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Aqueous Zn-ion battery (ZIB) is recognized as one of the most promising candidates for large-scale
energy storage due to its unique properties of excellent safety, cost effectiveness and environmental
benignity. However, the application of ZIB is hampered by the restricted availability of suitable cathode
materials. In this work, porous tubular MoS: was prepared by template-assisted thermal decomposition,
in which (NH4)2MoSs was utilized as a precursor and natural halloysite as a template. As a promising
cathode material for ZIB, the prepared MoS; exhibited a good specific capacity of 146.2 mAh gt at 0.2
A gt and excellent cycling performance with 74.0% capacity retention after 800 cycles. Furthermore,
the proposed MoS, demonstrated a great rate capability even at 1 A g*. This work provides a promising
cathode material for ZIBs, and opens up new possibilities for its future application in renewable energy
storage.
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1. INTRODUCTION

Over the last few decades, Li-ion battery (LIB) has been widely applied in electric vehicles and
electronic devices because of its excellent energy density and long life span. However, the high cost,
resource shortage and safety issues of Li impede the application of LIB in large-scale energy storage [1-
3]. As an alternative, aqueous rechargeable batteries may exhibit a more competitive performance than
LIB, due to their unique advantages of good safety, cost effectiveness and environmental benignity [4].
In particular, rechargeable aqueous Zn-ion battery (ZIB) is attractive due to the extraordinary features
of Zn, such as multivalent charge transfer, high theoretic capacity (825 mAh g1), low reduction potential
(-0.76 V ) and environmental benignity [5-7]. Unfortunately, the cathode materials that enable the
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reversible intercalation/deintercalation of zinc ion for ZIB are relatively limited. Several cathode
materials, such as MnOz [8], Mn203z [9], Mn304 [10], VS: [11], and Prussian blue [12-13] have been
explored thus far. However, all of them demonstrate limited specific capacity and poor cycling
performance. Therefore, it is of great significance to develop new electrode materials for ZIB.

Structurally analogous to graphite, MoS: is comprised of 1 Mo layer sandwiched between 2 S
layers, resulting in S-Mo-S stacks held together by weak (van der Waals) forces with an interlayer
spacing of 0.65 nm [14-15]. Owing to its layer structure, the diffusion and transportation of ions in MoS;
are more rapidly than in oxides [16]. In recent years, MoS, has been demonstrated as a prospective
cathode material for ZIB. Zhang et al. [17] synthesized a three-dimensional flower-like MoS; that
displays a specific discharge capacity of 96.9 mAh gt at 0.1 A g. Xu et al. [18] prepared defect-rich
MoS; nanosheet-like materials that can insert/extract a great amount of Zn* ions and display an excellent
reversible capacity of 135 mAh g* at 0.1 A g Li et al. [19] integrated vertically aligned MoS;
nanosheets onto carbon fiber cloth, and the as-fabricated Zn/MoS:; batteries demonstrated an outstanding
specific capacity of 202.6 mAh gt at 0.1 A g, good cycling performance, and excellent rate capability.
Liang et al. [20] developed a flower-like MoS; with efficient Zn?* diffusivity via simple interlayer
spacing and hydrophilic surface modification, and a high Zn?* storage capacity of 232 mAh gtat 0.1 A
g was obtained. However, at present, the synthesis of MoS; with excellent zinc storage property has
been restricted to the conventional hydrothermal methods that suffered from many inferiorities such as
high cost, complicated experimental process, low production efficiency and small scale production.

In this work, for the first time, we prepared porous tubular MoS; through the decomposition of
(NHs)2Mo0S4, and controlled the micromorphology of the product by using natural halloysite as a
template. As a result, the as-prepared tubular MoS2 was shown to be a potential cathode material for
ZIB, by displaying a good discharge capacity of 146.2 mAh g at 0.2 A g™ with 74.0% capacity retention
after 800 cycles. This work provides a new cathode for high performance ZIBs and opens up new
possibilities for its future application in large-scale energy storage.

2. EXPERIMENTAL

2.1 Materials preparation

Approximately 0.25 g of ammonium thiomolybdate ((NH4)2Mo0S4, 99%) was added into 10 mL
dimethylformamide (DMF, 99%) and then mixed with 5.0 g high-purity halloysite (Yuan Xin Nano
Technology Co., Ltd.). The resulting mixture was stirred under vacuum for 30 minutes and dried at 90
°C. Then, the obtained product was washed with DMF to remove any residue on the surface of the
template. After annealing at 400 °C for 2 h under argon flow, the halloysite template was abolished by
submerging in 1 mol/L HF/HCI solution for 12 h. The sample was obtained by washing with water and
alcohol, followed by additional drying at 90 °C in a vacuum oven.
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2.2. Characterizations

X-ray diffraction (XRD) pattern was determined by using a Rigaku D/MAX-2400 diffractometer
with Cu-Ka radiation (A = 0.154056 nm). Raman spectra were recorded at 532 nm excitation using a
Ricro-Raman-1000 micro spectrometer (Renishaw, UK). X-ray photoelectron spectroscopy (XPS)
analysis was performed by an AXIS SUPRA (Kratos) with Al-Ka radiation. Scanning electron
microscopy (SEM) micrographs were obtained using a Nova Nano SEM 430 field emission microscope
(FEI, OR, USA). Transmission electron microscope (TEM) images were captured using a Tecnai F30
field emission gun-TEM (FEI, USA). Energy-dispersive X-ray spectroscopy (EDS) was used to
characterize the elemental distribution of each sample. Nitrogen adsorption-desorption isotherms at 77.3
K were assessed by a Micromeritics ASAP 2020 system, in order to determine the specific pore volume
and surface area.

2.3. Electrochemical measurements

To prepare a cathode slurry, the as-prepared MoSz, carbon black and polyvinylidene difluoride
were mixed in 1-methyl-2-pyrrolidone at a weight ratio of 7:2:1. Then, the resulting slurry was coated
onto a graphite sheet and dried at 80 °C under vacuum for 24 h. The mass loading was about 1.0 mg cm’
2, Coin cells (type CR2032) were assembled with 3.0 M zinc trifluoromethanesulfonate (Zn(CFsSO3)2)
solution, glass fiber and zinc foil as the electrolyte, separator and anode, respectively. Galvanostatic
charge/discharge measurement was carried out using a LAND-CT2001A battery test system and cyclic
voltammetry (CV) analyse was conducted on a CHI660E electrochemical workstation within 0.25-1.25
V versus Zn/Zn?*,

3. RESULTS AND DISCUSSION

As shown in Fig. 1, SEM and TEM were carried out to examine the morphological characteristics
of the template and as-prepared MoS,. The halloysite crystals exhibited a tubular structure with
dimensions of approximately 20 nm in inner diameter and 1 pum in length (Fig. 1a). Similar to the
morphology of halloysite template, most of the resultant MoS; displayed a tubular-like morphology (Fig.
1b and 1c). In agreement with the above-described SEM observations, the TEM images (Fig. 1d and 1e)
clearly demonstrated that the hollow tubular structure and outer diameter of MoS> nanotube were
consistent with the inner diameter of the template, suggesting the as-prepared MoS; perfectly inherits
the template’s morphology. Apart from such tubular-like microscopic features, sheet-like MoS; feature
was observed in the resultant MoS>, which might be attributed to the breakage of MoS; nanotubes during
template removal or ultrasonic treatment [21-22]. High-resolution TEM images of the MoS; nanotube
clearly showed that MoS: exhibited a layer-staked structure with an interlayer spacing of 0.65 nm (Fig.
1e), corresponding to the d-spacing of the (002) planes of hexagonal MoS; [14]. Fig. 1f shows the EDS
analysis of elemental composition in MoS,;. The two elements, Mo and S, were distributed
homogeneously and matched well with the selected TEM image (Fig. 1d).
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Figure 1. Morphology of prepared tubular MoS,. (a) TEM image of halloysite template, (b, c) SEM
images of tubular MoS», (d) TEM and (e) HRTEM images of tubular MoS», and (f) elemental
distribution scanning of the selected region in (d).

The composition and phase purity of the as-prepared MoS> were examined further. The XRD
patterns of MoS; are demonstrated in Fig. 2a. Notably, all diffraction peaks were well matched with the
hexagonal phase of MoS; (JCPDS No0.37-1492) and no impurity peak was observed, indicating the high
purity of the products. The Raman spectra are presented in Fig. 2b, in which two characteristic bands
were detected at 381.8 cm™ and 406.9 cm™, corresponding to the in-plane E;q vibration of Mo-S and
out-of-plane Aig vibration of MoSy, respectively [23]. The existence of Mo and S in the prepared
materials was further verified by XPS spectra. As shown in Fig. 2c-e, two peaks at 229.0 and 232.5 eV
were assigned to Mo*" 3ds/» and Mo** 3day2, respectively. The presence of another peak at 235.4 eV was
indexed to Mo®* 3ds/2, which might be attributed to the surface oxidation. The XPS signals of S 2p were
found at 162.6 and 163.8 eV, corresponding to S? 2ps2 and S 2pu, respectively [24-26]. The results
of XRD, Raman and XPS were all in agreement with the data of HRTEM observation, suggesting the
hollow tubular MoS; nanotubes are successfully prepared. Moreover, the atomic ratio of Mo/S elements
was calculated to be 1:1.4, implying the presence of sulfur vacancies or molybdenum interstitials in the
MoS: nanosheets. This could be an important factor to improve the electrochemical performance of
MoSz on zinc ions [18]. As presented in Fig. 2f, the products were also characterized by nitrogen
adsorption-desorption isotherms. The synthesized MoS; possessed a relatively high BET surface area of
72.4 m? gt with 0.27 cm® g* pore volume and the mesopore with approximately 20 nm width could be
clearly observed (insert figure in Fig. 2f), which is mainly caused by the hollow tubular structure. The



Int. J. Electrochem. Sci., Vol. 15, 2020 6056

porous tubular structure was conducive to the infiltration of electrolyte in active materials, enabling the
sufficient utilization of MoS..
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Figure 2. Characterization of prepared MoSz sample. (a) XRD patterns and (b) Raman spectra of tubular
MoS. (c) XPS spectra of tubular MoS,, and detailed XPS spectra of (d) Mo 3d and S 2s, (e) S
2p. (f) N2 isotherm curves and pore size distribution (inset) of tubular MoSo.

To determine the electrochemical properties of the as-prepared MoS», a complete battery was
built by employing zinc foil as the anode and 3.0 M Zn(CF3S0s3). aqueous solution as the electrolyte.
Fig. 3a displays the typical CV curves of the MoS; electrode at 1 mV s within the potential window of
0.25-1.25 V. Two broad cathodic and anodic peaks positioned at around 0.7 and 1.0 V, respectively,
were observed. The reduction peak at 0.7 V was ascribed to the intercalation of Zn?* ions into MoS;,
resulting in the formation of ZnyMoS,. Meanwhile, the oxidation peak at 1.0 V was ascribed to the
deintercalation of Zn?* [18, 20]. Specifically, the second and third cycles of CV curves were nearly
overlapped, implying an excellent reversibility and predominance of the MoS; electrode. Fig. 3b shows
the CV curves at various scan rates. It was observed that the shape of CV curves remained similar when
the scan rates increased from 0.1 to 5.0 mV s, indicating the outstanding rate performance and cycling
stability of MoS. The charge and discharge curves and rate performance of the battery at various current
densities are illustrated in Fig. 3c and 3d. The specific capacity and coulombic efficiency at 0.2 A g
were found to be 133.8 mAh g and 96.7%, respectively. The values of specific capacity were decreased
with increasing current densities, in which the reversible capacities reached 108.9, 92.9, 86.0 and 82.3
mAh g at the current densities of 0.4, 0.6, 0.8 and 1.0 A g%, respectively. When the current density was
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reversed back from 1.0 to 0.2 A g%, an excellent discharge capacity of 146.2 mAh g was observed.
Furthermore, the cycling performance of the full cell was assessed at 0.5 A g*. As shown in Fig. 3e and
3f, although there was a rapid decline from 119.7 to 84.6 mAh g in the first 50 cycles, the storage
capacities gradually increased and remained stable in the following cycles. After 800 cycles, the product
still delivered a discharge capacity of 88.6 mAh g with 74.0% capacity retention, indicating a
remarkable cycling stability of MoS; electrode. The excellent electrochemical performance of the tubular
MoS, may be ascribed to its unique microstructure. (1) the sulfur vacancies or molybdenum interstitials
in the MoS: nanosheets can readily accommodate intercalated Zn?* ions, resulting in excellent reversible
zinc storage capacity [18]. (2) the porous tubular structure is conducive to the infiltration of electrolyte
and the rapid diffusion of ions in active materials, facilitating the electrons transport during the processes
of charging and discharging.
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Figure 3. Electrochemical performance of Zn/MoS: full cells. (a) The first three CV curves at 1 mV s
and (b) CV curves at different scan rates of Zn/MoS: cell; (c) the charge/discharge curves and
(d) rate performance of Zn/MoS: cell at different current densities; (e) cycling performance at
0.5 A gt and (f) the voltage profiles at different cycles.

As per our knowledge, only limited works on MoS; as the cathode of ZIB has been reported so
far and the synthesis of MoS> with excellent zinc storage property has been restricted to the conventional
hydrothermal methods. Table 1 shows the comparison of electrochemical performances of various MoS;
for ZIB applications. Although the performance of MoS. prepared by template-assisted thermal
decomposition is not so outstanding, it offers a new method for the preparation of MoS> with high zinc
storage capacity and expands the application of natural mineral materials in ZIB. Therefore, it shows a
promising prospect in industrial applications.
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Table 1. Comparisons between the as-prepared MoS; and other MoS; reported previously for ZIB

applications

Electrode materials

Method

Three-dimensional
flower-like MoS;
Defect-rich MoS;
nanosheets
MoS; nanosheets with
expanded inter-layer
spacing
MoS; nanosheets with
oxygen incorporation

Tubular MoS;

Hydrothermal method

Hydrothermal method

Hydrothermal method

Hydrothermal method

Template-assisted thermal

decomposition method

Capacitance References
96.9 mAh-g* at

100 mA-g* [17]
138.6 mAh-g* at

100 mA-g* [18]
202.6 mAh-g* at

100 mA-g*! [19]
232 mAh-g* at

100 mA-g*! [20]

a1l

142'020mm'6£_§_1 at This work

4. CONCLUSIONS

ACKNOWLEDGEMENTS

In summary, porous tubular MoS, was successfully prepared, for the first time, by using
(NH4)2Mo0S4 as a precursor and natural halloysite as a template. As a cathode candidate for ZIB, the
MoS; electrode exhibited a desirable discharge capacity of 146.2 mAh g at 0.2 A g*. In addition, the
proposed ZIB had a good capacity reversibility and good long-term cyclic stability. Overall, this work
expands the application of natural mineral materials in electrochemical energy storage and opens up new
possibilities for the future application of ZIB in large-scale energy storage.
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