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Lina Nie, Yu Zhang, Kaiqi Ye, Jianyu Han, Yue Wang, Rakesh Ganguly, Yongxin Li, Rong Xu,* Qingyu 

Yan,* Qichun Zhang* 

 

 

 

Three-deminsional crystalline (H3O)2(enH2)Cu8Sn3S12 framework exhibits a high capacity of 563 mA h 

g
-1

 at a current density of 0.1 A g
-1

 with high stability. 
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Crystalline Cu-Sn-S Framework for High-Performance Lithium 

Storage  

Lina Nie,abg Yu Zhang,bcg Kaiqi Ye,e Jianyu Han,f Yue Wang,e Rakesh Ganguly,d Yongxin Li,d Rong 
Xu*f, Qingyu Yan,*b Qichun Zhang*bd 

In order to address the increasing demands for clean energy, it is highly desirable to explore new electrode materials to 

improve the efficiency of lithium ion batteries (LIBs). In this work, we report the successful synthesis of crystalline 

(H3O)2(enH2)Cu8Sn3S12 material via surfactant-thermal strategy. The crystal structure analysis shows that the as-prepared 

chalcogenide has 3D interconnected channels occupied by disordered H2en
2+

 and H3O
+
. Taking advantages of porous 

structures and H2en2+ and H3O
+ as stabilizers, (H3O)2(enH2)Cu8Sn3S12 has been explored as anode material for lithium ion 

batteries. Our result exhibits a high capacity of 563 mA h g
-1

 at a current density of 0.1 A g
-1

 after 100 cycles. In addition, 

outstanding cycling properties are demonstrated with only 7.2 % capacity loss from 5th to 100th cycle. Our research could 

provide the insight to the exploration of crystalline ternary thiostannate for lithium ion batteries in the future. 

Introduction 

Production and storage of clean and renewable energy have 
become an urgent and concerned issue over the past decades. 
Therefore, innovative research has been largely focused on several 
promising energy storage and supply methods, such as lithium ion 
batteries (Li: the most electropositive and lightest) 

1, 2
, sodium ion 

batteries (Na: abundant and similar chemical properties to Li)
3, 4

, 
magnesium-ion batteries (Mg: the divalent nature and usability of 
Mg metal anodes )

5-9
, metal-air batteries (using oxygen from air as a 

main reactant)
10-13

 and so on. Among these, Li-ion batteries (LIBs) 
have been dominating the market for portable electronic devices 
and electric vehicles.

14-18
 Normally, the commercial batteries 

compose of a lithium compound cathode (for example, LiCoO2 or 
LiFePO4), a graphitic anode and an organic carbonate electrolyte 
with achieved energy densities of ~ 120-150 Wh kg

-1
.
19

  However, a 
critical bottleneck of LIBs is the low theoretical specific capacity (up 
to 372 mA h g

-1
) of conventional graphite anodes, which is unable to 

meet increasing demands for efficient energy.
19, 20

 In addition, 

environmental friendly components are also very important 

considering the rising awareness of environmental issues. 
Therefore, many current researches focus on alternative anode 
materials such as Si (4200 mA h g

-1
),

21-23
 Sn (994 mA h g

-1
),

24-26
 P 

(1552 mA h g
-1

)
27-29

 and Sb (660 mA h g
-1

)
30, 31

. Unfortunately, their 
application has been mostly confined by their poor cycling life and 
severe pulverization due to high volume expansion/contraction of 
nearly 400% as well as the large irreversible capacity during the 
repeated lithiation and delithiation process. 

    Going beyond the limitation of current LIBs requires exploring 
new electrode materials with optimized structures. The control over 
the morphology, composition and pore structures of the active 
materials has been proven to be a promising strategy for their 
applications in LIBs. In particular, porous materials are attractive 
because of their accommodation of the volume expansion during 
the repeated lithiation and delithiation process, large surface-to-
volume ratio with the improved contact area between electrode 
materials and electrolyte, as well as short diffusion length for 
lithium ions. For example, FePO4 nanoflakes with ordered 
channels,

32
 mesoporous FeF3·0.33H2O,

33
 and Co3O4 nanowall 

arrays
34

 have been used as electrode materials for LIBs and 
exhibited superior electrochemical properties. Given this, there is 
still much room for the enhanced performance of LIBs with regard 
to the development of nanostructures for their potential energy 
applications.

35-37
 

   Tin-based materials have been regarded as the most attractive 

candidates of anode materials for LIBs with a higher capacity (> 600 

mA h g
-1

) compared with that of the commercial graphite 

electrode.
38-40

 Among them, tin sulfides have attracted great 

attention owing to their high theoretical capacity, natural 

abundance and low toxicity.
41-43

 However, their long-term cycling 

properties are still far from satisfactory. I–III–VI and I–IV–VI series of 

tin-based ternary sulfides semiconducting materials, including Ag-
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Sn-S,
44

 Cu3SnS4,
45

 and Cu2SnS3
46

 have drawn much attention due to 

their wide applications in photocatalytic activity for hydrogen 

evolution, photovoltaic devices and so on. Unlike those extensively 

studied transition metal oxides
47-49

 or sulfides,
50-52

 the investigation 

of ternary thiostannates as anode materials for lithium ion batteries 

have not been paid much attention.  

In this work, we report on the successful synthesis of 3D-

(H3O)2(enH2)Cu8Sn3S12 single crystals through surfactant-thermal 

method
53-58

 and the exploration of its promising energy application 

as anode materials for LIBs. In its structure, 3D interconnected 

channels are highly ordered, in which disordered H2en
2+

 and H3O
+
 

are located. It is expected that the highly porous structure is 

beneficial for good electrolyte penetration and also fast 

de/lithiation process.
59-61

 In addition, organic small molecules are 

proposed to serve as stabilizers to avoid structure collapse as 

frequently reported in the field of battery materials (e.g., oxide and 

phosphate cathode).
33, 62-64

 More importantly, when evaluated as 

the electrode material for lithium-ion batteries, 

(H3O)2(enH2)Cu8Sn3S12 delivered a specific capacity of 563 mA h g
-1

 

at a current density of 0.1 A g
-1

 after 100 cycles as well as 

outstanding cycling properties with only 7.2 % capacity loss from 5
th

 

to 100
th

 cycles. This investigation will open up a new exploration of 

ternary thiostannate single crystals for lithium ion batteries in the 

future. 

Experimental section 

All chemicals were commercially available and used without further 

purification. The scanning electron microscope (SEM) image and 

elemental analyses of Cu, Sn and S were performed on an EDX-

equipped JEOL/JSM-6360A SEM. Transmission electron microscopy 

(TEM) images were taken with JEOL 2100F at 200 kV. Elemental 

analyses (N, C, H) were performed on an Elementary Vario El III 

instrument. Sample weight is typically 5 mg and accuracy up to 5%. 

Powder X-ray diffraction data were recorded on a Bruker D8 

Advance diffractometer with a graphite-monochromatized Cu Kα 

radiation. The data were collected with 2 in a range of 5°-65°. The 

FT-IR spectra (KBr pellets) were recorded on a PerkinElmer FTIR 

spectrophotometer in the range 500−4000 cm
−1

. Thermal stability 

study was carried out on a TGA Q500 instrument under flowing N2 

with a heating rate of 10°C /min up to 450°C.  

The precursor Na4SnS4·14H2O was synthesized through a solution 

reaction. Firstly, 60 mmol Na2S·9H2O was dissolved in 50 mL of H2O 

with stirring. Then 15 mmol of SnCl4 was diffused in 25 mL H2O and 

added dropwise with continuous stirring. The immediately formed 

yellow precipitates would be dissolved with stirring and the mixture 

became greenish liquid. It was stirred at 45 ℃ for 15 h and then 

added to 200 mL methanol and stored in refrigerate for 24 h. 

Synthesis of (H3O)2(enH2)2Cu8Sn3S12 (denoted as CTS). 

A mixture of Cu2S powder (0.25 mmol, 40 mg), Na4SnS4·14H2O (0.25 

mmol, 147 mg), S (1.00 mmol, 32 mg), ethylenediamine (99.5 %, 2.0 

ml), and octylamine (99 %, 2.0 ml) was sealed into an autoclave 

equipped with a Teflon liner (20 ml) and heated at 160 °C for 6 

days. After cooling to room temperature, the mixture was washed 

with ethanol and black polyhedron crystals of CTS were obtained by 

filtration and selected by hand (yield: 49 % based on Cu). Elemental 

analysis (EA) for compounds CTS, Calcd, N: 2.075, C: 1.779, H: 1.186; 

Found, N: 2.126, C: 2.332, H: 1.238. CCDC number: 1408735. 

Single crystal X-ray crystallography 

The single crystal X-ray diffraction data were collected on a Bruker 

APEX II CCD diffractometer with a graphite-monochromatized Mo-

Kα radiation source (λ = 0.71073 Å). The structure was solved by 

direct methods and refined by full-matrix least-squares cycles in 

SHELX-97.
65

 Because of the disorder of protonated ethylenediamine 

and water in CTS, it was impossible to locate them in the final 

structural refinement. The relevant crystallographic data and 

structure refinement details are listed in Table S1. 

Electrochemical measurements 

The as-prepared products were first grinded for about 10 minutes. 

For the electrode preparation, 70 wt% of the as-prepared active 

materials, 20 wt% active carbons, and 10 wt% polyvinylidene 

fluoride (PVDF) binder were mixed with N-methyl-2-pyrrolidinone 

(NMP). The slurry was coated onto Cu foil used as working 

electrodes. Then they were dried in a vacuum oven at 50 °C for 12h. 

Electrochemical measurements were carried out on CR2032 coin-

type cells with lithium metal as the counter/reference electrode, a 

Celgard 2400 membrane as the separator, and 1 M LiPF6 dissolved 

in a mixture of ethylene carbonate (EC) and dimethyl carbonate 

(DMC) (EC/DMC, 1: 1, v/v). The coin cells were assembled in an Ar-

filled glove box with concentrations of moisture and oxygen below 

0.1 ppm. The charge-discharge tests were performed with a 

NEWARE battery tester at a voltage window of 0.01-3.0 V. Cyclic 

voltammetry (0.01-3V, 0.1 mV s
-1

) was carried out on Solartron 

analytical equipment (Model 1470E).  

Results and discussion 

Although there are lots of methods such as high-temperature solid-

state synthesis, solution process, hydro(solvo)thermal synthesis, 

and ionthermal synthesis to prepare chalcogenids,
66-71

 we are more 

interested in surfactant-thermal method due to the special 

characteristics of surfactants, such as thermal stability, the cheap 

price and multifunctional properties. Acting as structure-directing 

agents, surfactants could control the pore sizes and phases of 

crystalline zeolite frameworks.
72

 Moreover, surfactants have more 

power to produce high-quality crystals due to their viscosity. 

The purity and stability of CTS have been examined by PXRD and 

TGA. The amounts of protoned water and ethylenediamines were 

confirmed by elemental analysis and TGA analysis. The results are 

provided in supporting information. 

Structure of (H3O)2(enH2)2Cu8Sn3S12 

Single crystal X-ray diffraction (XRD) analysis revealed that CTS 

crystallizes in the cubic space group F-43c and contains a 3D anionic 

open-framework [Cu8Sn3S12]
4-

 with disordered H2en
2+

 and H3O
+
 

located in the channels as charge-balanced species.  
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Figure 1a shows the scanning electron microscopy (SEM) image of 

the as-prepared sample. As demonstrated in Figure 1c, a d-spacing 

of 0.285 nm in High-resolution transmission  electron microscopy 

(HRTEM) image can be obtained, corresponding to the (026) plane. 

This plane can be indexed to the powder XRD (Figure 1b) peak 

centered at 31.34°. The selected-area electron diffraction (SAED) 

pattern (Figure 1d) reveals the high degree of crystallinity of the 

products. Clearly, it shows the product belongs to the cubic system. 

  
Figure 1. Characterization of CTS. (a) SEM image; (b) XRD pattern; (c) High-

resolution  TEM image; (d) SAED pattern. 

In the asymmetric unit of CTS, Cu1 and Cu2 adopt [CuS3] planar 

trigonal geometries by coordinating to three µ3-S
2- 

ions. The Cu-S 

bond lengths range from 2.253(7) to 2.257(7) Å that are consistent 

with the values in the similar structures.
73-75

 Sn1 is tetrahedrally 

coordinated by four µ3-S
2- 

ions with the Sn-S bond length of 

2.4012(18) Å. Each µ3-S
2- 

ion bridges two Cu (Cu1 and Cu2) sites and 

one Sn (Sn1) center.  

The crucial building block of three-dimensional CTS is icosahedral 

[Cu8S12]
16-

 cluster (Figure 2), which consists of a cubic array of eight 

Cu
+
 ions bridged by µ3-S

2- 
ions, and the icosahedral shape is defined 

by twelve bridging µ3-S
2
 ions. The adjacent [Cu8S12]

16-
 clusters are 

linked by discrete Sn
4+

 ions, which makes them behave like 

superoctahedral units, to give rise to a Cu-Sn-S framework with 3D 

channels (Figure 3). 

Interestingly, 3D anionic open frameworks [Cu8Ge5S16]
4- 

(1),
73

 

[Cu8Ge4S14]
4- 

(2) 
75

 and [Cu8Ge3S12]
4- 

(3) 
74

 are also constructed with 

the icosahedral [Cu8S12]
16-

 clusters as building blocks. In compound 

1, the icosahedral [Cu8S12]
16-

 clusters are linked by the dimeric 

[Ge2S2]
4+

 units in a and b directions, and Ge
4+

 ions in c direction, 

with disordered protonated amines located in the 3D channels. 

While in 2, the icosahedra are linked by [Ge2S2]
4+

 units in a direction 

and Ge
4+

 sites in b and c directions. In compound 3, the icosahedral 

[Cu8S12]
16-

 clusters are linked by discrete Ge
4+

 sites in three 

directions, while in CTS the linkers are Sn
4+

 ions. 

It is worth mentioning that although CTS and 3D-(H2en)2Cu8Sn3S12 

(4) 
76

 have the same formula of the anionic open-framework 

[Cu8Sn3S12]
4-

 with protonated ethyleneamines as charge balance 

agents, their structural characteristics are obviously different: a) in 

CTS, the icosahedral [Cu8S12]
16-

 clusters are linked by Sn
4+

 ions. In 

compound 4, the icosahedra are cross-linked through [Cu8S16]
24-

 

clusters, which the Sn
4+

 ions are incorporated into; b) in CTS, there 

is only a single channel system, while compound 4 possesses two 

interpenetrating channel systems along <100> directions and two 

interpenetrating channel systems along ˂110> directions. 

 

Figure 2. Icosahedral [Cu8S12]
16-

 cluster and its connectivity with six Sn
4+

 ions: 
(a) Ball and stick mode and (b) polyhedral mode. 

 

Figure 3. View of the 3-D Cu–Sn–S framework along bc direction 

Electrochemical Lithium-Storage Performance 

With the aim of exploring the potential application of CTS for 

lithium ion batteries, we evaluated the electrochemical 

performance with various electrochemical measurements. Figure 4a 

shows the typical cyclic voltammertry (CV) curves at room 

temperature (RT) during first 3 cycles (0.01-3V, 0.1 mV s
-1

). For the 

first cathodic scan, one sharp peak located at 1.54 V, the second 

broad one at 1.05 V and a small peak at 0.35 V are observed. These 

peaks can be related to the phase transformation, the 

decomposition of CTS into Cu and Sn embedded in a Li2S matrix, 

and the formation of LixSn alloy, respectively.
77

 For the first anodic 
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scan, two broad peaks at 0.56 V and 1.25 V and a sharp one at 1.9 V 

companied by one at 2.1V are found. The oxidation peak at 0.56 V is 

known to represent the delithiation process of LixSn alloy.
78-80

 The 

other three anodic peaks can be attributed to the continuous 

oxidation of Cu and Sn. During the subsequent cycles, two new 

cathodic peaks at 1.56 V and 1.64 V appeare because of some 

irreversible reactions. The shape of CV curves can almost retain 

indicating the good stability of the electrochemical process. As the 

galvanostatic charge-discharge curves also provide detailed 

information on electrochemical activity, we illustrated the 

discharge/charge curves for 1
st

, 2
nd

, 3
rd

, 5
th

 and 100
th

 cycles in a 

voltage range of 0.01-3.0 V (Figure 4b). As can be seen, discharge 

capacity (1385 mAh g
-1

) and subsequent charge capacity (870.3 

mAh g
-1

) show a large initial reversible capacity. In addition, the 

potential plateaus observed are in good agreement with the redox 

peaks in the CV curves.   

Rate performance of the CTS electrode at both RT and 50 °C was 

further examined by first cycling the cell at 0.1 A g
-1

 for five cycles 

with a gradual increase of the discharge/charge rates to as high as 

10 A g
-1

, as shown in Figure 4c.  The outstanding reversibility of the 

electrode can be deduced from the almost 100 % coloubic 

efficiency of each cycle at both room temperature and 50 
o
C, 

respectively. Reversible capacities at (at RT) of about 800 mAh g
-1 

at 

a discharge/charge rate of 0.1 A g
-1

, 650 mAh g
-1

 at 0.2 A g
-1

, 520 

mAh g
-1 

 at 0.5 A g
-1

, 430 mAh g
-1 

at 1 A g
-1

, 215 mAh g
-1 

 at 5 A g
-1

, 

108 mAh g
-1 

 at 10 A g
-1

 are achieved, respectively. It should be 

noted that a capacity of 623 mAh g
-1 

at 0.1 A g
-1 

can still be achieved 

after intensive cycles. In addtion, notable capacities at evaluated 

temperature (50 
o
C) can also be obtained-- about 500 mAh g

-1 
at 0.1 

A g
-1

, 410 mAh g
-1

 at 0.2 A g
-1

, 350 mAh g
-1 

 at 0.5 A g
-1

, 283 mAh g
-1 

at 1 A g
-1

, 181 mAh g
-1 

 at 5 A g
-1

, 88 mAh g
-1 

 at 10 A g
-1

. After 

intensive cycles, 453 mAh g
-1 

at 0.1 A g
-1 

can also be got. The high 

reversible capacities at both room temperature and 50 
o
C  indicates 

the excellent rate performance of the CTS. Hence, we can resonably 

infer that the excellent rate performance of the CTS proves both the 

large lithium ion storage and good kinetics, arising from not only 

the enhanced contact areas between the active materials and 

electrolyte but also the short lithium ions pathways due to the 

overall 3D nano-channels distribution in the CTS structures.  

The long-term cycling properties of the CTS at both RT and 50 °C 

were also characterized with a current density of 0.1 A g
-1 

as shown 

in Figure 4e. One can see that CTS undergoes a capacity drop during 

the initial cycles (1
st

 to 5
th

 cycle) at both temperatures. The capacity 

drop is commonly observed in previous studies of transition metal 

oxides or sulfides as anode materials for LIBs,
81

 which could be due 

to some irreversible reactions at the beginning. During the 

following cycles, good stability at room temperature can be 

observed with only 7.2% capacity drop after even 100 cycles. 

Remarkably, although relatively low capacities compared with those 

at RT are obtained at evaluated temperature(50 °C), CTS still shows 

good stability with 91.8% retaiment from 6
th

 to 100
th

 cycle. The 

good performance at both room temperature and evaluated 

temperature demonstrats its promising application of lithium ion 

batteries with long cycling life. The good cycling performance is 

comparable to or even better than those reported in previous 

literatures (see a complete list in Table S1 in the Supporting 

Information).This is possibly due to the unique structure of 3D open 

framework, which is able to accommodate large volume change 

along with the redox reactions. Thus the possibility of structure 

collapse can be reduced significantly.   

To gain insight into the reason that single crystals CTS with unique 

3D open framework possessed such good cycling performance as 

electrode materials for LIBs, electrochemical impedance 

spectroscopy (EIS) was further performed at equilibrium open 

circuit potential (≈ 0 V). Figure 4d shows the Nyquist spectra of the 

electrode materials before and after cycling in the frequency range 

of 100 kHz to 100 mHz, respectively. In impedance spectroscopy, 

high frequency activity was attributed to charge transfer 

phenomenon, whereas the low frequency region is ascribed to the 

mass transfer process. In order to quantify these respective values, 

a theoretical equivalent circuit of Rs(Q(RctZw)) is used to fit the 

experimental data, where Rs is the ohmic resistance; Rct is the 

charge transfer resistance; Q is the double layer capacitance and Zw 

is the Warburg impedance. With fitting method, Rct of before 

(203Ω) and after (272Ω) cycling can be obtained.  A slight increase 

of Rct indicates negligible decay of charge transfer kinetics, further 

revealing the good cycling properties of CTS as potential anode 

materials for LIBs.  
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Figure 4. Electrochemical characterization of CTS anode. (a) Cyclic voltammograms between 0.01 and 3.0 V measured at a scan rate of 0.1 mV s -

1; (b) the charge and discharge curves of CTS at a current density of 0.1 A g-1; (c) rate performance at different rates; (d) Nyquist plots of CTS 
electrode before and after cycles, respectively. The inset is the equivalent circuit; (e) capacity as a function of cycle numbers at a current 
density of 0.1 A g-1. 
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Conclusion 

In summary, we have successfully synthesized the 3D-

(H3O)2(enH2)Cu8Sn3S12 single crystal with interconnected micro-

channels (diameter of 1 nm) overall distributed and both of H2en
2+

 

and H3O
+
 located in the micro-channels. This structure is very 

favorable for good electrolyte penetration and fast de/lithiation 

process as well as good accommodation ability for volume 

expansion. In addition, H2en
2+

 and H3O
+
 can serve as useful 

stabilizers to avoid structure collapse. Therefore, when explored as 

electrode materials for lithium ion batteries, it exhibits outstanding 

electrochemical performance with a high capacity of 563 mA h g
-1

 at 

a current density of 0.1 A g
-1

 after 100 cycles as well as good cycling 

properties with only 7.2 % capacity loss from 5
th

 to 100
th

 cycle. This 

exploration can open up a new future of ternary thiostannate single 

crystal for lithium ion batteries. 
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