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Monodispersed hollow spindle-like nanospheres (HS-NSs) 

and tetrapod nanorods (TP-NRs) MnS nanocrystals are 

obtained via a facile template-free hydrothermal process. The 

MnS nanocrystals are primary used as supercapacitor 

materials and exhibit high performance. The TP-NRs 

nanocrystals show higher specific capacitance of 704.5 F g-1 

than that of HS-NSs nanocrystals, both of which are higher 

than that of manganese oxide.  

As a typical semiconductor material, manganese sulfide (MnS) 

nanocrystals have been attracting more researchers’ attentions in the 

potential applications for optical material,1 magnetic devices2 and 

catalysis.3 However, the electrochemical applications of MnS 

nanocrystals are few reported, although the other manganese based 

materials, manganese oxides, have been widely used in Zn-Mn 

batteries,4 Li-ion batteries,5 supercapacitors6, 7 and electrocatalysts.8 

The limited literatures about the electrochemical properties of MnS 

materials are restrained in the organic electrolytes for lithium-ion 

batteries9,10 and lithium-sulfur batteries.11 To our best known, there 

are no reports about the electrochemical properties in the aqueous 

electrolytes for supercapacitors. Based on the rich variable valences 

of manganese element and the suitable layered structure of 

hexagonal wurtzite γ-phase MnS nanocrystals for the intercalation of 

ions to balance the increased valence, the MnS materials should be 

potentially used in the electrochemical supercapacitors and batteries. 

Moreover, since cobalt, nickel and their binary sulfides possess 

much higher electronic conductivity than their oxides,12, 13 the 

manganese sulfides  should exhibit higher conductivity than 

manganese oxides, being expected to solve the key challenge (low 

electronic conductivity) for the application of low-cost manganese 

oxides in supercapacitor.   

 Besides, as the materials for supercapacitor, high 

electrochemical reactivity and suitable structure for ionic 

transportation are also required. As we known, there are three phases 

for manganese sulfide:14-15 green stable α-phase MnS with rock salt 

structure, pink metastable β-phase MnS with zinc blendle structure 

and pink metastable γ-phase MnS with wurtzite structure. The 

expanded interlayer of γ-phase MnS with wurtzite structure, which 

enhances the kinetics of the intercalation of hydroxyl ion, will 

possess high electrochemical reactivity for the capacitive behavior. 

Various morphologies including polyhedral nanocrystals,16 tetrapod 

nanorods,17 nanowires,18 have been obtained for MnS nanocrystals. 

The three dimensional structure with defined porous structure can 

provide the suitable ionic transportation channels for the 

electrochemical process in the supercapacitor. Therefore, designing 

and manipulating the structure, phase and morphology is expected to 

construct MnS nanocrystals with high performance for 

supercapacitor, which is not reported as we known. 

 

Figure 1. High magnified (a) and low magnified (b) TEM images of 

the HS-NSs MnS nanocrystals, as well as high magnified (c) and 

low magnified (d) TEM images of the TP-NRs MnS nanocrystals 

Herein, monodispersed hollow spindle-like nanospheres (HS-

NSs) and tetrapod nanorods (TP-NRs) MnS nanocrystals were 

obtained via a facile template-free hydrothermal synthesis easily by 

tuning sulfide ion content with the ammonia as the complex agent 

and pricipitator. As shown in the TEM image (Figure 1a), HS-NSs 

with the sizes of ~ 100 nm are obtained when the sulfide ion content 
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is 1.5 mmol. When the sulfide ion content is increased to 3.0 mmol, 

the product is transferred into monodispersed tetrapod nanorod 

single crystals (Figure 1c). The aspect ratio of the branches is about 

5 with the width of 50 nm. The low magnified TEM images of HS-

NSs (Figure 1b) and TP-NRs MnS nanocrystals (Figure1d) 

demonstrates their good monodispersity. 

The SEM images of HS-NSs (Figure 2a) and TP-NRs (Figure 

2b) confirm the monodispersity of spindle-like nanospheres and 

tetrapod nanorods, as well as that the morphology of HS-NSs is the 

spindle-like nanospheres rather than nanosheets. The XRD pattern 

(Figure 2c) indicates the coexistence of α-phase and γ-phase, 

together with little β-phase, in the HS-NSs MnS nanocrystals. By 

contrast, much purer γ-phase MnS is detected in the XRD pattern of 

TP-NRs nanocrystals. It is also confirmed by the HRTEM images. 

As shown, the hollow structure in HS-NSs (Figure 2d) is an 

secondary structure, which is constructed by the nanocrystals with 

different direction similar to Chinese “Octa-Diagram”. The 

interplanar distance is about 0.31 nm, near to those of α(111), β(111), 

γ(100), γ(002) and γ(101) facets, may be ascribed to any one of these 

facets. The FFT plots (inset of Figure 2d), corresponding to various 

facets with only small difference, provide the more clear evidence. 

In another aspect, regular facet with distance of ~ 0.32 nm, 

corresponding to the (0 0 2) facet of γ-phase, is along with the 

direction of the nanorod (Figure 2e) in TP-NRs MnS. The <0 0 2> 

direction of the nanorod and the hexagonal wurtzite structure with 

parallel manganese layer and sulfide layer between (0 0 2) facets 

will make the oxidation of MnS via the intercalation of hydroxyl ion 

easily, which can much enhance the electrochemical capacitance of 

the TP-NRs MnS nanocrystals.  

 
Figure 2. SEM images of HS-NSs (a) and TP-NRs (b) MnS 

nanocrystals, (c) XRD patterns of HS-NSs and TP-NRs MnS 

nanocrystals, HRTEM images and FFT plots (inlets) of HS-NSs (d) 

and TP-NRs (e) MnS nanocrystals 

It is noticed that the ratio of ammonia and sulfide ion in the 

hydrothermal system plays an important role in the formation of the 

hollow spindle-like nanospheres and tetrapod nanorods. We propose 

the formation mechanism of the HS-NSs and TP-NRs nanocrystals 

as follows. As shown in Scheme 1, with the coexistance of sulfide 

ion and ammonia in the synthesis, manganese sulfide and manganese 

hydroxide will form simultaneously. However, with the constant of 

the ammonia content, solid spindle-like Mn(OH)2 nanospheres are 

preferentially formed when the sulfide ion content was low (1.5 

mmol), which can be confirmed by that solid spindle-like Mn(OH)2 

nanocrystals are obtained when only ammonia were used as 

precipitator (ESI †, Figures S1a and S1b). The MnS nanocrystals 

are obtained by precipitation transformation via ion exchange due to 

the lower solubility product of manganese sulfide than that of 

manganese hydroxide. The formation of hollow nanospheres should 

be ascribed to the different diffusing rates between the sulfide ion 

and the hydroxyl ion analogous to Kirkendall effect.19-21 The 

evolution of the HS-NSs nanocrystals with the reaction time (size of 

the hollow pores increase with the increasing of reaction time) also 

clearly illustrates the Kirkendall effect and the formation of HS-NSs 

nanocrystals (Figure S2). By contrast, when the sulfide ion 

concentration was high (3.0 mmol), the manganese sulfide nanorods 

coated by floccules are preferentially formed, which can be verified 

by that irregular nanorods coated by fluccules are obtained with the 

absence of ammonia (Figures S1c and S1d). With the chemical 

etching and dissolution-recrystallization of MnS floccules by 

ammonia via the reaction as Equations S1 and the structure-

directing effect of adsorbed ammonia molecules, regular MnS 

nanorods are evolved from the floccule coated ones. The nanorods 

will construct three-dimensional tetrapod structure via self-assembly, 

which is driven by the magnetic effect of MnS nanorods each other. 

Investigation on the structure and morphology of another two MnS 

nanocrystals obtained with further lower sulfide ion content (0.75 

mmol) and with thiourea as sulfide source confirms the formation 

mechanism of the HS-NSs and TP-NRs nanocrystals. (Figure S3 

and detailed discussion in ESI)  

 

Scheme 1. The formation mechanism of the HS-NSs and TP-NRs 

nanocrystals. 

The as-prepared MnS nanocrystals with various morphologies 

are primary applied for supercapacitor materials and exhibit high 

performance. Figure 3a shows the CV curves of obtained various 

MnS nanocrystals at 2 mV s-1. Quasi-rectangle shaped CV curves 
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with large wide peaks are observed in both the electrodes. This result 

indicates that the MnS nanocrystals are the excellent promising 

capacitive materials with pseudocapacitance. The specific 

capacitances of HS-NSs and TP-NRs MnS nanocrystals at 1 mV s-1, 

calculated by calculated via Equations S2, are 400.6 and 704.5 F g-1, 

respectively. TP-NRs MnS nanocrystals mainly with γ-phase 

exhibits much higher specific capacitance than the HS-NSs MnS  

with both α-phase and γ-phase. The higher capacitance of TP-NRs 

MnS nanocrystals should be ascribed to its suitable layered structure 

for fast electrochemical reaction as Equations S3 and S4. As shown 

in Figure 3e, the α-phase is the cubic rock salt structure, while the γ-

phase is metastable hexagonal wurtzite structure with layered 

structure between the Mn ions and the sulfide ions. When the MnS 

nanocrystals are electrochemically oxidized, the hydroxyl species 

can be easily intercalated into the layered structure constructed by 

the manganese ions and sulfide ions. By contrast, the resistance of 

this process will increase markedly for the cubic rock structure (α-

phase). Therefore, more bulk active materials far from the surface of 

nanocrystals can be utilized to store charges, which contributes the 

pseudocapacitance of the MnS nanocrystals. The XRD patterns of 

the MnS nanocrystals at different state of charge confirms this 

deduction (Figure S4 and detailed discussion in ESI). 

 
Figure 3. (a) CV curves of HS-NSs and TP-NRs MnS nanocrystals 

at 2 mV s-1, (b) specific capacitance of HS-NSs and TP-NRs MnS 

nanocrystals calculated by CV curves, (c) charge-discharge curves of 

HS-NSs and TP-NRs MnS nanocrystals at 0.5 A g-1, (d) life cycles 

of the TP-NRs MnS nanocrystals electrode, (e) structure scheme of 

α-MnS and γ-MnS.  

The MnS TP-NRs electrode also exhibits high rate-capacity. As 

shown in Figure S5a, the regular quasi-rectangle shaped CV curve 

of the MnS TP-NRs electrode even in the high scan rate of 100 mV 

s-1 indicates its high rate-capacity. These should be ascribed to that 

the interwoven porous framework, constructed by the tetrapod 

nanocrystals, provides suitable passages for ionic transportation and 

electronic conduct. Figure 3b shows the specific capacitance of the 

MnS nanocrystals calculated by CV curves at different scan rates. 

The specific capacitances of TP-NRs MnS nanocrystals at 1, 2, 5, 10, 

25, 50, 100 mV s-1 are 704.5, 691.8, 505.5, 454.2, 375.8 and 323.1 F 

g-1, respectively. The TP-NRs MnS nanocrystals exhibit high 

capacitance (323.1 F g-1) even in high scan rate (100 mV s-1). The 

charge-discharge curves of MnS HS-NSs and TP-NRs are given in 

Figure 3c, sloped plateaus rather than regular triangles are observed 

in both electrodes, which demonstrates the pseudocapacitive 

characteristic of the MnS electrodes. The charge-discharge curves 

keep their shapes even at high current densities (Figure S5b), which 

confirms the high rate-capacity of the TP-NRs MnS electrode. 

Furthermore, the TP-NRs MnS electrode displays high cycle 

performance. As shown in Figure 3d, the capacity retention is 

80.4 % after 1000 cycles, and even 62.6 % after 5000 cycles with 

high Coulombic efficiency ( > 95 %) during the whole cycles. The 

investigation indicates that the degradation should be mainly 

attributed to the phase-transfer of metastable γ-phase to stable α-

phase (Figure S6 and detailed discussion in ESI). Moreover, both 

the MnS TP-NRs and HS-NSs materials show higher specific 

capacitance than the Mn3O4 with solid spindle-like morphology 

(Figure S7a and S7b) similar to HS-NSs (Figure S7c), which is 

attributed to the higher electronic conductivity and faster charge 

transfer shown in EIS spectra (Figure S7d). Moreover, the specific 

capacitance of TP-NRs MnS nanocrystals is higher than those of 

manganese oxides reported in literatures. 22, 23 

 
Figure 4. (a) CV curves at different scan rates and (b) specific 

capacitances at different scan rates of the as-prepared TP-NRs//AC 

supercapacitor, (c) Ragone plots (energy density versus power 

density) of the as-prepared HS-NSs//AC and TP-NRs//AC 

supercapacitors 

Asymmetric supercapacitor with the TP-NRs MnS nanocrystals 

as positive material and activated carbon as the negative material 
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(denoted as TP-NRs//AC supercapacitor) is assembled to evaluate 

the practical application of the MnS nanocrystals for supercapacitor. 

Figure 4a shows the CV curves of the as-prepared TP-NRs//AC 

supercapacitor at different scan rates. Regular quasi-rectangle shape 

even at 100 mV s-1 indicates the excellent capacitive characteristic of 

the TP-NRs//AC supercapacitor. The specific capacitances 

(calculated by the total mass of positive and negative materials) of 

the supercapacitor at 1, 2, 5, 10, 25, 50 and 100 mV s-1 are 59.8, 56.1, 

49.3, 45.5, 42.2, 40.0 and 37.6 F g-1, respectively (Figure 4b). The 

capacitance retention of 62.9 % at 100 mV s-1 indicates the high rate-

capacity of the TP-NRs//AC supercapacitor. Figure S8 shows the 

charge-discharge curves of TP-NRs//AC supercapacitor at different 

current densities. The cell voltage is as high as 1.6 V and the specific 

capacitance is 49.5 F g-1 at the current of 30.4 mA, corresponding to 

20 A g-1 for positive materials. The regular triangle-shaped charge-

discharge curves confirm the excellent capacitive characteristic of 

the supercapacitor. The energy densities versus power densities 

(Ragone plots) of TP-NRs supercapacitor are shown in Figure 4c. 

The energy density is 13.1 Wh kg-1 at the power density of 70.7 W 

kg-1, and 11.7 Wh kg-1 even at the high power density of 4.45 kW 

kg-1. These values are much higher than those of carbon-based 

symmetric supercapacitors (< 10 Wh kg-1) in aqueous electrolytes.24-

25 The high performance of the as-prepared supercapacitor should be 

ascribed to the high cell voltage of the supercapacitor (1.6 V) and the 

high capacitance of the positive TP-NRs electrode (704.5 F g-1). 

Moreover, if better negative materials are used to substitute the 

commercial activated carbon, the performance of the TP-NRs//AC 

supercapacitor will be further improved. 

Conclusions 

In summery, well-defined HS-NSs and TP-NRs MnS 

nanocrystals are synthesized by a facile template-free hydrothermal 

process. The morphology and structure are easily tuned via sulfide 

ion content. The formation mechanism of HS-NSs and TP-NRs MnS 

nanocrystals is proposed and illustrated in detail. MnS nanocrystals 

electrodes are primary used as supercapacitor materials and exhibit 

high performance. The TP-NRs nanocrystals electrode with γ-phase 

wurtzite structure displays high specific capacitance of 704.5 F g-1, 

which is higher than that of HS-NSs nanocrystals electrode, as well 

as manganese oxide electrode. The capacitance retention is 62.6% 

after 5000 cycle charge-discharge test. Asymmetric supercapacitor, 

assembled with the TP-NRs MnS nanocrystals as positive material, 

exhibits high performance. Due to the low cost and rich in natural 

resources of both manganese and sulfur, this work will boost the 

research interest of the electrochemical properties of the low-cost 

MnS nanocrystals and enlarge their application scales. 
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