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The urgent demand for large-scale global energy storage systems and portable electronic devices is driving
the need for considerable energy density and stable batteries. Here, Se atoms are introduced between
MoSe, layers (denoted as MoSe;,,) by bond modulation to produce a high-performance cathode for
potassium-ion batteries. The introduced Se atoms form covalent Se-Se bonds with the Se in MoSe,, and
the advantages of bond modulation are as follows: (i) the interlayer spacing is enlarged which increases
the storage space of K*; (ii) the system possesses a dual reaction mechanism, and the introduced Se can
provide an additional conversion reaction when discharged to 0.5 V, which improves the capacity
further; (i) the Se atoms confined between MoSe; layers do not give rise to the shuttle effect. MoSe;,
is compounded with rGO (MoSe,,,-rGO) as a cathode for potassium-ion batteries and displays an
ultrahigh capacity (235 mA h g~ at 100 mA g™, a long cycle life (300 cycles at 100 mA g~ and an
extraordinary rate performance (135 mA h g~* at 1000 mA g™t and 89 mA h g~* at 2000 mA g~?). Pairing

Received 3lst December 2022 the MoSe,,,-rGO cathode with graphite, the full cell delivers considerable energy density compared to
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Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are widely applied in energy storage."* Molybdenum
diselenide (MoSe,), as a representative TMDC, is a promising
electrode material for alkali metal ion batteries owing to its
layered structure, chemical stability, high reversible capacity,
and appropriate working potential.>* Moreover, MoSe, has
a higher conductivity (1 x 107> S m™", Se gives rise to the
metallic nature) and a larger interlayer spacing (=6.4 A) than
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K cathode materials. The MoSe,,,-rGO cathode also exhibits excellent electrochemical
performance for lithium-ion batteries. This study on bond modulation driving combined intercalation
and conversion reactions offers new insights into the design of high-performance K cathodes.

the corresponding sulfides, suggesting that MoSe, can better
accommodate the alkali metal ions.*” However, as a 2D
material, the pristine MoSe, tends to stack and aggregate,
which has a detrimental impact on the cycling performance.®®
More seriously, the pristine MoSe, undergoes a huge volume
expansion during electrochemical cycling, leading to structural
collapse and poor electrochemical performance.'>'* As a result,
the pristine MoSe,, despite its many advantages, has difficulty
in realizing its full potential. To solve the above problems, many
sophisticated molecular engineering strategies have been used
to modify MoSe, in recent years.*”* These molecular
engineering strategies can be broadly classified into five
categories: interfacial engineering," structural engineering,
doping engineering,”® phase engineering’® and defect
engineering.”” However, the improvement of performance of
MoSe, by these traditional modification methods is very highly
limited by its theoretical capacity within a specific voltage
range. Therefore, there is an urgent need to find a method to
modulate MoSe, itself to improve the upper limit of its
electrochemical performance.

According to research on the reaction mechanism of MoSe,,
only a single intercalation reaction occurs for MoSe, when
discharged to 0.5 V.*>'' And the reaction mechanism of
cathode materials in potassium-ion batteries (PIBs) is mainly
intercalation.>* However, intercalation-type electrode materials

© 2023 The Author(s). Published by the Royal Society of Chemistry
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are known to have some non-negligible defects, such as low
discharge capacity and slow diffusion kinetics, although they
exhibit excellent stability.”*** In contrast, high capacity can be
achieved in conversion-type electrode materials. But the
conversion reaction usually suffers from large volume change
and the shuttle effect, which is unfavorable for electrochemical
performance.****** Thus far, it is still a huge challenge to realize
high capacity and stable cycling in cathodes. Consequently,
developing cathode materials with a combinational reaction
mechanism to integrate the advantages of each component
should be an effective path to resolving the above problems.
The dual reaction mechanism with intercalation and
conversion reactions has been recently reported for lithium-ion
cathode materials.>® However, there is no relevant report on
potassium-ion cathodes.

Here, Se atoms are introduced between MoSe, layers
(denoted as MoSe,.,) by a bond modulation strategy to raise the
capacity ceiling and improve the stability of MoSe,. The
introduced Se atoms form covalent Se-Se bonds with the Se in
MoSe,, and collaborate with MoSe, to modulate the
performance of MoSe,.,, bringing the following benefits: (i) the
enlarged interlayer spacing due to the bond modulation can
accelerate K' transport, improving the rate performance; (ii) the
Se atoms between MoSe, layers undergo conversion reaction
when discharged to 0.5 V, which provides additional capacity;
(iii) the introduced Se atoms are independent of each other,
thereby displaying no shuttle effect during cycling, which
enhances the cycling stability.>* Besides, we verified, by density
functional theory (DFT) calculations, that MoSe,., with a larger
interlayer spacing could accommodate more K' than MoSe,. To
further enhance the cycling stability, MoSe,., was compounded
with rGO (denoted as MoSe,..,-rGO). As a result, MoSe,,,-rGO as
a cathode for PIBs displays an ultrahigh capacity (235 mAh g ™"
at 100 mA g~ "), a long cycle life (300 cycles at 100 mA g~ ') and an
extraordinary rate performance (135 mA h g~ " at 1000 mA g~ "
and 89 mA h g~* at 2000 mA g~ ). Matching the MoSe,,,- TGO
cathode with graphite, the full cell delivers considerable energy
density compared to other K cathode materials.”®* The
MoSe,,,-tGO cathode also exhibits excellent electrochemical
performance for lithium-ion batteries (LIBs).

Results and discussion

Fig. 1a illustrates our bond modulation strategy by introducing
selenium atoms randomly between MoSe, layers to improve the
upper limit of MoSe,'s electrochemical performance. MoSe,.,
has a sandwich structure, where the anchored Se atoms
between the MoSe, layers and MoSe, collaborate with each
other. First, the interlayer spacing of MoSe, is enlarged due to
the modulation of Se-Se bonds, which allows more K' to be
embedded into the interlayer; second, this special structure
yields a dual reaction mechanism for MoSe,.,. The interlayer Se
atoms within MoSe,., provide an additional conversion
reaction, while MoSe, displays a single intercalation reaction in
the same voltage window (0.5-3 V) (Fig. 1b and c).**** In
addition, the introduced Se atoms are anchored in the
interlayer with no appearance of long-chain molecular Se,
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Fig. 1 (a) Schematic illustration of the modulation of Se—Se bonds. (b

and c) Crystal structure and mechanism of MoSe, and MoSe;,,,
respectively. Purple atoms represent selenium, pink atoms represent
molybdenum, and green atoms represent potassium.

thereby avoiding the shuttle effect.** Through this bond
modulation strategy, the upper performance limit of MoSe, is
greatly improved, and a high-performance cathode is achieved.

MoSe,., and the MoSe,.,-tTGO composite were synthesized
by a one-step hydrothermal method (Fig. S1t). The control
electrode material MoSe,-rGO was obtained by annealing
MoSe,.,-tGO. The energy-dispersive X-ray spectroscopy (EDS)
elemental analysis results (Fig. S2T) revealed that the value of x
in MoSe,;,-tTGO was around 0.2. The scanning electron
microscopy (SEM) image of MoSe,-rGO revealed a lumpy
particle morphology with a diameter larger than 150 nm
(Fig. 2a). The SEM image of MoSe,.,-TGO showed a coral-like
structure composed of a large number of nanosheets (Fig. 2b).
These characteristics of MoSe,.,-rGO were also displayed in the
transmission electron microscope (TEM) image (Fig. S31). The
EDS mapping images of MoSe,.,-rGO showed that Mo, Se and C
elements were evenly distributed (Fig. S4t1). The crystal
structure of MoSe, is exhibited in Fig. 1b, and the Mo atoms
(pink) stayed at the center of the triangular prism, with Se atoms
(purple) at the vertices forming an Se-Mo-Se triangular prism
unit cell. The crystal structure of MoSe,., is displayed in Fig. 1c.
The excess Se atoms (except for the Se atoms in MoSe,) were
randomly distributed in the triangular prism sites in the van der
Waals gap. The modulation of Se-Se bonds has been proved to
increase the electronic conductivity.”® The high-resolution
transmission electron microscopy (HRTEM) images of MoSe,-
rGO and MoSe,.,-tGO exhibited distinct lattice fringes (Fig. 2¢
and d). The interplanar spacing of MoSe, was measured to be
0.65 nm, which matched well with the (002) lattice planes of the
2H-MoSe, phase (JCPDS no. 29-0914). And the interplanar
spacing of MoSe,., was expanded to 0.78 nm by the modulation
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Fig. 2 Morphology and structure characterization. SEM images of (a)
MoSe,-rGO and (b) MoSe,,,-rGO. HRTEM images of (c) MoSe,-rGO
and (d) MoSe,x-rGO. Atomic images of (e) MoSe,-rGO and (f) MoSe, .-
rGO; the line scan profiles along the corresponding rectangles are
shown on the right. XPS spectra of (g and i) MoSe,-rGO and (h and j)
MoSe,-rGO. (k) Raman spectra of MoSe,-rGO and MoSe,,,-rGO.

of Se-Se bonds. The atomic images of MoSe,-rGO and MoSe,. -
rGO are shown in Fig. 2e and f, where there were grains
projected along the [002] zone axis, with the large bright area
representing MoSe,. The difference was that the atomic image
of MoSe,.,-tGO displayed excess Se atoms between MoSe, layers
(some positions did not). The introduction of Se atoms was also
proven by line-scan intensity profiles (Fig. 2e and f).>® The X-ray
diffraction (XRD) pattern of MoSe,-rGO is displayed in Fig. S5,
illustrating a good crystallinity with peaks well indexed to 2H-
MoSe, and a sharp peak at 26° attributed to rGO.>**** The
broadened diffraction peaks (especially the (002) plane) of pure
MoSe,., and MoSe,,,-rGO revealed that MoSe,., had a structure
of few layers and relatively low crystallinity (Fig. 2d and S67).?>3*
It is noteworthy that the (002) peak of MoSe,., and MoSe,.,-tGO
shifted to a lower angle position, indicating that the interplanar
spacing along the [002] axis was enlarged. The selected area
electron diffraction (SAED) patterns of MoSe,-rGO and MoSe,.,-
rGO both gave distinct crystal diffraction rings (Fig. S77).

The chemical compositions and valence states of the MoSe,-
rGO and MoSe,.,rGO composites were analyzed by X-ray
photoelectron spectroscopy (XPS). The investigated spectra of
MoSe,-rGO and MoSe,.,-rGO both showed four main elements:
Mo, Se, C and O (Fig. S8 and S9t), which was consistent with the
EDS results. In the high-resolution Mo 3d spectra (Fig. 2g and h),
both MoSe,.,-tGO and MoSe,-tGO displayed one doublet at
229.5 and 231.8 eV, which was assigned to the Mo 3d5/, and 3d;,
characteristic peaks of Mo**, while the other doublet at 232.9
and 236.0 eV was due to the presence of Mo®". Additionally, the
Mo 3d spectra of MoSe,-tGO and MoSe,.,-tGO both showed
a peak at 228.6 eV, which was ascribed to the Mo-C bond,
verifying that both MoSe, and MoSe,., were successfully
compounded with rGO.** The high resolution Se 3d spectra of
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MoSe,-rGO and MoSe,.,-rGO in Fig. 2i and j both displayed
a doublet at approximately 54.6 and 55.5 eV, which was indexed
to the Se 3ds,, and 3d;/, characteristic peaks of monoselenide
(Se*7). But the Se 3d spectrum of MoSe,,,-TGO showed another
doublet at 55.5 and 56.2 eV, which was attributed to the Se 3d5,,
and 3d;), characteristic peaks of homopolar Se-Se bonds.**** As
illustrated in Fig. 2k, the Raman spectrum of MoSe,,, had an
out-of-plane Mo-Se phonon mode (A;,) located at 244 cm ™" and
an in-plane Mo-Se phonon mode (E';,), which were the
characteristic peaks of MoSe,.'**** In addition, it also showed
a sharp peak at 237 cm ™" arising from the intrachain stretching
vibration mode of homopolar Se-Se bonds.>**” As shown in Fig.
S10a,T the nitrogen adsorption-desorption isotherms of MoSe,-
rGO and MoSe,.,-tGO both exhibited a distinct hysteresis loop,
which belonged to type IV, revealing the existence of mesoporous
structures in the materials. The measured specific surface area of
MoSe,,,-tGO was 21.931 m* g~ ' with a main pore diameter of
6.408 nm (Fig. S10bt). By comparison, the MoSe,-rGO had
a smaller specific surface area (14.932 m> g~') and a smaller
main pore diameter (2.753 nm). In addition, to achieve accurate
loading of MoSe,., in MoSe,.,-tGO, thermogravimetric analyses
(TGA) of pure MoSe,., and MoSe,.,-tGO were performed (Fig.
S111). By comparing the results of their TGA data, the content of
MoSe,., in the MoSe,.,-tTGO composite was found to be about
92.53 wt%.

The electrochemical performance of the MoSe,.,,. TGO was
investigated as the cathode for PIBs. Fig. 3a displays the first
three cyclic voltammogram (CV) curves in the voltage window of
0.5-3.0 Vversus K'/K at a scan rate of 0.1 mV s~ . There were two
cathodic peaks at 1.52 and 0.82 V observed because of K uptake
in the initial cycle that disappeared in the subsequent cycles,
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Fig. 3 Electrochemical performance of MoSe;,-rGO for potassium-
ion storage. (a) CV profiles of MoSe;,,,-rGO at the 1st, 2nd and 3rd
cycles. (b) Discharge/charge curves of MoSe,,,-rGO at the 1st, 2nd
and 3rd cycles. (c) Rate performance of pure MoSe,,,, MoSe,,,-rGO
and MoSe,-rGO at various current densities. (d) Cycling performance
of MoSe,,,-rGO, pure MoSe,,, and MoSe,-rGO at 100 mA g1 (e)
Comparison of the capacity of MoSe,,,-rGO with those of other
cathodes at different current densities for PIBs (blue represents
Prussian blue analogues/cyanoferrates, orange represents polyanionic
compounds, purple represents metal oxides, green represents organic
materials, and grey represents metal organic frameworks). (f) Cycling
performance of MoSe,,,-rGO at 1000 mA g’l.
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which were attributed to the irreversible side reactions and the
formation of a solid electrolyte interphase (SEI) on the electrode
surface.”*® In terms of the anodic scan, the strong peak at
1.79 V could be related to the process of K release.'® With the
continuation of sweeping, two new cathodic peaks appeared at
2.15 and 0.98 V, indicating the intercalation of K" into MoSey..
The almost overlapping anodic and cathodic peaks in the
subsequent cycles were an indication of the highly reversible
redox behaviors of this electrode. The voltage plateaus of the
charge/discharge profiles (Fig. 3b) were consistent with the CV
curves. The MoSe,.,,-tGO showed a superior rate performance
(Fig. 3c and S127), retaining capacities of 203, 182, 165, 135 and
89 mA h g~ ! at current densities of 100, 300, 500, 1000 and 2000
mA g~ '. When the current density returned to 100 mA g~ ", the
discharge capacity could still return to 210 mA h g~*, which was
comparable with the initial discharge capacity. However, the
rate performance of MoSe,-tGO and pure MoSe,,, was much
inferior to that of MoSe,,,-rGO because of the absence of
modulation of Se-Se bonds and the combination with rGO,
respectively. The high capacity of MoSe,.,-rGO dominated those
of various other cathodes for PIBs (Fig. 3e).*** The long-
duration cycling performance of MoSe,.,,-rGO, MoSe,-rGO and
pure MoSe,,, at 100 mA g~ is shown in Fig. 3d. Impressively,
MoSe,.,-tGO exhibited a high initial charge capacity of 195 mA
h g, and a capacity of 168 mA h g~ * could still be achieved
after 300 cycles. The coulombic efficiency (CE) was above 99.5%
on average. Compared with MoSe,-tGO, the MoSe,.,- TGO
electrode had an overwhelming advantage in capacity. Even
though the pure MoSe,., had a comparable initial capacity to
MoSe,.,- TGO, its capacity decayed quickly without the stability
effect of rGO. The outstanding cycle life (nearly 1300 h) and the
impressive rate performance of MoSe,.,-rGO surpassed those of
the reported MoSe,-based composite electrodes in PIBs
(Fig. S13 and Table S1t).**** The cycling performance of
MoSe,.,-TGO at a high current density of 1000 mA g~ is
presented in Fig. 3f. MoSe,.,-tGO retained a high specific
capacity of 101 mA h g~* over 1020 cycles (with pre-cycling at
100 mA g~ ' for 20 cycles). Moreover, the CE was maintained
above 99.7% on average.

To gain insight into the structural and compositional
evolution of the MoSe,.,-TGO electrode, in/ex situ Raman
spectroscopy during the second cycle was carried out. As
illustrated in Fig. 4a, a distinct peak appeared at 252 cm ™" when
discharged approximately to 0.64 V, which corresponded to the
characteristic peak of K,Se.** The generation of K,Se indicated
that the system underwent a conversion reaction, and the
final discharge products included K,Se. When charged
approximately to 1.0 V, the characteristic peak of K,Se
disappeared. To get a clearer picture of the mechanism, we
selected some representative Raman spectra of MoSe,.,,- TGO
and MoSe,-rGO discharged to specific potentials. The Raman
spectra of MoSe,-tGO at specific potentials are displayed in
Fig. 4b. When MoSe,-tGO was discharged to 0.5 V, only the
intercalation reaction occurred, which was consistent with
previous reports on the reaction mechanism of MoSe,-based
electrodes.”™® As shown in Fig. 4c, when MoSe,.,-TGO was
discharged to 1.0 V, the shift of A;; and E',, peaks to higher

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

5 b
& Pristne . A,
s

Pristine | (se se) Ay
244cm % g

48 EL

| Discharge 0 0.75V/
245 om

[ Discharge 1005V A,
I *20ren

[ Peakshift 252 cm! (K,Se)
200 220 240 260 280 130 200 250 300
Raman shift/ cm”* Raman shift/ cm'*

#A,| |Dischargeat1oV, A,

veese) sE

Intensity / a.u.

Poak shifl
Discharge 005 V.

-

e SR
]

=

-

8

Potential /V vs. KIK*

&
-—
Location of excess Se .

KioMoSe;
bridge Intercalation

00 01 02 03 0

3 % 4 6 &
f AE/eV/fu

Capacity /mAh g™

Potential / V vs. KIK*
I

Intercalation T

Conversion

0 50 100 150 200 250

Capacity /mAh g”'

Fig. 4 Structural evolution of MoSe,,,-rGO electrodes during the
charge/discharge process in PIBs. (a) In/ex situ Raman analysis of
MoSe,,,-rGO at the 2nd cycle. (b) Raman spectra of pristine MoSe;-
rGO and MoSe,-rGO discharged to 0.75V and 0.5 V. (c) Raman spectra
of pristine MoSe,,,-rGO and MoSe;,,-rGO discharged to 1.0 V and
0.5 V. (d) Energy difference (AE) of excess selenium at different
positions. Charge/discharge profiles with schematic diagrams of the
reaction mechanism of (e) MoSe,-rGO and (f) MoSe; o »-rGO (take x =
0.2 as an example for MoSe, ,,-rGO).

angles was attributed to the intercalation of K* into MoSe,..,
while there was no peak of K,Se observed at this time. When
discharged to 0.5 V, the characteristic peak of K,Se appeared,
which was owing to the conversion reaction offered by the Se
atoms in the interlayer. The above results indicated that the
MoSe,.,-TGO system underwent an intercalation reaction firstly,
followed by a conversion reaction. The intercalation reaction is
generally known to display excellent cycling stability but low
discharge capacity and slow ion diffusion rate.>**® In contrast,
high capacity can be achieved in conversion reactions. However,
conversion reactions usually suffer from the shuttle effect,
which leads to a rapid decay of capacity.”” Bond modulation,
which drives a dual reaction mechanism in which the
intercalation and conversion reactions complement each other,
is an effective method to improve the capacity and reversibility
of the MoSe,.,-rGO cathode. To summarize, one of the reasons
why MoSe,.,-tGO has a much higher capacity than MoSe,-tGO
is that MoSe,.,rGO not only undergoes an intercalation
reaction but also a conversion reaction, which offers extra
capacity. Moreover, when charged to 3.0 V, the Raman spectrum
of MoSe,.,-TGO was identical to that of the pristine state, which
demonstrated the high reversibility of the reaction (Fig. S147).
Since HRTEM images could not identify the exact position of
the excess Se atoms between MoSe, layers, we determined the
position of the interlayer Se atoms by density functional theory
(DFT) calculations (Fig. 4d). We selected three positions: the
Mo-Se bond bridge, the center of the hexagon, and the top of
the Mo atom. It was found that the lowest energy, i.e. the most
stable position, was possessed at the Mo-Se bond bridge
position. In addition, DFT calculations indicated that both
MoSe,.,-tGO and MoSe,-rGO underwent the intercalation

Chem. Sci., 2023, 14, 2528-2536 | 2531
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reaction, but the amount of inserted potassium was quite
different due to bond modulation. MoSe,-rGO could only be
intercalated with one-third of K', while MoSe,.,-rGO could be
intercalated with two-thirds of K* (Fig. 4e and f). This is the
other reason why the capacity of MoSe,.,-tGO was much higher
than that of MoSe,-rGO. We roughly estimated that the capacity
contributions of the intercalation reaction and conversion
reaction of MoSe,.,- TGO are 58.1% and 41.9% at 100 mA g,
respectively. In addition, the capacity contribution may vary at
different current densities because of the distinct kinetics,
which has been reported previously.”®

We believed the excellent rate performance of the MoSe,. -
rGO cathode significantly depended on the kinetics origin,
which was investigated by CV tests in detail. The CV profiles of
MoSe,.,-tTGO and MoSe,-rGO at different scan rates are shown
in Fig. S15a and Si16a.7 The surface-controlled capacitive
process (kyv;) and diffusion-controlled intercalation process
(kpv,) together determine the capacity contribution of an
electrode according to the following equation:

1
i=kv + ky»2

where i and v are the current and scan rate, respectively.
Generally, through the power law i = a?, the relationship
between the current (i) and scan rate (v) can be evaluated. When
the b value is close to 0.5, the diffusion-controlled process is
predominant, for example when the b values of MoSe,,,-tGO
were 0.88 and 0.85 and the b value of MoSe,-rGO was 0.77,
which indicated that pseudocapacitance played a major role in
both MoSe,,,-tGO and MoSe,-tGO electrodes. Fig. S15c
and Si6ct exhibit the corresponding pseudocapacitance
contributions of MoSe,,,-rGO and MoSe,-rGO at different scan
rates. The MoSe,,- GO displayed an obviously larger
pseudocapacitance contribution (56.6-83.5%) than MoSe,-tGO
(49.9-78.8%) at the scan rate range from 0.1 to 1.5 mV s,
resulting in a better rate performance (Fig. S15d and S16df).
Moreover, the galvanostatic intermittent titration technique
(GITT) was used to evaluate the diffusion coefficient of K" in an
electrode based on the equation:

2 2
D= i é AE;
Tt \S AE,

where 1 is the relaxation time (s); ¢ is the duration of the applied
current pulse; L is the diffusion length of K (for compact
electrodes, the value of L equals the thickness of the electrode);
AE; is the voltage change caused by the pulse current; and AE; is
the voltage change during charging and discharging at
a constant current. Fig. S17at shows the GITT curves of
MoSe,,-tGO and MoSe,-tGO during the discharge/charge
process, and the corresponding K' diffusion coefficient (Dg)
at different insertion/extraction states is displayed in Fig. S17b.
The average Dy of MoSe,,,-tGO was about 2.7 x 10~ *° and 3.86
x 107" em® s™' during the potassiation/depotassiation
process, respectively. However, the average Dx+ of MoSe,-rGO
was about 1.32 x 10~ *° cm?® s~ ! during the discharge process
and 3.04 x 10 '° ecm® s™* during the charging process, which
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were smaller than that of MoSe,,,-rGO, demonstrating the
faster diffusion of K in MoSe,.,-tGO than MoSe,-rGO.

Electrochemical impedance spectroscopy measurements
(Fig. S18,1 the inset picture is the equivalent circuit) were
carried out. R is the charge-transfer resistance at interfaces
and Z,, is the Warburg impedance corresponding to K* diffusion
in the equivalent circuit. After fitting, the R.. value of MoSe,. -
rGO increased slightly as the number of cycles increased, which
was due to the formation of a more stable SEI during cycling.
Meanwhile, the slope of the straight line became larger during
cycling, suggesting an enhancement of the K" diffusion ability.*
It was obvious that the R, of MoSe,.,-rGO was much lower than
that of MoSe,-rGO and pure MoSe,., at the 50th and 100th
cycles, demonstrating the superior kinetics of MoSe,.,-tGO
due to its high electrical and ionic conductivity at the
heterointerface.>® The SEM images of the pristine MoSe,.,-tGO
and MoSe,-rGO electrodes and those after cycling are shown in
Fig. S19 and S20.7 The structure of the MoSe,,,-rGO electrode
remained almost unchanged, while a certain degree of
structural failure occurred in the MoSe,-rGO electrode.
The structural collapse may be a major factor for the poor
electrochemical kinetics of the MoSe,-rGO electrode.®® In
contrast, MoSe,.,-TGO could maintain the integrity of the
structure. The XRD spectrum of MoSe,.,rGO after cycling
showed that no obvious peak appeared other than for
aluminum (Fig. S211). The HRTEM of MoSe,.,- TGO was
performed after cycling (Fig. S2271). After 50 cycles, no more
layered crystals were found and the materials changed to
amorphous particles with low contrast.*®**

Furthermore, we explored the cycling performance of
potassium-ion full cells (PIFCs) in which MoSe,.,-tGO was used
as the cathode and Nano Graphite (NG) was adopted as the
anode. The capacity and current density of the PIFC were
calculated based on the mass of the MoSe,.,-rGO cathode. The
normalized discharge/charge curves of the MoSe,,-rGO and NG
electrodes in the half cell and full cell are shown in Fig. 5a. The
electrochemical performance of the MoSe,.,-TGO||NG PIFC was
examined at a current density of 100 mA g~ * within the voltage
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Fig.5 Electrochemical performance of the MoSe,,,-rGO||NG full cell
and MoSe,.,-rGO||K half cell at low temperature. (a) Discharge/charge
profiles of the half cell and the full cell. (b) Cycling performance of the
MoSe,.,-rGOJ|ING full cell at 100 mA g~%; the inset is a corresponding
optical image showing it powering a LED. (c) Cycling performance of
the MoSe,,,-rGO||K half cell at 300 mA g tand —20 °C.
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Fig. 6 Electrochemical performance of the MoSe,,,-rGO| K half cell
for lithium-ion storage. (a) Discharge/charge curves of MoSe,, ,-rGO
at different cycles. (b) Rate performance of MoSe,,,-rGO at various
current densities. (c) Comparison of the rate performance of MoSe, -
rGO with that of other Se-based composites for LIBs. (d) Cycling
performance of MoSe;,,-rGO at 500 mA g’l.

window of 0.01-3 V after pre-cycling (Fig. 5b and S237).>** The
discharge capacity of MoSe,.,-rGO|NG could be maintained at
81.9% of the initial capacity (188.7 mA h g~ ") after 50 cycles. An
appreciable energy density of 246 W h kg~ ' was achieved and it
was sufficient for its application in potassium-ion battery
cathode materials. Notably, the full cell delivered considerable
energy density compared to other K cathode materials although
its discharge voltage plateau was not very high.>**”** And the CE
was as high as 99% during the stable cycling of the full cell.
Moreover, the MoSe,.,-tTGO|K half cell could be operated
normally at temperatures as low as —20 °C (Fig. 5¢).

To demonstrate the broad compatibility in energy storage
systems, MoSe,.,-tGO was also investigated as the cathode for
LIBs. As shown in Fig. 6a and S24,f the highly overlapped
charge/discharge and CV curves showed low polarization and
high electrochemical reversibility of MoSe,.,-tGO in the LIB
system. The cycling performance of MoSe,,,-tGO for LIBs at
a current density of 500 mA g~ is shown in Fig. 6d, exhibiting
a high capacity and considerable capacity retention
(maintaining 267 mA h g~ after 600 cycles), and the CE was
above 99.5% on average. Fig. 6b shows an impressive rate
performance of 334, 316, 304, 288, 271 and 245 mA h g " at
current densities of 100, 300, 500, 1000, 2000 and 5000 mA g,
respectively. The corresponding charge/discharge profiles at
various current densities are shown in Fig. S25.f The rate
performance of Se-based cathodes in LIBs in recent years was
compared with this work (Fig. 6¢c and Table S27t). Clearly, the
MoSe,.,-1GO cathode demonstrated the best rate performance
among them.

Conclusions

In summary, Se atoms were introduced to randomly spread
between MoSe, layers by means of bond modulation, and the
introduced Se atoms formed covalent Se-Se bonds with the Se
atoms in MoSe,. The approach of bond modulation gives the
MoSe,.,-tGO cathode many advantages, including: (1) enlarging
the interlayer spacing along the [002] axis, which allows easier
and more insertion of K'; (2) achieving a dual reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mechanism, with additional conversion reaction providing
more capacity for MoSe,.,-tGO; and (3) confining the
introduced Se atoms in the interlayer to avoid the shuttle effect.
Thanks to the above advantages, MoSe,.,-rGO exhibited an
impressive K' storage ability, including an ultrahigh capacity
with a long cycle life (300 cycles at 100 mA g~ ) and a superior
rate capability (89 mA h g~ retained at a high current density of
2000 mA g~ ). Notably, the full cell delivered a considerable
energy density compared to other K cathode materials although
its discharge voltage plateau was not very high. The MoSe,.,-
rGO cathode also displayed an extraordinary cycling stability
(retaining 267 mA h g~* at 500 mA g~ over 600 cycles) and
a desirable rate performance (245 mA h g~ " at 5000 mA g~ ') for
LIBs. The strategy of bond modulation inducing combined
intercalation and conversion reactions provides a new
opportunity to achieve high capacity and long cycle life K
cathodes.
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