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A B S T R A C T

Transition metal sulfides (TMS) are considered as anode candidates for sodium-ion batteries (SIBs) due to the
high theoretical specific capacity and natural abundance. Herein, Co3S4@1T MoS2/NC-L hierarchical na-
nosheets, in which bimetallic sulfides are integrated into N-doped carbon, has been designed and prepared via
calcination of leaf-like Co-ZIF (ZIF-L) precursor followed by hydrothermal sulfuration reaction. When evaluated
as anode for SIBs, the Co3S4@1T MoS2/NC-L hierarchical nanosheets offer enhanced pseudocapacitance effect,
fast Na+ kinetics in the heterogenous interface of bimetallic sulfides and small polarization, achieving an de-
lightful reversible capacity of 595 mAh g−1 at 0.1 A g−1 and rate capability of 338mA h g−1 at 5 A g−1.
Moreover, the fine structural stability and mutual affinity of bimetallic sulfides under high cutoff voltage hinder
the loss of sodium polysulfide during conversion reaction, promoting the long cycling stability of hierarchical
nanosheets. Such bimetallic sulfides/N-doped carbon hierarchical nanosheet sheds new light on the construction
of efficient anode material for SIBs.

1. Introduction

Sodium-ion batteries have stimulated increasing research interest as
promising energy-storage devices for large-scale energy storage sys-
tems, since the similar electrochemical property but abundant reserve
and low cost of sodium versus those of lithium [1,2]. However, the
larger ionic radius of sodium (∼1.06 Å vs. ∼0.76 Å of Li) leads to poor
electrochemical reaction kinetics, limiting the energy density and rate
capability of SIBs [3,4]. Thus, the design of suitable electrode materials,
especially high-performance anode materials exerts significant effects
on improving the electrochemical performance of SIBs.

Compared to intercalation materials [5,6] and metal oxides [7,8],
transition metal sulfides (TMS) [9–11] have attracted prominent at-
tention due to the higher theoretical specific capacity through the
conversion reaction mechanism, superior intrinsic conductivity and
more suitable redox potential. Especially, the metallic 1T MoS2 pos-
sesses remarkable electronic conductivity, expanding interlayer spa-
cing, and numerous active sites for ion insertion/extraction [12–14].

The interlayer expansion of 1T MoS2 has been demonstrated to be as-
sociated with a lower diffusion energy barrier for Na+, resulting in an
improvement of the storage capacity and rate performance for SIBs
[15]. However, the two-dimensional (2D) MoS2 layers tend to stack and
aggregate spontaneously, giving raise to the reduction of electro-
chemical active sites along the basal plane. Moreover, the large volume
changes derived from aggregated MoS2 layers and loss of polysulfide
intermediates during repeated discharge/charge normally result in
rapid capacity fading upon cycling and low Coulombic efficiencies.

To address above issues, one promising strategy is construction of
proper hierarchical nanostructures, which can reduce the stack/ag-
gregation of MoS2 nanosheets and shorten the Na+ diffusion pathways
simultaneously [16–18]. Incorporating TMS with carbonaceous mate-
rial is also considered to be an effective approach to accommodate the
stress of volume expansion and inhibit the loss of polysulfide inter-
mediates during the sodiation/desodiation processes, thus maintaining
the cycling stability [19–21]. Zeolitic imidazolate frameworks (ZIFs)
with 2D leaf-like structures and fine thermal stability are good
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candidates as precursor/template to construct carbon-based metal sul-
phides hierarchical nanostructures [22–24]. The integration of 2D leaf-
like ZIF and 2D MoS2 layers into hierarchical porous nanosheets brings
out a large amount of active surfaces and shortened diffusion lengths
for charge storage. Benefiting from the thermal stability, the organic
bridging ligands of ZIFs can in-situ transform into heteroatoms-doped
carbon matrix after calcination in inert environments, which helps to
improve electronic transport and ion diffusion kinetics.

In this study, the integration of bimetallic sulfides into N-Doped
Carbon was realized by calcination of leaf-like Co-ZIF (ZIF-L) precursor
and hydrothermal sulfuration reaction, successfully constructing
Co3S4@1T MoS2/NC-L hierarchical nanosheets. Such hierarchical na-
nosheet offers shortened ion diffusion path and much exposed active
sites for sodium storage. The carbon matrix and its abundant nitrogen-
doped species are beneficial to the electronic conductivity and pseudo-
capacitive behavior. Moreover, density functional theory (DFT) calcu-
lation reveals that the heterogenous interface of bimetallic sulfides of-
fers favorable adsorption sites for sodium storage and facilitates Na+

diffusion kinetics compared to pure 1T MoS2 layers. Correspondingly,
the Co3S4@1T MoS2/NC-L hierarchical nanosheets obtained both long
cyclic stability and high specific capacity at high cutoff voltage.

2. Results and discussion

The formation of the Co3S4@1T MoS2/NC-L hierarchical nanosheet
was proposed in Scheme 1. At first, the Co-ZIF-L precursor with tens of
nanometers thickness and micro-scale planar size (Fig. 1a and Fig. S1)
was synthesized in aqueous solutions at room temperature. Then, the
as-obtained Co-ZIF-L was calcinated at 650 °C in nitrogen atmosphere,
forming a composite of Co nanocrystals embedded N-doped carbon
which well inherits the 2D leaf-like structure (Co/NC-L template,
Fig. 1b and Fig. S1). During subsequent hydrothermal process, the
sulfidation of Co and growth of expanding 1T MoS2 were occurred in or

on Co/NC-L nanosheets. Meanwhile, partial N atoms of Co/NC-L tem-
plate infiltrate into the carbon derived from glucose, resulting in a new-
formed N-doped carbon layer on the surface of these 1T MoS2 layers.
Overall, the Co3S4 nanocrystals and 1T MoS2 layers were confined in N-
Doped Carbon matrix, constructing the Co3S4@1T MoS2/NC-L hier-
archical nanosheet.

According to the scanning electron microscopy (SEM) images, these
Co3S4@1T MoS2/NC-L hierarchical nanosheets (Fig. 1c) possess the
similar planar size but incremental thickness compared to Co-ZIF-L
precursor. The surface of these hierarchical nanosheets presents a me-
shed pattern assembled by typical MoS2 layers. In addition, the hy-
drothermal product in absent of molybdenum source, Co3S4/NC-L
(Fig. 1d), visually displays a nanosheet with cobalt sulfide nanoparticles
derived from the sulfuration of Co in the Co/NC-L template. For com-
parison, pure MoS2/C sample was also prepared without the addition of
Co/NC-L template, as shown in Fig. 1e. It exhibits a sphere-like struc-
ture with a diameter of ≈400 nm, which is aggregation of multiple
layers. In this respect, the Co3S4@1T MoS2/NC-L hierarchical na-
nosheet with expanding MoS2 layers expose more surface active sites,
which can promote a rapid electron and ions mobility for the near-
surface sodium storage [16]. The chemical compositions of these sam-
ples were investigated by X-ray diffraction (XRD). In Fig. 1f, XRD pat-
tern of Co3S4/NC-L indicates a relatively poor crystallization of Co3S4
nanoparticles and the diffraction peaks at 26.7° , 31.4 °, 38.0° and 55.0°
can be indexed to the (220), (311), (400) and (440) planes of linnaeite
Co3S4 (PDF card 42–1448), respectively. As for Co3S4@1T MoS2/NC-L,
except for the characteristic peaks of Co3S4, most of the other diffrac-
tion peaks can be assigned to a 2H–MoS2. However, it is observed that
the (002) peak of the as-prepared MoS2 at 9.2° is lower than that of
2H–MoS2 at 14.4°, and an additional diffraction peak appears at 18.1°
[25,26]. This result implies an enlarged interlayer spacing of MoS2 and
promising existence of metallic 1T phase of MoS2.

The hierarchical structure of the Co3S4@1T MoS2/NC-L was further

Scheme 1. Illustration of the fabrication process of the Co3S4@1T MoS2/NC-L hierarchical nanosheets.
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confirmed by the TEM observation, as shown in Fig. 2. Specifically, the
hierarchical nanosheets is a leaf-liked carbon matrix with internal dis-
persive Co3S4 nanoparticles and external expanding MoS2 layers. It is
notable that the outer edge of MoS2 layers is covered by amorphous
carbon. In the high resolution TEM (HRTEM) image, the average in-
terlayer spacing of MoS2 is 0.67 nm (∼0.62 nm of 2H MoS2), which is
consistent with the low-angle shift of the diffraction peak related to
(002) plane. The lattice fringes with a spacing of 0.28 nm are consistent
with the (311) plane of the Co3S4 phase. The corresponding Fourier
transform pattern further displays that the diffraction spots correspond
to the (440), (311) planes of the linnaeite Co3S4. The EDS elemental
mapping demonstrates the uniform distribution of S, N, C, Mo, Co in the
hierarchical nanosheet. Especially, the corresponding location of C and
N in the HADDF image indicates that N atoms even uniformly doped
into the amorphous carbon outside the MoS2 layers. It is assumed that
partial N atoms of Co/NC-L template permeate outwards, and deposit
together with carbon derived from glucose on the outside of the MoS2
layers during hydrothermal sulfidation. Thus, the Co3S4 nanocrystals
and MoS2 nanosheets were confined in a sheet-shaped N-Doped Carbon

matrix, constructing the hierarchical nanosheet.
The nitrogen adsorption-desorption test was performed to study the

porosity of the as-prepared samples. As shown in Fig. 3a, the meso-
porous structure of Co3S4@1T MoS2/NC-L was confirmed by the type-
IV adsorption-desorption isotherm with a H3 hysteresis loop [27,28].
According to the Brunauer-Emmett-Teller (BET) method, the specific
surface area of Co3S4@1T MoS2/NC-L, Co3S4/NC-L and MoS2/C are
38.3 cm2 g−1, 7.0 cm2 g−1 and 12.3 cm2 g−1, respectively. Fig. 3b ex-
hibits their pore size distributions derived from the Barrett-Joyner-
Halenda (BJH) model. The Co3S4@1T MoS2/NC-L presents most
2–10 nm pores than other two samples, mainly due to more interspaces
between the expanding MoS2 nanoblocks in the hierarchical nanosheet.
These interspaces are importance to increase the electrochemical active
sites and decrease the volume changes during repeated sodium inser-
tion/extraction. In contrast, the compact stacking of pure MoS2 nano-
blocks or Co3S4/NC-L nanosheets results in the low specific surface area
and porosity in the other two samples.

The compositions and surface chemical states of the as-prepared
samples were investigated by Raman spectroscopy and X-ray

Fig. 1. Morphology and structure characterization. a) SEM image of Co-ZIF-L precursor. b) SEM image of Co/NC-L. c) SEM image of Co3S4@1T MoS2/NC-L hier-
archical nanosheets. d) SEM image of Co3S4/NC-L. e) SEM image of 1T MoS2/C. f) XRD patterns of Co3S4@1T MoS2/NC-L, Co3S4/NC-L, 1T MoS2/C and standard
patterns of JCPDS Cards.
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Fig. 2. Detailed hierarchical structural characterization. a, b) TEM images of Co3S4@1T MoS2/NC-L. c, d) HRTEM images of Co3S4@1T MoS2/NC-L and e) the
HADDF image of C, N and EDX mapping images of S, N, C, Mo and Co.

Fig. 3. The porosity and composition characteristic. a) Nitrogen adsorption-desorption isotherms of Co3S4@1T MoS2/NC-L, 1T MoS2/C and Co3S4/NC-L. b)
Corresponding pore size distributions of the three samples. d) Raman spectra of the three samples. d-f) XPS spectra of Co3S4@1T MoS2/NC-L and Co3S4/NC-L.
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photoelectron spectroscopy (XPS). In Fig. 3c, these Raman signals show
the characteristic E12g (376.2 cm−1)/A1g (402.4 cm−1) peaks of MoS2
and F2g (348.1 cm−1)/Ag (392.2 cm−1) modes of Co3S4, respectively
[29,30]. In particular, the additional J1, J2, J3 and E1g peaks located at
148.0, 236.2, 334.5 and 283.6 cm−1 are observed in as-prepared MoS2-
containing samples. The E1g signal denotes the octahedrally co-
ordinated Mo in 1T MoS2 and the presence of J1, J2, J3 peaks is mostly
attributed to superlattice distortion in the basal plane of 1T MoS2,
confirming the formation of 1T-phase MoS2 [25,31]. Furthermore, the
D peak and G peak of amorphous carbon are observed in the Raman
spectra of Co3S4@1T MoS2/NC-L, Co3S4/NC-L and even MoS2/C. The
value of ID/IG indicates the degree of disorder/defect in the carbon
matrix, which could be calculated by Gaussian fitting and integrated
areas of these peaks [24,32], as exhibited in Figs. S2a–c. The value is in
the order of MoS2/C (∼2.53)>Co3S4@1T MoS2/NC-L
(∼1.35)>Co3S4/NC-L (∼0.84) (Table S1). It reveals that the external
carbon formed by hydrothermal process possesses more defects for
enhancing the Na-storage, while the internal carbon template via cal-
cination at 650 °C exhibits more graphitized order for enhanced carrier
mobility.

In the high-resolution C1s XPS spectra (Fig. S3), three peaks with
binding energies of 284.7, 286.2 ± 0.2, and 288.7 ± 0.2 eV are as-
sociated with C–C, C–N/O, and C=O, respectively [33,34]. The ex-
istence of C–O is due to slight surface oxidization of the samples ex-
posed to air before measurement. The formation of C–N bond stems
from the nitrogenous bridging ligands of Co-ZIFs-L precursor. The states
of nitrogen doping in Co3S4@1T MoS2/NC-L and Co3S4/NC-L were
further confirmed by the N 1s spectra in Fig. 3d. The Mo 3p signal at
binding energies of 394.7 eV emerges in the N 1s spectrum of Co3S4@
1T MoS2/NC-L is due to the existence of MoS2. Three types of nitrogen
species corresponding to pyridinic N, pyrrolic N, and graphitic N are
well identified in Co3S4@1T MoS2/NC-L and Co3S4/NC-L, respectively
[22]. The nitrogen contents in carbon matrix and the proportion of
three species for the two samples are displayed in Table S2. Compared
to Co3S4/NC-L, the lower nitrogen content of Co3S4@1T MoS2/NC-L is
attributed to the additional carbon formed by glucose during hydro-
thermal process. Furthermore, partial N atoms diffuse outwards to the
additional carbon in the Co3S4@1T MoS2/NC-L under hydrothermal
conditions, which shows significant impact on the proportion of dif-
ferent nitrogen species. Thus, the higher proportion of pyridinic N and
pyrrolic N was obtained in Co3S4@1T MoS2/NC-L, contributing to more
defect sites for the enhanced carrier transport [22]. The high-resolution
Co 2p spectra in Fig. 3e can be deconvoluted into four characteristic
peaks of Co 2p1/2, Co 2p3/2 and their satellite peaks [12,35]. The Co 2p
peak of Co3S4@1T MoS2/NC-L is much weaker than that of Co3S4/NC-L,
attributing to a uniformly thick coverage of the MoS2 layers. Since the
present of 1T and 2H phases of as-prepared MoS2 is confirmed by
Raman spectra, the Mo 3d spectrum of Co3S4@1T MoS2/NC-L in Fig. 3f
should contain two doublets for Mo 3d5/2 and Mo 3d3/2. It is reported
that the binding energies of 2H MoS2 are slightly higher than that of 1T
MoS2 [36,37]. Accordingly, one doublet located at 228.8 eV and
232.0 eV are corresponding to Mo 3d5/2 and Mo 3d3/2 for the 1T phase,
and the other doublet at 229.7 eV and 233.0 eV are for the 2H phase.
The S 2p spectra in Fig. S3c present two peaks assigned to S 2p3/2 and S
2p1/2. It is observed that a pair of peaks by deconvolution slightly
shifted to lower binding energies due to the formation of 1T MoS2 in the
Co3S4@1T MoS2/NC-L. The content of the 1T MoS2 in Co3S4@1T MoS2/
NC-L is evaluated to be 67.5%, according to the deconvoluted Mo 3d
regions [37,38].

The unique 2D hierarchical geometry with highly active bimetallic
sulfides and highly conductive N-doped carbon makes Co3S4@1T
MoS2/NC-L a promising electrode material for SIBs. To evaluate the
electrochemical performance of Co3S4@1T MoS2/NC-L, it was as-
sembled into half-cells with Na metal as counter electrode. Fig. 4a
presents the initial five CV curves of Co3S4@1T MoS2/NC-L electrode.
Four peaks are observed in the first cathodic scan, and the

electrochemical process of these peaks can be better identified by
comparison with the CV cures of Co3S4/NC-L and 1T MoS2/C (Fig. S4).
The weak cathodic peak at 1.4 V is associated with the intercalation of
Na ions into the Co3S4 crystals [22]. The other three peaks at 1.1 V,
0.5 V and 0.1 V are related to the formation of a solid-state interphase
(SEI) layer, the intercalation of Na ions into MoS2 interlays, and the
conversion reaction into Mo/Na2S [20,39]. The subsequent CV curves
exhibit shifted cathodic peaks compared to the initial state. Especially,
the signals correspond to the conversion reaction into metallic Co and
the intercalation of Na ions into MoS2 interlays are reflected in the
peaks at ∼0.9 V and 0.75 V [20,22]. The anodic peaks between 1.5 V
and 2.0 V are attributed to the reversible oxidation of Na2S and metals.
These anodic/cathodic peaks are well overlapped, implying a good
reversibility for Na+ storage. Accordingly, the reaction processes of the
Co3S4@1T MoS2/NC-L hierarchical nanosheets occur as follows:

+ + ↔
+ −x xeCo S Na Na Co Sx3 4 3 4 (1)

+ − + ↔ +
+ −x eNa Co S (8 )Na 8 4Na S 3Cox 3 4 2 (2)

+ + ↔
+ −x xeMoS Na Na MoSx2 2 (3)

+ − + − ↔ +
+ −x x eNa MoS (4 )Na (4 ) 2Na S Mox 2 2 (4)

It is noteworthy that the process (4) can be fully conducted at about
0.01 V, but be a restricted reaction at 0.1 V. Considering the effect of
restricted reaction on the electrochemical performance, the galvano-
static charge-discharge (GDC) measurement was conducted in the vol-
tage window of 0.1-3 V. As displayed in Fig. 4b, the electrochemical
processes in the GDC profiles at a current density of 0.1 A g−1 are well
consistent with above CV results. The initial discharge and charge ca-
pacities are 1062 and 595mA h g−1, respectively, giving a relatively
high CE of 56%. The initial irreversible capacity loss is largely due to
the formation of SEI and irreversible phase transformation. The sub-
sequent GDC profiles exhibit slight deviations and stable CEs of> 98%,
indicating a good capacity reversibility for sodium storage. After 100
cycles (Fig. 4c), the Co3S4@1T MoS2/NC-L electrode still delivers a
reversible capacity of 536mA h g−1, which is nearly 90% capacity re-
tention. For comparison, the first discharge and charge capacities of
Co3S4/NC-L (as shown in Fig. S4) are 804 and 392mA h g−1, respec-
tively, resulting in an initial CE of 49%. The reversible capacity of
Co3S4/NC-L continuously decays during cycles, resulting in capacity
retention of 52% and persistent CE of ∼97% after 100 cycles. Thus,
compared with Co3S4/NC-L, the enhanced reversible capacity and CE of
Co3S4@1T MoS2/CN-L are mainly due to the cooperation of expanding
1T MoS2 layers.

The rate capability and long cycling performance of Co3S4@1T
MoS2/NC-L, Co3S4/NC-L and MoS2/C are compared in Fig. 4d and e.
The Co3S4@1T MoS2/NC-L hierarchical nanosheet delivers high specific
capacities of 619, 557, 517, 480, 438 and 338mA h g−1 at the current
densities of 50, 200, 500, 1000, 2000 and 5000mA g−1, respectively
(Fig. 4d). Thereafter, the specific capacity returns to 601mA h g−1

when the current density shortly reduces back to 50mA h g−1, de-
monstrating a remarkable capacity recovery. Comparatively, the Co3S4/
NC-L electrode shows poorer rate capability, which are mainly corre-
lated with continuous capacity fading and theoretical capacity limita-
tion. As for MoS2/C electrode, the capacity is high but decays rapidly at
low current densities. It is proposed that the restricted conversion re-
action to Mo/Na2S can be stimulated at low current densities or small
polarization to achieve high capacity, but the sodium polysulfide de-
rived from this reaction simultaneously resulting in capacity decay.
When the conversion reaction is gradually restricted under high current
density, the cycling stability is obviously improved. Under high current
density of 500mA g−1, the Co3S4@1T MoS2/NC-L shows improved
capacity of 368 mAh g−1 and enhanced cycling stability after 300 cy-
cles. The morphology of the Co3S4@1T MoS2/NC-L after 300 cycles
(Fig. S5) retain the 2D sheet-shaped structure in which bimetallic sul-
fides are uniformly dispersed. In comparison, the specific capacity of
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Co3S4/NC-L decreases quickly to 125 mAh g−1 and that of MoS2/C are
relatively stable at a low value during 300 cycles. On the one hand, the
Co3S4@1T MoS2/NC-L and 1T MoS2/C show excellent cyclic stability,
but the former delivers a specific capacity twice as much as the latter.
This is mainly due to the advantages of the hierarchical structure, in
which the porous N-doped carbon matrix and expanding 1T MoS2
layers conduce to ions diffusion and reduction of polarization. Thus, the
restricted conversion reaction can produce more reversible capacity. On
the other hand, although Co3S4@1T MoS2/NC-L and Co3S4/NC-L offer
buffering for expansion stress by nitrogen-doped carbon, but their cy-
cling performance is still quite different. This indicates that the volume
expansion during sodiation/desodiation process is not the dominating

factor for the poor cycling performance. It is deduce that the deep re-
action of Co3S4 gives rise to severe polysulfide loss, which is responsible
for the poor cyclability. In the Co3S4@1T MoS2/NC-L hierarchical na-
nosheet, the bimetallic sulfides in the N-doped carbon matrix would
alternately adsorb the polysulfide and reduce their loss during the
conversion reaction into metal and Na2S.

The Co3S4@1T MoS2/NC-L also exhibits higher specific capacity
compared to its single counterpart. Correlatively, the unique hier-
archical structure brings out fast reaction kinetics, which could be in-
vestigated by CV and EIS measurements. As shown in Fig. 5a, the CV
curves of Co3S4@1T MoS2/NC-L at various scan rates range from 0.2 to
2mV s−1 display preserved shape and well-defined peaks. In fact, the

Fig. 4. Electrochemical performances evaluation. a) Representative CV curves for the first five cycles of Co3S4@1T MoS2/NC-L at a scan rate of 0.1 mV s−1. b) GDC
profiles of Co3S4@1T MoS2/NC-L at current density of 100mA g−1. c) Cycling performance of Co3S4@1T MoS2/NC-L and Co3S4/NC-L at 100mA g−1, and the
coulombic efficiency (CE) of Co3S4@1T MoS2/NC-L. d) Rate performance of the Co3S4@1T MoS2/NC-L, Co3S4/NC-L and 1T MoS2/C at various current densities. e)
Long cycling performance of three samples at 500mA g−1, and CE of Co3S4@1T MoS2/NC-L.
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area of a CV loop indicates joint energy storage from pseudo-capacitive
behavior and diffusion-controlled process [16,40]. The corresponding
energy storage mechanism can be analyzed by the logarithmic linear
relationship of peak current (i) and scan rate (v):

= +i a b vlog( ) log( ) log( ) (5)

Where a, b are the adjustable parameters. The value of b is well-
defined: b=0.5 implies a diffusion-controlled process, and b=1.0 in-
dicates a pseudo-capacitive behavior [24]. According to Fig. 5b, the b
values of anodic and cathodic peaks were approached to 1.0, revealing
that the pseudo-capacitive behavior dominated the sodium storage
process of Co3S4@1T MoS2/NC-L electrode. Specifically, the pseudo-
capacitive contribution to sodium storage at different scan rates can be
quantitatively evaluated according to the following equation:

= +i v k v k v( ) 1 2
1/2 (6)

where k1·v and k2·v1/2 represent the contributions from pseudo-capa-
citive behavior and the diffusion-controlled process, respectively [22].
The calculated results are displayed in Fig. 5c. It is obvious that the
pseudo-capacitive contribution to sodium storage increases with the
scan rate. At a scan rate of 2.0mV s−1 (Fig. 5d), the contribution ratio
of pseudo-capacitive behavior is as high as 88.9%. By comparison, the
Co3S4/NC-L exhibits a weaker pseudo-capacitive behavior, of which
contribution ratio is 79.7% at 2.0 mV s−1 (Figs. S6a and b). And the 1T
MoS2/C presents a diffusion-controlled electrochemical process due to
serious aggregation of nanosheets (Figs. S6c and d). The hierarchical
configuration of Co3S4@1T MoS2/NC-L nanosheets offers more active

sites for Na+ adsorption and pseudo-capacitive behavior, thus leading
to a high reversible capacity and superior rate performance.

The EIS spectra reveal the redox reaction at the interface and in the
electrode, which could be fitted according to an equivalent circuit inset
in Fig. 6. The fitting values are given in Table S3. The semicircles in
high-medium frequency region are associated with contact resistance
(Rf) and charge-transfer resistance (Rct) at the electrode/electrolyte
interface, while the slope lines in the low frequency region represent
the Warburg impedance (Zw) related to Na+ diffusion in electrode
[41,42]. The impedance changes of Co3S4@1T MoS2/NC-L for specified
cycles were investigated in Fig. 6a. It is found that the resistance (Rf and
Rct) decreased at first and then increased with cycling progresses. The
reduction of resistance at previous stage is mainly attributed to an ac-
tivation process of electrode material for sodium storage, while the
subsequent increase is caused by the pulverization of electrode and
formation of SEI film during the repeated discharge-charge processes.
The comparative EIS of three as-prepared electrodes after cycling are
also shown in Fig. 6b, where the Co3S4@1T MoS2/NC-L exhibit much
smaller resistances (Rf=40.4Ω and Rct=148.7Ω) than those of Co3S4/
NC-L (Rf=77.8Ω and Rct=570Ω) and MoS2/C (Rf=62.5Ω and
Rct=230.8Ω). The vast active sites from hierarchical configuration and
high conductivity of rational N-doped carbon matrix in Co3S4@1T
MoS2/NC-L nanosheet are responsible for the reduced resistances. Ac-
cording to the relationship of Zw = R + σω−1/2 in low-frequency re-
gion, the Warburg factor (σ) can be quantified to demonstrate the
ability of Na-ion diffusion in different materials [32,39]. Generally, the
smaller σ leads to the faster Na-ion diffusion. In Fig. 6c, the slope (σ) of

Fig. 5. Electrochemical kinetics investigation of Co3S4@1T MoS2/NC-L electrode. a) CV curves at various scan rates. b) Determination of the b-value according to
peak current and scan rate. c) Contribution ratio of the capacitive and diffusion behaviors at various scan rates. d) Separation of the capacitive and diffusion currents
in Co3S4@1T MoS2/NC-L at a scan rate of 2mV s−1.
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Co3S4@1T MoS2/NC-L is smallest among the three as-prepared elec-
trodes, demonstrating the superior Na+ diffusion in bimetallic sulfide
compared to single-phase sulfides. It is obvious that the ability of Na ion
transport in Co3S4@1T MoS2/NC-L electrode is slightly changed during
cycles (Fig. 6d). Therefore, Co3S4@1T MoS2/NC-L presented enhanced
kinetic performance and reversible specific capacity, highlighting the
smart integration of bimetallic sulfide into N-doped carbon matrix.

To elucidate the capacity differentiation between bimetallic sulfide
and molybdenum sulfide associated with the polarization and kinetics,
we studied the Na-ions situations in the MoS2/Co3S4 heterointerface
and MoS2/MoS2 interlayers by combined DFT and AIMD calculations.
The models of 1T MoS2/Co3S4 and 1T MoS2/MoS2 bilayers were con-
structed rationally for DFT calculations, as shown in Fig. 7a and Fig. S7.
The model structure is fully optimized before calculating the relevant
properties. By comparing the adsorption energies of Na ions in different
circumstances, we can obtain the optimal adsorption sites of Na ions in
the interface of bilayer. The adsorption energies are evaluated by the
following formula:

Eabsorb= Ebilayer+Na – Ebilayer – ENa (7)

Where Ebilayer is the energy of the pristine MoS2/MoS2 or MoS2/
Co3S4 ,Ebilayer+Na is the total energy of the Na inserted model, ENa re-
present the energy of a single Na atom [43]. In Fig. S7, the adsorption
energies at different sites of the MoS2/Co3S4 heterointerface present
smaller energy barriers than those at MoS2/MoS2 interface, indicating
the easier migration of sodium ions in the heterointerface. The inter-
action between the layers and the inserted Na can be reflected by
charge density difference. The charge density difference between

pristine and Na inserted bilayers can be evaluated by the following
formula:

Δρ(r)= ρM+Na(r)− ρM(r)− ρNa(r) (8)

Δρ(r)= ρM/C+Na(r)− ρM/C (r)− ρNa(r) (9)

Whereas ρM(r) , ρM/C (r) and ρNa(r) are the independent electron
densities of the pristine MoS2/MoS2 , MoS2/Co3S4 and isolated Na,
ρM+Na(r) and ρM/C+Na(r) are the total charge density of the Na inserted
model [35,43]. As presented in Fig. 7b, the red color isosurface re-
presents charge accumulation, while the green isosurface means charge
depletion. During the sodiation process, Na atoms first adhere to su-
perficial S atoms and act as a donor of charge transfer for the sur-
rounding S atoms. Obviously, the charge accumulation around S atom
in the MoS2/Co3S4 heterointerface is much weaker than that in the
MoS2/MoS2 interface (Fig. S7c, d). That is to say, the interaction be-
tween MoS2/Co3S4 heterointerface and Na atom is weaker, which
benefits the free migration of Na atom in the heterointerface [35]. We
further investigated the essence of this interaction by electron locali-
zation function (ELF). According to Fig. 7c, the ELF value higher than
0.8 could be seen only in the S atom region, while the ELF values
around Na atom and other atoms are lower than 0.3. The ELF value
distribution pattern demonstrates that Na atom interacts electro-
statically with the S atoms on the surface of bilayers and donates the
charge to S atoms. Moreover, AIMD simulation was conducted to ex-
plore the migration of Na ions between bilayers. The coordinates of Na
atoms were extracted at intervals of 50 steps and plotted in the same
graph to show the trajectory of Na atoms within 1 ps. From the tra-
jectory, Na atoms show strong mobility at the MoS2/Co3S4

Fig. 6. Electrochemical impedance spectroscopy. a) Nyquist plots of Co3S4@1T MoS2/NC-L for 1st, 200th, 300th cycle. b) Nyquist plots of Co3S4@1T MoS2/NC-L,
Co3S4/NC-L and 1T MoS2/C after 300 cycles. c, d) The fitting lines in the low frequency of EIS in a) and b).
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heterointerface (Fig. 7d). For the MoS2/MoS2 interface, Na atom can
only vibrate near the initial site and no obvious ion migration can be
observed wherever the initial position of Na atom is (Fig. S7c, d).
Therefore, compared with the MoS2/Co3S4 heterointerface, the MoS2/
MoS2 interface has a more negative effect on the insertion and extrac-
tion of Na ions, in accordance with the previous charge difference
calculation [35,43]. By comparison, the MoS2/Co3S4 heterointerface
presents a mediocre binding to Na atoms and ensures effective charge
transfer between them, which makes the bimetallic sulfide system ad-
vantageous to sodium storage.

The unique hierarchical architecture and smart integration of bi-
metallic sulfide into NC matrix are synergistically responsible for the
high reversible capacity, superior cyclic stability and excellent rate
capability of Co3S4@1T MoS2/NC-L nanosheets. Firstly, the unique
hierarchical architecture with nitrogen-doped carbon matrix provides
enhanced pseudocapacitance effect and presents small polarization to
stimulate the restricted reaction, achieving high capacity. Secondly, the
unique hierarchical nanosheets assembled by well-expanding MoS2
layers and 2D NC matrix promotes the formation of stable SEI layer and
high Coulombic efficiency. Thirdly, Thirdly, the restricted conversion
reaction leads to partial residual NaxMoS2 under the higher cutoff
voltage of 0.1 V. Due to the mutual affinity of bimetallic sulfides, the
residual NaxMoS2 would adsorb the polysulfide and reduce their loss
during the conversion reaction of NaxCo3S4 and Na2S/Co. Alternately,

the NaxCo3S4 formed reversibly in the oxidation process is benefited to
stable formation of NaxMoS2 and MoS2. Lastly, the heterogenous in-
terface of bimetallic sulfides provided favorable Na-ion insertion sites
and superior ions diffusion kinetics, compared with the single coun-
terpart.

3. Conclusions

In summary, leaf-like hierarchical nanosheets with integration of
bimetallic sulfides and N-Doped Carbon (Co3S4@1T MoS2/NC-L) were
fabricated by precursor calcination and hydrothermal sulfuration re-
action. Co3S4/NC-L and 1T MoS2/C were also prepared under con-
trolled conditions. The compared cycling performance and post-cycled
morphology show that some more important factors dominate the ca-
pacity decay of metal sulfides except for volume expansion, that is the
formation and loss of extensive polysulfide derived from conversion
reaction under deep charge/discharge. The higher cutoff voltage (0.1 V
vs. 0.01 V) can partly restrict the conversion reaction to Mo/Na2S, in
which the mutual affinity of bimetallic sulfide suppresses the loss of
polysulfides, thus improving the cyclic stability of sulfide electrode.
Furthermore, electrochemical tests and DFT calculation indicate that
Co3S4@1T MoS2/NC-L hierarchical nanosheets present enhanced
pseudocapacitance effect and fast Na+ kinetics. Therefore, the hier-
archical nanosheet exhibited high reversible capacity of 595 mAh g−1

Fig. 7. Density functional theory calculations. a) Optimized structure of the Co3S4/MoS2 heterointerface. b) Charge density difference plot. The green and dark red
areas indicate the electron depletion and accumulation. c) ELF plot. The isovalues in ELF plot are 0.5 (outside, green) and 0.55 (inner, red), respectively. d) Na
trajectories in Co3S4/MoS2 heterointerface during 10 ps by AIMD simulations at 600 K. Atomic identification: S (yellow), Mo (green), Na (purple), Co (blue). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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at 0.1 A g−1 and fine rate capability of 338 mAh g−1 at 5 A g−1.
Satisfactory charge capacity of 368 mAh g−1 was retained at 0.5 A g−1

after 300 cycles. This work opens up prospects for the construction of
metal sulfides electrodes in electrochemical applications, such as Na/Li
ions batteries or electrochemical catalysis.

4. Experimental section

4.1. Material synthesis

Co-ZIF-L precursor was prepared by a facile aqueous reaction of Co
(NO3)2·6H2O and 2-methylimidazole for 4 h at room temperature, ac-
cording to the previous report. The violet Co-ZIF-L powder was then
calcined at 650 °C for 3 h with a heating rate of 1 °C min−1 under N2

protection to acquire Co/NC-L nanosheets. 0.05 g of as-obtained Co/
NC-L nanosheets were dispersed into 30ml of 0.1M glucose solution
under stirring, then 0.3 g of sodium molybdate (Na2MoO4·2H2O) and
0.6 g of thiourea were added. The fully mixed solution was transferred
into a 50mL Telfon-lined stainless steel autoclave and kept in an
electric oven at 200 °C for 24 h. The Co3S4@1T MoS2/NC-L was col-
lected by centrifugation, washed with water, and dried in a vacuum
oven at 60 °C overnight. For comparison, a hydrothermal reaction of
Co/NC-L nanosheets and thiourea was conducted to prepare Co3S4/NC-
L. The 1T MoS2/C sample was synthesized in the absence of Co/NC-L
nanosheets. Other synthesis conditions have remained the same.

4.2. Structure characterization

The morphology of the as-prepared samples was characterized by a
scanning electron microscope (Zeiss Sigma 500). FEI Talos 200s mi-
croscope equipped with an energy dispersive X-ray detector was used to
obtain TEM/HRTEM images, SAED patterns and EDX mappings. XRD
patterns were performed on a MiniFlex 600 X-Ray diffractometer with
Cu-Ka radiation. ASAP 2460 was used to acquire nitrogen adsorption-
desorption isotherms at 77 k. Raman spectra were collected on HORIBA
XploRA with a 532 nm laser emitter. An ESCALAB 250Xi X-ray photo-
electron spectrometer (ThermoFisher, UK, Al Ka radiation) was em-
ployed to characterize the surface chemical state of samples. The
Co3S4@1T MoS2/NC-L hierarchical nanosheet was digested into a
mixed acid solution and then diluted appropriately to measure the
presence of Co, S and Mo elements by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7800). The molar ratio of Co: S: Mo is
about 3.7: 7.0: 1 and the mass ratio of Co3S4: MoS2 is about 2.35: 1.

4.3. Electrochemical measurements

Active materials (Co3S4@1T MoS2/NC-L, Co3S4/NC-L, or 1T MoS2/
C), conductive agent (Super-P), and binder (polyimide) were mixed at
7:2:1 and ground in N-methyl-pyrrolidone to form slurry. The working
electrodes were prepared by coating the slurry onto a copper foil and
dried at 100 °C in vacuum overnight. CR2032-type half cells were as-
sembled by using the working electrodes, Na metal slice as counter
electrodes, and fiberglass separators in an Ar-filled glovebox. The
electrolyte was 1M NaClO4 in a mixture of ethylene carbonate/di-
methyl carbonate (v/v=1:1) with 5.0% fluoroethylene carbonate. The
electrochemical workstation (PARSTAT™ MC, AMETEK, USA) was used
to record cyclic voltammetry (CV) profiles and electrochemical im-
pedance spectra (EIS) ranging from 100 kHz to 0.1 Hz. Galvanostatic
charge-discharge measurements with voltage window of 0.1-3.0 V were
conducted on a multichannel battery tester (Land CT 2001A). The
working electrode has a diameter of 12mm and the mass loading of
active material is 0.8-1.0 mg cm−2.

4.4. Computational methods

The role of bimetallic sulfides (1T MoS2/Co3S4) heterointerface on

Na ion storage was studied by density functional theory (DFT) calcu-
lations. For comparison, the models of 1T MoS2/MoS2 interface were
also been established. All the DFT calculations were performed under
the general gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) as function implemented in the Vienna ab initio si-
mulation package (VASP) [44–46]. Since the total number of atoms in
heterointerface models reaches 446, 1×1×1K-point mesh was se-
lected in the DFT calculation. And the K-point mesh for 1T MoS2/MoS2
interface model was 5× 5×1 [47]. After rigorous testing, the cutoff
energy was set to 500 eV, atomic coordinates and lattice sizes were fully
optimized until 0.01 eV/Å in force and 10−5 eV per atom in energy. The
van der Waals correction was implemented in the D3 scheme [43]. In
addition, AIMD simulation were carried out to study the diffusion ki-
netics of Na ions in the interfaces with a total simulation time of 1ps. A
timestep of 1 fs was chosen and the simulation temperature was set to
400 K using a Nose thermostat.
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