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ABSTRACT: The cost-efficient and plentiful Na and K resources S A €-Mo bond
motivate the research on ideal electrodes for sodium-ion batteries ;
(SIBs) and potassium-ion batteries (PIBs). Here, MoSe, nano-
sheets perpendicularly anchored on reduced graphene oxide
(rGO) are studied as an electrode for SIBs and PIBs. Not only
does the graphene network serves as a nucleation substrate for
suppressing the agglomeration of MoSe, nanosheets to eliminate
the electrode fracture but also facilitates the electrochemical
kinetics process and provides a buffer zone to tolerate the large strain. An expanded interplanar spacing of 7.9 A is conducive to fast
alkaline ion diffusion, and the formed chemical bondings (C—Mo and C—O—Mo) promote the structure integrity and the charge
transfer kinetics. Consequently, MoSe,@5%rGO exhibits a reversible specific capacity of 458.3 mAh-g™' at 100 mA-g™', great
cyclability with a retention of 383.6 mAh-g~! over 50 cycles, and excellent rate capability (251.3 mAh-g™" at 5 A-g™") for SIBs. For
PIBs, a high first specific capacity of 365.5 mAh-g™" at 100 mA-g~" with a low capacity fading of 51.5 mAh-g~" upon 50 cycles and
satisfactory rate property are acquired for MoSe,@10%rGO composite. Ex situ measurements validate that the discharge products
are Na,Se for SIBs and KSe; for PIBs, and robust chemical bonds boost the structure stability for Na- and K-ion storage. The full
batteries are successfully fabricated to verify the practical feasibility of MoSe,@5%rGO composite.
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1. INTRODUCTION

Nowadays, the exhaustion of nonrenewable natural resources
and the worsening of the environment promote the develop-
ment of advanced energy storage (EES) devices to match
smart electric grids by integrating renewable energy."”” On the
basis of high power density, large energy density, and
satisfactory cycling life, the market for portable electronic
devices (PEDs) and electric vehicles (EVs) is dominated by

For the anode materials, although the commercialized
graphite electrode can store K ions to form KCg with a low
specific capacity of 279 mAh-g™', it is thermodynamically
unfavorable to generate a binary graphite intercalation
compound for Na-ion storage.'”"* Even for the silicon anode
with ultrahigh theoretical specific capacity in LIBs, there is no
experimental evidence to confirm the successful insertion/
extraction of Na and K ions in the silicon host."*™' The
amorphous carbon delivers more capacity induced by nano-

rechargeable lithium-ion batteries (LIBs).””> However, the
uneven geographical distribution and limited reserve of lithium
seriously humble LIBs’ widespread applications for the
increasing demands for PEDs, EVs, and stationary EES
technologies, which urges for the investigation on new
rechargeable alkaline ion batteries with abundant resources.’
Hence, sodium-ion batteries (SIBs) and potassium-ion
batteries (PIBs), as promising alternatives to LIBs, have been
widely concerned and studied.®” It is a key challenge to search
innovative electrodes for storing large-sized Na ions (1.02 A)
and K ions (1.38 A) to promote the advance of SIBs and PIBs.
The study on cathode materials, including layered oxides,
organic materials, Prussian blue analogues, and polyanionic
compounds, has made great progress in a detailed electro-
chemical reaction process and performances for both SIBs and
PIBs.* !
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voids and defects than graphite, while ultralow initial
Coulombic efficiency is obtained owing to a more irreversible
product resulted from the exposed edge planes.'”' So far, the
materials based on the alloying—dealloying mechanism, such as
phosphorus (P), tin (Sn), antimony (Sb), bismuth (Bi),
germanium (Ge), and lead (Pb), deliver satisfactory high
specific capacity, yet the resulting large volume change leads to
poor cyclic stability."”'” Another type of anode materials based
on conversion mechanism exhibit a satisfactory combination of
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Figure 1. Graphic illustration of the assembly procedure of MoSe, and hierarchical MoSe,@rGO composite.

high capacity and relatively smaller volume variation,
prompting the study on transition metal (TM) oxides, sulfides,
selenides, nitrides, phosphides, carbides, etc./ 2072

Layered TM dichalcogenides, possessing a narrow band gap
semiconductor characteristic, considerable interlayer spacing,
and two-dimensional (2D) lamellar structure, are widely
applied as g)romising anode electrodes for efficient energy
storage.”*® Especially, molybdenum diselenide (MoSe,) is
regarded as an emerging valuable anode for Na- and K-ion
storage owing to its intrinsic sandwich-like structure, which is
constructed by forming a Mo-Se monolayer via a strong in-
plane covalent bond and further stacking of the neighboring
layers via weak van der Waals force.”” In addition, the greater
interlayer distance (6.4 A) and smaller band gap (1.1 eV)
facilitate efficient electron transfer and ion transport.”®*’
However, several key issues of MoSe, are the nanosheet
agglomeration during synthesis caused by the high surface
energy of the 2D nanostructure, large volume change upon ion
insertion/extraction process, and electrical conductivity that
need to be improved, which will give rise to poor cycling
stability and rate performance.”””" Therefore, it is vitally
necessary to adopt a simple strategy that can not only suppress
the stacking of nanosheets to prevent the electrode breakage
caused by stress but also contribute a buffer zone to tolerate
the volume variation and effectively improve the electro-
chemical dynamic process.

Herein, we constructed ultrathin MoSe, nanosheets
perpendicularly confined into the surface of reduced graphene
oxide (rGO) through a hydrothermal strategy as an anode for
Na- and K-ion storage, where the composites with rGO mass
contents of 1, 5, 10, and 20% are named MoSe,@1%rGO,
MoSe,@5%rGO, MoSe,@10%rGO, and MoSe,@20%rGO,
respectively. This unique heterogeneous composite, with a
robust interfacial joint of C—Mo and C—O—Mo bonds and
enlarged interlayer crystal distance of 7.9 A in MoSe,, is
conducive to ensuring structural stability from the huge
volume variation and acquire fast transportation capability of
both electron and alkaline ions. Accordingly, a high specific
capacity of 383.6 mAh-g~! upon 50 cycles at 100 mA-g~"' and
outstanding rate performance (251.3 mAh-g"" at 5 A-g™") can
be achieved for the MoSe,@5%rGO electrode as an anode for
SIBs. In addition, MoSe,@10%rGO delivers a reversible
capacity of 365.5 mAh-g”' at 100 mA-g™', showing a high
retention value of 314.0 mAh-g~' over 50 cycles and improved
rate capability when it was tested for PIBs. It is demonstrated
that both intercalation and conversion reactions play a part in
alkaline ion storage, while the main discharge products are
Na,Se and K;Se;, respectively. We also successfully assembled

the full cells based on the Na,Ni[Fe(CN),] or K,Ni[Fe(CN);]
cathode and MoSe,@5%rGO anode.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Graphene oxide (GO) was synthesized
through a modified Hummers™ strategy. A series of MoSe,@rGO
composites were prepared by a simple hydrothermal approach. First,
GO was dispersed into 25 mL of deionized water under a continuous
sonication process, and 2 mmol NaMoO,2H,0 was completely
dissolved into the above solution and further mixed with 4 mmol Se
powder in 10 mL of hydrazine hydrate. After that, the obtained
uniform solution was moved to a 50 mL autoclave for the
hydrothermal reaction at 200 °C with a holding time of 12 h in the
oven. The powder was collected via washing with ethanol and
ultrapure water under high-speed centrifugation as well as freeze-
drying for 24 h. The pristine MoSe, was synthesized via the same
method without GO. The additive amounts of GO for MoSe,@1%
rGO, MoSe,@5%rGO, MoSe,@10%rGO, and MoSe,@20%rGO
composites were 5.1, 26.7, 56.4, and 126.9 mg, respectively.

2.2. Material Characterization. The morphological and micro-
structural information of materials were analyzed via field-emission
scanning electron microscopy (FESEM, JSM-6390) and transmission
electron microscopy (TEM, JEOL JEM-2100CX). The elemental
purity and distribution were identified through energy-dispersive X-
ray spectrometry (EDS). X-ray diffraction (XRD) was conducted on
Ultima IV-185 in which the detailed structural information was
identified by the Rietveld method with program GSAS. Raman and
thermogravimetry (TG) were carried out on a JY LabRAM
spectrometer and TGA/DSC3+ instrument, respectively. A Micro-
meritics ASAP 2460 and Axis Ultra DLD spectrometer were
employed to test N, adsorption—desorption and X-ray photoelectron
spectroscopy (XPS), respectively.

2.3. Electrochemical Measurement. The electrochemical tests
of alkaline ion storage for electrode materials were performed using
Swagelok-type batteries in an Ar-filled glove box using a glass fiber as
a separator. The counter electrodes for SIBs and PIBs are sodium and
potassium metal sheets, respectively. The electrolytes for SIBs were
NaClO, in diethyl carbonate, ethylene carbonate, and fluoroethylene
carbonate (45:45:10 by volume ratio), and 1 M KPFy dissolved in
propylene carbonate, diethyl carbonate, ethylene carbonate (1:1:1)
were employed as the electrolytes for PIBs. The prepared active
sample, Super P carbon black, and polyvinylidene fluoride (1:1:1 by
mass ratio) were mixed in N-methyl-2-pyrrolidone to obtain the
homogeneous slurry. The working electrode can be gained after
coating the slurry on Cu foil, drying, and cutting into the disk. The
batteries were measured on a CT2001A battery tester (Land) using
galvanostatic charge/discharge tests in a potential range of 0.01-3.0 V
(vs Na/Na* or vs K/K"). A Solartron 1470E electrochemical
potentiostat was utilized to test cyclic voltammetry (CV) at different
sweep rates and electrochemical impedance spectroscopy (EIS). The
Na-ion diffusion coeflicient can be calculated via the galvanostatic
intermittent titration technique (GITT) result, which was conducted
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Figure 2. Morphology and structure characterization: (a, b) FESEM images at different magnifications, (c) TEM image, (d, e) HRTEM images,

and (f) EDS mapping images of MoSe,@5%rGO.

by galvanostatic charging/discharging for 600 s and an open circuit
relaxation for 3600 s. The electrochemical reaction mechanism and
morphology stability were investigated through measuring the
samples at the initial full discharge/charge states, where the electrode
was attained after disassembling the cell and washing the sample. The
Na- and K-ion full cells were designed with a cathode/anode mass
ratio of around 2:1 using Na,Ni[Fe(CN)¢] and K,Ni[Fe(CN)4]
cathodes, respectively, and the full batteries were tested within a
potential window of 2.0—4.5 V.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the preparation procedure of MoSe, and
MoSe,@rGO composites by a hydrothermal method using
sodium molybdate as the Mo source and selenium powder as
the Se source. Hydrazine hydrate plays the role in forming the
hydrazine-Se and efficient reduction reaction of Se and
MoO,*". FESEM images of bare MoSe, display nanoflower
morphology self-assembled by nanosheets in Figure S1. GO
with rich surface functional groups acts as a 3D conductive
network to induce the nucleation and growth of MoSe,
nanosheets, thus causing the formation of C—Mo and C-—
O—Mo chemical bonds at the interface of heterostructures,
which is in favor of accommodating huge volume expansion
during the charge/discharge process. Therefore, ultrathin
MoSe, nanosheets are vertically confined into the surface of
rGO to produce a developed honeycomb-like hierarchical
structure for composites as exhibited in Figure S2 (MoSe,@1%
rGO), Figure 2ab (MoSe,@5%rGO), and Figure S3
(MoSe,@10%rGO), thus facilitating great kinetics behavior
for fast electron and alkaline ion transfer.

The TEM image of MoSe, in Figure S4a shows a spherical
flower-like structure constructed by numerous nanosheets,
which will increase the alkaline ion diffusion path during the
charge/discharge process and reduce the specific capacities at
high rates. The corresponding high-resolution (HR) TEM
image in Figure S4b exhibits that nanosheets possess a
thickness above 4.5 nm with multistacked layers (>7), whose
interplanar distance of lattice fringe is measured to be 6.5 A,
which is consistent with the reported value of pristine MoSe,
assigned to the (002) plane of a hexagonal phase.” Figure S4c
reveals the EDS elemental mapping images in which both
elements are overlapping, indicating that Mo and Se are
homogeneously distributed throughout the MoSe, nanoflower.

As presented in Figure 2c¢, MoSe,@5%rGO depicts a
hierarchical architecture, where rGO is uniformly covered via
perpendicular appositional growth of MoSe, nanosheets.
Therefore, the enhanced interfacial contact between both
heterostructures will promote outstanding structure stability
during repeated cycles. The selected area electron diffraction
(SAED) pattern in Figure S5 gives distinct polycrystalline
diffraction rings, which are indexed to the (100) and (110)
planes of the MoSe, hexagonal structure. It can be seen from
the HRTEM image in Figure 2d that there are few stacks of
layered structures for MoSe,@5%rGO, which confirms that the
rGO conductive substrate is beneficial to restraining the
restacking of MoSe, nanosheets. Also, an obvious expanded
interlayer spacing of 7.9 A probably derived from the pulling
effect of chemical bonds, ascribed to the (002) plane, is
acquired as displayed in Figure 2e, which is expected to
accelerate alkaline ion insertion/extraction and further result in
remarkable rate capability. The coexistence and homogeneous
distribution of Mo and Se elements on the C substrate in
Figure 2f further confirm that MoSe, nanosheets are anchored
on the surface of rGO.

Figure 3a exhibits the Rietveld refined XRD pattern of
pristine MoSe,, where all peaks are identified as a hexagonal
phase (P6;/mmc space group) without any impure phase, and
two-phase coexistence of hexagonal MoSe, and hexagonal
graphene can be proved by the Rietveld refinement XRD result
of MoSe,@5%rGO in Figure 3b.”>*’ The intensity of the
(002) plane of MoSe, for composites is much weaker than that
of pure MoSe, as displayed in Figure S6, indicating that the
growth of nanosheets induced by graphene can effectively
inhibit the restacking along the (002) plane, thus forming few-
layered structures, which is in well agreement with the
HRTEM result. In order to further gain insight into the
structure information, the Raman spectra are collected in
Figure S7. There are two distinguishing peaks located at 244
and 292 cm™' for all materials, corresponding to out-of-plane
(A)) and in-plane (E',;) modes of 2H-MoSe, and the
intensity for composites becomes weaker compared with
MoSe, due to the inherent absorption difference between
MoSe, and rGO.**** Raman spectra also show two sharp
peaks at 1335 cm™ (D band) and 1605 cm™ (G band), which
are related to sp® and sp” hybrids of C atoms, respectively,
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Figure 3. Structure characterization: Rietveld refinement XRD patterns of (a) MoSe, (y* = 1.63,
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=1.15%, and R, = 1.44%) and (b) MoSe,@

5%rGO (y* = 1.38, R,,=225%,and R, = 1.70%); (c) TG curves of MoSe, and MoSe,@5%rGO; (d) Se 3d XPS spectra and (e) Mo 3d spectra of
MoSe,, MoSe,@1%rGO, MoSe,@5%rGO, and MoSe,@10%rGO; and (f) C 1s spectra of the three composites.

verifying the successful introduction of rGO.” The TG
analysis curves of MoSe, and MoSe,@5%rGO are displayed
in Figure 3c, where the mass increase at around 300 °C is
because of the oxidation reaction from MoSe, to MoQOs;, and
the following weight loss is resulted from the carbon oxidation
and SeO, sublimation. Hence, the accurate content of MoSe,
in MoSe,@5%rGO can be calculated to be 94.8%, which is
close to the designed experimental value. The N, adsorption—
desorption isotherms of both materials indicate type IV curves
with H4 hysteresis loops in Figure S8a, signifying a typical
mesoporous structure, which is demonstrated by the
mesoporous size distribution profiles (Figure S8b). Moreover,
a higher BET specific surface area of 18.3 m>g™" is obtained
for MoSe,@5%rGO compared with that of 12.4 m*g~' for
MoSe, attributable to the contribution of graphene.

The XPS survey spectra in Figure S9 reveal the existence of
Se, Mo, C, and O elements in all composites. As presented in
Figure 3d, the Se 3d spectra can be fitted into two peaks
located at approximately 55.7 and 55.0 eV, which are related to
Se 3d;,, and Se 3d;),, respectively, suggesting that an Se ion is

13161

negative bivalent.”” In the high-resolution Mo 3d spectra
(Figure 3e), there are two pairs of peaks located at 232.4,
229.4, 236.1, and 233.0 €V associated with Mo*" 3d,,, and
Mo* 3ds), for MoSe, as well as Mo®* 3d;,, and Mo®* 3ds, for
MoOs, respectively.”” ' Furthermore, another two split peaks
at 231.9 and 228.8 eV attributed to the Mo—C bond appear in
Figure 3e for all composites, confirming the formation of
chemical bond interaction at the interface of graphene and
MoSe, nanosheets.”> >’ Figure 3f displays the C s spectra of
all MoSe,@rGO composites in which a novel peak of the Mo—
O—C chemical bond can be seen at 286.5 eV except for 289.6
eV for O—C=0, 285.3 eV for C—0, and 284.8 eV for C—C/
C=C.** The existence of chemical bonds can powerfully
improve the interfacial stability and relieve the press from the
large volume change during cycling.

The Na- and K-ion storage performances of all MoSe,-based
electrodes were assessed from 0.01 to 3.0 V. In order to
investigate the redox process and electrochemical reversibility
for SIBs, CV of MoSe,@5%rGO is tested and exhibited in
Figure 4a. It can be observed that there are five main peaks
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Figure 4. Electrochemical properties of SIBs: (a) CV and (b) charge/discharge curves of MoSe,@5%rGO at 100 mA-g™'; (c) cycling property at
100 mA-g~", (d) rate capability between 100 and 5000 mA-g~", and (e) cycling profiles of MoSe,, MoSe,@1%rGO, MoSe,@5%rGO, and MoSe,@

10%rGO at 500 mA-g~".

during the initial discharge process, where the peaks located at
1.88, 1.35, and 0.80 V correspond to Na-ion insertion into the
interlayers of MoSe, to generate NaMoSe, and further
conversion into Mo and Na,Se.”” The peaks at 1.07 and
0.46 V are associated with the decomposition of the electrolyte
and the formation of solid-state interphase (SEI) film.”” Upon
the following scans, the electrochemical processes occur
reversibly, reflected by the redox peaks at 1.54/0.82, 1.82/
1.41, and 2.08/1.90 V. Other three electrode materials show
the similar redox behavior as exhibited in Figure S10. Figure 4b
gives the galvanostatic charge/discharge curves of MoSe,@5%
rGO at 100 mA-g™" in which the plateaus are well consistent
with the CV result. The Na-ion insertion/extraction profiles
are well overlapping after the first discharge, signifying highly
reversible electrochemical behavior. The initial discharge/
charge specific capacities of 622.3/338.1 mAh-g~' (MoSe,),
798.9/495.8 mAh-g”' (MoSe,@1%rGO), 712.7/458.3 mAh-
g (MoSe,@5%rGO), and 716.9/355.2 mAh-g~' (MoSe,@
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10%rGO) can be achieved in Figure 4b and Figure S10. It can
be found that MoSe,@5%rGO shows the highest first
Coulombic efficiency of 64.3%, which highlights the advantage
of rGO to reduce the irreversible first capacity.

As displayed in Figure 4c, the cycling stability is gradually
improved with the increase in rGO content, and the optimal
electrochemical property is acquired for MoSe,@5%rGO with
the highest retention value of 383.6 mAh-g™" over S0 cycles.
The rate capability of all electrodes is presented in Figure 4d,
where the highest capacities of 447.4, 390.0, 348.5, 306.9, and
251.3 mAh-g ! at 200, 500, 1000, 2000, and 5000 mA-g~" can
be obtained, respectively, as well as the reversible capacity of
435.3 mAh-g~' is maintained when the rate returns back to 100
mA-g~' for MoSe,@5%rGO. Table S1 and Figure SI1
compare the rate properties of the ever reported MoSe,-
based anode materials for Na-ion storage in which MoSe,@5%
rGO in this work displays the best performance among
them.””**~** By comparing the corresponding charge/
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Figure 5. Electrochemical properties of PIBs: (a) CV and (b) charge/discharge profiles of MoSe,@5%rGO at 100 mA-g™"; (c) cycling property
and (d) rate performance of pristine MoSe,, MoSe,@1%rGO, MoSe,@5%rGO, MoSe,@10%rGO, and MoSe,@20%rGO between 100 and 2000

mA-g_l.

discharge profiles at various rates in Figure S12, it can be found
clearly that MoSe,@5%rGO shows weaker polarization at high
current density than pure MoSe,, illuminating that outstanding
electrochemical kinetics is responsible for the great rate
performance. At 500 mA-g~', MoSe,@5%rGO contributes a
reversible second discharge capacity of 401.6 mAh-g™' and
great cyclic stability with a capacity of 225.3 mAh-g~" over 100
cycles, while MoSe, suffers severe capacity fading from 297.8
to 0.6 mAh-g™! in Figure 4e.

Figure Sa exhibits the CV profiles of MoSe,@5%rGO for K-
ion storage, presenting three peaks at 1.90, 1.16, and 0.33 V
during the initial cathodic sweep, which are attributable to the
partial reduction of MoSe, into KMoSe, via facile
intercalation mechanism, reduction behavior based on the
conversion process to form Mo and K;Se;, and irreversible
decomposition of an electrolyte to produce the SEI film,
respectively.”” Two broad peaks at 1.85 and 2.23 V appear
upon the first anodic scanning, which are related to the
reversible conversion reaction from Mo metal to MoSe,.* In
the following sweeps, the oxidation/reduction couples can be
stabilized at 1.91/1.16 and 2.45/1.54 V, which indicates
excellent electrochemical reversibility and stability. However,
the oxidation peak progressively shifts to higher voltage for
pristine MoSe, in Figure S13a, revealing serious polarization
phenomenon and poor electrochemical kinetics. By compar-
ison, the intensity of redox peaks progressively becomes strong
with the increase in graphene as presented in Figure Sa and
Figures S14a, S15a, and S16a, suggesting that the introduction
of graphene can give full play to the electrochemical activity of
MoSe,. The charge/discharge curves for MoSe,@5%rGO at
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100 mA-g™" in Figure Sb present a distinct sloping voltage
platform, which is in well agreement with the CV result.
MoSe,@5%rGO exhibits higher first discharge/charge capaci-
ties of 738.7/318.8 mAh~g_1 compared to those of 654.1/299.7
mAh-g™! for pristine MoSe, (Figure S13b), 608.0/309.9 mAh-
g~! for MoSe,@1%rGO (Figure S14b), and 527.8/312.8 mAh-
g~ for MoSe,@20%rGO (Figure S16b). However, different
from SIBs, MoSe,@10%rGO shows the highest first
Coulombic efficiency of 54.5% with discharge/charge
capacities of 670.3/365.5 mAh-g™' in Figure S15b, whose
reversible charge capacity is higher than that of the published
MoSe,-based composites, such as MoSe,/Mxene (350.0 mAh-
g™!) and MoSe,/N—C (300.7 mAh-g™").>**> Also, it can be
observed from Figure Sc that the increase in graphene will
promote the enhancement of cyclic stability, which is similar
with SIBs. Although the best cycling stability can be obtained
for MoSe,@20%rGO with a capacity of 298.4 mAh-g™" upon
50 cycles, MoSe,@10%rGO preserves the highest capacity of
314.0 mAh-g~' compared with MoSe, (2.9 mAh-g™"), MoSe,@
1%rGO (204 mAh-g™"), and MoSe,@5%rGO (75.7 mAh-
g™ "). Also, MoSe,@10%rGO composite exhibits much more
superior rate property with high reversible capacities of 279.2,
220.4, 155.2, and 77.8 mAh-g_1 at 200, 500, 1000, and 2000
mA-g~', respectively, compared with other samples in Figure
5d. Therefore, MoSe,@10%rGO exhibits the optimal K-ion
storage performances by taking advantage of great kinetics and
alleviating volume expansion effect from graphene and high
capacity from MoSe,.

Although MoSe,@5%rGO presents satisfactory electro-
chemical properties in both Na- and K-ion storage, the cycling
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Figure 6. Electrochemical kinetics behavior: (a) CV curves at different sweep rates of MoSe,@5%rGO for SIBs, (b) fitting linear relationship
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diffusion coefficient; (e) CV curves at 0.1 mV-s™' presenting the capacitive charge contribution, and (f) percentage of Na-ion diffusion and

capacitive controlled at various sweep rates of MoSe,@5%rGO.

stability and rate performance for SIBs are better than PIBs.
Therefore, the electrochemical kinetics behavior is studied to
clarify the detailed reasons. The CV profiles of MoSe,@5%
rGO for SIBs are exhibited in Figure 6a in which the analogue
shapes can be maintained with the increase in scanning rates,
illuminating more extraordinary response ability than PIBs
(Figure S17). Randles—Sevcik equation of

I, =269 X 10°*/2AD"2Cv!/* (1)
can be utilized to calculate the alkaline ion diffusion coefficient
(D), and I, n, A, C, and v are peak current, electron number,
surface area of electrode, concentration of alkaline ion, and
scan rate, respectively.”*® The D value can be represented by
the slope of the fitting linear relationship of

I = aD"*!/?

P (2)
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between I, and v"/? (a denoting the constant) in Figure 6b in
which SIBs present much faster ion transfer capability than
PIBs. The GITT in Figure 6¢ is further conducted at 100 mA-
g™ to calculate the exact solid-state diffusion coefficient of a
Na ion, which is ascertained in the range of 3.9 X 107"'=8.2 X
107" cm*s™! for discharge and 1.7 X 1072—4.7 X 107% cm*
s~! for charge as displayed in Figure 6d. The EIS shows the
decreasing trend of charge transfer resistance (R.) along with
the increasing rGO amount for both SIBs and PIBs in Figure
S18, manifesting that the existence of graphene can efficiently
enhance the ion and electron transport. Also, R, values of all
samples for SIBs are consistently lower than those for PIBs,
which further verify more excellent electrochemical kinetics

behavior for Na-ion storage, in accordance with the CV result.
The equation of

i=ky+ k' 3)
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describes the relationship between the current response (i) at a
given potential and sweep rate (v), which can be further
simplified as***

i/ = k' 4k, (4)

Thus, the capacitance (k,v) and ionic diffusion (k,v'/?) can
be calculated through determining the values of k; and k, after
fitting the linear relationship between i/v"/* and v'/2 It can be
observed from Figure Ge that the total charge is dominated by
the capacitive effect (53.5%) at 0.1 mV-s™', and the percentage
gradually reaches to 62.6, 67.1, 72.6, 79.2, and 84.8% at 0.2,
0.3, 0.5, 1.0, and 2.0 mV-s~}, respectively, as summarized in
Figure 6f, which further expounds the reason for the
outstanding rate capability property.

With the purpose of clarifying the specific mechanisms and
electrochemical products of MoSe,@5%rGO for the Na- and
K-ion storage, the electrode materials at the fully discharged/
charged positions were studied via ex situ measurements. The
TEM image at the first full insertion state of Na ion in Figure
S19a reveals that the generated nanoparticles are still tightly
bound to the surface of rGO, meaning that the chemical bonds
between MoSe, and rGO promote excellent structural stability.
Figure 7a depicts the corresponding SAED pattern, which can
be assigned to (200), (311), (400), (422), (511), and (440)
planes of the cubic Na,Se phase. The HRTEM image in Figure
7b not only indicates the size of a nanoparticle around 3—5 nm
but also demonstrates the obvious lattice fringes with spacings
of 3.38 and 2.01 A attributable to (200) and (311) planes,
respectively. After the first full extraction of the Na ion, the
electrode preserves great integrity with the regenerated active
material anchored on rGO in Figure S19b, whose SAED
pattern (Figure 7c) is assigned to the hexagonal MoSe,
structure, and the HRTEM image (Figure 7d) displays the
(103) plane with an interplanar distance of 2.36 A, uncovering
admirable electrochemical reversibility. For the K-ion storage,
the similar nanoparticles confined into the graphene substrate
can be evidently observed in Figure S20a after the initial

discharge, while a novel K Se; discharge product with (620)
and (411) planes of the tetragonal structure is confirmed in
Figure S20b, and a clear (620) plane with a distance of 2.05 A
can be found from the HRTEM image (Figure S20c). As
exhibited in Figure S20d,e, the morphology and hexagonal
MoSe, phase are recovered when further charging to 3.0 V,
which is also proved by the (103) plane with a lattice spacing
of 2.33 A from the HRTEM result (Figure S20f).

Figure 7e presents the fitting Mo 3d spectra at different
conditions. The Mo*" 3d,/, and Mo*" 3d;,, peaks completely
disappear, and the couples of Mo® become much stronger
than the original one at the discharged state, and the
emergence of Mo®" is owing to the oxidation of Mo by air,
representing that there is a reduction reaction from Mo*" to
Mo metal accompanied by Na-ion intercalation.”’ After the
Na-ion deintercalation process, the peaks associated with Mo*
appear again, which discloses a highly reversible charge/
discharge process. Surprisingly, it is verified by the Mo 3d
(Figure 7e) and C 1s (Figure 7f) spectra that the C—Mo and
C—O—Mo bonds always exist during the charge/discharge
process, which play an important part in sustaining the
morphological and structural stability. In the high-resolution
Mo 3d fitting spectra of MoSe,@5%rGO for PIBs (Figure
S21a), only a pair of peaks for Mo®* at K-ion insertion state
can be seen, and the couples of Mo** 3d,/, and Mo*" 3d;, are
back at the extraction state, suggesting that a reversible redox
behavior of Mo** < Mo occurs during the K-ion storage
process. However, the peaks related to C—Mo vanish at both
states, which is caused by larger volume expansion from K-ion
insertion compared with that of the Na ion. Most noteworthy
is that the press cannot break the robust C—O—Mo bond
between MoSe, and graphene in Figure S21b, which still
ensures the integrity and reversibility.

At present, the studies on electrochemical mechanism of
MoSe, for Na-ion storage are consistent, while the discharge
product for PIBs is controversial between K,Se and K Se;.””°
According to our CV results and ex situ analyses, both
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10 mA-g”’, and (f) cycling property at 100 mA-g™" for PIBs.

intercalation and conversion mechanisms happen for SIBs and
PIBs, whose electrochemical process can be summarized as
follows:

SIBs:

MoSe, + xNa* + xe” < Na MoSe,, 5)

Na MoSe, + (4 — x)Na® + (4 — x)e”
< Mo + 2Na,Se. (6)

PIBs:

MoSe, + xK* + xe” < K MoSe,, (7)

3K, MoSe, + (10 — 3x)K" + (10
< 3Mo + 2K,Se;.

— 3x)e”
(8)

13166

MoSe, can vertically grow on the surface of the graphene
nucleation substrate to form a developed honeycomb-like
hierarchical architecture for MoSe,@rGO composite instead of
agglomerating into spherical nanoflower morphology for bare
MoSe,. First, the constructed hierarchical architecture can
decrease the diffusion path of Na and K ions, and the enlarged
interplanar spacing will enhance the alkaline ion transport
kinetics behavior. Second, the introduction of graphene can
not only greatly improve the transfer capability of both ion and
electron but also restrain the volume expansion by inhibiting
the nanosheet agglomeration and regarding as a buffer region.
Third, the formed strong chemical bonds of C—Mo and C—
O—Mo between graphene and MoSe, are beneficial to
maintaining the morphological and structural stability during
the charge/discharge process. These desirable features are
integrated into MoSe,@rGO composite to acquire higher
capacity and more superior cycling stability and rate perform-
ances compared with the pristine MoSe,.
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For the purpose of demonstrating the practical applicability
of the MoSe,@5%rGO anode, the Na- and K-ion full batteries
were fabricated using Na,Ni[Fe(CN),] and K,Ni[Fe(CN)]
cathode electrodes, and the schematic is presented in Figure
S22. The electrochemical properties of both cathodes for Na-
and K-ion half cells are exhibited in Figure $23 and Figure S24,
respectively. The anode electrode was discharged to 0.01 V
with metallic sodium/potassium to be inserted enough Na/K
ions before fabricating the full battery. Figure 8a gives the
charge/discharge curves of the Na-ion full cell with character-
istic redox plateaus, showing a first specific capacity of 67.2
mAh-g~! with a working voltage of 2.93 V and an energy
density of 196.9 Wh-kg™" at 10 mA-g™". As revealed in Figure
8b, a reversible capacity retention of 56.2 mAh-g™! can be
maintained after 20 cycles. The Na-ion full battery also displays
long cycling lifetime over 200 cycles with a low capacity fading
rate of 0.109% per cycle at 100 mA-g~" in Figure 8c. The K-ion
full cell delivers a first capacity of 0.2 mAh-g~' and a voltage
of 3.32 V with distinct redox platforms at 10 mA-g™" in Figure
8d, contributing an energy density of 166.7 Wh-kg_l. After 20
cycles, the K-ion full cell displays a high retention value of 41.1
mAh-g™! and great voltage stability in Figure 8e. Also, great
cycling stability is achieved over 100 cycles at 100 mA-g~' in
Figure 8f.

4. CONCLUSIONS

MoSe,@rGO composites assembled by ultrathin MoSe,
nanosheets vertically confined into a graphene substrate,
which are prepared via a simple hydrothermal strategy, are
reported as anode electrodes for both SIBs and PIBs. The
synthesized MoSe,@5%rGO displays much better electro-
chemical performances than pristine MoSe,, displaying a high
specific capacity of 458.3 mAh-g™" at 100 mA-g~", great cyclic
stability with a capacity of 383.6 mAh-g™" over 50 cycles, and
superior rate capacity of 251.3 mAh-g™" at 5 A-g™' for Na-ion
storage. For PIBs, the initial specific capacity of 365.5 mAh-g™'
at 100 mA-g™!, sustaining the capacity of 314.0 mAh-g™" after
50 cycles, and enhanced rate property (155.2 mAh-g™" at 1 A-
g™') are obtained for MoSe,@10%rGO. The great electro-
chemical performances can be attributed to the hierarchical
MoSe,@rGO architecture with a strong interface skeleton
connection by chemical bonds of C—Mo and C—O—Mo, and
expanded interlayer distance of 7.9 A, which gives rise to much
faster electron transport and alkaline ion diffusion capability as
well as more superior structure stability to accommodate the
volume expansion. Alkaline ion storage proceeds via
continuous reactions of intercalation and conversion with the
insertion products of Na,Se for SIBs and K;Se; for PIBs,
respectively, and much better properties for SIBs than PIBs is
attributed to more excellent dynamic behavior and double
chemical bond stabilization effect. The Na- and K-ion full
batteries are also successfully fabricated using Na,Ni[Fe-
(CN)¢] and K,Ni[Fe(CN)4] cathodes, exhibiting good
electrochemical properties.
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