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Abstract: Cobalt diselenide (CoSe2), a representative of transition-metal
chalcogenides (TMCs), is attracting intensive interest for anode materials of
lithium ion batteries (LIBs), in view of its high specific capacity based on
conversion reaction mechanism. However, the huge volume variation and low
intrinsic electrical conductivity during charge/discharge process lead to inferior
rate performance and short cycle life of the CoSe> electrode, which severely
hinder its practical application. Herein, novel hollow-shell structured porous
CoSe, microspheres are constructed by selenization of Co-MOF based on the
Kirkendall effect. Furthermore, CoSe.@ MXene robust structures, comprised of
inner hollow CoSe, microspheres and outer M Xene flakes coating, are fabricated
by a facile electrostatic self-assembly method. The as-obtained CoSe>@ M Xene
hybrids possess combined advantages of high capacity of CoSez hollow spheres

and high conductivity of MXene flakes. More importantly, strong chemical



interactions (Co-O-Ti covalent bonds) between CoSe> and oxygen functionalized
TizC2 MXene are formed at the interface, which could boost the electrons/ions
transport kinetics and enhance the structural durability of CoSe.@MXene
hybrids, resulting in the improvement of rate performance and cycle stability.
Consequently, as anode materials for LIBs, the CoSe>@ M Xene hybrids deliver
an admirable reversible capacity of 1051 mAh g1 at 200 mA g1, a superior rate
capability of 465 mAh g1 at 5 A g1, and an excellent long-term cycle property
at 1 A g! with a capacity of 1279 mAh g-! after 1000 cycles. The hollow-shell
structured porous materials coated by MXene strategy provides an effective route
for designing new anode materials with excellent electrochemical properties.
Keywords: CoSez hollow spheres, MXene, Co-O-Ti bond, Li-ion batteries

1. Introduction

With the increased demand for portable electronic devices and electric vehicles,
the development of next-generation, high-energy, and high-power rechargeable
lithium ion batteries (LIBs) has been attracting great attention.-> However,
commercial graphite, the current anode material with a low theoretical capacity
(372 mA h g8, is far from meeting the demands of high-energy LIBs. In this
regard, current scientific concern is focused on the development of advanced
anode materials with high performance, environmentally friendly, and low cost,
to break the barriers presented by graphitic carbon.

Among various alternatives, transition-metal chalcogenides (TMCs) have gained
ever-growing interest in view of their relatively large lithium-storage capacity
based on conversion reaction mechanism.3:5 711 In particular, cobalt diselenide
(CoSe»), presents several other superiorities, such as intrinsically enhanced safety
and wide availability except for the high specific capacity.1222> However, similar

to other TMCs?4%, CoSe, also suffers from huge volume variation upon the



charge/discharge processes, resulting in rapid capacity fading, and low intrinsic
electrical conductivity, which usually causes inferior rate capability. Therefore,
the rational design of structure and composition should be proposed to improve
the electrochemical performance of TMCs.

One possible solution to address the limitation of huge volume variation is to
design hollow structural nanomaterials with inner voids and functional shells. In
such nanostructures, the stress-induced structural change of TMCs can be well
alleviated during lithiation/delithiation processes, boosting their performance by
providing enough space to accommodate the volume expansion. For example,
Hu et al. reported the synthesis of hollow CoSe @carbon nanoboxes by a template
reaction between zeolitic imidazolate framework 67 (ZIF-67) and Se powder,
which exhibited excellent lithium-storage performance.?® In addition, Liu et al.
synthesized hollow SnS;@CNTSs carbon nanotubes, hollow SnS;@CNBs carbon
nanoboxes, and hollow SnS;@CNSs carbon nanospheres by templating method,
and these materials presented improved sodium storage performance due to their
unique structural merits.2’

In order to enhance the electrical conductivity of TMCs, a common strategy is to
couple these compounds with conductive carbon-based materials, such as
graphene?*, carbon nanotubes?®, functionalized carbon nanosheets??,
polydopamine®, and glucose®, to facilitate pathway for charge transport between
selenide particles. However, the interface interaction between carbon-based
matrix and active species is generally weak and the crystallinity of carbon
materials is inferior, which hinder the transport of lithium ions and electrons.
Therefore, it’s required to find an alternative conductive matrix to achieve ohmic

contacts and strong interactions between conductive matrix and active species.



MXenes, an emerging family of 2D transition metal carbides and nitrides3!, have
attracted great attention in the applications of supercapacitors, lithium (sodium)-
ion batteries, lithium-sulfur batteries, and catalysis, due to their dominant
combinations of properties such as excellent electronic conductivity, tunable
interlayer spacing, hydrophilicity, and good mechanical flexibility® 3241,
Notably, the conductivity of solution-dispersable TizC>Tx MXene is measured to
be around 6.76 x 105 S/m, surpassing the solution-processed graphene films42. 43,
Therefore, the highly conductive TisC2Tx MXene can be served as an excellent
matrix to couple with TMCs, boosting the transport kinetics of ions and electrons
by reducing the contact resistance and enhancing the interaction at the contact
interfaces. Recently, Liu et al. assembled transition metal oxides (e.g., TiO,
Sn02) on the MXene nanosheets through van der Waals interactions. The
composites exhibited superior high-rate performance as L1Bs anode materials. In
those hybrid materials, the MXene nanosheets not only prevent transition metal
oxides from aggregation during charge/discharge processes but also accelerate
electron and ion transport at the contact interface.*! In another study, Ma et al.
synthesized few layered MoS; into TisC> interlayer nanospace through
electrostatic attraction and cetyltrimethyl ammonium bromide (CTAB)
intercalation, which also achieved fast and stable Li/Na storage performance.®

Inspired by the abovementioned structural design strategies, in this work, we first
employed Co-MOF as precursor to construct the hollow sphere decorated by
CoSe2 nanoparticles embedded within the porous carbons. And then negatively
charged MXene nanosheets are uniformly coated on the positively charged
CoSez hollow sphere though electrostatic self-assembly method. It was
demonstrated that strong chemical interactions are formed between CoSe» sphere

and MXene flakes, which could considerably accelerate ion/electron-transport



Kinetics. Furthermore, the MXene nanosheets coated on the CoSez hollow
spheres are beneficial for reinforcing the composite structure, preventing the
hollow structure from collapse and further improving the composite durability.
As a result, the as-obtained CoSe.@MXene hybrids achieve significantly
enhanced lithium storage properties.

2. Experimental

Synthesis of Co-MOF: In a typical synthesis, two solutions were first prepared
by dissolving 10 mmol of Co(NOs)2-6H.0 and 14.6 mmol of 1,3,5-
benzenetricarboxylic acid in 100 mL of methanol, respectively. Then, the
solution of 1,3,5-benzenetricarboxylic acid was quickly poured into the solution
of Co(NOs3)2-6H20, and the resultant mixed solution was stirred for 10 h at room
temperature. The obtained mixture was transferred into a 250 mL of Teflon-lined
stainless-steel autoclave and heated at 180 °C for 24 h. After natural cooling to
room temperature, the violet precipitate was centrifuged and washed thoroughly
with methanol and N,N-Dimethylformamide for several times. The obtained
product was dried at 80 °C for 24 h under vacuum.

Synthesis of CoSe2 hollow sphere: The as-prepared Co-MOF was mixed with
selenium power with a mass ratio of 1:4. The mixture was heated at 600 °C for 4
h with a heating rate of 2 °C min-! in argon atmosphere to obtain CoSe hollow
sphere. The mass loading of CoSe> in MOF-derived CoSe> hollow sphere was
calculated to be 79.55 wt.% (Figure S2).

For comparison, pure CoSe, was synthesized by hydrothermal method. In a
typical procedure, 1.0 g Co(NO3)2-6H20 was dissolved in 150 mL of deionized
water to form pink solution. 0.542 g Se was then added into the above solution.
After stirring for 2 h, 15 mL of hydrazine hydrate (N2H4-H20, 50%) solution was

added into the mixture. After further stirring for 0.5 h, the above solution was



transferred into a 250 mL of Teflon-lined autoclave. The autoclave was tightly
sealed and maintained at 180 °C for 24 h and then naturally cooled to room
temperature. The resulting product was collected and washed thoroughly with
deionized water and ethanol for several times. Then, the obtained black powder
was dried at 80 °C for 12h under vacuum. Finally, the product was heated at 600
°C for 1 h with a heating rate of 2 °C min-! in argon atmosphere to obtain pure
CoSe».

Synthesis and delamination of TisC2Tx: In a typical procedure, 0.5 g of lithium
fluoride (LiF) was added to 10 mL of HCI (6.0 M), and stirred for 10 min. Then,
0.5 g of TizAIC, powder was slowly added into the mixture in a course of 10 min
to avoid overheating. The reaction mixture was kept at 35 °C for 24 h under
magnetic stirring, after which the reaction mixture was washed with distilled
water, centrifuged (3500 rpm) until the pH of the supernatant reached
approximately 6. The precipitate was dispersed in distilled water by sonication
in argon atmosphere for 1 h in the ice-water bath, and dark green supernatant was
obtained by centrifugation at 3500 rpm for 1 h. Finally, the MXene nanosheets
were obtained by freezedrying under vacuum for 3 days to sublimate the frozen
solvent.

Synthesis of CoSe2@M Xene hybrid spheres: Typically, 500 mg of CoSe»
hollow spheres and 50 mg of PDDA were dispersed into 100 mL of deionized
water with magnetic stirring for 12 h. Then, CoSe-PDDA suspension was slowly
added into 112 mL of TizC2Tx MXenes suspension (0.5 mg mL™1) by magnetic
stirring for 24 h. After that, the mixture was placed in a freeze dryer under
vacuum. Finally, the product was annealed at 700 °C for 1 h at a heating rate of
5 °C min~t under argon atmosphere to obtain CoSe,@ MXene hybrid spheres.

3. Characterization



Material Characterizations: Crystal structure of samples were characterized
using X-ray powder diffraction (XRPD; D8 Advance, Bruker AXS) equipped
with Cu Ko radiation (A = 1.5406). The microstructure and morphology of
samples were characterized using transmission electron microscope (TEM,
JEOL 2011 F) coupled with an EDX spectrometer, fieldemission scanning
electron microscope (FESEM, GeminiSEM 500). BET specific surface area and
porosity were determined using an adsorption analyzer (Micromeritcs ASAP
2020). Thermogravimetic analysis (TGA, Netzsch STA 449 F3) were analyzed
in an air atmosphere at the heating rate of 10 °C min~1. The element chemical
states were dectected by the X-ray energy disperse spectrometry equipped with
an Al Ka radiation source (XPS, Thermo ESCALAB 250Xi).

Electrochemical Measurements: The electrochemical tests were carried out in
coin-cell configurations (CR2032) at room temperature. The working electrodes
consist of active materials (80 wt %), carbon black (10 wt %), and
poly(vinylidene fluoride) (10 wt %). The obtained homogeneous slurry was
evenly pasted onto Cu foil and dried at 100 °C for 12 h under vacuum. The mass
loading was around 1.0 mg cm~2. Pure Li foil was used as counter electrode, and
the separator was a polypropylene membrane (Celgard 2400). The electrolyte
was 1 mol Lt LiPF6 in a mixture of propylene carbonate (PC), ethylene
carbonate (EC), and diethyl carbonate (DEC) (1:4:5 in volume). CR2032 coin
half cells were fabricated in an Ar-filled glovebox. CV measurements were
performed in a voltage range of 0.01-3.0 V by using CHI 760E electrochemical
workstation (Shanghai CH Instrument Co., Ltd.) at room temperature. The
galvanostatic charge/discharge measurements were conducted with a

multichannel battery testing system (CT2001A, LAND). The impedance spectra



was recorded on constant voltage mode over the frequency range from 100 kHz
to 0.01 Hz.
Computational Details: Density functional theory (DFT) calculations were
carried out using projector-augmented wave (PAW) method as implemented in
Vienna ab initio simulation package (VASP)4446, A generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional was
employed to describe the exchange-correlation interaction*’. An energy cutoff of
500 eV and 3x3x1 k-points mesh were applied to all calculations. The structures
were relaxed until the forces and total energy on all atoms were converged to less
than 0.05eV A "L and 1 x 10 5 eV. The charge difference plots are obtained by
subtracting the charge densities of pristine O-TisC> and isolated CoSe> molecule
from that of CoSe» adsorbed O-TizCo.
To evaluate the adhesive strength of CoSe», the binding energy (En) was
calculated for every CoSez adsorbed compound. E, was defined as the energy
difference before and after CoSe» adsorption,

Ey = Erotar — ECOSe2 — Esubstrate
where Eg,pstrate@nNd Erocqiare the total energy of pristine and CoSe, adsorbed O-
TisCo, respectively. Ec,g, is the energy for CoSe2 molecule. Therefore, a lower
value of Ey indicates a stronger adsorption interaction.
3. Results and discussion
The preparation procedures of CoSe>@ MXene hollow spheres are illustrated in
Figure 1. In the first step, uniform Co-based metal organic framework spheres
are facilely synthesized by a solvothermal method. The collected porous Co-
MOF spheres are uniformly mixed with Se powder, and then annealed at 600 °C
in argon atmosphere. During this process, hollow spheres with CoSe>

nanoparticles-embedded carbon shell are obtained due to the Kirkendall effect®



25 in which the different diffusion rates of Co and Se result in the formation of
hollow structure. In order to obtain a uniform composite of CoSe.@MXene
hybrids, we combined the two components by electrostatic self-assembly rather
than random physical mixing. Specifically, the CoSe, hollow spheres were
modified by poly(diallyldimethylammonium chloride) (PDDA) to render the
CoSe, surface positively charged. After then, the PDDA-functionalized cobalt
selenide spheres (denoted as CoSe>-PDDA) were mixed with TisC2Tx MXene
colloidal solution. The MXene nanosheets are negatively charged due to the
presence of the surface polar functional groups (e.g. -0, -F, and -OH).38.39

Consequently, the MXene flakes were spontaneously assembled on the surface
of CoSe>-PDDA hollow spheres through electrostatic interactions. Finally, the
CoSe@MXene hybrids were obtained after thermal treatment to remove the
residual PDDA and surface functional groups, and enhance the stability and
crystallinity of the product. For comparison, pure CoSez, and CoSe, hollow

spheres were also fabricated.
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Figure 1. Schematic of the preparation of CoSe.@ M Xene hybrids.
The FESEM image of as-prepared Co-MOF (Figure Sla) shows that Co-MOF

consists exclusively of uniform microspheres with an average particle-size of



around 3-4 um. The magnified FESEM image reveals the porosity of the inner
structure in Co-MOF and the smooth surface of microspheres. After further
selenization, the Co-MOF spheres are chemically converted into CoSe:
microspheres with the same size, exhibiting rough surface with embedded CoSe>
nanoparticles ranging from 60 to 80 nm (Figure 2a, b). The hollow interior of
CoSe> sphere can be distinctly identified from the cracked microsphere (Figure
2c). The shell of hollow microsphere with a thickness of around 500 nm, exhibits
porous structure decorated with CoSe, nanoparticles (Figure 2c). Specifically,
upon the selenization process, the reaction between Co and Se is mainly occurred
on the external surface of microspheres, owing to the higher diffusion rate of
cobalt species and lower diffusion rate of selenium. As a result, the hollow sphere
interior and the carbon enriched outer shell decorated with CoSe2 nanoparticles
are eventually obtained. As exhibited in Figure 2d, after coated by MXene sheets,
the CoSe.@MXene microspheres present smooth surface without coarse
particles, which is further confirmed by the magnified FESEM as shown in
Figure 2e. It indicates that the TioC3Tx M Xene nanosheets, are uniformly, tightly,
and dispersedly encapsulated on the surface of CoSe, spheres. The elemental
mapping images (Figure 2j) based on SEM image show uniform distribution of
the Co, Se, Ti, and C elements in the composite, further indicating the
homogeneous encapsulation of MXene on the CoSe, microspheres.

Transmission electron microscopy (TEM) results show that the hollow interior
of CoSe.@MXene microspheres can be definitely observed by the striking
contrast between the inner cavity and outer shell (Figure 2f), and the hollow
spheres consist of CoSe> nanoparticles with an average particle-size of 60-80 nm
(Figure 2g). These nanoparticles are tightly coated by MXene flakes with a

thickness of around 5 nm (Figure 2h), which can act as three-dimensional



conductive network to connect each CoSe, nanoparticle on the surface of
spheres. The high resolution TEM (HRTEM) image further reveals the lattice
fringes with a lattice spacing of 0.293 nm, attributing to the (200) plane of cubic
CoSez, which is consistent with the XRD results (Figure 3a). The selected area
electron diffraction (SAED) pattern (Figure 2i) indicates that Co Se, nanoparticle
is single crystalline and the diffraction dots belong to (211), (200), (210), (311),

(321), and (023) planes of CoSe..
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Figure 2. (a-c) FESEM images of the CoSe, hollow microspheres at different
magnifications. (d, e) FESEM images, (f-g) TEM images, (h) HRTEM image, (i) SAED
images, (j) SEM image and corresponding elemental mapping images of C, Co, Se, and

Ti elements of the CoSe,@ M Xene.



Figure 3a shows the XRD patterns of CoSe.@MXene, CoSe, spheres and
MXene, respectively. The CoSe.@MXene shows combined phases of cubic
pyrite CoSez (JCPDS no. 65-3327; space group Pa-3(205), a = b = ¢=5.859 A)
and exfoliated TisC2Tx MXene. The narrow half-peak width indicates the high
crystallinity of CoSe», and no impurity peaks observed imply the high purity of
the products.

The N2 adsorption-desorption measurement was employed to evaluated the
porous feature of CoSe.@ M Xene hybrids, as presented in Figure 3b. Notably,
the typical hysteresis loops could be observed, indicating the presence of
mesoporous in the samples. The CoSe.@MXene spheres possess a specific
surface area of 63.45 m2/g, and a pore volume of 0.104 cm?3/g at P/Po = 0.999.
Meanwhile, the pore size distribution further demonstrated the mesoporous
structure ranging from 2 to 50 nm, which was in accordance with N, adsorption
isotherms. The hierarchical porous structure with large specific surface area,
appropriate pore volume, and mesoporous feature, is beneficial to facilitate the
diffusion of lithium ions and electron transfer as well as electrolyte infiltration.
Moreover, the porous structure could provide enough space to buffer the large
volume variation during repeated Li-ion insertion/desertion, contributing to
enhanced electrochemical performance.

The survey X-ray photoelectron spectroscopy (XPS) spectrum in Figure S3
shows that the CoSe.@M Xene hybrids are composed of C, O, Co, Se, and Ti
elements. Specifically, in the Co 2p spectrum (Figure 3c), the peaks at 796.5,
793.1, 781, and 778.15 eV are ascribed to the Co-Co and Co-Co of Co 2p1/2,
Co-0 and Se-Co-Se of Co 2p3/2, respectively.?2 244849 In addition, the peaks
located at 802.3 and 785.05 eV are related to satellite peaks.?4 As exhibited in

Figure 3d, the Se 3d XPS region can be deconvoluted into three dominant peaks



at 55.8, 56.6, and 59.4 eV, which are assigned to Co-Se, Se-Se, and Se-O,
respectively.?2 24 In O 1s spectrum (Figure 3e), except for the peaks ascribed to
Ti-C-(OH)x and Ti-C-0x*1: 5952 3 strong signal peak at 529.1 eV is noticed for
the CoSe.@MXene sample, implying the generation of strong covalent bond
interactions at the interface between CoSe> and Ti.Cz3 MXene. The Co-O-Ti
bonds are formed by bonding Co atoms of CoSe; and surface oxygen-containing
functional groups of M Xene, dramatically enhancing the interactions between
the two components. Moreover, in comparison with M Xene nanosheets, the peak
attributed to Co-O-Ti bonds (461.2 eV) also can be found in the high-resolution
Ti 2p (Figure 3f) spectrum®% 51 further verifying the existence of Co-O-Ti
covalent bonds. Similarly, a covalent Ti-O-Mo between MoSe, and MXene®3,
and the Mo-C covalent bond between MoS, and MXene?, have been validated.
The strong Co-O-Ti covalent bond interactions are expected to accelerate the
electron and ion transport rate, enhance the structural durability of the
CoSe.@MXene electrode, and thus improve the LIBs electrochemical

performances.
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Figure 3. (@) XRD patterns of CoSe; hollow sphere, TizC, MXene and CoSe,@ M Xene.
(b) N adsorption—desorption isotherms and the corresponding pore size distribution
(inset) of CoSe,@M Xene. High-resolution spectra of (c) Co 2p, (d) Se 3d, (e) O 1s, and
(f) Ti 2p of MXene, CoSe; sphere, and CoSe,@ MXene.

As exhibited in Figure 4a, the CV profiles of the CoSe.@MXene hybrids were

measured between 0.01 V and 3.0 V (vs Li/Li*) at a scan rate of 0.1 mV s'L. In



the first cathodic scan, two obvious reduction peaks located at 1.26 and 0.60 V
can be observed, which could be ascribed to the conversion from CoSe: to
LixCoSez, Li»Se and metallic Co as well as the formation of the SEI layer due to
the decomposition of electrolyte.3 14 54 |n the subsequent anodic scan, two
oxidation peaks at 2.10 and 2.3 V are associated with the oxidation of Co to
CoSe».3 14 Starting from the 2rd cycle, the CV curves exhibit three pronounced
cathodic peaks and two anodic peaks, where the cathodic peaks shift towards the
positive potential. Furthermore, the anodic and cathodic peaks are well
overlapped, suggesting the highly reversible process of lithium insertion and
extraction. Notably, the charge/discharge plateaus represented by
discharge—charge voltage profiles of CoSe.@MXene (Figure 4e) match well
with the CV results.

Figure 4b shows that, compared to CoSe. hollow spheres, and pristine CoSe,
CoSe.@MXene electrodes deliver high capacities of 1051, 856, 763, and 669
mAh g1 at current densities of 200, 500, 1000, and 2000 mA g-1, respectively.
Event at a current density of 5 A g1, a considerable reversible capacity of 465
mAh g1 is still preserved. The high rate performance of CoSe.@MXene is
significantly advanced to other reported TMDs anodes for LIBs (Figure S4 and
Table S1). Notably, the specific capacity of CoSe.@ M Xene quickly recovered
to 994 mA h g~! with a capacity retention of 95% when scanned again at 200 mA
gl, indicating its remarkable reversibility. Figure 4c exhibited typical
charge—discharge profiles of the CoSe.@MXene hybrids at different current
densities. With the current density increased, the voltage gap became gradually
wider and the plateaus as well as slopes were apparently remained, further

indicating the excellent rate performance of CoSe.@ M Xene.



The cycling performance of CoSe.@ MXene electrodes ata current density of 0.2
A glover 100 cycles is shown in Figure 4d. Compared to pure CoSez and CoSe>
hollow sphere, CoSe.@MXene electrodes exhibit superior cycling property,
delivering a reversible capacity as high as 910 mAh g-1 after 100 cycles with a
capacity retention of 92.19%. Correspondingly, the capacity decay is only
0.078% per cycle calculated from the 5th cycle. After the first few cycles, the
ultrahigh Coulombic efficiency of approximate 99% was obtained in the
subsequent cycles. For comparison, CoSe; hollow sphere delivers a capacity of
484 mAh g, whereas pure CoSe; only exhibits 86 mAh g after 100 cycles.
Distinctly, these results demonstrate that the structural superiority of
CoSe.@MXene hybrids, combining the hollow structure and MXene conductive
matrix, could dramatically enhance their lithium storage performance as
expected. The corresponding charge/discharge curves of CoSe.@MXene at 0.2
A g are presented in Figure 4e, further demonstrating the excellent cycling
performance. Impressively, the CoSe.@MXene electrodes exhibit an initial
discharge capacity of 1320 mAh g1 and a charge capacity of 949 mAh g1,
corresponding to a high initial Coulombic efficiency (ICE) of 71.9%. This high
value outperforms that of many TMCs, attributing to the structural features of
CoSe.@MXene, in which the hollow spheres decorated with electroactive CoSe»
nanoparticles are tightly coated by MXene flakes.

The long-term cycling performance of the CoSe.@MXene, CoSe» spheres, and
pure CoSe; electrodes were evaluated over 1000 cycles at a current density of 1
A gt (Figure 4f). Interestingly, both CoSe.@MXene and CoSe, spheres
electrodes exhibit a capacity rise phenomenon during the long-term cycles.
Specifically, the CoSe.@MXene electrode exhibits a stable capacity of

approximately 835 mAh g! before 300th cycles. Then, the capacity gradually



increases to a stable value as high as 1279 mAh g-! after 1000 cycles, which is
far superior to that of pure CoSe> (34.8 mAh g1), CoSe> spheres (388 mAh g1),
and most previously reported TMCs. Meanwhile, the specific capacity of CoSe»
spheres electrode slightly increases from 438 mAh g-1 (300th cycle) to 480 mAh
gl (500th cycle). The capacity climbing phenomenon of CoSe.@MXene and
CoSe, spheres electrodes, which is quite common for many conversion reaction
type materials, is possibly associated with the reversible formation of a polymeric
gel-like layer, as well as the activation process of the active species.?25 55 56
During the cycle process, the reversible formation and decomposition of the
polymeric-gel-like film could deliver excess capacity through a “pseudo-

capacitance-type behavior”.57: 58
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Figure 4. (a) CV curves of CoSe,@MXene at a scan rate of 0.1 mV s™%. (b) Comparison

of rate performance of CoSe.@ MXene, CoSe; sphere, and pure CoSe; at various current

densities. (c) The charge/discharge profiles of CoSe.@MXene at various rates. (d)

Comparison of cycling performance of CoSe.@ MXene, CoSe, sphere, and pure CoSe;

at 200 mA g*. (e) Galvanostatic discharge and charge curves of CoSe.@MXene at a

current rate of 200 mA g*. (f) Cycling performance of as-prepared electrodes 1 A g*.

(9) Nyquist plots of pure CoSe,, CoSe; sphere and CoSe.@MXene electrodes. CV

curves at different scan rates of (h) pure CoSe, (i) CoSe; sphere, and (j) CoSe.@ M Xene.

(k) Linear relationship of peak currents versus mV®®.s%5 and the corresponding linear




fits for pure CoSe;, CoSe, sphere and CoSe,@MXene electrodes. The data of peak
currents are extracted from A* in Figure 4h, B* in Figure 4i, and C* in Figure 4j.
Furthermore, to have insight into the electrochemical kinetics, electrochemical
impedance spectra (EIS) curves of CoSe.@MXene, CoSe, spheres, and pure
CoSe, were measured and the corresponding equivalent circuit model was fitted
(Figure 4g and S6). The Nyquist plot of CoSe.@MXene electrode shows much
smaller semicircle at the high and middle frequencies, implying a better
electronic conductivity, smaller contact resistance, and lower charge-transfer
resistance. The corresponding charge-transfer resistance (Rc¢)  for
CoSe@MXene, CoSe> spheres, and pure CoSe; are 14.7 Q, 63.2 Q and 230.5
Q, respectively. Moreover, CoSe2@ M Xene exhibits a straight line with higher
slope, indicating fast Li ions diffusion during the lithiation/delithiation process.
To further fully elucidate the electrochemical kinetics of CoSe.@ MXene, the CV
curves at different scan rates ranging from 0.2 to 1.5 mV s~! were analyzed
(Figure S5a). The CV curves exhibit similar peaks, where three cathodic peaks
and two anodic peaks could be distinctly found. The relationship between current
response (i) and the sweep rate (v) obeys the following equations:® 1253

i =avbP (1)

log(i) = bxlog(v) + log(a) (2)

where the b value of 0.5 represents diffusion-controlled behavior and 1.0
indicates pseudocapacitive process.® As displayed in Figure S5b, the b-values of
the three cathodic peaks (peaks 1, 2 and 3) and the corresponding anodic peaks
(peaks 4 and 5) were determined to be 0.75, 0.85, 0.88, 0.71, and 0.83,
respectively, manifesting that the Li* storage Kinetics of CoSe.@MXene

consisted partial pseudocapacitive behaviors, and thus contributing to fast Li*



interaction/extraction process featured by outstanding rate performance. The
pseudocapacitive contributions can be calculated by the following equation:3: 9

i = kv + kov1/2 3)

where kiv and kov!’2 correspond to pseudocapacitance contribution and diffusion
contribution, respectively. Specifically, the pseudocapacitive fraction reaches a
value as high as 80.6% at 1.5 mV/s (Figure S5c¢). With the sweep rate increased,
the ration of pseudocapacitive contribution gradually becomes higher (Figure
S5d), suggesting that pseudocapacitance dominates the charge/discharge process
at high sweep rate. The pseudocapacitive behavior may profit from the
hierarchical 3D hollow architecture with a large surface and much sites, which
contributes to superior rate performance of CoSe.@ M Xene.

Moreover, the lithium diffusion behaviors of different electrodes were revealed
by Randles—Sevcik evaluations. Figure 4h-j present the CV curves of pure CoSey,
CoSe: sphere, and CoSe>@ M Xene at scan rates ranging from 0.2 to 1.5 mV/s.
As the scan rate increasing, the cathodic peaks would shift progressively to lower
potential while the anodic peaks shift towards higher potential, with an augment
in the peak intensity, and the shapes of CV curves remain similar at different scan
rates. This phenomenon associates with the rate of electrochemical reaction,
which are highly lied on the lithium-ion diffusion process.>® The Li* diffusion
coefficients (DLi*) of pure CoSez, CoSez sphere, and CoSe.@ MXene electrodes

are assessed by the Randles-Sevcik equation:®9

nFDv
RT

i, = 0.4663nFAC, 4)
In this equation: ip, n, Co, A, D, and v represent to the peak current in the CV
curves, the number of electrons, the concentration of Li*, the surface area of the

electrodes, the diffusion coefficient, and the potential scan rate, respectively. R,



T and F correspond to the gas constant, the absolute temperature during the CV
measurement, and the Faraday constant, respectively. Since the CV test of
electrodes and the fabrication of cells are under the same condition, the Randles-
Sevcik equation to evaluate diffusion coefficient could be simplified as:>°

iy =kvVDVv  (5)

In which, k is regarded as a constant due to the same measurement condition, and
thus, the lithium-ion diffusion coefficient (D.i*) could be redefined as kD2
Therefore, the value of D" could be reflected by the linear relationship between
ip and v¥2, As clearly presented in Figure 4k, CoSe2 sphere presents faster Li*
diffusion rate than that of pure CoSe», attributing to its hollow, porous, and
conductive structure. Moreover, the incorporation of MXene coated on the
surface of CoSe, sphere could further accelerate the lithium-ion diffusion
kinetics of CoSe,@MXene. As results, the pure CoSe; and CoSe,@M Xene

electrodes show more superior electrochemical performances.
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Figure 5 Schematic of the structural stability of (a) pure CoSe; electrode, (b) hollow
CoSe; spheres electrode, and (¢) CoSe,@ MXene electrode, during the repeated cycles.
The FESEM images of (a; and az) pure CoSe; electrode, (b; and b;) hollow CoSe;
spheres electrode, and (c1 and ¢2) CoSe,@ M Xene electrode in various state: (a1, b1, and
c1) initial state, (az, b2, and c) after 1000 cycles at 1 A g*. (d) Schematic illustration of
the reversible lithium storage process of the CoSe,@ MXene electrode. (e) The crystal
structures transformation during lithiation/delithiation process for CoSe.. (f) Adsorption
configuration and (g) charge density difference of CoSe; adsorbed O-TizC,. The C, Ti,
O, Coand Se atoms are depicted in brown, wathet, red, dark blue and green, respectively.
Areas of charge accumulation are shown in yellow while depletion are shown in blue.

To further understand the relationship between the electrochemical performance
and the stability of the morphology and structure of CoSe.@MXene, the

morphology of all the samples before cycles and after 1000 cyclesat 1 A g1 has



been analyzed. As shown in Figure 5ci-c2, compared with initial state, the hollow
CoSe.@MXene microsphere maintains good structural integrity without obvious
morphology damage. This can be ascribed to the hollow structure, providing
adequate space to cushion the volume expansion during cycles, and the coated
MXene flakes, which could enhance the structural durability through the
formation of the Ti-O-Co bonds. However, without the protection of MXene
flakes, hollow CoSe> microsphere suffers from slight cracks and collapse, in
which the hollow structure plays a positive role in preventing the severe
structural damage (Figure 5bi-b2). Even worse, the pure CoSe, electrode is
subjected to serious pulverization along cycling (Figure 5ai-a2), due to the huge
volume change during lithiation/delithiation, resulting in inferior cycling
stability and rate performance. Figure 5a-c illustrate the structure evolution of
pure CoSe», hollow CoSe> microsphere, and hollow CoSe>@MXene
microsphere anodes for LIBs during the cycling process, fully demonstrating the
superiority of the rational and robust architecture of CoSe>@ M Xene.

Furthermore, density functional theory (DFT) calculations are performed to
verify the chemical interaction between CoSe, and oxygen functionalized TisC>
(denote as O-TizC2). As presented in Figure 5f, the most stable geometrical
configuration with a binding energy of -2.18 eV is formed, when CoSe> molecule
is adsorbed on the O-Ti3C> with Co atom locating at the top of O atom, indicating
that the adsorption between CoSe; and O-TisC. MXene is favorable
thermodynamically. Moreover, insight into this strong binding interaction is
analyzed from the point of view of electronic structure. The charge density
difference map (Figure 5g) illustrates the charge redistribution of CoSe» adsorbed
O-Ti3C2. The electron accumulation between Co and O atom suggests the

formation of Co-O-Ti covalent bond, which is consistent with XPS analysis.



Hence, the formation of strong Co-O-Ti bond, at the interface of CoSe> and O-
TizC2 MXene, could enhance the structural durability as well as accelerate the
electrons and ions transport at the interface, accordingly leading to enhanced rate
performance and cycling stability.

According to the above discussion, the outstanding cycling stability and ultrahigh
rate capacity of the CoSe>,@ M Xene could be mainly attributed to the rational and
robust architecture, constructing by coupling the hollow structure with the highly
conductive MXene coating. The hollow structure, efficiently accommodating the
mechanical strain induced by huge volume changes, could assure a long-term
cycling stability. Moreover, the highly conductive, mechanical flexible, and good
adhesive MXene nanosheets exhibit three-fold roles. First, the MXene flakes
coated on the surface of hollow CoSe, microspheres act as “protective film”,
preventing the hollow structure from damage during the repeated
charge/discharge process, which could assuringly exert better function of the
hollow structure. Second, the highly conductive matrix of MXene flakes ensure
fast electrons transport in the whole electrode, directly reflecting by the low
charge-transfer resistance obtained from EIS curves. Third, the formation of
strong Ti-O-Co covalent bonds, at the interface of oxygen functionalized TisC>
MXene and CoSe2, endow the CoSe.@ MXene hybrids with a durable structure
for long-term cycling, and could accelerate the transport kinetics of electrons and
ions between CoSe; and MXene. The incorporation of MXene nanosheets could
dramatically solve the interface issue between two components. Thus, as
schematically illustrated in Figure 5d-e for the lithiation/delithiation process, the
CoSe.@MXene hybrids exhibit excellent rate performance, ultrahigh reversible
specific capacity, and superior cycling stability.

4. Conclusions



In summary, hybrid CoSe.@ M Xene robust structures, comprised of inner hollow
CoSe> microspheres and outer MXene flakes coating, have been fabricated by a
facile electrostatic self-assembly method. The as-obtained CoSe.@ MXene
hybrids can achieve the strong coupling of high capacity CoSe> hollow spheres
and highly conductive MXene flakes. The hollow spheres structure of CoSe> is
able to accommodate the volume expansion during lithiation/delithiation cycles,
while the incorporation of MXene nanosheets could reinforce the composite
structure and accelerate ion/electron-transport Kkinetics. Accordingly, the
CoSe.@MXene hybrids deliver an admirable reversible capacity of 1051 mAh
gt at 200 mA g1, a superior rate capability of 465 mAh gtat5 A g1, and an
excellent long-term cycle property at 1 A g with a capacity of 1279 mAh g-!
after 1000 cycles. The present hollow structure coated by MXene strategy
provides an effective route for designing new anode materials.
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