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A bimetallic sulfide Co,S;/MoS,/C heterojunction in a three-dimen-
sional carbon structure for increasing sodium ion storage
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Abstract:
However, the slow kinetics and large increase in volume of the batteries remain major problems. Both metal-organic frameworks and

The synthesis of high-rate and long-life anode materials for sodium ion batteries (SIBs) has attracted much attention.

MoS, have shown properties suitable for SIBs, making research on their composite systems an attractive area of research. We report
the formation of flower-like Co,S¢/MoS,/C composites by a simultaneous vulcanization-carbonization process using MoCl; as the
Mo source and a 2-methylimidazole cobalt salt as the Co and C precursor at different temperatures ( 600, 700 and 800 °C ) in sub-
limed sulfur. The effect of the heterojunction on the diffusion kinetics was analyzed using density functional theory. The results in-
dicate that the electronic structure is different at the interface in the heterogeneous structure, exhibiting typical metallic properties and
better electronic conductivity. In addition, the anode material Co,S,/MoS,/C synthesized at 700 °C had the most stable structure and
best electrochemical performance of the three samples. Notably, the discharge capacity of Co,S,/MoS,/C-700 fully recovered from
368 to 571 mAh g ' and then stabilized at 543 mAh g™ when the current density was restored from 4 000 to 40 mA g '. This work
demonstrates the preparation of heterojunction materials for composite anode materials as a step to producing high-performance met-
al SIBs.
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1 Introduction anode materials, MoS, is a classic example of TMS,

with simple preparation, abundant raw materials, high

Lithium-ion batteries are now commonly em- . . .
Y interlayer spacing (0.62 nm) and weak interlayer van

ployed in portable consumer electronics gadgets as

s der Waals forces™'". TMS does, however, have sev-

well as emerging electric vehicles . However, the

eral flaws. On one hand, TMS experiences severe

massive rise of lithium-ion batteries (LIBs) implies a . . .
volume expansion during charge and discharge, caus-

jump in lithium resource prices, as well as a limited ing cycle stability to be poor''?. On the other hand, al-

and uneven distribution of lithium reserves around the though than oxides, TMS have generally lower con-

B Due to

globe, limiting the development of LIBs
their abundant materials and similarity with lithium’s
chemistry, sodium-ion batteries (SIBs) have drawn a
great deal of interest and are considered capable of
partially replacing LIBs'®”". Transition metal sulfides
(TMS) have received a great deal of attention as an-
ode materials for SIBs due to their enormous theoret-
ical capacity and high safety, as well as their higher
electrical conductivity and faster charge-discharge re-

action kinetics than oxides. Among recently produced
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ductivity which causes delayed electrochemical reac-
tion kinetics and results in inadequate rate perform-
ance!* "4,

The construction of heterogeneous metal sulf-
ides is an effective method for addressing the draw-
back of low electrical conductivity!”'®. When com-
pared to single-phase metal sulfides, heterogeneous
metal sulfides can not only promote the creation of an
internal electric field, but also enhance the activity of

electrochemical reactions at the heterointerface, in-
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creasing electrical conductivity!'” ", It can also im-
prove crystallinity at the heterointerface, as well as in-
duce lattice mismatches, distortions and defects, al-
lowing the reaction kinetics of electrode materials to
be tuned”® **. Due to the continuous insertion and
conversion/alloying reaction in SIBs, there is rapid
volume change of electrode materials. To solve the
above problems, porous nanostructure engineering can
be constructed to improve the stability of sodium stor-
age performance of mixed metal sulfides.

Metal-organic frameworks (MOFs), as porous in-
organic-organic hybrid materials with high specific
surface area, controllable structure, and tunable pore
size, are widely used as precursors for the preparation
of carbon-metal or metal sulfide composites’™ **). In
general, MOFs exhibit impressive performance as act-
ive materials for energy storage due to their complex
and varied structural advantages”®**. Moreover, the
nanostructure of MOFs can not only shorten the diffu-
sion path of Na ions, but also withstand the volume
expansion caused by the insertion of Na ions, provid-
ing a stable support for the overall structure™ "),

With the aim of overcoming the weaknesses of
any single component, in this work, a flower-like
Co,S¢/MoS,/C composite was designed and construc-
ted by a simultaneous vulcanization-carbonization
method at different temperatures using Co-ZIF as pre-
cursor and adding Mo source. By systematically in-
vestigating the effect of sulfur vacancies and microto-
pography on sodium storage behaviour, the flower-
like Co,S¢/MoS,/C microspheres formed by intercon-
nected nanosheet arrays (Co,S¢/MoS,/C-700) possess
the best electrochemical performance. Heterogeneous
metal sulfides can not only enhance the electrical con-
ductivity of the electrode material due to the hetero-
structure, but also facilitate electron/ion transport.
Most importantly, the spherical structure provides a
stable support and the porous structure provides a buf-
fer space for the volume deformation caused by sub-
sequent redox reactions. It is worth noting that the dis-
charge capacity of Co,S¢/MoS,/C-700 can fully recov-
er from 368 to 571 mAh g ' and then stabilize at
543 mAh g ' when the current density is restored from

4000 to 40 mA g .

2 Experimental

2.1 Materials synthesis

ZIF-67 was synthesized by a room temperature
precipitation method that has been reported previ-
ously™. Typically, Co(NO,),-6H,0 (5.82 g, 0.02 mol)
and 2-Melm (6.16 g, 0.075 mol) were dissolved in
150 mL of methanol to form clarified liquor. Then,
the solution of 2-Melm mixture was poured into the
solution of Co(NO;),-6H,0 and stirred evenly at room
temperature for 24 h. Finally, the purple ZIF-67 was
obtained by centrifuging the mixture and washing sev-
eral times with methanol and drying at 60 °C
overnight.

20 mg of the above ZIF-67 template was disper-
sed in 40 mL CH,OH to form a uniform solution.
Then 1.5 mL MoCl, (0.2 mol L") solution and
0.166 4 g of NH,HCO, were successively added to the
suspension. After magnetic stirring for 7 h, the brown
precipitate was collected by centrifugation, washed
three times with deionised (DI) water, and dried at
60 °C overnight.

Co0,S¢/MoS,/C-700 was fabricated by a simultan-
eous vulcanization-carbonization method. 0.02 g of
as-prepared Mo-based precursor and 0.05 g of sub-
limed sulphur were uniformly mixed and placed in the
centre of a quartz tube. After rinsing with high-purity
argon, the furnace was heated to 700 °C at a heating
rate of 5 °C min"' and maintained for 1 h under a
H,/Ar (90% v/v) mixed atmosphere.

For comparison, the samples of Co,Si/MoS,/C-
600 and Co,S¢/MoS,/C-800 were also synthesized in
the same manner under the same conditions except the
calcination temperature was 600 °C and 800 °C, re-
spectively.

2.2 Materials characterization

The phase compositions of the ZIF-67 template
and Co,S,/MoS,/C-700, 600, 800 were analysed by X-
ray diffraction (XRD) (Deutschland BRUKER DS)
using Cu-Ko radiation. Scanning electron microscopy
(SEM SU8220, Hitachi High-Tech Company), high-

resolution transmission electron microscopy (HRTEM)
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and a super-X EDS detector system (Bruker, Super-X,
USA) was used to examine the morphology, micro-
structure of the samples and energy dispersive spec-
trometry (EDS) elemental maps. X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI Al Ka
X-ray source) were used to analyze elemental chemic-
al compositions of material.
2.3 Electrochemical measurements

The as-obtained active material, carbon black,
and sodium carboxymethyl cellulose (CMC) were
mixed with DI water in a weight ratio of 7 : 2 : 1 to
form a slurry, and coated on Cu foil. The coated foil
was dried at 80 °C in vacuum overnight and cut into
discs with a diameter of 12 mm. Glass fiber was used
as the separator and metallic sodium was used as
counter electrode for SIBs. 1.0 mol L™ NaClO, dis-
solved in EC/DMC (1 : 1, volume ratio) with FEC
(5%, mass fraction) was used as electrolyte. The
above working electrode, glass fiber, electrolyte and
counter electrodes were assembled in a glove box of
Ar atmosphere to obtain the half-cells. The charge and
discharge test measurement was carried out in the
voltage range of 3.0-0.01 V versus Na/Na“ at room
temperature (25 °C) using LAND CT2001A testing
system. Cyclic voltammetry (CV) tests were conduc-
ted on an LANHE M340A instrument electrochemic-
al workstation between 0.01 and 3.0 V vs. Na'/Na
with the stated scan rates. Electrochemical impedance
spectroscopy (EIS) was carried out on the Princeton
2273 at frequencies of 100 kHz to 10 MHz.
2.4 Density functional theory calculation

The density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simula-
tion Package (VASP)®'*?. The
Ernzerhof (PBE) functional generalized gradient ap-

Perdew-Burke-

proximation (GGA) was considered to describe the
exchange-correlation. The kinetic energy cutoff for
the plane wave was about 520 eV, which was applied
for the wave function expansion of S, Mo and Co. In
addition, Brillouin zone integration on the grid with a
3 x3x 3 and 12 x12 x 1 k grid mesh was carried out
to achieve geometry optimization and calculation of
the density of states (DOS), respectively. The Mo and
Co atoms use the DFT+U technique, where the U-J

parameters for Mo and Co states are set to be 5.5 and
3.32 eV, respectively. The quasi-Newton method with
energy and force convergence criteria, and the New-
ton method with energy and force convergence criter-
ia of 1.0 x 10°° eV per atom and 0.01 eV A" in the
structural optimization were performed for MoS, and
Co,S; to obtain high accuracy. The van der Waals in-
teraction force was analyzed with a semi-empirical
DFT-D3 method. Virtual interaction was avoided by
applying a 15 A vacuum layer thickness.

3 Results and discussion

3.1 Structure and composition
The of the

Co,S¢/MoS,/C nanocomposite is schematically illus-

synthesis process flower-like
trated in Fig. 1a. The uniform ZIF-67 nanocrystal pre-
cursor was generated by a solvothermal technique, as
evidenced by scanning electron microscopy (SEM)
image (Fig. Sla). Then, molybdenum pentachloride
was added to the solution containing ZIF-67 precurs-
or as a molybdenum source to obtain a uniform mo-
lybdenum precursor. Finally, because the electroneg-
ativity of Co (1.9) is slightly higher than that of Mo
(1.8), Co and Mo ions will react with sulfur powder at
high temperature to form Co,S,, and then cause the
heterogeneous nucleation and subsequent growth of
MoS, nanoparticles on the surface of Co,S,.

The crystal structure of as-synthesized sample
was studied by X-ray diffraction (XRD). The XRD
pattern of the Co,S¢/MoS,/C composite prepared at
different temperatures (600, 700, 800 °C) are shown
in Fig. 1b. As expected, all samples show similar dif-
fraction patterns. There are a series of diffraction
peaks around 14.1°, 32.5°, 58.1° and 60.1°, which
should be indexed to the (002), (101), (103), (110)
and (008) planes of the MoS, (JCPDS No.75-1539).
And other peaks at 29.6° and 51.2° can also be ob-
served, which match well with the (311) and (440)
planes of cubic Co,S; (JCPDS No. 86-2273). These
prove the formation of the MoS, and Co,S; phases in
the polyhedral structures. Additionally, there is no dif-
fraction peak of S in the image. The XRD results
show the high purity of the synthesized sample.
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Fig. 1 (a) Schematic illustration of the flower-like Co,Sy/MoS,/C heteroball. (b) XRD patterns ZIF-67 precursor and Co,Sy/MoS,/C synthesized at 600 °C,
700 °C, 800 °C. (c) SEM image and (d, ¢) HRTEM image of Co,Sy/MoS,/C-700. (f-k) EDS mapping images of the flower-like Co,S,/MoS,/C-700 hetero-ball

SEM and TEM were used to investigate the mor-
phology and microstructure of the material. It can be
clearly seen from Fig. S1a that the ZIF-67 precursor is
a regular polyhedron. In addition, the prepared ZIF-67
is a uniform polyhedron of similar size as shown in
Fig. S1b. In Fig. Slc-d and Fig. 1c, the smooth sur-
face of ZIF-67 is completely covered by a large num-
ber of folds, which are composed of vertical and
cross-linked arrays of MoS, nanosheets. To increase
the degree of crystallinity in the product, the calcina-
tion temperature is 600-800 °C. In addition, these pre-
pared nanosheets are also connected to each other,
providing abundant open spaces and active sites,
forming a typical loose and porous architectural struc-
ture. As can be seen from Fig. S2, with the gradual in-
crease of temperature, the crystallinity of the material
increases and there is partial collapse on the sur face.
When the temperature was increased to 800 °C, the

degree of crystallization increased and the shape of

the resulting Co,S¢/Mo0S,/C-800 microspheres was
distorted, and due to the collapse of the active materi-
al at higher temperatures, many nanosheets were ir-
regularly aggregated. This would greatly reduce the
probability of ion insertion and extraction. Consider-
ing the influence of temperature on crystallinity and
Co0,S¢/Mo0S,-700 could

achieve far superior performance than other samples,

electrochemical properties,

and will be discussed in the following section. To gain
further insight into the composition and microstruc-
ture of the Co,S¢/MoS,/C-700, the element mapping
spectra and TEM analyses were performed. The TEM
image (Fig. 1d-e) revealed the intimate contact
between MoS, nanoparticles and the Co,S, substrate.
The abundant hetero-interface created may act as act-
ive sites for fast Na” storage™. Fig. 1d shows MoS,
nanosheets with approximately 7 atomic layers
formed on a porous skeleton substrate. In Fig. S3(a-

b), the lattice spacing of MoS, and were 0.678 nm
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(002) and 0.275 nm (103), and Fig. S3c shows the
(311) plane of rutile Co,S, corresponding to the lat-
tice fringe of 0.294 nm. From Fig. 1(f-k), the S, Mo
and Co elements are uniformly distributed throughout
the whole microsphere.

X-ray photoelectron spectroscopy (XPS) analys-
is was then conducted to investigate the samples and
binding states of each element. Fig. S4a shows the
survey spectrum of the Co,S¢/MoS,/C-700 hetero-ball.
The survey XPS spectrum testifies the existence of C,
N, Mo, Co, O and S elements. Fig. S4b depicts the C
Is spectrum fitted into 3 peaks at binding energies of
284.8, 286.4 and 288.8 €V, which should be related to
the C—C, C—N/O and C=O0 bonds, respectively™*.
In the Mo 3d spectrum (Fig. 2a), the two major peaks
at 232.0 and 229.1 eV are in good agreement with Mo
3d,, and Mo 3ds, of Mo", further confirming the
formation of MoS, in the simple. The peak at 226.3 is
assigned to S 25", Meanwhile, the two weak peaks
located at 236.0 eV are attributed to the Mo®" because
of slight surface oxidation™®. The high-resolution Co
2p spectrum exhibits six main peaks at 778.9, 782.6,
786.9, 794.1, 798.7 and 804.6 eV (Fig. 2b). Among

(a) Mo 3ds, Mo 3d
5
g
2
2
9
£
240 235 230 225
Binding energy/eV
© Mo 3ps, N 1s
3
2 Pyridinic N
@
5 "
h= Graphitic N
Pyrrolic N
pA, 2
405 402 399 396 393

Binding energy/eV

them, the binding energies at 778.9 and 794.1 eV cor-
respond to Co 2p,, and Co 2p,,, and the 2 satellite
peaks at 804.6 and 786.9 eV can be attributed to the
typical peaks for Co’". Strong peaks at 782.6 and
798.7 eV could be attributed to Co 2p,, and Co 2p,,
of Co”""!,

For the N 1s core-level XPS spectrum of
Co,S¢/MoS,/C-700 (Fig. 2c), 4 peaks can be fitted,
corresponding to Mo 3p (394.9 eV) and 3 different
types of N species, where the N species are pyridine
(398.7 eV), pyrrole (400.1 eV) and graphite (401.0
eV)P*. The reason of the sample containing N is that
the organic ligand (2-MIM) rich in nitrogen is decom-
posed in the process of high temperature calcination.
It is found that pyridine nitrogen and graphite nitro-
gen are the dominant species, which can improve the
conductivity of ions and electrons. For the spec-
trum in Fig. 2d, the characteristic peaks are located at
162.0 for S 2p,, and 163.2 eV for S 2p,,, indicating
that sulphur is present in S* state in C0,S/MoS,/C*".
In addition, one more peak at 169 eV corresponds to a
shake-up satellite peak of sulphur (polysulfide or ox-
idized group)*'. The presence of O element in the

(b) Co 2p

Statellite ~ Co*
2

Intensity/a.u.

810 800 790 780

(d) S2p;, S2p

S 2pp,

Intensity/a.u.

Statellite

175 170 165 160
Binding energy/eV

Fig.2 XPS spectra of the Co,S¢/MoS,/C-700: (a) Mo 3d spectra, (b) Co 2p spectra, (c) N 1s spectra and (d) S 2p spectra
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sample is probably due to exposure of the samples to
The valence and bonds of all elements in
Co0,5¢,/Mo0S,/C-700 composite have been verified by
the XPS analysis.

3.2 Electrochemical performance

air™,

The electrode materials were assembled into
SIBs to test its cycle stability and rate performance. In
the first charge and discharge process (Fig. 3a),
Co0,S¢/MoS,/C-700 electrode displays the specific ca-
pacities of approximately 732 and 887 mAh g ', high-
er than that of the Coy,S¢/MoS,/C-600 (521 and 619
mAh g') and the Co,S,/MoS,/C-800 (521 and 383
mAh g™). Fig. 3b shows the first 5 CV cycles of the
Co0,S¢/Mo0S,/C-700 composite electrode. Some peaks
can be observed in the first cathode curve. For each
redox peak, the corresponding electrochemical pro-
cess is distinguished, where the wide peak between
0.6 and 0.4 V is due to the formation of the solid elec-

trolyte interface (SEI) layer, resulting in irreversible
capacity loss and lower Coulombic efficiency (CE) in
the first cycle. The peaks at 1.2 and 1.0 V correspond
to the formation of Na,MoS, by Na“ embedded in
MoS, interlayers and the multistep reduction of Co,Sg
to metals Co and Na,S. The spike near 0.1 V was at-
tributed to the conversion of Na,MoS, into metal Mo
and Na,S"). The last 4 cyclic cathode curves show
nearly the same characteristics. The peaks of the mul-
tistep reduction of Co,S; and Na“ embedding in MoS,
interlayer move to higher voltages of 1.5 and 0.85 V,
indicating an active process in the first cycle. During
the charging process, one main oxidation peak at
1.8 V is observed on the anodic curves, which is at-
tributed to the decomposition of Na,S into Na" and S.
During the subsequent cycles, the oxidation peaks are
repeatable, but the reduction peaks are not, implying

irreversible reactions™.
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Fig. 3 Sodium storage performance of the electrode: (a) charge—discharge profiles at 40 mA g ' and (b) CV curves at a voltage window of 0.01-3 V for the

C0,S/Mo0S,/C-700 composite. (c) Cycle performance at 40 mA g ', (d) cycle performance at 2 000 mA g ' and (e) rate capability at different current densities
for the Co,S¢/Mo0S,/C-600 composite, Co,Sy/MoS,/C-700 and Co,S,/MoS,/C-800 anodes. Note that the electrodes were first 5 cycles activated at 40 mA g ' for
a few cycles. (f) Nyquist plots of the Co,S;/MoS,/C-600, Co,S;/MoS,/C-700 and Co,Sy/MoS,/C-800 electrode materials. (g) CV curves at different scan rates
and (h) the peak current plotted against scan rates at 3 specific redox peaks of Co,Sy/MoS,/C-700
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Fig. 3c shows a comparison of the discharge-
charge curves for the 1%, 2™ and 3™ cycles of
Co0,S¢/MoS,/C-700 composite electrode at 40 mA g .
Two voltage plateaus could be observed at approxim-
ately 0.85 and 0.2. 0.01 V could be observed in the
discharge curves of the Co,S¢/MoS,/C electrode,
which coincide with the CV results'*’. The initial
Coulombic efficiency is 82.5%. The capacity loss
comes mainly from the formation of SEI film and
some side reactions during the initial sodiation pro-
cess, which leads to the low initial Coulombic effi-
ciency*!. The charge-discharge curves of the elec-
trode material show no discrepancy in the subsequent
cycles. At 800 mA g ', the results of the cyclic stabil-
ity test are shown in Fig. S5. In the initial 5 cycles, a
low current density of 40 mA g ' is applied to gener-
ate a dense stable SEI film. After 100 cycles, the spe-
cific capacities of pure Co,Sg (Fig. S6), Co,Si/MoS,/
C-600 and Co,S/MoS,/C-800 are 191 mAh g ', 192
mAh g and 309 mAh g, respectively. The Co,S/
MoS,/C-700 still shows the highest specific capacity
of 535 mAh g'. The cycling performance of Co,S,/
MoS,/C-700 at a current density of 2000 mA g ' in
the range of 0-3 V and the 1 000" cycle discharge ca-
pacity of 394.4 mAh g is presented in Fig. 3d. The
rate capabilities of the electrodes were evaluated at
40, 80, 200, 400, 800, 2 000 and 4 000 mA g ', as de-
picted in Fig. 3e. Five cycles were conducted for each
density. The capacities of
C0,S¢/MoS,/C reached 368 mAh g ' at 4000 mA g

with capacity retention rate of 68.9% compared to the

current reversible

capacity at 40 mA g '. Under the same conditions, the
capacity retention was only 45.8% and 62.8% for the
Co0,S¢/MoS,/C-600 and Co,S¢/MoS,/C-800 anodes, re-
spectively. When the current density returns from
4000 to 40 mA g ', the discharge capacity of the
C0,S¢/M0S,/C-700 can be fully recovered from 368 to
571 mAh g' and then stable at 543 mAh g ' after
some cycles, indicating that the sample Co,S;/MoS,/
C-700 composite has a high sustainability. In contrast,
Co,S¢/MoS,/C-600 and Co,S¢/MoS,/C-800 electrodes

[47]

show poor rate capability"””. The performance of

Co,S¢/MoS,/C anode is significantly better than that

of Co- and Mo-based transition metal sulfide anodes
previously reported, suggesting that Co,S,/MoS,/C is
a attractive candidate for SIB anode (Table S1).

To gain further insight into the sodium storage
performance of the above material, electrochemical
impedance spectroscopy (EIS) was employed at the
open circuit potential. The corresponding resistance
values were obtained by the simulation of testing data
with the equivalent circuit model. As displayed in
Fig. 3f, the charge transfer resistance (R,) of
Co,S¢/MoS,/C-700 composite electrode is 71.2 Q,
which is smaller than those of Co,S¢/MoS,/C-600
(97.7 @) and Co,S¢/MoS,/C-800 (85.6 Q). The smal-
ler wvalue indicates a faster electron transfer
capacity'™. The results imply that the electrochemical
reaction rate and electrical conductivity of Co,Sg/MoS,/
C-700 composite are superior to the other two elec-
trodes™™”.

CV tests (Fig. 3g) were carried out at different
scanning speeds of 0.2-1.0 mV s™' to further evaluate
the kinetics of Co,S¢/MoS,/C-700 electrode materials
for improved performance®. The CV curves for
Co,S,/MoS,/C-600 and Co,S¢/MoS,/C-800 electrodes
have similar shapes as the scan rate increases, indicat-
ing a similar Na" storage mechanism (Fig. S7a,c)"".
Furthermore, with increasing scan rates, the shape of
the curves remain nearly the same, suggesting high
rate capability. Different mechanisms account for dif-
ferent contributions to the total battery capacity, so the
following formula is used to further understand the
behaviours that affect electrochemical performance.

Hence, we introduce the formula®”';

i=a’ 1)
where i means the responsive current (mA), v repres-
ents the scan rate (mV s '), and a and b are constants.
To facilitate the calculation, linear equation logi =
blogv+loga of current and scan rate is obtained by
taking logarithms of the 2 sides of equation (1).

The dominant charge-storage mechanism can be
distinguished from the slope of the b-value. Specific-
ally, when the b is 0.5, the battery system is mainly
dominated by the ion intercalation process. While the

value of b approaches 1, it expresses a characteristic
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of the capacitive behaviour with fast kinetics®”. By
calculating peak current i and scanning rate v, a
straight line for each redox peak was drawn and lin-
ear fitting was carried out. In Fig. 3h, the b values for
the redox peaks of the Co,S;/MoS,/C-700 electrode
are calculated to be 0.88, 1.00 and 0.99, indicating
that the Co,S¢/MoS,/C-700 electrode is dominated by
the surface capacitive behavior. Furthermore, the
Co0,S¢/MoS,/C-700 electrode exhibits larger b values
at all redox peaks compared to those of the
C0,S¢/Mo0S,/C-600 and Co,S,/MoS,/C-800 electrode
(Fig. S7b,d), suggesting a faster reaction kinetics™*.

Furthermore, the contribution of surface capacit-
ance to current responsiveness can be estimated using
the formula i = k,v+ k,v'?™. In this formula, k,v and
k,v!'? represent the current of the pseudocapacitive be-
havior and the diffusive behavior, respectively. By
calculating the values of &, and k,, the ratio of the 2
capacity contribution behaviours at this point can be
obtained”™®. For example, at 0.2 mV s, the capacit-
ance contribution percentage is about 94.47% of the
total capacity, as shown in the shaded area in Fig. S8a.
At other scan rates, the quantitative contributions of
the two electrochemical behaviours are also plotted in
Fig. S8b. The capacitive contribution increased from
94.47% to 97.32% when the scanning rate was 0.2-
1.0 mV s'. With the increase of scan rate, the gradual
increase in capacitance contribution rate may be due
to its unique structural characteristics (the outer layer
is a fluffy MoS, crossed nanosheet array), which pro-
motes the rapid transfer of electrons or ions and af-
fords the battery excellent rate capability and long-life
stability™" ],
3.3 Computational results

Density functional theory (DFT) calculations
were performed to verify the effect of the constructed
Co,S¢/MoS, heterostructure on enhanced electrochem-
ical performance. According to the DFT calculation,
Co0,54(001) facets and single layer MoS, were chosen
to build the heterointerface. The optimized crystal
structures of bulk Co,Sg, MoS,, and the Co,S¢(001)/
MoS, heterostructure are shown in Fig. S9. The stabil-

ity of Co,S¢/MoS, heterojunction can be proved by the

formation of interface adhesion, and the equation is as
follows

EF = ECOng(OO])/MOS) - ECOng(OU]) - EMOSZ (2)
where Eco,s,001Mos» Ecoos,0ory and Eyes, represent the
total energy of the relaxed Co,Sg(001)/MoS, hetero-
junction, Co,S¢(001) slab and single layer MoS,, re-
spectively. The calculated interface formation energy
was —210.59 eV for the entire model interface. The
negative value energy indicated that the Co,Sy(001)/
MoS, composite could form a stable heterogeneous
interface.

To investigate the interface performance of the
Co,S,(001)/MoS, heterostructure, we calculated the
band structure of the Co,S¢(001) slab and MoS,. The
band structures are depicted in Fig. S10. Meanwhile,
the electronic density of states (DOS) of bulk Co,Sq,
MoS, and Co,S,(001)/MoS, were also calculated for
comparison. DOS curves in Fig. 4a-c and the band
structures show that the bandgap value of pure MoS,
is about 1.42 eV. The bandgap is similar to the re-
sults in Material Project (MoS, mp-2815: 1.46). When
Co,S; is introduced into MoS,, the state density of
Co,S4(001)/MoS, composite cross the Fermi level,
which indicates that the electronic structure is re-
shaped at the interface of the heterogeneous structure
and exhibits typical metallic properties and enhanced
electronic conductivity.

The charge transfer and separation of the
Co,S,(001)/MoS, heterojunction were studied by cal-
culating the three-dimensional charge density differ-
ence of the heterojunction, and the results are shown
in Fig. 4d. The violet and aquamarine areas indicate
electron depletion and accumulation, respectively.
The plane-integrated electron density difference along
Z-direction shows the result of charge distribution in
Fig. 4e. Positive values indicate electron accumula-
tion, and negative values indicate electron depletion.
The electronic properties of Co,S¢(001)/MoS, hetero-
junction were calculated based on the constructed
model, and the interface charge transfer path and
formation mechanism of Co,Sg(001)/MoS, hetero-
junction were further investigated. The electrostatic
potentials of Co,S:(001) surface (Fig. S1la), single
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(f) Co,Sy/MoS, heterojunction slab model. The green and blue dashed lines denote Fermi level and the vacuum energy level, respectively

layer MoS, (Fig. S11b) and Co,S¢(001)/MoS, hetero-
junction (Fig. 4f) were calculated. According to the
definition of work function, the work functions of
Co0,S4(001), MoS, and Co,S¢(001)/MoS, heterojunc-
tions are 6.00, 5.55 and 5.67 eV, respectively”™.
When Co,S¢(001) contacts MoS,, the work function of
Co0,S¢(001) is higher than that of MoS,, causing the
electrons to move from MoS, to Co,3¢(001) until the
Fermi energy of the 2 structures was aligned. Hence,
C0,S4(001) accumulated a negative charge on the sur-
face. Instead, the MoS, layer accumulates a positive
charge. This result accords with the charge density
difference and Band charge analysis.

4 Conclusion

In conclusion, a facile self-templated method was
developed to prepare Co,S;/MoS,/C composite by
vulcanization and carbonization at
600 °C, 700 °C and 800 °C on Co-ZIF precursors.
Due to the 3D

Co,S¢/MoS,/C material, the pulverization and volume

simultaneous

structure of the synthesized
expansion of the electrode material caused by the
(de-)intercalation of sodium ions during charge and
discharge could be relieved, and the stability of the
structure was maintained. Benefiting from the excel-
lent porous structure of Co,S;/MoS,/C-700, the com-

posite material has a relatively high reversible specif-
ic capacity when used in SIBs. At a current density of
4 000 mA g ', the material has a rate performance of
368 mAh g'. In addition, it is worth noting that when
the current density is restored to 40 mA g ' and the
specific capacity is rapidly restored to 571 mAh g,
indicating that the material has good reversibility
throughout the electrochemical reaction process. Fur-
thermore, the DFT calculation shows that when Co,S
is introduced into MoS,, the state density of the
Co,S4(001)/MoS, compound crosses the Fermi level,
which indicates that the electronic structure is re-
shaped at the interface of the heterogeneous structure,
thus Co,S¢(001)/MoS, exhibits typical metal proper-
ties and enhanced electronic conductivity. The effect
of heterojunction on electron/ion diffusion kinetics is
proved. In summary, Co,S¢(001)/MoS, heterojunction
can effectively promote the electrochemical perform-
ance of MoS, as SIBs anode, hinting at promising ap-
plication prospects. Going beyond the composites re-
ported in this paper, we expect that the concept of
MOF-derived nanoengineering design will provide a
reference for the development of anode electrode ma-
terial for the next generation of secondary battery sys-

tems.
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