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Potassium-ion batteries (KIBs) are recently attracting intensive attention in renewable
energy storage system because of the abundant potassium resources and their low
cost and high safety. However, the major challenge faced by KIBs lies on the lack of
stable and high-capacity materials for the intercalation/deintercalation of large-size
potassium ions. Transition metal selenides, with the merits of transition metal
chalcogenide for batteries including high capacity, intrinsically enhanced safety and
high availability through the conversion reaction, and also narrow-band-gap
semiconductor characteristic, are superior anode for alkali-ion
intercalation/deintercalation. However, their large volume expansion after the
intercalation of large-size K ion unavoidably impacts the cycling stability of KIBs. The
hollow nanostructure is an effective way in sustaining the large mechanical strain, but
their packing density is relatively low due to the surplus inner void space, leading to
low volumetric energy and power densities of batteries.

Herein, we report the synthesis of a unique pistachio-shuck-like MoSe2/C core/shell
nanostructure (PMC) as an advanced KIBs anode for boosting the performance of
KIBs in terms of capacity, rate ability and cycling stability. This PMC features with a few
layers of molybdenum selenide as the core with an expanded interlayer spacing of ca.
0.85 nm, facilitating the intercalation/deintercalation of K ions, and a thin amorphous
carbon as the shell, which can confine the active molybdenum selenide nanosheets
during cycling for maintaining the high structural stability. Most importantly, as a whole,
the PMC has the advantages of reducing the surplus hollow interior space for
improving its packing density and buffering the volume expansion during the K ion
intercalation for further enhancing the stability. As a consequence, the PMC shows a
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Abstract:

very high capacity of 322 mAh g-1 at 0.2 A g-1 over 100 cycles, and can still remain
226 mAh g-1 at 1.0 A g-1 for a long period of 1000 cycles, which is among the best
reported KIBs anodes. The first-principles calculations reveal that a faster diffusion of
potassium ions on the layer than in the bulk molybdenum selenide and an electrical
conductivity transformation from semiconductor to metal conductor after potassium
intercalation are the key reasons in boosting the performance of KIBs herein. This work
highlights the importance of introducing transition metal selenides as a novel anode
material for KIBs and provides a new way in designing specially structured transition
metal selenides/amorphous carbon composite for high-performance KIBs. We think
that our paper can appeal to a broad readership that are interested in the general
areas of transition-metal chalcogenides materials, nanomaterials,
nanoelectrochemistry and potassium-ion batteries, and therefore will make a very
important contribution to Advanced Materials.

Thank you very much for your time and consideration of this manuscript. Please do not
hesitate to contact me if you have any questions regarding our manuscript.
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Potassium-ion batteries (KIBs) are recently attracting intensive attention because of the
abundant potassium resources and their low cost and high safety. However, the major
challenge faced by KIBs lies on the lack of stable and high-capacity materials for the
intercalation/deintercalation of large-size potassium ions. Herein, we synthesized a
unique pistachio-shuck-like MoSe2/C core/shell nanostructure (PMC) as an advanced
anode for boosting the performance of KIBs. This PMC features with a few layers of
molybdenum selenide as the core with an expanded interlayer spacing of ca. 0.85 nm,
facilitating the intercalation/deintercalation of K ions, and a thin amorphous carbon as
the shell, which can confine the active molybdenum selenide nanosheets during
cycling for maintaining the high structural stability. Most importantly, as a whole, the
PMC has the advantages of reducing the surplus hollow interior space for improving its
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packing density and buffering the volume expansion during the K ion intercalation for
further enhancing the stability. As a consequence, the PMC shows a very high capacity
of 322 mAh g-1 at 0.2 A g-1 over 100 cycles, and can still remain 226 mAh g-1 at 1.0 A
g-1 for a long period of 1000 cycles, which is among the best reported KIBs anodes.
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abundant potassium resources and their low cost and high safety. However, the major
55 challenge faced by KIBs lies on the lack of stable and high-capacity materials for the
57 intercalation/deintercalation of large-size potassium ions. Herein, we synthesized a unique
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boosting the performance of KIBs. This PMC features with a few layers of molybdenum
selenide as the core with an expanded interlayer spacing of ca. 0.85 nm, facilitating the
intercalation/deintercalation of K ions, and a thin amorphous carbon as the shell, which can
confine the active molybdenum selenide nanosheets during cycling for maintaining the high
structural stability. Most importantly, as a whole, the PMC has the advantages of reducing the
surplus hollow interior space for improving its packing density and buffering the volume
expansion during the K ion intercalation for further enhancing the stability. As a consequence,
the PMC shows a very high capacity of 322 mAh g at 0.2 A g over 100 cycles, and can still
remain 226 mAh g* at 1.0 A g* for a long period of 1000 cycles, which is among the best

reported KIBs anodes.

In virtue of their high energy and power densities, lithium-ion batteries (LIBs) have been widely
used in portable electronics and electric vehicles.[*1 However, the scarcity and uneven distribution
of lithium source as well as its high cost largely limit the rapid growth of large-scale stationary
application. Furthermore, the security issue caused by lithium dendrites is a big trouble in LIBs
fields.*® Therefore, developing low-cost, high-performance and high-security energy storage
devices is of great significance as promising alternatives to LIBs, such as sodium-ion batteries
(NIBs), magnesium-ion batteries (MIBs) and aluminum-based batteries (AGBs).[8! In recent three
years, the new concept of potassium-ion batteries (KIBs) has become a hot spot in energy storage
fields.[®! Compared with the natural abundance of lithium (20 ppm) in the earth’s crust, the
abundance of potassium (17000 ppm) seems inexhaustible.l*?! Besides, the redox potential of K/K*
(—2.93 V vs standard hydrogen electrode) is closer to that of Li/Li* (=3.04 V) than that of Na/Na*
(—2.71 V), implying higher energy density in full cell. In this regards, KIBs show the promising
prospect in large-scale stationary applications, and the researches on KIBs are still in early infancy.
Generally, graphite is the most common anode for KIBs with a theoretical capacity of 279 mAh g.
Owing to their relatively large interlayer spacing (3.4 A) and high electronic conductivity, a large
amount of carbonaceous materials were investigated as anodes for KIBs.['*"*3l Unfortunately, the
stability and capacity retention are still not satisfied on account of the expansion and collapse of their
crystal structure. Besides the carbonaceous materials, other noncarbonaceous materials were also
explored, but their structures are usually seriously destroyed during cycling, greatly restricting the
stability.[14-18]

Transition metal selenides, with the merits of transition metal chalcogenide for batteries

including high capacity, intrinsically enhanced safety and high availability through the conversion
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reaction*®?°! and also narrow-band-gap semiconductor characteristic, are superior anode for
alkali-ion intercalation/deintercalation owing to their sandwich structure made up of stacked atom
layers.”l However, their large volume expansion after the intercalation of large-size K ion
unavoidably impacts the cycling stability of KIBs. The flexible carbon matrix can buffer the volume
variation, maintain the integrity of the electrode material, and meanwhile improve the electronic
conductivity. Besides, the hollow nanostructures can sustain the large mechanical strain,[?224l but
their packing density is relatively low due to the surplus inner void space, leading to low volumetric
energy and power densities of batteries.[?] In this regards, designing MoSez-carbon hollow structure
analogue with high packing density is of much significance, however, achieving such target is still a
great challenge.

Herein, we report the synthesis of a class of the pistachio-shuck-like MoSe,/C core/shell
nanostructure with an expanded MoSe: interlayer spacing of 0.85 nm as an advanced anode material
for boosting the capacity, rate ability and cycling stability of KIBs. Compared with the common
hollow structures with low packing density for battery (only point-to-point contact) (Figure la&b),
the unique pistachio-shuck-like nanostructure can have better opportunity for enhancing the packing
density (like plane-to-plane contact) (Figure 1c), which can not only facilitate the electronic transfer
and K ion diffusion, but also maintain the structural stability during the charge and discharge
process.1?6271 Besides, along the surface of carbon, the electrons can fluently pass from one side to
another, and also the carbon can confine the formed molybdenum selenide nanosheets, further
maintaining its structural stability, improving the rate behavior and cycling stability. As a result, after
a long-time cycling of 1000 cycles, the PMC can still deliver a discharge capacity of 226 mAh g* at
a very high current density of 1.0 A g%, among the best KIBs anodes reported. The first-principles
calculations reveal that the energy barrier for the bulk molybdenum selenide is higher than the
surface of expanded molybdenum selenide nanosheets, suggesting a faster diffusion of K ion in this
unusual structure.

The synthetic process of PMC is schematically illustrated in Figure 1d. In a typical synthesis,
1.0 mmol sodium molybdate (NazMo0QOs), 1.0 mmol dibenzyl diselenide (DBDS) and 10 mL
oleylamine (OAm) were mixed together, then dried and degassed at 90 °C for 30 min under inert
atmosphere. The mixture was heated to 250 °C with a heating rate of 8 °C min* for 30 min (holding
time) and further heated to 550 °C for 2 h under inert atmosphere to get the PMC. We found that the
holding time greatly impacts the morphology of molybdenum selenide nanostructures. The holding
times of 5 min and 2 h led to the production of poor-crystallized nanospheres (NS) (Figure S1-3,
Supporting Information) and the broken pistachio-shuck-like MoSe,/C nanosheets (BPS) (Figure
S4-6, Supporting Information).
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The field-emission scanning electron microscopy (FESEM), high-angle annular dark-field
imaging (HAADF)-scanning transmission electron microscopy (STEM) and transmission electron
microscopy (TEM) images were used to characterize the PMC. It shows a pistachio-shuck-like
morphology with a diameter of ca. 70-90 nm (Figure 2a, b, Figure S7&S8), and have the tap density
of ca. 0.83 g cm?, higher than that (ca. 0.58 g cm?) of similar-particle-sized MoSe, nanoflowers
(Figure S9, synthesized according to the previous report?é). High-resolution transmission electron
microscopy (HRTEM) image (Figure 2c) displays that the PMC is formed by stacking a few layers of
molybdenum selenide nanosheets. An interesting thing for PMC is that an expanded interlayer
spacing of ca. 0.85 nm is observed (Figure 2c and Figure S10 and S11, Supporting Information),
larger than the previously reported value (ca. 0.65 nm) and that of similar-particle-sized MoSe;
nanoflowers (ca. 0.64 nm),?*! probably owing to the intercalation of ammonium molecule derived
from the OAmM.E%* The bond length (Mo-Se) and bond angle (Se-Mo-Se) in bulk molybdenum
selenide are 0.25 nm and 82.6°, respectively, and the thickness of one Se-Mo-Se layer is about 0.33
nm. Therefore, the gallery height between two neighboring layers in bulk molybdenum selenide is
only 0.31 nm (Figure S12a, Supporting Information). Such an interlayer spacing is insufficient to
accommodate K ions for fast intercalation/deintercalation reaction. When the interlayer spacing is
enlarged to 0.85 nm, the gallery height is increased to 0.51 nm (Figure S12b, Supporting
Information). The enlarged interlayer spacing can lower the energy barrier of K ion intercalation and
diffusion and increase the number of exposed active sites for KIBs.*?l The surface of the “pistachio
shuck” is coated with amorphous carbon, and the interiors are a few layers of curved nanosheets. The
X-ray powder diffraction (XRD) pattern of PMC further validates the existence of molybdenum
selenide and amorphous carbon (Figure S13, Supporting Information). It is noteworthy that the (002)
diffraction peak shifts negatively compared with the bulk molybdenum selenide (14.1°), also
demonstrating an enlarged interlayer spacing. The corresponding selected area electron diffraction
(SAED) patterns (Figure S14, Supporting Information) also show the existence of crystalline
molybdenum selenide and amorphous carbon. The HAADF-STEM image and energy dispersive
X-ray spectra (EDS) elemental mapping (Figure 2d-f) results clearly reveal that the elements of Mo
and Se are uniformly distributed throughout the PMC.

The X-ray photoelectron spectroscopy (XPS) was carried out to investigate the chemical
composition and the surface electronic state of the as-obtained PMC (Figure 2g, h). The Mo 3d
spectrum was well fitted by two peaks at 228.5 and 231.7 eV, respectively, being coincident with that
of molybdenum selenide (Figure 2g).[***1 Using the deconvolution method, the Se 3d spectrum was
fitted by the assumption of two species at 54.3 and 55.2 eV, respectively (Figure 2h). The Raman

spectrum of the as-obtained PMC shows the existence of carbon and molybdenum selenide (Figure
4
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S15, Supporting Information).**l It can be clearly seen that the D-band (assigned to Aiq vibration
mode of sp? carbon rings caused by defects) is more intensive than the G-band (assigned to Eag
vibration mode of sp? carbon atoms) with a lo/lg value of 1.19, indicating its amorphous nature.
Based on the above analysis, the schematic diagram of the cross-sectional view for PMC is drawn in
Figure 2i.

Electrochemical measurements were carried out using the CR2032-type coin cells. The
electrochemical process of K-ion intercalation and deintercalation of PMC was investigated by cyclic
voltammetry (CV) (Figure S16, Supporting Information). In the first cycle, three reduction peaks at
1.56, 1.22 and 0.55 V can be clearly seen, which are associated with the intercalation of K ions into
the MoSe; crystal and the formation of KxMoSe>, the conversion reaction from KxMoSe, to Mo and
the formation of the solid electrolyte interphase (SEI) layer on the PMC surface, respectively.[536]
Figure 3a shows the galvanostatic charge/discharge curves of the PMC. The first charge/discharge
curves are separated out (Figure S17, Supporting Information) to get a clear view. The
charge/discharge capacities for the first cycle are 402 and 635 mAh g?, respectively, with a
Coulombic efficiency of 63.4%. The particularly high capacity and the remarkable capacity loss
between the initial and second cycles is mainly attributed to some irreversible processes like the
formation of the SEI layer on the PMC surface,*" agreeing well with the results of the CV curves.
As a comparison, the curve shape of BPS is similar to that of PMC except for the fast capacity decay,
caused by the fragmentized nanosheets and aggregation (Figure S18a, Supporting Information)
whereas the NS shows a different profile owing to its poor-crystallized state (Figure S18b,
Supporting Information).

The charge/discharge capacity and Coulombic efficiency of the PMC at 0.2 A g over 100
cycles are displayed in Figure 3b. The capacities for the initial three cycles are particularly higher
than those for other cycles, and the capacity fading is obvious, attributed to the side reaction. In the
subsequent cycles, high capacity retention and Coulombic efficiency were obtained, indicating a high
reversibility during cycling. After 100 cycles, the capacity can still remain 322 mAh g*. The PMC
can also achieve the highly reversible capacity retention of approximately 83.9%, demonstrating its
good cycling stability. In the meantime, the low-cutoff potential at 0.5 V was also measured. Obvious
charge/discharge plateaus could be seen, however, its capacity is lower than that with low-cutoff
potential at 0.01 V (Figure S19, Supporting Information). Although deep discharge may cause more
damage to the electrode, however, owing to the unique structure, the cycling stability with low-cutoff
potential at 0.01 V is comparable to that with low-cutoff potential at 0.5 V (Figure S20, Supporting
Information).

The comparison of the cycling stability of NS, PMC and BPS for KIBs at 0.2 A g* was shown
5
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in Figure 3c. Apparently, the PMC displays the best capacity and cycling stability among NS, PMC
and BPS. Likewise, the PMC exhibits much better rate performance than the NS and BPS under
different current densities from 0.2 to 2.0 A g (Figure 3d). Reversible capacities of 382, 342, 304,
277, 254 and 224 mAh g are obtained after increasing the charge/discharge current densities from
0.2 Agtto0.4,0.6,0.8, 1.0 and 2.0 A g*. It’s worth noting that even over 60 cycles under different
current densities, the capacity can still be restored to 345 mAh g* when the current density returns to
0.2 A g, demonstrating superior rate performance and cycling reversibility. Meanwhile, the PMC
also exhibits superior capacity retention under different current densities (Figure S21, Supporting
Information).

Figure 3e shows the long-term cycling stability of PMC at a very high current density of 1.0 A
gt over 1000 cycles. After such a long-time cycling, a high discharge capacity of 226 mAh g can be
still maintained, which is one of the best reported KIBs anodes (Table S1). It is noteworthy that after
the initial several cycles, the Coulombic efficiency increases to approximately 100%, indicating a
superior reversibility during charge/discharge process. The reversible capacity retention of 83.5% is
achieved, with a tiny capacity fading of ca. 0.017% per cycle. A clear outline of the morphology by
FESEM and TEM observation after 1000 cycles reveals the structural stability during cycling (Figure
S22, Supporting Information).

The electrochemical impedance spectroscopy (EIS) of the PMC was performed for the original,
5™ and 100™ cycles within a frequency range from 100 kHz to 0.01 Hz (Figure S23, Supporting
Information). Generally for batteries, each impedance spectrum falls into two parts: i) a depressed
semicircle at high frequency is attributed to the charge-transfer impedance and ii) a slope line of 45°
at low frequency is ascribed to the semi-infinite diffusion of alkali ions into the electrode/electrolyte
interface. The fresh battery shows a high impedance due to its inactivity before cycling. After being
cycled for 5 and 100 cycles, the impedances of both become lower than that of the fresh one, and the
5t and 100" curves almost overlap with each other, indicating its good reversibility. Unlike ordinary
batteries with a slope line of 45° at low frequency, the PMC appears a much steeper curve,
demonstrating its capacitive character.*8l The EIS data were also fitted by the equivalent circuit. R:
represents the internal resistance of the coin-cell battery and C1 represents the capacitance. W1 is
associated with the Warburg impedance, corresponding to the potassium-diffusion process. Rt and
CPE are related to the charge-transfer resistance and the constant phase-angle element that involves
double layer capacitance. The impedance parameters of PMC after different cycles are listed in Table
S2 (Supporting Information). From the 5" cycle to 100" cycle, only litter change of the
charge-transfer resistance can be observed, indicating good structural stability during cycling.

To further prove the capacitive behavior, the CVs were carried out at stepped scan rates from
6
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0.1 to 1.2 mV s in a voltage range from 0.01 to 2.5 V (Figure 4a). According to the previous
reports,l*¥! the peak current (i) and the scan rate (v) abide by the relationship of i = av®. In the
meantime, the b value can be obtained by the slope of the log (i) vs. log(v) plot (Figure S24a,
Supporting Information). When the b value is close to 0.5, the electrochemical behavior is dominated
by the ionic diffusion process, while the b value close to 1.0 indicates a total capacitive process.[*’]
To be specific, the capacitive contribution ratio under different scan rates can be quantified through
the Equation of i = kiv + kov''2, where kiv and kpv'/2 represent the contribution of capacitance and
ionic diffusion, respectively.*® When charging at a low scan rate of 0.1 mV s, the b value is below
0.5, indicating the charge storage behavior is dominated by the ionic diffusion process (Figure S24b,
Supporting Information). As the scanning rate increases, the capacitive charge contribution becomes
higher and finally reaches the maximum value of 76% at a high scan rate of 1.2 mV s? (Figure 4b).
Under this scan rate, the capacity contribution is dominated by capacitive behavior.

The reasons for the excellent K-ion storage are as follows. i) Usually the hollow nanostructures
have the advantages of the accommodation of the volume expansion during cycling, but have to face
the shortcoming of low volumetric energy and power densities. The pistachio-shuck-like
nanostructure inherits the above-mentioned merits and overcomes the shortcoming of hollow
nanostructure. This unusual structure can be packed more closely and reduce the surplus hollow
interior space (Figure 1b). Compared with the hollow nanospheres, this pistachio-shuck-like
nanostructure has more interfacial contact between the adjacent particles and also more contact area
with the electrolyte, which can improve the electronic transmission and K ion diffusion as well as
maintain the structural stability. ii) The large interlayer spacing can facilitate the transmission of K
ion and accommodate the volume expansion during cycling. At a high charge/discharge current
density of 0.5 A g, MoSe; nanoflowers with smaller interlayer spacing (0.64 nm) and similar
particle size show the lower capacity and poorer stability (Figure S25, Supporting Information),
further proving the advantage of large interlayer spacing and the unique structure of PMC in
boosting KIBs. iii) Usually the transition metal sulfide is semiconductor, while the bandgap of
molybdenum selenide is much smaller, endowing it with relatively high electronic conduction.
Besides, the electrons can easily transfer along the carbon coated on the PMC surface, improving the
rate capability (Figure S26, Supporting Information). iv) The surface carbon could confine the
formed molybdenum selenide nanosheets and maintain its structural stability during the
charge/discharge process. v) The non-ignorable capacitive contribution is another significant factor
in achieving high capacity.

In order to better understand the intercalation process, the possible migration pathways for

potassium diffusion in the bulk and on the surface of molybdenum selenide were investigated by first
7
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principles. The surface structure can be approximately treated as the expanded interlayer spacing in
molybdenum selenide structure, which makes it easy for comparisons. The potassium has two
intercalation sites: the hollow octahedral (On) and the top tetrahedral (Tq) sitel**“?l in molybdenum
selenide structure (Figure 4c, d). The relative energies of the diffusion along the two kinds of
pathways are presented in Figure 4e. The potassium intercalation is energetic favorability to the (On)
sites in bulk molybdenum selenide, while the surface of molybdenum selenide represents an opposite
trend. The energy barrier from climbing-image nudged elastic band method (cNEB) calculations for
the bulk molybdenum selenide is higher than the surface of molybdenum selenide, similar to the
results of the sodium ion diffusion trajectories in molybdenum selenide.[** This result suggests a
faster diffusion of K ion on the layer than in the bulk molybdenum selenide. Further investigation of
bond structure also suggests the transformation from semiconductor to metal after potassium
intercalation, indicating a higher electronic conductivity (Figure S27, Supporting Information).

In summary, we synthesized a new class of pistachio-shuck-like MoSe2/C core/shell
nanostructure with an expanded MoSe; interlayer spacing as an advanced anode material for
enhancing the performance of KIBs. This unique structure is expected to be packed closely for not
only improving the K ion diffusion and electronic transfer, but also enhancing the volumetric energy
density. These important new features make PMC deliver a high capacity of 322 mAh g* over 100
cycles with the reversible capacity retention of approximately 83.9%. When cycled at a very high
current density of 1.0 A g and for a long period of 1000 cycles, the capacity can still retain 226
mAh g, with a capacity fading of only 0.017% per cycle, demonstrating superior rate performance
and cycling stability. The first-principles calculations reveal a low energy barrier during K-ion

intercalation, corroborating the high-rate performance in this unusual structure.
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Figure 1. The comparison of packing of (a) hollow nanospheres and (b) PMC for KIBs. (c)
Schematic diagram of fast ion and electron diffusion in PMC. (d) Synthetic conditions and

morphologies of different molybdenum selenide-based nanostructures.
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Figure 2. (a) HAADF-STEM, (b) TEM and (c) HRTEM images of the PMC. (d) HAADF-STEM
image and the corresponding EDS mappings of (¢) Mo and (f) Se. XPS spectra of (g) Mo 3d and (h)

Se 3d in PMC. (i) Schematic diagram of the cross-sectional view for PMC.
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Figure 3. (a) The 2", 10" and 100" charge/discharge curves of PMC at 0.2 A g* for KIBs. (b)

Charge/discharge capacity and Coulombic efficiency of PMC at 0.2 A g*. Comparison of (c) cycling

stability and (d) rate performance under different current densities of the as-prepared NS, PMC and

BPS. (e) Long-term cycling stability and Coulombic efficiency at a high current density of 1.0 A g*

over 1000 cycles.
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Figure 4. (a) CV profiles at different scan rates and (b) the corresponding percentage of

pseudocapacitive contribution. The K migration paths in the bulk (c) and on the surface (d) of

molybdenum selenide. (e) Relative energies along the two kinds of pathways.
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A unique pistachio-shuck-like molybdenum selenide/carbon core/shell nanostructure (PMC) is
synthesized as an advanced KIBs anode for boosting the performance in terms of capacity, rate
ability and cycling stability. The superior performance is owing to the expanded interlayer spacing,
high packing density and molybdenum selenide/carbon core/shell structure.

Wei Wang, Bo Jiang, Chang Qian, Fan Lv, Jianrui Feng, Jinhui Zhou, Kai Wang, Chao Yang, Yong
Yang and Shaojun Guo*

Pistachio-Shuck-Like MoSe2/C Core/Shell Nanostructures for High-Performance Potassium
lon Storage
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