5 mAh g’l) of vacancy-free MoSSe@CM, which proves the
positive role of anionic vacancy in the field of high-performance

596

electrodes for PIBs. Furthermore, the DFT calculations also demonstrate a
facilitated ability for K* insertion into v-MoSSe interlayers with a much
more negative adsorption value of —1.74 eV than that (0.53 eV) of
vacancy-free MoSSe. Meanwhile, the unique 3D networks of CM could
buffer the volume expansion and stabilize the integral structure. As a
result, the v-MoSSe@CM anode could still retain 220.5 mAh g’1 after
1000 cycles at a high current density of 0.5 A g ™!, with a capacity fading
of only 0.015% per cycle, demonstrating its potential applications in
high-performance PIBs.
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