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Abstract 

Hierarchical or mesoporous-structured molybdenum disulfides (MoS2) are one of the 

promising anode materials for lithium-ion batteries (LIBs) owing to their abundant active sites, 

fast ion transport, and easy permeation of electrolyte. However, the synthesis of such 

architectures with precise structural control is challenging, often requiring preliminary 

fabrication of templates or special equipment. Herein, we report hierarchical and mesoporous 

MoS2 frameworks (HM-MoS2) synthesized via a facile phase-segregation route, where ZnS 

nanoparticles are in situ formed as the hard template. The mesopores and interconnected 

channels created by removing ZnS nanoparticles enable the uniform carbon coating on HM-

MoS2. When employed as an anode in LIB, the HM-MoS2 of an optimal carbon coating exhibits 

a high rate capability of 396.8 mA h g−1 at 10 A g−1 and a prolonged cyclability with only 2.8 % 

of capacity decay. 
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1. Introduction 

The need for renewable energy has been rapidly increasing due to the deteriorating energy and 

environmental issues worldwide. The intermittent nature of renewable energy sources requires 

efficient energy storage devices to realize a continuous supply of electricity [1, 2]. Currently, 

lithium-ion batteries (LIBs) are leading the energy storage market, in particular, for portable 

electronic devices, owing to their high energy density, high efficiency, and long-term 

cyclability [3-5]. The application of LIBs is rapidly expanding to electrical vehicles and large-

scale smart grids, which require improved LIB performances such as a higher energy density 

and faster-charging capability. 

Graphite, a commercially available anode material in LIBs, bears a theoretical specific 

capacity of 372 mA h g−1 by forming LiC6 [6]. Although graphite allows stable shuttling of Li+ 

ions, it offers insufficient capacity per unit mass, which makes it difficult to meet the practical 

needs of power batteries. So far, extensive effort has been devoted to the development of 

superior anode materials that can provide higher capacity than graphite. Among the many 

candidates, molybdenum disulfide (MoS2) has been identified as a promising low-cost anode 

material for LIBs. MoS2 has a graphite-like layered architecture where the adjacent MoS2 

layers are held together by weak van der Waals force and thus the smooth diffusion of Li+ is 

ensured [7]. MoS2 also undergoes a conversion reaction: lithiated MoS2 further reacts with Li+ 

to form Li2S and Mo at low voltages, delivering a theoretical capacity of ca. 670 mA h g−1 in 

the working voltage window [8]. Among the three common polymorphs of MoS2, i.e., 2H, 1T, 

and 3R MoS2, 2H MoS2 is thermodynamically stable and most widely used [9, 10]. 

Nevertheless, 2H MoS2 is an intrinsic semiconductor with low electrical conductivity and as a 

result, exhibits low specific capacity and inferior rate performance. Moreover, MoS2 suffers 

from capacity fading caused by the drastic volume variation and shuttling of polysulfides 

during the charging/discharging processes [11-13]. 
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In an attempt to tackle these issues and realize the practical utilization of 2H MoS2, several 

approaches have been explored, including the integration of MoS2 into carbonaceous skeletons 

and the designing of nanostructured MoS2. For instance, Yuan et al. used a drop-coating/freeze-

drying strategy to anchor MoS2/graphene hybrid aerogels on a carbon fiber paper and pyrolyzed 

them to obtain a binder-free electrode for LIBs [14]. The conductive 3D network and porous 

structure of this electrode facilitated the electron/ion transport and provided abundant active 

sites, which enabled superior electrochemical performance. Ru et al. also reported MoS2/SnS 

hollow nanostructures that were constructed by a covalent assembly strategy. The integration 

of MoS2 and SnS facilitated Li+ diffusion and provided a mechanically robust framework 

during the charging/discharging processes, thereby achieving fast and stable lithium storage 

[15]. Among a variety of architectures, hierarchical and mesoporous structures have been 

frequently constructed to alleviate mechanical stress upon electrode deformation by creating 

abundant active sites to accommodate Li+ and providing sufficient ion/electron transport 

pathways [16, 17]. In general, the fabrication of such hierarchical/mesoporous structures 

requires hard/soft templates such as SiO2 nanoparticles [18], SBA-15 [17], and Sb2S3 

microrods [19], which need an extra step for their pre-synthesis. Spraying synthesis is another 

route to prepare mesoporous materials without using templates, but specially-designed 

equipment is required [20]. 

In this work, we report the synthesis of hierarchical mesoporous MoS2 (HM-MoS2) 

frameworks via a phase-segregation route using (NH4)HZn2(OH)2(MoO4)2 nanosheets as the 

precursor and their application as an anode for LIB. The solid–gas sulfidation of the precursor 

produces a hybrid composite of MoS2/ZnS nanoparticles, and the ZnS nanoparticles serve as 

in situ formed hard template that can be easily removed to afford a porous structure. This 

approach ensures the integrity of the coral-like hierarchical MoS2 nanosheet structure, creating 

a homogeneous distribution of pores. To such porous MoS2 nanosheets, uniform carbon coating 
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was applied to improve the conductivity and structural stability. Polydopamine, which can 

adhere to a wide range of surfaces, was engaged as the carbon source and provided a nitrogen-

doped carbon layer of controllable thickness via a facile immersion in dopamine solution [21]. 

The HM-MoS2 with an optimal carbon coating (HM-MoS2/C100) exhibits good electrical 

conductivity and structural stability, and when used as an anode in LIB, it delivers superior rate 

capability and cyclability thanks to the fast ion transport during the lithiation/delithiation 

process. 

2. Experimental Section 

2.1. Chemicals 

Ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24∙4H2O, AR) and 

tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3, 99 %) were purchased from Shenzhen 

Dieckmann Tech. Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O, 98 %), sulfur powder (> 99.5 %), 

and dopamine hydrochloride ((HO)2C6H3(CH2)2NH2·HCl. 98 %) were purchased from Sigma–

Aldrich. Ammonium hydroxide solution (NH3∙H2O, 28 % in water) was purchased from Tokyo 

Chemical Industry. Hydrochloride acid (HCl, 35.0~37.0 %) and ethanol (≥ 99.9 %) were 

purchased from Duksan Pure Chemicals. All chemicals were used as received. 

2.2. Synthesis of hierarchical mesoporous MoS2 frameworks (HM-MoS2) 

(NH4)HZn2(OH)2(MoO4)2 nanoplates, the precursor, were first prepared by a precipitation 

method according to a reported procedure with minor modifications [22]. Briefly, to an aqueous 

solution (200 mL) containing (NH4)6Mo7O24∙4H2O (2 mmol) and NH3∙H2O (28 %, 2.5 mL), an 

aqueous solution of Zn(NO3)2∙6H2O (14 mmol, 100 mL) was added dropwise with stirring, and 

the mixture was stirred for 1.5 h at room temperature. The precipitated precursor was collected 

by centrifugation, washed with water and ethanol in sequence, and dried at 60 °C in an oven. 

The HM-MoS2 was prepared by a gas–solid reaction in an argon atmosphere. The as-

synthesized (NH4)HZn2(OH)2(MoO4)2 precursors (130 mg) and sulfur powder (400 mg) were 
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placed in a dual heating zone tube furnace. Under the argon flow, the temperature was raised 

to 500 °C at a ramping rate of 10 °C min−1 and maintained for 2 h to afford a composite of 

MoS2 and ZnS. After cooling to room temperature, the obtained composite was dispersed in 1 

M HCl and stirred for 24 h to remove ZnS, filtered, and dried under vacuum at 50 °C overnight 

to yield the HM-MoS2 frameworks. 

2.3. Synthesis of carbon-coated HM-MoS2 (HM-MoS2/C) and B-MoS2 (B-MoS2/C) 

To a water/ethanol mixed solution (vol. water/ethanol = 9/1) containing the as-prepared HM-

MoS2 (60 mg), tris(hydroxymethyl)aminomethane (121 mg), and a pre-determined amount of 

dopamine hydrochloride were added and stirred for 5 h at room temperature to polymerize the 

dopamine on the surface of HM-MoS2. The polydopamine-coated HM-MoS2 was washed with 

water, dried at 50 °C in a vacuum oven, and heated in a tube furnace at 700 °C in argon 

atmosphere for 2 h to yield the carbon-coated HM-MoS2 (HM-MoS2/CX, where X denotes the 

amount of dopamine hydrochloride used). For example, HM-MoS2/C100 was prepared using 

100 mg of dopamine hydrochloride. For comparison, pristine MoS2 (B-MoS2) was prepared by 

direct sulfidation of the ground (NH4)6Mo7O24∙4H2O at 500 °C for 2 h under argon flow. The 

carbon-coated B-MoS2 (B-MoS2/C) was fabricated using the same procedure used for the HM-

MoS2/C, except HM-MoS2 was replaced with B-MoS2 in the fabrication. 

2.3. Characterization of materials  

The morphology and structure of the samples were characterized by a scanning electron 

microscope (SEM, Tescan VEGA3) and a field emission electron microscope (JEOL Model 

JEM-2100F). An X-ray diffractometer (Rigaku SmartLab 9kW Advance) was used to analyze 

the crystal structure of samples. Raman spectra were collected on a Renishaw Micro-Raman 

Spectroscopy System equipped with a 532-nm laser source. A thermogravimetric analyzer (TA 

Instruments, TGA5500) was used to determine the wt.% of carbon in the samples. Elemental 

analysis was conducted by X-ray photoelectron spectroscopy (XPS, Thermo Scientific Nexsa) 
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and elemental mapping was performed using an energy-dispersive X-ray spectrometer (EDX) 

attached to the field emission electron microscope. The BET surface area and pore size 

distribution were probed by a surface area and porosimetry system (Micromeritics, ASAP 

2460). 

2.4. Battery Cell Assembly 

Active materials, super P (conducting agent), and polyvinylidene difluoride (PVDF, binder) 

were homogeneously mixed in N-methylpyrrolidone (NMP) by magnetic stirring with a mass 

ratio of active material:super P:PVDF = 7:2:1 to form a slurry to fabricate the working 

electrodes. The slurry was cast on a piece of copper foil using a doctor blade and dried at 60 °C 

in a vacuum oven overnight. The dried electrode was cut in a circle (d = 12 mm) and the actual 

amount of active material was determined as 0.5~0.7 mg cm−2. The half cells were assembled 

using the as-prepared electrodes as the working electrodes, a separator (Celgard 2500), lithium 

foils as the counter electrode, and 1.0 M LiPF6 in a mixed solvent of ethylene carbonate, 

dimethyl carbonates, and ethyl methyl carbonate (volume ratio = 1:1:1) as the electrolyte in a 

glovebox filled with argon. 

2.5. Electrochemical Measurements  

Various electrochemical tests, including galvanometric charging–discharging profile, rate and 

cycling performances, and cyclic voltammetry (CV) for the initial ten cycles (scan rate = 0.2 

mV s−1) of the half cells, were conducted on a WonATech battery cycler system (WBCS3000L) 

in a voltage range of 1 mV – 3 V (vs. Li/Li+). Electrochemical impedance spectroscopy (EIS) 

was conducted using Princeton multichannel electrochemical station. The frequency range for 

the EIS tests was from 100 mHz to 100 kHz with an amplitude of 5 mV. 

3. Results and Discussion 

Scheme 1 illustrates the synthetic procedure of carbon-coated hierarchical mesoporous MoS2 

(HM-MoS2/C) using (NH4)HZn2(OH)2(MoO4)2 as the precursor. The sulfidation of the 
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precursor produces the phase-segregated MoS2 and ZnS composite (MoS2/ZnS). The 

subsequent etching with HCl and polydopamine treatment of MoS2/ZnS remove the ZnS and 

yield the HM-MoS2/C (see Experimental section for details). The scanning electron 

microscopic (SEM) and transmission electron microscopic (TEM) images of the precursor 

show a coral-like nanostructure with an average lateral size of ca. 2 μm, which is made of 

intersecting 2D nanosheets (Figures S1a–c). The X-ray diffraction (XRD) pattern of the 

precursor (Figure S1d) matches well with the reported (NH4)HZn2(OH)2(MoO4)2 layered 

structure [23]. The coral-like nanosheet morphology of the precursor is well retained during 

the entire synthetic procedure, as revealed by the SEM images in Figure S2. The smooth 

surface of the precursor (Figure S1b), however, is roughened after the sulfidation (Figure S2b), 

but its thickness and size remain unchanged. 

 

Scheme 1. Synthetic procedure of the HM-MoS2/C. 

 

The TEM images given in Figure 1 provide a closer view of the structural evolution during 

the synthesis of HM-MoS2/C100. Figures 1a and 1b are the TEM images of MoS2/ZnS that 

reveal the embrace of ZnS nanoparticles by few-layer MoS2 nanoflakes with a lateral size of 

ca. 20 nm. The small sizes of both ZnS and MoS2 are attributed to the mutual restriction of 

their growths during the phase segregation. Two lattice fringes with interlayer distances of 

0.314 and 0.624 nm are identified in the high-resolution TEM (HRTEM) image (Figure 1c), 

and they correspond to the (006) facet of wurtzite ZnS and the (002) plane of 2H MoS2, 
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respectively. The HCl etching of MoS2/ZnS removes the ZnS nanoparticles from the composite, 

leaving numerous pores and interconnected tunnels in the remaining MoS2 frameworks 

(Figures 1d – 1f). After the polydopamine treatment, the HM-MoS2/C100 displays 

homogeneous carbon layers (average thickness = ca. 3.7 nm) on the few-layer MoS2 flakes 

(Figures 1g – 1i), the thickness of which varies from ca. 2 to 14 nm depending on the amount 

of dopamine hydrochloride used (Figure S3). The tap density of HM-MoS2/C100 is determined 

as 0.6 g cm−3. The elemental mapping images in Figure 1j confirm the homogeneous 

distribution of Mo and S atoms in HM-MoS2/C100.  

 
Figure 1. TEM and HRTEM images of (a–c) MoS2/ZnS, (d–f) HM-MoS2, and (g–i) HM-
MoS2/C100. (j) Elemental mapping images of HM-MoS2/C100. 

 
The ZnS nanoparticles that are in situ formed during the sulfidation of precursor act as the 

hard templates, which lead to the mesoporous morphology of HM-MoS2/C. To investigate the 

effects of the unique structure of HM-MoS2/C, pristine MoS2 (B-MoS2) was prepared by direct 
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sulfidation of (NH4)6Mo7O24 powder and coating with carbon (B-MoS2/C) using the same 

method. In the absence of ZnS, the MoS2 flakes aggregate to form bulk stacked nanoparticles 

with irregular shapes and sizes (Figures S4 and S5), and a similar morphology is observed in 

B-MoS2/C. Interestingly, B-MoS2/C exhibits additional smaller (d = ca. 150 nm) nanospheres 

(Figure S5a), which are identified as amorphous carbon spheres formed during the 

carbonization. The formation of carbon nanospheres indicates that the surface area and pore 

structure of B-MoS2 are unfavorable for the even and conformal coating of polydopamine, and 

thus the self-polymerization of dopamine without surface interaction with MoS2 flakes is 

induced. 

 

Figure 2. (a) XRD patterns of MoS2/ZnS, HM-MoS2, and HM-MoS2/C100. (b) Raman spectra 
of HM-MoS2 and HM-MoS2/C100. (c) TGA curves of HM-MoS2/C40, HM-MoS2/C100, and HM-
MoS2/C150. High-resolution XPS spectra of HM-MoS2/C100 in (d) C 1s, (e) Mo 3d, and (f) S 2p 
regions. 
 

Figure 2a compares the XRD patterns of MoS2/ZnS, HM-MoS2, and HM-MoS2/C100. 

MoS2/ZnS clearly displays the characteristic dual phases of 2H MoS2 (PDF No. 75-1539) and 

wurtzite ZnS (PDF No. 89-2739), while HM-MoS2 and HM-MoS2/C100 exhibit only the 2H 

MoS2 phase, which confirms the removal of ZnS by HCl etching. B-MoS2 and B-MoS2/C also 
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show XRD peaks corresponding to the 2H MoS2 phase (Figure S6b). Raman spectroscopy was 

engaged to get more insights into the structure of the samples (Figures 2b and S7). From all 

the samples, two Raman peaks are evident at ca. 382 and 407 cm−2, which are correlated to the 

in-plane (E1
2g) and out-of-plane (A1g) vibrational modes of MoS2, respectively [24]. Compared 

with those of HM-MoS2, the E1
2g and A1g peaks of HM-MoS2/C100 are blue-shifted by 1.92 and 

1.97 cm−1, respectively, due to the release of tensile strain upon annealing in argon atmosphere 

[25]. Similar peak shifts are observed from HM-MoS2/C40 and HM-MoS2/C150 (Figure S7a), 

as well as B-MoS2/C (Figure S7b). It is worth noting that the E1
2g and A1g peaks of HM-MoS2 

are also significantly red-shifted (3.1 and 3.7 cm−1, respectively) compared with those of B-

MoS2 (Figures S7c), which is most likely to be caused by the sulfur vacancies created during 

the acid removal of ZnS. [26, 27] The Raman signals of amorphous carbon are also detected 

from HM-MoS2/C and B-MoS2/C at ca. 1,362 (D band) and 1,586.8 cm−1 (G band), which 

indicate the disordered and graphitic carbon, respectively [28]. 

Thermogravimetric analyses (TGA) were conducted to measure the weight contents of 

carbon in the HM-MoS2/C samples (Figure 2c). The initial weight loss at around 150 °C is due 

to the evaporation of adsorbed water, and the subsequent weight loss arises from the gradual 

oxidation of MoS2 and carbon to MoO3 and CO2, respectively. Assuming that the weight % at 

500 °C indicates the residual MoO3, the carbon contents in HM-MoS2/C40, HM-MoS2/C100, and 

HM-MoS2/C150 are determined as 25.8, 32.0, and 36.0 %, respectively (Table S1), which are 

in accordance with the amount of dopamine used for carbon coating. Meanwhile, the carbon 

content of B-MoS2/C is much lower than those of the HM-MoS2/C samples (18.2 %, Figure 

S8). This agrees with the TEM analyses that uncover the formation of carbon nanospheres as 

due to the limited surface area and unfavorable pore structure of B-MoS2/C. 

The surface area and pore size distribution of the samples were determined by Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) analyses, respectively, and the 
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results are compared in Figures S9 and S10. All the samples exhibit a typical IV-type isotherm 

featuring mesoporous adsorbents [29]. The pore size distribution curves, which are inversely 

proportional to the carbon content, indicate that the dominant pore size is decreased after the 

carbon coating. B-MoS2 shows a narrower pore-size distribution with a smaller pore size (ca. 

4 nm) than HM-MoS2 (ca. 9 nm) as a result of its direct synthesis without the forming of a 

composite with ZnS. It is also obvious that the pore size distribution of B-MoS2 remains 

unchanged after the carbon coating, which is an evidence that the pore structure of B-MoS2 is 

unfavorable for the coating of the carbon layer. The BET surface areas and pore volumes of 

the samples are calculated and listed in Table S2. When coated with carbon, the BET surface 

area of HM-MoS2 decreases from 146.1 to 87.5 cm2 g−1 (HM-MoS2/C40) and it further drops 

to 70.6 (HM-MoS2/C100) and 70.7 cm2 g−1 (HM-MoS2/C150) with thicker carbon coating. HM-

MoS2 mostly contains mesopores whose volume is calculated to be 0.382 cm3 g−1. The carbon-

coated samples also have mesopores as the dominant type, but they also possess small volumes 

of micropores. The volumes of mesopores in the HM-MoS2/C samples decrease from 0.182 to 

0.0853 cm3 g−1 with increased carbon coating, whereas those of micropores slightly increase 

from 0.0064 to 0.0093 cm3 g−1. B-MoS2 has a much smaller surface area of 23.8 cm2 g−1, which 

is further reduced to 15.2 cm2 g−1 after carbon coating. The pore volumes of B-MoS2 are also 

much smaller than those of the HM-MoS2/C samples. The synthetic approach involving the 

ZnS template and phase segregation provides a simple yet effective route to achieving a high 

specific surface area and large pore volumes, even after carbon coating, which is beneficial for 

the permeation of electrolyte and transport of Li+. 

X-ray photoelectron spectroscopy (XPS) was engaged to probe the elemental composition 

and chemical states of the as-prepared samples. The survey spectra of the carbon-coated 

samples confirm the existence of S, Mo, C, N, and O without any impurities (Figure S11). The 

N signal is from the dopamine-derived carbon layer and is thus absent from HM-MoS2. The 
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high-resolution C 1s spectrum of HM-MoS2/C100 can be deconvoluted to four peaks at the 

binding energies of 284.1, 284.8, 285.7, and 288.8 eV, which are ascribed to the C=C, C–C, 

C–N/C–S, and O–C=O, respectively (Figure 2d) [30-33]. The Mo 3d spectrum exhibits two 

spin–orbit split peaks at 228.4 and 231.6 eV, which correspond to Mo4+ in MoS2 (Figure 2e) 

[33, 34]. Other samples also show the same features of C 1s and Mo 3d spectra (Figures S12 

and S13). The S 2p spectrum of HM-MoS2/C100 displays two sets of doublets (Figure 2f). The 

strong double peaks located at 161.3 (S 2p3/2) and 162.5 eV (S 2p1/2) can be attributed to the 

S2− in MoS2, while the other pair at 163.2 (S 2p3/2) and 164.3 eV (S 2p1/2) corresponds to the S 

2p splitting peaks in C–S bond in the coated carbon [33, 35-37]. These S 2p splitting peaks 

intensify as carbon coating becomes thicker, which is in good agreement with the TGA and 

TEM analyses. Similarly, the pyridinic and pyrrolic N peaks in the N 1s spectra also increase 

with thicker carbon coating (Figure S15). 

The effect of the hierarchical and porous structure of HM-MoS2/C100 was investigated by 

evaluating the electrochemical behavior of Li-ion cells assembled using the as-prepared 

samples as the working electrode and Li foil as the counter electrode. Figure 3a shows the 

cyclic voltammograms (CVs) of the HM-MoS2/C100 electrode recorded at a sweep rate of 0.2 

mV s−1. Two cathodic peaks appear at 0.89 and 0.34 V in the first scan, which can be ascribed 

to the intercalation of Li+ into 2H-MoS2, rendering a phase transformation to 1T LixMoS2, and 

a conversion reaction from LixMoS2 to metallic Mo and Li2S, respectively [13, 17]. In the 

subsequent anodic scan, only one peak is observable at 2.35 V, which arises from the 

delithiation of Li2S to form Li+ and elemental S [13, 17]. From the second scan, a new cathodic 

peak appears at 1.91 V, which indicates the lithiation of the as-formed S to form Li2S. As the 

scan proceeds, a small peak emerges at 2.1 V as a shoulder, which suggests the stepwise 

reduction of S as in the case of Li–S batteries [38]. The two cathodic peaks correlated to the 

Li+ intercalation and conversion reaction are largely weakened and shifted to higher voltages. 
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In the reverse anodic process, an additional weak and broad peak is observed at 1.74 V, which 

corresponds to the partial oxidation of metallic Mo to MoS2 [13, 17, 39]. 

 

Figure 3. (a) CVs and (b) galvanostatic charge–discharge profiles of HM-MoS2/C100. (c) 
Cycling and (d) rate performances of HM-MoS2, HM-MoS2/C100, and B-MoS2/C. Cycling 
performance was tested at 200 mA g−1. (e) Comparison of rate capability of HM-MoS2/C100 
with the recently reported MoS2-based anodes for LIBs. (f) Long-term cycling performance of 
HM-MoS2, HM-MoS2/C100, and B-MoS2/C at 1 A g−1. 

 

Figure 3b is the galvanostatic charge–discharge profile of the HM-MoS2/C100 electrode in 

a voltage range between 1 mV and 3 V (vs. Li+/Li). The initial charge–discharge profile at a 

current density of 200 mA g−1 indicates the discharge and charge specific capacity of 987.9 and 

772.6 mA h g−1, respectively. The initial Coulombic efficiency (CE) is calculated as 78.2 %, 

which is higher than that of HM-MoS2 (72.6 %) and B-MoS2/C (76.4 %). In the subsequent 

discharge–charge cycles at 200 mA g−1, the capacity values slightly increase due to the 

electrochemical activation of active materials [40], and stabilize at the 8th cycle, indicating 

good cycle stability. On the contrary, HM-MoS2 and B-MoS2/C suffer from cycle instability, 

showing a considerable drop in capacity (Figure S16). The cycling tests performed at 200 mA 

g−1 further confirm the stability enhancement of HM-MoS2/C100 (Figure 3c). During the first 
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20 cycles, the HM-MoS2/C100 electrode delivers stable performance, showing almost no 

capacity loss, whereas the B-MoS2/C and HM-MoS2 electrodes show considerable capacity 

decays. At the end of the 80th cycle, HM-MoS2/C100 still maintains a specific discharge 

capacity of 773.6 mA h g−1 with a CE close to 100 %, which is a much better performance than 

B-MoS2/C (327.2 mA h g−1) and HM-MoS2 (40.1 mA h g−1). In the rate performance test, HM-

MoS2/C100 achieves specific capacities of 882.7, 821.5, 774.9, 725.2, 665.4, 560.2, and 396.8 

mA h g−1 at 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g−1, respectively (Figure 3d). Upon returning to 0.1 

A g−1, the HM-MoS2/C100 electrode recovers a specific capacity of 894.6 mA h g−1, which 

indicates good reversibility of the redox reaction. HM-MoS2/C100 displays a better rate 

capability than B-MoS2/C and HM-MoS2 at any current density. It is worth noting that HM-

MoS2/C40 with thinner carbon coatings shows larger capacities than HM-MoS2/C100 and HM-

MoS2/C150 electrodes at current densities lower than 1 A g−1 (Figure S17b). However, it 

experiences a huge capacity decay at 2 A g−1 and delivers almost no capacity at 10 A g−1 in 

contrast to the stable performances of HM-MoS2/C100 and HM-MoS2/C150. The carbon coating 

reduces the practical specific capacity of the HM-MoS2/C electrodes, yet contributes to the 

higher-rate capability. The HM-MoS2/C100 electrode with an optimal carbon coating thickness 

delivers good electrochemical performance, which is superior to most of the recently reported 

MoS2-based anodes (Figure 3e) [12, 41-48]. The long-term cycling performances of the as-

prepared electrodes at a current density of 1 A g−1 (the first cycle is at 100 mA g−1) are 

compared in Figure 3f. The HM-MoS2/C100 electrode demonstrates superior properties with 

stable cyclability, as evidenced by 97.2 % capacity retention (717.4 mA h g−1) with a CE of 

99.0 % after 200 cycles. The superior electrochemical performance of HM-MoS2/C100 can be 

ascribed to the following reasons: 1) the hierarchical structure provides a large surface area and 

exposes abundant active sites to accommodate Li+ to improve the specific capacity, 2) a large 

portion of mesopores within the frameworks promotes electrolyte permeation and ion diffusion, 



16 
 

strengthening fast charge/discharge behavior, 3) conformal carbon coating with optimal carbon 

thickness ensures good electrical conductivity and structural integrity upon prolonged cycling. 

 

Figure 4. (a) Nyquist plots and (b) the corresponding Zʹ values plotted against ω−1/2 of half-
cells fabricated with HM-MoS2, HM-MoS2/C100, and B-MoS2/C after 50 cycles at 1 A g−1. 
 

To understand the difference in electrochemical performance, electrochemical impedance 

spectroscopy (EIS) was carried out with the cycled electrodes (50 cycles at 1 A g−1, Figures 4 

and S18). The Nyquist plots of HM-MoS2/C100, HM-MoS2, and B-MoS2 half-cells (Figure 4a) 

were fitted with the equivalent circuit (inset in Figure 4a), and the obtained parameters are 

listed in Table S3. All three cells possess similar internal resistances (Rs: 4.6 ~ 7.0 Ω) and 

resistance across the solid electrolyte interphase (SEI) layer (RSEI: 10.1 ~ 13.7 Ω). However, 

the HM-MoS2/C100 cell shows a much smaller charge transfer resistance (Rct) value of 30.2 Ω 

than HM-MoS2 (121.9 Ω) and B-MoS2/C (35.2 Ω). Moreover, the linear tail in the low-

frequency region indicates the Warburg impedance (Zw), which is correlated with the diffusion 

process of Li+ in the active materials. The diffusion coefficient of Li+ (DLi
+) within the electrode 

can be quantitatively determined based on the following equations [49]: 

D𝐿𝐿𝐿𝐿+ =  𝑅𝑅2T2

2𝑛𝑛4𝐹𝐹4𝐶𝐶2𝜎𝜎2𝐴𝐴2
 (1) 

𝑍𝑍′ = 𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑐𝑐𝑐𝑐 +  𝜎𝜎𝜔𝜔−12 (2) 

where R, F, and T represent the ideal gas constant, Faraday’s constant, and absolute 

temperature, respectively; n is the number of electrons per molecule involved in the charge 
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transfer reaction; C is the concentration of Li+; A is the surface area of the electrode; and σ is 

the Warburg factor which can be obtained by plotting the real resistance (Zʹ) against the inverse 

square root of angular frequency (ω−1/2) at the linear region in the Nyquist plot and calculating 

the slope from the fitted line (Figure 4b) [49, 50]. The values of σ for HM-MoS2/C100, HM-

MoS2, and B-MoS2/C are determined as 40.2, 871.5, 126.6 Ω Hz1/2, respectively (Table S3). 

According to equation (1), a smaller Warburg factor of HM-MoS2/C100 implies a larger Li+ 

diffusion coefficient, thereby it provides the minimum resistance of Li+ diffusion among the 

three materials. HM-MoS2/C100 shows enhanced DLi
+ over HM-MoS2 and B-MoS2/C by 470.0 

and 9.9, respectively. (see Appendix in the Supplementary Information) 

 

Figure 5. SEM (top panels) and TEM images (middle and bottom panels) of (a, d, g) HM-
MoS2/C100, (b, e, h) HM-MoS2, and (c, f, i) B-MoS2/C after 50 cycles at 1 A g−1. 
 

Figure 5 displays the SEM and TEM images of the cycled electrodes. The SEM images of 

HM-MoS2/C100, HM-MoS2, and B-MoS2/C electrodes (Figures 5a–c) indicate that HM-
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MoS2/C100 still retains its sheet-like morphology, while HM-MoS2 and B-MoS2/C show 

severely aggregated morphology, which demonstrates that the carbon coating can prevent the 

morphological change. From the TEM images (Figures 5e–i), it is evident that the original 

MoS2 flakes in HM-MoS2/C100 are changed into tiny particles encapsulated by an amorphous 

carbon shell, while those in HM-MoS2 are aggregated to small particles. The TEM images of 

B-MoS2/C also indicate the disappearance of the original flaky structure. Without the 

protection of the carbon layer, HM-MoS2 undergoes an extreme structural change and 

aggregation, which suggests a typical conversion reaction process. The carbon coating in HM-

MoS2/C100 effectively restricts such conversion process of the MoS2 flakes, preventing the 

overgrowth of particles, and thus the hierarchical mesoporous structure remains undamaged. 

This enables the stable and prolonged cycles of HM-MoS2/C100 electrode by pertaining the 

electrolyte permeation, Li+ transport, as well as electrical conductivity. 

4. Conclusions 

In summary, a novel phase segregation route involving in situ formation of ZnS nanoparticles 

as the hard template was demonstrated to realize the hierarchical mesoporous MoS2 

frameworks. The interconnected channels and favorable pore structures of the obtained MoS2 

frameworks allow uniform carbon coating that endows the merits of efficient electrical 

conductivity, fast ion transport, easy permeation of electrolytes, and resistance to structural 

deterioration upon cycling. When applied as an anode in LIB, HM-MoS2/C100 exhibits superior 

rate capability and good cycling stability as evidenced by a high specific capacity of 396.8 mA 

h g−1 at 10 A g−1 compared with HM-MoS2 and B-MoS2/C. After 200 cycles at 1 A g−1, the 

HM-MoS2/C100 electrode delivers a specific capacity of 717.4 mA h g−1 with almost no capacity 

decay. EIS data reveal that the cycled HM-MoS2/C100 has the smallest charge transfer 

resistance and largest Li+ diffusion coefficient compared with HM-MoS2 and B-MoS2/C. The 

post-cycle TEM images verify that the HM-MoS2/C100 effectively retains a hierarchical 
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mesoporous architecture owing to the optimized carbon shells that act as a protective and 

conductive layer for high rate performance and stable cyclability. 
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